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Preface

Vorticity is perhaps the most important facet of turbulent fluid flows. This book is
intended to be a comprehensive introduction to the mathematical theory of vorticity
and incompressible flow ranging from elementary introductory material to current
research topics. Although the contents center on mathematical theory, many parts
of the book showcase a modern applied mathematics interaction among rigorous
mathematical theory, numerical, asymptotic, and qualitative simplified modeling, and
physical phenomena. The interested reader can see many examples of this sym-
biotic interaction throughout the book, especially in Chaps. 4-9 and 13. The authors
hope that this point of view will be interesting to mathematicians as well as other
scientists and engineers with interest in the mathematical theory of incompressible
flows.

The first seven chapters comprise material for an introductory graduate course on
vorticity and incompressible flow. Chapters 1 and 2 contain elementary material on
incompressible flow, emphasizing the role of vorticity and vortex dynamics together
with a review of concepts from partial differential equations that are useful elsewhere
in the book. These formulations of the equations of motion for incompressible flow
are utilized in Chaps. 3 and 4 to study the existence of solutions, accumulation of
vorticity, and convergence of numerical approximations through a variety of flexi-
ble mathematical techniques. Chapter 5 involves the interplay between mathematical
theory and numerical or quantitative modeling in the search for singular solutions to
the Euler equations. In Chap. 6, the authors discuss vortex methods as numerical pro-
cedures for incompressible flows; here some of the exact solutions from Chaps. 1 and
2 are utilized as simplified models to study numerical methods and their performance
on unambiguous test problems. Chapter 7 is an introduction to the novel equations
for interacting vortex filaments that emerge from careful asymptotic analysis.

The material in the second part of the book can be used for a graduate course on
the theory for weak solutions for incompressible flow with an emphasis on modern
applied mathematics. Chapter 8 is an introduction to the mildest weak solutions such
as patches of vorticity in which there is a complete and elegant mathematical theory.
In contrast, Chap. 9 involves a discussion of subtle theoretical and computational
issues involved with vortex sheets as the most singular weak solutions in two-space
dimensions with practical significance. This chapter also provides a pedagogical intro-
duction to the mathematical material on weak solutions presented in Chaps. 10-12.

Xi



xii Preface

Chapter 13 involves a theoretical and computational study of the one-dimensional
Vlasov—Poisson equations, which serves as a simplified model in which many of the
unresolved issues for weak solutions of the Euler equations can be answered in an
explicit and unambiguous fashion.

This book is a direct outgrowth of several extensive lecture courses by Majda on
these topics at Princeton University during 1985, 1988, 1990, and 1993, and at the
Courant Institute in 1995. This material has been supplemented by research expository
contributions based on both the authors’ work and on other current research.

Andrew Majda would like to thank many former students in these courses who
contributed to the write-up of earlier versions of the notes, especially Dongho Chae,
Richard Dziurzynski, Richard McLaughlin, David Stuart, and Enrique Thomann.
In addition, many friends and scientific collaborators have made explicit or implicit
contributions to the material in this book. They include Tom Beale, Alexandre Chorin,
Peter Constantin, Rupert Klein, and George Majda. Ron DiPerna was a truly brilliant
mathematician and wonderful collaborator who passed away far too early in his life;
it is a privilege to give an exposition of aspects of our joint work in the later chapters
of this book.

We would also like to thank the following people for their contributions to the
development of the manuscript through proofreading and help with the figures and
typesetting: Michael Brenner, Richard Clelland, Diego Cordoba, Weinan E, Pedro
Embid, Andrew Ferrari, Judy Horowitz, Benjamin Jones, Phyllis Kronhaus, Monika
Nitsche, Mary Pugh, Philip Riley, Thomas Witelski, and Yuxi Zheng. We thank Robert
Krasny for providing us with Figures 9.4 and 9.5 in Chap. 9.
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An Introduction to Vortex Dynamics for Incompressible
Fluid Flows

In this book we study incompressible high Reynolds numbers and incompressible
inviscid flows. An important aspect of such fluids is that of vortex dynamics, which in
lay terms refers to the interaction of local swirls or eddies in the fluid. Mathematically
we analyze this behavior by studying the rotation or curl of the velocity field, called
the vorticity. In this chapter we introduce the Euler and the Navier—Stokes equa-
tions for incompressible fluids and present elementary properties of the equations.
We also introduce some elementary examples that both illustrate the kind of phenom-
ena observed in hydrodynamics and function as building blocks for more complicated
solutions studied in later chapters of this book.

This chapter is organized as follows. In Section 1.1 we introduce the equations,
relevant physical quantities, and notation. Section 1.2 presents basic symmetry groups
of the Euler and the Navier—Stokes equations. In Section 1.3 we discuss the motion
of a particle that is carried with the fluid. We show that the particle-trajectory map
leads to a natural formulation of how quantities evolve with the fluid. Section 1.4
shows how locally an incompressible field can be approximately decomposed into
translation, rotation, and deformation components. By means of exact solutions, we
show how these simple motions interact in solutions to the Euler or the Navier—Stokes
equations. Continuing in this fashion, Section 1.5 examines exact solutions with shear,
vorticity, convection, and diffusion. We show that although deformation can increase
vorticity, diffusion can balance this effect. Inviscid fluids have the remarkable property
that vorticity is transported (and sometimes stretched) along streamlines. We discuss
this in detail in Section 1.6, including the fact that vortex lines move with the fluid
and circulation over a closed curve is conserved. This is an example of a quantity
that is locally conserved. In Section 1.7 we present a number of global quantities,
involving spatial integrals of functions of the solution, such as the kinetic energy,
velocity, and vorticity flux, that are conserved for the Euler equation. In the case
of Navier—Stokes equations, diffusion causes some of these quantities to dissipate.
Finally, in Section 1.8, we show that the incompressibility condition leads to a natural
reformulation of the equations (which are due to Leray) in which the pressure term can
be replaced with a nonlocal bilinear function of the velocity field. This is the sense in
which the pressure plays the role of a Lagrange multiplier in the evolution equation.
The appendix of this chapter reviews the Fourier series and the Fourier transform
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(Subsection 1.9.1), elementary properties of the Poisson equation (Subsection 1.9.2),
and elementary properties of the heat equation (Subsection 1.9.3).

1.1. The Euler and the Navier-Stokes Equations

Incompressible flows of homogeneous fluids in all of space RY, N = 2,3, are
solutions of the system of equations

bv _ G, iua (1.1)
—_—=— VAW, .
Dt P
dive =0, (x,1) € RY x [0, 00), (1.2)
UlI‘:O = Vo, X € RN? (13)
where v(x, 1) = (v!, v, ..., vV)" is the fluid velocity, p(x, t) is the scalar pressure,
D/ Dt is the convective derivative (i.e., the derivative along particle trajectories),
N
D d .0
— == f—, 1.4
D i T ; Vo (1.9

and div is the divergence of a vector field,
divv = —. (1.5)

The gradient operator V is

a9 1\’
V=|—, —,....,— |, (1.6)
dx1 0x3 oxy

and the Laplace operator A is

82

A= .
ijz»

1.7

N

Jj=1

A given kinematic constant viscosity v > 0 can be viewed as the reciprocal of the
Reynolds number R,. For v > 0, Eq. (1.1) is called the Navier—Stokes equation; for
v = O itreduces to the Euler equation. These equations follow from the conservation
of momentum for a continuum (see, e.g., Chorin and Marsden, 1993). Equation (1.2)
expresses the incompressibility of the fluid (see Proposition 1.4). The initial value
problem [Egs. (1.1)—(1.3)] is unusual because it contains the time derivatives of only
three out of the four unknown functions. In Section 1.8 we show that the pressure
p(x, 1) plays the role of a Lagrange multiplier and that a nonlocal operator in R"
determines the pressure from the velocity v(x, 7).

This book often considers examples of incompressible fluid flows in the periodic
case, i.e.,

v(ix +e;,t) =v(x,t), i=1,2,...,N, (1.8)
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for all x and ¢t > 0, where ¢; are the standard basis vectors in RY, er = (1,0, ...,),
etc. Periodic flows provide prototypical examples for fluid flows in bounded domains
Q c R". In this case the bounded domain € is the N-dimensional torus 7" . Flows
on the torus serve as especially good elementary examples because we have Fourier
series techniques (see Subsection 1.9.1) for computing explicit solutions. We make
use of these methods, e.g., in Proposition 1.18 (the Hodge decomposition of TV)in
this chapter and repeatedly throughout this book.

In many applications, e.g., predicting hurricane paths or controlling large vortices
shed by jumbo jets, the viscosity v is very small: v ~ 10~® — 1073, Thus we might
anticipate that the behavior of inviscid solutions (with v = 0) would give a lot of
insight into the behavior of viscous solutions for a small viscosity v <« 1. In this
chapter and Chap. 2 we show this to be true for explicit examples. In Chap. 3 we
prove this result for general solutions to the Navier—Stokes equation in RY (see
Proposition (3.2).

1.2. Symmetry Groups for the Euler and the Navier—Stokes Equations

Here we list some elementary symmetry groups for solutions to the Euler and the
Navier-Stokes equations. By straightforward inspection we get the following
proposition.

Proposition 1.1. Symmetry Groups of the Euler and the Navier-Stokes Equations.
Let v, p be a solution to the Euler or the Navier—Stokes equations. Then the following
transformations also yield solutions:

(i) Galilean invariance: For any constant-velocity vector ¢ € RY,

ve(x, 1) =v(x —c¢t, 1) +c,

(1.9)
pc(x’ t) = p('x - CIa t)
is also a solution pair.
(ii) Rotation symmetry: for any rotation matrix Q (Q' = o b,
vo(x,t) = Qu(Qx, 1),
(1.10)
po(x,t) = p(Qx, 1)
is also a solution pair.
(iii) Scale invariance: for any A, T € R,
A [x ¢ A2 x t
U)"T(X,[):fv ORI ) pk,r(x7t)=7p U ) (111)
T AT T AT

is a solution pair to the Euler equation, and for any t € RY,

PRV Y P L1
v‘L’(-x1 )_T v mv; ) pl’(xv )_T p mv; 9 ( . )

is a solution pair to the Navier—Stokes equation.
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We note that scaling transformations determine the two-parameter symmetry group
given in Egs. (1.11) for the Euler equation. The introduction of viscosity v > 0,
however, restricts this symmetry group to the one-parameter group given in Eqgs. (1.12)
for the Navier—Stokes equation.

1.3. Particle Trajectories

An important construction used throughout this book is the particle-trajectory map-
ping X(-,1):a eRY — X(a, 1) € RY. Given a fluid velocity v(x, 1), X(a,t) =
(X1, X2, ..., Xn)" is the location at time ¢ of a fluid particle initially placed at the
point @ = (&, &y, ..., ay)" at time ¢ = 0. The following nonlinear ordinary differ-
ential equation (ODE) defines particle-trajectory mapping:

Z—):(a, t) =v(X(a,2),1), X (2, 0) = . (1.13)

The parameter « is called the Lagrangian particle marker. The particle-trajectory
mapping X has a useful interpretation: An initial domain @ c R”" in a fluid evolves
in time to X (2,7) = {X(a,1): o € 2}, with the vector v tangent to the particle
trajectory (see Fig. 1.1).

Next we review some elementary properties of X (-, ). We define the Jacobian of
this transformation by

J(a,t) = det(Vo X (e, 1)). (1.14)
‘We use subscripts to denote partial derivatives and variables of differential operators,
e.g., fi =09/0tf,Vy, =[(0/0ay), ..., (3/day)]. The time evolution of the Jacobian

J satisfies the following proposition.

z3
L

X(0, 1)

Figure 1.1. The particle-trajectory map.
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Proposition 1.2. Let X (-, t) be a particle-trajectory mapping of a smooth velocity
field v € RN, Then

d0J .
T (divy V) |(x@,n,nJ (@, 1). (1.15)

We also frequently need a formula to determine the rate of change of a given
function f(x, ) in a domain X (€2, t) moving with the fluid. This calculus formula,
called the transport formula, is the following proposition.

Proposition 1.3. (The Transport Formula). Let @ C R be an open, bounded domain
with a smooth boundary, and let X be a given particle-trajectory mapping of a smooth
velocity field v. Then for any smooth function f(x,t),

d

L fdx:/ [f, + div, (fv)]dx. (1.16)
dt Jx@.p X (2,0

We give the proofs of Propositions 1.2 and 1.3 below. As an immediate application
of these results, we note that either J («, t) = 1 ordiv v = 0implies incompressibility.

Definition 1.1. A flow X (-, t) is incompressible if for all subdomains Q with smooth
boundaries and any t > 0 the flow is volume preserving:

vol X(£2,t) = vol Q.

Applying the transport formulain Eq. (1.16) for f = 1, we getdivv = 0. Moreover,
then Eq. (1.15) yields J(«, t) = J (o, 0) = 1. We state this as a proposition below.

Proposition 1.4. For smooth flows the following three conditions are equivalent:
(i) aflow is incompressible, i.e., Y C RY, t > 0 vol X(R,1) =vol L,

(ii) divv =0,

(iii) J(a,t) = 1.

Now we give the proof of Proposition 1.2.
Proof of Proposition 1.2. Because the determinant is multilinear in columns (rows),

we compute the time derivative

oJ 0
— = — det
ot ot

0X
da;

i ;0 0X!
(@, t)} = ZA{EW,(“’ 0,
LJ

where Alj is the minor of the element d X' /da; of the matrix V, X. The minors satisfy
the well-known identity

axk Lk=i
A =8k, h sk=2¢7 .
Zaa,- E =5 WICTE % = 0, k £



6 1 Introduction to Vortex Dynamics

The definition of the particle trajectories in Eq. (1.13) then gives
3J joX £ i gk . O
T ”ZkAiaijxk = ;vkai J =Jdivo.

Finally we give the proof of Proposition 1.3.

Proof of Proposition 1.3. By the change of variables « — X(«, ), we reduce
the integration over the moving domain X (€2, #) to the integration over the fixed
domain Q:

/ f(x,t)dx:/f(X(a, 1), )J (a, t)de.
X(Q,1) Q

The definition in Eq. (1.13) implies that

d af dX aJ
fdx:/gz[<+~Vf)J+fat]da

:/(af—f—vx-Vf—i—fdiva)Jda
Q \ 0t

=/ [af —i—divx(fv)}dx. O
X, L0t

1.4. The Vorticity, a Deformation Matrix, and Some Elementary
Exact Solutions

First we determine a simple local description for an incompressible fluid flow. Every
smooth velocity field v(x, ¢) has a Taylor series expansion at a fixed point (xo, #y):

v(xg + h, to) = v(xp, to) + (V) (x0, to)h + (’)(hz), heR3. (1.17)
The 3 x 3 matrix Vv = (vi/) has a symmetric part D and an antisymmetric part 2:
1 t
D= E(VU—I-VU ), (1.18)
1 t
Q= E(VU—VU). (1.19)
D s called the deformation or rate-of-strain matrix, and €2 is called the rotation matrix.

If the flow is incompressible, div v = 0, then the trace tr D = Z,. d;; = 0. Moreover,
the vorticity w of the vector field v,

w:curlvz(—,—‘,— (1.20)
satisfies

1
Qh = wah, Vh e R3. (1.21)
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Using the Taylor series expression (1.17) and the new definitions, we have
Lemma 1.1

Lemma 1.1. To linear order in (|x — xql), every smooth incompressible velocity field
v(x, t) is the (unique) sum of three terms:

1
v(x, ty) = v(xg, to) + Ew X (x — x9) + D(x — x9), (1.22)

where D is the (symmetric) deformation matrix with" tt D = 0 and w is the vorticity.

The successive terms in Eq. (1.22) have a natural physical interpretation in terms of
translation, rotation, and deformation. Retaining only the term v(xy, fo) in Eq. (1.22)
gives

X(a,t) = o+ v(xg, 1)t —1p),

which describes an infinitesimal translation.
By arotation of axes, without loss of generality, we can assume that w = (0, 0, w)’,
o)

0 —w 0
wXxXx—x)=|w 0 0 x—=xp).
0o 0 0

Thus retaining only this term in the velocity for the particle-trajectory equation gives
the particle trajectories X = (X', X3) as

1 / /
X'(a, 1) =x6+Q(2wt) (x" = xgp), X3(a, 1) = x3,

where Q is the rotation matrix in the x; — x; plane:

O(p) = [cosga —sintp]

sing  cosg

These trajectories are circles on the x| — x; plane, so the second term %w X (x — xg)

in Eq. (1.22) is an infinitesimal rotation in the direction of w with angular velocity
ol.

Finally, because D is a symmetric matrix, there is a rotation matrix Q so that
9DQ' = diag(y1, y2, v3). Moreover, traces are invariant under similarity transfor-
mations so that y; 4+ ¥, + y3 = 0. Thus, without loss of generality, assume that

D = diag[y1, y2, —(y1 + ¥2)].

Retaining only the term D(x — x¢) from Eq. (1.22) in the particle-trajectory equation
yields

eV t=1o) 0 0
X(a,t) =x0 + 0 er2(t—h) 0 (a — xp).
0 0 e~ ntr)—t)
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For example, if we set yi, y» > 0,x9 = 0, the fluid is compressed along the x| —
X plane but stretched along the x3 axis, creating a jet. This corresponds to a sharp
deformation of the fluid. Thus the third term in Eq. (1.22) represents an infinitesimal
deformation velocity in the direction (x — x).

We have just proved the following corollary.

Corollary 1.1. To linear order in (|x—xy|), every incompressible velocity field v(x, t)
is the sum of infinitesimal translation, rotation, and deformation velocities.

A large part of this book addresses the interactions among these three contributions
to the velocity field. To illustrate the interaction between a vorticity and a deformation,
we now derive a large class of exact solutions for both the Euler and the Navier—Stokes
equations.

Proposition 1.5. Let D(t) be a real, symmetric, 3 x 3 matrix with tr D(t) = O.
Determine the vorticity (t) from the ODE on R?,

d
d—‘;’ = DO)w, @l = wp € RS, (1.23)

and the antisymmetric matrix 2 by means of the formula Qh = %a) X h. Then

v(x,t) = %a)(t) x x +D(t)x,
(1.24)

1
P, D) = —S[Di(D) + D(1) + Q*()]x - x

are exact solutions to the three-dimensional (3D) Euler and the Navier—Stokes
equations.

The solutions in Egs. (1.24) can be trivially generalized by use of the Galilean
invariance (see Proposition 1.1). Because the pressure p has a quadratic behavior in
x, these solutions have a direct physical meaning only locally in space and time. Also,
because the velocity is linear in x, the effects of viscosity do not alter these solutions.
Nevertheless, these solutions model the typical local behavior of incompressible flows.

Before proving this proposition, first we give some examples of the exact solutions
in Egs. (1.24) that illustrate the interactions between a rotation and a deformation.

Example 1.1. Jet Flows. Taking wy = 0 and D = diag(—y1, —y2, Y1 +2), ¥j > 0,
from Eqgs. (1.23 and 1.24) we get

v(x, 1) = [—yix1, —yax2, (11 + v2)xs]'. (1.25)

This flow is irrotational, @ = 0, and forms two jets along the positive and the negative
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.ﬂ"_T_"-—..

~l

Figure 1.2. A jet flow as described in Example 1.1.

directions of the x3 axis, with particle trajectories (see Fig. 1.2)

e n! 0 0
X(a,t) = 0 e 0 a.
0 0 e+t

Observe that
(X% + X%) (a, 1) = e 2t (otl2 + a%),
so the distance of a given fluid particle to the x3 axis decreases exponentially in time.

A jet flow is one type of axisymmetric flow without swirl, which will be discussed in
Subsection 2.3.3 of Chap. 2.

Example 1.2. Strain Flows. Now taking wy = 0 and D = diag(—y, y,0), y > 0,
from Eq. (1.25) we get

v(x, 1) = (=yx1, Yx2, 0). (1.26)

This flow is irrotational @ = 0 and forms a strain flow (independent of x3) with the
particle trajectories X = (X', X3) (see Fig. 1.3):

’ e’ 0 ’
X' (a,t) = 0 et |% X3(o, 1) = a3.
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_/4‘//(; z1

Figure 1.3. A strain flow as described in Example 1.2. This flow is independent of the
variable x;3.

Example 1.3. A Vortex. Taking D = 0 and wy = (0, 0, w)’, from Egs. (1.23) and
(1.24) we get

1 1 !
v(x,t) = (—Zwoxz, 2w0x1,0> . (1.27)

This flow is a rigid rotation motion in the x; — x, plane, with the angular velocity
%wo and the particle trajectories X = (X', X3), X' = (X', X?) (see Fig. 1.4):

! l I
X' (o, 1) =Q (2w0t> o, X3(a, 1) = as,

where Q is the 2 x 2 rotation matrix

[ cos —sin
Q)= |7 ‘”]
| sing  cosg

T2

~

Figure 1.4. A two-dimensional vortex as described in Example 1.3.
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Example 1.4. A Rotating Jet. Now we take the superposition of a jet and a vortex,
with D = diag(—y1, —y2, Y1 + v2), ¥j > 0, and @y = (0, 0, wp)’. Then Eq. (1.23)
reduces to the scalar vorticity equation, and

o) = a)oe(yl+y2)t.

Observe that in this case the vorticity w aligns with the eigenvector e; = (0, 0, 1)
corresponding to the positive eigenvalue A3 = y; + y» of D and that the vorticity w(¢)
increases exponentially in time.

The corresponding velocity v given by the first of Egs. (1.24) is

1 1 !
v(x,t) = [—ylxl — Ea)(t)xz, Ea)(t)xl — yax2, (Y1 + yg)xg] . (1.28)

Now the X’ = (X, X») coordinates of particle trajectories satisfy the coupled ODE,

LX — l Vi _%w(t) X/,
dt So(r) -2

and X;3(c, 1) = e 3. From the above equation we get

1d
EE(X% +X3) = —nX; — nX3,

SO
o 2max (Y1, 72)1t (0‘12 + Ol%) < (X12 + X%) (o, 1) < e 21721 (Dllz + (X%)

Thus, although the particle trajectories spiral around the x3 axis with increasing
angular velocity %w(t) (see Fig. 1.5), the minimal and the maximal distances of a
given fluid particle to the x3 axis are the same as those for the jet without rotation (see
Example 1.1). A rotating jet is a type of axisymmetric flow with swirl, discussed in
detail in Subsection 2.3.3.

Finally, we give the proof of Proposition 1.5.

Proof of Proposition 1.5. Computing the d,, derivative of the Navier-Stokes equation,
we get componentwise

(v)ifk)t + vj (Uik)xj + U){kv.fr,' = _pxixk + v(v)ick)

Xjxj

Thus, introducing the notation V = (vik) and P = (py,y,) for the Hessian matrix of
the pressure p, we get the matrix equation for V:

4V =—P+vAV. (1.29)

If we want to see how the rotation and the deformation interact, it is natural to
decompose V into its symmetric part D = %(V + V') and antisymmetric part
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T

Figure 1.5. A rotating jet as described in Example 1.4. The particle trajectories spiral around
the x5 axis with increasing angular velocity %w (t). However, the distance to the x5 axis remains
the same as in the case of the nonrotational jet.

Q= %(V — V). Then D and V satisfy the formula
V2 = (Q®4+D? + (QD + D),

where the first term is symmetric and the second one is antisymmetric. The symmetric
part of Eq. (1.29) thus is

DD ’ )

where D /Dt is a convective derivative, as given in Eq. (1.4), and the antisymmetric
part of Eq. (1.29) is

DQ

— + QD +DQ =vAQ. (1.31)

Dt
Because the antisymmetric matrix €2 is defined in terms of the vorticity w by Eq. (1.21),
Qh = Lw x h, after some straightforward calculations Eq. (1.31) gives the following
vorticity equation for the dynamics of w:

Do bt va (1.32)
— =Dw + vAw. .
Dt
General equations (1.30) and (1.32) are fundamental for the developments presented
later in this book. Vorticity equation (1.32) is derived directly from the Navier—Stokes
equation in Section 2.1 of Chap. 2. It is a key fact in the study of continuation of
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solutions in Chaps. 3 and 4, the design of vortex methods in Chap. 6, and the notion
of vortex patches in Chap. 8.
To continue the proof, now we postulate the velocity v(x, t) as in Egs. (1.24):

vx,t) = %a)(z‘) x x + D(t)x.

Because curl v = w(t), @ does not depend on the spatial variable x so that Aw and
v - Vo both vanish. Vorticity equation (1.32) reduces to the scalar ODE:

dw D

— =Duw.

dt
Thus, given D(¢), we can solve this equation for w(z).

Now we show that the symmetric part in Eq. (1.30) of the Navier—Stokes equation
determines the pressure p. Because w determines 2 by Qh = %a) x h, Eq. (1.30)
gives

dD
—P=—+D*+ Q%
dt
where the right-hand side is a known symmetric matrix. Because P (¢) is a symmetric
matrix, it is the Hessian of a scalar function; in fact, p(x, ) is the explicit function

px,t) = %P(t)x - X.

By the above construction, v and p satisfy the Navier—Stokes equation. (]

1.5. Simple Exact Solutions with Convection, Vortex Stretching,
and Diffusion

Vorticity equation (1.32) for the dynamics of w,

PO Dot va 133

Dr = w+ vAw, (1.33)
plays a crucial role in our further analysis of the Euler and the Navier—Stokes equa-
tions. The viscous term Dw/ Dt represents a convection of w along the particle trajec-
tories. In Example 1.4 we saw that the term Dw is responsible for vortex stretching:
The vorticity w increases (decreases) when w roughly aligns with eigenvectors corre-
sponding to positive (negative) eigenvalues of the matrix D. The viscous term vAw
leads to a diffusion of w.

To illustrate the competing effects of convection, vortex stretching, and diffusion,

we construct a large class of exact shear-layer solutions to the Navier—Stokes equation.
We take the irrotational strain flow from Eq. (1.26),

v(x, 1) = (—yx1, yx2,0), y >0,
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with the corresponding pressure p(x, ) = %y (xl2 + x%). Now we want to admit also
a nonzero third component v3 (x1, ¢) of the velocity that depends on only time and the
x1 variable. Thus we seek a solution to the Navier—Stokes equation with the velocity

v(x, 1) = [—yx1, yx2, v (x1, D]

This velocity field solves the Navier-Stokes equation provided that v satisfies the
much simpler linear diffusion equation

32 3
v,3 — yx18x]v3 = v—v,
0xy
V3] =0 = V3 (x1). (1.34)

The vorticity corresponding to this velocity is w(x,?) = [0, —vil (x1,1),0]". We
differentiate Eq. (1.34) to obtain the equation for the second component w?(x, t) of
vorticity:

9%w?
2 2 2
w; —YXw, =yo - +v s
! ' ox?
vl
@*li—o = wj(x1) = ——>(x1). (1.35)
3x1

This equation is the second component of general vorticity equation (1.33) written
for our velocity v, and it illustrates the competing effects from Eq. (1.33) in a simpler
context: There is the convection velocity —yx;, the stretching of vorticity by yw?,
and the diffusion through the term vd?w?/dx?. Moreover, because the vorticity @
aligns with the eigenvector e; = (0, 1, 0)" corresponding to the positive eigenvalue
y of the matrix D, the vorticity w increases in time.

Observe that the velocity v? is determined from the vorticity w? by the nonlocal
integral operator

V3 (x), 1) = —/x' o’ (&, T)dE;. (1.36)

—00

In Section 2.1 we show that for any solution to the Euler or the Navier—Stokes equation
the velocity v can be recovered from the vorticity w by a certain nonlocal operator,
and Eq. (1.36) provides a simple illustration of this fact.

Using Eqgs. (1.34)—(1.36), first we illustrate the effects of convection. To simplify
notation we suppress superscripts in the scalar velocity v® and the vorticity »” and
subscripts in the space variable x;. We have Example 1.5.

Example 1.5. A Basic Shear-Layer Flow. Taking y = v = 0, from Eq. (1.35) we get
the vorticity (denote x = x)

w(x, 1) = [0, wp(x),0, xeR. (1.37)
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T1

v = (0, 0,1}0(:01))'

3

Figure 1.6. A basic shear flow (Example 1.5).
Moreover, by Eq. (1.34) [or Eq. (1.36)] the velocity is (see Fig. 1.6)
v(x, 1) =[0,0, vo(x)T, x eR. (1.38)
Next we incorporate diffusion effects into this solution. We have Example 1.6.

Example 1.6. A Viscous Shear-Layer Solution. With y = 0 and v > 0, Eq. (1.35)
reduces to the heat equation on the scalar vorticity w (x, t):

Wr = VWyy,

wli=0 = wo(x).

The solution w is (see Lemma 1.13 in Subsection 1.9.3).

w(x,t) = /RH(x — vy, v)wo(y)dy, x e R, (1.39)
where H is the one-dimensional (1D) Gaussian heat kernel

H(y,t) = () e bl /4, (1.40)

The x3 component of the velocity is determined by Eq. (1.34) or Eq. (1.36) as

v(x,t) = /RH(x —y, vt)ve(y)dy, x e R. (1.41)
Thus the diffusion spreads the solution w and v (see Fig. 1.7).

The above examples of the inviscid and the viscous shear-layer solutions are also
good illustrations of the general problem: How well do solutions to the Euler equation
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; v(z,0) v(z,t)

S

Figure 1.7. The viscous shear flow. Variations in the sheared velocity are smoothed out over
time.

approximate solutions to the Navier—Stokes equation for v <« 1?7 We answer this
question through the use of the following elementary properties of the heat equation
(their proofs are given in Subsection 1.9.3).

Lemma 1.2. Let u(x,t) be a solution to the heat equation in RN:
u; = vAu, Uli—0 = Ugp.
If the initial condition satisfies |ug| + |Vug| < M, then
lu(x, 1) = ug(x)| < eM(n)'/2.
Lemma 1.3. Let u(x, t) be a solution to the heat equation in RY:
u; = vAu, Uli=0 = Up.
Then for a fixed x and v,
u(x, 1) ~ (4drvr)~N? /R up(y)dy + O[(wt) /], > 1.
Now we need only to quote these results to get Proposition 1.6.

Proposition 1.6. Let vy(xy) be a rapidly decreasing function such that |vy| 4 |Vvg| <
M. Let vE(x1, t) be the basic Euler (v = 0) shear-layer solution in Eq. (1.38), and
let v¥(x1, t) be the viscous shear-layer solution in Eq. (1.40). Then

WE(x1, 1) — v (x1, 1)] < c(vr)'/?, x €R, (1.42)

v’ (xq, 1) ~(4mt)*1/2/v0(y)dy, xeR, >1. (1.43)
R

The estimate in relation (1.42) supports our intuition that for high Reynolds numbers
(v < 1) the inviscid solution v¥ approximates the viscous solution v". For a fixed v
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this approximation deteriorates as t /' co. Asymptotic formula (1.43) indicates that
for large time ¢ > 1 the viscous solution v’ “remembers” only the mean value of
the initial condition. This is due to the diffusion that spreads gradients in the initial
condition. In Section 3.1 we show the convergence v’ — v* for arbitrary smooth
solutions to the Navier—Stokes and the Euler equations for any fixed time interval.

Now we look for exact solutions that exhibit the stretching of vorticity. Using
formula (1.35) first we discuss Example 1.7.

Example 1.7. Inviscid Strained Shear-Layer Solutions. With y > 0andv =0, Eq. (1.35)
reduces to the linear ODE, on the scalar vorticity w (x, t):

W — VX0 = YO, x €eR,
wli=0 = wo(x).
In contrast to the basic shear-layer solution in Eq. (1.37), this solution is time depen-

dent. When the characteristic curves X («, r) = ae™"" are used, the above equation
reduces to an ODE, yielding the solution

w(x,t) = wy(xe’ e, x e R. (1.44)
The corresponding x3 component of velocity is
v(x, 1) = vo(xe’), x e R.
Thus, because of the convection, the x, component of vorticity is compressed in
the x; direction and is stretched in the x3 direction (see Fig. 1.8).
Finally we incorporate the effects of diffusion into this exact solution. We have

Example 1.8.

Example 1.8. Viscous Strained Shear-Layer Solutions. With y, v > 0, the dynamics
of the scalar vorticity w(x,?) is given by the linear convection—diffusion

w(z,0) w(z, t)

Figure 1.8. Inviscid strained shear layer (Example 1.7).
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equation (1.35):

W — YXOx = YO + V®yy, x eR,

li=0 = wp(x). (1.45)

We can solve this equation explicitly, namely, first we observe that by taking w = e"'@®
we reduce this problem to

@ — an)x = V@, 5)|I:O = wo.

Next, by the change of variables & = xe?’ and ¢ = (v/2y)(e*’" — 1) we reduce it to
the heat equation

w; = g, ®|;—0 = wo, x e R.

Thus the solution w(x, ¢) to our problem is

w(x,t) = ey’/ H {xew — &, L(ez”’ — D | wo(§)dE, x € R, (1.46)
R 2y

where H is the 1D Gaussian kernel in (1.40). Note that the above vorticity equation
may admit nontrivial steady-state solutions, for the spreading from the diffusion
term vw,, may balance the compression from the convection term —yxw, and the
stretching of vorticity from y w. Indeed, by the dominated convergence theorem we
get

2wy

~12
lim w(x,t) = w(x) = ()/) e HY / wo(§)dE, x € R. (1.47)
—00 R

By a direct substitution the reader may check that this steady-state vorticity satisfies
Eq. (1.35). The solution w(x) has a sharp transition layer of the thickness O(v/y).

The corresponding x3 component of velocity is given by Eq. (1.36) as

2mv\ /2 * y 22
v(x) = (y) /wo(g)dg/ e 8 dE, x € R, (1.48)
R —00

i.e., the steady-state velocity v(x) is the error function with a sharp transition layer of
the thickness O(v/y) (see Fig. 1.9). This solution is called the Burgers shear-layer
solution.

As before for the shear-layer solutions without a strain, finally we examine how
well the inviscid strained shear-layer solution in Eq. (1.44) approximates the viscous
solution in Eq. (1.46). Thus we want to estimate

)

re¥! 12
(. 1) — " (x, )] = € |wp(xe”") — (4ma)!/? / o L ey
R
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Figure 1.9. The long time limit of the velocity field for a viscous strained shear layer
(Example 1.8).

where a = (v/2y)(e?’" — 1). By changing the variables n = (¢ — xe”")//a and
using the mean-value theorem we get

r]2
|0°(x, 1) — " (x, 1)] < e”’(4n)'/2/ e lwo(xe’) — wolxe’" + van)|dn
R
< Csup|Vwo|/ inle™% dne” Va
R
. 1/2
< C(wp)e" {(ez”’ - 1)} , x eR.
2y
Thus we have proved the following proposition.

Proposition 1.7. Let wy(x) be a rapidly decreasing function such that |wo| 4 |Vag| <
M. Let &°(x, t) be the inviscid and " (x, t) the viscous strained shear-layer solutions
in Eqs. (1.44) and (1.46), respectively. Then

1/2
|0’ (x, 1) — 0" (x, )| < c(M)e"" Ll;(e”’ - 1)} , x eR. (1.49)

Estimates for the velocity v3(x,t) follow directly from relation (1.49) by an
integration.

We see that for any fixed t and y > 0 the inviscid solution @ approximates the
viscous solution w” as v N\ 0. This approximation, however, deteriorates not only in
time but also with the thickness O(v/y) of the sharp transition layer in the Burger’s
shear-layer solution. For large y, the estimate in relation (1.49) is misleading because
it involves maximum norms — using a norm like the L' norm, which is not sensitive
to sharp transition layers, gives better convergence estimates.
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1.6. Some Remarkable Properties of the Vorticity in Ideal Fluid Flows

For inviscid fluids (v = 0) vorticity equation (1.33) reduces to (Dw/Dt) = Dw or,
equivalently, to

because the matrix Vv = D 4 Q, where D and 2 are the symmetric and the anti-
symmetric parts, respectively, and w x @ = 0. First, we derive the vorticity-transport
formula, an important result that proves that the inviscid vorticity equation can be
integrated exactly by means of the particle-trajectory equation.

This simple formula, which states that the vorticity w is propagated by invis-
cid flows, is usually not emphasized in the standard textbooks on fluid mechanics.
However, this formula gives a beautiful geometric interpretation of the stretching of
vorticity. In Chap. 4 we use this formula in the study of properties of general solutions
to the 3D Euler equation. This formula also has an important role in designing vortex
methods for the numerical solution to the 3D Euler equation: At the end of Chap. 4
this is discussed briefly and Chap. 6 is devoted to this topic.

Proposition 1.8. Vorticity-Transport Formula. Let X (a, t) be the smooth particle
trajectories corresponding to a divergence-free velocity field v(x, t). Then the solution
w to the inviscid vorticity equation (1.50) is

w(X(a,t),1) = Vo X (o, Hwp(a). (1.51)

Before giving the proof of Proposition 1.8, we discuss the significance formula
(1.51). First, we show that Eq. (1.51) leads to an interpretation of vorticity amplifi-
cation (or decay). Recall that, because the fluid is incompressible, by Proposition 1.2
det(Vy X (o, t)) = 1. Thus for any fixed « and ¢, V, X (0, t) can be an arbitrary 3 x 3
(real) matrix with determinant 1 and three (complex) eigenvalues A, A1 and 1, with
[A] = 1. When |A| > 1, formula (1.51) shows that the vorticity increases when wy
aligns roughly with the complex eigenvector associated with A.

In particular, for ideal fluid flows in two dimensions,

X, X, 0
VoX(a,t)= | X5 X2 Of, (1.52)
0 0 1

and wo(a) = [0, 0, wo(e)]".
This gives us the following corollary.

Corollary 1.2. Let X (a,t) be the smooth particle trajectories corresponding to a
divergence-free velocity field. Then the vorticity w(x, t) satisfies

o(X(a,1),1) = w(a), o € R?, (1.53)

and the vorticity wo(a) is conserved along particle trajectories for two-dimensional
(2D) inviscid fluid flows.
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Next, as a simple corollary to vorticity-transport formula (1.51) we verify the
well-known fact that vortex lines move with an ideal fluid. Consider a smooth (not
necessarily closed) curve C = {y(s) € RY: 0 < s < 1}. We say that C is a vortex
line at a fixed time ¢ if it is tangent to the vorticity w at each of its points, i.e., provided
that

Z%(s) =A()w(y(s),1) for some A(s) # O. (1.54)

Flows having readily observed vortex lines often occur in physical experiments and
nature, e.g., centerlines for tornadoes are a prominent example.

An initial vortex line C = {y(s) € R¥: 0 < s < 1} evolves with the fluid to the
curve C(t) = {X(y(s),t) € RY: 0<s < 1}. We want to check that C () is also a
vortex line, i.e., that

dX
75 06). ) = M) (X(y(s), 1), 1)

The definition of C(¢) implies that

dX B dy
g(y(S), 1) = Vo X(y(s), 1) s (s)
= Vo X (y(s), DA()wo(y(s)).

Proposition 1.8, o (X (y(s), 1), t) = Vo X (¥(s), o (y(s)), gives

dX
g(y(S), 1) = A (X(y(s), 1), 1),
so we have proved Proposition 1.9.
Proposition 1.9. In inviscid, smooth fluid flows, vortex lines move with the fluid.

Next we verify formula (1.51). This formula is an immediate application of a
much more general geometric formula that does not require the velocity field v to be
divergence free. This more general formula is useful in further developments.

Lemma 1.4. Let v(s, t) be any smooth velocity field (not necessarily divergence free)
with associated particle-trajectory mapping X (o, t) satisfying

‘%{ =v(X(1).1), X 0)=a. (1.55)

Let h(x, t) be a smooth vector field. Then h satisfies the equation

Dh
= nw (1.56)
Dt

if and only if

h(X (a, 1), 1) = Vo X (a, )ho(a). (1.57)
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Formula (1.51) from Proposition 1.8 is a special case of this result with 7 = w.
Finally we give the proof of Lemma 1.4.

Proof of Lemma 1.4. First we differentiate Eq. (1.55) with respect to « to obtain the
general matrix equation

d

Zvax(aa 1) = (V)|x@.n.n Ve X (e, 1).

We multiply both sides of this equation by the vector A(«) to get

d

ZV(,X(a, Dho(a) = (VO)|(x(@.0).0 Va X (&, Dho().

If & satisfies Eq. (1.56), (Dh/Dt) = h- Vv, then we easily compute that 7 (X («, 1), t)
satisfies

d
7X@ 1), 1) = (V)| xn.nh(X (e, 1), 1).

Thus both V, X («, t)ho() and k(X («, t), t) satisfy the same linear ODE with the
same initial date ho(c) — so by the uniqueness of solutions to ODEs these two func-
tions coincide. O

Now we discuss some other important properties of the vorticity in ideal fluid flows.
Let S be abounded, open, smooth surface with smooth, oriented boundary C. Then by
following the (smooth) particle trajectories X (e, t), S and C evolve with the fluid to
St) ={X(a,1): o € S}and C(¢) = {X (¢, 1): a € C}, respectively (see Fig. 1.10).

We recall the following analog of transport formula (1.15).

Proposition 1.10. Let C be a smooth, oriented, closed curve and let X (o, t) be the
smooth particle trajectories corresponding to a divergence-free velocity field v(x, t).

T3

T2

T

Figure 1.10. The evolution of a bounded, open, smooth surface S with smooth boundary C
moving with the fluid velocity.
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Then

d Dv
— v-dé = — - de. (1.58)
dt () c@) Dt

We leave the proof of Eq. (1.58) as an exercise for the reader.

Because for inviscid flows there are no tangent forces acting on the fluid, intuitively
we may expect the rotation to be conserved. Actually, the Euler equation and transport
formula (1.52) give

d
4 v-dﬁ:—f Vp-de=0
dt Jeq cw

because the line integral of the gradient is zero for closed curves.
Thus we have proved the celebrated Proposition 1.11.

Proposition 1.11. Kelvin’s Conservation of Circulation. For a smooth solution v to
the Euler equation, the circulation I ¢ around a curve C(t) moving with the fluid,

T = 7{ v-de, (1.59)
c@)

is constant in time.
As a consequence of this result, Stokes’ formula immediately gives Corollary 1.3.

Corollary 1.3. Helmholtz’s Conservation of Vorticity Flux. For a smooth solution v
to the Euler equation, the vorticity flux Fsy through a surface S(t) moving with the
fluid,

Fs(,) = / w - dS, (160)
S(1)

is constant in time.

Thus we see that if vol S(¢) decreases, the vorticity w|g;) must roughly increase
(see, e.g., the exact solution for rotating jets — Example 1.4).

The conservation of circulation can be easily generated to viscous flows as well. A
simple computation yields

d

—Tcwy = v% Av-dl = —vj{ curlw - d¢, (1.61)
dt C@ cw)

so in general "¢ is not conserved for v > 0.
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1.7. Conserved Quantities in Ideal and Viscous Fluid Flows

Euler equation (1.1) for incompressible flows of homogeneous, ideal fluids,

bv_ ¢ (1.62)
pr P '
and incompressibility equation (1.2),
divv =0, (1.63)

follow from physical laws of the conservation of momentum and mass, respectively.
There are also, however, a number of other important quantities for solutions to
Egs. (1.62) and (1.63) conserved globally in time. Some of them play an important
role in later developments in these chapters. We have the following proposition.

Proposition 1.12. Let v (and w = curl v) be a smooth solution to the Euler equation
in Egs. (1.62) and (1.63) in R®, vanishing sufficiently rapidly as |x| /' oc. Then the
following quantities are conserved for all time:

(i) the total flux V3 of velocity,

Vi = / vdx, (1.64)
R3
(ii) the total flux Q23 of vorticity,
Q3 = / wdx, (1.65)
RS
(iii) the kinetic energy Ej3,
1 2
E; = - |v|“dx |= v-(x xw)dx|, (1.66)
2 Jr3 R3
(iv) the helicity Hj,
H; = / v-wdx, (1.67)
R3
(v) the fluid impulse I3,
1
I; = f/ X X wdx, (1.68)
2 R3
(vi) the moment M3 of fluid impulse,
1
Mz = 7/ X X (x X w)dx. (1.69)
3 R3

Some of these conserved quantities, e.g., the conservation of energy in Eq. (1.66),
have important implications in studying the mathematical properties of solutions to
the Euler equation — see, for example, Chap. 5.
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The fluid impulse 73 (moment M5 of fluid impulse) has a dynamical significance as
the impulse (moment of impulse) required for a generation of a flow from rest (see,
e.g., Batchelor, 1967, p. 518). We do not know, however, any direct applications of
H3, I3, and M3 in studying mathematical properties of solutions.

For 2D flows the quantities in Egs. (1.64)—(1.68) (with obvious changes of defi-
nitions) are also conserved. Now, however, the velocity v = ', v?)" is orthogonal
to the vorticity vector (regarded as a scalar) v = vﬁl - U;Z, so the reader can easily
verify Corollary 1.4.

Corollary 1.4. Let v (and w = v2 — v}) be a smooth solution to the Euler equation

in Eqs. (1.62) and (1.63) in R?, vanishing sufficiently rapidly as |x| /' oc. Then the
following quantities are conserved for all time:

(i) the total 2D flux V, of velocity,
Va :/ vdx, (1.70)
RZ
(ii) the total flux Q2 of vorticity,
sz/ wdx, (1.71)
]R2
(iii) the kinetic energy E»,

1
E, = 7/ lv|>dx [E/ o (xv'! —x1v2)dx} ; (1.72)
2 R? R?

(iv) the L?, 1 < |p| < oo, norm of vorticity,

1/p
IIwI|p=(/ le"dx> ) (1.73)
RZ

(v) the helicity H, = 0,
(vi) the fluid impulse I,

1
L= f/ (xo —x) ' wdx, (1.74)
2 R?
(vii) the moment M, of fluid impulse,
1 2
My =—— |x|“wdx. (1.75)
3 R?
For the proof of Proposition 1.12 we need the following well-known lemma.

Lemma 1.5. Let w be a smooth, divergence-free vector field in RN and let q be a
smooth scalar such that

lw@)[ g =O[UxD"N]  as |x| /oo (1.76)
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Then w and Vq are orthogonal:
/ w-Vgdx =0. 1.77)
RN

With this orthogonality result, now we are ready to give the proof of Proposi-
tion 1.12.

Proof of Proposition 1.12. Integrating Euler equation (1.62) over R*, we have com-
ponentwise

d . .
— v’dx:—/v'Vv’dx—/pxidx, i=1,2,3,
dt Jgs R3 R3

so by the Green’s formula and Lemma 1.5 we conclude the conservation of velocity
flux in Eq. (1.64).
Now we integrate componentwise the vorticity equation (Dw/Dt) = w - Vv over
R*:
d

— | bdx=— | v-Vddx, i=1,2,3.
dt R3 R3

Because div v = 0 and @ = curl v, we have div w = 0, and by using Lemma 1.5 we
conclude the conservation of vorticity flux in Eq. (1.65).
For the proof of energy conservation we apply transport formula (1.15),

d .

— fdx = / [fi +div(fv)ldx,
dt Jx@. X(Q,1)

toQ =R and f = %v - v. Using the Euler equation, we get

d

1
— | —pfPdx=— | v-Vpdx,
dt R3 2 R3

so by Lemma 1.5 we conclude the conservation of energy in Eq. (1.66).
Now we prove the conservation of helicity in Eq. (1.67). Because div v =0, mul-
tiplying the Euler equation by @ and using vector identities we get

v o+ div(v - ) — (v - Vo)v = —div(pw) + pdiv w.
In the same way, multiplying the vorticity equation (Dw/Dt) = w - Vv by v, we get
1. 2 1, ..
w; v+ (v Vo) = Edlv(wv ) — Ev div w.

Because div v = 0 and w = curl v, we have the compatibility condition div w = 0,
so from the above identities we arrive at

(v - w); + div {v(ku) +w (p — ézﬂﬂ =0.
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Thus integrating this equation over R?, by the Green’s formula we conclude the
conservation of helicity in Eq. (1.67).
Now we apply the transport formula to 2 = R? and f = x x w to get

d Dx Dw
— X X wdx = — Xw+xx — |dx.
dt R3 R3 Dt Dt

Because (Dx/Dt) = v-Vx = vand (Dw/Dt) = o - Vv, using vector identities we
get

d
— X X wdx = [vxa)+x><(a)-Vv)]dx=/a)-V(xxv)dx
dt R3 R3 R3

3
= Z/ [/ (x x V)],,dx.
=1 7®

In the last step we have used the condition div w = 0. The last expression in the
above formula is a perfect divergence, so by the Green’s formula we conclude the
conservation of fluid impulse in Eq. (1.68).

Finally, we prove the conservation of moment of fluid impulse. For simplicity we
do it for only 2D flows [see Corollary 1.4, point (vii)], so that

2

2 l . . . _ 2
T, — Uy, is the scalar vorticity. We apply the transport formula to 2 = R

and f = |x|?w to get

d D|x|? D
—/ |x|2a)dx=/ Al w—|—|x|2—w dx.
dt R? R? Dt Dt

Now, [(D|x|?)/Dt] = v - V|x|> = 2x - v and (Dw/Dt) = 0, so by substituting

® = v}, — v, into the preceding equation, we get

where w = v

d 2 1 2,2 1 142 1,2 2.1
a7 /IRZ [x|“wdx =2/IRZ {sz[(v ) }xl 5N [(v ) ]m +x1v vy, — XV, e dx.
By the Green’s formula the first two terms vanish, and the other two terms give

d 2 1,2 1,2 1,2 2 1

— IXPode=-2 [ (v'v?+xv,0" —v'v® — x0] v')dx.

dt Jg? R2 . 2

Thus, by using the incompressibility equation v}] + vfz = 0 and the Green’s formula,
we get

i/ |x|2a)dx=/ {x1 [(vz)z] —XQ[(U])Z] }dx:O,
dt R? R? X2 X1

so the moment of fluid impulse M, is conserved. O
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It remains only to give the proof of Lemma 1.5.

Proof of Lemma 1.5. Because div w = 0, by the Green’s formula we have

/ w-qux:/ qw - nds.
[x|<R |x|=R

The flux on the right-hand side tends to zero as R ' 0o, provided that g and w vanish
sufficiently fast as |x| ' co. Because the surface area of the sphere of radius R is
CyRM~!, itis sufficient that ¢ and w satisfy Eq. (1.76), i.e.,

lg ()] lwx)| = O(x|"™),

and this concludes the proof. (]

Now we study how the above conserved quantities in Egs. (1.64)—(1.75) change
when we add diffusion and consider solutions to the Navier—Stokes equation

Do _ g, iua (1.78)
—_— = VAv, .
Di P

divv = 0. (1.79)

Here we compute some of these identities and we leave the rest as an exercise for the
interested reader.

The most important identity of this sort gives the effect that viscosity has on the
conservation of energy. We apply transport formula (1.15)to @ = RY and f = %v v
from the Navier—Stokes equation to get

d 1

— f|v|2dx=—/ vondx—i—v/ v-Avdx,

d[ RY 2 RN RY

so by using Lemma 1.5 and the Green’s formula we compute that the rate of change
of energy is given by the following proposition.

Proposition 1.13. Let v be a smooth solution to the Navier—Stokes equation, vanishing
sufficiently rapidly as |x| /' oo. Then the kinetic energy E(t) satisfies the ODE

d
—E(1) =—v/ |Vv|?dx. (1.80)
dl RN

This formula explains why the viscosity coefficient v must be positive if we want to
have a dissipation of energy in the Navier—Stokes equation. It also has theoretical
applications in the study of the mathematical properties of general solutions to the
Navier—Stokes equation in subsequent chapters.

Finally, for 2D fluid flows we calculate the effects of diffusion on the fluid impulse
b,

1
L= 7/ (x2, —x1)' wdx,
2 R?
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and on the moment M, of fluid impulse,

1
M2=*/ x’wdx.
3 R?

2 1

Recall that now the scalar vorticity w = v;, — v,, satisfies the vorticity equation

— =vAow.
Dt

Because div v = 0, the total flux €2, of vorticity is conserved for any v > 0. For the
fluid impulse I, by the Green’s formula we compute that

d .
E/szjwdxzv/szjAa)deO, j=12,

so the impulse I is conserved in a viscous fluid. For the moment M, of fluid impulse
we obtain

d
— lwdx = v/ x>Awdx =4v/ wdx.
dt R? R? R?

We have just proved the following proposition.
Proposition 1.14. Let v (and o = v},
Stokes equation in R?, vanishing sufficiently rapidly as |x| 7 oo. Then for any
viscosity v > 0,

— vl ) be a smooth solution to the Navier—

(i) the vorticity flux 2,

Qp = / wdx,
RZ

1
L= 7/ (x2, —x1)'wdx,
2 R?

and the fluid impulse I,

are conserved for all time, and
(ii) the moment M, of fluid impulse,

satisfies
M;y(t) = M»(0) — gvtﬂg(O). (1.81)

Equation (1.81) determines the second moment of vorticity, fRz x’wdx, at time t from
the initial values of M, and $2,. If the initial vorticity wg is such that $2,(0) # 0,
the absolute value of the second moment of vorticity increases in time at the rate
proportional to vt. This gives more quantitative support for our intuition that a
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diffusion in the Navier—Stokes equation causes solutions to spread and also decay
in time. Because the fluid impulse I, is conserved, the same applies to the second
moment of vorticity about any other fixed point x.

1.8. Leray’s Formulation of Incompressible Flows and Hodge’s
Decomposition of Vector Fields

As we have mentioned in Section 1.1, the Navier-Stokes equation of incompressible
flows,

Do _ g, iua (1.82)
— =— VA, .
Dr P v
divv =0, (1.83)

contains time derivatives of only three out of the four unknown functions. Because
there is no time derivative of the pressure in Eq. (1.82), we might try to find an
equation p = p(v) to eliminate the pressure from Eq. (1.82). Recall that in the proof
of Proposition 1.5 we have derived Eq. (1.29):

DV
4V =—P+4vAV,
Dt

where V = (vfc/_), and P = (py,y;) is the Hessian matrix of pressure. Because tr V =
div v, by taking the trace of the above equation, we get

D
E(div v) +tr V2= —Ap + vA(div v).

Because div v = 0 for incompressible flows, the pressure p and the velocity v are
necessarily related by the Poisson equation

—Ap = tr(Vv)z( = Z vl v){,>. (1.84)
ij

We review some elementary properties for elliptic equations (see Subsection 1.9.2).

Lemma 1.6. Let f be a smooth function in RY, vanishing sufficiently rapidly as
|x| /' oo. Then the solution u to the Poisson equation

Au = f, (1.85)
with Vu vanishing as |x| /' 0o, is given by

u(x) = /RN N(x = y)f(ydy, (1.86)

where the fundamental solution (Newtonian potential) N is

1

s—In|x], N=2

Nx) =14 2, 2N , (1.87)
{ 2=N)wy |)C| ) N > 3

and wy is the surface area of a unit sphere in R".
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By applying this result to Eq. (1.84) to obtain p and differentiating under the
integral to compute V p, we obtain the explicit formula

Vp(x, 1) :CN/ ﬁiwtr(Vv(y )2dy. (1.88)
RY

Substituting this equation back into the Navier—Stokes equation, we get a closed
evolution equation for the unknown v alone:

Dy C/ T (Vu(y, 0))2dy + vA (1.89)
— == ———tr(Vv vAv. .
Di N o X — ] N Y, y

Now we show that the solution v to this equation is automatically divergence free,
so incompressibility equation (1.83) can be dropped.

By applying the div operator to Eq. (1.89) and using Eq. (1.84) we get
D (divv) = vA(div v) (1.90)
—(div v) = vA(div v). .
Dt

We want to deduce that if initially div vy = 0, then for all time div v = 0 also. We
prove it by the uniqueness of solutions to Eq. (1.90); namely, if Eq. (1.90) has two
scalar solutions u and u,, each satisfying 0,u j +v-Vu; = vAu , then by multiplying
the equation for u; — u, by u; — u> and integrating the product over R", we find that
the Green’s formula gives

1d 2
EE (u1 — up)“dx

1
= —7/ v-V(uy —u)’dx + v/ (uy — ur) A(uy — up)dx
2 RN RN

1
= 7/ (div v)(u; — un)*dx — v/ IV (u; — ur)|>dx
2 JrY RY

< C/ (uy — up)?dx,
]RN

where we assume in the last step that div v can at least be bounded in magnitude by
a constant C (which is certainly true for smooth solutions on a short time interval).
Then Gronwall’s lemma gives

/ (1 — uz)?dx(T) < €7 / (1 — 12)%dx(0).
RN RN

In particular, if u; = u, att = Othenu; = u, at any later time 7. We have shown that
for smooth solutions, u#; — u, = 0 for all time and hence the solution to Eq. (1.90) is
unique (see Lemma 1.13 in Subsection 1.9.3). The above calculation is an example
of energy methods used extensively in subsequent chapters.

By the above uniqueness result, if div vy = 0, then the solution div v to Eq. (1.90)
remains zero for all time, so the incompressibility constraint div v = 0 can be
dropped when we are solving Eq. (1.89). Moreover, when V p is defined by Eq. (1.88),
Eq. (1.89) becomes the Navier—Stokes equation and its solution satisfies the incom-
pressibility condition div v = 0, provided that div vy = 0.

Thus we have proved Proposition 1.15.
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Proposition 1.15. Leray’s Formulation of the Navier-Stokes Equation. Solving the
Navier-Stokes equation in Egs. (1.82) and (1.83) with smooth initial velocity vy,
div vy = 0, is equivalent to solving evolution equation (1.89):

bv _ ¢ / T e (Vu(y, 0))2dy + vA
— = ———tr(Vu(y, VAW,
D =~ N Ja ey T

V=0 = vo.

The pressure p(x,t) can be recovered from the velocity v(x, t) by the solution of the
Poisson equation as described in Eq. (1.84).

The left-hand side of the above equation is quadratically nonlinear and the right-
hand side contains a nonlocal, quadratically nonlinear operator. These facts make the
Navier—Stokes equation hard to study analytically.

Although Eq. (1.89) constitutes a closed system for v, this formulation turns out
to be not very useful for further analysis except by rather crude methods based on
the energy principle (see Chap. 3). The main reason for this is that this formulation
hides all the properties of vorticity stretching and interaction between rotation and
deformation. Thus later we develop formulations by using the vorticity equation
(1.33), in which these interactions are easy to identify.

The reader can note that what we actually did in the derivation of Proposition 1.15
was to project the Navier—Stokes equation on the space of divergence-free vector
fields to eliminate V p. Then we recovered the pressure p from the gradient part of
v - Vu. Recall that in Lemma 1.5 we proved that a divergence-free field v and the
gradient of a scalar p, with both v and p vanishing sufficiently rapidly as |x| oo,
are necessarily orthogonal in the L? inner product (-, -)o:

(v, Vp)o E/ v-Vpdx =0.
RN

Thus, by denoting the projection operator on divergence-free vector fields by P (i.e.,
Pv = w and divw = 0, Pv = v if and only if div v = 0, PV p = 0), we can denote
symbolically Eq. (1.89) as

v, = P(—v-Vv) +vAv.

This result suggests a more general concept of decomposing vector fields into the
divergence-free part and the gradient part. The following fact is very useful for study-
ing incompressible flows.

Proposition 1.16. Hodge’s Decomposition in RY . Every vector field v € L*(RV) N
C>®(RY) has a unique orthogonal decomposition:

v=w+ Vg, divw =0, (1.91)

with the following properties:

(i) w, Vg € LXRY) N C®RY),
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(i) w L Vqin L? i.e., (w, Vq)o =0,
(iii) for any multi-index B of the derivates DP, |B| > 0,

IDPv)2 = [ DPwl? + |VDPq|2.

Proof of Proposition 1.16. Given the decomposition in Eq. (1.91), apply the diver-
gence operator to Eq. (1.91) to get Ag = div v for div w = 0. Solving this Poisson
equation for ¢, we determine w as w = v — Vgq.

Now we prove that Vg € L*(R"). First we assume that v € (OFe (RM) with supp
v C {|x| < R}. By using the fundamental solution in Eq. (1.87) (see Lemma 1.12 in
Subsection 1.9.2), we have
X—-y

Vg(x) = CN/ 7Ndiv v(y)dy.
yi<r X =yl

Because for |x| > 2R, |y| < R we have the identity

—N/2

Xy y-y
2 ;
x| |x?

by the Taylor expansion for this formula for large |x| we get
X . -
Vo) = Cy o [ diveo)dy + O ).
™ Jiyi<r

By the Green’s formula the first term is zero because suppv C {|x| < R} so that
V|jyj=g = 0. Thus Vg (x) ~ O(x|™™) and |x| > 2R, and using the polar coordinates
we get

o0

/ |Vg|*dx < C/ r2V Nl < 0.
[x|>2R R

This implies both that Vg € L>(R") and also that w = v — Vg € L>(R"). Now we
show that w L Vg in L>(R"). Because div w = 0, by Proposition 1.13 it is enough
to check that the assumption in Eq. (1.76), namely, that

lw@)[ g =O(IxI'™")  as |x| /0.

This immediately follows from properties of the fundamental solution to the Laplace
equation (see Lemma 1.11 in Subsection 1.9.2),

(o)~ {OlxD. N =2
o O(x2N), N > 2’

and from the previous estimate w = v—V¢q ~ O(|x|~"). Moreover, the orthogonality
of the decomposition in Eq. (1.91) implies its uniqueness and also the formula ||v ||(2) =
loll§ + V4.
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The fact that ¢ € C®(R") follows from well-known properties of elliptic equa-
tions. Here, however, we give an independent argument that is interesting itself.
Differentiating Eq. (1.91), for any multi-index  we have

ADPg = div(DPv),
so by the above arguments we get
IDPvlI§ = IDPwllg + VD q|3. (1.92)

Now we recall the Sobolev lemma (see, e.g., Folland, 1995) that states that

1

7
Z sup |DPu(x)| < C( Z ||D’3u||(2)> for s >

|Bl<k xeR" Bl <s+k

(1.93)

l\).‘ >4

Because for any 8 we have |[VD?q|y < || DPvlo, this implies that Vg € C®(RY)
and also that w = v — Vg € C®°(R").

So far we have concluded the proof for v € C§° (RM). To do it for a general
ve L2RY) N C®(RY), we take p € C°(R), p = 1 for |x| < 1, p = 0 for |x| > 2,
and define v, (x) = v(x)p (|x|/n) .Thenv, € C§° (R"), and v, — vin L?, so passing
to the limit as n /' oo we conclude the proof. a

As we have already mentioned, we also study the spatially periodic flows. Although
such flows do not have boundary layers caused by viscosity effects in a neighborhood
of boundaries, they are significantly different from flows in all of space. We study
some interesting properties of these flows in Subsections 2.2.2 and 2.3.2.

Below we formulate the Hodge’s decomposition for one-periodic vector fields
v(x) = v(x + ¢;) that we identify with functions on the torus 7V. The natural
tool in studying periodic problems is the Fourier series, which we review briefly in
Subsection 1.9.1.

From the proof of Proposition 1.16 we know that if we have a decomposition
v = w + Vg, div w = 0, then g is determined by the Poisson equation Ag = div v.
The Poisson equation on the torus TV does not necessarily have a solution, for we
have the following proposition.

Proposition 1.17. Let f € C*(TV), and consider the Poisson equation on the torus
TV,

—Au = f, xeTV. (1.94)

There exists a solution u € C®(T") if and only if

f(x)dx =0. (1.95)
TN
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Moreover, Fourier transform methods give the explicit solution as

ulx) = Zezﬂ”‘*(4n|k|2)*1f(k). (1.96)
k0

In our case f = div v, so the compatibility condition in Eq. (1.95) is automatically
satisfied, and we can formulate the following proposition.

Proposition 1.18. The Hodge Decomposition of TV . Every vector fieldv € C*®°(TV)
on the torus TV has the unique orthogonal decomposition

v=17v+w+ Vg, D:/ vdx, divw =0, (1.97)
TN
where
k®k
Vgx) =Y ez’”’"k%ﬁ(k) (1.98)
[k|#0 k]

and k ® k = (kik;). This decomposition has the following properties

(i) w, Vg € C(T"),
(ii) w L Vq in L2(TV), i.e., Sy w - Vgdx =0,
(iii) v — 1")||% = ||w||% + ||Vq||%, and in general for any multi-index of the deriva-
tive DP,

IDPv§ = IDPwli§ + IVDPqll.

We leave the proof of this proposition as an exercise.

1.9. Appendix

We use the following notation: The space L” (RN ), 1 < p < o0, consists of measur-
able functions satisfying

1/p
vl = [/ |v(x)|pdx] , for < oo,
RN

[[v||f = ess sup |v(x)], for p = o0.
xeRY

We often use the simplified notation ||v||o and |v|p for p = 2 and oo, respectively.

1.9.1. Elementary Properties of the Fourier Series and the Fourier Transform

We review some basic properties of Fourier series and the Fourier transform. For a
more extensive discussion we refer the reader to Folland, 1995, and Stein and Weiss,
1971.
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Fourier Series

Every smooth one-periodic function f in RY has a unique Fourier series expansion

fo)y =Y e fk), (1.99)

kezN

where f (k) are the Fourier coefficients determined by

Flo) = / e kX £ (x)dx. (1.100)
TN
Two important properties of the Fourier series are given in the following lemma.

Lemma 1.7. If f is a smooth one-periodic function, then

ol () = Qrik) (k). (1.101)
LI = 1F P, (1.102)
kezZN

Fourier Transform

The Fourier transform is a “continuous” version of the Fourier series. For a function
f € L'(R"), the Fourier transform £ is

fE) = / e 2TINE £(x) (1.103)
RN

Clearly, (&) is a well-defined and bounded function on R" and || ||z~ < || fll.
Moreover, if f, g € L'(R"), Fubini’s theorem gives for their convolution f s g

Fre® = [ [ e e - ygdyas
RV JRY
= / / e IOV f(x — y)e e g(y)dydx
RY JRY
= @) [ gty = F©e).
R
so that we have proved the following lemma.

Lemma 1.8. If f,g € L', then the Fourier transform of their convolution is the
product of their Fourier transforms:

—

fxg=f8. (1.104)

The easiest way to derive other basic properties of the Fourier transform is to
consider it first on the Schwartz class S (RN ) of smooth functions, which, together
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with all their derivatives, die out faster than any power of x at infinity. Thatis, f € S
if and only if f € C* and for all multi-indices g, and B,

sup |xP 8fzf(x)| < 00.

xeRY

We have the following lemma.

Lemma19. If f € S, then f € S and

of (&) = [(—2mix)? f (0], (1.105)
P f (&) = @mit) F (), (1.106)
f =1, (1.107)

where “is the inverse Fourier transform:
Bx) = / P E g(E)dE = f(—x). (1.108)
RN

From the above results we see that the Fourier transform is an isomorphism of S
onto itself. We see that this holds also for the Hilbert space L>. Take f € S and
define g(x) = f(—x), where the superscript ~ stands for the complex conjugate. We
compute

1721l = / f(0glx — 0)dx = [+ g(0) = / [rg®)ds
RY RY
- [ F©o e =i
Because the Schwartz space S is dense in L2, we have the following lemma.

Lemma 1.10. Plancherel. The Fourier transform extends uniquely to a unitary iso-
morphism of L? onto itself. so that for all f € L?

Il = 1 Fllze. (1.109)

1.9.2. Elementary Properties of the Poisson Equation

In this subsection we state some elementary properties of the Laplace and the Poisson
equations. For an extensive discussion of these problems we refer the reader to Folland,
1995, Gilbarg and Trudinger, 1998, and John, 1982.

Lemma 1.11. Consider the Laplacian A in RN :

A

N 82
—. 1.110
; 7 (1.110)

Jj=1
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The fundamental solution (or Newtonian potential) N for A, i.e., —AN = §, where
8 is the Dirac distribution, is

—5-Injx|, N =2
N(x) = e . (1.111)
~o-Nay N>

where wy the surface area of a unit sphere in R :
N N
wy=277/T <2> (1.112)
Lemma 1.12. Suppose that f € L'(RY) N C'(RY) [and Jjz1 1) Infx]dx < oo
for N = 2]. Then there exists a solutionu € C 2(RV) 10 the Poisson equation
—Au = f, x € RV, (1.113)

given by the convolution

u(x) =/ N(x —y) f(y)dy. (1.114)
RN

This solution can be differentiated under the integral to yield

1 —
Vu(x) = —/ L f )y, (1.115)
on Jar x>yl

where wy is the area of a unit sphere in RY given in Eq. (1.112).

1.9.3. Elementary Properties of the Heat Equation

In this subsection we state some elementary properties of the heat equation and related
convection—diffusion equations. For an extensive discussion of this classical problem
we refer the reader to Folland, 1995, and John, 1982.

Lemma 1.13. Consider the initial value problem for the heat equation

u = vAu', (x,1) € RV x (0, 00),

ul—o =ug, xRV, (1.116)

Ifup € LP(RY), 1 < p < oo, then for t > 0 the unique solution (in the class of
bounded functions) is given by

u’(x,t) = / H(x — vy, vtug(y)dy, (1.117)
RN

where H is the N-dimensional Gaussian kernel:

H(x,t) = (drt) 2 e WP/ (1.118)
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Lemma 1.14. Let u"(x, t) be a solution of heat equation (1.116).
(i) If the initial data u satisfy
luolo + [Vuglo < M, (1.119)
then there exists a constant ¢ such that
[u’ (-, 1) — up(x)]p < cM(vt)%. (1.120)
(ii) If the initial data ug are smooth functions satisfying
lluollo + Il Auollo <= M, (1.121)
then there exists a constant ¢ such that

lu’ (-, 1) —uollo < cMvt. (1.122)
First we prove estimate (1.120). Using the explicit solution in Eq. (1.117) we have
u’(x,1) = / H(x =y, viuo(y)dy = / H(y, vuo(x + y)dy
RY RY
N ke 1 1
= @4mr) 2 /Ne 4 uo(x + (vt)?g“)d{ [y = (ut)Zg’].
R

The mean-value theorem applied to this expression gives

e

0" (e, 1) — wo(x)] < (477)—%/ L uox + He] — uo()lde
RN

< (4m)7% /R e sup [Vuo () (vn) e lde

xeRY

< {(471)‘?/]R ”|c|dc}M(w>%,

and this concludes the proof of estimate (1.120).

Now we prove estimate (1.122). We use the elementary properties of the Fourier
transform stated in Subsection 1.9.1, namely, for the Fourier transform f of a smooth,
rapidly decreasing function f, the Plancherel 1dent1ty holds, || fllo = || f llo. Also, for
the convolution of H with f we have H * f H - f.

Because for the Gaussian kernel H in Eq. (1.118) we have

H(g 1) = e ™4kl
(see Folland, 1995, for these results and an additional discussion), we compute that

lu’ (-, 1) — upllo = || (1- e*”zm‘{'z)ﬁoﬂg
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By the mean-value theorem,

2 2
sup |1 — e Kl | < vt
0<[¢|<o0

so that
E

", 1) — uollo < cvrll 15 [ollo = cvrll Augllo.

Lemma 1.15. Let u(x,t) be a solution to heat equation (1.116). If ug is radial sym-
metric, i.e., ug(x) = uo(|x|), then u(x, t) is also radial symmetric.

Observe that u is radial symmetric if and only if uo(Ux) = uo(x) for any proper
linear orthogonal transformation U (i.e., U* = U~', detU > 0). Because U is an
isometry, we have

u(Ux, 1) = / H(Ux = y], v)uo(y)dy = / H(U (x = &), v)uo(UE(UE)
RY RY
=/ H(x — €], v)uo(®) det UdE = u(x, 1).
RN

Lemma 1.16. Let u(x,t) be a solution to heat equation (1.116). Then for a fixed x
and the viscosity v,

u(x,z)~(4nw)*%/ w(dy +0[wn)~%], 1> 1. (1.123)
RN

Because l;m e~lP/4t — 1 by using the dominated convergence theorem in the
t,/00

exact solution in Eq. (1.117) we have

W) T u(x, 1) = (4m)" % / e PP (V) dy —> () E / uo(y)dy.
RN t /00 RN

Finally, we state a result for a scalar convection—diffusion equation that generalizes
the one used in Section 1.4 when we discussed the exact solution to the strained shear
layer. This result is used in subsequent sections.

Lemma 1.17. Consider the solutionu(x, t) to the convection—diffusion equation given
by

u; —y(O)x - Vu = vAu, (x,1) € RN x (0, 00),
uli=o0 = uo, (1.124)

where uy(x) is a rapidly decreasing and smooth function and y (t) is a smooth time-
varying function. Then the unique bounded solution to Eq. (1.124) is given explicitly
by

u(x, 1) = / HIXT1 (1) — y. Ta()luo(y)dy, (1.125)
RN
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where H is the N-dimensional Gaussian kernel in Eq. (1.118), and

Fy(1) = exp /0 yEdE, Ta) =v /0 F2@de. (1126)

Proof of Lemma 1.17. We use the change of variables

s % = xexp/ y (6)dE,
0

t &
t—f = v/ exp [2/ y(é/)dé/} dg,
0 0

which generalizes the one presented earlier in our discussion of the strained shear
layer in Section 1.4. Through this change of variables, Eq. (1.124) reduces to the heat
equation,

ur = Azu,

so we conclude the proof by Lemma 1.13. U

Notes for Chapter 1

Although a number of classical fluid dynamics texts (see, e.g., Acheson, 1990, Batchelor, 1967,
Lamb, 1945, and Landau and Lifshitz, 1987) address some of the material in this chapter, we
wish to present it in a form that provides the intuition for the mathematics in later chapters and

illustrates some of the important elementary properties of the flows that we use later.
Table 1.1 lists the notation used in this chapter.

Table 1.1. Notation used in this chapter

Notation Name Type

v Fluid velocity Vector field

p Fluid pressure Scalar function

x Eulerian coordinate Point in R

D/Dt Material derivative Scalar differential operator
A Laplacian Scalar differential operator
R, Reynold’s number Positive scalar

v Viscosity Nonnegative scalar

™ Torus in N dimensions N —dimensional manifold
Q General rotation matrix N x N unitary matrix

A Change of spatial scale Real number

T Change of time scale Real number

o Lagrangian spatial coordinate  Point in RY

X(o, t) Particle-trajectory map Bijection on RY

D Rate-of-strain matrix N x N matrix

Q Vorticity rotation matrix N x N matrix

w Vorticity Vector field

P Hessian of pressure N x N matrix
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The Vorticity-Stream Formulation of the Euler
and the Navier-Stokes Equations

In Chap. 1 we introduced the Euler (v = 0) and Navier—Stokes equations (v > 0) for
incompressible fluids:

Dv _ g, @2.1)
—_— = VAV, .
Dr P
divv = 0, (x,1) € RN x [0, 00), (2.2)
V]i=0 = Vo, x e RV, (2.3)
Here v(x, 1) = (v', v?, ..., vV) is the fluid velocity, p(x, t) is the scalar pressure,

D/ Dt is the convective derivative (i.e., the derivative along particle trajectories)
defined by

D 9 -
— =) v, (2.4)

and v is the kinematic viscosity. We derived some elementary properties of the equa-
tions, including scale invariances, energy conservation/dissipation, and velocity and
vorticity-flux conservation. We also derived vorticity equation (1.33) and showed that,
for inviscid fluids, the vorticity is transported and stretched along particle trajecto-
ries for 3D flows and is conserved along particle paths for 2D flows. In this chapter
we show that this leads to a natural reformulation of the equations as an evolution
equation for the vorticity alone (discussed in Section 2.1). In Section 2.2 we present a
general method for constructing exact steady solutions to the 2D Euler equation. We
use this method to construct some flows with radial symmetry and with periodicity.
In Section 2.3 we construct more exact solutions exhibiting vorticity amplification
through 3D effects. We show that every 2D flow always generates a large family
of 3D flows with vorticity stretching. Then we introduce a class of flows for which
the vorticity is aligned with the velocity field, called Beltrami flows. The final topic
of this section is axisymmetric flows, in which the velocity field is independent of
the angular coordinate. In Section 2.4 we derive the vorticity-stream formulation for
3D flows. In this case the vorticity equation involves both the velocity field and its
gradient. The latter requires a calculation involving singular integral operators (SIOs)
that we review briefly. Section 2.5 shows that, for inviscid flows, the transport of

43
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vorticity along particle paths leads to yet another reformulation of the equations as an
integrodifferential equation for the particle trajectories. It is this reformulation that is
used extensively in vortex methods for computing inviscid and high Reynolds number
flows (see Chap. 6) and also in Chap. 4 of this book to prove the existence and the
uniqueness of solutions to the Euler equations by use of the particle trajectories.

2.1. The Vorticity-Stream Formulation for 2D Flows

Recall that taking the curl of the Navier—Stokes equations leads to the following
evolution equation for w = curl v:

PO o votva 2.5

D = w-Vv+vAow. 2.5)
For 2D flows the velocity field is v = (v', v?, 0)’, the vorticity w = (0, 0, v)%] — viz)’
is orthogonal to v, and the vorticity-stretching term vanishes, @ - Vv = 0. In this
section to simplify notation we denote the velocity field by v = (v', v?)" and the
scalar vorticity by w = v)%l - iz. Thus vorticity equation (2.5) reduces to the scalar
vorticity equation

Recall that for inviscid flows (v = 0) this equation implies conservation of vorticity
along particle trajectories X (¢, t) (see Section 1.6):

o(X(@,1),1) = wla), o € R% 2.7)

This special property distinguishes 2D from 3D inviscid flows; general 3D flows have
w - Vv # 0, and the vorticity stretches according to the formula

o(X(a, 1), 1) = Vo X (a, Hwg(a), a € R,

[see Eq. (1.51) from Proposition 1.8].

We also recall that for shear-layer flows (Examples 1.5-1.8) we could recover the
velocity v from the vorticity w by a nonlocal operator [Eq. (1.36)]. Now we show that
for arbitrary 2D flows we can eliminate the velocity from vorticity equation (2.6) to
yield a self-contained equation for w.

Because div v = 0, there exists a (unique up to an additive constant) stream function
¥ (x, t) such that

v= (=Y. ¥) = Vi 2.8)
Computing the curl of Eq. (2.8), we get the Poisson equation for :

AY = w. (2.9)
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A solution to this equation is given by a convolution with the Newtonian potential
with w (see Lemma 1.12 in the appendix of Chapter 1):

1
V(x, 1) = —/ In|x — y|w(y, H)dy, x € R%
27 R?

Because we can compute the gradient of v by differentiating under the integral, the
velocity v can be recovered from v by the operator V* in Eq. (2.8) as

v(x, 1) = /]Rz Kr(x = y)o(y, H)dy, (2.10)

where the kernel K;(-) is defined by

1 X2 X1 !
K>(x) = oy <_|x|2’ |x|2> . (2.11)
Equation (2.10) is the analog of the well-known Biot—Savart law for the magnetic
field induced by a current on a wire (Lorrain and Corson, 1970, p. 295). We will use
this terminology for Eq. (2.10) later in the book. That the velocity v can be recovered
from the vorticity @ by a nonlocal operator is not surprising; recall from Chap. 1 in
the Leray formulation of Section 1.8, Eq. (1.89), that we were able to reformulate
the pressure in the primitive-variable form of the equation as a nonlocal operator
involving the velocity field.

Substituting the velocity in Eq. (2.10) into vorticity equation (2.6) we get a self-
contained equation for w. We have just proved Proposition 2.1.

Proposition 2.1. The Vorticity-Stream Formulation in All of R*. For 2D flows van-
ishing sufficiently rapidly as |x| /' oo, the Navier—Stokes equations (2.1)—(2.3) are
equivalent to the vorticity-stream formulation,

Do _ A (x.1) € R? x [0, 00)
— = vAw, X, x [0, 00),
Dt

w|i=0 = wo,

where the velocity v is determined from the vorticity w by the Biot—Savart law
v(x, 1) = / Kry(x —y)o(y, t)dy, x € R?,
]RZ

involving the kernel K, = 2w |x|*)~'(—=x2, x1), homogeneous of degree —1. Simi-
larly, the pressure p can be obtained from Poisson equation (1.84):

— iyl
—Ap = g Uy Uy, -
ij
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2.2. A General Method for Constructing Exact Steady Solutions
to the 2D Euler Equations

In this section we show that the relationship between the stream function and the
vorticity leads to a collection of exact steady solutions to the Euler equations. These
special solutions serve many purposes. For example, they provide intuition about how
well the Euler equation approximates the Navier—Stokes equation in the limit as the
viscosity v Y\ 0. Furthermore, in later chapters of this book we use them as building
blocks for vortex methods and for understanding the subtleties in approximations to
very weak solutions of the Euler equations such as vortex sheets.

Observe that, when the stream function v is used, the scalar vorticity equation
(Dw/Dt) = vAw is (setting v = 0)

o+ T, AY) =0, (2.12)
where 7 is the Jacobian

T, A¢)=det{ U o ¥ }

wal AWXZ

To have a steady inviscid solution we need 7 (v, Ay) = O that implies that Vv
and V4 A are parallel so that they have the same integral curves, the level curves
of ¥ and Ayr; hence ¥ and Ay must be functionally dependent. We summarize this
result in the following proposition.

Proposition 2.2. A stream function  on a domain Q C R? defines a steady solution
to the 2D Euler equation on 2 if and only if

AY = F(y) (2.13)
for some function F.

The function F in Eq. (2.13) is, in general nonlinear, and Proposition 2.2 yields
many exact steady solutions to the 2D Euler equation. Note that for any 2D steady flow
the particle-trajectory equation becomes the 2 x 2 autonomous Hamiltonian system,

Xy (X))
dt 2 B
X g X 1)
dt ! T

X(a, 1) = (X1, X2),

with the stream function ¥ as Hamiltonian. Hence for steady flows i is constant
along the particle trajectories that coincide with the streamlines (level curves of ¥).
Stagnation (fixed) points in the steady flow are points oy where v(e;) = 0 and
hence X (o, t) = o;. The stagnation points coincide with the critical points (minima,
maxima, and saddle points) of the stream function ¥. At minima and maxima of
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(a) (b)

Figure 2.1. Two kinds of stagnation points of the flow: (a) an elliptic fixed point corresponding
to a local minimum or maximum of v, and (b) a hyperbolic fixed point at a saddle point of .

¥, locally the flow looks like a pure rotation (an elliptic fixed point), whereas at the
saddle points of ¥ it looks like a 2D strain flow (a hyperbolic fixed point); see Fig. 2.1.

Next we look at an important special class of inviscid, steady solutions with radial
vorticity distribution.

2.2.1. Radial Eddies for the Euler and the Navier—Stokes Equations

Example 2.1. Steady, Inviscid Eddies. Consider aradially symmetric smooth vorticity
wp = wy(r), r = |x|. Because the Laplacian A is rotationally invariant, the solution
Yo to Eq. (2.9), AYy = wy, is also radially symmetric, so J (¥, Ay) = 0. Thus
any radially symmetric vorticity wg(r) defines a steady, radially symmetric solution
to the 2D Euler equation. By Eq. (2.8) the velocity v is

X2 X1\!
w0 = (=2, 21) g0
ror
where the prime denotes the differentiation with respect to r. Using polar coordinates,
we have
" 1 4
1)0() (r) + ;w()(") = wy(r),
SO
/ L
Vo(r) = — [ swo(s)ds,
rJo
and finally

vo(x) = (—xi, x;) / swo(s)ds. 2.14)
r r 0

Thus all streamlines of the flow are circles, and the fluid rotates depending on the
sign of wy; see Fig. 2.2.
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A

Figure 2.2. An inviscid steady radial eddy. The direction of rotation of the eddy depends on
the sign of the vorticity.

Next we incorporate viscous effects into the steady eddies defined in Eq. (2.14) to
yield a solution of the Navier—Stokes equations.

Example 2.2. Time-Dependent Viscous Eddies. Consider a smooth radially symmet-
ric initial vorticity wy = wo(r), r = |x|. From Example 2.1 we know that if the
vorticity w(x, t) is radially symmetric, so is the stream function ¥ (x, ¢), and then
J (W, AY) = 0. Because the heat equation preserves radial symmetry of solutions
(see Lemma 1.15 in the appendix to Chap. 1), vorticity equation (2.12) reduces to the
1D heat equation

w; = VAw,
@)= = Wo,
with the solution
_ b
w0 = / 5 oo (1y)dy. (2.15)
vt Jgr2

The velocity field v is given by the same formula as that in Eq. (2.14),

v(x,t) = (—f;, f;) /0 sw(s, t)ds. (2.16)

Now we use the above exact solutions to get more insight into the fundamental
question of how well the Euler equation approximates the Navier—Stokes equation as
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the viscosity v N\ 0. Because the asymptotic behavior of the viscous eddy solution
in Eq. (2.15) as time ¢ /" 0o is (see Lemma 1.16 in the appendix of Chap. 1)

1 1
o' (r,t) ~ —— [ wo(lyDdy +0| — |, > 1,
4vt Jg2 vt

we see that the inviscid solution wg(r) and the viscous w" (r, t) eddy solutions with
the same initial data cannot agree as t ' oco. For finite times, however, we can use
Lemma 1.14 from the appendix of Chap. 1, giving

0" (r, 1) — wo(r)| < c(ve)?.

Inserting this estimate into Eq. (2.14), we get

’(_)62 ﬂ)t/rs[a)v(s,t) — wo(s)]ds
0

v
0" (r, 1) — vo(r) e

IA

r

1 r

f/ s|w” (s, 1) — wo(s)|ds < cr(vt)z.
0

We have just proved Proposition 2.3.

Proposition 2.3. Let the radially symmetric vorticity wy(r) satisfy |wo|+|Vao| < M,
with velocity vy(r) determined from the vorticity by the (steady) inviscid radial eddy
formulain Eq. (2.14). Let 0" (r, t), v¥ (r, t) be the viscous radial eddy solution in Egs.
(2.15) and (2.16) with the same initial data wo(r). Then

" (r, 1) — wo(r)| < c(v)?, 2.17)
0" (r, 1) — vo(r)| < er(ve)?. (2.18)

The use of a more accurate far-field estimate than that in Lemma 1.14 yields
Eq. (2.18) without the factor r.

We see that for a fixed T and r, " (r,t) — wo(r) and v’ (r,t) — vo(r) in the
sup norm uniformly for 0 < ¢z < T as the viscosity v Y\ 0. In all examples of exact
solutions (see Propositions 1.6 and 1.7) we had square-root convergence. Later in
Chap. 3 we prove this “optimal” convergence for arbitrary smooth solutions to the
Euler and the Navier—Stokes equations in all of space.

Another family of exact steady solutions to the 2D Euler equation arises from a
periodic geometry.

2.2.2. The Vorticity-Stream Formulation for Periodic Flows
and More Exact Solutions

From Proposition 1.17 and a Fourier series expansion, we know that, given a periodic
vorticity w, Eq. (2.9), Ay = w, has a periodic solution i on the torus T2,

Y ==Y (4nlkP) T TGk, 1),

k0
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provided that compatibility condition (1.95) is satisfied:

/ wdx =0.
T2
2

Because w = vy, v Xlz and is periodic, this condition is guaranteed. Observe, however,
that if we demand that v = VLw, we necessarily have

/ vdx =0.
TZ

In general we want to consider flows on the torus with a velocity that has a nonzero
mean. Hence we split the velocity as v = v + ¥, where v = sz vdx is a constant-
velocity field and fT2 9 dx = 0. Computing the velocity ¥ from the solution ¥, ¥ =
V4, we get a periodic version of the Biot—Savart law:

D) =Y (ko k) (2ilk2) T PTGk, ). (2.19)
k0

Proposition 2.4. The Vorticity-Stream Formulation for Period Flows. Let vy = 0o+ 71y,
vy = sz vodx, div vy = 0, be a smooth one-periodic velocity field on the torus
T2. Then Navier-Stokes equations (2.1)—(2.3) are equivalent to the vorticity-stream
formulation

o+ (o + V) - Vo = vAw, (x,1) € T? x [0, 00),
w|=0 = wo, (2.20)

where w = curl ¥ and the velocity field v is computed from the vorticity by

D) =Y (ko k) (2ilk2) T PGk, ).
k#£0

We can recover the pressure p by solving Poisson equation (1.84) on T?,
—Ap = Zvi/_v}{i.
ij

We leave the proof to the reader as an exercise.

As an immediate application of the vorticity-stream formulation for periodic flows,
we build some explicit examples of such flows. As before in Proposition 2.1, for steady
inviscid flows we look for a stream function i such that

Ay = F(Y), xeT? (2.21)
for some function F. Any eigenfunction v of the Laplacian A on the torus 72,

Y (x) = ag cos2mk - x) + by sin2wk - x), k e 72,
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satisfies Eq. (2.21) with the linear function F () = 47%|k|>y,
Ay = —4m? k|2,

and hence defines a periodic solution of the 2D Euler equation. Taking a combination
of eigenfunctions ¥ with the same eigenvalue, i.e., |k|*> = £ (to have the same linear
function F = —4m2¢ for all y;), we have the following proposition.

Proposition 2.5. Steady Periodic Solutions to the 2D Euler Equation. For a fixed
¢ € Z%, define the one-periodic stream function on the torus T? by

1 .
Yx) = o g;{[ak cos(2mk - x) 4 by sin(2mwk - x)], (2.22)

where ay and by, are arbitrary real coefficients and k = (k,, k) is an arbitrary integer
lattice vector satisfying |k|> = £. Then yr defines a steady periodic solution to the 2D
Euler equation by v = VJ‘lﬁ, ie.,

o(x) = Z [ agky sin(2mk - x) + bk, cosmk - x) (2.23)

oz, Lmankisin@rk - x) + by cos(2k - x) |

The examples for £ = 1 yield simple periodic shear flows. However, already for
£ = 2 we get a very interesting steady flow with a more complex structure.

Example 2.3. A Steady Inviscid Periodic Solution. Consider the stream function in
Eq. (2.22) for £ = 2:

1
Y(x) = I sin(2wx;) cos(2mw x7), xeT? (2.24)
T

with the corresponding velocity field given by Eq. (2.23),

o(x) = { sin(2m x1) sin(2mwxy) } ' (2.25)

cos(2mx;) cos(2mx;)

Recall (see Proposition 2.2) that the particle trajectories coincide with the streamlines
¥ = const and that the stagnation points oy where v(a;) = 0 are critical points of .
The stream function v in Eq. (2.24) has six local extrema (maxima or minima),

... 13 1
S = (l,J):l=Z,Z;j=O,§,1 ,

around which the flow looks locally like a pure rotation, and six saddle points

1
Szz{(i,j):i=0,2,1;j=l,3},

around which it looks like the 2D strain flow. This flow thus forms six cells with a
rotation around their centers S; and pure strain flows at their vertices S,; see Fig. 2.3.
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Figure 2.3. A steady inviscid periodic solution with stream function ¢ = [1/(27)] sin(27x;)
cos(2mx,). The shaded regions indicate negative vorticity, and the unshaded regions have
positive vorticity.

This flow is dynamically unstable so that small perturbations result in a very chaotic
motion (Dombre et al., 1986; Bertozzi, 1988).

As before for the eddy solutions, now we incorporate the viscous effects into the
above periodic solutions. In Proposition 2.5 we have constructed a periodic stream
function so that 7 (¥, Avy) = 0. Because the heat equation transforms eigenfunctions
of the Laplacian A into themselves, vorticity equation (2.12), w; +J (¥, AY) =
vAw, reduces to the periodic heat equation on the torus 7'2. Thus by the separation
of variables and the Fourier series we get the following proposition.

Proposition 2.6. The Viscous Periodic Solution. Let vo(x) be the steady, inviscid,
one-periodic solution in Eq. (2.23) to the 2D Euler equation

agks sin(2wk - x) — biky cos(2mk - x
vo(x)=2[ ik sin( ) — biks cos( )

premd —agky sin2rk - x) 4 biky cosmk - x) |

Then the viscous one-periodic solution v’ (x, t) to the Navier—Stokes equation with
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the initial data v"|;—o = vq is

V(1) = ey (x),  xeT (2.26)

For these solutions it is extremely easy to compare the Navier—Stokes and the Euler
solutions as the viscosity v N\ 0. We have

lvo(x) = v"(x, )] < [vo(x)] |1 — oA

< clvt. (2.27)

For any fixed time ¢t and wave number ¢, this order of convergence with respect
to v is higher than the square-root convergence observed for solutions in all of
space. However, this convergence rate deteriorates rapidly with the increasing wave
number £.

These viscous periodic solutions give a nice illustration that the effect of viscosity is
frictional, i.e., that fluid particles moving along particle trajectories are slowed down
through viscous effects. Indeed, for particle trajectories with the velocity in (2.26),

dX
en= e (X (@, 1)),

thus the velocity along particles trajectories decreases rapidly in time.

Finally we present another important example of the steady solutions to the 2D
Euler equation periodic in a single direction. This example, called the cat’s-eye flow,
arises when flows with strong shear layers are being studied, and it models mixing
layers of fluids.

Example 2.4. The Kelvin—Stuart Cat’s-Eye Flow. Consider a stream function ¢, 27
periodic in the x; variable, that satisfies

Ay = F(y) = —e¥V. (2.28)
A one-parameter family of solutions is (see Stuart, 1971)

¥ (x) = —In(ccoshx; + v/ ¢2 — 1 cos xy), x €[0,27] x R, (2.29)

with the parameter ¢ > 1. The corresponding velocity v is

csinhx, Ve — 1sinx; '
v(x) = , . (230)
ccoshxy, ++/c2 — 1cosx; ccoshxy + +/c2 — 1cosx;

Observe that ¢ = 1 gives a shear flow, and for ¢ > 1, v > 41, v2 > 0 as
X, — F00. For ¢ > 1 the stream function ¥ has one local extremum at (;r, 0) around
which the flow rotates locally and two saddle points (0, 0), (27, 0) at which it looks like
the 2D strain flow. Figure 2.4 shows a plot of the cat’s-eye streamlines; in particular,
the streamline that outlines the cat’s-eye satisfies

/ 1 1
coshx; + 1+—2cosx1=1+ 1+—2.
C C
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T2
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NN @)
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Figure 2.4. The Kelvin—Stuart cat’s-eye flow, with stream function ¥ (x) = —In(c cosh x; +
V2 — 1cosxp).

2.3. Some Special 3D Flows with Nontrivial Vortex Dynamics

In Section 2.2 we showed that for 2D flows the vorticity stretching term w - Vv in the
vorticity equation is identically zero, so the vorticity w cannot increase (and actually
it is conserved along particle trajectories for inviscid flows). For 3D flows, however,
w - Vu(= Duw) is, in general, nonzero, so the vorticity can increase and accumu-
late. The simple examples of exact solutions presented in Chap. 1, e.g., the rotation
jets, Example 1.7, and the inviscid and the viscous strained shear-layer solutions,
Examples 1.7-1.8, exhibited an increase in vorticity when they roughly align with
the eigenvectors corresponding to the positive eigenvalues of the deformation matrix
D = [(Vv) + (Vv)]'. To build some geometric intuition we construct more exact
solutions that exhibit vorticity amplification through 3D effects.

First, we show that every 2D flow always generates a large family of 3D flows
with vorticity stretching. Then we introduce Beltrami flows that by definition have
the vorticity aligned with the velocity. Finally we introduce 3D axisymmetric flows
and show that the case of axisymmetric flow without swirl is similar to that of 2D
flow, whereas the case of swirl has a nontrivial 3D behavior.

2.3.1. Two-and-a-Half-Dimensional Flows

In this subsection we show that every 2D flow always generates a large family of
3D flows with vorticity stretching. We refer to these as two-and-a-half-dimensional
(Z%D flows) because the flow in the x3 direction is predetermined by the underlying
2D flow.

Consider a solution (9, p) to the 2D Navier—Stokes equations [inthe ¥ = (x1, x2) €
R? variables],

Dy Vp +vAD
—_— = = VAD,
Dr P
divd =0, (&, 1) € R* x (0, 00), (2.31)

- - 2
U]=0 = o, x e R,
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where (5 /Dt) = (3/3t) + ¥ - V;. Then for any third component v (%) of the velocity
(depending on only the ¥ variable) we solve the 3D Navier—Stokes equation with the
initial condition v|;—o = (Do, v3). It is easy to see that v = (¥, v*) is the solution to
this problem, provided that the velocity v’ (%, t) does not depend on the x3 variable
and that it solves the linear scalar diffusion equation

D 5 _ 3 - 2
v’ = vAv°, (%,1) € R” x (0, 00),
Dt (2.32)

v3]—0 = 13, x € R%.

Thus we have proved Proposition 2.7.

Proposition 2.7. 3D Flows Depending on Two Space Variables. Let v(X, t), p(X,t),
% € R be a solution to 2D Navier-Stokes equation (2.31), and let v (%, 1) be a
solution to linear scalar diffusion equation (2.32). Then v = (U, v3),p is a solution

to the 3D Navier—Stokes equation.

Any 2D exact solution, such as those from Section 2.2 or in Chap.1, generates
new explicit examples of 3D flows. Now we determine the manner in which the flow
amplifies the vorticity. Because the velocity v = (#, v*)" does not depend on the
x3 variable, the 3D vorticity equation (D/Df)w = Vvw + vAw immediately gives
Proposition 2.8.

Proposition 2.8. Let v = (D, v3)! be the solution defined in Proposition 2.7, and let

o = curlv = (@, ®)", where ® = (v2, —vil)’ and @ = curl U. Then @ satisfies the
vorticity equation

»=(Vio+ vAd, (2.33)

Sl

where VU is the 2 x 2 matrix %(f’i,)-

As an independent check, Eq. (2.33) follows directly from Eq. (2.32) by differen-
tiation.

From Eq. (2.33) we thus see that the 2D component & of the vorticity w increases
when it roughly aligns with the eigenvectors corresponding to the positive eigenvalues
of the explicit 2 x 2 matrix V& computed from the known 2D flow . Thus vortex
stretching that is characteristic of general 3D flows occurs in Z%D flows; however, the
nonlocal interaction between the vorticity and the deformation reduces to the local
effect of the known function Vi on @.

As an illustration of these results, we give a simple example with stretching of
vorticity @.

Example 2.5. Setv = 0 and take the inviscid shear flow (see Example 1.5) as the 2D
flow 7,

(F, 1) = (v (x2), 0). (2.34)
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Vorticity equation (2.33) for @ is

@ +v'@, = v, @,

X2

@ +v'a;, =0.
By the method of characteristics,

vl (@)t

- 1
o(X(@,1),1) = [o X

] @ (&), (2.35)

where the particle trajectories X = (X1, X»)" are
Xi@n=a+vl@)t,  X@0n=aw. (2.36)
Equation (2.35) is in fact a special case of the identity in Eq. (1.51):

(X (@,1),t) = VaX (@, t)ao(@).

Observe that by Proposition 1.12 the above solution v = (9, v3)" has conserved
energy, | v? dx = const. Nevertheless, the vorticity @ increases in time if 5)(2) #0.In
the next chapter we discuss the conjecture that actually the vorticity may blow up in
finite time for inviscid 3D flows even though the energy is conserved. In Chap. 5 we
discuss this issue in greater detail.

Next we determine when we can use the above principle to generate steady solutions
to the 3D Euler equation from a given 2D steady solution. Let ¥ (%) be a stream
function of a 2D steady, inviscid flow 9. To construct a steady Z%D flow from this 2D
solution, we must satisfy the steady form of scalar equation (2.32) for v3(R):

— Y, vy 4 Y vy, = 0.
This implies that the velocity v3(X) is constant on level lines of &, ie., v¥(%) =

W (¥ (%)) for some smooth function W. We have just proved the following proposition,

Proposition 2.9. Let (%), ¥ = (x1, x2)" be the stream function of a steady solution
(%) to the 2D Euler equation. Then, for a smooth, arbitrary function W (),

v=[=V,. %, W] (2.37)

is a steady solution to the 3D Euler equation.

In Subsection 2.3.2 we use this result to generate a class of 3D Beltrami flows.

2.3.2. 3D Beltrami Flows

Experiments show that flows in which the vorticity w is locally roughly parallel to the
velocity generate interesting 3D instabilities. This can result from the self-induced
velocity of vortex lines deforming the vortex lines into very unstable horseshoes; see
Fig. 2.5.
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@ w=Av % w=Av

L x;
t=0 t>0

Figure 2.5. The figure on the left shows vortex lines at time t+ = 0. The figure on the right
shows what can happen to these lines if the vorticity is roughly aligned with the velocity field
as in the case of a Beltrami flow.

In this section we build steady solutions for which the vorticity and the velocity
are everywhere collinear.

Definition 2.1. A steady 3D fluid flow is called a Beltrami flow if the vorticity v =
curl v satisfies the Beltrami condition

w(x) = A(x)v(x) for some A(x) #0 (2.38)

forall x.

Suppose that the divergence-free velocity field v(x) satisfies Beltrami condition
(2.38). Because w = curl v, the vorticity satisfies the compatibility condition div @ =
0, and from Eq. (2.38) we get 0 = divw = v - VA 4 A div v. Thus the first-order
differential equation for A,

0=uv-Va, (2.39)

is the necessary condition for the velocity field to satisfy Beltrami condition (2.38).
When are such velocity fields solutions to the steady 3D Euler equation? Because
the 3D steady, inviscid vorticity equation is

v-Vo=w- Vv,
by substituting @ = Av we get
(v-VMw+Av-Vv=xiv-Vu,

so the vorticity equation is satisfied automatically; we have just proved Proposi-
tion 2.10.

Proposition 2.10. Any steady, divergence-free velocity field v(x) in R? that satisfies
Beltrami condition (2.38),

curl v(x) = A(x)v(x) for some A(x) # 0,

is a solution to the 3D Euler equation.
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Now we systematically build and classify some B flows. First we recall (see Propo-
sition 2.2) that a stream function v defines a steady solution v = (—,,, ¥y, )’ to the
2D Euler equation if and only if

Ay = F() (2.40)

for some smooth function F.
Moreover, by Proposition 2.9 we know that any such stream function i generates
a solution

V= [V, Yuys WADT

to the 3D Euler equation for any smooth function W.
Now we use these results to generate the B flows. Because the vorticity of the
above velocity field is

o =W )Y, =W )Yy, FOT,

the Beltrami condition w = Av implies that the Beltrami coefficient is A(x) =
—W’(y), and the function W solves the ODE W/ (Y)W () = —F (¥).
We have just proved Proposition 2.11.

Proposition 2.11. Let  be a stream function of a steady solution to the 2D Euler
equation (so that Ay = F () for some smooth function F ). Then the velocity field

v = [V, Yy, WY (2.41)
is a 3D inviscid B flow if and only if the function W solves the ODE
WOHW ) = —F), (2.42)
and the Beltrami coefficient \.(x) is
Ax) = =W (). (2.43)

Now we illustrate this proposition by building several B flows with interesting
underlying structures.

Example 2.6. Periodic 3D B Flows. We recall that in Example 2.3 we built periodic
solutions to the 2D Euler equation by using the eigenfunctions on the torus 7%

Yx) = Z[ak cos(2mwx - k) + by sin(Qmx - k)].
k|=¢

These stream functions satisfy Eq. (2.40) with linear functions F:

F(y) = —4m? |k|*y.



2.3 Some Special 3D Flows with Nontrivial Vortex Dynamics 59
Solving ODE (2.41) for this F gives
W) = 2mlk|y,
so the Beltrami coefficient A(x) is
)= —2rlkl. (2.44)
The 3D B flow is thus
V(x) = (=Y, ¥y, 2 K[y (2.45)
Observe that in the above example the Beltrami coefficient A(x) is constant. These
flows are called strong Beltrami flows.

Now we build an example of the B flow for which the coefficient A(x) is not
constant.

Example 2.7. The Cat’s-Eye 3D B Flow. We recall that in Example 2.4 we built
cat’s-eye solutions to the 2D Euler equation that are 27 periodic in the x; variable.
The stream function of these solutions satisfies

Ay = F(y) = —e¥V.
Now solving ODE (2.42) for this function F we get

W) =Wy) =e’,
so the Beltrami coefficient A(x) is

Ax) = —e? ™. (2.46)

The 3D B flow is

V= (=Y, ¥y €)' (2.47)

Now we observe that, because of the linearity of the Beltrami condition @ =
Av, B flows with a fixed coefficient A(x) constitute a linear space of solutions, i.e.,
multiplication of a B flow by a constant and any linear combination of B flows with
the same A(x) is also a B flow. This observation yields Proposition 2.12.

Proposition 2.12. Let i (x;, xj), k #1 # j, k = 1,2, 3, be three eigenfunctions on
the torus T? such that

A = o,
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where A is the 2D Laplacian in the (x;, x;) variables. Then, because Ay satisfies
)\0 < 0,

—(¥3)s, —2 v, (W),
v= W || =@ [T 05 (2.48)
(=20)2 93 Wi, —()x,

is a 3D B flow.

Even for simple eigenfunctions ¥ this formula leads to B flows with extremely
complicated underlying structures.

Example 2.8. The Arnold—Beltrami—Childress Periodic Flows. We take three periodic
shear flows determined by the stream functions

Y1(x) = asinxs,
Y2(x) = bsinxy,

Yr3(x) = csinx;.

Because — Ay, = ¥y, we have Ay = —1, and by Proposition 2.12 the 3D B flow is
given by

a sin x3 — ¢ CoS xo
v(x) = | —acosxz+ bsinx;
csinx, — bcos x;

It is easy to observe that —v(—x) is also the B flow, so we can specialize the above
procedure to obtain the famous Arnold—Beltrami—Childress (ABC) flow

Assinxz + C cos x;
v(x) = | Bsinx; + Acosx; | . (2.49)
Csinx; + B cos x)

This A BC flow was analyzed by Dombre et al. (1986) who gave it the name A-B-C
because this example was independently introduced by Arnold (1965) and Childress
(1970) as an interesting class of Beltrami flows. For some values of the parameters
A, B,and C,e.g., A = B = 0, this flow is very simple because particle trajectories
are helical screw lines. For some other values of the parameters A, B, and C, however,
these flows are ergodic and particle trajectories are everywhere dense. The last result
is a counterexample to some statements in traditional textbooks on fluid mechanics
that vortex lines are either closed or they can not end in the fluid. That is, because for
the ABC flows we have w = Av, vortex lines coincide with the particle trajectories
and they are also everywhere dense for some values of the parameters A, B, and C.

Finally we classify strong B flows [with the Beltrami coefficient A(x) = const].
Because for such flows the velocity field satisfies

curl v = Av,

divv =0,
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we look for the complex eigenvectors
Ve (x) = " w, (k), k| = 1.
The first equation, curl v, = Av,, yields
ik X w,(k) = w,(k),
and the second equation, div v, = 0, gives
k- w.(k) = 0.

Given any unit vector N (k) tangent to the unit sphere, [N (k)| = 1 and N(k) - k =0,
define w, (k) as

we (k) = AN (k) + ik x N(k)],

where A (k) is an arbitrary function. Then this choice of w, (k) satisfies the above two
equations.
Integrating v, (x) over the unit sphere gives Proposition 2.13.

Proposition 2.13. General Strong B Flows. Let . be any complex measure on the
unit sphere S%, and let N (k) be the ji-measurable unit vector tangent to S°. Then, for
any function A(k), the velocity field

v(x) = / ek AK)[N (k) + ik x N(k)ldu
SZ
+ / KA N (k) + ik x N(k)ldp (2.50)
SZ
is a strong B flow.

Given a strong B-flow solution v° to the 3D Euler equation with constant A, we can
also solve the Navier—Stokes equation with this as initial data. The explicit solution
is

32
VW(x, 1) = e "0 (x).

2.3.3. 3D Axisymmetric Flows

Let e,, ey, and e3 be the standard orthonormal unit vectors defining the cylindrical
coordinate system,

t t
e=(220) . a@=(2-0),  e=001, @S5

r r r r

where r = (x? + x%)%. The velocity field v is axisymmetric if

v =0"(r, x3, e, + 07 (1, x3, )ep + V3 (1, x3, t)es,
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Figure 2.6. Axisymmetric flows without swirl. The velocity field depends on only r and z and
moreover has no component in the 6 direction.

i.e., if v does not depend on the 6 coordinate. These flows are similar to the 2% D
flow from Subsection 2.3.1 because they are the 3D flows that depend on only two
coordinates. The velocity v in the e, direction is called the swirl velocity; see Fig. 2.6.
Axisymmetric flows with swirl usually involve interesting interactions of the flow
velocities v" and v in the axial planes with the swirl velocity v?.

Axisymmetric Flows without Swirl

Typical examples of such flows are the draining jet in Eq. (1.25) or an idealized smoke
ring. If at the time ¢+ = 0 we start with the velocity

Vim0 = vy (1, X3)er + vy (v, X3)e3, (2.52)

then the solution to the Navier—Stokes equation will remain axisymmetric without a
swirl:

v=1"(r, x3, e, + V3 (r, x3, )es. (2.53)
Because v/ = 0, the vorticity w is tangent to ey:
w(r, x3, 1) = (v;3 — vf)ee =w’ey. (2.54)

Now we derive an equation for the scalar vorticity o’ for the inviscid case. We use the
following general principle that will also be useful in our discussion in subsequent
chapters.

Lemma 2.1. Given a (not necessarily divergence-free) velocity field v(x, t) in RY,
let h(x,t) be a vector field satisfying
Dh

= h.vo, 2.55
D v (2.55)
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and let f(x,t) be a scalar function solving

Df
D—t_o (2.56)
Then
Dwrm=o 2.57
D[( f-h)y=0. (2.57)

The proof follows immediately by the chain rule, and we leave it to the reader as
an exercise.

Because w solves the vorticity equation (Dw/Dt) = w - Vv, and (D8/Dt) =
(v?/r) = 0, the choices h = w and f = 0 satisfy the assumptions of Lemma 2.1.
Computing V6 - o = (0’ /r) = & gives the vortex-dynamics equation

BE—O 2.58
E_ ) ( )

where the material derivative D /Dt acts in only the axial planes:

2234_1]3_'_1)31_ (259)
Dt at ar dx3
Thus for axisymmetric, inviscid flows without swirl, the quantity £ is conserved along
particle trajectories. This fact, corresponding to the conservation of vorticity in 2D
inviscid flows, is used again in Chap. 4, Section 4.3, to show the existence of such
flows globally in time.
Now we formulate the vorticity-stream formulation for axisymmetric, inviscid
flows without swirl. For velocity fields satisfying the special form of Eq. (2.53), the
incompressibility condition div v = 0 in cylindrical coordinates is

(rv"), + (rv*),, = 0.

Using the axisymmetric stream function ¥ (r, x3, t), we find that the velocities v" and

V3,

v = y [ —
r r

r= Yo 3 —ﬂ, (2.60)

satisfy the incompressibility condition. Because o’

yields the equation

=, — v3, a short calculation

Ly =&, 2.61)

L=-—|[-— —_ . 2.62
ror (r 8r> +r2 ax3 (2.62)
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Solving this equation for v in terms of &£, computing the velocities v" and v3 by Eq.
(2.61), and substituting them into Eq. (2.58) gives the vorticity equation for & alone.
We summarize this in Proposition 2.14.

Proposition 2.14. Let v(v, x3, t) be an axisymmetric, inviscid flow in Eq. (2.53) with-
out a swirl,

v="1"e, + ves,

with the corresponding vorticity curl v = w’ey. Denote & = (w/r). For such flows
the 3D Euler equation is equivalent to the simplified vorticity-stream formulation,

DE—O

Dt>

Ly =&,
O R N
r r

where the material derivative D /Dt acts in only the axial planes,

D 9 ,0 40

oo Ve TV

3

and L is the linear elliptic operator:

L_la 190 +132
T ror \ror r2 9x3’

A trivial example of a solution to the above vorticity-stream formulation is furnished
by the draining jet in Eq. (1.25),

vV = (—Kxh —Z)Cz, )/)m)l = —Z’”er + yxzes,
2 2 i 2
yielding § = 0 and ¥ = —%r%x;.

In vorticity equation (2.58) there is no interaction between the velocities v”, v3

in
the axial planes and the swirl velocity v/ = 0, so that £ = (w? /r) is conserved along
particle trajectories.

Much more complicated behavior of the vorticity »’, which is due to the interactions

of v", v3, and v? # 0, occurs for the case of axisymmetric flow with swirl.

Axisymmetric Flows with a General Swirl

We show that the equations for vortex dynamics for such flows are nontrivial but
somewhat simpler than the vorticity equations in the general 3D case.
Consider an axisymmetric flow of the form

v=0"(r,x3,1)e + ve(r, X3, )eg + v3(r, X3, 1)es. (2.63)
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The corresponding vorticity w = curl v of such flows is
0 0 1 9
w=—v. e +we + ;(rv )res, (2.64)
where o’ = vy — v3. Using the fact that de, /30 = e and dey/dr = 0, we find

that for axisymmetric flows the ey component of the Euler equation and the vorticity
equations in cylindrical coordinates are

D , v v?

= (2.65)
Dt r

D 1

—ao’ = — (0" =) + 0! + @V, (2.66)
Dt r 3

respectively. The material derivative D /Dt in Eq. (2.59) acts in only the axial planes:

D L.
— =—+V —+v—.
Dt Jt ar 0x3

First observe that Eq. (2.65) yields

D%(mﬂ) =0. (2.67)

Recalling definition (1.59) of the circulation of a velocity field v around the material
curve C(t) moving with the fluid,

FC(Z) = f v - dﬁ,
C(1)

we see that Eq. (2.67) implies conservation of circulation on material circles centered
on the axis of symmetry.
With the definition of vorticity in Eq. (2.64), Eq. (2.66) implies that

D (o | (R
— [ — ) ===V + -0 + —w'v
Dt<r) rzw rw ! rw 3

1 1 1/1
_ 6.0 __ .60 6 [0 0.0
—r2UX3U rvx3vr+r rv + v, | vy,
SO

D [of 1
. (“;) = )y, (2.68)

Thus for axisymmetric, inviscid flows with swirl v/ # 0, the quantity »?/r is not
conserved along particle trajectories, and it changes in response to the swirl velocity
v?. Because the material derivative D /Dt acts in only the axial planes, this stretching
of vorticity ’ is due to the interaction of the axial-plane velocities v" and v* with
the swirl velocity v’.

Equations (2.67) and (2.68) are simplified equations for general inviscid vortex
dynamics. In fact, through the introduction of the axisymmetric stream function
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W (r, x3, t) that defines the velocities v" and v? by Egs. (2.60),
r wXB 3 _ﬂ

v = , v’ =
r r

these equations can be used to yield a reformulation of the 3D Euler equation for such
flows. Namely, we recall that the velocity field in Eq. (2.63) with the velocities v”
and v? defined as above is automatically divergence free. The stream function v is
defined from the vorticity @ by Eq. (2.61),

where L is the linear elliptic operator:

L 19 /190 1 92
= o ( ar> T
Thus by solving this equation for v in terms of the vorticity «?, then computing
the velocities by Eq. (2.61) and substituting them into Egs. (2.67) and (2.68), we get
the vorticity equations for @’ and v? alone — this is the simplified vorticity-stream
formulation for axisymmetric, inviscid flows with swirl.

We easily generalize the above arguments to the case of viscous flows by including

the viscosity term in Egs. (2.65) and (2.66). We leave the details to the reader and
summarize the results in the following proposition.

Proposition 2.15. Let v(r, x3, t) be an axisymmetric, viscous flow in Eq. (2.63) with
a swirl

v="1v"e, + %y + ve3

and with the corresponding vorticity

1
w= —vfze, + wOeQ + f(rve),e_g.
: r
Defining
6
w
E=—, r=rv’

r

for such flows, we find that the 3D Navier—Stokes equation is equivalent to the sim-
plified vorticity-stream formulation,

D 1, 3
Fl‘%— = _}’74(1-‘ )X3 +v Err + ;sr + é:x;x; )
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where the material derivative D /Dt acts in only the axial plane,

D 0 0 a0
—=—+vV —+v—,
Dt ar ar 0x3

and L is the elliptic linear operator:

[— 19 /129 n 1 92
~ror \ror r2 x3’
For axisymmetric inviscid flows without swirl (v = 0,v’ = 0), the above results
reduce to the case in Proposition 2.14.

A simple example of an axisymmetric inviscid flow with swirl is the rotating jet —
see Example 1.4; namely, by superimposing the draining jet in Eq. (1.25),

v = —Zx —Zx yXx IZ—Zre + yxsze
217 227 3 — 2 r 3€3,

with the vortex solution in Eq. (1.27),

- ! (t) ! (t) t— ! (Z)
V= |—— , = X ,H o reg,
20) X2 260 1 2a) 0

where w (¢)|;—0 = wp = const, we produced an axisymmetric flow with swirl velocity

vl = %a)(t)r and vorticity given by

w(t) = wpe! e;3.

Below we produce a more realistic model of the draining jet flow through a more
general exact solution to the vorticity-stream formulation in Proposition 2.15. We see
that viscous effects can balance the growth of vorticity and lead to steady solutions,
as occurred earlier in the strained shear layers in Chap. 1.

Example 2.9. The Viscous, Rotating Eddy. We superimpose the draining jet solution
in Eq. (1.25),

v={-Yx, -Yx yx t=—£re=yxe
) 1 22a 3 = 2 r 3€3,

with the radial eddy solution in Eq. (2.16),

X2 X1 togr 1 [
v=|——,—,0 sw(s, t)ds = — sw(s, t)ds ey, (2.69)
r2’ r2 0 rJo

and look for an axisymmetric flow with swirl:

1 r
v = —Zrer + f/ sw(s,t)ds ey + yxzes.
2 r Jo
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The corresponding vorticity w = curl v is
w=w(r,t)es.

Such flows satisfy £ = (0”/r) = 0. Denoting I' = rv’ = [ sw(s, 1)ds, we find
that the vorticity-stream formulation in Proposition 2.15 reduces to a scalar equation

for I,
r,
Ft_yrrr:U<Frr_>»
2 r

and the stream function is ¢ = —%r2x3.

To solve this equation it is convenient to rewrite it in terms of the vorticity w(r, 1);
because I', = rw, after simple calculations we get

w

w; — Zra)r =yw+v (wrr—l——r).
2 r

Moreover, because w is radially symmetric, we have Ayw = @, +(w, /1), (¥ /2)rw, =

(y/2)x - Vo, so we can rewrite this equation as a linear diffusion equation in R,

w; — %x Vo =yw+vAho. (2.70)

The solution w is given explicitly by Lemma 1.17 from the appendix of Chap. 1 as

w(r, 1) :ew/ H [xe
RZ

where H is the 2D Gaussian kernel.

Equation (2.70) has competing effects of compression from the convection term
— %x - Vw, the vorticity-stretching term y w, and the diffusion term v A,w; we expect
that they can balance, giving a steady solution. By applying the dominated conver-
gence theorem to solution (2.71), we can show that solution (2.71) converges in the
limit as ¢ oo to the steady solution

r
2

t Voo
—y,;(e — D] wo(lyDdy, (2.71)

lim o(r, 1) = we(r) = (1) e—%/ swo(s)ds. 2.72)
t—00 2v 0

This solution, called the Burger vortex, has a swirl velocity v’ given by formula
(2.69), and

l—e i [
lim o0 (r, 1) = — < / swo(s)ds. (2.73)
r 0

—>00

Thus the swirl velocity v? increases until diffusion causes it to saturate.

Next we build more general explicit solutions with nontrivial swirl velocities by
combining the vorticity-stream formulation for swirling flows with a simple principle
used in Subsection 2.3.1.
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Example 2.10. First we seek axisymmetric viscous flows with the special form

v(r, x3,1) = —% re, + VO(r, ey + y(t)xzes, 2.74)

where y (¢) is a given time-dependent strain rate. The corresponding vorticity w =
curl v is

o 1) = <1v9 + vf’) es. (2.75)
r

These flows generalize Example 2.9: The equation for I' = rV? is exactly that from
Example 2.9 but has a time-dependent y (7). Using Lemma 1.17 from the appendix
to Chap. 1, we find that the swirl velocity V? is computed from Eq. (2.70) as

o k()
Vil t)=— - H |x32(t) =y, v )»(f)df o ([yDdylix=sds, (2.76)

where A(f) = exp fot y (t)dt and wy(r) is any smooth function.

Next we generalize the flows in Eq. (2.74) by utilizing a variant of the idea in
Subsection 2.3.1. The exact solution in Eq. (2.74) has a 2D velocity component d that
solves the 2D Navier—Stokes equation:

b= (v, ) = —% re, + VO(r, t)es. 2.77)

The e3 component of this solution is trivial, y (¢)x3e3. We seek solutions to the 3D
Navier—Stokes equation with the form

v= (0,00 40,0,y (1)x3)" + V(x1, x2, 1)". (2.78)

We can easily show that the velocity field in Eq. (2.78) is an exact solution to the 3D
Navier—Stokes equation, provided that V3 satisfies the linear convection—diffusion
equation

~

2v3 =—y(O)V> +vA,V3,
Dt
V3o = Vj. (2.79)

In particular, if we choose V' to be a function of r alone, Eq. (2.79) has a radially
symmetric solution V3(r, t) that satisfies

t
V3 — V;) YV =y )V +vAV,
Vi = V5 (). (2.80)

Lemma 1.17 from the appendix to Chap. 1 gives the solution
3 1 1 ! 3
Vi t) = — H (xA2@) —y,v [ A(m)dt| V (IyD)|ix=sds, (2.81)
A Jr2 0

where, as before, A() = exp fot y(t)dr.
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To summarize, we have constructed general explicit swirling flows that satisfy the
3D Navier—Stokes equations of the form
t
v(r, 1) = —%rer + VO, e + [V 1) + v (0)xsles,
where VO (r, t) is determined from the initial data by Eq. (2.76) and V3 is determined
from the initial data by Eq. (2.81). The vorticity corresponding to these solutions is

3 |- 0
i t)==Ve+ |-V +V |es. (2.82)
r

We leave it as an exercise for the reader to interpret these solutions by using the
vorticity-stream formulation in Proposition 2.15.

Finally, we present the inviscid case of these exact solutions. For v = O the equations
for I" and V3 are

r,_YW.p _o
2
t
V3 — %er e (2.83)

The method of characteristics gives the swirl and the axial velocities as

VO, ) = 20V [ra )],
V3,1 = 2 Vi [rai (). (2.84)

The corresponding vorticities are 0’ = —V and ® = (1/r)V? + V7.

2.4. The Vorticity-Stream Formulation for 3D Flows

We recall that in Section 2.1 we determined the 2D divergence-free velocity field

v = (v',v?)" in terms of its scalar vorticity w = v — v by the Biot-Savart law
[Eq. (2.10)]:
vix,t) = / Kry(x —y)o(y, t)dy, x € R%. (2.85)
R2
The kernel K>,
Ka(x) = — 2 x| € R (2.86)
N=—I\-—"—.—7) . x , .
o U P P

is homogeneous of degree —1 (in R?). This derivation was based on the fact that, to
solve the equations

2 1 _
{”M Uy = @ x € R? (2.87)



2.4 The Vorticity-Stream Formulation for 3D Flows 71

for the velocity v, we reduced them to the Poisson equation for the stream function ¥,
AY = o, x € R?, (2.88)

and then we recovered the velocity by v = (—,, ¥,)". Substituting this velocity
into the scalar vorticity equation,

yields an evolution equation for the velocity w alone.

Now we derive an analogous vorticity-stream formulation for 3D Navier—Stokes
flows by determining the 3D divergence-free velocity field v in terms of its vorticity
w = curl v that then can be used to solve the 3D vorticity equation:

Dw

— =w-Vv+rvAwe.

Dt
We show below that the evolution equation for the vorticity @ alone obtained by this
procedure is equivalent to the Navier—Stokes equation. Moreover, this reformulation
shows explicitly how velocity strain stretches vorticity (by means of the term w - Vv).
For 3D flows we need to compute both the velocity and the velocity gradients in terms
of the vorticity by means of the potential theory. This is much more technical than for
the 2D case, and we begin with a useful improvement of the Hodge decomposition
discussed at the end of Chap. 1.

2.4.1. Hodge Decomposition, Potential Theory, and the Biot-Savart Law

To determine the velocity v in terms of the vorticity @, we solve the overdetermined
(four equations for the three unknown functions v!, v, v?) elliptic system

{C“ﬂ V= x € R, (2.90)

divv = 0,

The solution to this problem is summarized in the following proposition.

Proposition 2.16. Hodge Decomposition. Let w € L? be a smooth vector field in R,
vanishing sufficiently rapidly as |x| /' oo. Then

(i) Egs. (2.90) have a smooth solution v that vanishes as |x| /' oo if and only if
divew = 0; (2.91)
(ii) if div w = 0, then the solution v is determined constructively by
v = —curly, (2.92)
where the vector-stream function { solves the Poisson equation

AY = . (2.93)
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The explicit formula for v is

v(x) = /; Kiz(x — y)o(y)dy, (2.94)
B3
where the 3 x 3 matrix kernel K5 is
1 h
Kyoh= —~ 22 p R’ (2.95)
4 |x|?

Again, borrowing notation from electromagnetic theory, we refer to Eqs. (2.94)
and (2.95) as the Biot—Savart law.

Proof of Proposition 2.16. First, recall the following two vector identities: for smooth
vector fields i in R3,

div curl ¥ = 0, (2.96)
—curl curl ¥ 4+ V div ¢ = Ay, 2.97)

If v solves Eq. (2.90), then curl v = w and, by Eq. (2.96), necessarily divw = 0.
Now we prove the opposite; if divw = 0, then there exists a vector field v that
solves Egs. (2.90), curl v = w and div v = 0. We consider Poisson equation (2.93):

AY = w.

Recall from Lemma 1.12 that a solution results from convolution with the Newtonian

potential
1 (y)
v =5 [ 2ay.
4 Jw 1x =yl

Define & = —curl curl ¥ and k = V div . Because w € L? is smooth and vanishes
rapidly as |x| 0o, we have h(x) = O(]x|~3) and k(x) = O(|x|?) for |x| > 1, s0
h,k € L?. Taking the L? inner product (-, -)o of identity (2.97) with k yields

(k, k)o = (w, k)o — (h, k)o.

By the assumption divw = 0, divh = 0 and & is the gradient of div y. Thus by
using the orthogonality condition in Lemma 1.5 we get (w, k)o = (h, k)9 = 0. Thus
(k, k)o = 0, implying that k = 0, so identity (2.97) gives

w = curl(—curl ).

Now define the vector field v by Eq. (2.92), v = —curl ¥: By identity (2.96) this
vector is divergence free. It is easy to see that the explicit form of v is given when the
curl of the convolution is computed with the Newtonian potential, i.e.,

1 xX—y
v(x) = 7/ > X w(y)dy;
A Jro |x =yl
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this is the formula in Egs. (2.94) and (2.95). This vector field v is not in L2, in
general, but it still vanishes as |x| ' oo, provided that @ vanishes sufficiently rapidly
as |x| /' oo. O

Observe that in both the 2D and the 3D cases in Egs. (2.85) and (2.94), the velocity
v is recovered from the vorticity @ by nonlocal operators given by the convolution
with the kernel Ky :

v = [ K= w0y

where Ky is homogeneous of degree 1 — N, i.e., Ky(Ax) = A"V Ky (x), x # 0.
Because we want to eliminate v from the 3D vorticity equation, next we need to
compute the gradient of v. The reader may wonder if we can do it by a straightforward
differentiation under the integral,

Vo) = / VEy(x — o()dy.
]RN

Observe that VK y is homogeneous of degree — N, so its singularity is not integrable
in RY, and therefore the computation of Vv requires the use of the distribution
derivatives. In fact, as we shall see below, the identity stated above is not always
correct.

Next we derive some auxiliary results concerning the differentiation of singular
functions and then apply these results to compute V.

2.4.2. Distribution Derivatives of Functions Homogeneous of Degree 1 — N
and Singular Integrals

We derive some general results for the distribution derivatives of functions K that are
smooth away from x = 0 and homogeneous of degree 1—N:

KOx)=2"YK(x) forall A >0, x e RN, (2.98)

In Sec. 2.4.3 we apply these results to the specific kernels Ky given in Egs. (2.87)
and (2.95).

Definition 2.2. The distribution derivative 0y, of f is the linear functional o, f
defined operationally by the formula

@y, f. 9o = —(f.0x,0)0  forall ¢ e CFRY). (2.99)

For C! functions f, this distribution derivative coincides with the classical deriva-
tive (see Folland, 1995, pp. 25-33, or John, 1982, pp. 89-92, for a brief discussion of
distributions).
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Now we compute the distribution derivative of K. Because K € L} _(R"), for any

¢ € Cg° by the dominated convergence theorem and the Green’s theorem:

(K, 3, 9)0 = lim Kd, ¢dx
J E\ J

|x|>€

Y
= lim{—/ B .K(pdx—l-/ K(p]ds}.
N0 |x|>e Y |x|=€ | x|

The first term on the right-hand side of this equation is called the Cauchy principal-
value integral,

PV/ fdx =lim fdx. (2.100)
RV e\ |x|>e€

Changing variables by x — € x and using the homogeneity of Eq. (2.98) for K turns
the second integral into

X
lim Ko—Ltds = lim/ e""VK (x)p(ex)x; eV ds
O Jiyj=e x| O Jixj=1 !

= ¢(0) K(x)x;ds.

lx|=1

We have just proved Proposition 2.17.

Proposition 2.17. Let K be a function homogeneous of degree 1—N and smooth
outside x = 0. Then the distribution derivative 9, of K is the linear functional 9., K
defined by

(0x, K, @)oo = —(K, 0y,¢)0 = PV/N oy, Kopdx —c;(8, o,
R
forall ¢ e Cy°, (2.101)

where § is the Dirac distribution, (8, ¢)o = ¢(0), and
cj = / K(x)x;ds. (2.102)
x|=1

The functions 9, K are homogeneous of degree —N. In the next proposition we
list some of their important properties that play a crucial role in further mathematical
developments in this book (see Chaps. 3 and 4).

Proposition 2.18. Let K be a function smooth outside x = 0 and homogeneous of

degree 1 — N. Then 9, K (homogeneous of degree —N ) always has mean-value zero
on the unit sphere:

/ 8., K ds = 0. (2.103)
lx|=1
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In fact, Eq. (2.103) has the following generalization. For any multi-index o« and B
such that |a| = |B| + 1, the function x D* K is homogeneous of degree —N and has
mean-value zero on the unit sphere:

/ xPDYK ds = 0. (2.104)
lx|=1

Proof of Proposition 2.18. Pick a cutoff function p € C3°(R); p(r) > Oand p(r) =
Oforr <Aandr > B > A > 0. Then

o o dr
/ o' (rdr =0, / p(r)— =c>0.
0 0 r

By the definition of p and the Green’s theorem,

0= /RN O, [p(IxDK (x)]dx = /RN (1) L K (x)dx + /]RN p(|xDdx, K (x)dx.

|x|

The first integral on the right-hand side always vanishes because the conversion to
polar coordinates and the homogeneity of K gives

/ p'(|x|)ﬁK(x)dx = /00 p'(r)dr/ x;K(x)ds =0.
RY 0 [x|=1

x|

For the second integral, use polar coordinates to rewrite it as

/ ,0(|x|)8x/.K(x)dx = /00 p(r)dr/ ijK(x)ds = c/ BX/K(x)ds,
RY 0 lx|=1

r lx|=1

so finally, because ¢ > 0, Eq. (2.103) holds:
/ 0y, K (x)ds = 0.
[x|=1

The proof of Eq. (2.104) follows by the same arguments, and we leave it as a simple
exercise for the reader. (]

Finally, we observe that the gradient of K is the Kernel P = o, K, which is smooth
outside x = 0 and homogeneous of degree —N,

POx)=A2""Px) for >0, x eR",

with mean-value zero on the unit sphere:

/ P(x)ds =0.
x|=1

Any function P that is homogeneous of degree —N and has mean-value zero defines
a singular integral operator (SIO) through the convolution

Pf(x) =PV /RN Plx —y)f(ndy = 11{1(1) P(x —y) f(y)dy.

[x—ylze
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Below we show that the computation of the velocity gradients Vv from the vorticity
leads to SIOs. In Chaps. 3 and 4 we derive estimates for these SIOs in various function
spaces — the zero mean-value property of P will play a crucial role in the mathematical
theory presented there.

Next we give applications of the above formulas to the 3D vorticity-stream
formulation.

2.4.3. Computation of the Velocity Gradients from the Vorticity by Means
of Singular Integral Operators

As the first application of formula (2.101) we give a direct proof of the following
proposition.

Proposition 2.19. The 2D and the 3D velocity fields in Egs. (2.85) and (2.94), re-
spectively,

v(x,t):/ Kyn(x —y)w(y, t)dy, x e RV,
]RN
are divergence free, div v = 0.

Proof of Proposition 2.19. For N = 2 the kernel K is

1 x x\’
K =5\ = 75 7 )
2= 2 ( i |x|>
so by using Proposition 2.17 we compute

ol (v 1) = / KN = ol.dy —o@) [ xixds,
R

[x|=1

vfz(x, 1) =PV /2 BXZKZZ(x —yw(y, )dy + w(x) X1xp ds.
R

lx|=1

Now observe that f\xl:l x1x2dx = 0, and for x # y, (3, K} + 3,K3)(x —y) = 0.
Thus by the definition of a principal-value integral we have

div v(x) = lim (0, K3 + 3, K3) (x — Y (y, )dy = 0. O

ENO S|y —y)ze

The proof of the 3D case we leave to the reader as an exercise.
As the second application of Proposition 2.17 we compute the explicit form of the
velocity gradient Vv in R>.

Proposition 2.20. Let v(x, t) be the 3D velocity field in Eq. (2.94):

v(x, 1) = /RB K3(x — y)o(y, )dy.
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Then the gradient of v is

[Vu(x)]h = _pv/ (1“’(””’ n B H{lx—y) xo(M® (x — y)}h) i
S \4T [x —y]? 4w X —

1
+ ga)(x) X h, (2.105)

where the tensor product ® is defined by z @ w = (z;w;). In the case of a 2D velocity
field, Vv has the simpler form

1 a(x —y) wlx) |0 -1
\% =—PV [ —— d )
v() = 5 oy Oy + = [1 0}
where
1 [ 221220 25— z%}
o0(z) = — . 2.106
@=qp {z% -3 —2un (2.106)
Proof of Proposition 2.20. For N = 3 the kernel K3 is
1 xxh
Ki(x)h = ————,
SOh = TP
s0, using Proposition 2.17, we compute
1 - 1
[Vv(x)lh = PV/ vV, {(xy)xc;)(y)} hdy — — [y xw(x)]y - hds.
R 4w |x —yl 4 Jiy=1

Computing the gradient V, under the integral and using vector identities, we get the
first two principal-value integrals in Eq. (2.105). Moreover, in R?,

4 -
T, i=k
yiy'ds={3’. .
/|y=1 ! 0, i#j

SO we get

— [y xo®@)]y-hds = —la)(x) X h. O
A Jiyi=1 3

From Chap. 1, Eq. (1.32), we know that if @ = curl v solves the 3D vorticity
equation, then the vorticity-stretching term w - Vv is equal to Dw, where D is the
deformation matrix of v, D = %(Vu + Vu'). We observe that the contribution from
w X h to Dh is zero, so by taking the symmetric part of matrix formula (2.105) we

get the following corollary.

Corollary 2.1. Let Vv be the gradient of the 3D velocity v, as defined in Eq. (2.105),
and w = curl v. Then the deformation matrix of v, D = %(Vv + V), is the SIO

D(x) = PV/ P(x — y)w(y)dy, (2.107)
RS
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where the matrix kernel P acts on a vector h by

xxh)®@x+x®(x xh)

3
P()h = ——
) 87 e

(2.108)

2.4.4. The Vorticity-Stream Formulation in All of R?

Substituting the velocity v from Eq. (2.94) and the velocity gradient Vv from
Eq. (2.105) into the 3D vorticity equation (Dw/Dt) = w - Vv 4+ vAw, we get a
self-contained evolution equation for the vorticity @ alone. We prove Proposition
2.21.

Proposition 2.21. The Vorticity-Stream Formulation with Vv in All of R>. For the
3D smooth flows that vanish sufficiently rapidly as |x| /' oo, Navier—Stokes equations
(2.1)—~(2.3) are equivalent to the following self-contained evolution equation for the
vorticity alone

Do Vo 4 vA
— =w-Vv+vAow,
Dt

(x,1) € R? x (0, 00),

w|;—0 = wy = curl vy, (2.109)

where the velocity v is determined from the vorticity @ by the Biot-Savart law in

Eq. (2.94),
vix,t) = / Ki;(x — y)w(y, t)dy, X € R3,
]R?r

with the kernel

K3(x)h 1 xxh
x)h=——,
’ 4 |xP

and the velocity gradient Vv is computed from w by Eq. (2.105):

Wum=4w/{lwW”h+3“@—ﬁXMM®u—w%}®
 4r [x—yP  4m Ix — I’

1
+ -w(x) x h.
3
We give the proof of this proposition at the end of this section.

Because w = curl v, the stretching term - Vv in the vorticity equation is equal
to Dw, where D = %(Vv + V') is the deformation matrix. Thus we can substitute
formula (2.94) for the velocity v and the simpler formula for the deformation ma-
trix D as determined by the vorticity in Eq. (2.107) into the 3D vorticity equation
(Dw/Dt) = Dw + vAw to get a simpler self-contained equation for the vorticity w
alone. We have the following proposition.
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Proposition 2.22. The Simplified Vorticity-Stream Formulation with D in All of R>.
Let v(x,t) be a smooth velocity field vanishing sufficiently rapidly as |x| / oo.
Assume that v(x,t) satisfies the 3D Navier-Stokes equations (2.1)—(2.3). Then the
vorticity w = curl v is a solution to the integrodifferential equation

Do e+ va
— =Dw + vAw,
Dr

(x,1) € R? x (0, 00),

w|;—0 = wy = curl vy, (2.110)

where the velocity v is determined from the vorticity w by Eq. (2.94),

v(x, 1) =/ K3(x — y)o (v, 1)dy, x € R3,
RB

and the deformation matrix D is determined by Egs. (2.107) and (2.108):

D(x,t) = PV/ P(x —y)o(y, t)dy
R3
with
P(x)h = —%[(x Xh)®@x+x x(x x h)]/|x|5.

We emphasize that the above proposition does not state that the 3D Navier—Stokes
equation is equivalent to the vorticity-stream formulation in Eq. (2.110). The reason
is that the formula in Egs. (2.107) and (2.108) for the deformation matrix is valid
provided w = curl v, a fact we must prove to show that Eq. (2.110) is equivalent to
the Navier—Stokes equation — see the proof of Proposition 2.21 below.

Many of the exact solutions studied in Chap. 1 illustrate the fact that the vorticity
is amplified if it roughly aligns with the eigenvectors corresponding to the positive
eigenvalues of the deformation matrix D. Thus in order to explain vorticity amplifica-
tion for arbitrary flows, we must answer the following difficult question: When does
the deformation matrix D, defined from the vorticity w by the SIO in Eqgs. (2.107)
and (2.108), have eigenvectors with the positive eigenvalues roughly aligned in the
direction w? This is a new type of question regarding matrix singular integrals — a
simple model problem of this type is discussed in Chap. 5.

Finally we give the proof of Proposition 2.21. In this proof we use the following
general fact.

Lemma 2.2. Let v be a smooth, divergence-free vector field in RY, vanishing suffi-
ciently rapidly as |x| /' 0o. Let the vector field h(x, t) solve the convection—diffusion
equation

Dh

~—=hn-v Ah. 2.111
D v+v ( )
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Then div h satisfies the scalar equation

D

divh = vA divh. (2.112)
Dt

We give the proof of this lemma at the end of this section. Now we give the proof of
Proposition 2.21.

Proof of Proposition 2.21. If v solves the Navier—Stokes equation, then by the deriva-
tion of v in Eq. (2.94) and Vv in Eq. (2.105) the vorticity w = curl v solves vorticity
equation (2.109).

Now we prove the opposite. Let w solve vorticity equation (2.109), (Dw/Dt) =
o - Vv 4+ vAw, with v defined by Eq. (2.94) and Vv by Eq. (2.105)

By Proposition 2.19 we know that div v = 0 (regardless of whether div w = 0), so
applying Lemma 2.2 yields that the divergence of vorticity, div w, solves the scalar
convection—diffusion equation

D .
— divw = vA div w,
Dt

div w|,—o = O.

Thus by the uniqueness of smooth solutions to this scalar parabolic equation (see
Lemma 1.13 in the appendix to Chap. 1), we get divw = 0 for all ¢+ > 0.

Because div w = 0, by the Hodge decomposition formula in Proposition 2.16 there
exists the velocity field v given by Eq. (2.94),

v, = [ Katr =y, ndy.

such that curl v = w (and div v = 0). It remains only to prove that this velocity field
v solves the Navier—Stokes equation. Because w = curl v, it is easy to see that the
vorticity equation

—w=w-Vv+vAw
i +

D
curl (v — vAv) =0.
Dt

The last equation implies that (Dv/Dt) — v Av is the gradient of some function, say
—p, i.e., that v solves the Navier—Stokes equation

is identical to the equation

Dv gyt
_— = = VAUD.
Dt p O

Finally we give the proof of Lemma 2.2.
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Proof of Lemma 2.2. Differentiating Eq. (2.111) component-wise gives
hﬁc,-t + Z v){ihij + Z Ujhi,»xj = Zh; vf(] + Z hj”qu, + vAh;’_.
J J J J
Because div v = 0, summing these equations over i we get
divh, +v-Vdivh=vAdivh+ Y hivi =Y vk,
ij ij

yielding

D . .
— divh =vA div h. O
Dt

2.5. Formulation of the Euler Equation as an Integrodifferential Equation
for the Particle Trajectories

Proposition 2.21 showed that the Euler equation,

vy v
— v-Vv=— s
a1 p

divev =0,

v];=0 = vo(x).

is equivalent to the vorticity-stream form of Eq. (2.109), an evolution equation for the
vorticity, w = curl v:

Dw
— =w- Vv,
Dt
w|i=0 = wy. (2.113)

The divergence-free velocity v in Eq. (2.113) is recovered from w by the Biot—Savart
law:

v(x, 1) = / Ky(x — yo(y, t)dy, x e RV, (2.114)
RN

The kernels Ky are homogeneous of degree 1 — N:

1
Kz(x)=’< 2 x1>’ x e R?,

2\ x2 |x?
1 h

Kih = — 22" x heR3
47 |x)?

We now derive a third reformulation of the equations as an integrodifferential
equation for the particle trajectories. Recall from Eq. (1.13 ) that for a given smooth
velocity field v(x, t) the particle trajectories X («, ) satisfy

dx
g(oz, ) =v(X(a,1),1), X(a, t)]=0 = . (2.115)



82 2 Vorticity-Stream Formulation

The particle-trajectory mapping X (-, 1) : R¥ — RY; o > X(a,t) = x € RV is
1 — 1 and onto, with the inverse X ~'(-, t). Incompressibility, div v = 0, implies
det(Vy, X (e, t)) = 1. The time-dependent map X (-, ¢) connects the Lagrangian ref-
erence frame (with variable «) to the Eulerian reference frame (with variable x).

Recall from Chap. 1 that Eq. (2.113) implies the vorticity-transport formula (from
Proposition 1.8)

o(X(a,t),t) =V X(a, Hwp(), (2.116)

which says that vorticity is stretched by V, X («, t) along particle trajectories. Chang-
ing variables x’ = X (¢, t) and using Eq. (2.116), we rewrite Eq. (2.114) as an integral
in the Lagrangian frame:

Mmﬂz/m&h—Xmﬂﬂ%XMJMWDMC 2.117)
R3

Substituting this velocity into Eq. (2.115), we get the 3D integrodifferential equation
for the particle trajectories X (o, ¢):

%((X, 1) = / Ki[X(a,t) — X (@, )]Ve X (o, wo(a)da',
R3
X (o, 1)]i=o = at.x (2.118)

In the case of 2D inviscid flows, vorticity cannot amplify because it is conserved on
particle trajectories. The solution in Eq. (2.116) reduces to

o(X(a,1),1) = wo(a),
and hence yields the simplified velocity

v(x, 1) = / Kor[x — X (@', t)]wo(a)de'.
]R2

The 2D integrodifferential equation for the particle trajectories X (¢, t) is

dX
—(a, 1) / K[ X (e, 1) — X (', 1) ]wo (o )d!',
dl RZ

X(a,1)|i=0 = a. (2.119)

In Chap. 4 we show rigorously that the right-hand side of Eq. (2.118) is a bounded
nonlinear operator on X («, t). The smoothing properties of the kernel K3 com-
pensate for the loss of regularity in differentiating X (o, #) in the term V, X. Also,
Eq. (2.118) involves the explicit term V, X (c, t)wp () that represents the stretching
of vorticity. In Section 4.2 we show a direct link between the accumulation of vorticity
and the existence of smooth solutions globally in time. As a consequence we obtain
global existence of solutions in two dimensions because vorticity is conserved along
particle trajectories. In Chap. 6 we show that a discretization of the particle-trajectory
formulation leads to computational vortex methods that have been very successful in
accurately computing inviscid Euler solutions. Part of their success comes from the
fact that the particle-trajectory reformulation contains only bounded operators.
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A solution X (e, t) to Eq. (2.118) or Eq. (2.119) defines a velocity v either from
Eq. (2.115) or Eq. (2.117) and a vorticity w from Eq. (2.116). To complete this section,
we show that for sufficiently smooth solutions, the particle-trajectory formulation is
equivalent to the Euler equation. We state the 3D version. The 2D version follows in
a similar way.

Proposition 2.23. Let vo(x) be a smooth velocity field satisfying div vy = 0, and
wo = curl vy. Let X (a, t) solve

%(a, 1 = / Ki[X(a,t) — X (o, )]Ve X (o, Hawp(a')da',
R3

X(a, D)= = «. (2.120)

Define the velocity field v by
v(x,t) = / Ki[x — X (@', )]V X (&', Do )dat'. (2.121)
R3

Then integrodifferential equation (2.120) for the particle trajectories is equivalent
to the 3D Euler equation for sufficiently smooth solutions with a rapidly decreasing
vorticity.

Proof of Proposition 2.23. The derivation of particle-trajectory equation (2.120)
shows that if a smooth velocity v solves the Euler equation, then the particle tra-
jectories X defined by Eq. (2.115), (dX/dt)(a,t) = v(X(«, t), 1), solve integrodif-
ferential equation (2.120).

Now we prove the converse. In Proposition 2.21 we show that the 3D Euler equation
is equivalent to the vorticity-stream formulation; hence it suffices to show that a
solution to Eq. (2.120) yields a v(x, ¢) and an w(x, t) such that

curl v = w, divv =0,
Dw v |
—_— = v, Wr=0 = .
Dt !

Let X («, t) be a smooth solution to integrodifferential equation (2.120). X (-, ¢)
is 1 — 1 and onto and has an inverse X~!(-, ¢). Define the function w(x, t) by the
formula

w(x, 1) = Vo X (o, D)o (@) la=x-1(x.1)-
By Lemma 1.4 this function solves the equation

Dw

— =w- Vv,

Dt
where v = K3 * w. Proposition 2.21 implies that the velocity v(x, t) in Eq. (2.117)
is divergence free, div v = 0. To complete the proof we show that ® = curl v. We
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Table 2.1. New notation

Notation Name Type
D/ Dt Material derivative Differential operator
vi Perpendicular grad 2D differential operator

PV / Principle-value singular integral  Integral operator

apply Lemma 2.2; if a vector field & solves (Dh/Dt) = h - Vv and div v = 0, then
(D/Dt)div h = 0. Setting h = w gives

D
—divw =0.
Dt

Moreover, the initial condition satisfies wy = curl vy and div vy = 0, so we necessarily
have div wy = 0. By the uniqueness of solutions for ODEs, we conclude thatdivew = 0
forallt > 0.

We show that div w = 0 implies w = curl v. Because div v = 0, det V, X = 1 and
we rewrite v as in Eq. (2.114):

v(x,t) = / Kiz(x — xDo(x', Hdx'.
R3

Applying the Hodge decomposition (Proposition 2.16) to this velocity field yields
div w = 0 if and only if w = curl v. |

Remark: The arguments of the proof require merely that v, X, and w be differen-
tiable in space and time. In particular, the arguments work for the class of solutions
we consider in Chap. 4. This equivalence allows us to prove local-in-time existence
and uniqueness of solutions to the Euler equations by proving that the result is true for
the particle trajectory equations. One might wonder if the Proposition remains true
for weak solutions with less regularity. In Chaps. 8 and 9 we introduce two notions of
weak solutions that explicitly show that in fact the two formulations are not equivalent
without sufficient regularity of the solutions.

Notes for Chapter 2

Table 2.1 lists the notation used in this chapter.
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Energy Methods for the Euler and
the Navier—Stokes Equations

In the first two chapters of this book we described many properties of the Euler and the
Navier—Stokes equations, including some exact solutions. A natural question to ask
is the following: Given a general smooth initial velocity field v(x, 0), does there exist
a solution to either the Euler or the Navier—Stokes equation on some time interval
[0, T)? Can the solution be continued for all time? Is it unique? If the solution has
a finite-time singularity, so that it cannot be continued smoothly past some critical
time, in what way does the solution becomes singular? This chapter and Chap. 4 intro-
duce two different methods for proving existence and uniqueness theory for smooth
solutions to the Euler and the Navier—Stokes equations. In this chapter we introduce
classical energy methods to study both the Euler and the Navier—Stokes equations.
The starting point for these methods is the physical fact that the kinetic energy of a
solution of the homogeneous Navier—Stokes equations decreases in time in the ab-
sence of external forcing. The next chapter introduces a particle method for proving
existence and uniqueness of solutions to the inviscid Euler equation. As is true for
all partial differential evolution equations, the challenge in proving that the evolution
is well posed lies in understanding the effect of the unbounded spatial differential
operators. The particle method exploits the fact that, without viscosity, the vorticity
is transported (and stretched in three dimensions) along particle paths. By reformu-
lating the Euler equation as an integrodifferential equation, we obtain a nonlinear but
bounded operator on a Banach space. Chapter 4 then uses the abstract Picard theorem
(Theorem 4.1) on a Banach space to prove local existence and uniqueness of smooth
solutions. However, the machinery of Chapter 4 does not directly handle the diffusion
in the Navier—Stokes equation.

A class of techniques applicable to both the Euler and the Navier—Stokes equations
is that of energy methods. In lieu of reformulating the equations to remove unbounded
operators, energy methods use an approximation scheme combined with a priori
estimates for various “energies” associated with the equations. Other techniques for
proving existence of solutions to partial differential equations (PDEs) include the
method of finite differences, Galerkin methods, and fixed-point methods. For example,
John (1982, pp. 172-181) discusses in detail the classical method of finite differences.
For a concise proof of existence of solutions to the Euler and the Navier—Stokes
equations by use of a fixed-point method, see Kato (1972).

86
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We discuss some elementary features of energy methods in Section 3.1, including
the fact that solutions to the Euler equation with initial velocity vy are good approx-
imations to solutions of the Navier—Stokes equation with the same initial velocity vg
and small viscosity v. In Section 3.2 we use the energy method to prove local exis-
tence and uniqueness of solutions to both the Euler and the Navier—Stokes equation. In
Section 3.3 we show that continuation of the solution depends on the boundedness of
the magnitude of the vorticity. Last, in Section 3.4 we discuss viscous-splitting algo-
rithms used to numerically compute solutions of the Navier—Stokes equation. We use
energy methods to show that such algorithms converge and to estimate their accuracy.

Energy methods derive their name from the fact that they involve a priori estimates
on Sobolev norms of quantities like the velocity v. For example, the kinetic energy
of a fluid is simply fRN |v|?dx or the square of the L? norm of the velocity. We
discuss Sobolev spaces in detail in the beginning of Section 3.2. In that section
we also introduce the technique of regularization by mollifiers, in which bounded
operators replace the unbounded operators V and vA of the Navier—Stokes equation.
In Section 3.2 we show that specific a priori bounds resulting from a special choice of
regularization allow us to prove the existence of a solution of the original equation.
The proof involves passing to a limit in a subsequence and hence does not readily give
uniqueness of the solution. To prove uniqueness we need a separate a priori bound on
the difference of two solutions with the same initial data. Fortunately, such a result is
simple for the Navier—Stokes and the Euler equations, and appears as a corollary to
the basic energy estimate in Section 3.1.

3.1. Energy Methods: Elementary Concepts

The Euler and the Navier—Stokes equations possess a natural physical energy, E =
% fRN |v|?dx, the Kinetic energy of the fluid. In Section 1.7 of Chap. 1, we showed
that, for inviscid flows, this energy is conserved’ whereas, for viscous flows, this
energy dissipates:?

dE )
Loy=—v | |Vodx <o0. 3.1)
dt RY

Note that the case v = 0 reduces to energy conservation for inviscid flows. Equa-
tion (3.1) yields an a priori bound for the L? norm of the velocity. In Section 3.2
we derive analogous a priori bounds for higher derivatives of v to study existence,
uniqueness, and properties of solutions to the Navier—Stokes and the Euler equations.

3.1.1. A Basic Energy Estimate

Our focus in this chapter is to use energy methods to study existence, uniqueness,
and continuation of smooth solutions of the Euler and the Navier—Stokes equations.

T See Eq. (1.66) in Proposition 1.12.
¥ Proposition 1.13.



88 3 Energy Methods

Energy methods are important tools in nonlinear PDEs, and this chapter serves as a
good example of its use in studying complex nonlinear problems.

All energy methods involve multiplying the differential equations by a functional
of the solution and integrating by parts. To familiarize the reader with the technique
and to lay some groundwork, we begin by deriving a basic energy estimate for smooth
solutions that has a number of consequences, including uniqueness of solutions and
approximation of Navier—Stokes solutions by Euler solutions. Let v; and v, be two
smooth solutions to the Euler or the Navier—Stokes equation with respective external
forces F; and F»:

DU,’

Dr = —Vpi +vAv; + F,
div v; = 0 (3.2)
Vilt=0 = Vo,

Assume that these solutions exist on a common time interval [0, 7] and that they
vanish sufficiently rapidly as |x| ' oo so that, in particular, v; € L*(R"). Denote
D =wv; —vy, p = p; — pa2,and F = F, — B>, and take the difference of Egs. (3.2)
to obtain

U 4+v-Vi+D-Vvo=—-Vp+vAb+ F.

We now proceed in a similar fashion to the arguments in Section 1.8 on the Leray
formulation of the Navier—Stokes equation and the Hodge decomposition theorem.
Take the L? inner product (-, -) of this equation with ¥ to get

(T, D) + (v1 - VD, 0) + (0 - Voo, 0) = —(Vp, D) + v(AD, §) + (F, D).

Integration by parts, by use of the divergence theorem,$ gives

/M,»f),» = [ (V-Vu)i; = —/ IV, |2,
RY RY

where the boundary terms vanish because we assume that v decays sufficiently rapidly
at infinity. Likewise

1 1
(v - V) = v - V([ =9?) = div| =v9? ) = 0.
RY RN 2! RN 2 !

‘We can also integrate by parts on the pressure term to obtain —(V p, 9) = (p, divd) =
0 because ¥ is divergence free. The result is the basic energy identity:

(¥, D) + v(VD, VD) = —(D - Vg, D) + (F, D).

§ From Folland (1995): If @ € R is a bounded domain with C! boundary § = 9%, n(y) is the unit
normal to S, and v is a C! vector field on 2, then

/v(y)~n(y)do(y)=/divv(x)dx.
S Q

In particular, if v is C'(R") and decays fast enough at infinity, then fRN divv(x)dx = 0.
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Denote by || - |lo the L? norm on RY,

12
irto=( [ 1rrar) (33)

This norm satisfies a Schwarz inequality (see, e.g., Rudin, 1987, p. 63),

‘/RNfg

= I/ Noligllos (3.4)

which gives

%%nﬂ(-, DI§ + vIVEC, DIIG < V2l Dl 15C DG+ I1FC Dol B, llo.
(3.5)
Here | - |~ denotes the L*> norm (see Rudin, 1987, pp. 65-66) that for continuous
functions is equivalent to the supremum norm |f|co = sup, g~ | f(x)|. Because
v > 0, we can drop the term v||V17||(2) so that

d . . - -
77 10llo = [Vvale=l[Dllo + [ Fllo- (3.6)

We now apply the well-known Grénwall’s lemma (Coddington and Levinson, 1955,
p. 37).

Lemma 3.1. Gronwall’s Lemma. If u, q, and ¢ > 0 are continuous on [0, t], ¢ is
differentiable, and

q(t) <c() +/ u(s)q(s)ds,
0

then
t t t
q@) < c(0) exp/ u(s)ds + / c'(s) [exp/ u(r)dr] ds.
0 0 s
Applying this lemma to relation (3.6) gives Proposition 3.1.

Proposition 3.1. Basic Energy Estimate. Let v| and vy be two smooth solutions to
the Navier—Stokes equation with external forces F; and the same viscosity v > 0.
Suppose that these solutions exist on a common time interval [0, T, and, for fixed
time, decay fast enough at infinity to belong to L*>(RY). Then

sup [lvi — vzllo
OS[ST

T T
< |Ilwr —v2)li=ollo +/ I1Fi — Fz||odl‘} exp (/ |VU2|L°cdl>~ (3.7)
0 0

As an immediate consequence we obtain uniqueness of smooth solutions. Note that
the right-hand side of this inequality does not depend explicitly on the viscosity.
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Corollary 3.1. Uniqueness of Solutions. Let v, and v, be two smooth L? solutions to
Egs. (3.2) on [0, T] with the same initial data and forcing F. Then v| = v,.

We observe that energy estimate (3.7) does not depend explicitly on the viscosity v.
The basic energy estimate also implies a control of gradients of viscous solutions.
Namely, integrating relation (3.5) in time gives

1 ~ 2 1 ~ 2 ! ~ 2
SIBC TG = SIBC 05 +v [ 1VBC, n)llgdr
2 2 0

T T
< sup IIT)(wt)II%/ Voo (-, )[p~dt + sup IIT)(-,I)IIo/ (. Dllodr.
0 0

0<t<T 0<t<T

(3.8)

Applying estimate (3.7) to the right-hand side of relation (3.8) implies an estimate of
the form

T
V/ V(v — v2) (-, 1) I3dt
0

T
< c(u2, TH([[(01 = 1) (-, )5 + </0 I (Fy — F2)(, t)llodt)z) (3.9

where the constant c¢(v,, T)) depends on fOT [Vvy|p~dt.

3.1.2. Approximation of Inviscid Flows by High Reynold’s Number
Viscous Flows

Chapters 1 and 2 contain several examples in which a zero-viscosity solution v° to the
Euler equation approximates well a solution v” to the Navier—Stokes equation with
small viscosity v. Such closeness of solutions is in fact true in general for smooth
solutions. However, this is a rather subtle issue when the Euler equation does not
have a smooth solution. See, for example, Chaps. 9 and 11 for a discussion of vortex
sheets. Provided that all of the solutions exist, the basic energy estimate shows that
for fixed initial data, smooth Navier—Stokes solutions v” converge to a solution v°
(also with this same initial data) of the Euler equation as the viscosity v ~\ 0. That
is, we can regard v° as a solution to the Navier—Stokes equation with the external
force —vAv°. Note that when v is small and v° is smooth, this is a small force. We
can bound its contribution to the evolution by applying basic energy estimate (3.7) to
vy =", F; =0,v, =" and F> = —vAv° to obtain

T T
sup [[v" —vlp < / lv A |lodt exp( / |Vv°|Loodr)
0<t<T 0 0

< vTc(vO, T).
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Estimate (3.9) gives

T T 1/2
/ V" —v?)lodt < (T / ||V<v“—v0)||3dt)
0 0
T 12 ;T
0 0
c(v,T><) / v AV [lodt
v 0

w2730, T).

IA

IA

We have just proved the following proposition.

Proposition 3.2. Approximation of Smooth Solutions to the Navier—Stokes Equation
by Smooth Solutions to the Euler Equation. Given fixed initial data, let v',v > 0,
be a smooth solution to the Euler (v = 0) or the Navier—Stokes (v > 0) equation.
Suppose that for 0 < v < vy these solutions exist on a common time interval [0, T]
and vanish sufficiently rapidly as |x| /' oo. Then

sup [[v” —v°flo < c(@®, THVT, (3.10)
OSIST
T
/ V" —v)lodt < @ T)W'2TY2, (3.11)
0

T
where c(0°, T) = c[supo<,<7 | AVO(-, B o, fo V0| dt].

This proposition proves (first order in v) convergence of v¥ — v°in the L>°{[0, T];
L*(RY)} norm:

sup [[v" =1%o = O(v).
0<t<T

It also proves (square root in v) convergence for the gradients Vv’ — Vu? in the
L'{[0, T]; L*(R")} norm:

T
/ IV —v)lodt = OW'3).
0

Recall that, for the family of exact solutions in Proposition 1.6, v” converges to v°
in the supremum norm as (vT)'/? (square-root convergence). The higher order of
convergence in relation (3.10) is due to the fact that the L? norm is less sensitive to
local gradients.

We reiterate that the above estimates assume that the inviscid solution v° and the
viscous solution v” exist and are smooth on a common time interval. In Sections 3.2
and 3.3 we show that for smooth initial data there exists such a common time interval
and that the continuation of solutions is connected to the control on the magnitude
of the vorticity. Constantin (1986) proves that for sufficiently small viscosity v, the
time interval of existence of the viscous Navier—Stokes solution is at least as large as
the time interval of existence of the Euler (v = 0) solution with the same initial data.
We refer the reader to this paper for the details.
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3.1.3. Kinetic Energy for 2D Fluids

The above techniques require that the velocity field decay fast enough at infinity so
that v € L2(R"). This is a reasonable assumption in the case of three dimensions
but is not so reasonable for the case of two dimensions. In three dimensions typical
velocity fields decay fast enough in the far field so that the integral [ |v|*dx is finite.
Such a typical velocity field is one with smooth vorticity of compact support. In two
dimensions, however, this same class of velocity fields does not decay fast enough at
infinity to be globally in L? and hence does not have globally finite kinetic energy.
This is a consequence of the decay properties of the kernel Ky in the Biot—Savart
law. In two dimensions K, decays at infinity like 1/, which is not square integrable,
whereas in three dimensions K3 decays like 1/72.

However, 2D solutions typically have locally finite kinetic energy, that is, for any
radius R, f‘ R |[v|’dx < C(R). For example, consider any 2D smooth vorticity @
satisfying

x|<

supp  C {|x| < R}, R > 0. (3.12)

Recall from the Biot—Savart law that the velocity field of the flow is

v(x,t) = /R2 Kr(x —y)o(y, t)dy, (3.13)

_ 1 1 —X2
Ko = 5 ( ; > . (3.14)

Note that for |x| £ 0

_ _ 2c-y P\
2 2

X — = |x 1— + — .
lx — yl | x| < ME e

If [y] < R and |x| > 2R, then for large |x|,
=317 = 1x|72 4+ O(IxI 7).
Because w(y) has support inside |y| < R we see that, for large |x|,
vix,t) = Kr(x) /}sz(y,t)dy+(9(|x|72). (3.15)
Combining this with the fact that
/RN (14 1x?)dx <00, 1> N (3.16)
we obtain the following proposition.

Proposition 3.3. A 2D incompressible velocity field with vorticity of compact support
in R? has finite kinetic energy, f]Rz v2dx < oo, if and only if

/ w(y, t)dy = 0. (3.17)
RZ
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There are many 2D solutions to the Navier—Stokes equations for which w does
not satisfy Eq. (3.17); for instance, the case in which w is of fixed sign. The basic
energy estimate does not apply to such 2D examples because it demands globally
finite kinetic energy. We can, however, derive an analogous estimate by writing v as
the sum of two parts, one with globally finite kinetic energy and one that is a radially
symmetric exact solution, either the inviscid eddy from Example 2.1 or the viscous
eddy from Example 2.2 in Chap. 2.

Note that any smooth solution to either the Euler equation or the Navier—Stokes
equation with vorticity w(-, t) € L! (Rz) satisfies

/a)(x,t)dx = /a)(x,O)dx. (3.18)

Hence we make the following definition.

Definition 3.1. Radial-Energy Decomposition. A smooth incompressible velocity field
v(x) in R? has a radial-energy decomposition if there exists a smooth radially sym-
metric vorticity (|x|) such that

U()C) == M(.x) + D(x)v
/|u(x)|2dx < 00, divu =0,

where v is defined from @ by means of the Biot—Savart law:

_ x|
5(x) = (x?) |x|—2/ s@(s)ds.
0

The radial-energy decomposition is not unique. It depends on the specific choice
of @. For time-dependent solutions to the Euler or the Navier—Stokes equations,
Eq. (3.18) implies that the radial part @ of the energy decomposition can be determined
by the initial data alone. Note also that the radial-energy decomposition is not an
orthogonal decomposition. In particular we cannot define it by means of a projection
operator onto a subspace as in the case of the Hodge decomposition discussed in
Chap. 1.

Formula (3.15) shows that the total integral of the vorticity determines the part of
v that has infinite energy. In particular, v has globally finite kinetic energy if and only
if the integral of the vorticity is zero (the vorticity has global mean zero). Hence we
have the following lemma.

Lemma 3.2. Any smooth incompressible velocity field with vorticity
w=curlv e L'(R?)

has a radial-energy decomposition.

We now introduce special radial-energy decompositions for 2D time-dependent
solutions to the Euler and the Navier—Stokes equations.
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For the case of the Euler equation, recall from Chap. 2 the inviscid eddies:

—x x\' [
vo(x) = (2 2) / swo(s)ds. (3.19)
r r 0

These are time-independent exact solutions to the Euler equation with radially sym-
metric vorticity wg(r).

For the case of the Navier—Stokes equation, recall that the viscous eddies are exact
radial solutions with initial vorticity wg(r). The radial symmetry implies that w (x, t)
satisfies the heat equation:

o = vVAw, (3.20)
wli—o = wo, (3.21)

The solution to Eq. (3.20) has an explicit form that uses the heat kernel (see Folland,
1995, Chap. 4, Section A):

12

=yl
e anttvbay.
R

w(x,t) =

4 vt

The velocity field v is given by the same formula as that in Eq. (3.19):

v(x, 1) = (7262 i‘;) / sw (s, )ds. (3.22)
0

We now explicitly construct time-dependent decompositions for solutions to both
the Euler and the Navier—Stokes equation. Given an initial smooth vorticity wg(x) €
L'(R?) and respective initial velocity

w0 = [ Katr = yn()dy,

let @y(r) be the radial part of an energy decomposition of wy(x), vo(x) defined in
Definition 3.1.

Letv(r, t), &(r, t) be the exactradial Euler [Eq. (3.19)] or Navier—Stokes [Eq. (3.22)]
solution with initial vorticity @ (7). Then v(r, ¢) is the radial part of an energy decom-
position of a solution to the respective Euler or Navier—Stokes equation with initial
vorticity wg(x).

Note that u(x, t) = v(x, t) — v(x, t) satisfies

ou _ _

§+u-Vu+v~Vu+u~Vv=—Vp+vAu~|—F. (3.23)
Because v is a known smooth velocity field obtained from the initial data, classical
energy estimates on ¢ give estimates for the full solution v(x, ¢). We begin by deriving
a2D basic energy estimate by using the radial-energy decomposition. Let vy = u;+7,;
and v, = u, + ¥, be respective finite-energy decompositions for two solutions to the
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2D Navier-Stokes equation. Denote & = u; — uz, v = v; — 0o, F=F — PF,etc.
The difference i satisfies

il - -
8—1:+u1~V17t—|—ft~Vu2+1‘)1~V17t+f)-Vu2+it~Vf)1+u2~VD
=-Vp+vAi+ F. (3.24)
Then using the same integration-by-parts procedure used to derive basic energy esti-
mate (3.7), we see that the difference between two solutions satisfies the bound
d1l ., o . . _
EQIIMIIO +vllaly < llalloll@llo(IVuzlze + IVO1[r)
+ V(@ = 0= lluzllo + 1 Fllo + 181 — D2l Vuzllo].

As in the case of Proposition 3.1, we apply Gronwall’s lemma, given here as
Lemma 3.1, to obtain the following proposition.

Proposition 3.4. 2D Basic Energy Estimate and Gradient Control. Let v and v;
be two smooth divergence-free solutions to the Navier—Stokes equation with radial-
energy decomposition v; (x, t) = u; (x, t) + v; (x) and with external force Fy, F, and
presures pi, p2. Then we have the following 2D basic energy estimate,

sup luy — uzllo = 1wy —u2)(, 0)llo
0<t<T

[ T v Vi } T

+eLJo (ViliotiVnilirdr / [IICF1 — F2) G, Dllo + 91 — Balz | Vua -, Dl
0

+ V8 — Vol lua (-, Dllo] dt, (3.25)

and the gradient control,

T
v/ IV (1 — u2) |
0

T
< C(v2, 0o, T) {Il(v1 — )05 + [/ (IF G0 — Fa, Do
0

2
+ U1 — D2z |[Vua (-, )llo + VU1 — Vi oo |luy (-, t)||o)df] } .

Remark: As in Corollary 3.1, relation (3.25) implies uniqueness of 2D solutions
to the Euler and the Navier—Stokes equations with local finite-energy decomposition.
Note here that the energy of u(x, 1), |lu(-, t)||% is not bounded by the initial energy
ll(-, 0)]lo as in the case of the original basic energy estimate. This is because the
radial part of the radial-energy decomposition can feed energy into the evolution of
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the 7. In Chap. 8 we discuss a related pseudoenergy for 2-D solutions to the Euler
equation that is in fact conserved for all time. This pseudoenergy is important for
proving the existence of solutions to the 2D Euler equation with vortex-sheet initial
data.

We also can approximate viscous flows by inviscid flows. As in the 3D case, let
F; =0 and F, = —vAv°. Viscous and inviscid solutions with the same initial data
always have local finite-energy decompositions with the same time-independent part,
v. Hence we get the same estimate for v0(x, 1) — v¥(x, t) as that in the 3D case.

Proposition 3.5. Approximation of 2D Navier—Stokes Solutions by Euler Solutions.
Given v0(x, t) and v°(x, t), two solutions to the Euler and the Navier—Stokes equa-
tions, respectively, with the same initial data, then v° (x, t) —v" (x, t) has finite kinetic
energy and

sup [[v0(x, 1) — v"(x,1)]lo < C(T)v.

0<t<T

3.2. Local-in-Time Existence of Solutions by means of Energy Methods

In this section we prove the local-in-time existence of solutions to the full Navier—
Stokes equation:

ad
371; +v-Vv=—-Vp+vAv, (3.26)

divv = 0. (3.27)

Although this is a now classical result, we present a somewhat different proof than
can be found in previous references. Our proof treats the Euler and the Navier—Stokes
equations simultaneously, using estimates that are independent of the viscosity v in the
limit as v — 0. For simplicity we consider the equation without forcing; however,
the results of this section can be easily extended to the case of the Navier—Stokes
equation with a sufficiently smooth L? forcing. We leave this as an exercise for the
reader. The case of two dimensions is complicated by the fact that a large class of
solutions does not have globally finite kinetic energy. We handle this by considering
a radial-energy decomposition as described in the preceding section. We present the
details of the 3D proof and, at the end of this section, discuss the 2D proof. In the
next section, we use the 2D result to prove global-in-time existence of 2D solutions
to both the Euler and the Navier—Stokes equations.

Basic energy estimate (3.7), derived for smooth solutions, yields many useful re-
sults, including uniqueness of solutions and approximation of inviscid solutions by
high Reynolds number solutions. Note that the basic energy estimate is an a priori
estimate that assumes the existence of smooth solutions and then proves results about
them. In this section we show that for general smooth initial data such solutions exist
on a finite-time interval. In Chap. 4 we re-prove this result for the Euler equation by
using a different method, based on the integrodifferential equation for the particle
trajectories, derived in Section 2.5 of Chap. 2.
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The energy method presented in this chapter uses Sobolev norms that involve L2
bounds for higher derivatives of v(x, t). The strategy of this section has two parts. First
we find an approximate equation and approximate solutions that have two properties:
(1) the existence theory for all time for the approximating solutions is easy, (2) the
solutions satisfy an analogous energy estimate. The second partis the passage to alimit
in the approximation scheme to obtain a solution to the Navier—Stokes equation. The
“art” of designing this method lies in choosing the correct approximation procedure
that succeeds in achieving the above two steps. Here we construct the approximate
equations by using a smoothing procedure called mollification to convert unbounded
differential operators into bounded operators.

We begin with some basic properties of the Sobolev spaces. The proofs of these
lemmas are in the appendix to this chapter.

3.2.1. Calculus Inequalities for Sobolev Spaces and Properties of Mollifiers

The Sobolev space H™ (RM), m € ZT U {0}, consists of functions v € L%(R")
such that D%v € L2(RN ),0 < |a| < m, where D“ is the distribution derivative

D% = 9" ---9%. The H™ norm, denoted as || - ||, is
1/2
vllw = ( > ||D°'v||é> : (3.28)
0<|x|<m

The Sobolev space H” generalizes to the case m = s € R. Consider the functional
- lls : S®RY) — R U {0}

defined by

1/2

Ivlly = [ / L+ EP D) 1*dE| (3.29)
RN

acting on the Schwarz space of rapidly decreasing smooth functions S(R"). Here
¥ denotes the Fourier transform of v. The Sobolev space H® RY), s € R, is the
completion of S (]RN ) with respect to the norm || - ||;. For s = m the two norms are
equivalent.

We review some properties of Sobolev spaces. First we state a well-known and
important fact, that an L? bound on a higher derivative implies a pointwise bound on
a lower derivative (see Folland, 1995).

Lemma 3.3. Sobolev Inequality. The space Ht*(RY), s > N/2, k € Z* U {0}, is
continuously embedded in the space C*(RN). That is, there exists ¢ > 0 such that

ller < cllvllssx Yo e HFRY). (3.30)

Also, Sobolev spaces satisfy the following calculus inequalities proved in the
appendix.
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Lemma 3.4. Calculus Inequalities in the Sobolev Spaces.

(i) Forallm € ZV U{0}, there exists ¢ > 0 such that, for allu,v € L® N H™(RY),

luvllm < c{lulr=D"vllo + I D" ullolv]L~}, (3.31)

> 1D wv) —uDvlp < c{|Vulp= D" vllo + D" ullolvli~}. (3.32)

O<la|<m

(ii) Foralls > (N/2), H* (RY) is a Banach algebra. That is, there exists ¢ > 0 such
that, for all u, v € H*(RV),

luvlls < cllullsllvlls- (3.33)

Our first step is to modify the equation in order to easily produce a family of global
smooth solutions. The technique of regularization by mollifiers involves convolution
of aless smooth function with a smooth kernel to produce a smooth function. It has the
added feature that when composed with unbounded differential operators, mollifica-
tion produces bounded operators with, albeit, a bad dependence on the regularization
parameter. The difficulty in designing an approximation for the Navier—Stokes/Euler
equation lies in choosing a regularization that, despite containing operators with bad
dependence on the regularization parameter, yields energy estimates for quantities
like the kinetic energy that are independent of the regularization parameter.

We begin by defining a regularizing operator called a mollifier. We then show
how to use this operator to design an appropriate regularization of the Navier—Stokes
equations that turns the unbounded differential operators into bounded operators on
the Sobolev spaces. Given any radial function

plahecF@). pz0. [ par=t. (3.34)
R

define the mollification 7. v of functions v € L? (RN ), 1 < p < o0, by

o= [

p(x - y)v(y)dy, e >0. (3.35)
R €

Mollifiers have several well-known properties (see, for example, Taylor, 1991).

Lemma 3.5. Properties of Mollifiers. Let J. be the mollifier defined in Eq. (3.35).
Then Jev is a C* function and

(i) forallv e CO(RY), J.v — v uniformly on any compact set Q in R and
|Tevlr> < |v|p. (3.36)
(ii) Mollifiers commute with distribution derivatives,

D°J.v=J.D%, Ylal<m, veH™. (3.37)
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(iii) Forallu € LP(RY), v € L1(R"), (1/p) + (1/q) = 1,
/ (Jcuw)vdx = / u(Jev)dx. (3.38)
RY RY

(iv) Forallv € H® (]RN), Jev converges to v in H* and the rate of convergence in
the H*~! norm is linear in €:

11{% [Jev —vlly =0, (3.39)

[Tev —vlls—1 < Cellv]ls. (3.40)

(v) Forallve H™([RY), k e Z* U{0}, and e > 0,
Cmk
| Tevllmsr < E—kllvllm, (3.41)

Ck
D ol < vl (3.42)

The proof of Lemma 3.5 is also in the appendix. Finally, we recall some properties of
the Leray projection operator P on the space of divergence-free functions in H” (RY).
Proposition 1.16 proves the Hodge decomposition in L?. A more general version is
Lemma 3.6

Lemma 3.6. The Hodge Decomposition in H™.! Every vector field v e H"(RY),
m € Z U {0}, has the unique orthogonal decomposition

v=w+ Vo

such that the Leray’s projection operator Pv = w on the divergence-free functions
satisfies

(i) Pv,Vop € H", f]RN Pv-Vodx =0,div Pv =0, and
1Pl + Vel = vl (3.43)
(ii) P commutes with the distribution derivatives,
PD% = D*Pv, Yve H", |a| <m, (3.44)
(iii) P commutes with mollifiers J.,
P(J.v) = J(Pv), YVve H", €>0. (3.45)
(iv) P is symmetric,

(Pu,v),, = (u, Pv),,.

I We leave the proof of this result as an exercise for the reader.
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3.2.2. Global Existence of Solutions to a Regularization of the Euler and
the Navier—Stokes Equations

Recall that our strategy for this section begins with designing an approximation of
the equations for which we can easily prove a global existence of solutions and for
which we can also show an analogous energy estimate that is independent of the
regularization parameter. The need for such a regularization comes from the fact that
the equations

v+v-Vv=—-Vp+vAv,
divv =0, (3.46)

V=0 = vo,

contain unbounded operators so that we cannot directly apply the Picard theorem for
ODEs in a Banach space. We use the Picard theorem, which plays a central role in
Chap. 4.

Theorem 3.1. Picard Theorem on a Banach Space . Let O C B be an open subset
of a Banach space B and let F : O — B be a mapping that satisfies the following
parameters:

(i) F(X) maps O to B.
(ii) F is locally Lipschitz continuous, i.e., for any X € O there exists L > 0 and an
open neighborhood Uy C O of X such that

|IF(X)— F(X)|lp < LIIX — X|lg  forall X,XeUyx.

Then for any X € O, there exists a time T such that the ODE

dX
o= F(X), Xl = X0 € O, (3.47)

has a unique (local) solution X € C'[(-=T, T); O].

In the preceding theorem, || - ||p denotes a norm in the Banach space B, and
C'[(~T, T); B] denotes the space of C ! functions X (¢) on the openinterval (=7, T)
with values in B.T Theorem 3.1 is a generalization of the classical Picard theorem for
ODEs in R to the case of infinite-dimensional Banach spaces (see, for example,
Hartman, 1982). In fact, the proof is identical to the finite-dimensional version,
which uses a contraction mapping. The main difference between finite- and infinite-
dimensional ODEs on Banach spaces lies in the continuation properties of the solu-
tions. Unlike ODEs in R, nonautonomous* infinite-dimensional ODEs cannot, in
general, be continued in time as in the finite-dimensional case. However, if F' does

1 Note that C'[(=T, T); B] is also a Banach space equipped with the norm ||X|| = SUP;e(—7.7)

I1X (118 + supre—7.7) |1 3; X DB
# That is, explicitly time dependent.
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not depend explicitly on time, solutions to Eq. (3.47) can be continued until they
leave the set O. We use this result (see Theorem 3.3) to prove that the approximate
equation has a global-in-time solution.

We create an approximate equation to the Navier—Stokes equation that satisfies the
condition of the Picard theorem by regularizing the equations by using J. as defined
in Eq. (3.35):

v + T [(Tev) - V(Tv)] = =Vp +vT (T AVS),
div v =0, (3.48)
Vli=0 = vo.
The need for the mollifiers underlined in Eq. (3.48) is not obvious — they provide a
necessary balance of terms in the integration by parts. In particular, the balance of
terms yields a simple energy estimate for the regularized problem.
Equations (3.48) explicitly contain the pressure p€. Following Leray, we eliminate

p¢ and the incompressibility condition div v¢ = 0 by projecting these equations onto
the space of divergence-free functions:

VS ={ve H'®RY) : divv =0}. (3.49)

Because the Leray projection operator P commutes with derivatives and mollifiers
(Lemma 3.6) and Pv¢ = v¢, we have

V¢ + PIN(TvS) - V(Tv)] = v T2 AvE. (3.50)

The regularized Euler or Navier—Stokes equation in Egs. (3.48) reduces to an ODE
in the Banach space V*:

dv€

— = F.(v9),

dt 3.51)
V¢|;—0 = Vo,

where
F.(v) = vJ2Av¢ — PT[(Jv) - V(Jv9)] = F (v) — F2(v°). (3.52)

Our goal in this subsection is to prove the following theorem.

Theorem 3.2. Global Existence of Regularized Solutions. Given an initial condition
vg € V", m € Z* U {0}, for any € > O there exists for all time a unique solution
v€ e C([0, 00); V™) to regularized equation (3.51).

The strategy is first to show that the existence and the uniqueness of solutions
v¢ locally in time follow from the Picard theorem (Theorem 3.1). Then we use the
continuation property of ODEs on a Banach space combined with an a priori esti-
mate to show that the solution exists globally in time. First we prove the following
proposition.
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Proposition 3.6. Consider an initial condition vy € V", m € Z* U {0}. Then

(i) for any € > O there exists the unique solution v¢ € CY([0, T.);: V™) to the ODE
in Eq. (3.51), where T, = T (|lvollm, €);
(ii) on any time interval [0, T'] on which this solution belongs to C'([0, T1; V%,

sup [[v°llo < llvollo- (3.53)

0<t<T

Note that energy estimate (3.53) is independent of € and v. This is in fact an
optimal estimate as it agrees with the basic energy estimate (Proposition 3.4) for
the unregularized Euler and Navier-Stokes equations. To obtain this optimality we
needed the special choice of regularization in Eq. (3.52).

Proof of Proposition 3.6. First we prove the existence of regularized solutions v*
locally in time. We show that the function F; in Eq. (3.52) maps V" into V™ and is
locally Lipschitz continuous. First note that F, : V" — V™ because div v* = 0, P
maps into divergence-free vector fields, and . commutes with derivatives.

The definition of Sobolev spaces and estimate (3.41) for mollifiers implies that

HFgl(Ul) — Fel(UZ)Hm = V’|s7€2A(Ul . vz)Hm

< || 720" = v?)

m+2
< S = 0Pl
Calculus inequality (3.31) and commutation property (3.45) of P and J. imply that
[F¢@h = F2e),
< NPTV - VIT ' = )l + I PTALTe 0" = )] - V(TevD

< c{|T 1= ID" TV @' = vD) o + I D" Tev o] T V(0! — v?)| 1
+ 1T ' = v | D" TV o + |1 D" T (0" — vH) [lo] T V2| 1)

Mollifier properties (3.41) and (3.42) then give

2,1 2.2 ¢ 1 2 1 2
HFe (v)—F (v )||m < m(ﬂv lo+ llv7llo) v — v7{lm.

The final result is
IFe@") = Fe@)lln < (v llo, €, N [[0" = 0, (3.54)
so that F, is locally Lipschitz continuous on any open set:
oM = (v e v"|||v|l, < M).

Thus the Picard theorem (Theorem 3.1) implies that, given any initial condition
vy € H™, there exists a unique solution v¢ € C'([0, T,); V" N OM), m € Z* U {0},
for some 7, > 0.
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Remark: The Picard theorem actually gives local existence of solutions to the
regularized equation both forward and backward in time. However, we make use of
only the forward-in-time existence of regularized solutions when proving existence of
solutions to the original Navier—Stokes equation. This is because the Navier—Stokes
equations are ill posed if time is reversed; as in the case of the heat equation, the
diffusion term necessitates a direction for time to proceed in order to obtain certain a
priori Sobolev bounds. In the next subsection we discuss these bounds in great detail.

Now we prove energy bound (3.53); if v¢ € C'([0, T); V9, then

sup [[v°llo = llvollo-
0<t<T

Take the L? inner product of Eq. (3.51) with v¢ to obtain

1d
—— v )Pdx =v [ v T?Avédx — [ v PT(JvS) - V(Tv9)]ldx.
2d[ RY RN RN

The properties of mollifiers and the operator P from Lemmas 3.5 and 3.6 imply, after
integration by parts, that

14 (v)*dx = v/ (JEUE)A(JEvf)dHl/ (Jev®) - V(Jv)dx
2dt RN RN 2 RY
=—v / (J.Vv)2dx — ! / (div Jov)(Jev€)?dx,
RY 2 Jr¥
so that

d . .
IS + 20V Tt I = 0.

The specific choice of the regularization of Eq. (3.51) provides a balance of terms for
the integration by parts. Because v > 0, we obtain energy bound (3.53). U

To end this subsection, we complete the proof of Theorem 3.2, that the regularized
equations have global-in-time solutions.

It remains to show that the solution derived in Proposition 3.6 can be continued
for all time. We invoke the continuation property of ODEs on a Banach space, that
solutions can be continued in time provided that the functional F is time independent.
That is, we have Theorem 3.3.

Theorem 3.3. Continuation of an Autonomous ODE on a Banach Space. Let O C B
be an open subset of a Banach space B, and let F : O — B be a locally Lipschitz
continuous operator. Then the unique solution X € C'([0, T); O) to the autonomous
ODE,

dX

2 F(X),  Xli—o=Xo € O,
7 (X) li=0 0

either exists globally in time, or T < 0o and X (t) leaves the open set O ast /' T.
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For a proof, the reader is referred to Hartman (1982). The solution can be continued
for all time, provided that we can show an a priori bound on |[vé(:, t)],,. To do this
we note that relation (3.54) with v2(x, ) =0 gives the bound

d
Ellve(-, Dllm = CUlv llo, €, NIV [l

Energy bound (3.53) gives

d € €
771V ¢ Dllm = Cllvollo, € N[V [lm,

which, by Gronwall’s lemma, Lemma 3.1, implies that the a priori bound
veC, T llm < T O

3.2.3. Local-In-Time Existence of Solutions to the Euler and
the Navier—Stokes Equations

In the previous Subsection we proved global existence and uniqueness of solutions to
the regularized equation. That is, for any fixed viscosity v > 0 and any regularization
parameter € > O there exist solutions v¢ € C'([0,00); V"), m € Z U {0}, to
regularized equation (3.51):

vf = vI2AV — PIL(Jev®) - V(Tv)],
U€|Z:Q = V.

We now show that, provided thatm > N /2 4 2, there exists a time interval of existence
[0, T] and a subsequence (v) convergent to a limit function v € C([0, T']; C N
C'([0, T1; C) that solves the Euler or the Navier—Stokes equation. More precisely,
we have Theorem 3.4.

Theorem 3.4. Local-in-Time Existence of Solutions to the Euler and the Navier—
Stokes equations. Given an initial condition vy € V™", m > [%] + 2, then the follow-
ing results

(i) there exists a time T with the rough upper bound

1

= —, (3.55)
Cm ” vO”m

such that for any viscosity 0 < v < 00 there exists the unique solution v’ €
C{[0, T1; C2(R*}NCY[0, T1; C(R*)} to the Euler or the Navier—Stokes equa-
tion. The solution v" is the limit of a subsequence of approximate solutions, v<,
of Egs. (3.51) and (3.52).

(ii) The approximate solutions v¢ and the limit v¥ satisfy the higher-order energy

estimates
lvollm
sup vl £ —————, (3.56)
0<t<T L —cuTllvollm
lvollm

sup V"l < ————.
0<t<T 1- CmT”v()”m
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(iii) The approximate solutions and the limit v¥ are uniformly bounded in the spaces
L®{[0, T1, H™ (R}, Lip{[0, T1; H">(R)}, and Cyw{[0, T1; H™ (R*)}.

Definition 3.2. The space Cw{[0,T]; H* (]R3)} denotes continuity on the interval
[0, T'] with values in the weak topology of H®, that is, for any fixed ¢ € H’, [¢, u(t)],
is a continuous scalar function on [0, T], where

(M, v)s = Z/; D% - D%vdx.
R

a<s

The strategy for the local-existence proof, which we implement below, is to first
prove the bounds (3.56) in the high norm, then show that we actually have a contraction
inthe H° = L? norm. We then apply an interpolation inequality to prove convergence
ase — 0.

We establish, following the local-existence proof, Theorem 3.5, that the solution
v” is actually continuous in time in the highest norm H™ and can be continued in time
provided that its H™ norm remains bounded. We need this fact in order to discuss, in
Section 3.3, the link between the existence of these solutions globally in time and the
accumulation of vorticity. Our idea in that section is to show that a quantity, related
to the accumulation of vorticity, controls the H” norm of the solution.

Theorem 3.5. Continuity in the High Norm. Let v' be the solution described in
Theorem 3.4. Then

v’ e C([0,T): VYN ([0, T); V""2).

Recall from Subsection 3.2.2 that solutions to the regularized equation satisfy
energy bound (3.53):

sup [[v“[lo < llvollo- (3.57)

0<t<T

This is due to the special form of regularization of Egs. (3.48). Note, however, that
the a priori estimates

d € €

Ellv G Dllm = Clvollo, €, NNV [lm
have coefficients C (||vglo, €, N) with a bad dependence on €. To prove Theorem 3.4
we need a priori higher derivative estimates that are also independent of €. We achieve

this with the following higher-order energy estimate.

Proposition 3.7. The H™ Energy Estimate. Let vy € V™. Then the unique regularized
solution v¢ € C'([0, 00); V™) to Eq. (3.51) satisfies

d 1
Einvfnfn + VI T V2 < el VIV L 0612 (3.58)
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Proof of Proposition 3.7. Let v¢ be a smooth solution to Eq. (3.51):
vf = vT2AVE — PIT(Tv6) - V(Tv9)].

Recall the techniques used to prove basic energy estimate (3.7) from the first section.
In particular, we used integration by parts by means of the divergence theorem.
Following a similar procedure, we take the derivative D*, |o| < m of this equation
and then the L? inner product with D*v¢:

(D*vf, D*v¢) = (D*J2Av, D*v) — {D* P J.[(Jv°) - V(Tv)], D"}
= —v[| T D*VVE|I§ — {PT(Tev®) - V(D Tev¥)], D*v°}
—({D* PT(Tv) - V(Tv)] — PTA(Tv) - V(D Tev)]}, D).

Lemmas 3.5 and 3.6 and the divergence theorem imply that

1
(PILIT) - V(D" Te)], D™} = = [T, V(T D"v)]
= —%(div T, |J.D*v|?) = 0.

Again, the specific choice of the regularization gives a balance of terms during the
integration by parts. Summing over || < m, we find that calculus inequality (3.32)
implies that

1d
—— eI + VIl T Ve,

2dt
<1l >, ID*I(Tev®) - V(Tev)] = [(Tev©) - V(D" Tev)]ll
le|<m
< 0 Il (VT |1 [ D"V T [lo + 1 D™ Tev [lo] V Tev® | )
< el TV e 1T 13,
so that

d1
Eillvellfn F TV, < enl TV [ llve 7, 0

We can now complete the proof of Theorem 3.4.

First we show that the family (v) of regularized solutions is uniformly bounded
in H™. Energy estimate (3.58) and Sobolev inequality (3.30) imply that the time
derivative of ||v¢||,, can be bounded by a quadratic function of ||v¢||,, independent of
€, provided that m > N/2 + 1:

d
210l = el TV e 0l < emllveI2,, (3.59)

and hence, for all €,

l[vollm lvoll7,cn T
sup (vl < —————— = llvollm + — - ——

. (3.60)
0<t<T 1 - cmT”UOHm 1 - CmT“UO”m
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Thus the family (v€) is uniformly bounded in C([0, T]; H™), m > N/2, provided
that T < (¢ llvollm) "

Furthermore, the family of time derivatives (dv€/dt) is uniformly bounded in
H"~2. Equation (3.51) implies that, for m > (N /2) + 2,

dv
dt

< v||Z2AvE||, , + IPTLTVS) - V(Tv) s

m—2

2
< cv[[vllm + clve Il

Hence the previous estimates yield that for a given 0 < v < oo the family (dv€/dt)
is uniformly bounded in H" 2.

‘We now show that the solutions v to regularized equation (3.51) form a contraction
in the low norm C{[0, T]; LZ(R3 )}. Specifically we prove Lemma 3.7.

Lemma 3.7. The family v¢ forms a Cauchy sequence in C{[0, T1; L*(R?)}. In par-
ticular, there exists a constant C that depends on only ||vyl|,, and the time T so that,
forall € and €,

sup [[v¢ — v€ [l < C max(e, €).
O<t<T

Proof of Lemma 3.7. Using Eq. (3.51), we have that

d l ! !
— v =I5 = v(TZ AV — TIAVE, v — v ) — {PT[(Tv) - V(Tv9)]

— PTN(TvS) - V(Tov)], v — v€)
T1+T2.

We can estimate the first term, 71, by means of integration by parts and mollifier
property (3.40):
(T2AvE — T2AvE v — o) = [(J2 = T2) AvE, v — v | — 1TV (0 —v)I3.
< Cmax(e, €)[[v[l3[v° — v lo-
We can estimate the second term, 7'2, by also using the same tools and the fact that
v€ is divergence free:
{PIL(TV) - V(Tv)] = PTl(Tov) - V(Tev®)], v¢ —v°}
= {(Je — T)Tv" - V(Tv)], v¢ — v}
+ {Tel(Te = T - V(Tv)], v — v°)
T[T (0 —v) - V(Tv)], v° — o€}
+ [TATe v - VI(Te = Te)v I, v — ]
+ [T (T v® - VITo 0 — v, ve = v°]
= R1+ R2+ R3 + R4 + RS.
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Using calculus inequality (3.108) and Sobolev inequality (3.30), we get

IR1| < C max(e, €)|[v° - VW) [l1[[v¢ — v€ llo
< Cmax(e, €)(Jv¢ |1~ + [VV<[ ) [V @) 11 106 = v o

< Cmax(e, €)1 — v lo.
A similar estimate holds for R2 and R4,
R3] < Cllv® = v 5110 1,
and, finally, integration by parts and the fact that v¢ is divergence free shows that
RS = {Jov® - V[Je (v = v)], T — )}
- / T V(1o =) ]
Putting this all together gives
d , ,
Ellve — v [lo < C(M)[max(e, €) + [[v° — v [lo],

where M is an upper bound, from relation (3.60) for the ||v¢||,, on [0, T']. Integrating
this yields

sup flv€ —vlp < e
0<t<T

CODT [max (e, €') + [|v§ — v ||,] — max(e, €)

< C(M, T)max(e, €), (3.61)

where we establish the final inequality by recalling that v = vS/.
Thus v€ is a Cauchy sequence in C{[0, T]; L?>(R?)} so that it converges strongly
to a value v¥ € C{[0, T]; L>(R%)}. -

We have just proved the existence of a v such that

sup |[v¢ —vlo < Ce. (3.62)
0<t<T

We now use the fact that the v¢ are uniformly bounded in a high norm to show that
we have strong convergence in all the intermediate norms. To do this, we need the
following interpolation lemma for the Sobolev spaces.

Lemma 3.8. Interpolation in Sobolev Spaces. (Adams, 1995). Given s > 0, there
exists a constant Cy so that for allv € H* R and0 < s’ < s,

lvlly < Cyllvlly™ " vll2 . (3.63)
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‘We now apply the interpolation lemma to the difference v¢ — v. Taking s = m and
using relations (3.60) and (3.62) gives

_—
sup [[v¢ = vl < C(lvollm, T)e' /™.
0=<r<T

Hence for all m’ < m we have strong convergence in C{[0, T]; H m'(R3)}. With
0 < 7/2 < m' < m, this implies strong convergence in C{[0, T']; C2(R3)}. Also,
from the equation

vf = vIZAV — PI(Tev) - V(Tev9)],

so that v; converges in {C[0, T, C(R3)} to vAv — P(v - Vv). Because v¢ — v, the
distribution limit of v; must be v; so, in particular, v is a classical solution of the
Navier—Stokes (Euler) equations.

To show part (iii) of Theorem 3.4 we introduce the notion of weak convergence.

Definition 3.3. Given a Banach space B and a sequence f. inB, f. converges strongly
in B if there exists f € B so that ||fe — fllp — 0 as ¢ — 0. We use the notation
fe — f to denote strong convergence. Given a Hilbert space H with inner product
(u, v)u, the sequence u. is said to converge weakly fo u in H (u. — u) if for all
veH (ue,v) = (u,v) ase — 0.1t

One consequence of the Banach—Alaoglu theorem (see Royden, 1968, Chap. 10)
is that a bounded sequence |uc||,, < Cin H™ (RN ) has a subsequence that converges
weakly to some limitin H™, u.—u.

The preceding arguments show that

sup [[v|ln < M, (3.64)
0<t<T
a €
sup || < M. (3.65)
o<e=t || 91 |],,_»

Hence v¢ is uniformly bounded in the Hilbert space L2{[0, T]; H™ (R*)} so there
exists a subsequence that converges weakly to

v e L¥[0, T]; H™(RY)}. (3.66)

Moreover, if we fix ¢ € [0, T], the sequence v (-, #) is uniformly bounded in H™,
so that it also has a subsequence that converges weakly to v(r) € H™. Thus we see
that for each ¢, ||v||,, is bounded. This, combined with relation (3.66), implies that
v € L*®([0,T]; H™). A similar argument, applied to estimate (3.65), shows that
v € Lip{[0, T]; H"2(R%)}.

In addition, v is continuous in the weak topology of H™. To prove that v €
Cwil0, T1; H™(RY)}, let [¢, ul], ¢ € H™™ denote the dual pairing of H ™" [defined

1 For an elementary discussion of Banach and Hilbert spaces and strong and weak convergence, see Riesz
and Nagy (1990, Chap. V).
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by means of Eq. (3.29)] and H™ through the L? inner product. Because v¢ — v in
C([0, TT; H™), it follows that [o, ve(-, )] — [@, v(-, t)] uniformly on [0, T] for any
Qe H™. Using relation (3.64) and the fact that H~™ isdense in H " form’' < m,
by means of an € /2 argument with relation (3.64), we have [, v¢ (-, 1)] — [, v(:, 1)]
uniformly on [0, T'] for any ¢ € H~". This fact implies that v € Cw ([0, T]; H™).
This concludes the proof of Theorem 3.4. (]

Proof of Theorem 3.5. We now prove Theorem 3.5, i.e., that the limiting solution is
inC([0, T]; H™)NC'([0, T]; H™?). By virtue of the Navier—Stokes equations it is
sufficient to show that v € C ([0, T]; H™). It is important to obtain this sharper result
of continuity in time with values in H™ in order to prove the global-in-time results of
the following section.

By virtue of the fact that v € Cw{[0,T]; H ™ (R3)}, it suffices to show that the
norm |[v(#)||,, is a continuous function of time. This proof uses one strategy for the
case v = (0, involving the time reversibility of the Euler equations, and a different
strategy, involving the diffusive smoothing from the viscosity in the Navier—Stokes
equations, for the case v > 0.

Casel:v=0

Recall relation (3.60) for the uniform || - ||,,, norm bound for the approximations. Pass-
ing to the limit in this equation and using the fact that for fixed ¢, lim sup,_, o [[v|l,, >
llv]l;», we obtain

lvollz,cn T

sup ”U”m - ”vO”m = 1 (367)

0<r<T - CmT”UO”m'

From the fact that v € Cw{[0, T1; H"(R*)}, we have liminf,_ o, [[v(-, O)[lm >
lvoll,. Estimate (3.67) gives limsup, o, lv(-, )llm < llvoll,n. In particular, lim;_, o+
lv(-, )lm = llvollm- This gives us strong right continuity at + = 0. Becaus the anal-
ysis that we performed for the Euler equations is time reversible, we could likewise
show strong left continuity at t = 0.

It remains to prove continuity of the || - ||, norm of the solution at times other than
the initial time.

Consider a time Ty € [0, T'] and the solution v (-, Tp). At this fixed time, v (-, Tp) =
voT" e H ’”(R3) and, from relation (3.60),

lvollz,cmTo

v [, < llvollm + (3.68)

1 —cwTollvollm
So we can take v, as initial data and construct a forward- and backward-in-time-

solution as above by solving regularized equation (3.51). We obtain approximate
solutions véT0 (-, ¢) that satisfy relation (3.59):

2.
m?

€ € €
w = | TV [ [[V5],, = enlv]

d
2 v
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we can pass to a limit in v, as before and find a solution 9 to the Euler equation on
a time interval [Ty — T, Tp + T'] with initial data vy,. Following the same estimates
as above, we obtain that the time 7" satisfies the constraint

1

0<T < —— —
Cm”UO”m

To.

Furthermore, this solution ¢ must agree with v on [Ty — T’, Ty + T'1N[0, T] by virtue
of Corollary 3.1 and the fact that v and ¥ agree at t = Ty € [0, T']. Following the
argument above used to show that ||v||,, is continuous at ¢ = 0, we conclude that || 7|,
is continuous at Ty; hence ||v||,, itself must be continuous at Ty. Because Ty € [0, T']
is arbitrary, we have just showed that ||v||,, is a continuous function on [0, 7T'] and
hence by the fact that v € Cy {[0, T']; H" (R*)}, we obtain v € C{[0, T]; H™(R*)}.

Case2:v >0

Following the beginning of the argument in Case 1, we obtain that v has strong right
continuity at + = 0. For the Navier—Stokes equation, with v > 0, the equation is
time irreversible so we cannot use this to prove left continuity. Instead, however, the
forward diffusion introduces smoothing into the evolution. This introduces a gain of
derivatives after the initial time r = 0 that allows us to prove continuity in time for
all# > 0. To see this, note that H™ energy estimate (3.58) implies an additional piece
of information for the case v > 0. That is, v fOT (VAN ||,2n is bounded independent
of €. This is sufficient to guarantee that the limit v is in L>([0, T']; H"*") (the bound
will depend badly on v and is not true for the Euler equation with v = 0). Thus, for
almost every Ty € [0, T1, v(-, To) € H™*!. In particular, for any § > 0, there exists
Ty < S withv(-, Tp) = vg[’ € H™*! Taking vg" as initial data and repeating the above
existence construction with m 4+ 1 instead of m, we have a solution in C([Ty, T'], H™)
forall m < m+ 1. The time interval [T, T’] is any time interval on which we can get
bounds for the H™*! norm of the approximating solutions independent of €. From the
H™ energy estimate, we see that we merely need to control ||V 7 v, || .~ independent
of €. In particular, it suffices to control [v7, [, independent of €. By following the
estimates for the time interval 7"’ in terms of the initial data, as before, we can show
that T < T’ < 1/cullvollm. Again, by uniqueness of solutions (Corollary 3.1) this
solution is identical to v on its interval of existence. Because § > 0 was arbitrary
this implies in fact that v € C{(0, T]; H"}. Combining this with the strong right
continuity at # = 0 gives the desired result, that v € C([0, T']; H™). [l

Note that in the above construction, the initial data alone control the time of exis-
tence of the solution:

1

Cmllvollm .

(3.69)

The fact that the solution v € C([0, T]; H™) implies that it can be continued in time
provided that |Jv(:, t)||,, remains bounded. That is, construct a solution on a time
interval [0, T'] for which T satisfies inequality (3.69). At time 7', choose v(x, T') as
initial data for a new solution and repeat the process by continuing the solution on a
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time interval [T, T;] for which

c

T <——.
lv(, T)lim

Clearly the process can be continued either for all time or until |Jv(:, )|, becomes
infinite. We state this as a corollary.

Corollary 3.2. Given an initial condition vy € V™, m > [%] + 2, then for any
viscosity v > 0, there exists a maximal time of existence T* (possibly infinite) and a
unique solution v’ € C([0, T*); V"YNC' ([0, T*); V"~2) to the Euler or the Navier—
Stokes equation. Moreover, if T* < 00 then necessarily lim,_, 7« ||v" (-, t)||,, = o0.

In the next Subsection we show that the norm supy.,7 [[v(-, T) |l is controlled
a priori by the L'{[0, T']; L>®(RM)} norm of the vorticity. This allows us to link the
accumulation of vorticity with the global existence of solutions to the Navier—Stokes
and the Euler equations.

3.2.4. Existence of 2D Solutions with Locally Finite-Energy Decomposition

The existence proof featured in this Subsection specifically requires the velocity to
have globally finite kinetic energy, v € L>(R"). As we saw at the end of the previous
subsection, there exists a large class of 2D flows that do not have globally finite
kinetic energy. Recall that any 2D flow with vorticity in L' (R?) has a radial-energy
decomposition of the form

v(x, 1) = u(x, 1) + (x, 1), (3.70)
/|u(x)|2dx < 00, divu =0, (3.71)
_ x|
5(x) = < x2) |x|*2/ sa(s, 1)ds, (3.72)
.x1 0

where @(7, t) is a smooth radially symmetric vorticity. When v = 0, &(r, t) = @ (r)
is an exact inviscid eddy solution to the Euler equation. When v > 0, @(r, t) is an
exact viscous eddy solution of the Navier—Stokes equation.

With minor adaptations to the preceding arguments, the energy method proves the
local existence of 2D solutions. We apply the preceding analysis to the evolution
equation for the finite-energy field u satisfying

ou

at+u~Vu+D-Vu+u-VD:—Vp+UAu. (3.73)

We present an outline for the local-existence proof. Because v(x, t) is a known
smooth velocity field, the estimates here immediately imply estimates for the smooth-
ness of the full solution v that is due to the radial-energy decomposition. First we
regularize Eq. (3.73) and project onto the space of divergence-free functions as in
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Eq. (3.50) to obtain

€

at

+ P{IL(Tet) - VIu N + e (@ - VIeu®) + Tl (Teu) - VOl} = v T2 Au’.
(3.74)

We now straightforwardly apply the arguments of Subsections 3.2.2 and 3.2.3 to
Eq. (3.73) by using regularization (3.74).

As in Subsection 3.2.2, regularization (3.74) reduces to an ODE on the Banach
space:

VS ={ue H*[R?) : divu = 0}.
Following the arguments used to prove Theorem 3.2 we have Theorem 3.2A.

Theorem 3.2A. Given an initial 2D velocity vy(x) and a corresponding local finite-
energy decomposition uy(x) + Uo(x), ug € V"(R?), m € Z+* U {0}, and vo(x) is a
smooth function of the form of Eq. (3.72). Then for any € > 0 there exists for all time
a unique solution u¢ € C'([0, 00); V™) to regularized equation (3.74).

As in Subsection 3.2.2 we prove Theorem 3.2A by using the following proposition.

Proposition 3.6A. Consider an initial 2D velocity that satisfies the conditions of
Theorem 3.2 A. Then

(i) for any € > O there exists the unique solution u¢ € C'([0, T.); V™) to ODE.
(3.51), where T = T (lugllm, €);
(ii) on any time interval [0, T| on which this solution belongs to C'([0, T1; V°),

T
sup [luC, Dllo = IIMG(nO)IIo(eXp/ IIVT)IILoodt)- (3.75)
0

0<t<T

The proof of Proposition 3.6A is so similar to the proof of Proposition 3.6 that
we leave it as an exercise for the reader. The time dependence of relation (3.75)
follows from Gronwall’s lemma combined with integration by parts as in the proof of
energy bound (3.53). Note, however, that ||u€(-, t)|lo does not have an upper bound
independent of T because of energy contributions to u(-, t) from the radial term v.
This growth rate is also apparent in the 2D basic energy estimate from Proposition 3.4
in Subsection 3.1.3.

To prove local existence of solutions to the Euler or the Navier—Stokes equations, we
follow the same procedure detailed in Subsection 3.2.3 for the 3D case. In particular,
we require that the 2D regularized solutions also satisfy the following proposition.

Proposition 3.7A. 2D H™ Energy Estimate. Given uy € V", m € Z U {0}, the
regularized solution u® € C'([0, T.); V™) to Eq. (3.74) satisfies

d
leugllm < enlIVIeu |~ + VO [t n- (3.76)
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As in Subsection 3.2.3, choosing m > 2 and applying the Sobolev inequality gives

d 2 -
Elluéllm < cmllull;, + C@ N lm,

where C (V) = |VD| .

This estimate gives the the following bound independent of €:

|M€|| < C(D)Cl(uo)ec({))l
"7 1= cnCilug)eC®

Here

Cl (MO) — |: ”u0||m :| .

C®) + cmllugllm

In particular we have the existence of a time interval [0, 7] on which we can show
that there exists M and M, independent of € such that

lusC.Ollm < M,
Bué( 0 <M
or |, T b

The passage to the limit in the regularization parameter € and the time continuity of
the m norm then follow exactly as in the end of Subsection 3.2.3.

In the next section we show that an a priori pointwise bound on the vorticity in two
dimensions gives the global existence of solutions to the Euler and the Navier—Stokes
equation.

3.3. Accumulation of Vorticity and the Existence of Smooth Solutions
Globally in Time

In the previous section we used energy methods to show that the Euler and the Navier—
Stokes equations have a unique classical solution v € C'([0, T]; C> N V™), where
V" ={ve H*RY) : divv = 0}, m > N/2 + 2. We also showed that the solution
can be continued in time provided that ||v(:, )|, remains bounded. It is not known
in general if smooth solutions exist globally in time. In this section we show that
global existence is linked to accumulation of vorticity. We prove the same result in
Chap. 4, Section 4.2, by using the particle method for the case of the Euler equation.
Specifically we show that the supremum of the H” norm of v on any time interval
[0, T'] is controlled a priori by the L'{[0, T']; L>®(R")} norm of the vorticity w(x, 7).
This result gives global-in-time existence of solutions for both the 2D Euler and
Navier—Stokes equations.

Recall from Chap. 1 that we showed the existence of smooth exact solutions to the
3D Euler and Navier-Stokes equations in which the vorticity grows without bound.
Specifically, we saw in Example 1.4 (rotating jet) and in Example 1.7 (inviscid strained
shear layer) that the vorticity can grow exponentially without bound. Despite the
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unboundedness of the vorticity, these were both global solutions in time. An important
point in this chapter is that control of the maximum of the vorticity is sufficient to
control the smoothness of a solution to either the Euler or the Navier—Stokes equation.
Specifically, in this section we show that, independent of the size of the viscosity, if
for any T > O there exists M| > 0 such that the time integral of the supremum norm
of the vorticity w = curl v is bounded,

t
/ |w(',S)|LOCdS =< Ml5 VO <t < Ta
0

then the classical solution v exists globally in time. Conversely, if the maximal time
T of the existence of classical solutions is finite, then necessarily

t
lim/ lw (-, §)|peeds = 00.
17T Jo

For 2D inviscid flows, the vorticity is bounded by its initial maximum; hence such
flows exist globally in time. These results have very bad dependence on v and do
not hold in the limit as v — 0. The point of proving the result here is that the proof
works regardless of the size of v and in particular works in the limit as v — 0.
In the inviscid limit this result is the sharpest result known (which is due to Beale
et al, 1984). It is not known whether or not solutions to the Euler or Navier—Stokes
equations can be smoothly continued for all time. In Chap. 5 we discuss various is-
sues involving finite-time singularities in solutions to the Euler and the Navier—Stokes
equations.

In this section we use energy methods to prove this result for both the Euler and the
Navier—Stokes equations. We use Eulerian variables combined with some potential
theory estimates on Sobolev spaces. The method here is in contrast to the techniques
in Chap. 4 that combine potential theory estimates on Holder spaces, Lagrangian
variables, and particle trajectories.

By the construction of a local-in-time solution to the Euler or the Navier—Stokes
equation from Section 3.2, the solution can be continued in time provided that ||v||,,
remains bounded. That is, T is the maximal time of the existence of smooth solutions
ve CI0,T); V™) if and only if lim; »7 [[v(:, 1)]l,, = 00. We present a necessary
condition for such a maximal time.

Theorem 3.6. L Vorticity Control and Global Existence. Let the initial velocity vy €
V™, m > N/2+ 2, so that there exists a classical solution v € C' ([0, T); cinvm
to the 3D Euler or the Navier—Stokes equation. Then:

(i) If for any T > O there exists M| > 0 such that the vorticity w = curl v satisfies

T
/ lw (-, T)|~dT < My, (3.77)
0

then the solution v exists globally in time, v € C'([0, c0); C2 N V™).
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(ii) If the maximal time T of the existence of solutions v € C'([0, T); CiNvmyis
finite, then necessarily the vorticity accumulates so rapidly that

t
lim/ lw (-, T)|pedT = 00. (3.78)
17T Jo

In particular this theorem holds in the limit as v — 0 and for the case v = 0. In
fact, classical theory of the Navier—Stokes equations shows that sharper continuation
results are true for fixed viscosity v > 0 (see, for example, Constantin and Foias,
1988, Chap. 10). In Chap. 4 we derive Theorem 4.3 for the Euler equation (v = 0)
by using the Holder spaces and the particle-trajectory formulation. Theorem 3.6 still
does not answer the outstanding question of whether smooth solutions v develop
singularities in a finite time.

Before proving this theorem, we state its consequences for the 2D case. With slight
modifications to the upcoming arguments, we can show that Theorem 3.6 is true for
2D solutions with a radial-energy decomposition. Specifically we use the modified
H™ energy estimate from Proposition 3.7A instead of the 3D H™ energy estimate in
Proposition 3.7. However, for 2D flows vorticity equation (3.81) reduces to the scalar
equation

w;,+v-Vo =vAw.

For inviscid flows (v=0) w is conserved along particle trajectories X (c, 1),
o(X(a, 1)) = wo(ar) so that |w(-, )|~ = |wg|L~. For viscous flows (v > 0) the
maximum principle for parabolic equations** implies that

(-, )L < |wolre, Vo<t <T.

Theorem 3.6 immediately gives the following well-known Corollary.

Corollary 3.3. Global Existence of 2D Solutions. Given an initial 2D velocity field v
with locally finite-energy decomposition vy = ug + v withug € H"(R?), m > 3, and
curl = wo(r) € C®(R?) N LA(R?), then there exists for all time a unique smooth
solution

vix,t) =u(x,t)+ v(x,t)

to the 2D Euler (respectively, Navier—Stokes) equation, with u(x,t) € L*{[0, T];
H’"(Rz)} on any time interval [0, T] and v(x,t) an exact inviscid (respectively,
viscous) eddy solution.

Proof of Theorem 3.6. We present the 3D case; the 2D case follows in an analogous
fashion by use of radial-energy decomposition.

H'™ energy estimate (3.58) from Section 3.2 that we proved for regularized solutions
is also true for solutions to the Navier—Stokes and the Euler equations. This is a special

b See, for example, John, 1982, Chap. 7.
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case of general estimate with mollifiers. It states that for all m € Z* N {0} an H™
solution to Euler or Navier—Stokes equations satisfies

E”U”m = Cm|VU|L°°||v“m~

Gronwall’s lemma, Lemma 3.1, then gives that any solution v € C'([0, T); C2NV™)
satisfies

T
10Cs T) I < llvgllmedo enVPCDIEdr (3.79)

Hence the solution exists in V™ provided we have an a priori bound on
fOT |[Vu(-, t)|p~dt. A similar bound holds for the L2 norm of the vorticity:

T
o, Dllo = llwollo eXp(C/ |VU("I)|L°°dt>a (3.80)
0

We now show that bound (3.80) results from the vorticity equation and a simple
integration by parts. Recall from Section 2.1 that the Navier—Stokes equation has an
equivalent vorticity-stream formulation:

w,+v-Vo=w-Vv+rvAo, (x,1) € R? x [0, 00),
w|i—o = wo, (3.81)

Take the L? inner product of vorticity equation (3.81) with w to get

1d
,7”0)”(2) + v||Va)||% = / (w-Vv)odx — / (v-Vo)odx
2dt R3 R}

:/ (w-Vv)odx,
R}

because div v = 0. For v > 0 we have

d
77 1@llo = VoG D~ li@llo. (3.82)
Gronwall’s lemma, Lemma 3.1, gives bound (3.80).

We now introduce a potential theory estimate for Sobolev spaces. The proof, which
uses ideas from the theory of SIOs, introduced in Subsection 2.4.2 of Chap. 2 and
later developed in Chap. 4, is presented at the end of this section.

Proposition 3.8. Potential Theory Estimate. Let v be a smooth, L> N L™, divergence-
free velocity field and let w = curl v. Then

IVulre < e(1+In"fvlls +In*wll) (1 + || L) (3.83)

Here In" (x) denotes In(x) for x > 1, and 0 otherwise. Note that this estimate is
“kinematic” in that it does not depend explicitly on time.
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Plugging relation (3.79) for m = 3 and bound (3.80) into relation (3.83), we have

IVu(, D)~ = C {1 +/ IVu(, $)lr=ds)( + |, D)1~ |
0

Gronwall’s lemma, Lemma 3.1, implies that

IVo(e, )]z < |Vuoloedo 00145,

which by relation (3.79) gives an a priori bound for ||v(, #)||,, for all m > 3 provided
that [, | (-, 5)| ~ds is bounded. O

Remark: Potential theory estimate (3.83) and the H™ energy estimate provide a
maximal growth rate for 2D solutions to the Euler or the Navier—Stokes equations.
That is, for m > 3, we have

d
2 10l = Clivllm (14 vl (3.84)

Here we use the fact that in two dimensions both ||w|lp and ||w| 1~ are a priori
bounded by the initial data. Note that relation (3.84) implies that whenever |[v||,, > 1,
d/di(1 + In*|vll,) <C(1 + T fll,) or 1+ InTfvll,, < (1 + In™flvgll,)e.
Hence we have the a priori bound

G, )l < PO ug 5P

that depends on only the initial data and #. We directly use relation (3.84) in the next
section to show the stability of viscous-splitting algorithms in two dimensions.

Proof of Proposition 3.8. Potential Theory Estimate. Recall that the vorticity w de-
termines the velocity v in Eq. (3.81) by means of the nonlocal operator

v(x,t) = /]RN Kn(x —y)o(y, t)dy, x € RV, (3.85)
The kernel Ky is homogeneous of degree 1 — N:
Ky(x) =27V Ky (x), VA>0, 0z#xeRV.
In Proposition 2.20 we showed that Vv can also be computed from w,
Vo(x) = cw(x) + Psw(x), (3.86)

where Psw is a SIO defined by the Cauchy principal-value integral:

Piw(x) = PV/ VKi(x — y)o(y)dy.
R3
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Consider a cutoff function p (r) such that p(r) = Oforr > 2Ry, p(r) = 1 forr < Ry,
and p > 0. Decompose Psw(x) into two parts:

Pow) =PV [ VK= yo(x = Dot)dy

+PV/ VK3 G — WL = p(lx — yDlw(dy
R3
= (Vv)1(x) + (Vv)a(x).

We now use a potential theory estimate (see Lemma 4.6). Because this result and
many similar results are used in Chap. 4 we refer the reader to those pages for the
proof. If @ has support inside a ball of radius R, then

R
IVu|lpe < c{|a)|cye” + max <1, ln) ||a)||Loo}, Ve > 0. (3.87)
€
Applying relation (3.87) to (Vv); implies that for any € > 0
Ry
(VUi < ¢ lolcre” +max ( 1, In— ||o|r~ ¢,
€

where | - |¢v, 0 < y < 1, denotes the Holder norm. Sobolev inequality (3.30) implies
that |||, < c|loll, for all » € H*(R®) and thus

R
(Vo) [~ < C{Hw”zfy + max(l, ln:) |w|Loo}

Ry
<c<|v]ze¥ + max| 1,In— | |w|r~ .
€

Furthermore, Schwarz inequality (3.4) gives

(V)= < CRG ™o,
Taking 0 < € < Rpase = lif ||v]l3 <1 and ||v||3_y otherwise, and Rév/z = |lwllo
finally gives relation (3.83), we have
[Vlre < (1 +In*[jvll3 +In"[lwllo) (1 +w|1=)}. O

3.4. Viscous-Splitting Algorithms for the Navier-Stokes Equation

One key point of this chapter is that, for domains without boundaries, smooth solutions
to the Euler equation are good approximations to smooth solutions to the Navier—
Stokes equation with small viscosity. Specifically, in Proposition 3.2 the difference
between v” and v° is

sup [0 (-, 1) — 0O, D)]lg < evT.
0<t<T
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We use this idea to show that we can well approximate a solution to the Navier—Stokes
equation by means of a method of alternatively solving, over small time steps, the
inviscid Euler equation and a simple diffusion process. We call such approximations
viscous-splitting algorithms because they are a form of operator splitting in which the
viscous term vAw is “split” from the inviscid part of the equation. Operator splitting
is a very general technique with many applications beyond hydrodynamics and the
Navier—Stokes equations.

In practical terms, for hydrodynamic applications, we use viscous splitting to nu-
merically compute solutions of the Navier—Stokes equation when in possession of a
good method for solving the Euler equations and a separate heat equation. The inviscid
transport and stretching of vorticity [as described by vorticity equation (3.81)] leads
to a simple yet powerful class of vortex methods for computing inviscid solutions
(discussed in Chap. 6).

We do not address, in this chapter, specific spatial discretizations for numerically
computing the inviscid or the viscous dynamics. Chapter 6 introduces the random-
vortex method, a form of viscous splitting, for computing solutions of the high
Reynolds number Navier—Stokes equation. This fractional-step algorithm splits the
dynamics on each time step into an inviscid evolution computed by the vortex-blob
method and a viscous evolution simulated by a random walk of the blobs and vorticity
generation at the boundaries. We present the details of the random-vortex method in
Chap. 6.

In this chapter we discuss the error associated with two general viscous-splitting
methods. We introduce one algorithm, based on the Trotter product formula (Taylor,
1996a, Chap. 11, Appendix A) that we show converges at the rate Cv(At), where
At is the time-step size. We then introduce a second splitting algorithm, based on
Strang splitting, that has the advantage of converging as Cv(At)? with no added
computational expense.

3.4.1. Viscous-Splitting Algorithin

We consider a general algorithm that decomposes the evolution into two steps, an
inviscid step followed by a purely diffusive step. In this Subsection we compute the
error associated with splitting up the evolution this way.

The two basic splitting techniques were considered for linear hyperbolic problems
by Strang (1968). He deduced the order of convergence by considering a Taylor
expansion in time of the true solution compared with the approximation. To illustrate
the methods and their order of convergence, we first consider a simpler problem.
Consider the vector evolution problem

up = (A + Bu,

Ui=0 = Uo,
where u isan N vector and A and B are noncommuting N x N matrices. The solution is

u(t) = U8y, (3.88)
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and can be approximated by the two splitting algorithms:

ii(r) = (e™ Py, (3.89)
ﬁ(t) — (eAAI/ZeBAteAAZ/Z)nuo. (390)
We see that the Trotter formula in Eq. (3.89) converges to Eq. (3.88) as At and that

the Strang splitting formulated in Eq. (3.90) converges as (At)? by computation of
the three Taylor expansions:

eATBA — [ L (A4 B)At 4+ (A’ + AB+ BA+ BHA?)21 + ...,
eABA — (I 4 AAt + A’Ar?/2! + - )(I + BAt + B>Ar? /21 4 - .)
=1+ (A+B)At + (A> +2AB + BHA? )21 + ...,
eARI2eBAIGANZ — (I 4+ AAL/2 + A’Ar?/8 + - )(I + BAt + BXAt?/21 +--+)
X (I +AAt/2+ AAF? /8 +--)
=1+ (A+B)At+ (A>+ AB+ BA+ BHA? /21 + - - -.
If the matrices A and B do not commute then on each time step At, the error between
Egs. (3.89) and (3.88) is of the order of (At)? whereas the error between Eqs. (3.90)
and (3.88) is of the order of (Ar)3. We can show that on a time interval T = nAt the
errors are, respectively, O(T At) and O[T (At)?].

For the Navier—Stokes equation the splitting is done as follows. Discretize time
as t, =nAt, and on each time step At first solve the Euler equation, then the heat
equation to simulate effects of the diffusion term v Av”. Below we define this algorithm
formally.

Denote the solution operator to the Euler equation by E (¢), so that u(¢) = E(t)ug
solves

u; + P(u-Vu) =0,
divu =0, (3.91)

Uli—o = ug.

Also denote the solution operator to the heat equation by H (¢), sothat w(t) = H (t)wy
solves

w; = VAW, Wl;—o = wWo. (3.92)

Because div wy = 0implies divw = 0 for all time, we define the first viscous-splitting
algorithm by means of a Trotter formula:

U, = [H(At)E(A1)]"vo, (3.93)

where 7, is the approximate value of the exact solution v” at time t, = nAt. The
second viscous-splitting algorithm follows Strang’s method:

o = (2 eana (2] 3.94
vn_{ <2> (A1) (2” 2. (3.94)
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Note that algorithms (3.93) and (3.94) are different because in general the operators
E and H do not commute. The fact that they do not commute is crucial in proving
the respective convergence results of the two algorithms. We show that (3.93) con-
verges as V(Ar) and (3.94) converges as v(At)?2. Hence, algorithm (3.94) is in fact
a more accurate method. We see that the accuracy is due to the symmetry of terms
in approximating the operator. Before proceeding, we make the observation that the
second method, algorithm (3.94), is no more computationally expensive than the first
method. This is because of the simple fact that the operator H (At/2) applied twice
is simply the single operator H (At) so that we can rewrite algorithm (3.94) as

. At net e [ A
v, = H(z)E(AI){H(At)E(At)} H <2> vo. (3.95)

Before discussing the convergence of the respective algorithms, we present an
example that illustrates that viscous splitting is more accurate for approximating
solutions to the Navier—Stokes equation than a purely inviscid approximation.

Example 3.1. Recall the viscous eddy solutions (see Example 2.2 and the radial-
energy decomposition in Definition 3.1):

x|
—X2 X1
vW(x, 1) = ’<| B |2> / rw"(r, t)dr,
X X 0

where
Cl)()(|.x|), V= 0
o' (x|, 1) = 1 Ix — y| J o (3.96)
Aot /]RZ exXp T ar oo(lyDdy, v >

These solutions have radial symmetry. Hence w”(r, t) is an exact solution to the heat
equation

— = vAw.
ot

Furthermore, recall that for any radially symmetric vorticity o (r),

S —x x x|
v(x) = <|x|2’|x|2>/0 ro(r)dr,

is an exact steady solution to the Euler equation. Thus, either viscous-splitting algo-
rithm (3.93) or (3.94) gives a solution with zero error:

V"¢, nAL) = Byl = 0" (¢, nAL) = Dy~ = 0.

A purely inviscid approximation Vi (., 1) gives v™(x, ) = v°(x) and the error is
given by Proposition 2.3:

0" (x, 1) = o™ ()| < clxln)'2.
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This example illustrates the fact that a careful simulation of viscosity effects through
splitting algorithms can improve the accuracy of approximate solutions for small
viscosity v < 1. We prove this general result below.

The actual implementation of a viscous-splitting algorithm requires a choice of a
numerical method for solving Euler equation (3.91) and heat equation (3.92). We save
the discussion of specific choices to Chap. 6, in which we introduce the random-vortex
method.

3.4.2. Convergence of the Viscous-Splitting Algorithm

We discuss in detail only 2D solutions. The convergence in two dimensions is made
simpler by the fact that by Corollary 3.3 the solutions to the Navier—Stokes equation
exist globally in time. We discuss briefly the ideas of the 3D proof at the end of this
Subsection. Furthermore, for simplicity we consider solutions that have a globally
finite kinetic energy. However, the methods here can easily be applied to the radial-
energy decomposition. The details are left to the reader.

Theorem 3.7. Convergence of v, — v" in L*(R?). Let vy € H° (R?), o sufficiently
large, divvy =0, v > 0, T < oo, and let v¥ be the solution to the 2D Navier-Stokes
equation with initial data vy. Then the solution ¥, to viscous-splitting algorithm (3.93),

U, = [H(At)E(AH)] v,
is L2 convergent to v’, and

max_||T, —v"(,nA)|lo < (T, lvollo)vAt. (3.97)
0<nAt<T

Furthermore the solution v, to viscous-splitting algorithm (3.94),
0, = [H(At/2)E(ADH (A/2)] vy,
is L? convergent to v", and

max |9, — v'(,nAD o < (T, vollo)v (AL (3.98)
0<nAt<T

To prove Theorem 3.7 we follow the general philosophy that stability and consis-
tency of a numerical algorithm imply its convergence. This is exactly true for linear
PDEs but must be made rigorous in the case of nonlinear PDEs. We therefore break
the proof up into two steps.

The first step (stability) ensures that the algorithm produces an approximate solution
that is a priori controlled in an appropriate norm. Here we show that either splitting
method (3.93) or (3.93) is H" (R?) stable.

Definition 3.4. An algorithm is said to be H™ stable if there exists a constant C that
depends on only T and ||vo||,n so that the corresponding solution v, satisfies

lvnllms 10llm < (T, llvollm), VO <nAt <T.
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Proposition 3.9. Stability. Let vo € H™ (R?), m>3,divog=0,v>0,and T < .
Then the solutions v,, and ¥, to the respective viscous-splitting algorithms (3.93) and
(3.94),

U, = [H(A)E(A1)]" vy,

b, = |H At E(AHH A\ |

Up = 3 ) Vo,
are H™ stable.

By using this H™ stability we can prove that the algorithms are consistent with
the PDE by deriving an estimate for the local L? error between ©, (respectively, D,,)
and v”.

Proposition 3.10. Consistency. [The Local Error between b, (respectively, v,) and
vYin Lz(Rz)]. Letvy € H® (RZ), divvg=0,v9 > v >0, T < oo, with o sufficiently
large. Let v" be the viscous solution to the 2D Navier-Stokes equation with initial
data vy and let U, be an H°-stable solution to viscous-splitting algorithm (3.93).
Then the local error

Fo(s) = H(S)E(s)V, —v'(nAf + 5), O0<s<At,n+DAt<T, (3.99
satisfies
172 (s)llo < 17, (0)llo exp(es) + cv At - s, (3.100)

where ¢ = c(T, ||lvolls, vo). If we alternatively consider an H? -stable solution to
viscous-splitting algorithm (3.94), then the local error,

Fu(s) = H(s)E(s)D, — v"(nAt +5), O0<s<At,n+DAr <T, (3.101)
satisfies
172 ($)llo < 7. (0)[lo exp(es) + (A1) - 52, (3.102)
where ¢ = ¢(T, ||vollo)-

Taking in particular 7,(0) = 0, from relation (3.100) and (3.102) we get the con-
sistency of viscous-splitting algorithms (3.93) and (3.94).
Using the above stability and consistency results we have the proof of Theorem 3.7.

Proof of Theorem 3.7. Convergence. By Proposition 3.10 we estimate the error
Fr(At) = Uy — v [(n + 1)At] as

[1Bns1 — v"[(n + DALllo < (1B, — v" (AL [lgexp(cAr) + cv(Ar).
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Standard induction implies that

n—1
15, — v" (Ao < cv(AN> D exp(jeAt) = cv(At)®
Jj=1
< (exp(cT) — 1)vAt.

exp(cnAt) — 1
exp(cAt) — 1

A similar argument holds for algorithm (3.94). (]
It remains to prove Propositions 3.9 and 3.10.

Proof of Proposition 3.9. Stability. Define on 0 < s < At,
u(s +tp—1) = ES)0y—1, (s +1—1) = HS)uls +1,-1) = H(S)E($) V1.

Note that when s = At, ¥(t,) = ¥,. The energy principle for parabolic equations
gives, for m > 0,

10(s + ta—Dllm = IH@Ou@®llm < ()], 0=<r=<Arn

For 2D inviscid flows the supremum norm of vorticity, |@|;~, is preserved; hence the
evolution operator E (¢) satisfies differential inequality (3.84) derived in the remark
at the end of the proof of Theorem 3.6:

d
A NE@OVn—illm = CLL+ I E@vp1 LI E @) Va1 |-

Furthermore, the vorticity in the heat equation step satisfies a maximum principle.
Hence we have the following bound:

IEADBy—1llm < (el Dy )P,
Combining the above results gives

~ nA
[T llm < Ilwgl|PCA0, O

To prove the consistency result in Proposition 3.10, we recall the example from
Subsection 3.4.1 in which we derived the different convergence rates of the two
algorithms, (3.93) and (3.94), for a simpler model problem describing vector evo-
lution. This approach does not directly give the v dependence of the convergence.
To obtain this we need some energy estimates of the difference between the exact
solution and the approximation. Using the same approach, we can show that the
Taylor series of ¥, and ¥, indicate their respective convergence rates with respect
to At.



126 3 Energy Methods

For the operator splitting of the Navier—Stokes equation, we motivate the proof of

consistency by first considering the Taylor series

52

V't + 8) = 0" (@) + 5] (1) + V5 () + O(s?),

2
Bty + ) = B(ty) + 0, (1) + %anan) +0O(s%),

52

Oty +5) = 0(t) + 50, (1) + Eﬁtt(tn) +O(sY).

We use shorthand notation for the bilinear form:
B{u,v}=—P - Vv).
The first and the second time derivatives for v" are

v/ (t) = vAv(t) + B{v(t), v(1)},

vy, (1)

=12A% + vAB{v, v} + B{vAv, v} + B{v, vAv}
+ B{v, B{v, v}} + B{B{v, v}, v}.

The reader can check that the first and the second$$ time derivatives for ¥ are

Vs (ty + $)|s=0 = VAD(t,) + B{D(1,), V(2,)},

(3.103)

(3.104)

(3.105)

vA(vAv 4+ B{v, v}) + B{vAv + B{v, v}, v(t)} + B{v, vAv + B{v, v}}

But(ty + $)|s—0 = VEAZD + 20ABID, B} + B{B{, 0}, 1} + B{©, B{v, 1}}.

Note that the first derivatives of ¥ and v” would agree at 1, = nAt if v (t,) = 0(t,)
but their second derivatives would not. Thus the best we can expect to prove is At

convergence for algorithm (3.93).

Now we show how to prove consistency. To compute the first derivative of ¥ we

note that E(¢) is not a linear operator; hence we need the following lemma.

Lemma 3.9. The function F(t, vo) = E(t)vy from H® to H*™2 has a derivative with
respect to vy that is the linear operator dF (t, vy) taking wy to the solution at time t

of

w; + B{v, w} + B{w, v} =0, w(0) = wy, v@) = E(t)vy.

Using this, we leave it as an exercise to the reader to show that
O (tn + 8)|s=0 = VAD(1,) + B{0(1,), D(t0)}-

88 Right-hand derivatives, i.e., at the beginning of the time interval.
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Moreover, using the definition of d F' to evaluate d F;, we have

Dy (tp + 8)|sm0 = V2A%D + VAB{D, D}
+B{B{b, b}, D}
+B{d, B{D, }}
+B{d, vADd} + B{vAD, d}.

Hence series (3.103) and (3.105) agree up to the order of (At)? but series (3.103)
and (3.104) agree only up to the order of At because of the lack of commutativity
of the operators E and H and the lack of symmetry in algorithm (3.93). This fact
necessarily implies the slower convergence rate of algorithm (3.93) with respect to
(A1).

Proof of Proposition 3.10. Consistency. We now use the stability of algorithms (3.93)
and (3.94) to show the consistency estimates, including their dependence on small
v. First consider initial data vy € H®(R?) with o sufficiently large (to be chosen
later in the proof). Note that the stability from Proposition 3.9 guarantees that 9, and
9, are always bounded in H (R?). We use this fact in the following way. We need
to estimate the L? norm of the approximation error, that is the difference between
v”(x, t)and D(x, t) or D(x, t). We begin with the an estimate for 9. Consider the time
interval (z,, f,.1). On this time interval ¥ satisfies (¢, +s) = H(s) E(s)?, and hence

|
<
I

?» =vAHG)E(s)v, + H(s)B(E(s)v,, E(s)v,)

VAD + [H(s)B — BH(s)]E(s)v, + B(D, D)
VAD + B(®, D) + f,(5)
Fn(s) =[H(s)B — BH(s)]0,.

Thus the difference 7, (s) between and ¥ and vV satisfies
] ~
57'1@) =VAF,(s) ++ BW", 7)) + B(F,, D) + f,(5), 0<s <Az (3.106)

Take the L? inner product of Eq. (3.106) with #,. Because (Pu,v) = (u,v) if
divv =0,

1d _ B v . . .. .
Eanrn(s)u% F VIV = =" - Vi, 7o) = Fa - Vi, Fa) + (Fr, )

The first term on the right-hand side is zero because div v = 0. Moreover, Schwarz
inequality (3.4) gives

~ ~ ~ ~ 2 ~ ~ 2
[(Fp - VU, F)| < [V ollFally < cllDllz 17115,

ICF, Fl < N FllollFallos
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so that by Sobolev inequality (3.30),

%”711([)”0 < e, DI IF @ llo + 1| F @ lo- (3.107)
The last step is to estimate the function f;:
Fu(s) = [H(s)B — BH($)IE (5],
By definition, H (¢) satisfies
H(t)wy = HO)wy + v /Ot AH(t)wydr,
so that
Hit)=1+v /Ot AH(T)dt =1+ vH®).

Rewrite f, as [denoting w(s) = E(s)v,]
fu=U+VvH®IB = Bl +vHS))o(s)
= [I + vH($)]B[w(s), @(s)] = B{lI + vH($)]w(s), [I +vH($)]w(s)}
=v{(HB —vBH)w(s) — B(Hw(s), w(s)) — B(w(s), Hw(s))}
Hence, for o large enough, there is a bound independent of v for the C Hro, 771; Lz(Rz)}

norm of f,/v. Also f(nAt) = 0 so that there exists a constant that depends on only
o and vy such that

| 7)o < Cvs,  YO<s <AL

Hence relation (3.107) combined with the H™ stability of algorithm (3.93) gives

d
E”fn(s)uo < cl|Fu(s)llo + scv.

Gronwall’s lemma, Lemma 3.1, gives
17 lo < 17 (0)[lo exp(ct) + cvAr - ¢, 0<t=<Ar

This proves the result for first-order splitting.
To prove the analogous result for 9 (x, ¢), we note that by using the same procedure
in the above arguments, we can write

%a(nm +5) = vAD— B(®, D) + f(s),
where
fu(s) = [H(s/2)B — BH (s/2)1E(s)H (s/2)v,
+ (/2)H(EA — AE)H (s /2)v,
= fi+ fa

Using an argument identical to the one we used to estimate f, above, we can show
that, for o sufficiently large, f, /v is bounded in C2{[0, Ar]; L(R?)}. By definition,
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fu is equal to d, — v?,, where v”, is the time derivative of the solution to the Navier—
Stokes equation with initial data 9,,. From the Taylor series calculations for ¥ and v”
we see that in fact both fn (0) =0 and fn(O) = 0. This gives

I fu(®)llo < Cvs®, YO <s < At,

d
77 1Fn ()0 = clifn(s)lo + s*cvAL.

Gronwall’s lemma, Lemma 3.1, gives
178 llo < 172 (0)lloexp(et) + cvAt 1%, 0=t < At,

which proves the result for second-order splitting. (]

Remark on the Proof in Three Dimensions: As in the 2D case, we can prove the
respective convergence rates for algorithms (3.93) and (3.94), provided that we are
on a time interval [0, T'] for which H™ stability is guaranteed. One possible choice,
which is discussed in Beale and Majda (1981), is to prove the result for a time interval
[0, T] bounded by the blowup time [see relation (3.55)]:

T < 1/cmllvolim-

Another possibility is to consider a time interval [0, 7] for which we know a priori
that the solution to the inviscid Euler equation stays smooth. We can show if a given
initial condition produces a smooth solution to the inviscid Euler equation on a time
interval [0, T'], then the solution to the Navier—Stokes equation with the same initial
data and sufficiently small viscosity necessarily is smooth on the same time interval
[0, T']. See, for example, Constantin and Foias (1988, Chap. 11) for a proof. This
result can be used to prove H™ stability of either splitting algorithm on the time
interval [0, T'] provided that the viscosity v is sufficiently small.

3.5. Appendix for Chapter 3

In this section we state some calculus inequalities in the Sobolev spaces and properties
of mollifiers that are used for the energy method.

3.5.1. Calculus Inequalities in the Sobolev Spaces
We present the proof of Lemma 3.4.

Lemma 3.4. Calculus Inequalities in the Sobolev Spaces.
(i) Vm € Z there exists ¢ > 0 such that, Vu,v € L® N H™(R"Y),
luvllm < cflulr=ID"vllo + I1D™ullolv]L~}, (3.108)

> 1D ) — uD*vllo < c{|Vul< D" vllo + | D" ullo]v] L~}

O<lar|<m

(3.109)
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(ii) ¥s > N /2 3c > O such that, Vu,v € H*(RY),

luvlly < cllullsllvlls- (3.110)

Proof of Lemma 3.4. (from Klainerman and Majda, 1981). The Holder inequality and
the Leibnitz differentiation formula give

1D @v)llo < e Y IDPuD*#ollg

B=a

< ca Y _ 1D ullznm | D* P v pone-s.

B=a

The Gagliardo—Nirenberg inequality
i 1-i/r roni/r .
D ullp2i < crllull " 11D ully ", O<i=r,
implies that

1- I—|a— -
1D @v)llo < ca Y cpalul 2" 1D ull " ol 2P D)

B=a

< ca Y cpaulL | D"v[0) V" (|v] o [ D" ]| ) P
B=a

< enllul= D™ vllo + D" ullolv] L~}

Summing over all |o| < m gives calculus inequality (3.108):
luvllm < cmflulr=D"vllo + [ID™ullolv]r>},

Now we prove the sharp calculus inequality (3.109). For |«¢| < m, the Leibnitz
differentiation formula yields

1D (uv) — uD*vllo < co Y [IDPuD*Pollo

B=a

1B1>0

=co >, D (DD vl
[B'|+lo—p'|<m—1

Applying calculus inequality (3.108) and summing over |@| < m gives calculus
inequality (3.109):

> I uv) — uD*vllg < cuf|Vulr= | D" vllo + I1D"ullolv] ).

0<|a|<m

Finally observe that calculus inequality (3.110), |luv||,, < cllullmllv|nfors =m >

N /2, follows from Sobolev inequality (3.30) and calculus inequality (3.108). ]
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3.5.2. Properties of Mollifiers

A standard technique of energy methods involves a regularization of equations to
produce a family of smooth solutions. We recall some properties of regularization
by mollifiers. Given a function p € CgO(RN), p >0, fRN pdx = 1, define the
mollification operator 7 acting on a function v € LP(RN ), 1 < p < oo, by

(Jev) (x) =e‘N/ p(*=2)vdy. (3.111)
RV €

Lemma 3.5. Properties of Mollifiers. Let J. be the mollifier defined in Eq. (3.111).
Then

(i) Yv € CORYN), J.v — v uniformly on any compact set @ € RY and
|Tevlre < [v|pee. (3.112)
(ii) Mollifiers commute with distribution derivatives, i.e.,
D*J.v = J.D%v, Vie| <m, ve H". (3.113)

(iii) Yu € LP(RY), v € L1(R), 1/p+ 1/q = 1,

/ (Jcu)vdx :/ u(Jev)dx. (3.114)
RV RV
(iv) Yv € H*(RN),
1{% |Tev — vl =0, (3.115)
|Tev —vlls—1 < Cellvlls. (3.116)

(v) Yve H"(RY), k € Z* U{0}, and € > 0,

Cnk
1Te0llmsr = 7 0l (3.117)

Ck
D ol < <ol (3.118)

Proof of Lemma 3.5. Without loss of generality assume that p(x/€) = 0 for |x| > €.
For a given compact set 2 C R" define the compact set Q. = {x € R": dist(x, Q) <
€}. Because v|q, is uniformly continuous, given €’ there exists § > 0 such that for all
X,y € Q¢ |x —y| <8, then |v(x) —v(y)| <€.Ifx € Q, e < 3§, then

- / () - v(x)]dy‘
RV €

< e’/ e_Np(X)dy =€,
RY €

so that J.v — v uniformly on 2. Calculus inequality (3.112) is obvious.

|Tev(x) —v(0)| =
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Now we prove that mollifiers commute with the distribution derivatives. Integrating
by parts gives

DT = [

R

= 0l [ (S Yooy
RV €

X =y
D"‘(
N xP €

)ty

= [ oS5y = (@0,
RV €

so that Eq. (3.113) follows.

Formula (3.114) is obvious, and the proof of Eq. (3.115), lime\g [|Jev — v|ls = 0,
follows by the Lebesgue dominated convergence theorem and density arguments. We
find that the proof of relation (3.116) follows from first noting that from the definition
of the mollifier in function (3.34), [ p = 1, and the fact that p is radial implies that
p(0) = 1 and moreover |p(€) — 1| < CE2. Also, p(§) < C, so that

(p(e§) — 1)?

T+ < C?e*8?, HEXE
(P(e&) — 1)? c
W < 872’ ] > 6.

Taking § = 1/¢ in the above, we can estimate

1 7ev = vIIE, =/ (et — 1202 (1 + |6 2) " ds
R3

_ |1t — 17
Sla+En

2 2015112
lvlly < Cellvlly.
LOC

Now we prove calculus inequality (3.117):
Cmk
[Tevlime = — Ivllm-
€

Let || <m , |B| <k, and pg(x) = D? p(x). We compute

EEI
— e [ (S )ty

€

— (_1\lel —1BI-N @ X—-y
= (—D)¥le /RN yp,s( . )v(y)dy

— —IBI-N X =Y\ e
=€ /RNp,g( c )Dyv(y)dy

DﬁDa._Zv(x)ze_ND“/ Dfp(
RN
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Because pg € C°, the Schwarz inequality implies that
x — y)
d
(22| 0]
_ xX—y o 2
o L) s
RY €

Cp —-N X =y o 2
S e /R ‘pﬁ(e )‘ Do) [ dy.

|DP D* T€v(x)|* < e 2P [e—N/
RN

Fubini’s theorem gives

B 2
PO LA /R / oo )‘|D v(y)[*dydx
al=m jal<m
2f _ X=Yy
= 2 G fuloren b (< [ (oo
mz;,

Ck 2
— > 1D,

la|<m

IA

so that calculus inequality (3.117) follows.
Finally, we prove calculus inequality (3.118):

k Ck
|JeD |1~ < M”””O

The Schwarz inequality, denoting pi (x) = DF¥ p(x), implies that

fon(
/Ok(
]RN
G—N/z—k[e—zv/ pk(x—Y>
RY €

Ck
N/2HK lvllo,

|JD*v(x)| = e N F

y)v(y)dy‘

IA

2 1/2 172
dy] [ / |v(y)|2dy}
RN

which gives calculus inequality (3.118). O

Notes for Chapter 3

Whether or not solutions to the 3D Euler and Navier—Stokes equations blow up in finite time
is still an open problem. We discuss some details in Chap. 5.

The Existence theory for smooth solutions to the incompressible Euler and Navier—Stokes
equations can be found in numerous references including Constantin and Foias (1988), Ebin
and Marsden (1970), Kato (1972, 1975), Klainerman and Majda (1981), Taylor (1996b), and
Temam (1986). However, the inviscid case and the viscous case are usually treated separately.
Logarithmic estimate (3.83) is crucial for proving that the L*> norm of the vorticity controls
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global regularity of solutions to the Euler and the Navier—Stokes equations. This estimate is
highlighted in the well-known proof that is due to Beale et al. (1984). The paper by Kato
(1986) gives a simple existence theorem for Euler and Navier-Stokes in R?, uniform in v,
using the log estimate. Another example that we discuss in detail in Chap. 8 is an analogous
estimate for the boundary of a vortex patch that we use to prove global regularity. See Appendix
B of Taylor (1991) for a discussion of such inequalities. Some recent results concerning the
connection between direction of vorticity and global existence for Navier—Stokes are discussed
in Constantin and Fefferman (1993).

Beale and Majda (1981) first proved the convergence rate O(vAt?) for viscous splitting
algorithm (3.94). Our proof of the convergence rates of algorithm (3.93) and (3.94) is based
on the arguments from their paper.

There exist some results for viscous splitting in the presence of bounded domains. All of
these results concern an Euler-Stokes splitting, involving alternating fractional steps by means
of an Euler solution with v - n = 0 at the boundary and a linear Stokes solution with v = 0
on the boundary. The estimates deteriorate in the limit of vanishing viscosity. Zhang (1993)
proves first-order-in-time L? convergence of the Euler-Stokes splitting. Beale and Greengard
(1994) prove first-order-in-time convergence in all L?, p < oo. In addition, Ying (1992) proves
convergence in H*2,s < 1/2.

Chorin’s random-vortex method is described in Chorin (1973).
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_4_

The Particle-Trajectory Method for Existence
and Uniqueness of Solutions to the Euler Equation

In Chaps. 3 and 4 we address the questions of existence, uniqueness, and continuation
of solutions to the Euler and the Navier—Stokes equations. In Chap. 3 we introduced
the technique of energy methods to address these issues. In this chapter we introduce
the particle-trajectory method to study the inviscid Euler equation (v = 0):
av v v
5 +v-Vv=-— D,

divv = 0.

The Euler and the Navier—Stokes equations are both evolution equations for the
velocity field v(x, 7). At the end of Chap. 2 we derived integrodifferential equations
(2.118) and (2.119) for the particle trajectories X («, t) in two and three dimensions.
Proposition 2.23 showed that the integrodifferential equations are equivalent to the
Euler equation when the flow is sufficiently smooth. In this chapter we make use of the
fact that the particle-trajectory equations define an ODE on an infinite-dimensional
Banach space. The Euler equation in primitive-variable form contains the unbounded
operator v - Vv. A key feature of the particle-trajectory equations is that they refor-
mulate the problem in terms of a bounded nonlinear operator on a Banach space.
In Section 4.1 we show that standard existence and uniqueness theories for such
equations yield local-in-time existence and uniqueness of solutions to the particle-
trajectory equation and hence to the Euler equation. Recall from Chap. 3 that we
presented for both the Euler and the Navier—Stokes equation a sufficient condition,
involving accumulation of vorticity, for global-in-time existence of solutions in three
dimensions. We prove the same result here in Section 4.2 by using Holder norms and
potential theory. Because vorticity does not accumulate in two dimensions, we obtain
global-in-time existence of smooth solutions for 2D Euler equations. The result from
Section 4.2 has a special implication for 3D flows with certain geometry constraints.
For example, in Section 4.3 we show that finite-time singularities are impossible
for smooth solutions to 3D Euler equations that are axisymmetric without swirl. In
Section 4.4 we discuss higher regularity of solutions and in particular show that the
condition in Section 4.2 controls blowup of all higher derivatives of the solution. Such
a direct ODE method serves only to study time-reversible systems. In particular, a

T A simple example of a time-irreversible equation is the heat equation 7; = AT. See, for example,
Folland (1995).

136
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particle-trajectory method applied to the Navier—Stokes equation in which viscosity
introduces diffusion requires the machinery of stochastic differential equations. We
introduce this idea in Chap. 6 in conjunction with the random-vortex method, a nu-
merical scheme for computing high Reynolds number solutions of the Navier—Stokes
equation.
Taking the curl of the Euler equation,
W Vu= v
5 +v-Vv=-—-Vp,
divv =0,

v]i=0 = vo(x).

gives evolution equation (2.109) for the vorticity, @ = curl v:

Dw
— =w- Vv,
Dt
(,()|,:() = . (41)

The divergence-free velocity v in Eq. (4.1) is recovered from w by the Biot—Savart law:

v(x, 1) = / Ky(x — y)o(y, t)dy, x e RN, 4.2)
RN

The kernels Ky are homogeneous of degree 1 — N:

1
Kz(X)=l< 2 x‘), x € R?,

20\ X a2
1 h

Koh= —2""  y heR.
4 |x|3

InSection 2.5 of Chap. 2, we used Egs. (4.1) and (4.2) to derive an integrodifferential
equation for the particle trajectories by combining their evolution equation,

179.¢
ﬁ((xv t) :U(X(a, t)vt)a X(av t)|t=0 =, (43)
with the Biot—-Savart law,
v(x, 1) = / Ki[x — X (o', )]V X (&', Do (a)d e, (4.4)
RB

which we rewrite here in Lagrangian form by means of the change of variables
x" = X(c, t) and the vorticity-amplification identity

w(X(a,t),t) = Vo X(a, H)wp (). 4.5)

Combining Eqgs. (4.4) and (4.3) gives the 3D integrodifferential equation for the
particle trajectories X (o, t):

aXx

—(a,t) = / Ki[X(a,t) — X (@, )]Ve X (&, wo(a)da',
dt R3

X(a, )|i—0 = @. (4.6)
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In the case of 2D inviscid flows, vorticity cannot amplify because it is conserved on
particle trajectories. The solution in Eq. (4.5) reduces to

CL)(X((X, t)’ t) = 0)0(05),

and hence yields the simplified velocity
v(x,t) = / Ko[x — X (o, t)]wo(a)da'.
]RZ
The 2D integrodifferential equation for the particle trajectories X («, t) is

dX
—(a, 1) = / K>[X (o, 1) — Xo(e', 1)]wo(e)de!',
dt R2
X(a, t)|,—0 = . 4.7

In the next section we show rigorously that the right-hand side of Eq. (4.6) is a
bounded nonlinear operator on X (¢, ¢). The smoothing properties of the kernel K3
compensate for the loss of regularity in differentiating X (o, ) in the term V, X. Also,
Eq. (4.6) involves the explicit term V, X (¢, t)wo (o) that represents the stretching of
vorticity. In Section 4.2 we show a direct link between the accumulation of vortic-
ity and the existence of smooth solutions globally in time. In Chap. 6 we show that
a discretization of the particle-trajectory formulation leads to computational vortex
methods that have been very successful in accurately computing inviscid Euler solu-
tions. Part of their success comes from the fact the particle-trajectory reformulation
contains only bounded operators. Recall from Section 2.5, Proposition 2.23, that for
sufficiently smooth solutions the particle-trajectory formulation is equivalent to the
Euler equation.

4.1. The Local-in-Time Existence of Inviscid Solutions

Our goal in this section is to prove the local-in-time existence and uniqueness of
solutions to the Euler equation. We first show that the particle-trajectory equations
formulate the problem as an ODE on a Banach space. Then we invoke the standard
Picard theorem for ODEs on a Banach space to prove local existence and uniqueness.
In this section we consider only 3D solutions. The 2D case is simpler, and the method
is identical.

The 3D integrodifferential equation for the particle trajectories X («, ?) is,

d
EX(O[, 1) =F(X(a,t))

X, D)|i=0 = «, (4.8)
where the nonlinear mapping F'(X) is

F(X(a, 1)) = / K3[X (o, 1) — X (o, )]Ve X (@, o (o )do' . 4.9)
R3

We view Egs. (4.8) and (4.9) as an ODE on an infinite-dimensional Banach space.
Our goal in this section is to show that there is an appropriate Banach space B on
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which the operator F is locally Lipschitz continuous. We then evoke a standard local-
existence theorem for ODEs.

Theorem 4.1. Picard Theorem on a Banach Space. Let O C B be an open subset
of a Banach space B, and let F(X) be a nonlinear operator satisfying the following
criteria:

(i) F(X) maps O toB.
(ii) F(X) is locally Lipschitz continuous, i.e., for any X € O there exists L > 0 and
an open neighborhood Ux C O of X such that

IF(X) = F(X)lg < LIX — Xllg  forall X,X € Uy.

Then for any X € O, there exists a time T such that the ODE

dX
=7 = FX, X|i—o = X0 € O, (4.10)

has a unique (local) solution X € C'[(—T, T); O].

In the above || - ||g denotes a norm in the Banach space B, and C'[(—T, T); B]
denotes the space of C ! functions X (¢) on the interval (-7, T') with values in B.?

Recall that this abstract theorem appeared in Chap. 3 in the proof of global exis-
tence of solutions to an approximating problem for the Euler and the Navier—Stokes
equations. As we saw in Chap. 3, if F' does not depend explicitly on time, as in the
case of Eq. (4.9), solutions to Eq. (4.10) can be continued until they leave the set O.
We explicitly use the continuation property to study higher regularity and global
existence of solutions in the following sections. In Section 4.2 we find a sufficient
condition involving the accumulation of vorticity for global existence of solutions in
three dimensions. As a consequence we obtain global existence of solutions in two di-
mensions because vorticity is conserved along particle trajectories. In Section 4.3 we
present a special class of 3D flows that also have global existence of solutions that is
due to their inherent two dimensionality. These are the 3D axisymmetric flows without
swirl from Subsection 2.3.3. In Section 4.4 we show that higher spatial derivatives are
controlled by the lower ones yielding so that the result from Section 4.2 is true for the
C° case. The reformulation of the Euler equation in terms of the particle-trajectory
equations is crucial here. A direct treatment of the inviscid 3D Euler equation could
never use this approach because the convective derivative,

ov v
E +v-Vy,

involves the term v - V, an unbounded operator on standard Banach spaces.

In the following three subsections, we (1) choose the appropriate Banach space B,
(2) choose an appropriate family of open sets Oy, and (3) show that F satisfies the
assumption of the Picard theorem for the choices made in (1) and (2).

¥ Note that C'[(=T, T); B]is also a Banach space equipped with the norm || X || = sup,¢(_ [1X(@®)|IB+
, te(=T,T)
SUPse(—7,T) ||T;),X(l)||B~
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4.1.1. The Choice of the Banach Space B and Elementary Calculus
Inequalities for Hilder Continuous Functions

First we carefully choose the Banach space B and the subset O € B on which the
nonlinear mapping,

F(X(a, 1) = / Ki[X(a,t) — X&', )]V X (@, Hap(a')da', 4.11)
R3

has certain desired properties. The open set O must include maps X (-, 1) : R® — R?
that are 1 — 1 and onto, including the identity map. B must allow us to prove the
Lipschitz continuity in the Picard theorem.

Because Eqs. (4.8) and (4.9) explicitly contain the gradient V, X, B must contain
information about

|V, Xlo = sup |VoX ()] < oo.

acR?

However, we cannot take X € C' —the space of bounded, continuously differentiable
functions. There are two reasons for this. The first is simply that if X : R* — R3 is
1 — 1 and onto then X cannot be bounded as |¢|  co. A second, more technical
reason is that the equation for V, X, computed from the gradient of Eq. (4.9), contains
a SIO (as discussed in Chap. 2). Such operators do not map bounded functions to
bounded functions but map them instead to the larger class of functions of bounded
mean oscillation (BMO). This fact becomes important in the formulation of the weak
L solution to the vorticity-stream equation, discussed in detail in Chap. 8. In this
chapter we use the fact that SIOs are bounded operators on the Holder spaces (see
below).
Define the Banach space B as

B = {X : R® — R?such that |X|, , < o0}, (4.12)
where | - | ,, is the norm defined by
X1, = 1XO)] + Ve X]o + Vo X]y. (4.13)

In the above | - |¢ is the supremum or C° norm and | - |, is the Holder seminorm
defined by

|X () — X ()]
Xy = sup —————
oo cR3 |Ol -« |y

aFao’

R O<y<l. 4.14)

To simplify the notation we define the Holder—y norm | - ||, by
1X1, = 1Xlo + X1y, 0<y=1 (4.15)

We denote by C? the space of functions with bounded || - ||, norm. The space B in
Eq. (4.12) is a Banach space; it is linear, normed, and complete. It consists of all
functions for which V, X is Holder continuous. The term | X (0)| < oo in the norm
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allows X to be unbounded as || /' oo. The Holder seminorm |V, X|,, < oo allows
us to show in Subsection 4.1.3 that F is bounded and Lipschitz continuous on a subset
of B.

Next we state some elementary calculus inequalities for functions in B. The proofs
are straightforward and hence are presented in the appendix.

Lemma4.1. Let X, Y : RN — RY be smooth, bounded functions. Thenfory € (0, 1]
there exists ¢ > O such that

XY, < X[olY], + X, Vo, (4.16)
IXYl, <clXly, IIY1l,. 4.17)
Lemma 4.2. Let X : RY — RY be a smooth, invertible transformation with
|det Vo X ()| > ¢; > 0.

Then for 0 < y < 1 there exists ¢ > 0 such that

1(VaX) 'l < el Va X2V, (4.18)
X1y < el XY (4.19)

Lemma 4.3. Let X : RY — RY be an invertible transformation with
|det Vo X ()] = ¢1 >0,

and let f : RY — RM be a smooth function. Then for 0 < y < 1 the composition
foXand foX ! satisfies

|f o Xl < 1flyIVaXIp, (4.20)
Lf o Xl < £, (1+ 1XT,), (4.21)
Lo XMy < IFIy 1+ x50, (4.22)

4.1.2. The Choice of the Open Subset O C B

To apply the Picard theorem we must choose an open subset of B that contains the
identity map (our initial condition) on which we can show that

F(X(a, 1)) = / Ki[X(a, 1) — X (&, )]V X (@, Dap(a)da' (4.23)
R3

is locally Lipschitz continuous. The incompressibility condition V - v = 0 forces
det V, X = 1. However, this condition is too restrictive because it defines a hypersur-
face of functions in B. The Picard theorem requires an open set on which we show
the Lipschitz continuity of F'. Define

1
Oy = {X X B inf det VX (a) > - and |X]1, < M}. (4.24)
a€eR’
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The identity map belongsto Oy for M > 1.If X € Oy, then by the inverse function
theorem X is locally 1-1 (local homeomorphism). However, particle-trajectory maps
are global homeomorphisms; thus we require all elements of Oy, to also have this
property. A lemma that is due to Hadamard (Berger, 1977, p. 222) ensures that this is
the case.

Lemma 4.4. Hadamard. Suppose that X € B is a local homeomorphism, and there
exists ¢ > 0 such that

sup |(VaX)’1(ot)‘ <ec.

aeR?

Then X is a homeomorphism of R* onto R>.
We now prove the following proposition.

Proposition 4.1. Forany M > 0,0 < y < 1, the set Oy in Eq. (4.24), is nonempty,
open, and it consists of 1 — 1 mappings of R onto R>.

Proof of Proposition 4.1. The set Oy, is nonempty because it contains multiples of
the identity map cI,c < M.

The mapping inf, s detV, : B — R and the norm | - |;,, : B — [0, c0) are
continuous; thus inverse images of the open subsets (%, oo) and [0, M) are open
subsets in B, and the set Oy, is open in B.

It remains only to show that O); consists of 1 — 1 and onto mappings. By the def-
inition of Oy det Vy, X > % and | X|;, < M. Calculus inequality (4.19) implies that

(VX)) N @)] < 1X7', < C|X|%f\;_1 < M
Direct application of the Hadamard lemma, Lemma 4.4, completes the proof. O

We now have all the necessary ingredients to apply the Picard theorem (Theorem 4.1).

4.1.3. Local Existence and Uniqueness of Solutions X(a, t) and Potential
Theory Estimates

Recall that the integrodifferential equations for the particle trajectories form an ODE
on a Banach space:

dX _ F(x
o @D =FX(@0),

X(a, D=0 = a, (4.25)

where the nonlinear mapping F(X) is defined by

F(X(a, 1)) = / Ki[X (o, 1) — X (o, )]Va X (@, D (e )de. (4.26)
R3
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In this section we show that F is an bounded, nonlinear, Lipschitz continuous operator
on the Banach space:

B = {X : R® — R? such that |X|, , < o0}, 4.27)
where | - |, is the norm defined by
X1y = X))+ [VoXlo + [V X]y. (4.28)
Hence we prove Theorem 4.2.

Theorem 4.2. Consider a compactly supported initial vorticity wy € C?, y € (0, 1),
wo = curl vy, div vg = 0. Then for any M > 0 there exists T (M) > 0 and a unique
volume-preserving solution

X € CH (=T (M), T(M)); Oy)
to particle-trajectory equations (4.8) and (4.9).

The assumption about the support of wy is not necessary to prove the theorem. We
make it here to simplify the technical arguments in the potential theory estimates.
Theorem 4.2 is not valid for the Holder exponent y = 1. This is a result of a standard
property of SIOs — see Lemma 4.6.

The proof of Theorem 4.2 follows from the Picard theorem (Theorem 4.2) provided
that we can prove the following proposition.

Proposition 4.2. Let |wgl, < 00 and0 <y < 1. Let F : Oy — B be defined by
F(X(a,1) = / K3[X(a, 1) — X (o, )]V X (&', Dy (e )ded'.
R3

Then F satisfies the assumptions of the Picard theorem, i.e., F is bounded and locally
Lipschitz continuous on Oy.

To prove this proposition we make use of the fact that the kernel Py (x) = VKy(x)
defines a standard SIO. Recall from Chap. 2, Subsection 2.4.2, that

Knfw = [ Kntr=» /o)y, (429)
where Ky is homogeneous of degree 1 — N,
KyOx) =2V Ky(x), VA>0, x#0, (4.30)
and Py = VK is homogeneous of degree —N,

PyOx) = A Py(x),  YA>0, x#0. 4.31)
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Furthermore, Py has mean-value zero on the unit sphere,

/ll 1 Pyds =0, (4.32)
and it defines the principal-value SIO

Puf) =PV [ Pue =3 £y, 433

Any operator K satisfying the above conditions yields the following potential
theory estimates.

Lemma 4.5. Let Ky satisfy Egs. (4.30)—(4.33). Consider f € CY(RY;RY), 0 <
y < 1 with compact support and define my = m(supp f) < oo. Define the length
scale R by RY =m r- Then there exists a constant c, independent of f and R, so that

IKn flo < cR[fo. (4.34)

Lemma 4.6. Let f, y and R satisfy the assumptions of Lemma 4.5. Let the SIO Py
satisfy Eqs. (4.31)—(4.33). Then there exists a constant c, independent of R and f, so
that

R
|PNf|0§c{|f|er+max (l,ln6)|f|0}, Ve > 0, 4.35)

IPnfly < cllflly. (4.36)

We give the proofs of Lemmas 4.5 and 4.6 in the appendix. The assumption on
the support of f is not necessary but simplifies the analysis. In particular, the proofs
contain a concise argument with estimates that depend on the quantity m ;.

Proof of Proposition 4.2. First we show that the operator F : O, — B is bounded,
ie, |F(X)|1,, < oo VX € Oypy. Because the set Oy consists of 1 — 1 and onto
functions, we use the change of variables X ~!(x) = « and rewrite F(X) as

F(X)=KsfoX!,
K3 f(x) = /R K =) fNax', (4.37)
F() = Ve X (@)@ lamx-1(y det V X' (x).
By calculus inequality (4.19) we have
IFOly < K3 fliy X'y < clKafliyl X[,

so it suffices to estimate |K3 f1; .
Potential theory estimate (4.34) implies that

K3 f(0)] < [K3flo < clflo- (4.38)
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Moreover, recall from Section 2.4.3 that the gradient of Ky f is

VIR f0 =PV [ Pax =) 00+ cf (o),

where Py(x) = VKy(x) is homogeneous of degree —N. Potential theory estimate
(4.36) gives

IVKsflly < cllflly + 1P flly < cllflly
and from relation (4.38) implies that
K3 fliy <cllflly- (4.39)

It remains to estimate the norm || f[|,,. By the definition of f in Eq. (4.38) and calculus
inequalities (4.17), (4.19), and (4.22) we estimate

I£1l, < 1(VeXap) o X7, [ det V. X!,
< Ve Xaoll, (14 c| X[} 2N D) x 3V

Ly N
< c(M)llwolly
because X € Oy implies that | X|; ,, < M. Hence
K3 fl1,y < c(M)llaxlly,

so the operator F' : Oy — B is bounded.

We prove that F is locally Lipschitz continuous on Oy, by showing a sufficient
condition. If the derivative F’(X) is bounded as a linear operator from Oy to B,
|F'(X)|| < oo VX € Oy, then the mean-value theorem implies that

1
- A d o P
|[F(X) — F(X), = ’/0 EF[X—FG(X — X)lde

Ly
1 ~ A ~ ~ A
< [ IFIX 4 ek - DlldsIX - K1
0
so F is locally Lipschitz continuous on Oy,. The derivative F'(X) is
, d
F(X)Y = —F(X +€Y)l|e=o
de
d
= & | KalX(@ - x(@) + el¥@ - v
€ JR3
Vol X (@) + €Y (@) ]wo(a)da'|—o

_ / K3[X (@) — X(o)]Va ¥ (@)wo(@)da
R3

+/ VK[ X () — X (@)Y (o) — Y (o) Ve X (&) wo (' )d e’
R3

= G(X)Y + G2(X)Y.
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In the above derivation the term Y (o) — Y (') kills the singularity of V K3, eliminating
the need for a principal-value integral in G,(X)Y.
We estimate G (X)Y exactly in the same way as in relation (4.39), which gives

1G1(X)Y |1,y < cl(VaYwo) o X',

Calculus inequalities (4.17), (4.19) and (4.22) imply that
1GI(X)Y |1, < clVaY Iy lwolly (1 +clX17SY ") < eMDllwoll, 1Y |1y (4.40)

An estimate of G2(X)Y requires some new calculations that are straightforward
but somewhat technical. The details are in the appendix. The result is

|G2(X)Y |1,y < c(M)llwolly [Y]1,y- (4.41)
Combining relations (4.40) and (4.41) gives
|F'(X)Y 1, < c(M)llwolly Y11,y

The derivative F'(X) : Oy — Bis alinear bounded operator, and hence the operator
F : Oy — Bislocally Lipschitz continuous. ([

4.2. Link Between Global-in-Time Existence of Smooth Solutions
and the Accumulation of Vorticity through Stretching

Using the integrodifferential equations for the particle trajectories, we showed in the
previous section that the Euler equation must have a solution locally in time. In this
section, we give a sufficient condition for the solution to exist for all time. Recall
from Chap. 2 that the 3D Euler equation allows for vorticity amplification in time by
means of stretching that is due to the local velocity gradients. In particular we showed
some exact solutions in which the vorticity increased without bound (these specific
examples had amplification in infinite time). In this section, as in Section 3.3., we
show that if the magnitude of the vorticity remains bounded, then the solution exists
globally in time. In fact, because vorticity does not grow in two dimensions, solutions
to the Euler equation exist globally in time.

Our main goal in this section is to prove the following theorem, which is due
to Beale et al. (1984), for continuation of solutions forward in time. An analogous
statement holds for continuation backward in time.

Theorem 4.3. Beale—Kato—Majda. Consider a compactly supported initial vorticity
wy = curl vy, div vy = 0, with Hélder norm |wyl|,, < oo for some y € (0, 1). Let
lw(-, $)|o be the supremum norm at fixed time s of a solution to the Euler equation,
with initial data w.

(i) Suppose that for any T > O there exists My > 0 such that the vorticity w(x,t)
satisfies

T
/ lw (-, $)|ods < M. 4.42)
0
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Then, for any T there exists M > 0 such that X € C'([0, T); Oy) (the solution
X exists globally in time).

(ii) Suppose that for any M > O there is a finite maximal time T (M) of existence of
solutions X € CY{[0, T(M)); Oy} and that limy_,oo T(M) = T* < o00; then
necessarily the vorticity accumulates so rapidly that

t
lim/ lw (-, $)|ods = o0.
(

7T Jo

The assumption on the size of support of wy serves to simplify the calculations
below. In the next section we show that there exists an a priori bound (4.42) for
the special case of 3D axisymmetric flows without swirl. Hence such solutions exist
globally in time. In Section 3.4 we showed that bound (4.42) controls all higher
derivatives of the particle trajectories to derive a C* version of Theorem 4.3. In this
chapter we show that this result is true for the Navier—Stokes equation (with viscosity)
as well. In Chap. 5 we discuss the question of a finite-time breakdown of solutions to
the Euler equation and study some relevant model problems. To date, it is not known
if there actually are solutions to the 3D Euler equation that blow up in finite time.

One consequence of Theorem 4.3 is that the 2D Euler equation has global-in-
time existence of solutions. This is due to the simple fact that vorticity is conserved
along particle trajectories in two dimensions and hence cannot become unbounded in
magnitude. We state this as a corollary.

Corollary 4.1. Global Existence of Solutions to the Euler Equation in Two Dimen-
sions. Consider the 2D Euler equation with compactly supported initial vorticity
wp = curl vy, div vy = 0 satisfying |lwoll, < oo for some y € (0, 1). Then there ex-
ists a unique solution X (-, 1) € C'[(—o0, 00); B] to the particle-trajectory equation
in the time interval (—o0, 00).

We prove Theorem 4.3 by using both the particle trajectories in Lagrangian vari-
ables and the vorticity-stream form in Eulerian variables. We also use the Holder
norm potential theory estimates. The proof in this chapter for both the Euler and the
Navier—Stokes equations uses energy methods and the H® Sobolev spaces.

We first guarantee the existence of smooth solutions on any given time interval
provided that fot [Vu(-, s)|ods remains bounded on that time interval. Then we show
that fot |Vv(., s)|ods is a priori controlled by fot lw (-, $)|ods.

First recall that the particle-trajectory equation

dX

—(a,t) = / Ki[X(a,t) — X (&, )]Ve X (¢, Hwo(a)da',
dt R3

X(et, t)]j=0 = «, (4.43)

has a unique solution X € C'{[0, T (M)); Oy} locally in time for some T (M) > 0:

1
Oy = {X € B: inf detVy X (o) > 5 X1, < M},

acR?

X1y = 1XO) + Ve Xlo+ [VaX]y, O0<y <l
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We now determine when it is possible to continue the solution X (¢, ¢) further in time.
In fact, for particle trajectory equation (4.43) we can link the ability to continue the
solution directly with the absence of blowup in the norm | - [ ,,. Such a continua-
tion property is not in general true for nonlinear PDEs (Ball, 1977). Even the Picard
theorem on an infinite-dimensional Banach space does not in general have a contin-
uation result as in the finite-dimensional case. However, when the Lipschitz function
F is time independent, the continuation result does hold. The following theorem is a
special case of Theorem 5.6.1 from p. 161 of Ladas and Lakshmikamtham (1972).

Theorem 4.4. Continuation of an Autonomous ODE on a Banach Space. Let O C B
be an open subset of a Banach space B, and let F : O — B be a locally Lipschitz
continuous operator. Then the unique solution X € C 1[0, T); O) to the autonomous
ODE,

dX

— = F(X), Xl|j=0 = X € O,
7 (X) li=0 0

either exists globally in time or T < 0o and X (t) leaves the open set O ast /' T.

This fact is the key to proving a sufficient condition for global existence. Because
the particle trajectories are volume preserving, the only way that a solution can leave
the set Oy is if | X, grows larger than M. We cease to have a solution at a finite
time 7* only if | X|; , becomes unbounded as t — T*. Hence we obtain a sufficient
condition for global-in-time existence by finding a sufficient condition for |X]; , to
be a priori bounded.

We now prove the following proposition.

Proposition 4.3. A sufficient condition for | X (-, t)|1,, to be a priori bounded is an a
. . t
priori bound on fo [Vu(, §)|ods.

Proof of Proposition 4.3. Recall that X («, t) satisfies

iX(ot, ) =v(X(a,t),1)

dt
v(x, 1) = / Kilx — X (', )]V X (@, t)wo(a)do!, (4.44)
]R3
and hence
%VO[X(a, 1) =V X(a, 1), )V X (a, 1). (4.45)

Recall from Lemma 4.5 that because v can be obtained from w by the Biot—Savart
law, estimate (4.34) implies, at a fixed time s, that |v(-, §)|o < CR(s)|w(-, 5)|o, Where
R(s)? is the measure of the support of the vorticity w(-, s) at time s. Because X (-, t)
is a volume-preserving map, the size of the support of w (-, ¢) is time independent and
we have |v(-, 5)|o < Clw(:, s)|o. Equation (4.44) implies that

1X(0, 1) 5/ lv(-, $)lods SC/ lw (-, 5)lods. (4.46)
0 0
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Also, Eq. (4.45) implies that
d
o Vo X (-, Do = [V, Dol Va X (-, Dlo,
and hence

VX (1)l < e 1700 (4.47)

Bound (4.47) is the simplest example of a Gronwall inequality. We use this idea in
more generality throughout this book. The usual form for Gronwall’s lemma is the
following lemma.

Lemma 4.7. Gronwall’s Lemma. If u, q, and ¢ > 0 are continuous on [0, t], ¢ is
differentiable, and

q@) <c(t) —I—/ u(s)q(s)ds,
0

then
t t t
q(t) < c(0) exp/ u(s)ds + / c'(s) [exp/ u(t)dt] ds.
0 0 K
To bound |V, X (-, t)], note that Eq. (4.45) implies that

d

ElVaX(-, Dly = IVu(X G, 1), D[ Vo X (5 Dlo + VU, Dol Vo X (-, DI,
< VUG O Ve X 0l + VUG Dol Va X ¢, Dl
< C|Cl)(',t)|ye(l+y)j;’ [Vu(-,8)|ods + |VU(', t)|0|V(XX(-, [)|y

Inthe above, steps one and two use calculus inequalities (4.16) and (4.20), respectively.
The last step uses bound (4.47). To finish the proof of Proposition 4.3, we need to
estimate the term |w (-, 1)|, in terms of [Vv(-, t)|o. We use the following lemma

Lemma 4.8. Assume that wy(x) = wy € C? (R3) andfor|t| < T and w(x, t) satisfies
the vorticity-stream form

ow

+v-Vw=w-Vv
ot

and that X («, t) are the particle trajectories associated with the velocity v that satisfy
Egs. (4.44) and (4.45). Then

lw(, D, < laoly exp [(Co + V)/O |Vv(~,s)|0ds], (4.48)

The proof uses the vorticity-stream form of the Euler equation and is somewhat
technical. We therefore save the proof for the end of this section. Bound (4.48) implies

d i e
VX (D)l < Claol, e Jo VP CI0% 1190, )10V X (-, 1),
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The time integral is [by use of X (¢, 0) = «]

t s t
IVa X (. 1), gClwoly/ ec'fo'v“*”“’d’dw/ IV(-, $)]o| Ve X (-, 5)|, ds.
0 0

Gronwall’s lemma then gives

t s t
VXl = Clanly [ 7ot v omieg
0

a v ds ! Sy d
< Claplot e 1f0| v(-,8)o s/ ej;)| v, Do T s
0

Hence |V, X(t)|1,, is a priori bounded provided that fot [IVu(:, s)|ods is a priori
bounded. (Il

To complete the proof of Theorem 4.3 we need to show that fol lw(-, s)|ods con-
trols fot [Vu(-, s)|ods. Recalling that w(-, ¢) has support of constant measure because
X (a, t) is volume preserving, we note that the gradient of the Biot—Savart law,

Vou(x,t) = PV/ Py(x —xNo(x', )dx' + co(x, t). (4.49)
RN
can be bounded if we use relation (4.35) from Lemma 4.6:

IVu(, Do = clo, Dlye” + o, D[l + log(R/€)], Ve > 0,

where R is a fixed constant independent of time [from Lemma 4.6 R" is the time
independent measure of the support of (-, 1)].
At each fixed time 7, set € = |w (-, 1)[;,'/” to obtain

Vo, Dlo = (-, Dlolllog(Rlw(:, )],)[ + C1. (4.50)

Recall from Lemma 4.8 that |w (-, 7)|, satisfies bound (4.48):
t
lw(-, D], < |woly exp [(Co + )/)/ IVv(nS)IodS}
0

Plugging this into bound (4.50) gives

V(. Do = C(wo)lw(-,t)lo{l +/0 IVv(-,S)IodS},

[Vo(:, Do
(14 [y IVUC, )lods]

< C(wo)|o(:, lo,

iln {1 +/ IVU(',S)IodS} < C(wo)lo (-, Do,
dt 0

In [1 +/ |VU(',S)|0dS} < (wo)/ lw(:, s)lods,
0 0

t t
1+/ Vo 5)lods < e Jy oo,
0
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This last inequality combined with Proposition 4.3 yields the proof of Theorem 4.3.
We conclude this section with a proof of Lemma 4.8.

Proof of Lemma 4.8. We want to show that

lw(, D, < laoly CXP[(CO +7) /Ot [Vo(., s)|0ds]. (4.51)
The first step is to prove the inequality
lw- Vo, )], < ColVo(-, Dlole(:, D], . (4.52)
Calculus inequality (4.16) from Lemma 4.1 implies that
lw- Vo, 0)l, <o, D], [Vvlo+ o, DlolVo(, 1), .

Equation (4.49) coupled with potential theory estimate (4.36) from Lemma 4.6 im-
ply that [Vu(,,1)|, < Clw(:,1)|,. Because w is the curl of v we trivially have
lw (-, )]0 < 2|Vu(:, t)]o. Combining all of these results gives inequality (4.52), which
we use below.

Recall that w (x, #) satisfies the transport equation

ow
E—i—v-Va):aer. (4.53)

Using the inverse of the particle-trajectory map in Eulerian variables, we rewrite
transport equation (4.53) as

w(x,1) =w0(X*1(x,r))+/ - Vo[X (x,t — ), s]ds.
0

We use this to estimate the Holder seminorm of w. Taking the seminorm | - |,, of both
sides gives

lo(x, 1) — o, 1)]

< lwo(X ' (x, 1)) — wo(X~'(x', 1)

+

t
/ o Vo[ X x,t—s),s] —w- V[ XX, 1t —5), s)ds
0
< lool, VX' ¢ Dl lx — x|

t
4 [ o TuCl VX Gt = 9l - 2 s
0
13
< |aoly exp {V/ |VU(',S)|0dS} lx —x')”
0

t t
+/ lw - Vu(-, s)|, exp {y/ |[Vu(s/, ~)|0ds’} lx —x'|"ds.
0 s

Here we use the fact that the backward particle trajectories satisfy

~1
W = —v(X_l(x, 1, 1)
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and hence, as in the derivation of bound (4.47),
t
VX', t =)o < exp{/ |Vu(s', -)Iods/]-
Dividing by |x — x/|” gives
t
lw(-, )], < lwoly exp {J// IVv(-,S)IodS}
0
t t
+/ lw - Vu(-, s)|, exp [)// [Vu(., s’)|0ds’} ds.
0 s
Here we use the fact that V, X ! satisfies
t
VX~ '(x,t—5)|p < exp[/ [Vu(s/, .)|0ds’].

Writing Q(s) = |Vu(, )|, we find that relation (4.52) implies that

t t t
lw(, )]y <|wol, exp {V/ Q(S)dS] + C/ O(s)|w (-, s)|, exp {7// Q(S’)ds/}d&

0 0 K
Multiplying both sides by exp[—y [, Q(s")ds'] yields
t
lw(-, )], exp [—V/ Q(S’)ds/]
0
t S
< |wol, + Co/ O()|w(, s)l, exp {—V/ Q(S’)dS’} ds,
0 0

so that |w(-, )], exp[—y fot 0(s")ds'] = G(¢) satisfies

G() < laol, + Co /0 0(5)G (s)ds.

and thus, by Gronwall’s lemma, satisfies

G (1) < |wol, exp {co / Q(S)ds],
0

which gives

lw(, D], = lwol, exp {(Co + V)/O |Vv(-,s)|0ds} O

4.3. Global Existence of 3D Axisymmetric Flows without Swirl

In Section 4.2 we proved that if for any 7' > 0 there exists M| > 0 such that

T
/ lw (-, D)lodt < My,
0
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then the solution v to the 3D Euler equation exists globally in time, v € C'
([0, 00); C?). In particular we concluded that the 2D flows exist globally in time
because |w (-, 1)|o < |wolo. Global existence of 2D solutions suggests that a 2D ge-
ometry can inhibit blowup of solutions to the 3D Euler equations. An example of this
is the class of 3D axisymmetric flows without swirl. Recall from Subsection 2.3.3
that v is an axisymmetric flow if

v =0"(r, x3, )e, + 07 (r, x3, )eg + v (r, x3, 1)es, (4.54)

where e, , ey, and e3 are the standard orthonormal unit vectors defining the cylindrical
coordinate system

e, = t(ﬂ,ﬂ,o), €p = I(Ea_ﬂvo)v €3 = t(O’O’ 1)’

r r r r

where r = (x74x2)!/2. These 3D flows depend on only two space coordinates, —r and
x3. The velocity v’ in the ey direction is called the swirl velocity. The corresponding
vorticity w = curl v is

1
w= —vf}er + ey + —(rv?),e3, (4.55)
; r

0

where 0” = vy, — v3. The general question of whether or not smooth axisymmetric

solutions in system (4.54) exist globally in time is still an open problem. Below we
identify a nontrivial class of flows without swirl (v? = 0) that exist globally in time.

Proposition 4.4. Let v € c'[o0, T); CI'V(]RS)}, 0 < vy < 1, be a 3D inviscid,
axisymmetric flow without swirl,

v =10"(r, x3, e, + 03 (r, x3, )es, (4.56)
with the corresponding vorticity w = curl v given by
w= (v, — v3)es = o’e. (4.57)

Assume that the initial vorticity o, satisfies

|wf (r, x3)| < cr, (4.58)

a)g (r, x3) has compact support. (4.59)

Then the solution v exists globally in time, v € C'([0, 00); CL7(RY).

Condition (4.58) actually follows from the smoothness of . Assumption (4.59)
is for simplicity of exposition.

Proof of Proposition 4.4. First we recall some properties of 3D inviscid, axisymmet-
ric flows without swirl, discussed in Subsection 2.3.3. For such flows the vorticity
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equation reduces to Eq. (2.58),
D £§=0 (4.60)
Dt” '

where £ = (?/r) and D/ Dt denotes the material derivative:

D 3 ,3 59

N + .
Dt ot ar 0x3

Thus & is conserved along particle trajectories.
We now show that for any T > 0 there exists M; > 0 such that

T
/ l? (-, )]odt < My,
0

so that by Theorem 4.3 we have the existence of a smooth solution X (¢, t) €
C'([0, 0o); B) globally in time.

First note that Eq. (4.60) implies that & = (w?/r) is conserved along particle
trajectories X («, t) = (X', X3). Hence

o (X(a.1),1)  of(@, )

| X" (e, 1) |o'|

Assumption (4.58) implies that
| (X (@, 1), )| < e X' (e, D). (4.61)

It suffices to show that | X’ («, t)| remains bounded on the support of a)g . This, however,
is a direct result of Lemma 4.5. Define R(t) to be the radius of the support of v. That
is, R(f) = SUPgequppa, | X (¢, 7). Lemma 4.5 states that if R(#)? is the 3D Lebesgue
measure of the support of w(?), then

(X (@, 1,1)] < RO, )lo.

The incompressibility of the velocity field and the fact that the support of the vorticity
is convected along particle paths implies that R(¢) is a constant, independent of time.
Combining this with relation (4.61) yields

(X (. 2,0)] < RO) sup |X'(@,1)].

aEsupp wy

The growth rate of R(¢) is thus bounded by

%IR(I)IS sup  [v(X(a,1),1)]

aEesupp wo
< cRO)|w (-, Do
< c|R(O)R(®).
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Gronwall’s lemma implies that R(¢) is a priori bounded by
R(t) < R(0)eROerr, (4.62)

Hence the vorticity remains a priori pointwise bounded on any time interval and hence
by Theorem 4.3 the solution exists globally in time. (]

Relation (4.62) coupled with relation (4.61) gives an exponential-in-time bound
for the growth of |w (-, t)]o. Even if the vorticity accumulates, it must do so in infinite
time. In Chap. 8 we obtain a superexponential growth-rate bound for the Lagrangian
tangent vector to a patch of constant vorticity that allows us to show, by using a similar
philosophy, that the vortex-patch boundary remains smooth for all time.

4.4. Higher Regularity

So far we have considered the existence and the uniqueness of solutions in the Banach
space:

B = {X : R® — R? such that |X|, , < oo}, (4.63)
where | - |1, is the norm defined by
X1,y = 1XO)] + Vo X|o + [V X],. (4.64)

In the above | - |o is the supremum or C° norm and | - |, is the Holder seminorm
defined by

X(a) — X
x|, = sup XD ZX@I (4.65)
a,a/eR3 |a - a/|}/
aFa’
Recall the simplified notation
X1y, = [Xlo + X1y, 0<y=L (4.66)

In this section we address the question of higher regularity, that is, given an initial
vorticity in the space wo(x) € C™7, what kind of regularity will the solution sustain
on its interval of existence? We show here that the same condition that controls the
|X|1,, norm of the particle trajectories controls higher derivatives as well.

Recall that the integrodifferential equation for the particle trajectories,

dX _ F(x
= @ =FX(a 1),
X(a, )]i=0 = a, (4.67)

where the nonlinear mapping F[X], defined by

F(X(a,t) = / Ki[X(a,t) — X (@', )]V X (@, Hwo(a)do', (4.68)
]R3
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is actually an ODE on a Banach space. F is an bounded, nonlinear, Lipschitz con-
tinuous operator on this Banach space. We now consider initial data in the class
wp € C™Y. We begin by defining a Banach space B,, that contains information about
higher derivatives.

As in Section 4.1, we define a norm for the particle-trajectory maps:

X1y = 1XO)] + ( x| |2 )
my = su — 0 s
s 2 \| 3% [y T B,
ak akl akN
ok axk | aak (4.69)

To prove higher regularity of solutions to the Euler equation, we show that wy € C™7
implies that F is locally Lipschitz continuous on the Banach space B,, defined with
the (4.69). Define the open set

1
on = {X 1 X € By inf det Vo X (o) > 5 and X, < M}. (4.70)
aeR

We have the following proposition.

Proposition 4.5. Let |wolu—1,, < 00and0 <y <1, m > 1. Let F : Oy — B,, be
defined by Eq. (4.68):

F(X(a,t)) = / Ki[X(a,t) — X (o, )]Ve X (&, Hawp(a')da'.
R3

Then F satisfies the assumptions of the Picard theorem, i.e., F is bounded and locally
Lipschitz continuous on OY.

The proof of this proposition is very similar to the proof of Proposition 4.2 from
Section 4.1. We present the main idea. First, note that the sets O}, are open by the
same argument as that in Proposition 4.1. To show that F is a bounded operator, we
need estimates for the higher derivatives of F'(X («, t)). We discuss the case m = 2.
Estimates of successive derivatives follow in a similar fashion. In order to do this, we
need to make sense of the derivative of a singular integral of the form

PV / Pyl — ) f(0)dy. @71

Differentiating the kernel Py produces an even more singular kernel. However, if f
is differentiable then

g(x) = / Ky(r — y)f()dy = / Kn(=y) f(x + )dv,

Vg(x) = /KN(—y)Vf(x +ydy = /KN(x -V fFfydy,

providing a nonsingular integral for Vg. We compute d,,Vg as in Proposition
Section 2.4.3

9, Vg(x) = PV / YKy — 1),V f()dy + ¢V £(x)
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where the principal-value integral converges, provided that V f is Holder continuous
with exponent y € (0, 1]. We apply this idea to F (X («, t)) and use the calculus
inequalities and potential theory estimates from Section 4.2. A straightforward repe-
tition of the arguments from Section 4.2 gives the following estimate.

Lemma 4.9. Let F be given by Eq. (4.68) with wy € C"~'Y. Then for all X € O,

[F(X G )y = CUXC Dlm—1,y l@olcrr 11X (@, D)lm,y - (4.72)

Lemma 4.9 provides two essential ingredients: first, that F' is a bounded operator
on O]y — B™; the second is that the bound on F depends linearly on the highest
norm. This is the key ingredient to show that higher derivatives are controlled by
lower ones.

For local existence, we need that F' is Lipschitz continuous on Oj; by showing
that, for X € O}y,

G (X)Y = / K3[X (o) — X (@)]Vo Y (@)wo(a@)de, (4.73)
R}

G200 = [ VKX @) ~ X@)I¥ @) ~ V(@)
X Vo X (@)oo (a)da' 4.74)
satisfy
1GL (Ol 1G2X)Y by < COD el ¥y

The proof is so similar to that of the first-order case that we leave it as an exercise for
the reader.

We now prove the higher-derivative version of Theorem 4.3 on the continuation of
solutions. We show that all higher derivatives are controlled by |w (-, t)]o-

Theorem 4.5. Beale—Kato—Majda for C™" Initial Data. Consider a compactly sup-
ported initial vorticity wy = curl vy, div vg = 0, with Holder norm ||wyl|,,, < o0 for
some y € (0, 1). Let |w(-, §)|o be the supremum norm at fixed time s of a solution to
the Euler equation, with initial data wy.

(i) Suppose that for any T > 0 there exists M| > 0 such that the vorticity w(x,t)
satisfies

T
/ lw (-, s)lods < Mj. 4.75)
0

Then, for any T there exists M > 0 such that X € C'([0, T); Oy) (the solution
X exists globally in time).

(ii) Suppose that for any M > 0 there is a finite maximal time T (M) of existence of
solutions X € CY{[0, T(M)); Oy} and that limy_,o T(M) = T* < oo; then



158 4 Particle-Trajectory Method for Solutions to the Euler Equation

necessarily the vorticity accumulates so rapidly that

t
li . = 0.
z}%/o lw(:, s)lods = 00

As in the case of Theorem 4.3 this result also holds for solutions on the backward
time interval (—77*, 0].

Proof of Theorem 4.5. The proof of this theorem is straightforward. We use an induc-
tion argument on the number of Lagrangian derivatives, m, of the particle trajectories
X (a, t). Recall from Theorem 4.4 that we can continue the solution to an autonomous
ODE on a Banach space as long as it remains in the open set Oj;. Hence we have
global existence of a solution in Bj; provided that the | - |, ,, norm of the particle-
trajectory map X (o, ¢t) remains bounded. We now use the fact that estimate (4.72)
depends linearly on the highest norm. Gronwall’s lemma combined with this bound
gives

d
ElX('at”m,y S |F[X('7t)]|m,y

= CUXC, Dlm—1,ys lwolm—1, 11X (0, D),y

t
|X('at)|m,y S |X(, 0)|m,y exp{/ C[|X('7s)m—l$ya |w0|m—l$y]ds}-
0

Hence, Gronwall’s lemma, Lemma 4.7, shows us that | X (-, ¢)],,,,, is a priori controlled
given a bound on | X (-, t)|—1,,. Because this fact holds for all m > 2, an induction
argument combined with Theorem 4.3 finishes the proof. (]

4.5. Appendixes for Chapter 4
4.5.1. Calculus Inequalities in the Holder Spaces

We review the definition of Holder continuity and prove the calculus inequalities
stated in Section 4.1.

Let €2 be an open, bounded domain in RY. The Holder space C 07 (©),0 < y <1,
is a subspace of C 9(Q) (continuous functions with the supremum norm, | - |p) of
functions X that satisfy the additional condition

| X () = X ()]
|X], = sup Tt
a0’ €Q

aFa’

oa—a'lY

| - |, is often referred to as the Holder seminorm. The full C 0.7 (€) norm is
X1, = 1Xlo + 1X1,.

The spaces C°($2) and C*” () are Banach spaces; hence all Cauchy sequences in
these spaces converge to an element of the space. The space C™7 (2) of m-times
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differentiable functions with Holder continuous derivatives has a norm
k

[flmy =1flo+ sup Ik

1<|k|<m

14

In the case in which the spatial domain €2 is unbounded, e.g., 2 = RY, the spaces
C™7(L2) contain bounded functions that cannot describe homeomorphisms like the
particle-trajectory maps, X (¢, ). In Section 4.1 we introduce the Banach space B
equipped with the norm

X1y = X O]+ [VaX]o + [V X]y, O0<y=1,

allowing functions X € B to map from R" onto R .
We restate and prove some calculus inequalities of these Holder spaces. We begin
with calculus inequalities for products of functions.

Lemma4.1. LetX,Y : RY — RN be smooth, bounded functions. Then fory € (0, 1)
there exists ¢ > 0 such that

XY, < IIXllolY1l, + X1, I¥lo. (4.76)

XY, <clXly 1Y, 4.77)

Proof of Lemma 4.1. If X, Y € C%7, the definition of the Holder seminorm | - |,
implies that

X (@)Y (@) = X (@)Y (@) < [Y(@)] X () — X ()| + [X ()] ¥ (e) — Y ()]
< la—a'|” {IY]olX], + Xl 1Yy}

so that
XY, <|Xlo Y], +|Xly |Ylo.

The fact that | XY |y < |X]|o |Y |o is obvious. ]

Lemma 4.2. Let X : RY — RY be a smooth, invertible transformation with
|det Vo X ()| = ¢ > 0.
Then for 0 < y < 1 there exists ¢ > 0 such that
1(VaX) 'l < el Va XV, (4.78)
X1y < el XY (4.79)
Proof of Lemma 4.2. Because the function X is globally invertible, by differentiating
the identity X ~![X (a)] = a we get | = V, X~ (x)V, X (), so

_ ColVeX(@)]

-1 _ -1 T = o -
VaX ) = VeX @O = 05X
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where Co(V, X) denotes the cofactor matrix of V, X. Estimate (4.77) implies that
(Ve X)) < 1Co(VaX) |y |l det[ Ve X ()17,
< | VaXIEN,
and likewise

—1 2N—1
X1y < el XN 0

Lemma 4.3. Let X : RY — RY be an invertible transformation with
|det VX ()] = ¢; >0,

and let f : RY — RM be a smooth function. Then for 0 < y < 1 the composition
foXand foX ! satisfies

1f o Xly < 11, IV X}, (4.80)
IfoXlly < 11y (14 1X17,). (4.81)
Lf o X7 < IFl, [1+e xSV (4.82)

Proof of Lemma 4.3. For all @ # o, the mean-value theorem implies that

| f o X(a) = foX()

|X((x)—X(o[’)|V |X(Ot) —X(a/)|}/

f o X(@) — foX(@)] =

X)— (X’ 4
< sup 'f()f()'{ sup |%X[oz+s(a/—a)]|} o — ]
X, X'eR3 |X - X |y s€[0,1]
X#X'

<1 flyIVaXI§lo — oIV,
so that
If o Xly < 1f1y IVeXIl.

Moreover, | f o X|o = | fo; hence

I1foXlly < IfIy(L+I1XI7,).

Finally, estimate (4.79) implies that

If o X7y < UFIy (L 1XT,) <IN [+ el X TSYD]. m

4.5.2. Potential Theory Estimates in the Holder Spaces

We prove the potential theory estimates from Section 4.2.
Let Ky be the integral operator defined by

Knfw = [ Knt =) f0d. (483



4.5 Appendixes for Chapter 4 161
where the kernel Ky is smooth outside x = 0 and homogeneous of degree 1 — N:
KyOx) =2A"NEy(x), Vi>0, x#0. (4.84)
The kernel Py = VK is homogeneous of degree —N:
Py(Ax) = A7V Py(x), VA > 0,x #0. (4.85)

Py has mean-value zero on the unit sphere,
/|—1 Pyds =0, (4.86)
and defines the principal-value SIO Py:
Puf) =PV [ Pye = fdy. (487)

First we show that the operator Ky is linear and bounded in the space C° of
continuous functions. That is, we have Lemma 4.5.

Lemma 4.5. Let Ky satisfy Egs. (4.83) and (4.84). Consider f € C?(RY;RY),

0 < y < 1 with compact support, where m(supp f) = my < oo. Define the length
scale R by RN = m . Then there exists a constant c independent of f and R so that

|Kn flo < ¢RI flo. (4.88)

Proof of Lemma 4.5. We split the intergal up into two parts:

[Kn f ()] =

/ Kn(x — y)f(y)dy‘ + ’ / Ky(x — ) f()dy
[x=y|<R [x—y|>R

1 _
= Cl|f|0/ —7dx + el floR Nlm g
<R 1%
= cRl|flo

The last step uses the fact that m(supp f) =m; = R". (|

The above estimates were made simple by the fact that K is not a singular kernel.
That is, it is contained in LlloC (RY). When the kernel is singular, as in the case of
Py (x) = VKy(x), we need to use the special cancellation properties of the kernel to
derive useful potential theory estimates. If f isin C§° (RY), the Calderon—Zygmund

inequality gives
[P fllr < cpll fller, I <p<oo.

Hence Py is a linear, bounded (thus continuous) operator on the spaces of L7,
1 < p < oo, integrable functions. For p = oo this estimate is not valid. We dis-
cuss this case in greater detail in Chap. 6 when we introduce weak L solution to
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the vorticity-stream form. In this chapter we make use of the fact that, as in the case
of the L? spaces for 1 < p < oo, SIOs are bounded on the Holder spaces C%? with
the exponent 0 < y < 1.

Lemma 4.6. Let f, v, and R satisfy the assumptions of Lemma 4.5. Let the SIO Py

satisfy Eqs. (4.85)—(4.87). Then there exists a constant c, independent of R and f so
that

R
Py fllo < C{IfIyGV + max (1, In E) ||f||o}, Ve >0, (4.89)

[Py fly =<clfly. (4.90)

The above potential theory estimates for singular kernels are not valid on the
Lipschitz spaces, i.e., for y = 1.

Proof of Lemma 4.6. First split the integration over R as
Pyf(x) = (Pv [+ )Pm — SOy = 1) + B).
lx—yl<e |x—ylze
Using the cancellation property for the kernel Py,

/ PN ds = O,
[x]=1

rewrite the first integral, I, as
) =PV [ Py ) = fC0Ndy,
lyl=e

Hence

[f(x —y)— f(x)]
[yl¥

L)l 5/ Py )| Iyl dy
lyl<e

< CIfIy/ V"N dy < c|fl €, O0<y<l1. (491
|y|=2e

The Holder continuity of f gives the factor |y|” that compensates for the singularity
|y|~" of the kernel Py.
The second integral, I, satisfies

|12 (x)] S/R - IPN(x—y)f(y)Ider/R |Pn(x = y) f(V)|dy

<lx—y|
<clfloln(R/€) + cR™™|flom
<clflo(n(R/e) + 1).
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The above estimates imply the sharp potential theory estimate (4.89):

R
|PNf|0§c{|f|yey+maX(1,ln€>|f|0}, e > 0.

We prove potential theory estimate (4.90). The Holder continuity of f with the
exponent y € (0, 1) is essential for the proof. Write Py f(x) — Py f(x + h) as

PV / Py(x = MLF () = F(1dy — PV / Py(x +h = NI +1) — FOIdy
=PV A_KM Py(x —y)Lf(x) — f(y)]dy
_pv /| L PR =L = £l
+PV /| L DY@ = S0 iy

+ Pv/| TP =) = Bl b= I )y
xX—y|=
— )+ Q)+ 3+ @),

Clearly |(1)], [(2)| < C,|f|,h", as in the derivation of relation (4.91) above. (3)
is zero because of the cancellation property of Py. Also, we have

C
x—y|>

In the last estimate, we use the mean-value theorem. That is, for [x — y| > 2h,
|x +h — y| > h, and thus

|Py(x —y) — Py(x +h—y)| < sup |[VPy(x —y +&R)||A| < chlx —y| ™V,
0<é<1
because

1 3
Elx—ylS—h+|x—ylflx—y+$(h)|Sh+|x—yISq7|x—y|,

and by the homogeneity of Py, |[VPy(x)| < c|x|~¥~!. The above estimates imply
that, for all x and £,

|Pyf(x) = Py f(x +h)| < clfly|h],
and hence, by the definition of | - |,,,

|Pnfly <clfly, 0<y <l 0
Finally we derive the estimate used in the proof of Proposition 4.2. Recall that

1
Oy = {X eB: inf}detVaX(oc) > 3 and | X|;, < M},
aeR
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where

X1y = 1XO)] + Vo X]ly, 0<y <l
‘We must show the following lemma.

Lemma 4.10. Let the smooth vorticity wy have the support of a bounded measure and
let ||woll, < oo for some 0 <y < 1. Given X,Y € Oy, define

Gr(X)Y = / VEK;3[X (o) — X (@)Y (@) — Y(@)]Ve X (@) o )de'  (4.92)
R?

Then there exists ¢ > 0, independent of the particular choice of X and Y, such that
1G2(X)Y |1,y < c(MD)laolly 1Y |1,y - (4.93)

Proof of Lemma 4.10. Although the kernel VK3 is homogeneous of degree —3,
Eq. (4.92) is not a singular integral because the term Y () — ¥ (') kills the singularity
of VK3

The estimate of |G,(X)Y|o follows in a similar fashion as that of |K3f|p in
Lemma 4.5. The set Oy, consists of 1-1 and onto functions; the change of variables
X '(x) = a gives

GZ(X)YoX"(x)z/ VEK3;(x —x )Y (X ') =Y (X' (X)) f(xdx', (4.94)
R3

where
f&) = Vo X (@)oo(@)|a=x-1() det V. X (x). (4.95)

Splitting the integration over R" into two parts yields
Gr(X)Y o X ' (x)

= ( / Lt /| o )vmx — Y1 0] = YIXT GO ()

=+ b. i i
The mean-value theorem implies that

YIXT' ] = YIXT GO < 1(VaY 0 XTHVX " olx = x'].

Because |VK3(x)| < c|x| 73,

il = cl(VaYoX“>VXX‘1|o|f|o/ e — /|y

lx—x'|<1

< c|(VoY o X HV X ol flo-
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The second term, I, satisfies

|L] < cl(VeY o X HV X ol flo / lx — '] dx!
x'esupp f

< (VoY o XTHV X ol £l

because the vorticity has the support of a bounded measure. The proof of Proposi-
tion 4.2 implies that

£y < cM)llwolly - (4.96)
Inequalities (4.76)—(4.82) yield

1G2(X)Y [0 < c(M)leolly IVaY Il (141X, ) Ve X
< c(M)llwolly Y1y (4.97)

An estimate of the Holder norm of VG,(X)Y first requires a calculation of the
distribution derivative of H(x) = G,(X)Y o X~ !(x). Recall from Chap. 2 that the
distribution derivative 9y, of f is the linear functional d,, f defined operationally by
the formula

Ox f> ©)o = = (f, 35, @)o forall g € C5°(RY).

Rewrite H(x) as

H(x) :/ R(x, x") f(x")dx'
R3
R(x,x") = VK3(x — x)Y[X ()] = Y[X ' (x)]).

As in the proof of proposition 2.[ ], we compute the distribution derivative of the
kernel R(x + x’, x”). Note that R has the property

lim R(x, x + ha)hV ! = V, Y[ X () V. X" (x)c(a).
Thus

(=09, R(x +x',x")) = —/ax,.(p(x)R(x +x', xdx

= —lim 3. o(X)R(x + x', x")dx
. () R( )

= lim ©(x)0y, R(x + x’, x")dx
N0 Jjx)ze

+ lim @@)R(x +x',x) (xi)ds

NO Sy |=¢ x|

= PV/ga(x)axiR(x +x', xdx

+ Vo Y (X)) Vo X (x)ei9(0).
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This formula implies that the distribution derivative of H (x) is
3y H(x) = PV / 0y VK3 (x — XY (X7 (0) = Y (X' D1 f (N’
R3

+PV/ VK3 (x — x)Vo Y [X (0018, X' (x) f (x")dx’
R3

+ Vo YIX 'OV X () e £ (x)
=7+ T+ Ts.

To estimate the Holder norm of H(x), repeat the arguments from the proof of
Lemma 4.6 for a kernel of the type V, R(x, x’).
The result is

105, G2(X)Y [l < cl[(VaY 0 X)V X, £,
Combining this with estimates (4.96) and (4.97) gives

1G2(X)Y 1,y < c(M)llwolly Y1,y - O

Notes for Chapter 4

This chapter is designed to be self-contained so that a student unfamiliar with SIOs and ODEs
on abstract spaces will be able to follow the arguments. We recommend several good texts for
those who wish to augment their background.

The theory of ODEs in R" has several classical texts, including Hartman (1982) and Cod-
dington and Levinson (1955). Both references contain a discussion of Gronwall’s lemma.
Hartman has a discussion of the Picard theorem on a Banach space in Chap. XX. Ladas and
Lakshmikamtham (1972) have a comprehensive treatment of evolution equations on a Banach
spaces including continuation properties of such solutions. The subject of singular integrals
on Holder spaces is classical. References include Mikhlin and Prossdorf (1986), Stein (1970),
and Torchinsky (1986). The Calderon—Zygmund (1952) theorem is a fundamental result in
harmonic analysis. Detailed discussion of the space BMO can be found in Chap. 6 and in John
and Nirenberg (1961), Stein (1967), and Torchinsky (1986).

The continuation result in Theorem 4.3, which is true for initial data satisfying f w0 0) 2
dx < 00, is due to Beale et al. (1984). The proof we present here is similar to arguments in
Bertozzi and Constantin (1993) for the related problem of the regularity of the boundary of a
vortex patch. We discuss vortex patches in detail in Chap. 8. A simple proof of Proposition 4.4 for
axisymmetric flows without swirl was given by Majda (1986). Without potential theory estimate
(4.34) from Lemma 4.5 he proved global existence by assuming fixed sign of the vorticity and
by using the fact that the fluid impulse of Eq. (1.68) in Proposition 1.12, Iy = % w X Xwdx,
is conserved for all time. For axisymmetric flows without a swirl, this yields

/ 3 x|’ (x, t)dx = / 3 |x|wh) (x)dx, (4.98)
R R

where x' = (x1, x3).
It is still not known whether solutions to 3D Euler can develop singularities in finite time.
Constantin et al. (1985) showed that such singularities are possible for a simple 1D model.
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Recent results show that Euler singularities, if they occur, must be accompanied by the gen-
eration of an arbitrarily small-scale geometric structure (work by P. Constantin, C. Fefferman,
and A. Majda). There is much numerical work on this subject with conflicting results. Some
references are Bell and Marcus (1992), Kerr (1993), and Pumir and Siggia (1992). An excellent
review article discussing singularities in Euler is Majda (1986).
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The Search for Singular Solutions
to the 3-D Euler Equations

An important unsolved research problem for incompressible flow and the current
attempts to make progress on this problem are the main focus of this chapter. These
attempts involve the interaction of ideas from mathematical analysis, large-scale com-
putation, and qualitative modeling, and we demonstrate this multifaceted approach
here. Next we precisely state this outstanding problem.

Consider smooth solutions of the 3D Euler equations with finite energy,

Dv _ vy
pr . P
divv =0,
V=0 = vo, 5.D

where (D/Dt) = [(3/dt) + v - V]. If vy is smooth enough, i.e., vy belongs to the
Sobolev space H*, with s > 3 in either all of space or the periodic setting, then
the mathematical theory from Chap. 3 guarantees the existence of smooth solutions
on some maximal interval [0, T,) as well as several equivalent characterizations of
this maximal interval of existence. The main topic here is the following outstanding
unsolved problem:

Are there smooth solutions with finite energy of the 3D Euler

equations that develop singularities in a finite time? More

precisely, are there smooth initial data in the Sobolev space 5.2)
H*,s > 3, in all of space or in the periodic setting so that the

maximal interval of smooth existence, [0, T.), is finite, i.e.,

T, < o0?

One of the basic results in Chap. 3 is a precise characterization of the maximal
interval of existence of a smooth solution in terms of the accumulation of vorticity.
We recall the following fact: [0, T,) with T, < oo is a maximal interval of smooth
existence for the 3D Euler equations for smooth initial data with finite energy if and
only if the vorticity w = curl v accumulates so rapidly that

T
/ max |w(x, s)|ds — oo (5.3)
0 X
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5 Singular Solutions to the 3D Euler Equations 169

as T approaches T,. We also recall that the vorticity satisfies the equation

Dw
Dr = D(w)w 5.4

where D(w) is the symmetric, traceless, 3 x 3 deformation or rate-of-strain matrix

given by
1 [/ dv; av;
D=(D;)= |- A I 5.5
Bij) [2<axj+axi)} (5:3)

Thus, from criterion (5.3) and Egs. (5.4) and (5.5), we see that the search for sin-
gular solutions to the 3D Euler equations involves the quantitative understanding of
the creation of extremely large values of vorticity by means of the nonlinear vortex-
amplification process. As we indicate through the numerous references discussed
below, the search for singular solutions for the 3D Euler equations is a much studied
and important topic in the physics and engineering communities, precisely because
it involves the fundamental mechanism of nonlinear intensification of vorticity as
well as the generation of small scales in turbulent fluid flows at very high Reynolds
numbers. On the other hand, such problems are extremely difficult because the nu-
merous examples from Chap. 2 involving exact solutions indicate that the growth of
vorticity in time is a ubiquitous phenomena in smooth nonsingular solutions of the
3D Euler equations. Therefore, in an evolving smooth solution with a sea of actively
growing interacting regimes of vorticity, we must decide whether there is merely a
huge growth of vorticity or actually that criterion (5.3) is satisfied and a finite-time
singularity develops. This is a grand challenge for both numerical methods and math-
ematical theory that remains unsolved at the present time. Nevertheless, the alliance
of mathematical theory and careful numerical computations in the attempt to solve
this outstanding problem has substantially increased the current knowledge regarding
nonlinear accumulation of vorticity and generation of small scales. Next we outline
the remaining contents of this chapter.

In Section 5.1, we discuss both various intuitive mathematical criteria that are
equivalent to criterion (5.3) and the use of these criteria in recent numerical simula-
tions of the Euler equations, regarding problem (5.2) as an important diagnostic in
monitoring the numerical simulations in a self-consistent fashion. With the subtle and
novel issues regarding potential singular solutions for the 3D Euler equations, it is
very natural to develop simpler analog models that retain some of the features of the
3D Euler equations in a simpler and more transparent context.

In Section 5.2 we introduce and study such a model in a single-space dimension,
and we discuss a simpler analog model in two-space dimensions in Section 5.3 in-
volving a surface quasi-geostrophic flow. In this context, there is an important recent
connection between specific geometric configurations and nonlinear intensification
that we develop briefly in the analog problem; we also indicate the current general-
izations for the 3D Euler equations. We believe that this interplay between geometric
configurations and nonlinearity is an important direction for further research.

In Section 5.4, we discuss the search for singular solutions within the special context
of 3D axisymmetric flows with the swirl described earlier in Chap. 2 as well as another
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related analog problem involving the 2D Boussinesq equations for a variable-density
flow. Finally, in Section 5.5 we briefly discuss further possible research directions.

5.1. The Interplay between Mathematical Theory and Numerical
Computations in the Search for Singular Solutions

It is obviously interesting to provide alternative equivalent conditions to the accu-
mulation of vorticity in criterion (5.3) through other physical quantities as all of
these conditions provide self-consistent checks for any numerical computation that
is searching for potentially singular solutions. We discuss these conditions next.

Besides the vorticity w, we might naturally conjecture that the symmetric part of the
deformation matrix D from Eq. (5.5) also controls the potential formation of singular
solutions. In fact, we will see below that a more subtle and natural physical quantity
related to the deformation matrix controls potential singularity formation.

To introduce this quantity, we calculate how the length of a vortex line changes in
time. Recall from Section 1.6 that, by definition, the vorticity is tangent to a vortex
line and vortex lines move with the fluid for inviscid flow. Thus the evolving length
of a piece of a vortex line is given by

s
L) = / lo|[X(a(s), 1), t]ds, (5.6)
S0
where a(s), so < s < 51, parameterizes the vortex line at t = 0. We have
dL(1) )
= —|w|[X 1), tlds. 5.7
yr /SO dtlwl[ (als), 1), r]lds (5.7

Using Eq. (5.4), we easily calculate the identity
d
EIwI(X(a, N, 1) =S8X(a, 1), Hlw|(X(a, 1), 1), (5.8)

where the vortex-line-stretching factor S(x, ¢) is defined through the deformation
matrix D and the direction of vorticity, ¢ = (w/|w|), by

DE-€ £#0

0. £=0° (5.9)

S(x, 1) ={

From Egs. (5.6)—(5.8), we see that the infinitesimal length of all vortex lines will
remain bounded as ¢ /' T with T < oo, provided that

T
max S(x, t)dt < 00 (5.10)

0 xeR?

and furthermore, from identity (5.8),

T
lo(X(a, 1), t)| < exp [/ mEIleXS(X’ t)dt} |wo ()| (5.11)
0 Xe 3

for any o € R.



5.1 Interplay between Mathematical Theory 171

Thus we anticipate that the infinitesimal vortex-line-stretching factor S(x, f) from
Eq. (5.9) controls potential singularity formation. In fact, we have the following
theorem.

Theorem 5.1. Equivalent Physical Conditions for Potential Singular Solutions. The
following conditions are equivalent:

(1) The time interval, [0, T,) with T, < oo is a maximal interval of smooth H*
existence for the 3D Euler equations.
(2) The vorticity w accumulates so rapidly in time that

t
/ |w|p~(s)ds — oo as t /T,
0

(3) The deformation matrix D accumulates so rapidly in time that

t
/ |D|p=(s)ds — o0 as t ] T.
0

(4) The stretching factor S(X, t) defined in Eq. (5.9) accumulates so rapidly in time
that

t
/ {maxS(x, s)}ds 00 as t ) T,.
0 LxeRr3
Proof of Theorem 5.1. Recall from Chap. 3 that [0, T,) with T, < oo is a maximal
interval of H* existence for s > (N/2) + 1 if and only if ||v(¢)||y = oo ast / T,.
From Chap. 3 we already know that condition (1) is equivalent to condition (2). The
logic of our proof is as follows: First, we show that the negation of condition (1)
implies that negation of condition (3) that implies the negation of condition (4). This
step is extremely easy because

mﬁlleXS(X, 1) < D)1= < CIVu(t)|L=
XeR?
< G3||Vulls—1(1) < Csllvlls(@). (5.12)

We conclude the proof by establishing that the negation of condition (4) guarantees
the negation of condition (2), which is equivalent to the negation of condition (1).
This is an immediate consequence of relation (5.11), which yields

T
max |w(t)|r~ < exp [/ max S(x, t)dt} |wo| L, (5.13)
0<t<T 0 XeER?

and this concludes the proof. U

Direct numerical simulation is an obvious strategy to gain insight into the issues
of potential singularity formation for the 3D Euler equations. However, this is a very
subtle undertaking because an artificial blowup might occur as a purely numerical
artifact or, conversely, numerical viscosity or smoothing might prevent the detection
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of a physical singularity. These are especially subtle issues for the 3D Euler equa-
tions because typical solutions always have amplifying vorticity, and sufficiently rapid
accumulation of vorticity controls the potential singularity formation. Theorem 5.1
provides several physically interesting and easily implemented diagnostic quantities
to monitor in direct numerical simulations. In this fashion, mathematical theory pro-
vides several self-consistent checks on potential candidate singular solutions from
numerical simulation. The first author (Majda, 1991) has advocated such an approach
for many years since the first results of Beale et al. (1984).

5.1.1. The Search for Potential Singularities Through Direct
Numerical Simulation

Here we briefly mention some of the numerical computations for the full 3D Euler
equations without special symmetries that yield insight into the nonlinear amplifica-
tion of vorticity and potential singular solutions.

Historically, the first candidate proposed for a singular solution for the 3D Euler
equations was the Taylor—Green vortex, which arises in periodic geometry from the
single-mode velocity field, v = (vy, v2, v3), with

V] = sinx cos y cos z,
vy = —COS X Sin y €OS Z, (5.14)

U3:O.

Green and Taylor (1937) proposed a finite-time singularity for this initial data on
the basis of calculating several successive terms of the Taylor series in time of the
solution that seemed to diverge. Brachet et al. (1983) utilized pseudospectral methods
in a direct numerical solution of 3D Euler equations with the Taylor—Green initial
data and compared their results with a Padé approximation procedure borrowed from
condensed-matter physics and predicted a singularity at early times. Brachet (1991)
subsequently studied the Taylor—Green vortex for much longer times and systemat-
ically monitored the accumulation of vorticity condition (2) from Theorem 5.1. In
fact, he found no evidence for singularities at the early times claimed by Brachet et al.
(1983), and in fact the maximum vorticity amplified by only a factor of 4 compared
with the initial vorticity at the previously conjectured singularity time (Brachet, pri-
vate communication)!! This weak amplification of vorticity occurs despite the fact
that there is a complex structure developing in the evolving solution. The above
discussion provides a simple way in which mathematical criteria such as those in
Theorem 5.1 can constrain the interpretation of potential singular solutions through
numerical procedures. Chorin (1982) developed another interesting early study of the
amplification of vorticity by means of numerical vortex methods (see Chap. 6).

In the authors’ opinion, the most significant direct simulation with insight into
potential singularities for 3D Euler equations is due to Kerr (1993). There have been
many other attempts at direct numerical simulation of singularities for 3D Euler
equations over the past many years that we do not list here [the interested reader can
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consult the bibliographies of Majda (1991) and Kerr (1993), as well as more recent
issues of Physics of Fluids and Journal of Fluid Mechanics]. Kerr considers suitable
perturbations of the antiparallel vortex pair in periodic geometry as the initial data.
Kerr systematically monitors all the mathematical conditions in Theorem 5.1 for a
potential singularity and uses pseudospectral methods at a resolution that utilizes
the full capacity of the largest available supercomputers. Numerical evolution of
the mathematical diagnostics leads to a potential numerical singularity in the 3D
Euler equations with a complex geometric structure involving highly anisotropic
layers of intense vorticity peaking in a symmetric conical fashion (see Kerr, 1993).
Nevertheless, numerical resolution necessarily limits the amplification of vorticity to
a factor of only 20 times the initial data and the potential singularity is conjectured
by extrapolating both the physical structure and the trends in the solution utilizing the
mathematical diagnostics. Deciding whether the interaction of this highly anisotropic
geometric structure of vorticity eventually leads to the depletion of nonlinearity and
prevents singularity formation, as we discuss later in Sections 5.3 and 5.5 in simpler
analytic-geometric contexts, is a fundamental open problem.

5.2. A Simple 1D Model for the 3D Vorticity Equation

In Section 2.3 of Chap. 2, we have seen that 3D Euler equations (5.1) can be refor-
mulated in terms of the quadratic nonlinear equation for vorticity in Eq. (5.4) with
nontrivial vortex stretching that involves the product of the deformation matrix and the
vorticity. This interaction is nonlocal and quadratically nonlinear in the vorticity be-
cause the deformation matrix is determined from the vorticity by convolution through
a matrix-valued strongly singular integral. This formulation suggests an instructive
qualitative 1D model (Constantin et al., 1985), which we present and analyze here.

The operator relating o to Dw is a linear SIO that commutes with translation, i.e.,
it is given by the convolution of @ with a kernel homogeneous of degree —3 and with
a mean value on the unit sphere equal to zero. In the one-space dimension, there is
only one such operator, the Hilbert transform,

H(w) = lPV/ )4y, (5.15)
b4 x =y

The quadratic term H (w)w is a scalar 1D analog of the vortex-stretching term D(w)w.
We replace the convective derivative D/ Dt with d/9¢ in order to have a 1D incom-
pressible flow and arrive at the model vorticity equation:

Jw
ot
w(x,0)

H(w)w,

o (x). (5.16)

For the Euler equations, the velocity is determined from the vorticity by convolution
with a mildly singular kernel, homogeneous of degree 1 — N, and the analog of the
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velocity for the model is defined within a constant by such a convolution, i.e.,

v = /X w(y, t)dy. 5.17)

Because the Hilbert transform is a skew-symmetric operator,
[o¢]
/ H(w)wdy = (Hw,w) = 0.
—00

Integrating Eqs. (5.16) with respect to y on R shows then that all smooth solutions of
Eqgs. (5.16) that decay sufficiently rapidly as |y| — oo satisfy for all ¢

d o0
— ,Hdy = 0. 5.18
dt[mw@ )dy (5.18)

Thus, if wp(x) is the derivative of a function vanishing for |x| — 0o, smooth solutions
of Egs. (5.16) also retain this property for ¢ > 0. Many studies for the Euler equations
concentrate on periodic fluid flow; there is an obvious analog of the Hilbert transform
in Eq. (5.15) on the circle and the periodic model vorticity equation can be defined
as in Egs. (5.16). In this case, the mean of w per period is conserved and v is defined
unambiguously by

v = /x w(y, t)dy

Xo

provided that the initial data wy(x) satisfies

Xo+p
/ wo(y)dy =0

Xo

where p is the period.

5.2.1. Integration of the Model Vorticity Equation and Explicit
Breakdown of Solutions

The nonlinear equation in Eqgs. (5.16) is well posed in many standard function spaces,
for example, H'(R), the Sobolev space of functions that are square integrable with a
square-integrable first derivative. The local existence and uniqueness follow from the
fact that H'(R) is a Banach algebra of continuous functions and the Hilbert transform
maps H'(R) continuously onto itself so that, as in Chap. 4, standard existence and
uniqueness results for Lipschitz nonlinear ODEs in Banach space apply. We have the
following explicit solution formula for the model equation in Egs. (5.16).

Theorem 5.2. Suppose that wy(x) is a smooth function decaying sufficiently rapidly
as |x| = oo [wy € H'(R) suffices]. Then the solution to the model vorticity equation
in Egs. (5.16) is given explicitly by

4wy (x)
(2 —tHw(x))? + 12w (x)

w(x,t) = (5.19)
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Remark: The proof also provides an explicit expression for H (w):

2Hawy(x)(2 — tHwp(x)) — 2tw}(x)
(2 — tHawy(x))? + 12w} (x)

(Ho)(x,t) = (5.20)

Formula (5.19) immediately yields the following corollary.

Corollary 5.1. Breakdown of Smooth Solutions for the Model Vorticity Equation. The
smooth solution to the differential equation in Egs. (5.16) blows up in finite time if
and only if the set Z, defined by

Z = {x|wo(x) = 0 and Hwy(x) > 0}, 5.21)

is not empty. In this case, w(x, t) becomes infinite as t 1 T, where the blowup time
is given explicitly by T = 2/M with M = sup{H wg)+ (x)|wo(x) = 0}.

Proof of Theorem 5.2. To display the generality of the proof, we use the following
identities for the Hilbert transform on the line and discuss their proof later:

H(HS) = f, (5.22a)
H(fg) = fHg +gHf + H(Hf - Hg). (5.22b)

From these identities it follows that
1
H(fH) =5 [(H)? = f7]. (5.23)

By applying H to the model vorticity equation and using Eq. (5.23), we obtain an
equation satisfied by (Hw)(x, t):

a 1 ) )
5Hw =5 [(Hw)” — o’] . (5.24)
We introduce the quantity
z(x,t) =Ho(x,t) +io(x,t), (5.25)

and by combining Eqs. (5.16) and (5.24), we see that z(x, t) satisfies the local equation

0z 1,
—(x,t) == t 5.26
at(x ) 52 (x, 1) (5.26)
with the explicit solution
Zo(x
z(x, 1) = #. 5.27)
1 - Lrz0x)

Formulas (5.19) and (5.20) are the real and the imaginary parts of Egs. (5.27), respec-
tively.

Formula (5.27) defines z(x, t) as an analytic function in Im x < 0. Itis well known
that the Hilbert transform on the line can be interpreted in terms of complex-valued
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functions z on the real axis, which are boundary values of analytic functions in the
lower half-plane that tend to zero sufficiently fast at infinity. The Hilbert transform
relates the imaginary part of such a function to its real part on the real axis. Thus a
function of the form

z=Ho+iw

is always the boundary value of a function analytic in the lower half-plane. Identity
(5.22a) is then merely the observation that if z is analytic in the lower half-plane,
so is iz. Identity (5.22b) is the observation that if z and w are analytic in the lower
half-plane, so is their product, z - w. Equation (5.16) is then the imaginary part of
Eq. (5.26); by analyticity Eq. (5.26) holds. O

Next, we give an instructive explicit example in the 27 periodic case.

Example 5.1. We choose wg(x) = cos(x) so that H[wy(x)] = sin(x) and compute
that

cos(x)
1412 —2¢sin(x)’

w(x,2t) =
. (5.28)
v(x, 21) =/ o', 2)dx" = (2t) ' log[1 + t* — 2t sin(x)].
0

In this specific example, the breakdown timeis 7 = 2 and,ast ' T, w(x, t) develops
a nonintegrable local singularity like 1/x near x = 0. There are two interesting facets
to this breakdown process. First,

/Tr lo(x,)Pdx oo as t AT (5.29)

-7

for any fixed p with 1 < p < +o0. Also, there are finite constants M, such that

T
/ [v(x,)|Pdx < M), as t /T (5.30)
for any p with 1 < p < oo. In particular, the kinetic energy of v remains uniformly
bounded as ¢ approaches the breakdown time 7. The behavior in the above example
is typical for solutions of the model vorticity equation as the following corollary of
Theorem 5.2 indicates.

Corollary 5.2. Given the initial data wo(x) for the model vorticity equation, assume
that the points xo with wo(xg) = 0 and defining the breakdown time T are simple
zeros of wo(x). Then ast /' T, where T is the breakdown time, w(x,t) and v(x, t)
have the same properties as given in expressions (5.29) and (5.30)

We omit the proof because it is a straightforward but tedious calculation that uses
the explicit solution formulas. It is easy to show that, if the initial data wy satisfy the
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assumption of Corollary 5.2, then, for T < t < T + 7, where T is the breakdown
time and 7 is small enough, the analytic function

1
1-— EIZO(.X)

has a zero in the lower half-plane Im x < 0. Thus for such ¢ the function z(x, ¢)
defined by Eq. (5.27) has a pole in the lower half-plane, and therefore its imaginary
part, given by formula (5.19), is not related to its real part by the Hilbert transform.
In particular, for such ¢, formula (5.20) does not hold and therefore w(x, ¢) as given
in formula (5.19) does not continue the solution of (5.16) for T <t < T + 7.

5.3. A 2D Model for Potential Singularity Formation in 3D Euler Equations

There is a set of nonlocal quadratically nonlinear equations in two-space dimensions,
the 2D quasi-geostrophic (QG) active scalar, with a strikingly powerful analogy to
3D Euler equations (5.1) (Constantin et al., 1994). These equations are given by

Do 90
D9 _ 9% ve=0 531
Dr a9 TV (5.31)

where the 2D velocity, v = (vi, v), is determined from € by a stream function

(1, 12) = (—8‘” 8"’) =Vty, (5.32)

3)(?2 ’ 8x1
and the stream function 1 satisfies
(—A) 2y = —6. (5.33)

Thus the stream function  is recovered from the scalar 6 by the formula

1
Y= —/ —O0(x +y,t)dy. (5.34)
&1yl

5.3.1. Analogies between the 2D QG Active Scalar and the 3D Euler Equations

We begin our list of physical, geometric, and analytic analogies between the 2D QG
active scalars in Eqs. (5.31)—(5.33) and the 3D Euler equations in vorticity-stream
form from Eq. (5.4) by introducing

V40 ='(—6,,,6,). (5.35)

We claim that the vector field V16 has a role for the 2D QG active scalar equations
that is completely analogous to the vorticity in 3D incompressible fluid flow, i.e.,

V919 « w. (5.36)
By differentiating Eq. (5.31), we obtain the evolution equation for V6 given by

DV-+6

o = (Vv)V+o (5.37)
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with (D/Dt) = [(0/0t) +v-V]andv = V4 so that div v = 0. With identification
(5.36), evolution equation (5.37) for v+o clearly has a similar superficial structure
resembling the equation for vorticity in the 3D Euler equation from Eq. (5.4). Next we
show that this analogy extends considerably beyond this superficial level to detailed
geometric and analytic properties of solutions.

The Geometric Analogy of Level Sets with Vortex Lines

From Eq. (5.31) it follows that the level sets, & = constant, move with the fluid flow
and that V@ is tangent to these level sets; these facts are analogs for the 2D QG
active scalar of the well-known facts for 3D incompressible fluid flow established in
Chap. 1 that the vorticity, by definition, is tangent to vortex lines and vortex lines
move with the fluid. Thus

for the 2D QG active scalar, the level sets of

. . 5.38
6 are analogous to vortex lines for 3D Euler equations. (5.38)

Recall from Egs. (5.7)—(5.9) above that the infinitesimal length of a vortex line is
given by the magnitude of w, |w| and that the evolution of this infinitesimal length is
given by

Dlw| _

S 5.39
Dr |l (5.39)

where S(x, 1) is defined in Eq. (5.9) by means of the deformation matrix. Similarly,
for the 2D QG active scalar the infinitesimal length of a level set for 6 is given by
|V16| and, from Eq. (5.37), the evolution equation for the infinitesimal arc length of
a level set is given by

D|V+e
V=ol = S|Vie, (5.40)
Dt
where
S(x,1) =DE- € (5.41)

where £(x, t) is the unit direction of V46, i.e., £ = [(V+6)/(|V16])], and
1
D= 5(Vv +Tvv) (5.42)

is the symmetric part of the deformation matrix. With the analogy between level sets
for the 2D QG active scalar and vortex lines and similar equations (5.39) and (5.41),
it should be evident to the reader that there is a powerful geometric analogy between
these two problems in two and three dimensions, respectively.

The Analytic Analogy with Vortex Stretching

We demonstrate that Eqgs. (5.4) and (5.37) are remarkably similar in their analytic
structure. Recall from Section 2.3 in Chap. 2 that the velocity v in Eq. (5.1) is
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determined from the vorticity w by the familiar Biot—Savart law,

v(x) = ! <VLl)xw@+yM% (5.43)
4 |yl

and the strain matrix D, which is the symmetric part of the velocity gradient,

1
=5 [(Vv) + T (Vv)]

is given in terms of the vorticity by the strongly singular integral,
Dx) = — PV/ My, o(x + y)] E |3 (5.44)

In Eq. (5.44) the matrix M is a function of two variables, the first a unit vector, the
second a vector, and is given by the formula

1
M3, 0) =3[y @ (§ x0) + (§ x ) ® ] (5.45)

where a ® b = (a;b;) is the matrix formed by the tensor product of two vectors. For
the 2D QG active scalar, by differentiating Eq. (5.34) with v = V14, we obtain

1

v:—/iﬁvmu+w@ (5.46)
R2

Next, we compute the symmetric part of the matrix, Vv, from Eq. (5.42). With

Eq. (5.46) we calculate that the matrix D(x) has the singular integral representation

D(x) =PV / NI, (V460)(x +y)]| E (5.47)

where $ = (y/|y|) and N is a function of two variables, the first a unit vector in R>
and the second a vector with

Ny, w) = (y ® o' + o' ®§h). (5.48)

The function N has mean zero on the unit circle for fixed w and thus, as discussed in
Chap. 2, the operator in Eq. (5.47) is a legitimate strongly singular integral. As in the
situation for 3D fluid flow, we also see from Eqs. (5.40)—(5.42) above that only the
symmetric part D(x) contributes to strong and potentially singular front formation.
We have displayed only the formula for the symmetric part of Vv for simplicity in
the exposition.

With formulas (5.43)—(5.48), we develop the analytic analogy between Egs. (5.4)
and (5.37). From Eqgs. (5.43) and (5.46), the velocity is given in terms of w, either
w or V10 in three or two dimensions, respectively, by

b= / Kiw(x + y)dy
R"
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where K,;(y) is homogeneous of degree 1 — d in R ford = 2,3, ie., Ki(vy) =
2Ky, (y) for A > 0. Furthermore, from Eqgs. (5.44) and (5.47),

Vo+T(Vu)
— =

D

has a representation formula in terms of w(x + y) by means of a strongly SIO de-
fined through a kernel homogeneous of degree —d, in R?, for d = 2, 3 with specific
cancellation properties; also the geometric formulas for these strongly singular op-
erators given in Eqgs. (5.45) and (5.48) are very similar in structure. Thus, with the
identification of V+6 and vorticity, the evolution equation for V+6 from Eq. (5.37)
has a completely parallel analytic structure in two dimensions as the equation for the
evolution of vorticity, w, in Eq. (5.4) for 3D incompressible flow.

The Search for Potential Singularities through Direct Numerical Simulation

With all of the analogous geometric/analytic structures for the surface QG active
scalar in two dimensions established in this subsection, it is evident that there is a
version of Theorem 5.1 for this equation that yields equivalent physical conditions
for potential singular solutions. We need only to replace w in Theorem 5.1 with V6.
The interested reader can check this as an exercise (see Constantin et al., 1994).

Constantin et al. introduced the analog of Taylor—Green initial data in Eq. (5.14)
for the 2D equations (5.31)—(5.33) given by

0 (x,0) = sinx; sin x, + cos(xy). (5.49)

All of the diagnostics from Theorem 5.1 were utilized to monitor the numerical
solution. A strongly nonlinear intensification of | V6| was observed throughout the
history of the numerical simulation, and if this behavior was extrapolated to somewhat
longer times in a self-consistent fashion, there was the possibility of a finite-time
singularity. Ohkitani and Yamada (1997) utilized higher resolution with a longer time
integration as well as the same self-consistent diagnostics and showed that the growth
of |V16] in the numerical simulation had a better fit with a double exponential rather
than an algebraic singularity; thus, the numerical evidence is that there is tremendous
nonlinear amplification of V16|, the analog of vorticity, in the 2D analog problem
but no singularity at finite time, according to recent computations.

The simulations of Constantin et al. (1994) also emphasized the role of geometry
of the level sets of 6, the analog of vortex lines, in producing depletion of nonlin-
earity. Next we describe the simplest analytic/geometric criteria for the depletion of
nonlinearity (Constantin et al., 1994) motivated by these numerical simulations.

5.3.2. Rigorous Analytic and Geometric Constraints on Singular Solutions

The structure of Egs. (5.31)—(5.33) automatically guarantees that the geometric struc-
ture of the level sets of the initial data is preserved by the solution at later times. Here
we illustrate how the simplest geometric structure of level sets can be combined with
the specific nonlinear structure from Egs. (5.40)—(5.42) to establish, under mild a
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priori hypotheses, that no singularity is possible. More refined results of this type are
developed elsewhere (Constantin et al., 1994; Cordoba, 1998). In particular, in an
important paper, Cordoba (1998) has ruled out the geometric structures of a hyper-
bolic saddle as a potential singular structure in finite time under some mild a priori
hypotheses similar to those given below; this result is significant because the refined
diagnostic analysis of numerical simulations (Constantin et al., 1994; Ohkitani and
Yamada, 1997) gave the vicinity of hyperbolic saddles as the most nonlinear and po-
tentially singular event. All of the other elementary geometric structures for level sets,
for example, for the initial data in Eq. (5.49), are ruled out by earlier work (Constantin
et al., 1994). The theorem that we state below has analog for the 3D Euler equations
(Constantin et al., 1996) with a more sophisticated proof following the same strategy.

The idea of the theorem that we state below is that if the direction field, £ =
[(V+0) / (IV+6))], remains smooth in a suitably weak sense on an open set moving
with the 2D QG thermal fluid flow, then, regardless of the amplitude of | V6| on this
evolving set, no singularity is possible. Next, we state this result precisely. Recall that
£ =[(V+0)/(]V+6])] is the direction field tangent to the level sets. We say that a set
Q is smoothly directed if there exists p > 0 such that

T
SUP/ lv(X (g, 1), HPdt < oo, (5.50a)
g€ JO

T
Sup/ ||V$(.’t)”%x{Bp(X(q,l))}dt < oo, (S.SOb)
qe; J0

where B, (X) is the ball of radius p centered at X and
Q= {g € Q03 |Voo(q)| # 0}
If Q is a set, we denote by €2; its image at time ¢ under the particle-trajectory map
Q= X(Q,1)
and by O7 (L) the semiorbit,

Or(Q) ={(x,nlx €, 0=t <T}

Theorem 5.3. Assume that 2 is smoothly directed. Then

sup |VO(x,1)| < oo,
O71(0)
i.e., if the direction field is smooth locally on a set moving with the fluid in the precise
sense of inequality (5.50b), then no singularity is possible in that set.

We consider a QG active scalar 6(x, ) with smooth initial data and suppose the
scalar is defined and smooth for (x, t) € R? x [0, T'). Recall the particle trajectories
X (g, t) for the 2D QG thermal fluid flow, which are solutions of

dX

— =v(X,1).
dt o )
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Proofof Theorem 5.3. This proof relies on a special formula for the level-set stretching
factor S from Egs. (5.40) and (5.41) together with a local version of the proof that we
utilized in Theorem 5.1 to demonstrate that condition (4) implies condition (2) with
the identification V16 ~ w. We start by computing the full gradient of the velocity
field v from formula (5.46):

1
(Vo) (x) = -V, m(vie)(x + y)dy.

Differentiating under the integral sign, we get

1
(Vo) (x) = — / |yfl(vyvje)(x +y)dy.

We write the integral as a limit as ¢ — 0 of integrals on |y| > €. Because the two
gradients applied to 6 commute, we can choose any one of them and integrate by
parts. The limit of the contributions from |y| = € vanishes. In this fashion, we obtain
the formula

dy

(Vo)(x) = —PV / PtV + ) O (5.51)
Writing
Ve = Ag, A = |V1e,
and using the definition from Egs. (5.37) and (5.40) that
S(x) = {[(VV)N)IEW)) - §(x),
we deduce the representation for the stretching factor S:
S(x) =PV / {5 - £ @IEE + ) - DA + y)l‘ilyz. (5.52)

Next we consider a number p > 0 and decompose

S()C) = sin(x) + sOLIl(-x)v

Sin(x)=PV/X<|y|>"-,

0

sout<x>=PV/ [l—x ('y'ﬂ
P

where x (r) is a smooth nonnegative function of one positive variable satisfying

x(r)y=1for0<r < %,X(r):Oforr > 1.

where
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It is easy to prove the estimate
2o ()| < Co2 0112 (5.53)

Indeed by using the representation in Eq. (5.52) and the fact that A¢ = V6 and by
integrating by parts we obtain

_ dy
letout (X)| < Cp 1/ 6G AN

NESYS Iyl

We consider the situation, which corresponds to the hypothesis of Theorem 5.3, in
which the direction field £ is smooth in the ball of center x and radius p and use the
representation in Eq. (5.52). We denote by G the maximum of the gradient of & there:

G = sup |VE(x + y)|.

Iyl=p

Clearly
(x4 y) - £5(x)| < Gly|

for |y| < p. So we deduce from Eq. (5.52) that

ISin(X)ISG/X(|y|>A( .
o [yl

Now we use the fact that
A=¢&-(V%io)

and integrate by parts:

1
[ () aw e 0 == [ow+n9i [eer o (2) =] ar
P [yl Iyl

We carry out the differentiation and obtain three terms, which we denote as I, II, and
I1I:

= /[VL 5(x+y>]e(x+y>x<'y')|y|

H:_/9<x+y>s<x+y)~vyl [X (mﬂ vl
HI:PV/[é(ery)' 100G+ ) (Iyl) IyP

The first two can be estimated in a straightforward manner:

1| < CoG 191,
1| < CJ10]],~.
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We write in the third term £(x 4+ y) = £(x) + [E(x 4+ ¥) — &(x)], and therefore
oL dy /
M=&x)-PV | 3 O0(x+ y)W + 10T,
y
with
| < C(pG 0]~ + p~ 101 2).-

‘We observe that

d
PV/&le(x + y>|y—|y2 = —v(x);
thus
I5in(0)] < CGLE)| + (G + DOl + p~ 1011 21. (5.54)

Combining this with estimate (5.53) we proved Lemma 5.1.

Lemma 5.1. Assume that x is such that

G := sup |VE(x + )|
[yl=p

and |v(x)| are finite. Then |S(x)| is bounded by

IS)| < CIGIv@)| + (oG + D(G IO~ + p~2[16]]22)].

Next we finish the proof by applying the kinematic estimate for the stretching factor
S in Lemma 5.1 together with Eq. (5.40) to obtain a bound on | V8| moving with the
fluid flow.

If © is smoothly directed then we can apply Lemma 5.1 with x = X(q, t), for
any g € Qo and any ¢ € [0, T). Using ODE (5.40),

d
EIVLB(X(Q, D, 0] =SX(q,1),H)|IV0(X(q,1),1)]

and the bound in Lemma 5.1 we obtain

sup |VO(x, )| < e sup V6|
O71(Q0) Qo

where

T
Q0 =C sup / E(t)dt,
0

g€
E@®) = {G)|v@)| + [0Gx) + LTG0l 2~ + p 2160l 21},
x=X(q,1),

G(x) = sup |VE|. O
B, (x)
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This completes the proof of Theorem 5.3. In the above, we used the fact that the L?
norm of 6 is conserved, ||6 ||iz (t) = 16y ||i2, for all times 7. Also note that ||6]|.»(¢) is

conserved forall 1 < p < oo.

5.4. Potential Singularities in 3D Axisymmetric Flows with Swirl

Besides searching for potential singular solutions with general initial data or in 1D
or 2D analog problems, as we have described in Sections 5.1, 5.2, and 5.3, respec-
tively, it is a natural mathematical question to search for potential singular solutions
in 3D Euler flows with geometric symmetry. The 3D axisymmetric flows with swirl
discussed earlier in Chap. 2, Subsection 2.2.2, are a natural candidate for such an
investigation (Grauer and Sideris, 1991). However, the reader should be warned that
nonlinear behavior in such solutions with high symmetry may not be the generic be-
havior for nonlinear intensification of vorticity in 3D Euler flows; such axisymmetric
flows with swirl are typically highly unstable to symmetry-breaking perturbations.
Of course, the difficult resolution issues for numerical computations for general 3D
flows are significantly reduced for axisymmetric flows with swirl to essentially a 2D
computational problem.

Recall from Egs. (2.67) and (2.68) the basic vorticity equations for axisymmetric
swirling flow:

D0y =0
~Z ) =0,
pi "’
5 . (5.55)
w 1
o () ==l
where
D 3 49
—_— =+ v — + v —
at ’
Dt ar 0x3 (5.56)
o _ v 9
@ = 9x;  or -

Thus w?, the axial vorticity, intensifies through gradients of the quantity (rv?)?, which
moves with the fluid:

Dﬂt(mﬁ)z —0. (5.57)

As described in Subsection 2.2.2, we compute the velocity components v and v*
from o’ by investing a variable coefficient elliptic equation for a stream function.
Equations (5.55)—(5.57) represent highly simplified equations for vortex stretching
for axisymmetric flows with swirl. A recent theorem (Chae and Kim, 1996) refining the
Beale—Kato—Majda criterion yields the expected result that »? controls the breakdown
of these special solutions.
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Grauer and Sideris (1991) were the first to study the potential formation of singular
solutions in such special swirling flows through a standard symmetric finite-difference
scheme applied to the vorticity-stream form of the equations for swirling flows de-
scribed in Egs. (5.55)—(5.57) above. These authors systematically monitored criterion
(2) of Theorem 5.1 regarding accumulation of vorticity: The vorticity maximum in
these flows increases from an initial size of 10~' to values of approximately 400 as
time evolves; there is corresponding generation of small scales in the solution far
away from the axis singularity at r = 0. At roughly the time at which the vorticity
amplification reaches 400, strong perturbations of the order of the mesh size are gen-
erated, so with this lack of numerical resolution, the “blowup” reported by Grauer
and Sideris is almost certainly a numerical artifact.

The calculations of Pumir and Siggia (1992) also claim to yield a blowup in finite
time, but these results are more suspect for serious numerical reasons. These authors
applied a highly nonuniform adaptive stretched mesh that focused on a detailed region
of potential singularity and brutally violated energy conservation in the far field; none
of the self-consistent mathematical criteria from Theorem 5.1 were utilized to monitor
the potential singularity formation. Nevertheless, the blowup reported by Pumir and
Siggia (1992) is far from the axis of singularity at r = 0.

Next, we discuss the reasons that potential finite-time singularity formation for
the initial data in either the study of Grauer and Sideris (1991) or Pumir and Siggia
(1992) is rather unlikely by describing an important contribution of E and Shu (1994).
Away from the singularity region, » = 0, the 3D axisymmetric flows with swirl have
transparently analogous structure to the 2D Boussinesq equations for a stratified
flow.

5.4.1. The 2D Boussinesq Equations as a Model for 3D Axisymmetric
Swirling Flows

The 2D Boussinesq equations in vorticity-stream form are given by

D

i =

Dw

Dr = Pe (5.58)
—AY = w,

where p is the density (perturbation) and (D/Dt) = [(d/dt) +u(d/dx) + v(d/dy)],
w is the 2D vorticity, and 1 is the stream function:

u  ov

0= ge w=V v=d (5.59)

If the y axis is identified with the vertical axis, Egs. (5.58) and (5.59) describe the
motion of lighter or denser fluid under the influence of gravitational forces. Although
these equations describe interesting physics in their own right, here we utilize them
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as a simpler analog problem for the axisymmetric swirling flows described earlier
in Section 2.3.3. We have the following correspondence between the two sets of
equations in Egs. (5.55)—(5.57) and (5.58) and (5.59):

X3 <—> X,
r<—y,
o’ <~— o, (5.60)

<~ P,

With this correspondence, we see that the 2D Boussinesq equations are formally iden-
tical to the equations for 3D axisymmetric swirling flows provided that we evaluate
all external variable coefficients in Eqs. (5.55)—(5.57) at r = 1. Thus, away from the
axis of singularity » = 0 for swirling flows, we expect the qualitative behavior of
solutions for the two systems of equations to be identical.

E and Shu (1994) exploited this analogy and studied the nonlinear development
of potential singularities in the 2D Boussinesq equations with initial data completely
analogous to those of Grauer and Sideris (1991) or Pumir and Siggia (1992). Recall
that those studies concluded that there is potential singular behavior far away from
the singularity axis » = 0. E and Shu monitored the mathematical diagnostics from
Theorem 5.1 systematically in their numerical solutions; they found no evidence
for singular solutions and found that the regions of largest nonlinear intensification
according to the rigorous mathematical criteria were at completely different spatial
locations in the flow compared with those reported by Pumir and Siggia (1992). This
work of E and Shu provides convincing evidence that 3D swirling flows, at least for
the initial data studied, do not become singular in finite time.

5.5. Do The 3D Euler Solutions Become Singular in Finite Times?

The evidence on the simpler model problems described in Sections 5.3 and 5.4 sug-
gests the strong possibility that there might always be a combination of geometric
and nonlinear structures that eventually depletes the strongly nonlinear growth and
leads to the absence of singular behavior in general 3D Euler solutions. The only
rigorous mathematical evidence of this type for the 3D Euler equations is the work
of Constantin et al. (1996) with a very special geometric structure that we discussed
briefly in Subsection 5.3.2. The numerical solutions of Kerr (1993) discussed earlier
in Section 5.1 are the most attractive current candidates for potential singular behav-
ior. Thus it is an important mathematical problem to see if it is possible to generalize
the work on geometric—analytic depletion of nonlinearity (Constantin et al., 1994,
1996; Cordoba, 1998) to the highly anisotropic configurations of vorticity in Kerr’s
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numerical solutions. Similar results for 3D axisymmetric swirling flows and the 2D
Boussinesq equations are also very interesting.

Notes for Chapter 5

Theorem 5.1 subsumes, with a much simpler proof, the remarks of Ponce (1985) on charac-
terizing potential blowup through the deformation matrix. Our proof of Theorem 5.1 is similar
to the one in Constantin (1994) for the surface QG equations. The 1D model for vorticity
described in Section 5.2 actually arises as an asymptotic model in a very different physical
context involving the Hall effect in thin films (Chukbar, 1990). The 2D model in Section 5.3 for
the 3D Euler equations is actually a set of physical equations describing the temperature on the
boundary of rapidly rotating stably stratified flow (Pedlosky, 1987; Garner et al., 1995). The
strong nonlinear events from the numerical simulations described in Section 5.3 occur at times
far beyond the regime of validity of the equations in describing thermal fronts. Majda and Tabak
realized the strong geometric and analytic analogy of these simpler 2D equations and the 3D
Euler equations after conversations with Isaac Held of GFDL at Princeton; at approximately
the same time, Constantin realized that these 2D equations were the one 2D active scalar with
a structure resembling that of 3D Euler equations (Constantin, 1994).
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Computational Vortex Methods

The topic of this chapter is a class of computational methods for solutions of the
Euler equation and the Navier-Stokes equation with high Reynold’s numbers. These
methods are particularly useful for simulations dominated by vortex dynamics. Appli-
cations range from accurate predictions of hurricane paths to control of huge vortices
shed by large aircraft to the design of efficient internal combustion engines.

The efficiency and the accuracy of vortex methods lie in the fact that they directly
simulate the particle trajectories of the flow. We discuss two types of vortex methods,
the inviscid-vortex method for simulating Euler solutions and the random-vortex
method, an extension of the inviscid-vortex method that incorporates the diffusion
of the Navier—Stokes equation through a Brownian motion of the particles. Inviscid-
vortex methods are based on the integrodifferential equation for particle trajectories:

62—);(05, 1 = / Ki[X(a,t) — X (&, )]Ve X (o, Hawo(a)da',
RZ

X(a, D)]i=0 = a. (6.1)

In Section 4.1, we showed that the smoothing properties of the integral operator with
the kernel K5 compensate for the loss of regularity that is due to the differentiation in
the term V,, X ; this formulation contains a bounded space operator that is advantageous
for numerical approximations. It also contains the explicit term w (X (o, t),t) =
Vo X (a, t)wo (o) that describes the stretching of vorticity that increases the accuracy
of a 3D simulation in which accumulation of vorticity is present. Methods based
on direct approximation of the Euler equation or the vorticity-stream formulation
tend to have a significant amount of numerical viscosity and also do not accurately
compute local accumulation of vorticity. We discuss 2D inviscid-vortex methods in
Section 6.2 and 3D inviscid-vortex methods in Section 6.3. The convergence of 2D
vortex methods is proved in Section 6.4. In Section 6.5 we discuss the computational
performance of inviscid-vortex methods.

Vortex methods are also powerful tools for simulating Navier—Stokes solutions
with small viscosity v <« 1. Recall from Chap. 3 that such solutions v" are well
approximated by inviscid solutions v°, with a typical estimate of |v” — v°| < cv!/2.
Moreover, viscous-splitting algorithms that solve the inviscid Euler equation and the
heat equation alternately in each time step provide an accurate way to compute these

190
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slightly viscous flows. The use of such an algorithm requires an effective numerical
method for inviscid flows. The random-vortex method is an unusual algorithm for
introducing diffusion into the vortex method. In particular it uses a Brownian motion
of the fluid particles to simulate diffusion. In Section 6.1 we introduce the ideas of the
random-vortex method through the simple model problem of viscous strained shear
layers. In Section 6.6 we discuss the full random-vortex method in two dimensions,
including a proof of the optimal rate convergence for this algorithm.

The ancestor of inviscid-vortex methods is the point-vortex method first used by
Rosenhead (1932) to simulate vortex sheets in 2D inviscid fluid flows. This algorithm
is based on the idea of approximating a solution of the 2D inviscid Euler equations
by a finite superposition of interacting elementary exact solutions. For many years,
this algorithm was considered suspect (see, e.g., Birkhoff and Fisher, 1959; Birkhoff,
1962). A point vortex induces a singular velocity field

r —X2
— 6.2
g 2n|x|2< X1 ) ©2

with |x|> = x? + x2. Recall that a given velocity field v has locally finite kinetic
energy if

/ lv’dx < C(R)  forany R > 0.
[x]<R
However, point vortices have locally infinite energy:
/ lor|2dx = oo forany R > 0.
[x|<R

This locally infinite energy might lead to spurious nonphysical behavior when solu-
tions, with locally finite energy; are approximated by a superposition of a finite number
of point vortices with infinite energy. Careful numerical experiments for both vortex
sheets and smooth flows show this to be true (Beale and Majda, 1985; Chorin and
Bernard, 1973; Krasny, 1986). However, recent results (Goodman et al., 1990; Hou
and Lowengrub, 1990; Cottet et al., 1991) show that point-vortex methods actually
do converge to a solution of the Euler equation. On the other hand, the discretization
threshold below which we achieve stability and convergence of the method may be
prohibitively small (Hou, 1991). The development of computationally effective vor-
tex methods began with the seminal paper of Chorin (1973). This paper contains the
first large-scale simulations of flow past a 2D cylinder at high Reynolds numbers. The
three novel ideas he used are (1) finite vortex cores to cut off the energy singularity
from the point-vortex method, (2) simulating diffusion by a random walk of the cores,
and (3) mimicking no-slip boundary conditions by introducing new vortices at the
boundary. In this chapter we discuss in detail ideas (1) and (2).

The inviscid-vortex method uses a straightforward strategy for discretizing the
integrodifferential equation for the particle trajectories. It has the following four
steps:

(i) smoothing the kernel K3,
(ii) approximating the integral by a numerical quadrature,
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(iii) approximating the vortex-stretching term, and
(iv) aclosing of the equations to obtain a finite-dimensional system of ODEs.

In Section 6.6 we discuss an analog of this strategy for solving stochastic ODEs.
We end this introduction by listing some of the computational advantages of vortex
algorithms:

(1) Computational elements are needed only in regions with nonzero vorticity; the
algorithms automatically follow the concentration of vorticity as time evolves.

(2) Computation of the pressure is unnecessary, and the approximation automatically
satisfies incompressibility.

(3) In two dimensions a superposition of interacting elementary exact solutions ap-
proximates a general solution.

(4) The method minimizes numerical viscosity by using a Lagrangian method in
which the incompressible fluid velocity is the only characteristic. As a measure
of the lack of viscosity, 2D vortex methods conserve a discrete approximation of
the energy.

(5) The algorithm is a discretization of an evolution equation with a bounded space
operator. Hence there are no stability constraints on the time step At. Such con-
straints are always present in direct simulations of the primitive-variable form of
the Navier—Stokes equation.

One important disadvantage of vortex methods is the fact that each particle interacts
with every other particle, creating (O(N?) operations per time step if N is the number
of particles. Recent progress has been made to overcome this problem. See Majda
(1988) and Puckett (1993) for a discussion.

6.1. The Random-Vortex Method for Viscous Strained Shear Layers

In this section we illustrate the random-vortex method for a special class of solu-
tions to the Navier—Stokes equations. These are explicit solutions to the Navier—
Stokes equations that we can directly compare with the discrete approximation. Also,
this example reduces the nonlinear Navier—Stokes equations to a linear PDE, which
also simplifies the analysis. This special application of the random-vortex method
was discussed in Long (1987).

Recall the viscous strained shear layers, introduced in Example 1.8 in Chap. 1,
with a velocity field of the form

v(‘x7 y? Z’ t) = y(_'x? 07 Z) + [O’ M(‘x7 t)’ 0]’

where y > 0. Theterm y (—x, 0, z) denotes the straining, and the term u (x, ) denotes
the shear layer that is evolving under the competition between external straining flows
and viscous diffusion. If v(x, y, z, t) solves the Navier—Stokes equation, then the
equation for u(x, t) is a 1D linear convection—diffusion equation:

ou ou 9%u
— —yx— =

au 6.3
ot ax ' ox2 6.3)
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The vorticity vector is aligned with the z axis with strength w = (du/dx) satisfying

ow d 9’w

— - — =v—. 6.4

or o VRO = VA ©4
Note that, as in the case of the vorticity-stream form for the Navier—Stokes equations,
the velocity field can be recovered from the vorticity in Eq. (6.4) by the solution of

the 1D equivalent of the Biot—Savart law (2.10), namely,
u(x) =/ w(y)dy = / H(x — y)o(y)dy. (6.5)
—00 R

Here H denotes the Heaviside function H(x) =1, x > 0, H(x) =0, x <0.
If v = 0, then Eq. (6.4) reduces to the first-order PDE,

iw 0 .
TR a(yxa)) =0, (6.6)

with characteristic curves given by the solutions x () = ae™?" of the ODE,

dx ) 6.7)
— = —yx, x(0) = a. .
dt v
Hence the solution of Eq. (6.6) is
ax, 1) =e""®d(xe’, 0) (6.8)

and we see that the straining flow causes vorticity to be pushed toward the origin along
the x axis and amplified. The effects of diffusion combat this by diffusing vorticity
away from the origin and lowering the vorticity concentration.

Solutions of diffusive equation (6.4) can also be computed explicitly. As in Chap. 1,
the change of variables £ = xe?’, T = [(v/2y)(e?' — 1)] reduces Eq. (6.4) to the
heat equation:

O = Oge, Blr=0 = wy, & eR.

Hence the solution to equation (6.4) is

-1
w(x, 1) =e" [271:(6’2” — 1)} / e EPIH @D ) dE (6.9)

As an elementary model, we now illustrate the use of a random-vortex method in
simulating solution (6.9) to Eq. (6.4). In the invsicid case, particle position can be
determined by the solution of the simple ODE (6.7). Equation (6.7) is a simplified
version of particle-trajectory equation (6.1) for inviscid Euler dynamics. When vis-
cosity is present, vorticity is no longer carried along particle paths and Eq. (6.1) no
longer holds. Instead, vorticity is diffused at the same time it is convected. We can
capture this dynamics by introducing a random walk of the particles; that is, we let
W (t) be a Wiener process or Brownian motion. A little later in this section we dis-
cuss how to directly simulate such a process. We introduce diffusion into the model
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by replacing deterministic differential equation (6.7) with the stochastic differential
equation (SDE)

dX(t) = —y X @)dt + V2vdW (1), X0 =a, (6.10)

which reduces to Eq. (6.7) when v = 0. The probability p(x, t; «, s) that a particle
at point « at time s reaches point x at time ¢t > s is called the transition probability
density of the diffusion process of SDE (6.10). The theory of SDEs (Kloeden and
Platen, 1992) says that p satisfies a “forward” or Fokker—Planck equation (Gard,
1988; Kloeden and Platen, 1992) of the form of Eq. (6.4). In particular, simulating
SDE (6.10) provides a solution to Eq. (6.4) by means of the formula

w(x,t):/p(x,t;a, 0wy (a)do.
R

Solution (6.9) tells us that the transition probability density of SDE (6.10) is

1
p(x,t:a,8) = exp[—(x — ¢)%/20? 6.11)
Tongr Pl = a2
where ¢ = e 7""%q, and
o’ =(/y)[1 —e 7). (6.12)

Note that, as t —> o0,

px,t;0,0) —

¥ex (—xz/waz)
2ok P o

where 02 = v/y.
Because p(x, t; «, 0) is uniformly bounded for ¢ > 7y > 0, the dominated conver-
gence theorem implies that

lim w(x,t) = lim Gx,t;a,0)w(a, 0)da
—>00 R

—>00

2

1 —X
ex w(x, 0)do
/szmgo p(z%zo> @0

2

Vo —X
= ex , 6.13
2o, p(z%zo) 13

where vy = fR w (o, 0)da is the total vorticity, a conserved quantity. Limit (6.13) is
a steady solution of Eq. (6.6).

Before discussing the numerical approximation of the viscous strained shear layers,
we motivate the approximation scheme by considering separately the quadrature error
in the inviscid problem and the sampling error in the purely diffusive case without
advection.
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6.1.1. The Discrete Problem with Only Diffusion and Advection

We motivate the analysis in the next subsection by considering separately the case
with only diffusion and the case with only convection. In the convection-only case,
we first consider the equivalent of the point-vortex approximation and then show how
this can be improved by considering smoothing of the point vorticies into blobs. In
the purely diffusive case, we use point vorticies and see that the discretization error
is not quite as good as in the case with no diffusion because of the randomness of
particles. Moreover, there is an additional sampling error.

Case 1. No Diffusion

In this case, we do not need to simulate a stochastic equation. The vortex method
for this case consists of discretizing the equation for the particle paths with a finite
number of particles,

dX;
dt

=—-yvXi Xi(0) = o,

where we use the particle positions to discretize Eq. (6.5) for the velocity field in
terms of the vorticity. First we write Eq. (6.5) by using the Lagrangian variable «.
Note that, on making the change of variables y = X («, t) and using Eq. (6.8), we
obtain that

ulx,t) = / H[x — X(a, H)]wo(a)da.
R
One possibility is to consider the simple discretization

i(x, 1) = Z Hlx — X;(t)]w;h, (6.14)

in which the Lagrangian variable « is divided into equally spaced intervals of size h.
We can think of Eq. (6.14) as approximating the vorticity by a finite number of Dirac
delta functions, i.e., Eq. (6.14) is equivalent to

ix, 1) = Z/ Sy — X: () ]wih dy. (6.15)

Using the fact that Eq. (6.14) is equivalent to

fi(x, 1) = Z wih,

i, X(t)i<x
we see that
lit(-, 1) —u(-, t)|p~ < Ch. (6.16)

The vortex method exploits the fact that a higher-order rate of convergence than
that of relation (6.16) can be obtained when the Dirac delta functions in Eq. (6.15)
are replaced with smooth approximations, which we refer to here as blobs.
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Recall from Chap. 3, Subsection 3.2.1, the definition of a mollifier, which we define
by considering a smooth function ¥ (x) with [, ¥ = 1. Denote by 5 the rescaled
function ét//(x /8), also of integral 1. Then Hs(x) = s * H defines a smoothed
Heaviside function. We now define #"'°" to be the velocity field:

/ Hslx — X (a, 1)]wo(@)da. 6.17)
R

Later in Section 6.1.2, we show that if v has the property that [ ¥ (x)x" dx vanishes
for all integers n < m then |u — u®'°®| < C§™. In general, if we use a quadrature rule
of the order of r, the convergence depends on a bound of the rth derivatives of the
integrand. That is,

‘/g(x)dx = giwi| < Cliglwn’,
where w; represent weight functions for a quadrature rule of the order of r and # is
the mesh size for the discretization of the integral. W"! denotes the Sobolev norm
associated with functions that have r derivatives in L'. Because 3} Hs scales as §*
and has characteristic width of the order of §, the integrand in expression (6.17) has a
WL norm that behaves as §'~Z. Thus for a trapezoidal approximation of the integral
in expression (6.17), we expect a convergence rate of the form

|uCOmp _ Mb10b|Loc < C(S(h/(S)L

In particular, we cannot take § — 0 without simultaneously taking # — 0. The net
result is that

lu(x, 1) — u™| < C[8" + 8(h/8)"].

Note that we actually get a better approximation of the velocity field by representing
the vorticity by means of a sum of blob functions instead of the velocity field directly.
If u itself is approximated by a sum of blobs, then

|ublob _ uexacl|LOc ~ |Mblob|LoC ~ _

5
On the other hand, the above blob approximation for the vorticity has an the error
introduced in the velocity field that is quite small. That is, if @”°® = >, ¢®(x — x;)
w; w;, then

ublob — / a)bk’b(y)dy, (618)
—0oQ

and
|Mb10b _ uexaCl|Loo S C8

if § is of the order of the mesh size. Because accurate pointwise representation of
the velocity field is essential for a vortex-method calculation, we in general want to
approximate the vorticity by blobs instead of the velocity field.
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Case 2. No Advection

We now consider solutions to the heat equation w, = v Aw. We wish to approximate
solutions to this equation by a Brownian motion.

To do this, we introduce the standard Wiener process W(z), an example of a
continuous-time stochastic process with independent increments. The Wiener process
is a Gaussian random variable for which W (0) = 0 with probability one, E(W (¢)) =
0,and Var[W () — W (s)] =t —s forall 0 < s < t. The characteristic function for the
Wiener process is E[ei*" ()] = ¢=*"1/2 For more information about the Wiener pro-
cess and the theory of SDEs, the reader is referred to Friedman (1975), Gard (1988),
Kloeden and Platen (1992), and Pollard (1984).

‘We now show that the random variable

w(x) = wolx + V2o W ()] (6.19)

has an expected value that is the solution of the initial value problem:

Jw
— = vAw,
ot

(-, 0) = wp(x).

Consider the inverse Fourier transform
w(x) = / e*ok)dk = / VWOl o0 () dik.
Then we have
Elo(x)] = / M E [HYPVO] 4o (k) dk

— /eikxe_kzvté)()(k)dk.

The only fact from stochastic theory that we use here is that E[e'AV2/W ()] = ¢=K*v1

We now consider the discretization and sampling error associated with approxi-
mating such a Brownian motion by the motion of a finite number of particles. Recall
that the velocity field u is obtained from the vorticity w by the formula

u(x,t) = /X w(y,t)dy = / EH[x — W(t; a)]wo(a)da. (6.20)
R

—00

Consider the following discretization of this formula: Let W;(¢) be the Wiener
process with initial condition W;(0) = «; € A" where A" ={o; o =h-i, i €7,
w; = w(a;, 0) # 0}. Denote by w; the vorticity wy(e;). We approximate the vorticity
field u at time ¢ in Eq. (6.20) by

> wihHlx — W;(0)]. 6.21)
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The error between the the actual u in Eq. (6.20) and the discretized u in expression
(6.21) can be separated into two parts, the sampling error, given by

> Hix — Wi)lwih — Y EH[x — Wi(t)lw;h.
and the discretization error, given by

> EH[x — Wi(t)]wih —/

—00

X

w(y,t)dy = /REH[x — W(t; a)]wo(a)da.

After the arguments that are detailed in the following subsection, we show that the
discretization error is O (h|In |'/?). Note that this is logarithmically in 4 worse than
error (6.16) for the point-vortex approximation with only advection. The log term
results from the randomness of the system. The sampling error is O[(v!/*h!/2 4 h)
[In 2|], where the unusual v dependence is due to the fact that the kernel H is dis-
continuous.

6.1.2. Analysis of the Schemes with Both Diffusion and Advection

We now consider the viscous strained shear layers with both diffusion and convec-
tion. In lieu of simulating deterministic PDE (6.4), we simulate SDE (6.10) with the
following discretization of SDE (6.10). Let X;(¢) be the solution of the SDE

dX;(t) = —y X;(t)dt + V2vdW (1),

(6.22)
X,(O) =0u; € Ah,

where A" = {o; :a; = h-i, i € Z, w; = w(a;,0) # 0} and h > 0 is the grid
size. We assume that the initial vorticity w(«, 0) has compact support. Once we have
a solution to SDE (6.22) we can directly obtain an approximate velocity at time ¢ by
either the point-vortex formula

Upy (X, 1) = Z Hlx — X;(t)]w;ih, (6.23)

where H is the unsmoothed velocity kernel (Heaviside function)

1 x>0
H(x)z{o ppe

or from the vortex-blob formula

v (X, 1) = Y Hs[x — Xi(D)]wih, (6.24)

where Hs=H % s is a smoothed kernel with ¥s(x)= 8’1¢(8’1x), §>0,
Jg ¥ (x)dx =1and € M“™. Here M"" is defined by the following definition.
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Definition 6.1. A mollifier r belongs to the class M*™ L > 0, m > 2, provided
that

(i) [ Wrdx =1,
(ii) [ xY(xX)dx =0,1<|a| < p—1, and [ |x|"|¥ (x)|dx < oo,
(iii) ¥ € CH(R?), and |x|*Pl|oPyr(x)| <c VBl < L

Property (ii) of vanishing certain moments of the mollifier v is essential to prove
the higher-order convergence of the inviscid method. The convergence results of
Egs. (6.23) and (6.24) are summarized in Theorem 6.1 and Theorem 6.2, respec-
tively. In Theorem 6.1 we allow the initial vorticity to be rough because the velocity
upy is computed from the discontinuous kernel H. The rate (h + a'2p' %) |In k|
of convergence does not improve when restricted to smooth initial vorticities. On
the other hand, in Theorem 6.2 we assume that the initial vorticities w(c, 0) are
C?(R) because we want to show theoretically that the smoothing does improve the
accuracy.

Theorem 6.1. Assume that the initial vorticity w(a, 0) has compact support and is
Lipschitz continuous with the Lipschitz constant M; then, for any x € R, 0 <t <
T,

lupy(x, 1) — u(x, )| < C(h +o'?h'?)|Inh| (6.25)

with high probability, where the constant C depends on only vy, T, M, the diame-
ter of suppw(e, 0), and ||w(a, 0)||pc. Here o? is the explicit variance defined in
Eq. (6.12):

o= (/y) [1 — e_z”(’_”].

The error estimate consists of two parts: the discretization error and the sampling
error. The discretization error is of the order of 4|In /|!/? and the sampling error is of
the order of (o!/2h'/2 +h)|In h|. Contrary to what we might expect, the v dependence
of the lowest-order 4!/? in the sampling error is a factor of v!'/* (not v'/2) because
02 = (v/y)(1 — e~27"=9) is proportional to v. This unusual v dependence is due to
the jump discontinuity of the kernel H, as we shall see in the proof.

Theorem 6.2. Assume that the initial vorticity w(a, 0) has compact support and
w(a,0) € CER), L > 2. Ifh < Cyo for some fixed constant Cy, then for any x € R,
0<t<T,

B\L 1172
|ub10b(x,t)—u(x,t)|SC<8’”+{K8> 5] +o'/2}h”2llnh|> (6.26)

with high probability, where the constant C depends on only Cy, vy, T, L, m, the
diameter of supp w(a, 0), and maxo<g<L. 82w (a, 0)]] 100.
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The sampling error has two components: (1/8)%/?(8h)'/?|Inh| and (oh)'/?[Inh|.
The discretization error does not appear in relation (6.26) because its order (1/8)% 8 is
smaller than the first component of the sampling error. By comparing relations (6.25)
and (6.26), we find that the smoothing improves the accuracy for 7 < 1 by reducing
the first component of the sampling error from the order of /|ln /| to the order of
(h/ 8)L/2(8h)'/?|In h|. From the assumption in Theorem 6.2, this effect can be seen
only when the ratio 4 /o is not too large. If the grid size 4 is too large compared with
o, then we can hardly expect that the computational results from the vortex method
offer good resolution on the much smaller scale of viscous effects. We shall see in
the proof that the right-hand side of relation (6.26) approaches that of relation (6.25)
as the ratio h/o —> o0.

Actually, a stronger version of Theorem 6.1 and Theorem 6.2 with |ucomp (X, 1) —
u(x, t)| replaced with [[ucomp(x, ) — u(x, t)|[roo®x(o,77) 1S true. The proof of the
stronger version is found in Section 6.4. To show the basic idea, we prove the weaker
version here.

Proof of Theorem 6.1. Write the velocity u in terms of expectations

u(x,t)z/x w(y, Hdy
z/)r /RG(y,t;a,O)a)(a, 0)dady
=/Rw(a,0)/x G(y.t;a, 0)dyda
z/w(a, 0)/H(x—y>c<y,t;a, 0)dyda
R R

= / EH[x — X(t; @) ]w(x, 0)da
R

and decompose the error as

|upV(x7 t) - u(x, t)' =

> Hlx — Xi(Olwih — Y | EH[x — Xi()]wih

+

Z EH[x — X;(t)]w;h — / EH[x — X(t; a)]w(a, 0)da
; R

= sampling error + discretization error.

To estimate the discretization error, we need to estimate on the local Lipschitz
constants of EH[x — X (¢; «)] by calculating its derivative with respect to «. From
Eq. (6.11),

X

EH[x — X(t; a)] :/ exp [—(y—q)2/202]dy: d(x —q),

—0o0 2mo?
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with0 < ® <1, &(—0o0) =0, ®(c0) = 1, ®(0) = 1/2. It follows that

d
—P(x—q)=—e"d(x—eVa)=—e"" G, t;a,0).
da
Therefore the local Lipschitz constant at 7, « is of the order of G(x,t; o, 0). To
estimate the discretization error, consider the following two cases.

(1) 02 = e~ !: The Lipschitz constant of EH[x — X (t; a)]w (e, 0) is bounded and
>, EH[x — X;(t)]w;h is just the Riemann sum approximation of the integral
fR EH[x — X(t; o)]w(c, 0)da. Therefore the error is bounded by Ch.

(2) 62 <e ! For |x —e "a| > o(—21In0o)"/?, we have the estimate

1

exp{—[o(—2In0)"?]* 207} = ——.

0<Gkx,t;a,0) <
( ) o

1
V2mo?
There are two subcases.

(a) 0(—21Ino)"? < h: The local Lipschitz constant of EH[x — X (t; o)]w(x, 0)
is bounded except on an interval of length 24 where the integrand is bounded.
Therefore we can still conclude that the discretization error is bounded by Ch.

(b) o > h: Because o2
Lipschitz constant of the integrand on the interval |x — e "'a| < 0(=21no)'/?
is bounded by C; + C,0~!. Hence the discretization error is bounded by

<elo>h implies that o(=21Ino)"? < h. The local

20(—2Ino)'/?
h

< C'h+2v2(Cio + Cy)h(—Inh)'/?
< C'h+ C"h|lnh|'?
< Ch|lnh|"?.

C'h+ (Cy 4+ Cro™Hh? -

In summary, the discretization error is bounded by Ch|In i|'/2.

We estimate the sampling error by applying Bennett’s inequality.
Lemma 6.1. Bennett’s Inequality (Pollard, 1984, Appendix B). Let Y; be independent
bounded random variables (not necessarily identically distributed) with mean zero,
variances o2, and |Y;| < M. Let S =Y., Y;, V. > 3", o?; then, for all n > 0,
1

P{|S] = n} < 2exp {—2n2v—lB(an-l>}, (6.27)
where B(A) = 2A72[(1 + A)In(1 + 1) — A], A > 0, lim,_,o+ B(A) = 1, and
B() ~ 20" Ink as A — oo. If Y; are random vectors in R?, relation (6.27) ap-
plied to each component gives

1
P{|S| = n} < 4exp [—4n2V‘lB(MnV—‘)]

The proof of this inequality can be found in the appendix.
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To apply Bennett’s inequality, let
Y; = wih{H[x — X;(t)] — EH[x — X; ()]}
We have EY; = 0, |Y;| < C1h, and Var Y; = p;(1 — p;)w?h?, where
pi =EH[x — X;(1)] = ®[x — exp(—yH)].
It follows that
> VarY;=hY_ pi(l— pieih,
and the summation on the right-hand side is just a Riemann sum of the integral
/RQD(x —e 7)1l — P(x — e " a)]w(a, 0)da. (6.28)

Integral (6.28) is bounded by Co . By following the same argument as in the estimate
of the discretization error, we conclude that

ZVax Y; < h(Co + C'h|lnh|'?) < Crh(o + h)|Inh|"? := V.

l

For any fixed constant k¥ > 0, let
_ 1/2,1/2 1/2
n=«C,)"h"’*(c +h)'|Inh|.

Because (o + h)!'/? < ¢'/2 + h'/2 it follows from Bennett’s inequality that

P{ D Vi = kG h e +h“2>|1nh|}
2.t

< f _ -}

<2exp —1;72v*1 -B(Clhnvl)]
- 2

1 _
<2exp —5;c2|1nh|3/2 -B(C1C5 Pk (o + k)2 |Inh|'?)

1
< 2exp —§K2|lnh|3/2 . B(C’K|lnh|1/2)]

<2exp (—C"k*|Inh** -k~ Inh|~/?)
< 2hC”K
< 2N—CK

as h —> 0. The probability approaches zero more rapidly than any polynomial rate
if « is chosen sufficiently large. This finishes the proof of Theorem 6.1. (]
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Proof of Theorem 6.2. Decompose the error into

[upiob (X, 1) —u(x,t)| =

S Hhlx = Xi@oh ~ [ He =yl ndy
i R

=<

> Hlx — Xi(0)lwgh =Y EHslx — X;(t)]wyh

+

S EHsx = X = [ Hytx =ty ndy

+

/ Hs(x — y)o(y, )dy — / H(x —y)o(y, t)dy‘
R R
= sampling error + discretization error + moment error,

where we have used the identities

u(x, 1) = / o(y. dy = / H(x = oo (y, 0dy,
R

—0Q
/ Hs(x — y)w(y,t)dy = // Hs(x —y)G(y, t; o, O)w(, 0)dady
R RJR
= / w(a, 0) [/ Hs(x —y)G(y, t; a, O)dy} da
R R
= / EHs[x — X(t; a)]w(a, 0)da.
R
The moment error is bounded by

< Cé?.

/RHs(x —yw(y, t)dy — /R Hx —y)o(y, )dy

This is a special case of Lemma 6.5, which we prove in Section 6.4. To estimate
the discretization error we require the following lemma on the error associated with
trapezoidal quadrature. We prove the result in two-space dimensions as we will use
it later in this chapter. The result is the same in one-space dimension. (]

Lemma 6.2. Trapezoidal Quadrature Error. Let g € Cj (R?), r > 3. Then

[ g0 = 3 gt = gl ot (6.29)
R? —

JEA
where || - ||wr is the Sobolev norm.

Proof of Lemma 6.2. By the Poisson summation formula (Stein and Weiss, 1971,
p- 252),

2y e =3 g(é)

jEAh jEAh
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we have

‘ /R 8L0dx =) g(jh’

20) - Zgw(m: Zg(i) .

jeal jeal jeah
J#0
For g € Cy (R?) we have
cligllw _ cllgllwn
18 = < , §#0,
I+ 15D 11"

1 1 8k
E . :E . :E—<oo for r > 3.
N |J|r k=1 |‘]|r k>1 kr

JeA = =

j#0 lj1=k

Hence

r

<clglwah’,  r=3. 0

NG h
Zg(h> <cliglw :
jeah jeah

J#0 J#0

Using the trapezoidal quadrature lemma and the fact that d Hs /dx = 5, we obtain

Z EHs[x — X;(t)]w;h — / EHs[x — X(t; a)]w(a, 0)da
; R

scid ¥ f
0<y<L [x—y|=R

< C/hL{C//(Sl—L + C///}
< C(h/8)"s,

d¥ Hy
dxv

dVH,g( )
dxY Y

(x — y)’dy + Z sup

0sy=t Y=k

where we choose R = max[1, diameter(£2)] and the constant C depends on only y,
T, L, m, the diameter of supp w (o, 0), and maxo<g<z 0% w (e, 0) || zoo.
We begin to estimate the sampling error. Let

Z; = wih[Hs(x — X;(t)) — EHs(x — X;(2))].
We have EZ; =0, |Z;| < C1h, and the sum of variances

ZVar Zi=h Zw?h - Var Hs(x — X; (1))
=1y olh-{E[Hs(x = X;()F — [EH;(x = X; )}, (6.30)

Likewise, we can apply Lemma 6.2 to approximate Eq. 6.30 by the integral

h / Var Hs[x — X (t; )]0’ (e, 0)da (6.31)
R
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within an error C’(h/8)"8. Integral (6.31) is bounded by Co for 0 < o < oy,
0 < § < &) because Var Hs[x — X (¢; o)] depends smoothly on ¢ and § and it is
identically zero when o = 0. Therefore

> VarZ; < h[Co + C'(h/8)"8] < Crh[o + (h/8)"8] := V.

For any fixed constant ¥ > 0, let
n=xCy*h"?[o + (h/8)*8]*|Inhl.

Because [0 4 (h/8)18]'/? < o'/2 4 (h/8)1/281/2 it follows from Bennett’s inequality

that
P {

: ZKCzl/zh'/z(al/z+(h/8)L/251/2)}

o{[xa=]

1
< 2exp [—2 n?v-l. B(C1hT}V_l)}

—_—

(—;K nkf?- B{C,C;"*kh"*[o + (h/8)"8]~ 1/2|lnh|}>
[ «?|Inh|? - B(C'K|lnh|)}
(=

2
<2exp (—C"«k?|Inh|? ~K’1|lnh|’1)
S 2hcr/
< ZN—CK

as h —> 0. The probability approaches zero more rapidly than any polynomial rate
if « is chosen sufficiently large.
In the case h/o —> o0, except for a factor of |In k|,

BMpV™"y ~ 2o + (h/8)"5] ", (6.32)

which goes to zero. To ensure that the probability goes to one, we divide the sampling
error in relation (6.26) by approximation (6.32).

6.1.3. Computational Performance of the 2D Random-Vortex Method
on Viscous Strained Shear Layers

We now review some computations presented in Long (1987). The first computation
takes initial vorticity as the Dirac measure at 0. Because the initial data are not
smooth, it makes sense to use up,y to simulate the dynamics. Long considers variances
02=10"2,10"3,10"%,1073,and 10~°, and computes the L' and the L norms. The
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Figure 6.1. No smoothing, Dirac initial data. Shown are computations of the numerical error
for N = 100 (squares), N = 1000 (circles) and N = 10,000 (diamonds). The L* error is
indicated by the open symbols and is independent of o, and the L' error, denoted by the filled
symbols, scales as o.

advantage of using the Dirac measure as the initial data is that there are no moment
and discretization errors. The only error is the sampling error. In this case, the exact
solutions with different o are similar to one another by a simple scaling. The same is
true for the computed solutions. Note from Fig. 6.1 that the L* error is the same for
different o whereas the L' error scales as o. This is because the essential support of
the vorticity scales like 8c. The constancy of the L® norm is due to the fact that the
largest variance of up,, occurs at x = 0 where its value of 1/4N is independent of o.
Figure 6.1 also shows that the sampling error scales as N ~'/2 ~ h!/2,
The second computation takes step-function initial vorticity

12 if-1<x<1
(x,0) = {O otherwise ’ (6.33)

In this case the initial data are piecewise Lipschitz continuous so we expect the L*°
error to show dependence on o. This is clearly shown in Fig. 6.2, top graph, where
we see that the error scales as o!/2, as predicted. Note, however, that the degree of
o dependence decreases as the straining rate y T increases. The variation in the L*°
errors for yT = 4.0 (down triangle) is much smaller than that at yT = 0.1 (circle).
The reason for this is that, in all cases, the solutions converge at long times to the same
equilibrium. Note from Fig. 6.2 that the L' error is not affected by ¥ T as we might
expect. For fixed o, the L! error decreases as yT increases because the essential
support of the vorticity decreases. The data also support the theoretical result that the
error is of the order of 1'/2.

We now discuss the effects of smoothing. If we take given piecewise smooth ini-
tial data, for example, Eq. (6.33), and use a higher-order smoothing, then as the
smoothing parameter § = h? increases, the moment error increases while the dis-
cretization error and the sampling error decrease. The optimal result is reached when
the three effects balance. As an example, Long showed that for initial data (6.33),
N = 10,000, yT = 1.0, there was an optimal g at which the L*° and the L!
errors reached a minimum. For the L™ norm it was ¢ = 0.82 whereas for the L'
norm it was ¢ = 0.76. He states that similar effects were found for other cases as
well.
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Figure 6.2. No smoothing, step initial data (6.33). Shown are computations of the L™ error
(top) and the L' error (bottom) for N = 100 (shaded symbols), N = 1000 (open symbols)
and N = 10,000 (filled symbols). The errors at yT = 0.1, 0.5, 1.0, 2.0, and 4.0 are shown as
circles, squares, diamonds, up triangles, and down triangles, respectively.

Long compares his computations with no smoothing to those with smoothing. He
finds that for the cases N = 100 and N = 1000 smoothing does not give improved
errors. However, the smoothing does show an improvement over no smoothing for
N = 10,000. This supports the theoretical result in Theorem 6.2 that the grid size h
has to be sufficiently small for the effect of smoothing to be observable. Figure 6.3
shows N = 10,000 with second-order smoothing and step initial data (6.33). Note
that the most significant improvement of the accuracy occurs when o> = 1072 and
the improvement diminishes as o decreases. This illustrates the fact that the condition
h < Cyo is significant. At 2 = 107, the ratio 1/o = 0.1. This suggests that the
practical value of Cy is very small. Small values of 4 /o suggest that the sampling
error becomes the dominant component.

-2 T T o—vi
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% -4 + v A e m o a o A v 1
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-5t v A s me oo ¢ A v b

-6 oy N —a g o IA 7
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error

Figure 6.3. Second-order smoothing, step initial data (6.33). Shown are computations of the
L™ error (open symbols) and the L' error (filled symbols) for N = 10,000. The errors at
yT = 0.1, 0.5, 1.0, 2.0, and 4.0 are shown as circles, squares, diamonds, up triangles, and
down triangles, respectively.
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6.2. 2D Inviscid Vortex Methods

We begin with the simpler case of designing a 2D inviscid vortex algorithm. Recall
from Chap. 2 the 2D integrodifferential equation for particle trajectories,

%(a, 1 = / K[ X (o, 1) — X (o, t)]wo(a)de', (6.34)
RZ
X(a,t)|i=0 = «, (6.35)

where the kernel K> is

Kg(x)=1< RE ) (6.36)

27 |27 1x]2

Assume that the initial vorticity wg has a bounded support. In 2D inviscid flows,
vorticity is conserved along particle trajectories,

w(X(a,t), 1) = wy(a), (6.37)

and hence the design of a 2D vortex method for Eq. (6.35) does not involve the
stretching of vorticity as in the 3D case.

The following subsections address the three main steps in the 2D vortex method:
Subsection 6.2.1, smoothing of the kernel K,; Subsection 6.2.2, approximation of the
integral; and Subsection 6.2.3, closing of a finite system of ODE:s.

6.2.1. Smoothing of the Kernel K,

First we motivate the need for the smoothing of the kernel K,. In constructing a
discretization of the equations, we need to approximate the velocity field

v(x,t) = / Kr(x — xNo(x)dx'. (6.38)
R’l
An approximation by trapezoidal quadrature would be
v, ) ~ Y Kalx — ja(jhh’. (6.39)
Jjez"

However, the singularity in the kernel makes such an approximation a bad choice.
In particular, this approximation is equivalent to approximating by a sum of delta
functions w(jh)§(x — jh) and then convolving with the singular kernel. The sum of
delta functions is a reasonable approximation in the class of measures. On the other
hand, the convolution is with a singular kernel K, that is notin C 0 (Rz), the dual to the
measures. Thus there is no reason why we should expect quadrature to approximate
the velocity field v well.

A better choice is to approximate the vorticity instead by a sum of smooth blobs,
with the width of each blob scaling with the discretization. Because we are designing
a numerical method, the choice of blob should be one for which we can obtain a
simple closed-form expression for the approximate velocity field.

We now show that an approximation of the vorticity by smooth blobs is equivalent
to a smoothing of the kernel K.
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Consider a radially symmetric function ¢ € Cg° such that fRz ¥ dx = 1 and define
the mollifier ¥s(x) = 872 (x/8), § > 0. Regularize the kernel K, by convolving it
componentwise with ¥s:

K5(x) = Ko % ¥rs(x). (6.40)

This regularized kernel K3 is smooth and bounded at x = 0. Using it instead of the
singular kernel K, gives the regularized integrodifferential equation for the particle
trajectories X° (a, t):

dXS 8 8 8 / ’
?(a, t) = /R2 K5[X%(a, ) — X° (o, 1) ]wo ('),
X*(at, )y=o = 0. (6.41)

We show an equivalent interpretation of regularization (6.40) that gives a simpler
formula for computing K3. Recall that the velocity v and its vorticity o satisfy the
equations

curlv = w, divv = 0. (6.42)

For a radially symmetric vorticity w, the solution v to this equation is the inviscid
steady eddy from Example 2.1:

t x x r
v(x) = <_|XTZIJC}2>/0 sw(s)ds.

Observe that regularization (6.40) implies that the regularized kernel K¢ satisfies
Egs. (6.42),

curl Kg = s, div Kg =0,

so that

K3 () = (—@;12) /0 $Y3(5)ds

L m n), /,/5 v(s)d
=— (——5, — |27 .
2 \ T2 ) )y TV

Thus we have the first equivalent interpretation: Smoothing (6.40) of the kernel K is
equivalent to cutting off the singularity of K,

’
K3 = K0 f (5 (6.43)
where the cutoff function f is related to the mollifier » by
fr)=2n / sy (s)ds. (6.44)
0

The definition of ¢ implies that the cutoff function f satisfies

(i) f(r) = O(r) for r < 1 to cut off the singularity r~! of K, and
(i) f(r) / 1asr / oo to satisfy the condition [p. ¥ dx = 1.
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Two examples of cutoffs are

1 1 r?
- — = —, 6.45
VO =5y 0 =1 (6.45)
discussed in Chap. 9 for the desingularization of vortex-sheet motion, and
1 2
Yy =—e", fn=1-e", (6.46)
b4
which gives
1—e
S\ — T
K@) = ——5— (=x.x)". (6.47)

There is a second equivalent interpretation of smoothing (6.40) of the kernel K>.
Because convolution is associative, (F x G) * H = F % (G x H), the velocity vl
corresponding to K3 is

V(x, 1) = / Kg(x — oy, t)dy (6.48)
RZ

= [ Kol =3Py, (6.49)
.

where o’ is the regularized vorticity:
@’ (x) = w * Ys(x). (6.50)

The second equivalent interpretation is that Smoothing (6.40) of the kernel K, is
equivalent to smoothing (6.50) of the vorticity w.

6.2.2. Approximation of the Integral

To approximate the integral in Eq. (6.41), we can use any quadrature technique. For
simplicity we consider trapezoidal quadrature, defined by

/ g(a)da = Z g(ihh", (6.51)
RN

jezN
where the multi-index j = (ji, j2, - . . , jn) defines auniform grid of points jh, i > 0.

If the vorticity has a compact support, we need a finite number of grid points,
jh € suppwy, j € A". Use of quadrature (6.51) to discretize regularized equation
(6.41) gives an approximate velocity field at the point X" (a, 1):

VXM, 1), 1) = (a, 1) = Z K3 [X (e, 1) — X2 (1)) ewo, 2. (6.52)
jen!

6.2.3. Closing of the Equation by means of a Finite-Dimensional
System of ODEs

To completely discretize Eq. (6.52) we use the collocation method of evaluating
this equation at the points {X fh (#)}iear- In such a way we approximate the particle-
trajectory mapping X (-, #) by a finite system of particle trajectories { X ?h ()} jean that
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satisfies the system of ODEs that defines the 2D inviscid-vortex method:

dXSh § Sh Sh 2
0= Z K3 [X2(1) — X3"(1)] o, %,
jEAh
XM (O)—o = ih, i€ A" (6.53)

The approximate velocity field corresponding to the particle trajectories th is

v, = K3 [x — X0 | wo, 1, (6.54)

JEAR

and the approximate vorticity is

o (x,t) = Z s [x — X9(1)] wo, . (6.55)

jEAh

Note that the regularized kernel K3 produces a divergence-free velocity v in
Eq. (6.54). Also, " satisfies the compatibility condition div w®" = 0.

Formula (6.55) for the approximate vorticity »®" illustrates the dual interpretations
of the regularization of K,. Namely, if we approximate the vorticity w (x, t) by smooth
vortex blobs ys[x — X% (1)]wp, h? as in Eq. (6.55) and interpret formula (6.54) for the
velocity v®" as the Riemann sum for Eq. (6.49) over the partitions formed by current
images of initial squares, we get

/R Kalx — X (@', D]wp(a)do' = > K3 [x = X (t)]wo, .

JjeAr

For these reasons algorithm (6.53) is often called the vortex-blob formulation.

Inviscid-vortex algorithm (6.53) depends on two parameters, the regularization
parameter § > 0 and the discretization parameter 2 > 0, and on the function v (or f).
Setting 6 = 0 gives the point-vortex method that has been shown to have poor
convergence as i \, O (Beale and Majda, 1985). The convergence of approximate
solutions to the vortex method in algorithm (6.53) to exact solutions depends on the
relation between § and & and properties of the function ¥ (or f). We discuss this
rigorously in Section 6.4.

6.3. 3D Inviscid-Vortex Methods

3D inviscid-vortex methods are based on 3D integrodifferential equation (4.6) for the
particle trajectories:

Cil—}t((a, 1 = / Ki[X(a,t) — X (&', )]Ve X (o, Hawg(a')da',
R3
X (o, 1)|=0 = «, (6.56)
Ky = - 6.57)
3x_47'[|x|3x' (®.

We assume that the initial vorticity wg has a compact support. The additional challenge
in designing a 3D vortex method lies in the treatment of the stretching of vorticity
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given by the term
o(X(a,t),t) = Vo X (o, t)wp(a).

In Subsection 6.3.3 we consider both a Lagrangian and an Eulerian method for
computing the stretching of vorticity. We begin with a discussion of the smoothing
of the kernel K3 in Subsection 6.3.1, and then in Subsection 6.3.2 we briefly discuss
the discretization of the integral. In Subsection 6.3.4 we finish with a discussion of
the collocation method used to create a finite system of ODEs.

6.3.1. Smoothing of the Kernel K3
As in the 2D case we consider a radially symmetric function ¢ € Cg°, fR Ydx =1,

which defines the mollifier ¥5(x) = §73(x/8), § > 0. Regularize the kernel K3 by
convolving it componentwise with s:

K{(x) = K3 * s (x). (6.58)

This regularized kernel K3 is smooth and bounded atx = 0 and defines the regularized
3D integrodifferential equation for the particle trajectories X°(a, t):

dX(S § 1) Sy, S/ ’
W(a, 1) = /RK3[X (a,t) — X°(a', )]w(X° (', 1), H)da',

X% (at, 1)]i=0 = @, (6.59)

where o is also an unknown function to be determined.

As in the 2D case, there is a dual interpretation of regularization (6.58) as a cutoff
of the singularity »~2 of K3. Later we use cutoff functions rather than mollifiers s
to derive explicit forms of regularized kernels K?2.

Recall that the Hodge decomposition (Proposition 2.16) gives

v= K3 xw=curl(Gz *x w),

where G3(r) = [1/(4mr)] is the Newtonian potential in R A simple calculation
shows that

ad xX—y
K} xo(x) = / —G5(x —y)) x o(y)dy,
R Or lx — yl
where G5 = G5 * 5. Thus
K2 = 2@ - x
X) = — xX|)— X,
3 ar 3 x|

and K g will have a simple expression whenever (9/ 8r)G§ does. In particular, if

9 3y = 1)
or 0=
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where f is a cutoff function, then the kernel K §3 is

Kiw = -2

4773

X X. (6.60)

Because AG‘; = s, in spherical coordinates we have

1af,d f'(5) -
AGY(x) = — — |r’—G5(r) | = —=—2267".
3(x) r2 or {r or 3() 4 r?
Hence the relation between the mollifier ¥ and the cutoff function f is
f'(r)
=— . 6.61
V) =~ (6.61)

The above discussion shows that the smooth cutoff function f must satisfy (i) f(r) =
O(r?) for r < 1 to cut off the singularity »~2 of K3, and (ii) f(r) / lasr / oo to
satisfy the condition fRs Ydx =1.
For example, a simple choice f(r) =1 — e~ leads to Y(r) = [3/(471)]6”3, and
| —e

K3() = ———5— xx. (6.62)

6.3.2. Approximation of the Integral

As in the 2D case, we use trapezoidal quadrature (6.51),
/ gl@)da = E g(jimn",

RV —

JjeEA

for computing the integrals in the regularized integrodifferential equation for the
particle trajectories X°(a, ¢) in Eq. (6.59):

X(Sh
(@ = Z K3 [X (e, 1) — XM (0)] [ X2 (1), 1] P,
jEA/’
X (o, )12 = (6.63)

where the finite set A" is defined by jh € supp wp for j € A",
Unlike in the 2D case, the vorticity a)(X?h(t), t) is as yet unknown. The next
subsection gives two methods for approximating the vorticity.

6.3.3. Two Approximations of the Vorticity
Approximation 1: Lagrangian Stretching

Recall from Chap. 2 that in the 3D integrodifferential equation for the particle tra-
jectories, the vorticity w is determined from the initial condition wy and the particle
trajectories X (¢, t) by a Lagrangian stretching:

w(X(a, 1), 1) = Vo X (&, Do (a). (6.64)
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This stretching term can lead to amplification of the vorticity field that is impos-
sible in two dimensions. In Chap. 3 we showed, by using the particle-trajectory
equations, a direct link between vorticity amplification and the smoothness of a solu-
tion to the Euler equation (Theorem 4.3). The vorticity stretching introduces another
term that must be discretized when a 3D computational vortex method is being con-
structed.

The first approximation of the vorticity that we consider comes from simply ap-
proximating the gradient V, in Eq. (6.64) by a finite-difference operator Vg based on
the grid points jh, j € A":

0X;

o (o, 1) Z [Xi(a + hej, 1) — Xi (@ — he;, 1)]/2h. (6.65)
J

This leads to the approximation of the vorticity w (X (), 1) by wif (t) given by
o (1) = Vi X (D), (6.66)

so that we determine a)’; in terms of its initial values wp, and the particle trajectories
X;(t), j €A™

Approximation 2: Eulerian Stretching

Recall that vorticity-stretching formula (6.64) is actually derived from 3D vortic-
ity equation (1.32), (Dw/Dt) = w - Vv. Evaluating this equation on the particle
trajectories X («, t) gives

d
Ew(X(a, 0,1 =X (a,t),1) Vivlxn,)- (6.67)

We can compute the vorticity w (X («, t), t) by a direct approximation of this ODE,
given the velocity field v corresponding to the particle trajectories X ;(z). That is, we
compute wf’ = w(X (1), t) as the solutions to

da)f’ h
W(t) = ;' (1) - Vaulxi).00

! ()|=0 = o, (6.68)

6.3.4. Closing of the Equations by means of a Finite-Dimensional
System of ODEs

We formulate the 3D inviscid-vortex methods corresponding to the two different
approximations of the vorticity w discussed in Subsection 6.2.3.

To get a discrete version of Eq. (6.68), we use the collocation method, evaluating
this equation at the points { X" (¢)};can:

Sh
d;(t" ) = v (X (1), 1), (6.69)
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where

v ) = > K x = X)X @), 1] 1. (6.70)

JjEAN

The regularized kernel K3 always produces a divergence-free velocity field ol
[Eq. (6.70)]. Equations (6.69) and (6.70) are not closed because the vorticity
(X ?h (t), t) is unknown — here we use the two different approximations, introduced
in Subsection 6.3.3, to close these equations.

Vorticity approximation (6.66) gives the 3D inviscid-vortex method with
Lagrangian stretching:

axe"
S0 = KX - X 0] VAX (), 1,
JEA!
XSh _ . h
() mo = ih, i€ A" (6.71)

Because the finite-difference operator V/* acts on only the points {X‘Js-h ()} jenr, the
above system of ODEs is closed. The corresponding approximate velocity v® and
vorticity w®" are

v, ) =) Ky [x = XP0)]VEX (D, B, (6.72)
JEA!

o (x, 1) = Z VX (t)ao, . (6.73)
jGA/’

To obtain a second 3D vortex method we approximate the vorticity @ by solving
Eq. (6.68). Given an explicit formula for K2, the gradient of the approximate velocity
in Eq. (6.70) is precisely

Vol(x,0) = > VKL [x = X' 0] (X5 (1), 1) 1.
jEAh

Substituting this approximate velocity gradient into Eq. (6.68) gives a 3D vortex
method with Eulerian stretching:

axh
0= KXo - X} 0] Or,
! jEA]’
('Sh Sh $ Sh Sh Sh 3
d; (t) = (1) - Z VK[ X" (1) — X{ (0] (),
jeAn
X Ol =ih, )" Olizo=wy,, i€ (6.74)

This is a closed system of equations with six unknowns Xf” ), a)fh (1), for each
i€l

Recall that in the 2D inviscid-vortex method approximation (6.55) of the vor-
ticity by smooth vorticity blobs was equivalent to representing the velocity field
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by a smoothing and discretizing the kernel K, as in Eq. (6.54). Because of the
stretching of vorticity in three dimensions, the most natural approximation of vor-
ticity is different. We observe that the approximate vorticity wfh (t) does not define
vortex lines in the flow, but still it is divergence free, as required from the exact
vorticity .

As in the 2D case, the 3D inviscid-vortex methods depend on two parameters, the
regularization parameter § > 0 and the discretization parameter 2 > 0, and on the
function ¥ (or f). The convergence of approximate solutions to the vortex methods
in Eqgs. (6.71) and (6.74) to exact solutions depends on the relation between § and &
and properties of the function ¥ (or f).

6.4. Convergence of Inviscid-Vortex Methods

In this section we study the convergence of the inviscid-vortex method. Because the
method involves both the discretization parameter 4 and the regularization parameter
8, we expect that § depends on /. We also expect that the convergence depends on the
mollifiers ¥ used to desingularize the kernel K in the velocity formulav = K x w. We
state both 2D and 3D convergence results. We present the proof of the 2D convergence.
The 3D proof is extremely technical. The interested reader is referred to the many
sources mentioned in the notes at the end of this chapter, in particular, to Beale and
Majda (1982a, 1982b).

Recall that the design of inviscid-vortex methods is based on the integrodifferential
equation on particle trajectories X («, t), which for 2D flows is

dX ! / /
—(a, 1) = / K[X(a,t) — X (o', t)]owo(ct)dar',
dt R?

X(a,t)|=o = a € R?, (6.75)

with the kernel K given by

1 ! X2 X1 2
Kx)=— [——=, 2, e R 6.76
“ =2 ( NE |x|2> ' (©70
The velocity v is
v(x,t) = / K[x — X, t)]wy(a)do'. (6.77)
R2

The 2D inviscid vortex methods consisted of (see Section 6.2)

(i) a desingularization of the kernel K by convolving it with a mollifier ¥5, K § =

K x4,
(ii) an approximation of the integral in Eq. (6.75) by trapezoidal quadrature,

(ii1) closing of a finite-dimensional system of ODEs by the collocation method.
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These steps lead to the 2D inviscid-vortex methods given in Eq. (6.53):

dX; . .
(0= KX = X0l 1,
! jean
X0 =ih, i€A. (6.78)

Equation (6.78) is a discretization of the particle-trajectory equation. The correspond-
ing approximate velocity 7°" is

0, 1) =Y K'lx = X;(0)]wy, h*, (6.79)

jGAh
and the approximate vorticity @ is

&M (x, 1) = Z Yslx — X (t)]wo, h. (6.80)

JjEA!

Now we formulate the convergence results for the 2D inviscid-vortex method in
Eq. (6.78). First we recall from Section 6.1 the class of mollifiers ¥ in M*" used to
desingularized the kernel K.

Definition 6.1. A mollifier v belongs to the class M Lm [, >0, m>2, provided
that

(i) [p¥dx=1,
(ii) fRz xYx)dx =0, 1 <|a|<m—1, and f]Rz [x]™ | (x)|dx < oo,
(i) ¥ € CE(R?), and |x|*P1|38y (x)| < ¢,V Bl < L

Property (ii) of vanishing certain moments of the mollifier v is essential to prove
the error of an approximation of K by K®. The convergence result is the following
theorem.

Theorem 6.3. The Convergence of 2D Inviscid-Vortex Methods. Let v € C o, T71;
CL“(Rz)}, L > 3, be a solution to the 2D Euler equation for the initial vorticity
wo with a compact support. Let v € M*™ m > 2, and let ¥ and ¥*" be solutions
to the inviscid-vortex method in Egs. (6.78) and (6.79). Then for all0 <t < T and
1 < p < oo, there exists a constant C such that

IxC, 1) = % Dl < CE™ +hts'h), (6.81)
oG, 0) =8¢ Dl < C@E" +h"8'h), (6.82)
provided that
1
C™ +hnts'=t) < 5/18. (6.83)

The constant ¢ depends on T and v.
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We prove this theorem later in this section. In relations (6.81) and (6.82), || - || L
denotes the discrete L? norm:

1/p
LG Dy = { > If(x(oe,;,t),t)l"hz} : (6.84)

JEA!

If wesetd = he, 0 < g < 1, then 8" + ht§'"L = pma 4 pL+a0-D) If we
choose L large enough so that mqg < L(1 — g) + g, then c[h"? 4 ht+10-D)] <
ch™ Y0 < h < hgy,sothe order of convergenceis A"~ ¢, 0 < € <« 1. Westatethisasa
corollary.

Corollary 6.1. The Order of Convergence. Let the assumptions of Theorem 6.3 be
satisfied. If L = oo, i.e., ¥ € M™"™, thenforall0 <t <T

IXC,0) = XC. Dl <ch”™,  0<e<k], (6.85)

oG, 1) =8¢, Dl < eh” <. (6.86)

Thus by a proper choice of the mollifiers » we can obtain as high an order of
convergence as we wish.

The 3D inviscid-vortex methods are more complicated because the vorticity is
stretched along particle trajectories:

o(X(a,1),1) = Vo X (a0, ().

In this case the integrodifferential equation on particle trajectories is

%(a, 1) = / K[X(a,t) — X, )]V X (o', Hwg(a)da,
RS
X lmo = € R, (6.87)

with the kernel K given by

1 xxh

K()h=—2"2
O = P

x,h e R3. (6.88)

The simplest 3D inviscid-vortex method, which also involves an approximation of
the gradient V, by a finite-difference operator V”, is in Eq. (6.71):

dx; ~ o
(0 = KX = XPIVGX, 0, 7,
JEA!

X;(t) =ih, i €A. (6.89)

The convergence of these approximate solutions depends also on the finite-difference
operator V" used.
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Definition 6.2. Let V(’; be a finite-difference operator.
(i) We say that V" is stable if there exists a fixed constant c so that, for all h < hy,
VLA, < el fllze, (6.90)

where || - || _1., is @ norm on the dual space to the discrete Sobolev space H".
(ii) We say that V! is rth-order accurate if there exists a fixed constant ¢ so that

Ve f = Vef]

L <ch". (6.91)
The convergence result is the following theorem.

Theorem 6.4. The Convergence of the 3D Inviscid-Vortex Methods. Let v be a suf-
ficiently smooth solution to the 3D Euler equation for the initial vorticity wy with a
compact support. Let the mollifier v € M*™, L > 5. Letm > 4 if L = oo and
m(L —1)/(m + L) > 3 if L < oc. Let the finite-difference operator V! be stable
and rth-order accurate, withr > 3. Take § = h9, where ¢ = 1 — €y if L = 00 and
q = (L —1—¢€y)/(m+ L) with €y small enough so that mq > 3.

Then, for all 0 <t < T, the solution X and ©°" 1o inviscid-vortex method (6.89)
satisfies

IXCo0) = XG0l + oG 0 =@ ¢ ollga < ch™ + 1), (6.92)
() =8 Dllz < ch™ + k). (6.93)

The constant ¢ depends on T, v, L, m, €y, and r. Here Hh_1 denotes the dual of th.

6.4.1. Proof of Convergence of the 2D Vortex Method

Now we prove the convergence of the 2D inviscid-vortex methods. We need to com-
pute the discrete L? errors between the exact solution X («, 7) with velocity

v(x(a, 1), 1) = / Kx(a,t) — X(a', t)]wo(a')do’ (6.94)
RZ
and the approximate numerical solution X (o, t) with velocity
(X (a, 1), 1) = Z K°[X(a, 1) — X ;(t)]wo, h*. (6.95)
jEAI’

Introducing the approximate velocity evaluated on the exact particle trajectories,

V(X (a, 1), 1) = Z K[ X (o, 1) — X j(t)]wo, ?, (6.96)

jean

we split the velocity error |v(-,t) — °"(-,1)] L into the consistency error
oG, 1) — v, t)||L]p and the stability error || v (-, t) — 0% (., t)||L£:

oG, t) = 3Gl < o t) = v oDl + 10" G = 80l (6.97)
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Recall from Chapter 3, Section 3.4, on viscous-splitting algorithms that a proof of
convergence for a general computational algorithm has two parts, consistency and
stability. Hence the proof of Theorem 6.3 relies on the following two lemmas proved
in the next two subsections.

Lemma 6.3. The Consistency Error. Let v € cY[o, T1; CL‘H(]Rz)}, L >3 bea
solution to the 2D Euler equation with compactly supported initial vorticity wy. Let
the mollifier ¥ € ML™ m > 2. Then, forall0 <t <T,

lv(, 1) =", )|l oe < (8™ + =81,

Lemma 6.4. The Stability Error. Let v € c'{o, T1; ct+! (Rz)}, L > 3, be a solution
to the 2D Euler equation for the initial vorticity wo with a compact support and let
the mollifier € ME™  m > 2. Then, forall0 <t <Tandl < p < 00, there
exists a constant C such that

I Co0) =0 G 0l < CIX 1) = XC D,
provided that

max | X;(t) — X;(t)] <.
J

We estimate the consistency error in a fashion analogous to the approximation of
the discretization error in the convergence proof of the random-vortex method for the
viscous strained shear-layer model of Section 6.1.

Using the above consistency and stability errors, we are now ready to give the
following proof.

Proof of Theorem 6.3. Denote e(a, t) = X (o, t) — X(a,t). Integrodifferential equa-
tions (6.75) and (6.78) imply that

d -
SrleC Dl < H = v Dl + 107 (0 = ¢, Dl

The consistency error in Lemma 6.3 and the stability error in Lemma 6.4 give
d m Lsl-L
TG0y < elleC. Dl +e@" +hts' ),

provided thatmax; |e; (t)| < 8.LetT* = min{7, inf{z : [le(-, f)||Lg > 6}}. Gronwall’s
inequality implies that
leC- )l < cT*eT" (8™ + hts'1y, VO<t<T*

2
Ly’
dition cT*eT" (8™ + ht8'=F) < 8h/2, forall 0 < t < T*, we have max; |e;(t)| <
hYe(, t)||LIn < §/2, so that we can continue the solution ||e(-, t)||LIp upto T** > T*.
Repeating these arguments, we conclude the proof. (]

Suppose that 7* < T'. Because max|e; ()|*h* < |le(-, t)||?,, by imposing the con-
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6.4.2. The Consistency Error

To prove Lemma 6.3, first observe that

(-, 1) = v (-, )] <

/ (K — K (x — xNo (', t)dx'
]RZ

+ / K(x — xNo (', t)dx — Z K°[x — X;(1)]wo, h?
RZ

jEAh

=e,u(x,t) +eq(x,t).

Thus the consistency error ||v(-, ) — v (., 1)||Loo can be split into the moment
error ||e, (-, t)|| Loo of a desingularization of the kernel K and the discretization error
lleq (-, 1)]| oo of the trapezoidal quadrature. We estimate these errors below.

Lemma 6.5. The Moment Error. Let the mollifier € M%™, m > 2. Then, for all
0<r=T,

llem (-, D)l oo < c8™. (6.98)

Proof of Lemma 6.5. Denote g(x,1) = [(K — K?) % w](x, t). Because g(-,¢) €
L'(R?), we can take its Fourier transform g:

ZE.D = (K- KHEBE. 1) = [KE) — KETE)E. 1)
= K@a®E)[1 — ¥5)].

The definition ¥ (x) = 82y (x/8) gives Y5 (x) = ¥ (5€). Because ¥ (0) = [r2 ¥/ (x)
dx =1, we get

& D) = K©@E, DY) — ¥ (68)]. (6.99)

Now we expand 1}(5 ) as a Taylor series,

YE = Y EVOE+ D 0V (hab)E,

la|<m—1 |a|=m
and compute

-~

Y (0) = ag /R ) e E Y (x)dx|s—o = /R 2(—2mx)“e*2”"*f¢(x)dx|§:0
=c/ x%Yr(x)dx.
R2

From Definition 6.1 of the class M~ we have [;> x*¥ (x)dx = Oforl < |a| < m—1
and fRz |x|™ | (x)|dx < oo from the preceding equation we get

19 (0) — ¥ (€)] < clg|™.
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Now observe that, if w (-, ) € C(’)’H'2 (R?), then

—~ Mm+2
o, )| < W

To estimate |I?($)|, recall that — AW =wand v = K % w = VT W, so that
K(©)a() = (=27i&)’ 9 (&) with some |8] = 1.

Because @(§) = —(—2711'5)"‘{0\(5) with |a| = 2, we get
<
&

Combining the above estimates, from Eq. (6.99) we get

IK(&)| <

c M m—1
&Mz sem < com L]

BSOS T g (T 1ep

so that g(-, t) € L' (R?). Thus
llemC, Ollex = llgC, D> < IgC¢, Dl < 8™,

which concludes the proof. O

To estimate the discretization error ||e4 (-, ) || oo, first we show that the approximation
of an integral by the trapezoidal quadrature is of an arbitrary high accuracy. We recall
the following lemma from Section 6.1.

Lemma 6.2. Trapezoidal Quadrature Error. Let g € C (R?), r > 3. Then

| / g)dx =Y g(GMK| < c/ligllym )k (6.100)
R* jEA]’
where || - ||wr1 is the Sobolev norm.

We also need the following estimates for the regularized kernel K°:

Proposition 6.1. Let v € M Lm 1. >0, m=>2 bea radially symmetric mollifier,
and K° = K x rs. Then for all |B| < L there exists a constant cg such that

—1-1B]
B 1 cplx| , lxl =4
[0"K°(x)] < {Cﬂﬁllﬁl, xe R2’ (6.101)
c, 1Bl=0
187 K2l o.ry < 4 clns, Bl =1. (6.102)

e8!Vl > 2

We prove estimates (6.102) at the end of this section.
Now we are ready to give Lemma 6.6.
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Lemma 6.6. The Discretization Error. Let the assumptions of consistency error
Lemma 6.3 be satisfied. Then, forall0 <t < T,

leaC, D)~ < ch®s'~". (6.103)
Proof of Lemma 6.6. Because the discretization error is
eq(x, 1) = ‘/ K’[x — X (@', O]o(X (', 1), t)do!
RZ
=Y K’lx — X (@), Do (X (@, 1), OF?],
jEA”
applying error estimate (6.100) for the trapezoidal quadrature gives
lea(x, )] < cllK°[x — X (. D]w(X (. 1), Dllweih*, L >3.
The Leibnitz formula gives
WK [x—X (. DX (. 1), D} = > (ﬁ) K [x—X (o, D] (X (e, 1), 1).
y<B

Because v € C'{[0, T]; CET'(R?)}, |lw(-,)|lcz < ¢ and supp w(-, 1) C Q, a

bounded domain. Thus by using estimates (6.102) for all x € 2 we have
lea(x, D] < el K lwea@h® < ch"s'7,

so that ||ez (-, 1) || oo < chT8'7L. O

A higher-order convergence for the discretization error was proved by Beale, who
used the fact that the kernel K, is odd (Beale, 1986).

To finish the analysis of consistency, it remains only to give the proof of
Proposition 6.1.

Proof of Proposition 6.1. The mollification K * s, for a radially symmetric mollifier,
is equivalent to the multiplication of K by the cutoff function f, K°(x) = K (x) fs(x),
where

[x1/8
fs(x) = 271/ sy (s)ds.
0

Let |x| > §. Using the Leibnitz formula and the form of K, we estimate

PR )< (ﬁ) OIS AOTIESY) M,f{%wmn

a<p a<p

Now we estimate the derivatives of fs5. We have | fs(x)| < ¢, Vx € R?. Moreover,

2 =2y (),
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and, in general,

k

0 27 r

(k—=2) (k—1)
G fir) = (k- 1) () + v (5). k=2
Because v € ME™, we have |x|>t181|108(x)| < ¢ V|B| < L, sothat, in particular,

1 @ ("] < _© <l
52+|ﬂw"” (S)’—rwﬂ\’ Bl = L.

Using this estimate we get

‘fs(i’) k=0,
so that finally we can estimate
B s Cap Ca g
0P K ()] < Zﬁ A e S e 6128
as

This proves the first estimate in estimates (6.101).
The proof of the second estimate in estimates (6.101) follows easily from a rescaling

of K:
107 K (x)| = ‘/ K(x’)a—z—'ﬂaﬂw(x — )dx’
RZ

5
_ ‘/ K((Sx,)(;lﬂlaﬂl//(x —x’)dx’
R? )

K(x )8’31//(8 —x )dx’

_ 5—1-181

< 81ﬁ{||aﬂ¢||co/ |K (x")]dx" + sup |K (x")] ”aﬂ‘/f”Ll}
Ix'|<1 1¥|=1

< 51

because |K (x)| < (c/|x|) and ¥ € ML Finally we prove estimates (6.102). For
8 < R we have

”8ﬁK5||L'[B(O,R)] = l:/ +/ :||85K5(x/)|dx/.
B(O,R)NB(x,5) JB(,R)—B(x.5)

The first term we estimate by using estimates (6.101) as
/ [0 K8 (x)|dx' < 8717 Plgs? = c5' 1P
B(0,R)NB(x,8)

The second term we estimate as

/ 10 K% (x")|dx’
B(0,R)—B(x,d)
c(R-6), 1Bl =0

2R
< c/ r VPG = e, 1Bl = 1.
$ C[lelﬂl — 317\/3\]’ 18] > 2
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Picking the correct values of the constants ¢ concludes the proof of estimates (6.102):

c, 18l =0
10K By <{ ¢ Ins, |Bl=1.
e8! 1Bl =2 0

6.4.3. The Stability Error

We prove Lemma 6.4.

Lemma 6.4. The Stability Error. Let v € cl[o, T7;+! (Rz)}, L > 3, be a solution
to the 2D Euler equation with compactly supported initial vorticity wg. Let the mollifier
ve ME m > 2. Thenforall0 <t <T,1 < p < 00,

1 ¢ty = 3G D)l < CpIX 1) = XDl (6.104)
provided that

max | X;(t) — X;(t)| < 6. (6.105)
J

Proof of Lemma 6.4. We split the difference between v®" and #°" as

oM (Xi (1), 1) = " (X (1), 1)
=Y (K°[X;(1) = X;(0] — K°[X; (1) = X; (D)o B

JjeA
+) K IXi() — X;(0] - K°[X:() — X;(O]w;h*  (6.106)
JjeA
=) 4@, (6.107)

Applying the mean-value theorem gives

Ul-(l) = ZVKB[X,(I) — Xj(l) + yij]eja)jhz,
JEA

where |y;;| = 6;jle;| < dande; = X;(t) — )?j(t). Because the mapping X (-, t)
is volume preserving, squares Q; determined by the lattice A" (which constitute a
partition of R?) are mapped onto curvilinear quadrilaterals B;, which also constitute a
partition of R?, and meas B; = meas Q; = h?. With this interpretation, the preceding
function vl-(l) is equivalent to

v (x) = /G‘s(x —xg(x"dx', X € B;,
s

where G®(x —x') = VK[ X;(1)— X;(t)+y;;], x € B;, X' € Bj; g(x') = ejw;, x’ €
Bj; and S = Ujecp,B;. Now we approximate the kernel G°(x — x’) by the kernel
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VK?¥(x — x'), so that

v (x) = / VKI[X;(t) — x'1g(x"dx’'
S

+ / {G*(x —x") = VK (X; (1) — x")} g(x")dx'
S
= D) + 0V (x).

Note that [[v |12 = vVl and ligllzees) = llewllr < cllell,r because w; is
uniformly bounded. The Calderon—Zygmund inequality implies that

130 12s) < cllgllzzs) < clelle-

For the second term, 9", we apply the mean-value theorem and the well-known re-
sult that convolution operators with L' kernels are bounded operators on L? spacest
to get

NG 28
[|o¢ )||Lz(5) < 10°K° L1yl gllzzcs) SP}PD’ijL
so that, by using estimate (6.102) from Proposition 6.1, we have
A -1
[|of >HL2(S) =cd |lellprd =cllell .
This proves that for the first term v'" in Eq. (6.107) we have
1 1
[Pl = 10PN < cllelly,

provided that max; |e;| < 6.
Now we estimate the second term v® in Eq. (6.107). We apply the mean-value
theorem to get

Ul-(z) = Z VKS[X,([) — f(j(l) + y,-j]e,-a)jhz.
JEA

Because #°" (-, t) is divergence free, the mapping % (-, ¢) is volume conserving, so that
we can repeat the same argument as before to get

[0 L2s) < sup / 1G°(x — x)g(x)|dx" [lellz2(s).
xeS JS
where G®(x —x') = VK°[X,;(t) — X ;(t) + y;;], x € B;, X' € Bj,and g(x') = w;,
x' € B ;- Now we approximate the kernel G® by VK? and g by w, so that
/ G (x —x)g(x"dx' = / VKO[X;(t) — x']w(x")dx’
N S
T / VKX () — ¥[8 (x) — o)y
N

+ Y (VK IXi(0) = X;(0) + yij] = VK [X; () — ¥ T 1
JjeA

T See, for example, Folland (1995, Section 0.C) on the generalized Young’s inequality.
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Using the mean-value theorem, estimate (6.102) and the Calderon—Zygmund inequal-

ity, we get
sup / |G®(x — x")g(x")ldx" < c,
xeS JS
so that finally [[v®[,p = [V 2¢s5) < cllell 2. O

6.5. Computational Performance of the 2D Inviscid- Vortex Method
on a Simple Model Problem

We now illustrate by means of a simple example the computational performance of
the 2D inviscid-vortex method.

First we discuss various ways of obtaining simple forms for higher-order kernels.
Recall from the preceding sections that we approximate the singular kernel

o (_x27 xl)t
K="y

in the Biot—Savart law by a nonsingular kernel K5 = K * s, ¥s(x) = 6 N (z/9).
We choose ¢ subject to the conditions that

(i) ¢ is smooth and rapidly decreasing, i.e.,
IDPY ()] < Cpi (14 127)

for every multi-index B and every integer ;
() [Y()d"z=1;
(i) [ZPY¥(2)d¥z =0, 1 <|B| <m — 1, where m is an integer.

The results of Section 6.4 show that vortex methods satisfying conditions (i)—(iii)
converge provided that § and & are suitably related. If § = h? the error is of the order
of 6™ = h™4, that is, the method is mth order. Our object here is to choose 1 such
that K5 has a simple expression consistent with these requirements. As we now show,
choices of ¢ satisfying m = 2 can produce new ¥ satisfying m > 4. Condition (i)
implies that the Fourier transform of v, as well as ¢ itself, is smooth and rapidly
decreasing. For simplicity, we take 1 (r), a function of the radial variable r. Hence
condition (iii) is satisfied by symmetry for || odd so that we can assume that m is
even. For any choice of a radial v, condition (iii) is always satisfied with m = 2.
Condition (i) can be relaxed somewhat to allow a ¥ that is not very smooth at z = 0.
In fact, the simplest choice in three dimensions has this property (Beale and Majda,
1985). On the other hand, in two dimensions there is a family of very smooth kernels
that produce an arbitrarily high degree of accuracy. We discuss this family here.

In two dimensions, a natural choice of v is the Gaussian @ (r) = e /7.
Conditions (i)—(iii) are satisfied with m = 2. We write Ks = K * {5 as

KS = (axza _3X1)G,§, Gg =G x* w(g,

Because  is radial, G is also, and

2 2 1 1 —r2/s?
ViGs = Vi (G xys) = —ys or —D,(rD,Gs) = —¥5(r) = ——e _
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After integrating, we have

1 2/82
D,Gs=— (/" —1).
> 2nr (e )
The constant of integration is uniquely determined by the fact that G5 must be smooth.

Hence the corresponding velocity kernel is

(—x2, x1) (1= /%)

2
K7 @) = 2mr?

where the superscript (2) denotes the order of the kernel.

Now we show how to use the above kernel, which is second order, to obtain a
fourth-order kernel. We choose ¥ = ¢® as a combination of two Gaussians with
different scalings:

v =y PR + ey @ r/a),
where a is arbitrary except that a # 1. To satisfy condition (ii) we must have
c+a;5=1
Because of symmetry, condition (ii) will hold with m = 4 provided that
v @)r? - rdr=0.
This in turn holds if

c1 + a462 =0,

and the two equations determine ¥ in terms of a. We can now find K ;4), just as in

the preceding case:

(_x27 X]) (1

4 282 27,242
K5( )(Z) — 3 re/8 2 —r/as )

—C1€ — Ccae

For example, the choice a? = 2 leads to

K§4) (z) = (_2);5;;1) (1 _ 26_,2/52 n e_rz/252>

(—=x2, x1) ey 2
We can construct higher-order kernels by including more in i terms with different
scalings. An example of a sixth-order kernel is

K@) = 7(_2)62’ ;Cl) (1 - ge_"z/‘sz 427 1/36"2/452>.
Tr

r

A class of simpler high-order kernels comes from the choice ¥ (r) = P (r)e” * where

P is an even polynomial in r. Such a choice produces a kernel of the form

Ks(@) = K@)[1 - Q(r/8)e™ /7],
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where Q is a related polynomial. The moment condition (iii) requires
00 ) )
/ r2 P(rye”" rdr =0, 1 <j=<(m-=2)/2,
0
or, after integration by parts,

oo
/ P27 (rye ™ dr = 0.
0
Hence the moment conditions reduce to a set of linear equations for the coefficients
of 0. A kernel of the order of m has (m —2)/2 conditions, thus we seek a polynomial
of degree m — 2. The fourth, sixth, and eighth kernels are

oW =1-r%
090 =1-2r" +r%)2,
0% () =1-3r"+3r* —r%/6.

These are the Laguerre polynomials of 72, normalized so that the constant term is 1.

6.5.1. Numerical Results

Here we present some results of numerical experiments that illustrate the higher-order
(superquadratic) accuracy of the explicit kernels derived in the first section for 2D
flows and moderate integration times. Included in this example is an illustration of
the poorer performance of the point-vortex method. These calculations are from the
paper by Beale and Majda (1985). Hald and Del Prete (1978) studied the accuracy of
a variety of low-order accurate vortex methods for moderate integration times.

We consider a class of test problems with radial vorticity w (r). Recall from Chap. 2
that such a vorticity yields a simple exact expression for the velocity field:

1 r
u(x,y) = (uy, u) = Py (—y,x)/ sw(s)ds.
0

Particle paths are circles about the origin. Because the choice of vorticity is arbi-
trary, the angular velocity can vary considerably with the radius, causing substantial
shearing.

We now summarize the results of a numerical study presented in Beale and Majda
(1985). Consider a simple choice of vorticity,

27\3
a)(r)Z{él_r)’ :: (6.108)

Because the support of w lies inside r < 1, denote by U the normalized mean for

r<l:
1
21 2 2
U= — lul“dxdy =2 |u|“r dr. (6.109)
T r<l 0
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t=10

Figure 6.4. The deformation of an initially square grid that is due to the induced velocity field
attimes t = 0, 2, 6, and 10.

This choice of w introduces significant shearing in the velocity field. Figure 6.4
shows the deformation of an initially square grid that is due to the induced velocity
field at times r = 0, 2, 6, and 10.

The simulation uses a square grid centered at the origin with each square of size
h x h. The initial particles are the centers of the squares. The initial vorticity associated
with each particle is the exact value of the vorticity at the center of each square
multiplied by 42. This choice of grid purposely does not take advantage of the special
radial geometry in order to test the accuracy of the method.

The particles are advected according to the 2D vortex method described in Sec-
tion 6.2. At a given time, the advected particles ¥; determine the numerical velocity
field according to the expression

Ueomp(2, 1) =" (2, 1) = D> Ks(x — B )axh®
k

where

E ~ = 2
Ujcomp = Ké(xj — X wrh
k

is the associated discrete velocity field computed at the particles.
Consider the following two different nondimensional ways for measuring the error.
First denote the normalized mean velocity U for r < 1 by

1 1
U? = —// |u|2dxdy=2/ lu|*r dr.
4 r<l 0
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Farticle error, epan: Let N be the number of particles used in the calculation. The
mean-square average error in their velocities is Epyy, with

1 N
2 § 2
(Eparl) = N |uj,c0mp - uj,exact| .
J=1

The nondimensional relative mean-square error in the velocity field is then epyr =
Epar/U.

Ray error, er,y: We measure the error along the ray {(x;, x2)[0 < x; < 1; x, = 0}.
The rotation symmetry of the problem indicates that this error is typical of all rays
going out from the origin. The mean-square average error is

1 1
2
;27'[/ |ucomp(xat)_uexact(xat)| xdx.
0

To compute this integral, sample the computed velocity at the 10 points along the ray,
x =j/10,j =1,...,10,y = 0, and use the trapezoidal rule given by

1 .
. . J
Erzay =2 ;:1 0|“c0mp(]/10a 1) — uexact(]/lo’ t)|2 100 fj dx,
where f; =1,j=1,...,9,and fio = % The nondimensional relative mean-square

error in the ray velocity is eray = Ery/U.

This second error is useful in determining the accuracy of the field away from
the particles themselves. Such accuracy is important, for example, in problems with
boundaries that require the computation of an irrotational flow to satisfy the boundary
conditions and also for passive tracer fields.

We now summarize the results of simulations from Beale and Majda (1985) by
using the higher-order kernels

K" () = K@) [1 = O (g)e—rz/a}

with orders m = 2,4, 6, 8. Note that m = 0 is the point-vortex method in which
Ucomp and U j comp are computed by means of

ucomp(x’ 1) = Z K(x — )ch)wkhzv
k

Wjcomp = ¥ K (&) — F)wh.
k

We compute the time step by using a standard fourth-order Runge—Kutta scheme
with dt sufficiently small to produce errors dominated by the spatial discretization.
Table 6.1 shows the errors that are due to various orders of smoothing with 2 = 0.125
and 208 particles with nonzero vorticity.

Figure 6.4 indicates that an initially square grid undergoes much distortion by time
T = 6; hence the numerical simulation of this problem up to time 7' = 12 is a good
test for the inviscid 2D vortex method.
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Table 6.1. Errors that are due to various orders of smoothing

0—Point
m: Vortices 2 3 6 8
Time (T) ¢, =68/ h: 1 2 2.5 2.5

0 €part 0.009 0.027 0.012 0.0054 0.0015

€ray 0.021 0.028 0.012 0.0053 0.0015
3 €part 0.013 0.027 0.012 0.0054 0.0016

Cray 0.128 0.028 0.012 0.0053 0.0015
6 €part 0.033 0.028 0.012 0.0054 0.0017

€ray 0.159 0.028 0.012 0.0053 0.0016
9 €part 0.050 0.030 0.013 0.0060 0.0046

€ray 0.111 0.029 0.012 0.0053 0.0040
12 €part 0.051 0.034 0.014 0.0077 0.0086

€ray 0.366 0.033 0.014 0.0086 0.0111

o) = (1 —r?)3, h = 0.125 and 208 particles with nonzero vorticity.

A striking feature of Table 6.1 is the comparatively poor performance of the point-
vortex method in the ray error. In particular, at 7 = 12, this error has grown to 36%
of the average velocity. This indicates that a vortex-blob method is preferable to a
point-vortex method for any simulation that requires accurate representations of the
velocity field off of the particle paths. Examples include flows with boundaries and
smooth inviscid shear layers.

Another feature in Table 6.1 is the reliability of smoothed-core vortex methods in
both the particle and the ray errors.

6.6. The Random-Vortex Method in Two Dimensions

So far we have discussed in detail both 2D and 3D inviscid-vortex methods for
computing solutions to the Euler equation. In Section 6.1 we introduced, by means
of a simple model problem, a way of solving the viscous Navier—Stokes equations
by means of a vortex method with particle diffusion. In this section we present the
details of the random-vortex method for the general 2D case. The idea is to implement
an inviscid-vortex method coupled with a Brownian motion of the vortex blobs to
simulate diffusion. 3D random-vortex methods are discussed in the notes at the end
of this chapter.

6.6.1. Motivation for the Need for a Stochastic Particle Method: The Failure
of Core Spreading

Recall that the inviscid-vortex method approximates the vorticity by a finite number
of radially symmetric blobs and then advects the blobs by their own velocity field. For
the viscous 2D Navier—Stokes equations, we showed in Example 2.2 of Chap. 2 that,
for radial functions, the 2D Navier—Stokes equation reduces to the radially symmetric
heat equation in R?. Thus we might guess that a natural way to incorporate viscosity
into a vortex method is to have the blobs “spread” by means of solutions to the radially
symmetric heat equation. This idea led to a class of methods known as core spreading.
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In 1985, Greengard (Greengard, 1985) showed that for general 2D flows the core-
spreading method approximates an equation different from the Navier—Stokes equa-
tion. The problem is that the actions of advection and diffusion do not commute. We
rederive his calculation here because it follows naturally from the machinery we have
developed so far.

The original core-spreading idea involves advecting the particles by a velocity field

v ) =Y Kyl = Xi(0)lwih?,
iez?
where

KO =G, %Ky,

1
Gi(x) = e

is the standard heat kernel. Note that as 1 — 0, we are solving the equation

% =/ K3V[R (o, 1) — (@', D]wy(e)de! .
RZ

Define
(x) = /]Rz Kg(')[x — X, )]w,(@)da'.
Let & denote the passive transport of wy by the particle-trajectory map X, i.e.,
EX(a, 1), 1) = wo(@),

so that in Eulerian variables

8$+~ VE=0
— 4+ v- =0.
ot

Note that @ = ¥ satisfies

@ = curl / Kg(t)[x — X, H)wo(@)do'

= curl/Kz[x — X, )]G, * wy(e)de'
=G, *xE&.

We now compare @ with a solution of the Navier—Stokes equations (vorticity-stream
form)

ow
— +4+v- Vo =vAw
ot

that have the same initial data w.
Core spreading gives
0@ d&
= VAW — G; * (D - V&).



234 6 Computational Vortex Methods

Note that at r =0, (0®/d¢) and (dw/dt) and hence (09/0¢) and (dv/dt) are

equivalent.
However,
ERI) EIo) . v o
Frel =VAE—UA(1).V$)—G{* (m~V§> + G, x[0-V(D-VE)],

and the Navier—Stokes equation satisfies

0w dw  Jv
ﬁ=vA§—E~Va)—vv-V(Aa))+v~V(v-Va)),

so that, in particular, at r = 0,

?d 9w
92 a2 = v[vy - V(Awg) — A(vg - V)],
which is in general nonzero.

Note that for radial solutions the two equations are equivalent.

6.6.2. Implementation of the Random-Vortex Method

The random-vortex method views the motion of fluid particles as a system of inter-
acting diffusion processes. The Navier—Stokes equation for incompressible viscous
fluids,

W v Vp+vA
—+v-Vo=— VAv,
dt P

divv =0,

yields in two dimensions the vorticity-stream form

ow
E%—v-Va):vAw, (6.110)

v(x,t) = K) xw(x,1). (6.111)

The 2D inviscid-vortex method exploited the fact that in two dimensions vorticity is
conserved along particle trajectories. This is not the case when diffusion is present;
however, we can simulate its effects by means of Brownian motion. We begin by
noting that a solution to Eq. (6.110) satisfies a maximum principle,

sup w(x, 1) < sup w(x,s) for ¢t >s.
xeR? xeR?

Furthermore, the total vorticity

V(t):/ w(x, t)dx
]R2

is conserved.

The design of a random-vortex method requires a probabilistic interpretation of
Eq. (6.110). We have already discussed this interpretation in Section 6.1 on an exactly
solvable model problem. The reader might find it useful to review the discussion
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there. First we use the incompressibility condition div v = 0 to rewrite Eq. (6.110) in
divergence form:
ow
dt

For a given velocity field v, Eq. (6.112) is the forward or Fokker—Planck equation
for a diffusion process X («; t) satisfying

+ div(vw) = vAw. (6.112)

dX(a;t) = v(X(a; 1), t)dt +2vdW (@),
X (a; 0) = a. (6.113)

W () is a standard Wiener process (Brownian motion) in R2. The 1D Wiener process
was introduced in Case 2 in Subsection 6.1.1. Here we take the obvious generalization
to two dimensions. In this case, the diffusion process has the physical interpretation
of particle paths. PDE (6.112) is then thought of as an evolution equation for the prob-
ability density p(x, t) of X («; t). Because the diffusion coefficient V/2v is a constant
in Eq. (6.113) we can directly integrate Eq. (6.113) in time without introducing an
Ito integral:

X (a; 1) =a+/ V(X (@; 5), $)ds + V2vW (1). (6.114)
0

With a probability of 1, W (¢) has continuous sample paths and Eq. (6.114) can be
solved sample path by sample path. For each continuous sample path £(¢) of the
process W(t), the deterministic integral equation

E(a;t) =a+/tv(§(a;s),s)ds+\/5$(t) (6.115)
0

has a unique continuous solution. We use this special property to prove conver-
gence of the random-vortex method. The fundamental solution (the Green’s function)
G(x,t;a,s) of PDE (6.112) is the transition probability density of the diffusion pro-
cess X in Eq. (6.114). That is, G(x, t; «, s) is the probability that a particle reaches
the position x at time ¢ from position « and time s < ¢.

A probability density po(x) in R? is well approximated weakly by N particles with
equal weights N~! at time ¢t = 0 if any small cube centered at x with side length Ax
satisfies

po(x) - (Ax)* ~ AN/N

for any x € R?, where AN is the number of particles in the cube. If we let the parti-
cles move according to the diffusion process in Eq. (6.114) then the ensemble of N
particles at time ¢ > O approximates the probability density

plx,t) = /G(x, t;a,0)po(a)da,

provided that N is large enough. Because p(x,t) is the unique solution of PDE
(6.112) with initial data po(x), we can compute p(x, t) or any continuous functional
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of p(x,t), for example K; * p(x, t), by simulating the diffusion process X. The par-
ticles may carry different weights with positive or negative signs, corresponding to
the value of the vorticity at that point.

6.6.3. Formulation and Main Theorem

From the above discussion, the numerical method is designed from SDE (6.113). We
can write the velocity in the following way:

v, = [ K=yt ndy
=/ K(x—y){/ G(y,t;a,O)w(oz,O)da}dy
R? R?
=/ [/ K(x—y)G(y,t;ot,O)dy}a)(a,O)dot
R? [ JR?
/ E[K(x — X(a; D]w(x, 0)da,
RZ

where E'Y denotes the expectation of the random vector Y. It follows that SDE (6.113)
is equivalent to

dX(a;t) = (/ E'NK[X(a;1) — X(a'; t)]}cu(cx’,O)dcx’)dt +2vdW (@),
RZ
(6.116)

where E'K[X(«;t) — X(a';1)] is EK[x — X(a’; )] evaluated at x = X («; ).
Equation (6.116) closely resembles particle-trajectory formulation (6.1) in the invis-
cid case. When the same discretization as in inviscid-vortex method (6.78) is used,
the random-vortex method approximates Eq. (6.116) by a diffusion process X;(t)
satisfying the system of SDEs

dXi(t) = { > KX - X; (t)]a)jhz}dt + V20 dW; (1) 6.117)

j
with the initial data
X,(O) =0u; = h-i.

Here the W; (¢) are independent standard Wiener processes in R2. Likewise we denote
by X;(T) the solution of the system of SDEs

dXi(t) = v(X: (1), )dt + ~/2vdW;(7) (6.118)

with the same initial data X;(0) = «; and where v(-, ¢) is the unique solution of the
Navier—Stokes equation. The main difficulty in proving convergence of the random-
vortex method lies in controlling the sampling error that is due to the Browning motion
of the particles. In this section we prove the following sharp convergence theorem.
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Theorem 6.5. Convergence of 2D Random-Vortex Methods. Given the same assump-
tions as in Theorem 6.3, in particular \ € ML m > 2, forall0 <t <T, we have
the following estimates:

(i) Convergence of particle paths:
max [ X; (1) — Xi(0)lly < C[8" + (1/8)"8 + hiInhl].
<t<
(ii) Convergence of discrete velocity:

OlgtasxTHf)f’(t) —v(X; (1), t)|

L, S C[8" 4+ (h/8)"8 + hlInhl].
h

(iii) Convergence of continuous velocity:

max [[5" (-, 1) = (-, Dl < C[8" + (h/8)"8 + hilnh]],

0<t<T

except for an event of probability less than h®'C, provided that C > C", where
the constants C', C” > 0 depend on only the same parameters as those described
in Theorem 6.3.

We can choose a larger constant C to make the probability 2¢'C approach zero
faster. There is a trade-off between the accuracy and the probability.

Remark: The sharp convergence bound 4|In %| is due to the sampling error. The
central limit theorem guarantees that this is the best bound attainable when a linear
heat equation is approximated by a discretized Brownian motion.

Notation: We use the shorthand a < b in the rest of this section to denote a < b
except for an event of probability’s approaching zero faster than any polynomial rate
by choosing the constant C sufficiently large.

6.6.4. Preliminary Estimates
Because the initial positions of the particles are chosen on the lattice points instead
of being chosen randomly, the following lemma for the quadrature error is essential.
It generalizes the corresponding inviscid Lemma 6.2 for the trapezoidal quadrature
to the case with diffusion.

Lemma 6.7. Key Stochastic Quadrature Lemma. Let X (a;t) be the solution of
the SDE

dX(a;t) = v(X(a; 1), )dt +2vdW (1)

in R? with initial data X («; 0) = o € R% Assume that v € C*(R> x [0, T), L > 3,
that is, all the spatial derivatives of v(-,t) up to the order of L are uniformly
bounded. Given R* — valued functions f € C§(R?), g € CE(R?), define T'(a, t) =
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{Ef[X(a; 1)1} - g(e) so that the support of T is contained in a bounded domain
supp I' C supp g. Then we have the following estimate for the quadrature error:

Z C(h-i,t)h* — / (e, t)da

b
<t<
7 e R
< cn* 3P gllp~ 6.11
=C Oéﬂ;};ll glle (6.119)
x[ > 0P f()ldx+ > sup |aﬂf(x>|1,
o<|pl<L ” KI=R o<|g<L >R

where R >0 is arbitrary and C depends on only T, L, the diameter 2, and
maxlg\ylfL||3VU||Lw(R2x[o,T])-

The proof of Lemma 6.7 is presented in the appendix. We also need Bennett’s
inequality, an elementary lemma on large deviations, which we recall from Section 6.1.

Lemma 6.1. Bennett’s Inequality (Pollard, 1984, Appendix B). Let Y; be independent
bounded random variables (not necessarily identically distributed) with mean zero,
variances O’iz, and |Y;| < M. Let S = Zi Y;, V> Zi (Tl-z; then, foralln > 0,
1

P{|S| = n} < 2exp [—2nZV‘lB<an—l>}, (6.120)
where B(A) = 2A72[(1 + A)In(1 + 1) — A}, A > O, lim;_o+ B(A) = 1, and
B(O) ~ 22" 'Iniasi — oo. If Y; are random vectors in R?, relation (6.120) applied
to each component gives

1
P{|S| = n} < 4exp [—4772V13(anl)}

The proof of Lemma 6.1 can also be found in the appendix.

6.6.5. Consistency Error for a Fixed Time

We decompose the consistency error into three components:

W(x, 1) —v(x, 1) =

> Kslx — Xi(D)wih® — v(x, 1)

=

> Kislx — Xi(Dloh® = EKslx — X;(0)]wyh®

+

S EKalx = Xl = [ Kot = Dt 0dy
i R

+ ‘ /]Rz Ks(x — y)o(y, Hdy — /Rz K& —yo(y, t)dy‘

= sampling error + discretization error + moment error.
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The moment error is exactly the same as in the inviscid case. From Lemma 6.5,
relation (6.98),

’ /Rz Ks(x — y)o(y, t)dy — /Rz K(x —yo(y, )dy| < Cs".

Note that in the discretization error [ Ks(x — y)w(y, t)dy is a disguised version of
J E{K;s[x — X(a; )}w (e, 0)dor. Applying Lemma 6.7 with f(y) = Ks(x — y),
g(a) = w(a, 0) gives

’ Z EK;s[x — X,v(t)]a),vh2 — / E{Ks[x — X(a; H]}w(a, 0)da
i R?

< Ch* [ / 07 Ks(x —y)dy+ Y sup |97 Ks(x — ”'1'
lx—yI=R

0<lyl<L 0<ly|<r W= R

Choose R = max[1, diameter(£2)]. Proposition 6.1 then gives

‘ > EKslx — Xi(Dwih® — / Ks(x — y)o(y, ndy| < C(h/8)"8,
i R?

where the constant C depends on only L, the L bounds of the velocity field v(x, t),
and its spatial derivatives up to the order of L + 1 and the diameter of 2.

The main step in this section is to estimate the sampling error by application of
Bennett’s inequality (Lemma 6.1).

Let

Y: = woih*{Ks[x — X;(t)] — EKs[x — X;(1)]}.
We have EY; =0, |Y;] < Ch?$~!' = M, and
D Var¥i =r*> {E|Kslx — X;(O]]” — |EKs[x — Xi()1 }o}h?

< h? Z {E|Ks[x — X;(O11*}w}h®.

For simplicity we drop the term |E Ks[x — X; (¢)] 2, thus losing information about the

dependence of the sampling errors on the viscosity v. We apply Lemma 6.7 again with
f) = |Ks(x — )%, g(@) = @*(«, 0) to approximate >, E|Ks[x — X; ()] w}h?
by the integral

/ E|K;s[x — X (a; D]’ (a, 0)da (6.121)
Q

with an error of C(h/8)t, which follows from Proposition 6.1 and the fact that
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|K (x)|> = constant-|VK (x)|. Note that
/mmu—MmﬁW&mmw
Q
=//ﬁmu—m%@mmmﬁmmwm
Q JR?

=/ﬁma—mﬂ/GWmmmﬁmed»
R? Q

where G is the Green’s function associated with PDE (6.112). Because

fQ G(y, t; a, 0)w?(a, 0)da is a solution of both Egs. (6.110) and (6.112), its L> and

L' norms are bounded by those of the initial data. Choosing R = max[1, diameter(£2)]
bounds integral (6.121) by

c{/ |mu—wﬁw+sw|mu—wﬂ
[x—y|<R

le—y|>R

=C [/ |Ks(x)|*dx + / |Ks(x)|dx + cz}
0<|x|=<s S<|x|<R

R
§C3(82-52+ln8+C2>

< C4|Iné|,
ZVar Y; < Ch*lIng| =V,

where the constant C depends on only L, the L* bound on the velocity v(x, ¢) and its

spatial derivatives up to the order of L + 1 and the diameter of 2. Bennett’s inequality
(Lemma 6.1) implies that

g

Zﬁ

L

> cmmm}

1
< 4exp {—4C2(h|1nh|)2V_'B[M(Chllnh|)V‘1]}

< exp[—C,C?*|Inh*|In8|~" - B(C,Ch8~"|Inh|Ins|~")]
< exp(—C3C|Inh[*Ind| ™)

< exp(—Ci3C|Inh|) (because h < §)
= hoe.

The above arguments bound the consistency error at fixed x and ¢:

' (x, 1) — v(x, )] < C[8™ + (h/8)*8 + h|Inh|], (6.122)

except for an event of probability of less than h3€ with C3 > 0. For the lattice points
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zx = h - k in any ball B(Ry), it follows from the pointwise estimate above that

m]flx|vh(zk, 1) —v(ze, | < C[8" + (h/8)*8 + hilnhl], (6.123)

except for an event of probability of less than C42~2 - h€3€ with some constant C4 > 0,
provided that C is large enough. Let X/ be an independent copy of X;. Consistency
bound (6.122) and K5(0) = 0 imply that

max |v]' (1) + Ks[X; (1) — X[ (O)]wih® — v(X; (1), )| = C[8™ + (h/8)"8 + hiInh|].

Because |Ks(x)| < C87!,
max|v! (1) — v(X; (1), )| < C[8" + (h/8)"8 + hiInhl]. (6.124)

Relations (6.123) and (6.124) are the consistency estimates for the discrete velocities
at any fixed time 7.

6.6.6. Stability Estimate for All Time

As in inviscid Lemma 6.4 we have a stability result for the random-vortex method.

Lemma 6.8. Stability Error for 2D Random-Vortex Methods. Assume that

max max |X;(1) — X; ()| < Cpd
0<t<Ti h-ieA"

for some T, < T; then

[EAGOEEHG]

o =< ClIKi() = X0l
h n

uniformly for t € [0, T,], where the constant C depends on only T, L, p, q, the
diameter of supp wy, and the bounds for a finite number of derivatives of the velocity
field v. C is independent of T,.

As in the proof of Lemma 6.4, we write

0 — v = [Ks(Xi — Xj) = K5 (X; — X)) lw;h?
j
+ Z[KB(Xi — X)) — Ks(X; — X)ow;h?
j

1 2
=vl~()+vl~().

In the proof of Lemma 6.4 we estimate vi(l) by considering a partition of the support
of w(-, t) into curvilinear quadrilaterals B; = ®'(Q;), where ®' is the flow map
determined by the velocity field v and Q; is the square determined by the lattice A",
The fact that the flow map is volume preserving allowed for a direct application of
the Calderon—Zygmund inequality to estimate oM

i
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For the random-vortex method this approach requires modification because the
positions of the vortices X0, X j(¢) are random. In fact it is not necessary to use
the flow map to define a partition of R>. We merely require a partition satisfying the
following conditions:

(1) the sizes of the cells are of the order of § or less,
(2) the densities of the vortices in the cells are uniformly bounded with high proba-
bility in order to apply the Calder6n—Zygmund inequality to estimate v

i

An obvious choice for the partition is { Oy}, the squares Q; centered at lattice points
8 - k, with the side length 8 and where k € Z2.

The following lemma concerns the uniform boundedness of the density of the
vortices in balls. It is equivalent to the uniform boundedness in squares.

Lemma 6.9. Let N(x,r,t) = #{X;() : | X;(T) —x| <r},withr >0,0<t<T,
be the number of vortices in the ball B(x,r). Ifr > h|Inh|, then

K. N(x,r,t) < Cr2.

For a proof see the appendix. We apply this lemma with r ~ §. The condition
r > h|ln k| is satisfied if we choose § = h?,0 < g < 1. Next we give a generalization
of some of the estimates from Proposition 6.1.

Lemma 6.10. Let Mi(;) = MaX|y|<c,s MaXg|=/ |8'3K5(X,' — Xj + y)|. Then

0,2 Clng| ifl=1
Zj:Mffh j{ca—‘ ifl =2 (6.125)

For a proof the reader is referred to Long (1988). Finally we are ready to estimate
vV, We write

vl = Z[KS(Xi — X;) — Ks(X; — X)) loo; h?
j
= Z VKs(Xi = X +Yy) - ejo,h?,
j

wheree; = X; — X ; and we ignore the fact that ¥;; may depend on the components.
Let Z; € 8- Z* be the closest lattice point to X;. If there is more than one lattice point
closest to X;, then we chose one of them arbitrarily. Then

J

where

1

r = STIVK(X; — X + i) = VK5 (Zi — Z))] - ejeoh’.
J
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For each zx = 6 - k = & - (ky, k2), we define f; to be the average of all e;w;, where
X is in the square Qy, namely,

fi=87 " ejw;h’

X/EQk
with the convention that f; = 0 if O contains none of the vortices X ;. It follows
from Lemma 6.9 that
P

Z eja)jh2

—2p+2
Ifil = 8720*
k XjGQk

< ZS—ZP-FZ . (C82)p_1 Z |ej(,()j|pl’l2
k

Xje0

—1 p
= Cp ||€j(1)j| L,’;'

Furthermore

because

> VKs(Zi — Z;) - ejo;h?
j

<C

> VKs(zi —zw) - fid®
k/

LF

P
le h

p p

> VKs(Zi — ) - fiod?

k'eZ?

ZVKg(Z, - Zj) . eja)jhz
J

L?

P
h L h

P
K2

R
-¥

i

> VKs(Zi — 20 - fid
-

V4
e

> Vs(Zi —z) - fied
k/

P

= #(Xi € Q- -h?
k

> Vsai — ) - fid
-

P
<CY .82

k

> Vsai =) - fied
-

p
=C

> Vszi = z) - fied?
k/

p
Ly

by Lemma 6.9.
Following the same procedure as in the inviscid case we have

Z VKs(zi — ) - fid?

keZ?

< Cll fill-
LF

5
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which implies that

provided that § < h|ln i|. By the mean-value theorem,

= Cllejwjlirr,
Ly

Z VK;;(Z, — Zk) . €j(,l)j]’l2
J

i =N IAK(Xi — X+ Yy + Y)Y ejoih?,
J

where Yifi =Y+ (X; — Z;) — (X; — Z;). We ignore the dependence of Yi’j and Yi’jf

on the components. Because |Y;;| < 8, |Y]i| < [Y[;| <44,

Ir"| < ZM,FJ?) -45 - |ejw;|h?.

J

By Young’s inequality and Lemma 6.10 with Cy = 5 we conclude that

I7:"]

2)72 2),2
<4s-max Yy MPh*> MR - |lejow;l
J i

Ly
= Cllejw;lipr-

This finishes the estimate of vV,
To estimate v® we apply the mean-value theorem:

o = 3O VE X — X+ Yy) - (K = X))o
J

= | Y VKs(X; = X; 4+ Y;j) - w;h*| - (X; = Xi).

J

We want to show that

<C.

2
mlax Z VK(;(X, — Xj + Y,j) . (,()jh

J

Because [VKs(X; — X, + Yi;) — [VK5(X; — X;)| < 8M?, it suffices to prove the
uniform boundedness of Ej VKs(X; — X;) - a)jh2 by Lemma 6.10 and Young’s in-
equality as in the estimate for (1), The proof is essentially the same as the consistency

estimate, with K; replaced with VKj. For any x € R?

ZVK,;(x — X)) wjh* = Z EVK;(x — X;) - w;h?
J J
+ > [VKs(x — X;) — EVKs(x — X))] - w;h?
J
= I+ V).
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By applying Lemma 6.7 with f(y) = VKs(x — y), g(o) = w(«, 0), we approxi-
mate (IIT) by the integral

/ E{VKs(x — X(a; )]} - w(a, O)dax = / VKs(x —y)-w(y, t)dy
R? R?

with an error C(h/8)* that follows from Proposition 6.1. (II) is uniformly bounded
because

‘/ VKs(x —y) -y, t)dy‘ = ‘/ Ks(x —y) - Vao(y, t)dy‘
R? R?
< IVollL=l|KsllLis) + IVoll L1 1 Ksll o 2/ 5

is uniformly bounded with respect to x, where B = {x € R? : |x| < 1}. Estimate
(IV) requires more work. Let

Y; = VKs(x — X;) - 0;h* — EVKs(x — X;) - w;h*.
Assuming that k|lnh| < § as before,
|Y;| < Ch28™% < Cllnh| > = M.
To bound the variance

V= ZVar Y; < hZZE|VK5(X — X)I? - wh?,
J J

again apply Lemma 6.7 to approximate the sum above by the integral
/ VK (x = ) U Gy, 1; 2, 000’ (a, O)da} dy
R? Q

with an error Cht8=27L < C82. Hence V < Ch?6~? < C|Ilnh|~? and Bennett’s
inequality (Lemma 6.1) gives

P( ZY,-

J

1
> C) < dexp l—4C2VIB(MCV1)]

< exp [-C*Ci|Inh|*B(C,0)]
<exp (—C3C?|Inh|*- C7")

< exp (—C3C|Inh|?)
< jCsClinh|

For any fixed time 7, > JVKs(Xi— X))o jh2 is uniformly bounded by C except for
an event of probability of less than 7€+CI""l 'We need to extend the previous stability
result to all time ¢ € [0, T,]. Here is the strategy. Let t,, n = 0, ..., N divide [0, T,]
into N subintervals with lengths less than 4! for some ! > 0 to be determined. Because
the stability estimate holds for any fixed time except for an event of probability of
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less than h€1€MA1 it holds on {z,}Y_, except for an event of probability of less than

Coh€1 € M=l where C;C > [ when C is chosen large enough. The length of each
time interval approaches zero as the number of vortices approaches infinity. Therefore
if we can prove that the positions of the vortices Xi(@®), X;(t) for t € [t,, t,41] are
close to their own positions at time ¢ = #,, then we can pass the stability estimate on
fo, ..., 1, to the stability estimate for all time; that is, we write
Xi(1) = X; (1) = {X; (1) + [X; (1) — Xi () + Xi (1) — Xi (D]} — Xi (1)

= [Xi(t) + Yi ()] — Xi(t)

= Xi(1) — Xi(ty)
for t € [t,, t,+1]. Because our stability estimate requires only the statistics of X;(t,)

and we can treat X;(¢) as a small perturbation from X; (#,) and because the stability
estimate

5 @) = vt @]y = CIXi@) = Xi@)lly = CIXi@) = Xi @)l

holds for all 7, f, < t < t,4 as long as Y;(t) < constant - § because our estimate
does not make use of the statistics of X; (¢).

To prove max, max;, <;<,,, |X;(t) — X;(t,)| < & we need the following elementary
property of Wiener processes.

Lemma 6.11. Let W (1) be a standard Wiener process in R%. Then

P| max |W(s)— W@)| > b| < Ci(v/At/b) exp(—C,b%/ At)

t<s<t+At

where b > 0.

For a proof see Freedman (1971, p. 18). Because

Xi(t) — Xi(s) = / v(X; (1), T)dT 4+ V20[W (1) — W(s)],

N

it follows that for all ¢ € [#,, t,11]

1Xi (1) = Xi(t)] < Cilt — o] +V20|W (1) — W(2,)|
< Ch' +V2v|W () — W)

By Lemma 6.11

P| max [W() = W)l = h] = CAYP " exp(—Coh™+2),

I <t=<ty4|

which implies that, for/ > 2,

P [max max |W(1) — W()| > h} < C 2 exp(—C2h71+2) = 0

no g =<t=tpy1
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faster than any polynomial in & as h — 0. This justifies the inequality

max max |X;() — X;(1,)] < Ch' + V2v|W(t) — W(t,)]

no by =<t<tyg

< Ch' +v'/?h.

This completes the proof of stability.

6.6.7. Convergence

We first prove the convergence of the discrete velocity. To do that we need to extend
the consistency estimate for the discrete velocity to all time. We can derive it simply
by combining the consistency estimate for a finite number of times 0 = fyp < f; < - -
< t, = T and the stability estimate for all time, where max, |t,+1 — #,| < h! with
[ > 2. Foreacht € [t,, t,+1), we apply the triangle inequality to obtain

[vf' @) = oXi ). D] < ([0l @) = o} )]
+ [0 (Xi (). 1)) = (X3 @), D[

< ClIXi() = Xi(T)llp + Cal8™ + (h/8)"8 + h|Inh|]

s+ o)~ il

< C[8" + (h/8)L8 + |h|Inh|]

by the estimate | X;(t) — X;(t,)| < C(h' 4+ v'/>h) and the assumption that v has
bounded derivatives. Therefore

omaxT||uf(t) —v(X;(T),D)||,, = C[8" + (h/8)"8 + h|lnh]].  (6.126)
<t< h
Similarly,

malelvh(zk, 1) — vz, Dy = C[8" + (h/8)Ls +h|Ink]]  (6.127)

0<t<

for the lattice points z; = & - k in any ball B(Ry). This finishes the (discrete) consis-
tency estimate for all time. Note that the L> estimate is excluded because we applied
the stability lemma.

The convergence of particle paths and the continuous velocity can be proved by the
same argument as that in the inviscid case. The details are presented in Long (1988).

6.7. Appendix for Chapter 6
We present a proof of Bennett’s inequality from Pollard (1984, Appendix B).
Lemma 6.1. Bennett’s Inequality (Pollard, 1984 Let Y; be independent bounded ran-
dom variables (not necessarily identically distributed) with mean zero, variances o>

i’
and |Y;| <M. LetS=),Y,V=>>" al-z; then, for all n > 0,

1
P{|S| = n} < 2exp —EUZV’IB(MHV’I) , (6.128)
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where B(A) = 2072[(1 + M) In(1 + 1) — A], A > O, lim_,o+ BA) = 1, and
B(\) ~2A"'InXas A — oo. IfY; are random vectors in R?, relation (6.128) applied
to each component gives

1
P{|S| = n} < 4exp —anv—lB(an—l) .

Proof of Lemma 6.1. The central limit theorem leads us to expect sums of indepen-
dent random variables to behave as if they were normally distributed, that is, tail
probabilities for standardized sums can be approximated by normal tail probabilities.
The tails of normal distributions decay rapidly. For n > 0,

_1,2 1.2
(Lo )= iy g < Le0Cin)

noon V2 21
where the important factor is exp(— % n?). Bennett’s inequality provides a similar upper
bound for the tail probabilities of a sum of independent random variables Y1, ..., ¥,,.

SetS=Y,+..--47Y,.Foreacht > 0,

P{S > n} <exp(—nt) P exp(tS) = exp(—nt) H Pexp(tY;). (6.129)
i=1
The trick is to find a ¢ that makes the last product small.

To prove relation (6.128) it suffices to establish the corresponding one-sided in-
equality. The two-sided inequality will then follow when it is combined with the
companion inequality for {—Y;}.

Bound the moment-generating function of ¥;. Dropping the subscript i temporarily,
we have

o0
Pe" =1+41tPY+ ) (*/k)P(Y?Y*?)
k=2

1+ Z(tk/k!)on"’z
k=2
=1+402g(t) where g(1)= (™ —1—1tM)/M?

< eazg(t)'

IA

From relation (6.129) we deduce P{S > n} < exp[Vg(¢t) — nt]. We differentiate to
find the minimizing value, t = M~ log(1 + MnV "), which is positive. (]

We present the proofs of the lemmas used in Section 6.6.

Lemma 6.7. Key Stochastic Quadrature Lemma. Let X(«;t) be the solution of
the SDE

dX(a;t) = v(X(a: 1), )dt +~2vdW ()
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in R? with initial data X(;0) = € R2. Assume that v € CL(R2 x [0, T]), L >
3, that is, all the spatial derivatives of v(-,t) up to the order of L are uniformly
bounded. Given R®>—valued functions f € COL(RZ), g€ Cé(]Rz), define I'(a, t) =
[Ef (X (a;1))] - g(e) so that the support of T is contained in a bounded domain
supp ' C supp g. Then we have the following estimate for the quadrature error:

ZF(h i, Ok — / I' (o, t)da

i
<t<
T ieZZL 5 R
<Ch oéﬁ}?@”a gl (6.130)
xl > 0° f(O)ldx + Y supIB"f(x)I]
0<|pi=L / KI=R o<ipl=L XI=R

where R > 0 is arbitrary and C depends on only T, L, the diameter 2, and
maxls\ylsL||ayv||Lw(R2x[0,T]>-

Proof of Lemma 6.7. We directly apply Lemma 6.2 on the trapezoidal quadrature.
Hence we need to estimate |0 lL ||, and || 82L ['||.1. By direct differentiation we know
that 3F T and 34T are sums of finite terms of the form

E{(aﬁfo(oe,r» 1T (aVX(r;a))“m}a“(g(a)), (6.131)

I<lyl=L

where B, y, k, and u are multiple indices with 0 < |8], |y, |«|, || < L. We need a
bound for 97 X («, t). By differentiating

1
X(o, 1) = o + / u(X (@, s), s)ds +~20W (1),
0

we obtain integral equations

iX(oz, 1) = (é) +/ [Vu(X (a3 ). 5)] - [8X(a;s)}ds,
0

30[1 aoll
2 =] +/t[V<X(~>>) 2 X 9)|d
S a )=, | u(X(a;s),s)) - % o;s)|ds,

for [0/(0ctz)] X (a; t) and [0/ (dan)] X («; t). It follows that

0 ! 0
2 x| < 1+/ IVall~ - | X (@ )ds,
da; 0 day
0 ! 0
—X(; )| <1+ Vu|l e - | — X (a; s)|ds.
oy 0 das
Therefore
8 . 8 .
EX(Q’ t) , EX(Q’ t) < exXp (”VMHL‘”(sz[O,T])T)

by Gronwall’s inequality.
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The integral equation for higher-order derivatives d¥ X («; t) are
1 t
" X(a;t) = / Y (s)ds +/ [Vu(X (a;s),s)] - 07 X(a; s)ds
0 0

where Y (s) is some function of (3*u)(X («; s)) and 8° X (a3 s) with 1 < |A| < |y|
and 1 < |p| < |y — 1]. By Gronwall’s inequality and induction on y, we conclude
that

10" X (a; 1)| < C, I<lyl<L, (6.132)

where C depends on only max; <<z, [0” &l ;o g2xj0.77)> L> and T
It follows from relations (6.131) and (6.132) that

L 8L
17Tl = /]R ’aafr(“) do = /Q

< C max ||8%g|| E@® ) (X (a;1))|da
= C max [[9°gll, OS%;L IE@ DX @) 6.133)

< C max 1%~ > [ EIQF (X (e;1)lde
O=IpI=t o<ipl<L /¢

L

0
—7T
BozlL @

da

Similarly, |04 T .1 is bounded by Eq. (6.133). We can write

/E|(aﬁf)(X(a;t))|da=// 107 £ (X)|G(x, t; a0, 0)dx dax
Q Q JR?

:/ |3ﬂf(x)|{/ G(x,t;cx,O)doe}dx, (6.134)
R? Q

where G is the fundamental solution of vorticity equation (6.112). The function
wx, 1) = fQ G(x,t; o, 0)de is the solution of vorticity equation (6.112) with the
initial data w(-, 0) = Xq, where

1 ifxeQ
Xo =
¢ {o ifx ¢ Q

is the characteristic function of 2. Because w(x,t) satisfies backward equation
(6.110) and forward equation (6.112), we have

0<w(x,t) <1 and / w(x, t)dx = area(2), Vt > 0,
RZ

by the maximum principle and the conservation of vorticity, respectively. Therefore
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Eq. (6.134) can be estimated by

/ 188 £ (x)| [/ Gx, 1 a, O)da]dx
R? Q

= / 187 £ ()] - w(x, t)dx (6.135)
R?

< / |87 f (x)|dx + area(R2) - sup |37 £ (x)|.
[x|<R

|x|>R

We proved the lemma by combining Egs. (6.133), (6.134), (6.135), and
Lemma 6.2. O

Lemma 6.9. Let N(x,r,t) =#{X;(t) : | X;(T) — x| <r}, withr >00<t<T, be
the number of vortices in the ball B(x,r). If r > h|Inh|, then

h? - N(x,rt) < Cr?.

Proof of Lemma 6.9. Let

1 ify e B(x,r)

HQ) = {o ify ¢ B(x,r)

be the characteristic function of the ball B(x, ). We can write

W NGx,rt) =0 H(Xi(1))

= 1Y EH(Xi(1) + 1> > [H(Xi(1) — EH(X:(t))]

l

=) +UID)

where (1) is h? times the expected number of vortices inside B(x,r) and (/1) is
the fluctuation from the expectation. We wish to apply Lemma 6.7 on stochastic
quadrature and thus need a smooth function H > H.Letp € C° (R?) be defined by

_ Jexpl—x?/(1 —xH] if|x| <1
‘p(x)_{o iflx) =1

Define the function H by

Hy)=1 ify e B(x,r)
H(y)=q e(y—x|/r=1) ifr<|y—x[<2r.
0 otherwise

It is obvious that H € cse (R?) and its partial derivatives of the order of L are
bounded by C r~L, where C depends on only L. Because H > H, we can bound 08
by h? >, EH(X;(1)).
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By applying Lemma 6.7 with f(y) = H(y), g(e) = 1, we can approximate
h? > E H(X;(t)) by the integral fQ E H (X («; t))da within an error

L
Ciht 4?17 < CorhH(L - [min(1, 1] < Cr2,
=0

provided that & < r. Moreover

/EI:I(X(cx; t))dozf// Gy, t;a, 0)dyda
Q Q J B(x,2r)

< / dy = 4mr?,
B(x,2r)

Thus we arrive at the conclusion that (I) < Cr2ifr > h.
We use Bennett’s inequality to estimate (/7). Let

Y, = ’[H(X;(1)) — EH(X;(1))].
We have EY; =0, |Y;| < h?, and
> Vary; <h* Y EIHX:(0)F < h* > E[AX; ()],

We apply Lemma 6.7 with f(y) = E[H(X;(t))]*,g(@) = 1, to approximate
h? > E[HX, ()]? by integral fQ E[H (X (a; t)]*da within an error

L
Cih" - 4xr® > " r~h < Cr*hM{L - [min(1, N] 7"} < Cr2,
=0

provided that 2 < r. Furthermore

/E[I:](X(oz;t))]zda 5// G(Y,t;a,0)dyda
Q Q J B(x,2r)

< / dy = 4mr?.
B(x,2r)

Therefore Y, Var Y; < Cr2h*if r > h.
According to Bennett’s inequality, it follows that

e

1
< dexp [—4(Crh|lnh|)2 -Cyr 2h=% . B[R*Crh|lnh|Cir~2h ™2

> Crh|1nh|}

IA

exp[—C>C?|Inh|* - B(C;Cr~'hlnhl)]

exp(—C3C|Inh|?)
— pCsClinal

IA

provided that r~'h|In k| stays bounded.
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Hence the fluctuation of A2 - N(x, r, 1) is
|(I1)| < Crh|lnh| < Cr?

if h|lnh| <r. O

Notes for Chapter 6

We present a brief historical summary of inviscid-vortex methods, focusing on the principal
developments leading to the classical convergence theory. The inviscid-vortex method first
introduced by Chorin (1973) was very successful in actual numerical computations. However,
for several years some remained skeptical about its validity. The main objection was that
when a fluid undergoes large local deformations, the vortex blobs s[x — i j (t)]a)ol.hz in the
approximation remain unchanged and hence might not approximate the actual vorticity . Hald
and Del Prete (1978) first addressed these concerns with a convergence proof for 2D vortex
methods. However, their proof applied for only short times 7, < T, with exponential loss of
accuracy. Hald’s (1979) paper on 2D vortex methods was the first pioneering breakthrough in
the numerical analysis of vortex methods. He proved second-order convergence for arbitrarily
long time intervals [0, T'] for a special class of blob functions. Beale and Majda (1982a, 1982b),
by improving Hald’s stability argument in an essential way, found that vortex methods could be
designed that converge with arbitrarily high-order accuracy. They also gave the first convergence
proof for the 3D vortex algorithms with Lagrangian stretching [Eq. (6.71)]. Exploiting the
similarity to the 2D Euler equations, Cottet and Raviart (1984) gave simple convergence proofs
for particle methods for the 1D Vlasov—Poisson equations. Cottet extended these ideas and
developed a simplified approach to the consistency arguments for vortex algorithms. Anderson
and Greengard (1985) gave a further simplified version of Cottet’s consistency argument for
the trapezoidal rule by means of the Poisson summation formula; their paper also contains a
simple proof of convergence of multistep time discretization for 2D vortex methods. Anderson
and Greengard first suggested the 3D vortex methods with Eulerian stretching, presenting them
in Anderson and Greengard (1985). With very different proofs, Beale (1986) and Cottet (1985)
independently proved the convergence of the 3D vortex algorithm in (6.74). Cottet (1987)
developed a new approach to the numerical analysis of vortex methods that does not use a
direct analysis of the stability and consistency of the ODEs for the particle trajectories. His
approach leads to the convergence of 2D vortex-in-cell algorithms, etc. Building on preceding
work, Hald (1988) gave a number of definitive results for the classical convergence theory for
2D vortex methods, including the convergence of Runge—Kutta time differencing for 2D vortex
methods. In addition to the above references we recommend the survey papers of Anderson
and Greengard (1985), Beale and Majda (1984, 1985), Hald (1991), Majda (1988), Puckett
(1993), and Sethian (1991). In particular, the papers of Beale and Majda (1985) and Perlman
(1985) contain careful and detailed numerical studies of 2D inviscid-vortex methods on simple
model problems. A discussion of the literature on vortex-filament techniques can be found in
Leonard (1985) and Majda (1988).

The random-vortex method dates back to Chorin (1973). More recently, Marchioro and
Pulvirenti (1982) considered a continuous-time random-vortex method with Gaussian random
walks replaced with independent Wiener processes (Brownian motions). Goodman (1987) first
proved a result containing a quantitative rate of convergence. The optimal rate of convergence
for the random-vortex method was proved by Long (1988). Our Section 6.4 on random-vortex
methods comes from the paper of Long. Details about the v dependence of the convergence
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of random-vortex methods can be found in Long (1987). Cottet (1988) and Mas—Gallic (1990)
proposed deterministic vortex methods, in contrast to the random-vortex method, based on
an equivalent systems of equations to the Navier—Stokes equations. Also, Rossi (1993) has
recently introduced a deterministic core-spreading method that corrects the inconsistency of
standard core spreading by means of a splitting algorithm.
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Simplified Asymptotic Equations
for Slender Vortex Filaments

Here we discuss aresearch direction with a very different flavor than that of the preced-
ing six chapters. Recall from Chap. 2, Section 2.1, that we derived the vorticity-stream
form of the Euler and the Navier—Stokes equations. This reformulation highlights the
important difference between 2D and 3D flows; namely, in two dimensions the vor-
ticity is convected along particle paths in the inviscid case and diffused and convected
in the viscous case. On the other hand, in three dimensions the vorticity can stretch,
because of the interaction of the strain matrix with the vorticity vector. In Chap. 3 we
showed that in the absence of vortex stretching, we could prove the global existence
of solutions to the Euler and the Navier—Stokes equations. Moreover, in Chap. 5 we
explored various possible routes to blowup in three dimensions and showed that, in
addition to vorticity amplification, the direction of vorticity must become singular
in the event of a blowup, causing the vortex lines or tubes to form kinks or corners. In
this chapter we use formal but concise asymptotic expansions to study the motion of
slender tubes of vorticity at high Reynolds numbers. Beautiful simplified asymptotic
equations emerge with remarkable properties that give qualitative insight into the
folding, wrinkling, and bending of vortex tubes.

The key technical idea is to expand the Biot—Savart law [Eqgs. (2.94) and (2.95)],
determining the velocity from the vorticity

v(x, 1) = L/x x 2 (v, Hdy 1.1)
o B

in a suitable asymptotic expansion, provided that the vorticity, w, is large and confined
to a narrow tube around a curve X (s, t) that defines the centerline. Of course, it
is crucial to develop such expansions in a fashion consistent with the Navier—Stokes
equations at high Reynolds numbers. In this manner, simplified dynamical equations
emerge for the motion of the curve X (s, ¢) in various asymptotic regimes as well as
equations for the interaction of many such strong vortex filaments represented by a
finite collection of such curves {X (s, t)}?’:l.

In Section 7.1 we describe the simplest such theory involving the self-induction
approximation for the motion of a single vortex filament. We also describe Hasimoto’s
remarkable transformation that reduces these simplified vortex dynamics to that for
the cubic nonlinear Schrodinger equation, a well-known completely integrable PDE
with soliton behavior and heteroclinic instabilities (Ablowitz and Segur, 1981; Lamb,

256
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1980). We further demonstrate that despite the great beauty of the self-induction
approximation, it fails to allow for any vortex stretching, one of the most promi-
nent features in 3D incompressible fluid flow with small viscosity! Some of these
shortcomings are addressed by a recent asymptotic theory (Klein and Majda, 1991a,
1991b) that allows for self-stretch of a single filament. This theory is described in
Section 7.2.

In Sections 7.3 and 7.4 we discuss simplified equations for the dynamics of many
interacting vortex filaments. Such situations frequently arise in many practical con-
texts such as the two trailing-wake vortices shed from the wingtips of aircraft (Van
Dyke, 1982). In Section 7.3 we briefly discuss the simplified dynamics for the interac-
tion of a finite number of exactly parallel vortex filaments that reduces to the familiar
interaction of point vortices in the plane (Chorin and Marsden, 1990; Aref, 1983). In
Section 7.4 we describe a recent asymptotic theory (Klein et al., 1995) for the inter-
action of nearly parallel vortex filaments with remarkable properties that incorporate
features of both self-induction from Section 7.1 and mutual point-vortex interaction as
described in Section 7.3. We end this chapter in Section 7.5 with a discussion as well as
a list of interesting open mathematical problems related to the material in this chapter.

7.1. The Self-Induction Approximation, Hasimoto’s Transform,
and the Nonlinear Schrodinger Equation

First we give some precise geometric assumptions on the nature and strength of the
evolving vortex filament that lead to a concise self-consistent asymptotic development
of the Biot—Savart law in Eq. (7.1), consistent with the Navier—Stokes equations. Here,
as elsewhere in this chapter, we do not supply the lengthy details of the asymptotic
derivation but instead refer the interested reader to the published literature.

Consider a concentrated thin tube of vorticity so that the following assumptions
are satisfied:

(1) The vorticity is essentially nonzero only inside a tube of cross-sectional radius 8,
with § <« 1.

(2) The vorticity w is large inside this tube so that the circulation I' = [ - nds
satisfies R, = I'/v — oo, where v is the viscosity and R, is the Reynolds number.

(3) Despite (1) and (2) the radius of curvature of the filament centerline remains
bounded strictly away from zero.

(4) The cross-sectional radius é from (1) and the Reynolds number R, from (2) are
balanced so that § = (Re)‘%. (7.2)

Assumptions (7.2) indicate that there are primarily two scales in the assumed vortex-
filament motion, an outer scale that is of the order of O(1) defined by the radius of
curvature of the filament, and an inner scale, §, § < 1, describing the cross-sectional
radius of the filament. The large value of the vorticity within the filament is expressed
concisely in nondimensional terms through the requirement in (4) of assumptions
(7.2) in which § = (R,)">.

For such a thin filament of vorticity, consider the centerline curve L£(¢): s —
X (s, t). To a high degree of approximation for § <« 1 this centerline should move
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with the fluid so that

dX— X(s,t 7.3
E—v( (s, 1), 1). (7.3)

To get the velocity v(X (s, t), t), we need to simplify Biot—Savart law (7.1) near the
centerline X (s, r) under geometric assumptions (7.2). Under these circumstances,
concise matched asymptotic expansions (Callegari and Ting, 1978; Ting and Klein,
1991) establish that the right-hand side of Eq. (7.3) is given by

X N1
5(& 1) = «kb(s, 1) + {m <5)] [C(Hb+ Q1+ O(1) (7.4)

for § <« 1. Here b = t x nis the binormal to the curve, where t is the tangent vector, n
is the normal vector, and « is the curvature of the curve. We change the time variable
in Eq. (7.4) by 1 = In(1/8)t and retain only the leading-order asymptotic term in
Eq. (7.4) to obtain the self-induction equation for an isolated vortex filament:

X

i
This equation was first derived through a different procedure by Arms and Hama
(1965).

kb. ()

7.1.1. Hasimoto’s Transform and the Cubic Nonlinear Schrodinger Equation

For further developments in this chapter we consider a generalization of the self-
induction equation involving the perturbed binormal law, the Hasimoto transform for
a perturbed binormal law:

IX(5,7)

P (kb)(,7) + Sv(3, D), (7.5)

where § is the arc length along the curve and §v(3, 7) is a small general perturbation
velocity. Closely following the procedure of Hasimoto for the case of § = 0, we
derive a connection between Eq. (7.5) and a perturbed Schrodinger equation for the
related filament function.

First we recall some basic notation and identities. The Serret-Frenet formulas
(do Carmo, 1976),

X§ =t, tg = KN, n; = Tbh — Kt, b§ = —Tn, (76)

describe the variation of the intrinsic basis t, n, b along £ in terms of the curvature «
and torsion T of the curve. Hasimoto considers the filament function

V@, 1) =k, De'®, with & = /x T(s',T)ds'. (7.7)
0

He replaces the principal and binormal unit vectors n and b with the complex vector
function

NG, 7) = (n+ib)3, 7) exp[i @G, D], (7.8)
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where ® is as in Eq. (7.7), and with its complex conjugate N to span the planes normal
to t. The new basis satisfies the orthogonality relations

t-t=1, N-N=0, N-N=2, (7.9)

and the Serret-Frenet equations yield its variations along L:

N; = —yt, t; = %@N + ¥N). (7.10)

Differentiating perturbed binormal law (7.5) with respect to §, we obtain the dy-
namic behavior of the tangent vector

t; = ksb — K Tn + s, (7.11)

which may be expressed in terms of the new basis as

t; = %i(w§N+%N) + 8vs. (7.12)

We next derive an evolution equation for the filament function by computing two
independent representations of the cross derivative N3; of N and by comparing their
respective components along N and t. We first decompose N; as

N; = aN + SN + yt. (7.13)

Then orthogonality relations (7.9) and (7.12) yield the identities
_ 1 — — 1 —
o+a= E(N'Nt"f_Nf'N) = §(N~N);EO,

B = %(N -N); =0, (7.14)
y =t-Nf=—t; -N = —iy; — SN - v;.
Thus we find
N; = i[RN — (y;; — i8N - v)t], (7.15)

where R = R(5, 7) is an as yet unknown real-valued function. The two representations
of N;7 now follow from the partial differentiation of Egs. (7.10) and (7.15) with respect
to 7 and §, respectively:

1 — _ -
N3z = —yrst — Ei(lﬂ%N —Y;N) — orus,
Nis = i{RsN — Ryrt — [r55 — iS(N - v5);5]t (7.16)

1 . — —
= 5 Ws — 0N v) (YN + ¥ N)}.
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Equating the coefficients of t and N in these relations, we obtain
Yi + 85 -t = i[RY + Y5 — i8N - vg)s], (7.17)
1 _ 1 . —
R; = 5(%\#+W%)+§l5(1ﬂN—¢N)-vs- (7.18)
At this stage we recover Hasimoto’s result,
1, -
R=E|1p| for 6 =0, (7.19)

by removing the perturbation term from Eq. (7.18). This yields the cubic nonlinear
Schrodinger equation when inserted into Eq. (7.17). Hasimoto points out that an
arbitrary integration function A(7) that might appear on integration of Eq. (7.18) may
be eliminated without loss of generality through a shift,

ci>(§,f):c1>(§,f)—/ At)dt,
0

of the phase function ® in Eq. (7.7). In fact, all the geometric information contained
in the filament function is

V| =, T = [arg()]s = 5 = D5, (7.20)

so that the phase shift does not influence the geometry of L. In general, we can
integrate Eq. (7.18) and insert its result into Eq. (7.17) to obtain the exact perturbed
Schrodinger equation:
1 Lo <. : 5 -
n Yr = 1/f35+5|1/f| Y—=34i[(N-vs)s—yvs-tl+¢ [ Im(yYN)-vsds . (7.21)
So

In particular, for the special case with §=0in Eq. (7.21), we see that, through the
filament function

VG F) = k(5 et Jo TEDAS (7.22)

the self-induction equation reduces to the cubic nonlinear Schrodinger equation,

1 1
“Yi = Vs + EWw. (7.23)

Equation (7.23) is a famous, exactly solvable equation by the inverse-scattering
method (Ablowitz and Segur, 1981; Lamb, 1980), so that we can utilize exact solutions
of Eq. (7.23) to infer properties of vortex-filament motion under the self-induction ap-
proximation. Next, we point out that, despite the beauty of the self-induction equation
for a vortex filament, the length of the curve X (s, t), which represents the vortex tube,
cannot increase in time, i.e., the vortex filament cannot have any self-stretching within
the self-induction approximation. Thus, if we want to include other effects of bend-
ing and folding of a single vortex filament, including local self-stretching, different
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asymptotic models are needed, with new assumptions beyond those of assumptions
(7.2). This is the topic of Section 7.2.

To establish this result we consider the general evolution of a curve X (s, ) accord-
ing to the law

X

o = B(s, H)n+ y (s, )b, (7.24)
where n is the normal and b is the binormal. Here the parameter s is not necessarily the
arc length. Without loss of generality, we omitted the term « (s, #)t on the right-hand
side of law (7.24) as such terms yield motion along only the curve X (s, ¢) itself and
can always be eliminated by reparameterization. Consider the time rate of change of
the infinitesimal arc length of the curve, (X; - X;) 7. We compute from law (7.24) that

d a
(X, X)P =t —[B(s, HDn+y (s, Ob]. (7.25)
at as
Utilizing Serret—Frenet formulas (7.6), we obtain the general identity
d 1 1
g(xs ’Xs)2 = _Kﬁ(Xs 'Xs)zs (726)

where « is the curvature. In particular, if the motion of the curve is always along the
binormal, we have 8 = 0 in Eq. (7.26) and the infinitesimal arc length of a curve
cannot increase in time. Thus the self-induction approximation alone does not allow
for vortex stretching!

We end this section by computing the linearized self-induction equation about
a straight-line filament parallel to the x3 axis. First we rewrite the self-induction
equation in the form

(7.27)

where Cy is a constant that depends on the choice of reference time. We consider
small perturbations of a straight-line filament parallel to the x3 axis that, without loss
of generality, have the form

X =1(0,0,0)+€[x(0,1), y(o,1),0], (7.28)

and ¢ < 1. Inserting Eq. (7.28) into Eq. (7.27) and calculating the leading-order
behavior in &, we obtain the linearized self-induction equations along a straight-line
filament,

(7.29)

X 9’X
ot %902

for X = [x(o, ), y(o,t)], where J is the standard skew-symmetric matrix

0 —1
J:L o]' (7.30)
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If we introduce the complex notation

Y(o,t) =x(o,t)+iy(o, 1), (7.31)
then Eq. (7.29) becomes the linear Schrodinger equation

Loy _ . &9

= Cyt. 7.32
i ot 0902 (7.32)

We hope that our slight abuse of notation in still denoting the perturbation quantity
[x(o, 1), y(o, t)] by X in Eq. (7.29) has not confused the reader. We utilize Eqgs. (7.29)
and (7.32) in interpreting the asymptotic equations for nearly parallel interacting
vortex filaments described in Section 7.4.

7.2. Simplified Asymptotic Equations with Self-Stretch
for a Single Vortex Filament

Here we describe a simplified asymptotic equation that allows for some features of
self-stretch of a single vortex filament including incipient formation of kinks, folds,
and hairpins (Klein and Majda, 1991a, 1991b, 1993; Klein et al., 1992). This simplified
asymptotic equation has attractive features in that it incorporates some of the nonlocal
features of vortex stretching represented in Biot—Savart law (7.1) through a filament
function v defined by means of the same Hasimoto transform introduced in Eq. (7.7).
In this fashion a singular perturbation of cubic nonlinear Schrodinger equation (7.23)
emerges where the nonlocal terms represented by /[y] compete directly with the
cubic nonlinear terms in Eq. (7.23) that, as we have seen earlier, arise from local
self-induction.

The key idea in the derivation of these equations beyond those conditions needed
in the derivation of self-induction equation () is to allow the vortex filament to have
wavy perturbations on a scale ¢ that are short wavelength relative to the O(1) radius of
curvature of the vortex filament but are long wavelength relative to the core thickness.
Thus the wavy perturbations of the vortex filament satisfy

1>¢€e>06.

The choice of such scalings is motivated by numerical simulations (Chorin, 1982,
1994), demonstrating that such kinds of perturbations often develop folds and hairpins
in vortex filaments.

More precisely, the asymptotic filament equations with self-stretch described below
arise from small-amplitude short-wavelength perturbations of a straight-line vortex
filament aligned along the x3 axis. These perturbations of the vortex centerline have
the form

s

. i
X(s,T) = Se3 + £’ X ( : 2) +o(e%), (7.33)
£ €
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5 1 51
X — {xa)(i, #)’ym(; 32)0} (7.34)

Although we do not present the details here, the time scale 7 is the same one used for
the local self-induction approximation so that the perturbations in Eq. (7.33) are not
only short wavelength but also occur on rapid time scales relative to the local self-
induction time scale 7. We also note that although the vortex filaments in Eq. (7.33)
vary rapidly in space, nevertheless they have only an O(1) effect on the radius of

curvature because
d’X(s,1)  [d*X? 7
ds2 | do? % 2

The key assumptions that emerge in the derivation (Klein and Majda, 1991a) re-
quire that the vortex-filament thickness §, the Reynolds number R, defined in (2) of
assumptions (7.2), and the wavelength parameter satisfy the distinguished limits

2 ()4 =1

§=(R)™'?* s« (7.35)

where

o=%
e

The first condition in Eqgs. (7.35) guarantees that the requirement 1 >> & >> § is satis-
fied, the second condition in Eqs. (7.35) is already familiar from (4) of assumptions
(7.2), and the form of the perturbations in Eq. (7.33) automatically enforces (3) of
assumptons (7.2).

7.2.1. Sketch of the Asymptotic Derivation

As in the derivation sketched in Section 7.1 for the self-induction equation, we need
to develop a suitable asymptotic expansion of Biot-Savart law (7.1) with the ansatz
in Eq. (7.33) for the filament equations under assumptions (7.35) and then insert
this expansion into Eq. (7.3) to obtain a dynamical equation for the vortex-filament
centerline, X (s, 7). Klein and Majda (1991a, Sections 3 and 4) show that the following
perturbed binormal law emerges from this procedure under assumptions (7.35):

IX
o7 =kb+ e I[X?] x e5. (7.36)

Here I[w] is the linear nonlocal operator:

I[w] dzef/ |hl—3| [u}(o +h)—w(o) —hw,(oc +h)+ %th(l — |hDwse (o) | dh,

(7.37)
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where we use the notation w, = (dw/do) and we use the Heaviside distribution H.
The operator 1[X®] incorporates the leading-order nonlocal effects of Biot-Savart
law (7.1) under assumptions (7.33) and (7.35).

We recall the Hasimoto transform from Eq. (7.7) that maps a curve X (5,7) to a
filament function ¥ (5, ) by means of

W, T) = k(5 e’ o TEDAS (7.38)

We claim that, under the Hasimoto transform, perturbed binormal law (7.36) with the
ansatz in Eq. (7.33) becomes the asymptotic filament equation with self-stretching,

1 2 1 2
TV =Yoo t¢ (2|¢| v — I[W]) , (7.39)

in which the expansion parameter ¢ appears as a coupling constant. In Eq. (7.39)
the arguments o and 7 are given by 0 = (5/¢%) and © = (7/&?) up to minor arc-
length corrections (see Klein and Majda, 1991a) that we ignore here and in our
discussion below. As stated earlier in this section, asymptotic equation (7.39) has
a linear nonlocal term I[v] that competes directly at the same order with the local
self-induction represented by the cubic nonlinear terms %W 129

How can we compute the local rate of filament curve stretching from the solution
Y of Eq. (7.39)? With the ansatz in Eq. (7.33), we have the infinitesimal arc length
given by

5N Loy xo2
e<8,82>D—ef(Xs X',

A lengthy calculation (Klein and Majda, 1991a, Section 5) utilizing Eqgs. (7.25),
(7.26), and (7.36) establishes that the time derivative Z(U, 7) satisfies the local curve-
stretching identity

Lo, 1) €2 [ 1 _ —

. =l /_OO m[l//(o + )y (o) — ¥ (o + h)y(o)ldh. (7.40)
‘We know that vortex stretching is a quadratically nonlinear process, yet the effects of
nonlocal self-stretch are incorporated into filament equation (7.39) through the linear
operator I[y]. Formula (7.40) resolves this apparent paradox because the relative
changes in arc length are quadratically nonlinear functionals of .

We proceed with the derivation of filament equation (7.39) from perturbed binor-
mal law (7.36) by applying the general Hasimoto transform for a perturbed binormal
law derived in Egs. (7.5)—(7.19) while respecting the rapid space—time scalings im-
plicit in the special ansatz from Eq. (7.33). From binormal law (7.36) we have the
correspondence

e’I[X?] x e3 =8v(, 1) (7.41)

in perturbed binormal law (7.5). For small-amplitude high-frequency perturbations
of the centerline with the form s2X® (5 /e, t/ %), we rescale the exact perturbed
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nonlinear Schrodinger equation (7.19) by means of the variables ¢ = (s/¢) and
T = (t/€?) so the evolution equation for the filament function,

1 1, %
lfl/fr :15000 + |& §|W| w_l(S(N'Ua)a s (742)

emerges at leading order with N as defined in vector function (7.8). Next, identifying
Sv(3, 7) by utilizing Eq. (7.41), we obtain the evolution equation

1 1
SV =Yoo + eIV — i (NI [XP] xe3),,. (7.43)
i
Applying the identity
—i(N-v5)e = —I[Y] (7.44)

to evolution equation (7.43) completes the derivation of asymptotic filament equation
(7.39) from perturbed binormal law (7.36). The proof of identity (7.44) is lengthy
and is given in Section 5 of Klein and Majda (1991a). The perceptive reader will
note that our derivation of the perturbed Schrddinger equation from the perturbed
binormal law in Section 7.1 utilized arc-length coordinates although s in Eq. (7.33) is
not exactly an arc-length coordinate, §; in fact, we have s = §[1 4+ O (e?)]. However,
for pedagogical simplicity, we ignore these minor differences in the sketch presented
here.

7.2.2. The Mathematical Structure of the Asymptotic Equation

Here we discuss the mathematical properties of the filament equations with self-
stretching (7.39). We develop Fourier representations for the nonlocal operator /[w]
in Eq. (7.37). These formulas reveal the fact that filament equation (7.39) becomes
a novel singular perturbation of the linear Schrodinger equation.

Explicit Fourier Representation of the Nonlocal Operators

We discuss the operator I[-] in Eq. (7.37) that acts on functions defined for all of R!
with rapid decay. The operator /[-] commutes with translation and therefore is given
by convolution with a distribution kernel. For all of space and rapidly decreasing
functions, the Fourier inversion formula yields

£0) = @) / 57 (E)dE,
fe) = / ¢ £ (0)do.
Thus we have

Iwl(o) = 27)~! / eI (E)W(E)dE (7.45)
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with the Fourier symboli (&) of I defined by
[(&) = e ¢ I[7F]. (7.46)

From the definitions in Egs. (7.37) and (7.46), we compute explicitly that
A | . . . .
i) = / = (" + &7 —2) — ihE (™" — e7 M) — O(h)(ER)*]dh, (7.47)
0

with 6(h) = H(1 — |h|). Next we determine the scaling properties of I (£). First we
introduce real trigonometric functions in Eq. (7.47) and change variables withn = £h
to obtain

A * 1
i) = 52/ = {2(005 n—1)+2nsinn —0 <”) nz] dn. (7.48)
o &1
Note that only the function 8(n/|&|) has explicit dependence on & in the integrand
in Eq. (7.48). We split the integral in Eq. (7.48) into a sum of convergent factors,
obtaining the decomposition

A "' 2(cosn — 1) + 2 sinn — n? ®©2(cosn — 1) +2nsiny
i =¢ [/ dn+/ dn}
0 1

,73 n3

_e [ [e (”) - 9(77)} n~ldn. (7.49)
A B

The term in brackets in the second line of Eq. (7.49) contributes a finite constant, and,
by the definition of the function 6, we compute that

/ [9 (”) = 9(77)} n~ldn = Ing. (7.50)
0 B

With Egs. (7.49) and (7.50), we obtain the formula
[(¢) = =& In|&| 4 Co&, (7.51)

with the constant Cp determined by the expression in brackets in the second line of
Eq. (7.49). We can evaluate the constant Cy by a lengthy calculation by utilizing the
method of stationary phase. With that information, we derive the explicit formula for
the symbol of I11-]:

[(&) = —£*In|g| + Co&?,

where

1
Co=3—y=—00772,....

and y is given by Euler’s constant.
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Spectrum of the Linearized Operator and Singular Perturbation

The linearization of asymptotic filament equation (7.39) about the state {» = 0 is the
linearized equation

1
TV =Yoo — eIyl (7.52)

The operator on the right-hand side of Eq. (7.52) is symmetric, and we calculate that
the dispersion relation is

w = Pe(g)»
P.(§) = —|]* — €2 Colé|* + €°€* In[£]. (7.53)

The generator of linearized equation (7.52) is the operator

Voo — €2 1[Y]. (7.54)

The spectrum of the linearized generator ¢ = 0 is the familiar spectrum for the
Schrodinger operator given by the interval (—oo, 0]; the spectrum of the linearized
generator in operator (7.54) is radically different for any € > 0 and reflects the singular
character of this perturbation. We compute that P, (£) from dispersion relation (7.53)
is a generalized eigenvalue of linearized operator (7.54) for any € > 0 and £ € R'. It
follows immediately that, in contrast to the case with € = 0, the spectrum of operator
(7.54) is [a(€), +o0] for any € > 0, where a(e) | —oo rapidly as € | 0; in fact,
la(e)| = Ole? exp(2/€?)]. Thus a complete half-interval of a new spectrum in [0, 00)
is created by the effect of /[y/] for any € > 0. We conclude that —€%I[y]isin fact a
singular perturbation of the linear Schrodinger operator. We invite the reader to graph
the dispersion relation @ = P.(£) and to compare this graph with that for v = —|&|?
from the linear Schrodinger equation.

Remark: The nature of the singular perturbation depends crucially on the sign of
the coefficient that precedes /[v] in filament equation (7.39). For comparison we
consider the equation

1 1
U=V, + e (ZWPW + IWJ) : (7.55)
Then the dispersion relation for the linearized operator derived from the above equa-
tion is given by
w = PF (),
PF(€) = —|&] — €7 Ing| + € Col€

and the spectrum of the linearized operator is a (—oo, a4 (€)], where a (¢) | Orapidly
as € | 0; in this case, the spectrum for € > 0 is always well approximated by that of
the linearized Schrodinger operator. Thus, at the linearized level, the perturbation in
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Eq. (7.55) is much milder than the one actually occurring in the asymptotic filament
equation.

Asymptotic filament equation (7.39) has global existence of solutions for all times.
The elementary proof, sketched in Klein and Majda (1991b), reflects the character
of the nonlocal operator I[v] as a singular perturbation. However, solutions of these
filament equations can lose their asymptotic validity as approximate solutions of the
actual fluid motion at finite times (see Klein and Majda, 1991b).

7.2.3. Asymptotic Equations for the Stretching of Vortex Filaments
in a Background Flow Field

The axisymmetric vortices with swirl from Subsection 2.3.3, including the Burgers
vortex [Eq. (2.72)], provide simple analytic examples of how a background strain flow
can interact with a vortex tube and create vortex stretching. Localized vortex filaments
with large strength and narrow cross section are also prominent fluid-mechanical
structures in applications such as secondary 3D instability in mixing layers (Corcos
and Lin, 1984), in which larger-scale vortices provide a slowly varying background
flow field in which strong vortex filaments are embedded. Motivated by these and
other considerations, we now develop asymptotic equations that generalize filament
equation (7.39) with self-stretching to the case with a background flow field.

In the beginning of this section we considered a straight-line vortex filament with
small-amplitude wavy distortions of the form of Egs. (7.33) and (7.34) that satisfy
asymptotic conditions (7.35). We now include, in addition to the effects of local
induction and self-stretch, the effect of a known background flow field of the form

1
Sup(x,t) = 8—2Ax, (7.56)

where the 3 x 3 matrix A, representing the velocity gradients,

S11 _%w+sl2 0
A= |lo+sp 522 0|, (7.57)
0 0 533

satisfies the incompressibility condition
trA =s11 + 52 + 533 =0. (7.58)

Recall from Section 1.4 of Chap. 1 that the background flow field described in Egs.
(7.56) and (7.57) represents the local Taylor expansion of a general 3D incompress-
ible flow field that satisfies the additional crucial requirement that the centerline
along the x3 axis for the unperturbed vortex filament remain invariant under the
particle-trajectory flow map associated with the background flow in Eq. (7.56). This
requirement is guaranteed by the block diagonal structure flow in matrix (7.57). The
coefficient s33 represents the rate of strain along the vortex filament that is due to the
background flow, and the 2 x 2 matrix

S, = [S” Slz] (7.59)

§12 8§22
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represents the contribution of the deformation matrix perpendicular to the unperturbed
vortex filament.

The same general procedure, as that outlined in Subsection 7.2.1 can be utilized
to pass from a perturbed binormal law such as law (7.36), which also includes the
background flow field in Eq. (7.56), to a modified filament equation, including the
effects of the background flow from Eqgs. (7.56) and (7.57), by means of Hasimoto
transform (7.7) or (7.38). The reader interested in the details can consult Section 2 of
the paper by Klein et al. (1992). The result of this derivation is the asymptotic filament
equation with self-stretch in a background flow field:

1 (1 ) 5.
Ve =Yoo te <2|w| w—1[¢]>+e szzm)w

+isyo v, + (S12 - zs“;s”> w} . (7.60)

The first two terms on the right-hand side of filament equation (7.60) are already fa-
miliar to the reader from the filament equations with self-stretch without a background
flow field in filament equation (7.39). The new terms that are due to the background
flow field in Eq. (7.56) are in brackets on the right-hand side of Eq. (7.60).

We consider each of these three terms separately in order to extract a physical
interpretation of these effects. The separate effect of the first term yields the equation

1 2
Y =Wy (7.61)
l

Thus the effect of background rotation around the axis sty on the perturbed filament
corresponds to the rotation of ¥ in the complex plane at a frequency £?w. The separate
effect of the second background flow term in Eq. (7.60) is the advection operator

Y = —e’s33 <§1ﬁ + cﬂﬁa) , (7.62)

which corresponds to growth or decay of amplitudes that is due to flow convergence
or divergence in the normal plane and to advection along the x3 axis. The simple
axisymmetric swirling flows constructed in Subsection 2.3.3 of Chap. 2 have a similar
physical structure as exact solutions. Finally, the last term in Eq. (7.60) involving the
background flow yields the equation

(:) Y, = ¢’ {512 —i {(S”Q_S”)} }w, (7.63)

which represents the effect of the planar strain normal to the filament axis and given
by S>. We note that the complex conjugate of v, Y, appears on the right-hand side of
Egs. (7.60) and (7.63). ODE (7.63) has both damping and growing solutions corre-
sponding to the strain axes of the background flow field; this term both damps and
drives the solutions of asymptotic filament equation (7.60).
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7.2.4. Analytical Properties of the Filament Equation with a Background Flow

Here we develop a criterion for the nonlinear stability of vortex filaments to appro-
priate short-wavelength perturbations through Eq. (7.60). We also describe several
properties of the linearization of Eq. (7.60) in an instructive special case involving
planar-strain flows in directions orthogonal to the unperturbed vortex filament.

The Nonlinear Stability of Vortex Filaments in a Background Flow Field

Recent numerical simulations at moderately large Reynolds numbers (Ashurst et al.,
1987; Jackson and Orszag, 1990; Majda, 1991) reveal that nearly columnar, strong
vortex filaments in a background flow field persist for some time despite the fact that
the planar strains for the swirling flow in directions orthogonal to the filament axis are
stronger than the strain component aligned with the vortex axis. Here we give some
precise nonlinear stability conditions by utilizing Eq. (7.60) that are consistent with
this case and provide additional analytic insight.

From Hasimoto transform (7.7), we see that | (o, )| has the physical significance
of the curvature of the perturbed filament so that a natural quantity for measuring the
stability of the columnar vortex is

/ ¥ (0, 1) *do.
The unperturbed vortex filament is stable if there is a constant & > 0 such that
9 2 = 2
37 | Wl Dlido = —a [ ¥ (o, T)["do (7.64)
T

for all solutions of Eq. (7.60) and for all 7 > 0. Condition (7.64) guarantees that
the mean-square average of the curvature decays at least exponentially with time so
that the columnar filament is stable for the specific class of short-wavelength filament
perturbations from Eq. (7.33), consistent with the asymptotic derivation.

Using Eq. (7.60), we calculate that

0 2, _
E/'W do =2 Re /tw,wda
2 - 3 -
= 2¢ {—533(1') {/ Re (mp(,erzwtp) dd]} (7.65)
o) (5 ) 7] 0o},

where Re denotes the real part. We compute further that
_ 5 _ 5
Re (oo + 51/”/’ do =2 [ |¢|°do, (7.66)

Re KS“;S” + is12> wz] — Y. MY, (1.67)
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where ¥ = "(Y1, ¥2), ¥ = ¥ + iy, and M is the symmetric 2 x 2 matrix,

S11 — 822
T2 e
M= = s — 811 | (7.68)
12 s
The matrix M has the two real eigenvalues
2 172
S11— S
)\:I::i[( 11 - 22) ‘lez} ’

so that

V- My <ALyl (7.69)

Combining relations (7.65)—(7.69), we obtain that

% / |¥2do < 2€*(—2s33 + A4) / |y |*do. (7.70)

Looking back at the definition of stability in condition (7.64), we see that the colum-
nar vortex filament is nonlinearly stable to the short-wavelength perturbations in
Eq. (7.33), provided that the strain matrix from the background flow satisfies

RY: 1/2
{(3“4”2) + sfz} < 2533 (7.71)

Of course, because the flow is incompressible, the identity

s33 = —(s11 + 522)

allows us to express general criterion (7.71) solely in terms of the strain-matrix
components orthogonal to the columnar filament. Obviously, a positive axial-strain
component is a necessary condition for the columnar filament to remain stable. We
remark that the inequality in criterion (7.71) does not involve the transverse rotation
components for the background flow field @ from Eq. (7.60).

We interpret criterion (7.71) in the special case in which the strain matrix is diagonal
so that s;p = 0, 511 = Y1, S22 = ¥», and s33 = y33, with y; + y» + y3 = 0. Without
loss of generality, we assume that y; > y»; then stability criterion (7.71) becomes

3
y2 <0, v < 5lal. (1.72)

The regime of criteria (7.72), in which y; and y, satisfy

1 3
y2 <0, Sl < <<lnl, (1.73)

is very interesting for qualitative comparison with the computational results men-
tioned earlier. With conditions (7.73) we also have the following conditions:

(1) The axial component of the strain matrix is positive but y; is the intermediate
eigenvalue of the strain matrix.
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(2) The strongest strain effect is the flattening of the vortex core by the compressive
strain y, orthogonal to the filament.

(3) Despite the structure in (1) and (2) and also rapid planar rotation from w, the
columnar vortex is stable in time on the 7 time scale according to criteria (7.72).

Conditions (1) and (2) are the ones typically observed for the nearly columnar
vortices that emerge in the numerical experiments cited earlier that are conditioned
on the large-vorticity sets. Here we have provided supporting analytic evidence for
the stability of such columnar vortices to suitable short-wavelength perturbations on
appropriate time scales. We have utilized the special case in criteria (7.72) and (7.73)
to elucidate this structure in a transparent fashion. Clearly, from the more general
criterion (7.71), we can even allow suitable temporal rotation of the planar-strain axis
in time and fulfill all three of conditions (1)—(3).

Linearized Theory for Planar-Strain Flows

Here we develop the linearized theory for Eq. (7.60) in the important special case in
which the background flow field is a simple planar strain in directions orthogonal to the
unperturbed filament. This case has some physical importance as it occurs naturally
in the development of secondary 3D instabilities in mixing layers and other 2D basic
flows. Also, the stability criteria just discussed are not satisfied; the unperturbed
filament is linearly unstable in the presence of these background flows.

With constant planar-strain flows as the background field, filament equation (7.60)
is given by

1 (1 o
(i>1/fz=1/faa+6 (2|1/f| w—l[w]—zyw), (7.74)

where y is the strain rate. To see the effect of the strain alone, we ignore all of the
other terms and arrive at the ODE

Ve =Xy (7.75)

The simple ODE (7.75) has both damping and growing solutions; thus the background
planar-strain flow can be a source of instability for filament equation (7.74) at suitable
wavelengths.

We linearize Eq. (7.74) at the unperturbed filament vy = 0; thus the linearized
problem is given by

1 -
<i)wf = Yoo + (= 1[Y] — iy ). (7.76)
We write the exact solution of problem (7.76) by using the Fourier transform
Yk, 1) = Q2n)"? / e* Y (o, 1)do. (7.77)

The effect of the straining term involving ¥ in problem (7.76) is that the two modes
k and —k are coupled together so that the Fourier-transformed equation is no longer
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local. In fact, we calculate that the pair I/Af(k, 7), ?(—k, 7) satisfies the coupled
equation

(kT N ¥k, 1)
vi(—k. )], 0 -1 1.0 ¥ (—k, 1)
(7.78)
Here, [I(k) is given by
Lk = —k* — ¥ (k), (7.79)
with the Fourier symbol for the nonlocal operator I from Egs. (6.45) given by
[(k) = —k? In|k| + Cok?,

where Cy = % —y = —0.0772 and y is Euler’s constant.
Given coupled equation (7.78) we explicitly calculate the solution:

vk, ¥k, 0
{ ljb( o ] } = {cos[tp(k)]I +isin[tp(k)]P} x l:ﬂ( ) 1 , (7.80)
Y(—k, T) Y (—k,0)

where
plk) = [L2(k) — e*y'?, (7.81)

I is the 2 x 2 identity matrix, and
_ 1.2 10 1 -~ 1 0
P =[pk)] {ze 14 [1 0 + L(k) o —1l( (7.82)

The functions cos(z) and sin(z) are evaluated for complex variables z in solution
(7.80). In particular, we have oscillatory behavior for the larger wave numbers,

Kk with L2(k) > €'y,
and unstable growth for the sufficiently low wave numbers,
Ez(k) < 64)/2,
in the behavior of the solutions of linearized equation (7.76). To summarize, we see
that there are two effects of the planar-strain flow as regards linearized theory: first,

to introduce instability at low wave numbers; second, to couple the modes k and —k
in a nonlocal fashion in Fourier space.
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7.2.5. The Creation of Kinks, Folds, and Hairpins in Vortex Tubes by Means
of the Filament Equations

Vortex tubes that develop kinks, folds, and hairpins appear prominently in both nu-
merical solutions (Chorin, 1982) and experiments in flows such as shear layers and
trailing wakes (Corcos and Lin, 1984; Van Dyke, 1982). The simplified asymptotic
equations developed in Eqgs. (7.39) and (7.60) arise from initial short-wavelength
perturbations of the form of Eq. (7.33). In Subsections 7.2.2 and 7.2.4 we studied
properties of solutions of the linear operators in the equations. We might conjecture
that the nonlinearity in these equations can interact with these linear operators to
produce the incipient formations of kinks and hairpins in the vortex filaments seen
in experiments. Here we present numerical solutions of asymptotic equations (7.39)
and (7.60), confirming this behavior.

First we consider spatially periodic solutions of the filament equations with self-
stretch in Eq. (7.39), without the effect of a background flow field. Equations of the
form of Eq. (7.39) have exact oscillatory solutions of the form

Yu(o,t) = Aexp(i[§o + Qr1]), (7.83)

provided that Q (&, A, €) is given by
“ 1
QE, A, e) = —£2— &5 (&) + EezAz, (7.84)

where, [ (£) is given explicitly in Eq. (7.51). We claim that the exact solutions in
Eq. (7.83) of the asymptotic equations correspond to helical vortex filaments. To see
this, we recall Hasimoto transform (7.38); we have the general formulas

[¥|(o, T) = curvature,
argy = / T (o, 7)do, (7.85)
0

where T (o, ) the torsion. From Eqgs. (7.85), the exact solutions in Eq. (7.83) have con-
stant curvature and constant torsion and thus are necessarily helical vortex
filaments.

Because the exact solutions in Eq. (7.83) are linearly unstable to suitable long-
wavelength perturbations (Klein and Majda, 1991b), it is very interesting to see the
nonlinear consequences of perturbations of such solutions. Consider spatially periodic
initial data describing a suitable small perturbation of the helical filament with the
value of &2 = 0.25. Figure 7.1 shows the evolving curvature of the filament in plots
of |¢|. These plots indicate that a narrow, highly localized spike in the curvature is
developing in time. Figure 7.2 shows the corresponding spatial curves that produce a
periodic array of strong kinks in the vortex filament. Thus solutions of the asymptotic
equations for vortex filaments with self-stretch produce strong curvature spikes that
correspond to the spontaneous generation of kinks. Such behavior is completely absent
in corresponding solutions of nonlinear Schrédinger equation (7.23) that arises from
the self-induction approximation without the self-stretch terms (Klein and Majda,
1991b).
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Figure 7.1. Time series of curvature distributions, || vs. o, for perturbation of the helix
solution. Background helix: [y H| = A = 4.0, § H = 2.0; perturbation mode: | H|b = 0.4,

EH + B = 3.0; €2 = 0.25. solid curve, ¢t = 0; dotted curve, t = 1.6; short-dashed curve,
t = 1.75; long-dashed curve, t = 1.9.

Although the solution indicated in Figs. 7.1 and 7.2 continues to exist for all times,
it loses asymptotic validity as a physical solution of the vortex-filament equations
precisely near the final time shown in Fig. 7.1. As the kink in the vortex filament
forms, the solution simultaneously generates large amplitudes at wavelengths of the
scale of the vortex-core thickness. Thus the solution violates implicit assumptions
(7.35) that perturbations have wavelengths larger than the core thickness. This makes
physical sense because the subsequent evolution of the kink in the vortex filament,

=1.85

Y2

T2

Figure 7.2. Time sequence of 3D plot of the filament curve showing the initial helix, followed
by times just before, just at, and just after the peak in maximum stretch rate. Viewed from
6 =3, x, =2, y, = 1. Note the formation of the kink structure in the vortex filament.
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as shown in Fig. 7.2, clearly involves nontrivial flow in the vortex core, a feature
that is ignored in the asymptotic equations. For a detailed quantitative explanation of
these facts, more numerical solutions of the filament equations with self-stretch from
Egs. (7.39), and a careful numerical validation study, we refer the interested reader
to the paper of Klein et al. (1992).

Next we consider the birth of hairpin structures in solutions of asymptotic equation
(7.60) with self-stretch in a background flow field that has the form of a planar 2D
strain flow perpendicular to the unperturbed vortex axis. Because the background flow
is a constant planar-strain flow, we describe numerical solutions of nonlinear filament
equation (7.74). Two important facts emerge from the linearized theory developed
in the second subsection of Subsection 7.2.4: First, the planar strain generates long-
wavelength instability; second, the equations nonlocally couple wave numbers k and
—k through the strain flow terms and thus have a propensity to create growing standing
modes. Next we see that these two facets of the dynamics from linear theory combine
with nonlinearity to produce the birth of hairpin vortices.

Figure 7.3 shows the initial curvature magnitude and the curvature magnitude at a
later time for a numerical solution of Eq. (7.74) with strain rate y = 2 and &> = 0.25
for suitable long-wavelength standing-mode initial data. The plot at the later time
shows the emergence of two narrow localized curvature spikes. Because each narrow
curvature spike generates a kink in the vorticity and two kinks are required for creating
a hairpin vortex filament, we might anticipate that this solution of Eq. (7.74) displays
the birth of a hairpin. The graph in Fig. 7.4 of the actual filament curve at a time later
than that of Fig. 7.3 confirms the formation of a spatially periodic array of localized
hairpins. The later time solution shown in Figs. 7.3 and 7.4 is near the time at which

—— curvature_0
------ curvature_2

curvature

T I I I I I
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Sigma

Figure 7.3. Plots of the spatial curvature distribution attimes # = 0.0 and ¢ = 1.66 for perturbed
standing-mode initial data (o, 0) =4.0[exp(4mioc) + exp(—4mio)] + 0.4[exp(6bmio) +
exp(—6mio)] and weak strain y = —2.0 4+ i0.0.
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X

Figure 7.4. 3D representation of the filament geometry for the solution of Fig. 7.3 with view-
point (3.0, —0.4, 0.2).

the solution of asymptotic equation (7.74) loses its validity for the same reasons
mentioned earlier — the creation of the hairpin generates wavelengths of the order of
the core thickness. The interested reader can consult the paper by Klein et al. (1992)
for more details and further numerical simulations.

The Finite Effects of ¢ in the Asymptotic Theories

Despite the intuitive appeal and elegant mathematical underpinning related to phys-
ical effects in solutions of the asymptotic filament equations discussed throughout
Section 7.2, one can criticize this theory at the outset as being unrealistic because the
requirements in assumptions (7.35) simultaneously require that

e = (In(R))"2, e< 1. (7.86)

Thus the appearance of ¢ in simplified equations (7.39) and (7.60) might imply that
these equations study transcendentally small effects at ultrahigh Reynolds numbers.
Furthermore, the formation of kinks and hairpins in solutions of these asymptotic
equations involved the moderate values of £> = 0.25 that seem unrealistically large.

Are such criticisms of the theory real or illusory? One way to address this is to
develop detailed numerical simulations of the complete incompressible fluid equations
for initial data like those from Eq. (7.33), which are compatible with the asymptotic
theory. Recently, in an important paper, Klein and Knio developed direct simulations
of the incompressible fluid equations, utilizing computational vortex methods in three
dimensions (see Chaps. 2 and 6) to address these issues. They emphatically confirm the
quantitative predictions of the asymptotic filament equations described in this section
by their direct numerical simulations, even for the moderate values of £ = 0.25! This
provides dramatic evidence that the appealing physical asymptotic theory for vortex
filaments developed in this section has quantitative and qualitative validity beyond
the strict regime of asymptotic validity listed in requirements (7.35) and (7.86).
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Numerical solutions of the asymptotic filament equations require only a few min-
utes on a desktop workstation whereas the direct simulations of Klein and Knio need to
resolve stiff terms numerically that are filtered out by the asymptotics, which requires
many hours on a very large supercomputer, the Cray C-90.

7.3. Interacting Parallel Vortex Filaments — Point Vortices in the Plane

In Chapter 6, (see, e.g., the opening section) we introduced the notion of a point
vortex and saw that, although it can be used to model a concentrated region of vor-
ticity, the fact that it generates an infinite amount of kinetic energy can sometimes
lead to spurious effects. Later in that chapter we introduced vortex blobs, a smooth
approximation to a point vortex, that have better properties for approximating smooth
solutions of the Euler and the Navier—Stokes equations. Nevertheless, point vortices
are useful diagnostics for studying planar fluid systems, and the interested reader can
consult Chorin and Marsden (1990) for more information on the motion of collec-
tions of point vortices in the plane. Here, for the purposes of motivating an important
generalization presented in Section 7.4, we regard a collection of point vortices in
the plane as equivalently a collection of exactly parallel vortex filaments with no
structural variation along the x3 axis. For point vortices, the vorticity w(x, ¢) has the
postulated form as a superposition of é functions for all times:

N
w(x,t) = ZF,'(S[X - X;®],

j=1
X;(0li=o = XY, (7.87)

where I'; is the circulation of the jth vortex. Recall from Eq. (7.1) that the formal
induced velocity associated with vorticity (7.87) is

N

— X))t
v(x.1) = ZFj(');_ij)lz, (7.88)
Jj=1

—Xx
xt = 7).
X1
Ignoring the fact that the velocity of a point vortex is infinite at its center, intuitively
as in the exact radial eddies described in Example 2.1, Chap. 2, we find that a point
vortex induces no motion at its center. Thus, by using the particle-trajectory equations
dX;

—F=v(X0, Xjlieo = XG, (7.89)

where

and the above formal fact, we arrive at the equations for N Interacting Exactly Parallel
Vortex Filaments:

dr = X = Xl (7.90)
Xj|t:0 = X(,)
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It is worth noting here that such dynamic equations as those of Egs. (7.90) have a
self-consistent derivation through formal asymptotic expansions as the high Reynolds
number limit of suitable solutions of the 2D Navier—Stokes equations. The interested
reader can consult the book by Ting and Klein (1991) for a detailed discussion.
It is well known that the equations for point vortices are a Hamiltonian system, i.e.,
dynamical equations (7.90) can be rewritten in the generalized Hamiltonian form
d
FjaX.,- = JVyx,Hp, (7.91)

where J is the usual skew-symmetric matrix

0 —1
J:L o]' (7.92)

For the motion of point vortices in dynamical equations (7.90), the reader can readily
verify that the Hamiltonian is

H, =2 T;T;In|X; — Xql. (7.93)
J<k
Conserved Quantities

In general, according to Noether’s Theorem (Arnold, 1989), symmetries in a Hamil-
tonian lead to conserved quantities. First, the translational symmetry H (X, +Y, X+

Y,...,Xn+Y)=H(X,,..., Xy) forall Y leads to the conserved quantity for the
dynamics:
N
M=) "T;X;@. (7.94)
j=1

Second, the rotational symmetry of the Hamiltonian,
H[QO)X |, QO) X5, ..., Q0) Xyl = H(X,, ..., Xy)

for any rotation matrix Q(6) in the plane, yields the conserved quantity
N
A=) "TIX;0P (7.95)
j=1

We leave the verification that Eqs. (7.94) and (7.95) are conserved quantities for
the dynamics of point vortices as an exercise for the interested reader. However, we
remark here that M and A are discrete versions of continuous fluid impulse (1.74),
Jg2 (x2, —x1)' @ dx, and moment of fluid impulse (1.75), > [x|*w dx, both conserved
quantities for the 2D Euler equations (see Section 1.7 in Chap. 1).

Elementary Exact Solutions

It is well known (Lamb, 1932) that the motion of two exactly parallel vortex fila-
ments is exactly solvable; here we simply record these exact solutions in coordinates
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convenient for the discussion in Section 7.4. For a pair of parallel vortex filaments,
we can always rescale time so that one of the filaments has circulation 1 and the
other filament has circulation I', where I" satisfies —1 < T" < 1 with " # 0; thus "
represents the circulation ratio. We set X () = (x;, y;) and introduce the complex
coordinate for each filament,

Vi =xj+iy; for j=12, (7.96)

withi = (=1)1/2,
With these simplifications, the equations for a pair of point vortices have the form

Lovi _ L =

i T g —
1h _ iz ¥ (7.97)
i ot Wl Y1 — ¥

Because the nonlinear term in Egs. (7.97) is a function of only one variable, we
introduce the coordinates ¥ = ¥, — v, and ¢ = ¥ + Y, so that

1 1
vy = §(<P+1ﬂ), Vo = E(w—lﬁl (7.98)
Then Egs. (7.97) become
1 14
- =2(I' -1 ,
i ( )Ilﬁlz
lw ar+ - (7.99)
i > '

With the form of Egs. (7.99) it is easy to write down the exact solutions describing
the motion of two point vortices. We choose the origin of coordinates so that at time
t=0,y = (%d 0) and Y, = ( — %d, 0), where d is the separation distance. Then
Eqgs. (7.99) have the explicit exact solutions for I' # —1,

0/ B 2i(14+ )t 1-T
(p(t)—d{l exp[ 7 }}l—i—F’

2i(1 4Tt
¥O(t) = dexp [Z(;)] (7.100)
and forI" = —1,
4i
o' = -1,
vO() = (d,0). (7.101)
The case of ' = —1 is called the antiparallel vortex pair because the two vortices

have equal and opposite circulations. For the antiparallel pair the motion of the two
vortices is uniform translation at a velocity related to the initial separation distance.
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In the general case, with ' £ —1, the two vortices simply rotate about their com-
mon center of mass at a fixed angular velocity. These motions of exactly parallel
vortex filaments are clearly stable within other exactly parallel vortex-filament per-
turbations with the same fixed circulation ratio, although the antiparallel pair with
I' = —1 exhibits weak instability involving mild O (¢) growth in time, as is clear from
Egs. (7.101).

7.4. Asymptotic Equations for the Interaction
of Nearly Parallel Vortex Filaments

Nearly parallel interacting vortex filaments with large strength and narrow cross
section are called fluid-mechanical structures in mixing layers (Corcos and Lin, 1984)
and trailing wakes (Van Dyke, 1982). A prominent and important example is the
antiparallel pair shed by the wingtips of an aircraft: The hazards of flying smaller
aircraft into the turbulent wake generated by larger aircraft through the interaction
of an antiparallel vortex pair is a notable practical example of such an interaction.

How can we develop a simplified theory for the interaction of nearly parallel
collections of vortex filaments? Here we take the opposite approach from that of
the discussion in Sections 7.1 and 7.2 on asymptotic models for individual vortex
filaments. We make an educated guess for an attractive plausible qualitative model
for the interaction of nearly parallel vortex filaments and then indicate the fashion in
which such simplified equations arise as a self-consistent asymptotic limit.

Consider N vortex filaments that are all nearly parallel to the x5 axis with perturbed
centerlines described by pairs of coordinates

Xj(o,t) =[x;(0,1),yj(0,1)], 1<j<N, (7.102)

where o parameterizes the x3 axis. Equations (7.29) from Section 7.1 present the
simplest theory of self-interaction for a nearly parallel vortex filament, involving the
linearized self-induction equation for each parallel vortex perturbation:

2

8X"( 1) Jraxj( 1) 1<j<N (7.103)
— (0, = i o, . = = . .
Py I 952 J

On the other hand, the simplest theory for mutual interaction of exactly parallel
vortex filaments is given by the equations for N interacting point vortices described in
Section 7.3. Combining these two effects gives simplified equations for the interaction
of nearly parallel vortex filaments:

X
S =)
k#j k

X _ylr +J
ar 132

where J is the skew-symmetric matrix in Eq. (7.92). In Eqgs. (7.104), the perturbed
vortex filament curves have mutual interaction through the point-vortex interaction

1<j<N, (7.104)

in a layered fashion for each o and simultaneously have self-interaction in the
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o variable through the linearized self-induction of each filament as described in
Eq. (7.103). Solutions of these equations have remarkable mathematical and physical
properties, which we describe briefly below.

On the other hand, intuition suggests that these two physical effects in simpli-
fied equations (7.104) might dominate for nearby interacting almost parallel vortex
filaments in which

(1) the wavelength of perturbations is much longer than the separation distance,
(2) the separation distance is much larger than the core thickness. (7.105)

Recently Klein et al. (1995) developed a systematic asymptotic expansion of the
Navier—Stokes equations in a suitable distinguished limit in which conditions (7.105)
are satisfied and the simplified asymptotic equations for the interaction of nearly
parallel vortex filaments (7.104) emerge as the leading-order limit equations. Next,
we briefly describe the precise asymptotic conditions needed in the derivation.

First, the centerline of each nearly parallel vortex filament has an assumed asymp-
totic form,

1
X5 =ses+&°X; (s, 4) +0@E%, 1<j<N, (7.106)
e ¢
and each vortex filament has a cross-sectional core radius satisfying the relations
2 1 -12
e =In 5 § =R, , kI, (7.107)

which are already familiar to the reader from assumptions (7.2) and conditions (7.35).
These conditions guarantee that (2) from conditions (7.105) is automatically satisfied.
From Eq. (7.106) we see that

the separation distance between vortices is O(e?) whereas
the wavelength of perturbations is O(¢). (7.108)

Thus in the very precise sense from conditions (7.108) for ¢ < 1, the wavelengths of
perturbations are much longer than the separation distance and (1) from conditions
(7.105) is automatically satisfied.

We also note that, as in the discussion above conditions (7.35) in Section 7.2, the
unit length scale for Eq. (7.106) is defined by the typical radius of curvature of each
individual filament, that is, @(1). This means that the vortices must be close within
O(&?) on this length scale; in practical terms the interacting filaments can be fairly
distant provided that the vortex perturbations have large radii of curvature. We also
remark that the time scale in Eq. (7.106) is a more rapid time scale than the one utilized
in Eq. (7.33) of Section 7.2 for the self-stretch of an individual filament. In fact, the
self-stretching mechanisms of an individual vortex filament studied extensively in
Section 7.2 are higher-order asymptotic corrections with the ansatz in Eq. (7.106);
the interested reader can find a detailed comparison and discussion of regimes for
asymptotic vortex theories in Section 6 of the paper of Klein et al. (1995). With the
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ansatz in Eq. (7.106) under conditions (7.107), the asymptotic equations in (7.104)
emerge from a detailed asymptotic expansion of Biot-Savart law (7.1) under these
assumptions in a similar fashion as described earlier in Sections 7.1 and 7.2. The
details are developed in Section 2 of the paper by Klein et al. (1995).

7.4.1. Hamiltonian Structure and Conserved Quantities

We write the simplified equations for interacting nearly parallel vortex filaments from
simplified equations (7.104) in the form

rz— 0

Nl =950

X
at

X]+J

(X, — Xx)

E 2T T (7.109)
X — Xel? |

k#j

To find the Hamiltonian for this system of equations, we need to find a functional H
of the N vortex filaments such that

X, oH
=L =J—, 1<j<N. (7.110)
ot 8X;
In Eq. (7.110), §H/8 X ; denotes the functional or variational derivative with respect
to the curve X (o) computed through the L? inner product for curves:

(D, W)y = /CD(U) Y (o)do. (7.111)

In Eq. (7.111) we assume that the filament curves are either periodic in o so that
the integration range is over a period interval or that the filament curve perturbations
vanish sufficiently rapidly together with their derivatives in the situation in which the
range of integration is the entire line.

To find the Hamiltonian satisfying Eq. (7.110) we write H in the form

H =H, +Hp, (7.112)
where
SH, , 92
=T2—X,, 7.113
8X; T 92" ( )
§H, - X
= 7.114
85X, ; "|x — X2 (7.114)

for 1 < j < N. The functional H; satisfying Eq. (7.113) is

N 2 2

_er/ aX;
- 2 do
Jj=1

(7.115)
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and the functional H, satisfying Eq. (7.114) is merely the integral over o of the
familiar N point-vortex Hamiltonian discussed earlier in Eq. (7.93), i.e.,

N
H, = 2Z/rjrk In|X;(0) — X4 (o)|do. (7.116)

Jj<k

With Eqgs. (7.112)—(7.116), we conclude that the Hamiltonian satisfying Eq. (7.110)
is given by

N
=y O [
, 2 do
j=1
Of course, it follows immediately from Eq. (7.110) that the Hamiltonian 'H is con-

served in time for solutions of the asymptotic filament equations in the form of
Eq. (7.109).

2 N
do+22/Fjrkln|Xj(o)—Xk(a)|da. (7.117)
Jj<k

Other Conserved Quantities

Equations (7.109) have other symmetries that lead to integrated analogs of the con-
servation of the center of vorticity and angular momentum for 2D point vortices from
conserved quantities (7.94) and (7.95).

The Hamiltonian remains unchanged under the transformations X; — X; + Z,
where Z, is an arbitrary two-vector. Thus we define the mean center of vorticity by

N
M= /Zr,xj(a)da. (7.118)
j=1

An elementary calculation establishes that (dM/dt) = 0 for solutions of Egs. (7.109)
so that the mean center of vorticity M is conserved in time for solutions. Similarly,
the Hamiltonian remains invariant under the transformations X ; — O(6)X;, where
O(#) is an arbitrary rotation matrix. We define the mean angular momentum by

N
A= /ZFj|Xj(o)|2dU, (7.119)
j=1

and elementary calculations establish that the mean angular momentum A defined in
Eq. (7.119) is conserved in time.

There is another conserved quantity that arises for solutions of the interacting fila-
ment equations and that is not derived as a direct analog in integrated form from the
equations for 2D point vortices. The Hamiltonian in Eq. (7.117) remains invariant
under the translation X (o) — X;(o + h), where h is arbitrary, so that Noether’s
theorem guarantees that there is another conserved quantity. By following the pro-
cedure for Noether’s theorem in the form stated in Arnold (1989), we claim that the
quantity

N
W= /ZF,[JX,-((;)] : %d(; (7.120)
j=1
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is conserved in time for solutions of filament equations (7.109). To verify this, we
calculate that

aw N dX; 0X;
—:2/ rJ—=,.—Ldo
dt — dt do
N 2
3?X; 09X
= |=2 rz——-/ d
/(; 7 902 80) U]
X;— Xy @
Iy —L—— —(X; — Xp)|d
+{ /l; k|X _Xk|2 80_( Jj k) U}
= {1} + {2}. (7.121)

We claim that all of the integrands in both terms {1} and {2} are perfect derivatives
so that all contributions on the right-hand side of Eq. (7.121) vanish. Because

)

0
(Xj = Xi) = 5 In[X; = Xy,

282X ;09X 9 [|ax;
302 90 9o \| 9o

the integrand in {1} is a perfect derivative, and

X;— X, 9
X, — X,|> 00

sothat the integrand in {2} is also a perfect derivative. Thus the quantity W is conserved
by solutions of the filament equations.

The Average Distance Functional

We briefly consider a generalized distance functional / defined by
1
=5/errk|xj—xk|2do. (7.122)
jik

We show below that I is conserved for special configurations consisting of identical
vortex filaments. Through integration by parts, we compute in general that

dI dX;
—_ X;-T X -T,—2L ) d
T /Z( k +kk dt)a

0x; 0 0xy 0y;
_erpk(rk_rj)“%yk_nyf) do.
T ; do do do do

where X ;(o,1) = [x;(0, 1), y;j(o, t)]. From the above identity, we observe that the
average distance functional I is conserved in time for solutions provided that, for
all the filaments, I'j = T'x. In particular, for corotating filament pairs with the same
structure in the vortex core, the distance functional / is conserved.
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7.4.2. The Equations for Pairs of Interacting Filaments

Here we study solutions of the simplified equations for interacting filaments (7.104) in
the important special case involving two interacting nearly parallel vortex filaments.
As in Section 7.3, without loss of generality we assume that one of the filaments has
circulation I'; = 1 and that the other vortex filament has circulation I', = I', where I
satisfies —1 < I < 1, with I # 0; thus I" represents the circulation ratio of the two
interacting filaments. For the pair of interacting filaments with X ;(o, 1) = (x;, y;),
it is convenient to introduce the complex coordinates for each filament,

Y =x;(0,1) +iy;(o,1), (7.123)
for j = 1,2, withi = +/—1.

Equations (7.104), when specialized to the case of two interacting filaments, have
the form

10 2 —

fﬂzawl+2I‘ Y1 —Yn ’

i ot do2 Y1 — ¥a|?

1 2 —

Tovs _ 002y i=ve (7.124)
i ot do? Y1 — ¥a]?

From Subsection 7.4.1 these equations have the following conserved quantities:

L), L2 [|avf
- / _2/ do
+2 (/rlnwl - wz|da) :

M= /wl da+/[‘w2do, (7.125)

=/|w1|2do+/r|wz|2da,

W = /wﬁerﬁd

Furthermore, for corotating pairs so that I' = 1, we have the additional conserved
quantity

1= / [ — ¥al*do (7.126)

To make the nonlinear term in Eqgs. (7.124) a function of only one variable, as in
Section 7.3, we introduce the coordinates ¥ = | — v, and ¢ = | + 1, such that

(+v)
B
(o —1)
TR

Y =

(7.127)

Yo =
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Equations (7.124) have the following form in the new variables, the equivalent equa-
tion for a nearly parallel filament pair:

: wwag+(l_r) |:w0<7_4w:|7

~¢r = Ee— —

2 2 2
1l (1-T) (1+7T) hfﬁ' 7128
TV = ) (p60+2|:w00'+4|1p|2:|'

7.4.3. Corotating Filament Pairs

For the special case of corotating filament pairs, we set ' = 1 and Eqgs. (7.128)
completely decouple into two separate scalar equations given by

1

~®t = Yoo,

1

L = e + Y (7.129)
i '

The first equation in Eqs. (7.129) is the linear Schrddinger equation, and the second
equation is a nonlinear Schrodinger equation with an unusual nonlinearity.

These equations have a dispersive wavelike behavior. We demonstrate this by writ-
ing some elementary exact solutions. The complex function i is a nonlinear plane-
wave solution of the form

1// — Bei(ko+wt)

provided that

4
_ T 2
w= 7 k=
With the exact solutions, we obtain general wavelike solutions in the original complex
filament coordinates given by

B .
Vi1 =¢(o, 1) + Ee’“‘”*“”),
B i(ko+wr)
V2 =¢(o,1) — 3¢ ; (7.130)

where @ is an arbitrary solution of the linear Schrodinger equation.

7.4.4. Linearized Stability for the Filament Pair

It should be evident to the reader that any collection of exactly parallel vortex filaments
that satisfies N point-vortex equations (7.90) is automatically an exact solution of
Egs. (7.104) for N interacting nearly parallel filaments. Thus one can begin to under-
stand the behavior of solutions of Egs. (7.104) by studying the linearized stability of
the point-vortex solutions within the class of general 3D filament curve perturbations.
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In Egs. (7.100) and (7.101) from Section 7.3, we wrote the well-known exact
solutions for a pair of exactly parallel vortex filaments. As we remarked earlier in
Section 7.3, such solutions are essentially always stable to exactly parallel filament
perturbations. Here, as the most important special case of the strategy outlined in
the preceding paragraph, we study the linearized stability of these exact solutions
within general filament pair perturbations satisfying Eqgs. (7.128). We find the re-
markable fact that these exactly parallel configurations are always unstable at suitably
long wavelengths for any negative-circulation ratio, —1 < I' < 0, and are always
(neutrally) stable for any positive-circulation ratio, 0 < T" < 1.

We linearize Eqgs. (7.128) about the exact solutions ©°, ¥0 from Egs. (7.100) and
(7.101) and obtain the linearized equations for perturbations, still denoted by ¢ and

Y, given by

dp . (1+T) A(1=T) 14
-~ = oo oo 4j s
or =Ty oot (Yoo F 2
o (7.131)
oy . (1-T) (1+T) 14
. = oo oo 4j s
o 2 YT [‘” z
where
2i(14+)t
Yo =de &

and an overbar indicates complex conjugation. To remove the time dependence that
—2 . . .

enters through ,, we go to a coordinate frame rotating with the vortex filaments,

through the variables xy and ® defined by

—2i(14+)r
x(o,t) =Y¥(o, e &
O0,1) = 9o, e @ . (7.132)

With this transformation, the linearized equations of motion and the equations for the
corresponding complex conjugates are

1 (1+F)[ 4} (1—1“)@ 204D

lTXr = ) - ﬁX ) oo TX,
1 _(1—F) (1+1) 4 20-T)_
;Gt - 2 Xoo 2 |:®(ra d2 ®:| + d2 X
(7.133)
17_ a+1 [_ 4 (I—F)@ +2(1+F)
l.Xt - 2 oo de 2 o0 d2 X’
1— (1-TI)_ 1+0) [~ 4 __ 2(1-T)
-0, = — - Opg — =0 — ——x.
i 2 Koo 2 [ & } e X

We solve this 4 x 4 system with the Fourier transform. The coupling of x and ®
to their complex conjugates X and © in real space means that X (£, ) is coupled to
7(—5 , t) in wave-number space, where £ is the wave number, and the same is true for
©®. Similar behavior also occurred earlier in Subsection 7.2.3. In wave-number space
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Egs. (7.133) reduce to the 4 x 4 matrix ODE

) X&)
d | O¢,1) . 0.1
—|= =iA®) | = : 7.134
a |Z—en | T | T (7139
0(=¢,1) 0(=¢.1)
where
_(1451") (§2+ %) _(IEF)§2 _2(ld+21") 0
1-T 14T 2(1-r
A= — D2 D) (g2 4 4 -0 0
2(1{;24‘) 0 (l-&z-l") (524— %) (IEF)Ez
~20-0) 0 U-T) 2 (40 (g2 4 4)
(7.135)

The matrix A(£) has the eigenvalues AL = :I:% R+2v/P and A% =
+1 R — 2+/P, where

2 2¢4

_ o4 a 264 | 124
at a2b2$2 a2b2§4 b4€:4 a2b2$6 ——
P =165 + 32— +20—— 7 + 4= + 8~ +a’b’E", (7.136)

a=1+4+T,and b = 1 — I'". We have growing modes and linearized instability
whenever the A are imaginary. From the form of the A it is easy to see that because
both R and P are positive real numbers from Egs. (7.136), 1., is always a real number.
Thus only A3 that has a minus sign under the radicand can assume imaginary values
and yield instability. It is useful to define the growth factor G, which depends on the
signs of the radicands in A2 :

G = sgn[—(R — 2V P)I[\ R — 2VP|. (7.137)

Whenever the )in are real, G is negative and the perturbations are neutrally stable
with the oscillation frequency given by the absolute value of G. If, however, any
one of the A2 is imaginary, G is positive, and we have either exponentially growing
and damped solutions, with the growth/damping rate given by the absolute value of
G. In general, the growing solution dominates and we have an instability. From the
definition of G, we have G > 0 and instability if and only if R? < 4P. Therefore we
consider the quantity R* — 4P given explicitly from Eqs. (7.136) by

252 254 264
2 2 2 a-§ a-§ b§
U=R?>—4P =[a —b][128 = + 80 7 +16 =
a26
+ 167 + (a® — bz)sg} , (7.138)

where, as before,a =1+Tandb=1-T.
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First we consider the situation with a positive-circulation ratio so that 1 > I" > 0;
in this case we have the inequality ¢ > b, guaranteeing by Eq. (7.138) that R? — 4P
is positive for all wave numbers & and that there are no growing modes. Thus we have
linearized (neutral) stability for the vortex pair in this situation.

Next we consider the situation with negative-circulation ratios I' with —1 < T" <
0, implying that a < b. From Eq. (7.138), in this case the only positive term in
U=TR>—-4Pis (b> — a>)b?ES. At long wavelengths, £2 « 1, this positive term is
dominated in magnitude by the negative contributions to 2/ of the order of £2, £*, and
£9; thus there is always long-wavelength instability for the straight-line vortex pair
for any negative-circulation ratio. On the other hand, at short wavelengths, £ > 1,
R? — 4P is dominated by the positive factor [a> — b*]*£® and there is always short-
wavelength stability.

We summarize our analysis presented in the previous two paragraphs in the fol-
lowing fashion:

For simplified vortex-filament equations (7.124), straight-line point-vortex pairs
have linearized long-wavelength instability for arbitrary negative-circulation ratios
and linearized (neutral) stability for arbitrary positive-circulation ratios. (7.139)

For any fixed negative-circulation ratio, the graph of the stability function G from
Eq. (7.137) is positive over a finite interval of wave numbers extending from zero
where G vanishes. For each negative-circulation ratio there is a unique wave number
with the largest growth rate.

7.4.5. Finite-Time Collapse and Wavelike Behavior for Nearly Parallel Pairs
of Vortex Filaments

The linear stability results of summary (7.139) suggest very different behavior of
interacting pairs of filaments for negative-circulation ratio with strong instability at
long wavelengths compared with the case for a positive-circulation ratio in which
wave like neutral stability without growth occurs. The special structure of the fila-
ment pair equations for the corotating case with I' = 1 and presented in Subsec-
tion 7.4.3 also suggests that wavelike behavior dominates for positive-circulation
ratios.

Next we present numerical solutions of filament pair equations (7.124). For
negative-circulation ratios, we see that the linearized instability and nonlinearity con-
spire to produce a finite-time local collapse of the two vortex filaments in a distinctive
fashion for each different circulation ratio I', with —1 < I" < 0. On the other hand,
the numerical solutions always indicate wavelike behavior without any finite-time
collapse for any positive-circulation ratio.

7.4.6. Finite-Time Collapse for Negative-Circulation Ratios

First we consider the antiparallel pair with the circulation ratio, I' = —1. This config-
uration corresponds to two trailing-wake vortices shed by the wingtips of an aircraft.
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Figure 7.5. (a) Filaments for symmetric perturbation and I' = —1 at time ¢ = 0, (b) projection

of the filaments on the coordinate axes.
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For initial data we consider spatially periodic perturbations of the filament pair with
a structure given by the most unstable mode from the linearized theory in Subsec-
tion 7.4.4; this mode yields symmetric perturbations of the initial data, as shown in
Fig. 7.5(a), which shows the initial data at # = 0. Figure 7.5(b) shows the projections
of these filament curves along the three coordinate planes. We show both types of
data in the figures for this section. Figures 7.6 and 7.9 show solutions of filament pair
equations (7.124) at the times t = 0.0800 and 0.1500 as the filament pair evolves
toward local finite-time collapse of the curves. The initial perturbations are symmet-
ric, and the solutions retain this symmetry throughout the nonlinear evolution. The
nature of the filament collapse presented in these figures is very intuitive when we
consider the behavior locally of point vortices in two dimensions with equal and op-
posite circulation summarized earlier in solutions (7.101). As Figs. 7.5-7.7 indicate,
the points of closest separation move more rapidly and pinch off faster than the rest of
the vortex filament, and the magnitude of the pinching necessarily increases substan-
tially as the interaction with local induction brings the filaments together. The result
of the interaction is finite-time collapse.

Next we present evidence for universal behavior in the local nonlinear collapse
of solutions with I' = —0.5; however, the universal structure for this collapse
depends in an interesting fashion on I' for these negative-circulation ratios. We
consider the solution of the filament equations for I' = —0.5 with initial data in-
volving perturbations along the most unstable linearized mode. In this case with
I' = —0.5, the perturbed filaments are no longer symmetric. The nonlinear solu-
tion exhibits finite-time collapse at t+ = 0.1735. Graphs of the evolving solutions
at times t = 0, 0.1500, and 0.1735 are presented in Figs. 7.8, 7.9, and 7.10, re-
spectively. An important qualitative feature is that there is much more local rota-
tion without spatial translation in this situation with I' = —0.5 compared with the
earlier case with I' = —1 in which translation dominates; this is easy to under-
stand with the rotating motion of point vortices in solutions (7.100) for I' # —1.
As shown in Figs. 7.9 and 7.10, this local rotation gives a qualitatively different
structure for the local collapse for I' = —0.5 that occurs when the filament with
smaller vorticity loops around the filament with larger circulation and is sucked in
by it. This process is shown clearly by the coordinate projections in Figs. 7.9(b) and
7.10(b).

Both of the calculations just presented indicate that general 3D perturbations of
a pair of vortex filaments with negative-circulation ratio yield a finite-time collapse.
Furthermore, the nature of the collapse process depends strongly on the specific
value of the circulation ratio I', with —1 < T" < 0. In fact, this collapse is probably
self-similar with a different structure for each negative-circulation ratio. Much more
numerical evidence for this behavior as well as a careful validation study can be found
in the paper by Klein et al. (1995).

Of course, as the solutions near collapse, they lose validity as a physical approxi-
mation because the separation distance becomes comparable with the core size and
(2) in conditions (7.105) is violated. Nevertheless, it is very interesting that the asymp-
totic solutions, having only linearized self-induction and nonlinear potential vortex
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Figure 7.6. Filaments for symmetric perturbation and I' = —1 at time ¢ = 0.0800.
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Figure 7.7. Filaments for symmetric perturbation and I' = —1 at time ¢ = 0.1146.
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Figure 7.8. Filaments for the large-amplitude perturbation from problem (5.2) and I' = —0.5
at time t = 0.




296 7 Simplified Asymptotic Equations for Slender Vortex Filaments

x axis _/‘V\-

y axis

Z axis

T
y axis :
\ e J
1 1 1 ]
T axis
T T T T T T T 1
Z axis i )
/ ] ] ] : 1 ! I 1
Y axis
T T T T T T
T axis
1 A1 i 1 1 I3
2 axis
(b)

Figure 7.9. Filaments for the large-amplitude perturbation from problem (5.2) and I' = —0.5
at time ¢ = 0.1500.
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Figure 7.10. Snapshot of filaments for the large amplitude perturbation from (5.2)and I’ = —.5

at time r = .1735.
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interaction, provide the only physical effects needed to drive two filaments with
negative-circulation ratio very close together. At distances where the core thickness
and separation distance are comparable, many recent numerical experiments with the
full Navier—Stokes equations give strong evidence for substantial core flattening and
vortex reconnection in the situation with negative-circulation ratios (see Anderson
and Greengard, 1989; Kerr and Hussain, 1989; Meiron et al., 1989; Melander and
Zabusky, 1987; and Kida and Takaoka, 1991). Clearly the simplified asymptotic
equations cannot account for any of these effects. On the other hand, the numerical
solutions reported here take only a few minutes on a workstation in contrast to the
direct simulations just mentioned that typically require many hours on a large super-
computer.

y axis

z axis

y axis

L L L L L L
z axis
(b)
Figure 7.11. Solution with initial data for the filaments involving two plane curves in orthogonal

planes at times (a) + = 0; (b) t = 0.300; (c) t = 0.908, the time with smallest separation
distance; and (d) t = 0.940.
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Figure 7.11. (Continued)

7.4.7. Wavelike Behavior Without Collapse for Positive Circulation Ratios

According to the predictions of linearized stability theory from Subsection 7.4.4, all
perturbations of an exactly parallel filament pair with any positive-circulation ratio
are neutrally stable and wavelike at all wave numbers. Numerical experiments for
a fixed positive-circulation ratio I', with 0 < I < 1, show that the fully nonlinear
solutions of filament pair equations (7.124) continue to remain wavelike throughout
their evolution without any finite-time collapse.

We illustrate this typical wavelike behavior through the numerical solutions shown
in Figs. 7.11(a), 7.11(b), and 7.11(c) at ¢ times ¢t = 0, 0.300, and 0.908, respectively.
The wavelike evolution of the solution is evident from these snapshots; we have singled
out the time ¢+ = 0.908 because this is the time of closest approach of the filament
pair throughout the entire time history. Clearly there is no evidence of collapse as
occurred in the situation with negative-circulation ratios described earlier.
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7 Simplified Asymptotic Equations for Slender Vortex Filaments

7.5. Mathematical and Applied Mathematical Problems Regarding
Asymptotic Vortex Filaments

There are several categories of interesting open problems related to the material
described in this chapter. We consider the following three areas below (which are not
necessarily disjoint!).

ey
@
3

ey

@)

3

“

applied mathematics issues,
mathematics issues regarding properties of the asymptotic equations,
mathematics issues regarding justification of the asymptotic approximation.

7.5.1. Applied Mathematics Issues

It is very interesting to extend the asymptotic theories developed in Section 7.4 for
interacting parallel vortices to model trailing-wake flows such as the von Karman
vortex street.

Collections of nearly parallel interacting filamentary structures arise in many
physical systems such as magnetofluid dynamics, superfluids, high-temperature
superconductivity, etc. It is very interesting to develop the analogous asymptotic
models described here in Sections 7.4 and 7.2 in these diverse physical contexts.
As mentioned earlier in Section 7.4, the self-stretch effects of a vortex filament
studied in Section 7.2 are higher-order corrections in the theories described in Sec-
tion 7.4. It should be possible to devise asymptotic theories in which both effects
are included simultaneously for pairs of interacting filaments by considering the
circulation ratio I' as another small parameter with I' <« 1. Section 6 of the paper
by Klein et al. (1995) should be a useful starting point as technical background.
There the celebrated theory of Crow (1970) for linearized stability of the antipar-
allel pair, another nonlinear asymptotic theory of Klein and Majda (1993) for the
antiparallel pair that allows for self-stretch and reduces to Crow’s theory after lin-
earization, and the theory from Section 7.4 are all compared and contrasted. We
note here that the nonlinear asymptotic theory for the antiparallel pair that is due
to Klein and Majda (1993) applies in a different asymptotic regime when com-
pared with the theory from Section 7.4. Although conditions (7.107) are satisfied
for that theory, unlike the crucial requirement in conditions (7.108), the wave-
length O (¢) is comparable with the separation distance O(¢) but the amplitude of
filament perturbations O(£?) is much smaller than the O(&?) separation distance.
The general equations from Section 7.4 for interacting nearly parallel vortex fil-
aments, with their concise Hamiltonian structure and conserved quantities, are
appealing candidates for simplified statistical theories of nearly parallel vortex
filaments, an interpolant between 2D and 3D statistical theories for vortices (see
Chorin, 1988, 1994). Lions and Majda (2000) have recently made some progress
on this topic but much more work remains to be done.

7.5.2. Mathematical Issues Regarding Properties of the Asymptotic Equations

ey

As regards the vortex-filament pair discussed in Subsection 7.4.2, it would be
very interesting to develop mathematical theorems proving finite-time collapse
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for negative-circulation ratios with appropriate initial data and disproving collapse
for positive-circulation ratios with arbitrary initial data. The conserved quanti-
ties from Subsection 7.4.1 should be useful in this regard. The novel nonlinear
Schrodinger equation described in Subsection 7.4.2 for ' = 1 is an obvious
starting point for showing that collapse does not occur.

(2) Are filament pair equations (7.124) a completely integrable Hamiltonian system
for at least some special values of the circulation ratiosuchasI' = lor ' = —1?

(3) It is well known (see Aref, 1983) that the motion of three point-vortices in the
plane is integrable but can exhibit finite-time collapse whereas the motion of
four-point vortices can be chaotic. How do genuine 3D filament perturbations of
these exactly parallel solutions modify this behavior?

7.5.3. Mathematical Issues Regarding Justification
of the Asymptotic Approximation

The simplest situations to begin justification of the asymptotic approximations occur
in Sections 7.3 and 7.1.

(1) In Chap. 2 of their book, Ting and Klein (1991) present a detailed formal asymp-
totic derivation of the point-vortex equations in Section 7.3 from solutions of the
Navier—Stokes equations. Can this formal work be combined with estimates for
the 2D Navier—Stokes equations to rigorously justify this approximation?

(2) The same issues and references for the self-induction equations in Section 7.1.

Notes for Chapter 7

Crow (1970) pioneered the cutoff approximation to compute the finite part of a Biot—Savart
integral, and this device has been developed further by Moore and Saffman, Widnall, and others.
Callegari and Ting (1978) present a succinct critique of this cutoff approximation. One can
apply our asymptotic techniques in Section 7.2 involving the Hasimoto transform as well as
our techniques in Section 7.4 in conjunction with the cutoff approximation to obtain the same
asymptotic equations developed here. We have chosen to emphasize the methods of Callegari
and Ting (1978) here because they are less ad hoc and apply to Navier—Stokes solutions.

On heuristic ground, Zakharov (1988) wrote an equation describing the special case of
symmetric perturbations of the antiparallel pair. Under these very special circumstances, the
theory from Section 7.4 recovers a slightly simplified version of Zakharov’s equation in a
quantitative fashion (see Klein et al., 1992).
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Weak Solutions to the 2D Euler Equations
with Initial Vorticity in L*°

So far we have discussed classical smooth solutions to the Euler and the Navier—
Stokes equations. In the first two chapters we discussed elementary properties of the
equations and exact solutions, including some intuition for the difference between 2D
and 3D and the role of vorticity. In Chaps. 3 and 4 we established the global existence
of smooth solutions from smooth initial data in two dimensions (e.g., Corollary 3.3)
and global existence in three dimensions, provided that the maximum of the vorticity
is controlled (see, e.g., Theorem 3.6 for details). However, many physical problems
possess localized, highly unstable structures whose complete dynamics cannot be
described by a simple smooth model.

The remaining chapters of this book deal with mathematical issues related to non-
smooth solutions of the Euler equations. This chapter addresses a type of weak so-
lution appropriate for modeling an isolated region of intense vorticity, such as what
one might use to model the evolution of a hurricane. In particular, we consider prob-
lems that have vorticity that is effectively discontinuous, exhibiting a strong eddylike
motion in one region while being essentially irrotational in an adjacent region. To
treat this problem mathematically, we must derive a formulation of the Euler equa-
tion that makes sense when the vorticity is discontinuous but bounded. We also
assume that vorticity can be decomposed by means of a radial-energy decomposition
(Definition 3.1) and in particular that it has a globally finite integral. The prototypical
example is the vortex patch that has vorticity localized to a bounded region in the
plane. Recall from Chap. 1, Corollary 1.2, that, in two dimensions, vorticity is con-
served along particle trajectories. Hence, if the vorticity is the characteristic function
of a bounded domain €2,

w(x)_ wo, x € Q
10, xe¢Q

then it remains like this with only the region 2 evolving in time. Patches of constant
vorticity are a special case of weak solutions with vorticity in L? (Rz) NL! (]Rz). The
L? spaces on the unbounded domain R? are not ordered; hence there is no relation
between these weak solutions and those in L*°. In Chap. 10 we show that for any
1 < p < oo, the class L' N L” is strong enough to guarantee existence but not
necessarily uniqueness of solutions.

303
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Mathematically, we cannot directly use PDEs to describe solutions with discon-
tinuities. Instead we use analogous integral identities that come from integration by
parts on a test function. We begin by considering weak versions of the vorticity-stream
form of the Euler equation.

Later chapters of this book address even weaker solutions than that of the vortex
patch. In particular, a vortex sheet is a structure whose vorticity is concentrated as a
delta function on a 1D curve in the plane. They are a special class of measure valued
weak solutions w (-, 1) € M(R?) N Hy,! (R?). Chapter 9 provides an introduction to
basic properties of vortex sheets and some of the mathematical issues connected with
their theoretical understanding. Chapter 11 provides detailed mathematical results
concerning solutions with vortex-sheet initial data, including the recent result that
such solutions exist for all time when the initial data have vorticity of distinguished
sign.

This chapter presents the mathematical theory of weak solutions with vorticity
in L*(R%) N L'(R?). In Section 8.1 we discuss in detail a class of exact solutions
in which the vorticity is constant inside an elliptcal region that rotates in time. In
Section 8.2 we prove existence and uniqueness of general weak solutions of this type,
a result first derived by Yudovich (1963). There we prove an estimate (Lemma 8.2)
that shows that the particle paths are at least Holder continuous with a decay in the time
exponent. Last, in Section 8.3 we discuss the special case of vortex patches, in which
the vorticity is a constant multiple of a characteristic function of a time-evolving
domain. We derive contour dynamics equation (CDE) (8.57) for the evolution of
the boundary of the patch. However, the estimates from Lemma 8.2 suffice only to
guarantee Holder continuity of the boundary of the patch as it evolves in time, whereas
the derivation of CDE (8.57) assumes at least Lipschitz continuity. In Section 8.3 we
use CDE (8.57) to prove that the boundary, if initially smooth, stays smooth for all
time.

8.1. Elliptical Vorticies

We begin by introducing a family of exact solutions to the Euler equation for which the
vorticity w is discontinuous and has compact support. These examples are significant
as simple models of actual physical phenomena and for their use in testing numerical
methods.

We consider an elliptical columnar vortex in two situations. In the first case, without
the presence of an external flow, the ellipse is a uniformly rotating solution to the Euler
equation; it simply rotates with a constant angular velocity without changing shape.
Imposing a strain flow causes the ellipse to retain elliptical geometry while changing
its shape, as time evolves, through a change in its aspect ratio. We consider, in general,
3D strains; however, this example remains inherently 2D as in the case of the strained
shear layers (Example 1.7 in Chap. 1).

We assume that the elliptical columnar vortex is infinite in the z direction and has
a cross section described by an ellipse E(¢) with the semiaxes a(¢) and b(¢) and a
rotation angle 6(¢) (Fig. 8.1). Moreover, we assume that the vorticity has support
inside E(t) and aligns with the z axis with uniform strength w(¢). Now we show
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Figure 8.1. An elliptical columnar vortex, infinite in the z direction with a cross section de-
scribed by an ellipse E () with semiaxes a(¢) and b(¢) and a rotation angle 0(¢).

that such an elliptical columnar vortex evolves as a solution to the Euler equation by
simply rotating without a change of shape, so that its evolution is fully specified by
the parameter 6(¢).

Consider the stream function ¥ (x’, 1), x’ = (x1, x2)" and corresponding veloc-
ity v¢ = (Y¥,, —¥,)" self-induced by the elliptical columnar vortex. Recall from
Chap. 2, Eq. (2.8), that the stream function y satisfies

w inside E(t)

.1
0 otherwise ®.1)

_Ax"(//(x/5 t) = {

with the continuity of v across E (¢) as the boundary condition. If the rotation angle
6(t) is zero, the calculation of the velocity field from potential theory (see Lamb,
1945) gives

t(vf, vg) =U(a, b)x’,

where
@ O —a . .
a+b [b 0 ] inside E(t)
a
Ua,b) = w 0 —JaZ ¥ - ,
Ja? + A2+ Vb2 + A2 NN 0 otherwise
(8.2)

and the parameter A > O satisfies
- & (8.3)

—_ _I_ R —
a’?+xr  bP+1x
Because solutions to the Euler equation have rotation symmetry (recall Proposi-
tion 1.1), for any angle 6 (¢) the self-induced velocity v is

(v§,v5)" =U(a,b,0)x',  x' = (x,x2), (8.4)
where

U(a,b,0) = R©)U(a,b)R(—0), (8.5)



306 8 Weak Solutions to the 2D Euler Equations

and R(0) is the standard rotation matrix on R>:

sinf cos6 (8.6)

R©) = [cos@ —s1n0} .
Note that inside the ellipse the velocity v¢ in Eq. (8.4) depends linearly on x" and
hence preserves the shape of the vortex. Moreover, it does not depend on z, so material
lines inside E that are parallel to the x3 axis are mapped onto lines parallel to x3.

The equation of the ellipse is

x'E(a,b,0)x =1, 8.7)
where
2
E(a,b,0) = R(9) {1/(;1 I/Obz] R(-0). (8.8)

Let x(t) = x(¢)x + y(¢)y denote a particle path on the boundary of the ellipse. At all
times x satisfies Eq. (8.7); hence we can differentiate it to obtain

X' E(a,b,0)x+x"E(a,b,0)x +x E(a,b,0)x =0. (8.9)
Because x = U(a, b, 6)x we have
x"(UTE+E+ EU)x =0, (8.10)
and hence
UTE+E+EU=0. (8.11)

Plugging in the exact forms of U and E gives the following example.

Example 8.1. Kirchhoff’s Steady Elliptical Columnar Vortex. The velocity v¢ from
Eq. (8.4) gives evolution equations for a(t), b(t), and 6(¢):

da

@(I) =0, (8.12)
dt

ﬁ(r) W ab _ r

dt (a+b)?  wa+b)?

where I' = wmab is the total circulation of the vortex (I" is conserved in time — see
Proposition 1.11 on Kelvin’s conservation of circulation). Hence a and b remain fixed
while the elliptical columnar vortex rotates (without a change of shape) with angular
velocity {T'/[(a + b)*]}.

We now generalize Example 8.1 by assuming that the elliptical columnar vortex is
subjected to an external strain velocity v*:

v = (yix1, —yax2, v3x3)', (8.13)

where y; —y2+y3 = 0 by the incompressibility condition. The resulting total velocity
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v is a superposition of the strain velocity v® and the self-induced velocity v¢:

0

(vi,nw) =U(a,b,0)x" + [)(/)1 g ]x’, x' = (x,x)" (8.14)
V2

Again, the velocity v in Eq. (8.14) depends linearly on x'. We leave it as an elementary

exercise for the reader to show that elliptical columnar vortex preserves its shape,

and its evolution is specified by the parameters a(t), b(¢), and 6(¢). Using these

observations, Neu (1984) derived the following example.

Example 8.2. Neu’s Unsteady Elliptical Columnar Vortex in an Imposed Strain flow.
The external velocity v in Eq. (8.14) implies evolution equations for a(t), b(z),

and 0(t):

da i2 2
E(t) + (y28in“ 0 — ycos”“ O)a = 0,

db 2 )

E(t)+(yzcos 0 —y1sin“0)b =0, (8.15)
do ab 1 a’ +b?

— ) —w—— + = ————sin26 = 0.

dt() a)(a+b)2+2()/1+)/2)a2_b2 sin

Defining the aspect ratio n = (a/b) and the dimensionless time t related to ¢ by

2
dt = o——d1,
n*—1

Neu rewrote the above system in the Hamiltonian form:

dl _ dH
dt — do’
1
do . dH (8.16)
dt  dn’
where the Hamiltonian H is
1 2 1
PP Gl s/ P (Y (WIS PENPY (8.17)
n 2 o 2

In general, H may also depend on t by the vorticity w, so that system (8.16) may not
be autonomous. Because Eqgs. (8.15) give

d
E(ab) = (y1 — y2)ab,

the magnitude of the vorticity satisfies

r r
— — 2=yt 8.18
@ wab  mwagby ¢ ( )
System (8.16) is autonomous provided that y; = y, = y. This implies that y3 = 0,
so there is no stretching along the x3 axis. Moreover, level curves of the Hamiltonian
H define possible trajectories on a phase plane whose polar coordinates are (7, ). In
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lieu of using the n-0 coordinates, we follow Bertozzi (1988) and use the 8 — 6 + &
symmetry as well as the n — 1/n, 0 — 6 + 7w/2 symmetry of the ellipse. Hence
we capture the entire dynamics with the polar coordinate variables »r = logn and
¢ = 26. In real time, the evolution equations are

F=(y+y')cosg,
2we” e+
Tew U

@ 1 sin @.

The reader can verify (see also Bertozzi, 1988) that if » and ¢ are viewed polar
coordinates the above set of equations indeed defines a 2D dynamical system with a
vector field continuous at the origin. Figure 8.2 shows the phase portraits for different
values of y /w [regimes (1) (2) and (3)]. When (y /w) = 0 (no strain), 7 = 0 and the
ellipse rotates at a constant speed (this is Example 8.1). When (y /w) = 0 < 0.1227
[regime (1)] there are three possible behaviors for the ellipse: oscillation, rotation,
or elongation. Figure 8.2, regime (1) shows (y/w) = 0.1. There is a homoclinic
orbit containing periodic orbits and fixed points. The periodic orbit intersecting the
origin separates the rotation modes from the oscillation modes. The orbits pictured
divide the phase portrait up into regions corresponding to the three modes of motion:
arotation, an oscillation, and an elongation. The trajectories inside the inner periodic
orbit all correspond to oscillating ellipses. The trajectories outside the periodic orbit
but inside the homoclinic orbit correspond to rotating ellipses. All other trajectories
describe elongating ellipses.

< *
REGIME (1) Y/w = 0.1000

y

‘ X

REGIME (2) 7Y/w=0.1227

RUS

REGIME (3) 7/w =0.1429

Figure 8.2. Phase portraits for different values of y/w [regimes (1), (2), and (3)] (Bertozzi,
1988).
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At (y /w) = 0.1227 the homoclinic orbit crosses the origin, eliminating the rotation
mode [regime (2)]. The phase diagram undergoes a bifurcation. The homoclinic orbit
crosses the x axis, eliminating the possibility for a rotation mode.

When 0.1227 < (y /w) < 0.15 there is still a homoclinic orbit with interior trajec-
tories of the dynamical system that correspond to oscillation modes of the ellipse
and trajectories outside that correspond to elongation modes. Figure 8.2, regime (3),
shows the case (y/w) = 0.1429. The trajectories inside the homoclinic orbit corre-
spond to oscillating ellipses. Outside the loop, the motion described is elongation of
the ellipse. For (y/w) > 0.15, the oscillation mode vanishes because of the lack of
a homoclinic orbit in the dynamical system. Hence there is only an elongation mode
of motion.

If the vortex undergoes a stretching with y3 > 0, then y; # y» so that by Eq. (8.18)
the vorticity inside the ellipse E(¢) grows exponentially with time and Hamiltonian
system (8.16) is not autonomous. For 0 < |%| < 1, Neu (1984) analyzed the
evolution of the elliptical columnar vortex by means of adiabatic invariants.

Another possibility is for y; to be time dependent. The case of y3 of the form
ey” (t) with y”(¢) time periodic was first analyzed by Bertozzi (1988), who used the
Melnikov theory for perturbed homoclinic orbits. This work shows that simple, small
oscillations in the y; typically introduce chaotic dynamics into the phase portrait of
the evolution equation for the ellipse. Thus, in general, the motion of columnar vortex
is extremely sensitive to small changes in an external strain field.

8.2. Weak L°° Solutions to the Vorticity Equation

The elliptical vortices of Section 8.1 are just one example of a class of weak solu-
tions to the vorticity-stream form of the 2D Euler equation in which the vorticity
is discontinuous but bounded. Such solutions are not included in the existence and
uniqueness theory from Chaps. 3 and 4, in which we required the initial data w, to be
Holder continuous. In this section we present the mathematical theory of general 2D
L>® N L' weak solutions to the vorticity-stream formulation [Eq. (2.5) with v = 0]
of the Euler equation. In Section 8.3 we discuss the special case of vortex patches.
This section is organized as follows: In Subsection 8.2.2 we discuss the existence
of weak solutions, in Subsection 8.2.4 their uniqueness, and in Subsection 8.2.5 the
propagation of regularity for such weak solutions.

8.2.1. A Weak Vorticity-Stream Formulation

In Chap. 2 we analyzed the vorticity-stream formulation for smooth 2D flows
[Eq. 2.5)]:

Dw
Dt
|0 = wo, (8.19)

3

where (D/Dt) = (3/9t) + v - V and the velocity v is determined from the vorticity
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w by
v(x, 1) = / K(x —y)w(y, t)dy, (8.20)
RZ
with the kernel
1 —X2 X1 !
K =——,— . 8.21
) 2n(|x|2 |x|2> (®:21

Recall from Chap. 2 that, in two dimensions, the vorticity stays constant on particle
trajectories. We use this idea to formulate a concept of weak solutions to the 2D Euler
equation with initial vorticity wy € L' (R?) N L*®(RR?). To do this, we look for an
equivalent expression for vorticity-stream formulation (8.19) that makes sense for
vorticities w (-, t) that are not smooth but merely in L' (RN L>°(R?). A correct form
comes from transport formula (1.15):

d D Dw

— gowdx:/ —(pa)dx—i—/ o—dx,

dt R? R? Dt R? Dt
where w and ¢ are smooth functions vanishing as |x|  oco. Integrating this equation
in time, we have

/ ox, Tw(x, T)dx —/ o(x, Ow(x, 0)dx
R?_ RZ

T r Do T Dw
= —wdxdt + p—dxdt. (8.22)
o Jr® Dt o Jr2 Dt

Suppose that the vorticity w is a smooth solution (so that the velocity v = K * w is
divergence free and w = curl v). Then by formulation (8.19), (Dw/Dt) = 0, and we
get the identity

T

/ ox, Tw(x,t)dx — / o(x, 0wo(x)dx = / %a)dxdt,
R R? o Jr2 Dt
which is valid for all test functions ¢ € C'([0, T] x R?) with compact support
supp ¢(-,t) C {x : |x|] < R}. Note that this identity is also well defined for a larger
class of solutions w such that @ and the product vw[= (K * w)w] are locally integrable,
w, Vw € LIIOC([O, T] x ]Rz), where v is defined by Eq. (8.20). We make the following
definition.

Definition 8.1. Given wy € L'(R*) N L®°(R?), (v, w) is a weak solution to the
vorticity-stream formulation of the 2D Euler equation with initial data wy(x), pro-
vided that

(i) w € L={[0, T]; L' (R*) N L®(R?)},
(ii) v =K * w and o = curl v,
(iii) for all ¢ € C'{[0, T]; C§(R?)}

T
/(p(x,T)a)(x,T)dx—/ (p(x,O)wO(x)dx:/ / %a)dxdt. (8.23)
R? R? o Jr Dt
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In the following subsections we prove the existence and the uniqueness of these
weak solutions. First, in order for this definition to be a good one, we require that a
weak solution that is C' smooth be a classical solution. Indeed, we have the following
proposition.

Proposition 8.1. (i) Every smooth solution to the 2D Euler equation is a weak solution
inthe sense of Definition 8.1. (ii) Conversely, if the above weak solution is additionally
C' smooth, then it is a classical solution.

Proof of Proposition 8.1. We have already proved part (i) by construction. To prove
(ii), suppose that (v, ) is a C'-smooth weak solution. Combining (8.22) and (8.23)
gives

T Dw 1 12
/ /Z‘PE‘”‘”:O’ Vo € CH{[0, T1; Co(RH)},
0 R

which, by the continuity of (Dw/Dt), implies that (Dw/Dt) = 0 pointwise. (]

8.2.2. The Existence of Weak Solutions

In the previous subsection we formulated Definition 8.1 of a weak solution to the 2D
Euler equation with initial data in L' N L. We showed that smooth solutions satisfy
this definition, so that we know the class is nonempty. In fact, in this section we prove
the following theorem.

Theorem8.1. The Existence of Weak Solutions. Let the initial vorticity wy € L' R>N
LOO(RZ). Then for all time there exists a weak solution (v, w) to the vorticity-stream
formulation of the 2D Euler equation in the sense of Definition 8.1.

These weak solutions indeed form a much broader class than the class of smooth
solutions. In Section 8.1 we introduced the Kirchoff elliptical vortices, the simplest
example of nonsmooth weak solutions in the sense of Definition 8.1. The Kirchoff
ellipse has a jump discontinuity in the vorticity across the boundary of the ellipse and
is an example of a “patch of constant vorticity.” Despite the fact that the evolution
described by the elliptical vorticies in Section 8.1 is so simple, general vortex-patch
solutions can develop more complex structures. However, as we show in Subsec-
tion 8.3.3, the boundary of a vortex patch, if initially smooth, stays smooth for all
time.

The existence (and the uniqueness) of weak solutions with wy € L in bounded
domains was first proved by Yudovich (1963). Below we give a simpler proof by
using a strategy similar to the one used in Chap. 3 to construct solutions to the Euler
and the Navier—Stokes equations with smooth initial data. The strategy has two steps.
First we smooth the initial data so that Corollary 3.3 guarantees the existence of a
smooth solution for all time. Then we pass to the limit in the regularization parameter.

Our first step is to mollify wy € L' N L™ to obtain a family of smooth initial data
(@), € > 0. We recall mollification operator J¢ (3.34) from Chap. 3. First we choose
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a function p € C§° (R?), p >0, fRz pdx = 1. We then define the mollification of
w by

wh(x) = Jewy = 6_2/ 0 (x_y>a)o(y)dy, e > 0.
R? €
Recall from Lemma 3.5 that mollifiers satisfy the following inequalities:

leo§] | < lwoll,
b, < leollz (8.24)

tm [y — o], = 0.

To complete the construction of the approximate solutions we use Corollary 3.3
from Chap. 3 to obtain a unique global smooth solution w* (x, t), @ (x, 0) = w{(x),
v€ = K * o° to the 2D Euler equation. Being smooth solutions, these solutions also
solve identity (8.23) that defines weak solutions:

T Dé(p
/ (p(x,T)a)e(x,T)dx—/ go(x,O)a)g(x)dx:/ /
R? R o Jrr Dt

forall ¢ € C'{[0, TT; C&(Rz)}, where (D€/Dt) = (3/0t) + v° - V.

The next step of our strategy is to extract subsequences («¢) and (v¢), then to
show their convergence to limits w and v, and finally to show that these limits are a
weak solution in the sense of Definition 8.1. To do this we need bounds for w* and
v€ independent of €. These bounds involve the following norm,

ofdxdt (8.25)

llwolll = llwollzr + llwoll L=, (8.26)

and are derived by use of potential theory.

Proposition 8.2. Let the initial vorticity wy € L' (R?) N L®°(R?), and let v, v¢ be a
smooth solution to the regularized initial data wg on a time interval [0, T]. Then, for
allt € [0, T],

(i) o€ and v¢ are uniformly bounded, and
[ Dl < arlllo® ¢, DI < calllwolll,

(ii) there exist functions w(-,t) € Ll(Rz) N LOO(RZ) and v = K * w such that
vVt € [0, T]

(-, 1) = w(-, 1) in L'(R?),

ve(-, 1) = v(, 1) locally.

Here — , denotes uniform convergence in the space variables. We prove this propo-
sition in the next section.
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Proof of Theorem 8.1. Assuming Proposition 8.2, it remains to show that the limit
functions w and v are weak solutions in the sense of Definition 8.1. We must show
that identity (8.25),

T De(p
/ o(x, T (x, T)dx —/ (x, 0)wj(x)dx :/ / —w dxdt,
R R o Jr2 Dt

converges to

T

D
/(p(x,T)a)(x,T)dx—/ (p(x,O)a)o(x)dxz/ / —wa)dxdt
R? R o Jr2 Dt

as the mollification parameter € \ 0.

Because ¢ has compact support, v¢— v locally, * —  in L', and o€ is uni-
formly bounded, we obtain the convergence of the nonlinear term by the dominated
convergence theorem:

T T
/ / v - Voof dxdt — / / v - Vowdxdt.
0 JR? 0o JRr?

All the linear terms converge by Proposition 8.2. In the following subsection we pro-
vide some key potential theory estimates, thus proving Proposition 8.2 and concluding
the proof of Theorem 8.1. (]

8.2.3. Potential Theory Estimates

Our goal in this section is to prove Proposition 8.2, the necessary ingredient for
completing the proof of THEOREM 8.1. We recall Proposition 8.2.

Proposition 8.2. Let the initial vorticity wy € L' (Rz) N LOO(RZ), and let w*, v¢ be a
smooth solution, on a time interval [0, T ], with the regularized initial data . Then,
forallt € [0,T],

(i) w¢ and v¢ are uniformly bounded, and
Dl < elllo G D= eallaolll, (8.27)

(ii) there exist functions w(-, 1) € L'(R?) N L°(R?) and v = K * w such that

@, 1) > w(,1)in L', (8.28)
vé(-, 1) —>v(-, 1) locally. (8.29)

Proof of Proposition 8.2, part (i). The proof uses potential theory. First note that the
vorticity ¢ satisfies |||w® (-, )]|| < c||lwp||| because of the properties of mollifiers
(8.24) and the fact that vorticity is conserved along particle trajectories for 2D smooth
solutions.
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Now we show that the velocity v€ is uniformly bounded. Using the Biot—Savart
law, we split v¢ into two parts:

ve(x, 1)
= / p(x—xNKr(x—x"Nof (x', t)dx/—i—/ [1 — p(x—xNKr(x—x")o (x', t)dx’'
R? RR?
=vi(x, 1) +v5(x, 1),

where p € C§°(R2) is a cutoff function such that p(x) = 1 for |x| < 1 and p(x) =0
for |x| > 2. Recall from Proposition 2.1 that the kernel K is homogeneous of degree
—1, |K2(x)| < c|x|~". Hence Young’s inequality gives

e Dl < [lpK il + [[(1 = p) KL=l
=< clllo“C, DIl

This concludes the proof of part (i) of Proposition 8.2. (]

Before we prove the second part of Proposition 8.2, first we note that, although the
family @€ is composed of smooth solutions, we cannot define a function w(-,t) €
L'(R?) N L*®(R?) by a direct passing to the limit ¢ —  in L' N L (as the space
L is not separable). Instead we construct the limiting vorticity € L' N L™ by
means of particle trajectories. In Chap. 1, Eq. (1.53), we saw that smooth solutions
to the 2D Euler equation satisfy

w(x, 1) = wo (X" (X)),

where X! is the inverse (at time ¢) of the particle-trajectory map X, satisfying

dX

— =v(X(a,1),1), X(a, )]=0 = .

dt
Itis not obvious that these formulas are also valid for the initial vorticity wy € L' NL>.
They suggest, however, the following strategy of constructing the weak solution
w(,t)e L'NL>. Mollifying the initial data w for all time ¢ > 0, we have smooth

solutions
o (x, 1) = wf (Xg’(x)),
where the (smooth) particle trajectories X, satisfy

dX.
dt
and the velocity v¢ = K *x w®. We expect that the method of characteristics should

work for weak solutions. By passing to a subsequence, we can take a uniform limit
X — X and then define the weak solutions by

:UE(XL(‘X7 t)yt)y Xe(as t)|f=0=a7

w(x, 1) = wy(X ' (x)), (8.30)

v(x,t) = / Kix —xDo(, t)dx'. (8.31)
RZ
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To prove the second part of Proposition 8.2, we use the following potential theory
estimates for the velocity v¢ and the particle trajectories X! independent of .

Lemma 8.1. Potential Theory Estimates for a Velocity. Let the initial vorticity wy €
LY (R?) N L®(R?) and let ¢, v¢ be a smooth solution on a time interval [0, T with
the regularized initial data w§. Then ve(-, t) is quasi-Lipschitz continuous:

sup [v(x!, 1) — v (x% )] < clllooll] Ix' — x?[(1 —In~ [x' — x?)),  (8.32)
OSIST

whereIn” a =Ina forO <a < 1l andIn” a =0 fora > 1.

Lemma 8.2. Potential Theory Estimates for Particle Trajectories. Let the assumptions
of Lemma 8.1 be satisfied. Then for any T > 0 there exist ¢ > 0 and the exponent
B(t) = exp(—c||lwol|lt) such that foralle > 0,0 <t < T,

|X7'(xh = X' (e)| < elx! = x?PO, (8.33)
X (@', 1) — X (@? 1)] < cla' —a?PO, (8.34)

andforall) <t,tp <T,
|X"(x) = X2 ()| < clty — )P, (8.35)

IXc(a, 1) — Xe(a, )| < clt; — 2]P©. (8.36)

Assuming these potential theory estimates, we give the remaining proof of
Proposition 8.2.

Proof of Proposition 8.2, part (ii). First we prove the existence of the particle trajecto-
ries X ' (x) such that X7 (x)— X ~"(x) locally. Estimate (8.27) provides a uniform
bound for {v¢} and hence the uniform bound

’X;’(x)—x|=|XE(a,t)—oz|=‘/ v¢(Xe(a, 7), T)d7| < T,
0

so the family (X_7) is uniformly bounded forall 0 < ¢ < T'. Also, by potential theory
estimates (8.33) and (8.35), for all > 0 there exists § > 0 such that if

clx! =2 el —nlf <8 for (x/,t;) €{x:|x| < R} x[0,T]
then
XM = X706 <,

so that the family (X_7) is equicontinuous on {x : |x| < R} x [0, T]. Likewise, the
family (X,) is equicontinuous on {« : || < R} x [0, T']. Thus by the Arzela—Ascoli
theorem there exists a subsequence (X_') so that X_'(x) — . X " (x) uniformly on
{x : |x] < R} x [0, T]. We need the uniform limit to exist in order to guarantee that
X" is a measure-preserving transformation:



316 8 Weak Solutions to the 2D Euler Equations

Claim: Forallt € [0, T], X' is a measure-preserving map from R* to R? and for

any f € L'(R?), [ f(X7"(x))dx = [ f(x)dx.

Proof of Claim: We first note that the claim holds for all continuous, compactly
supported f. This is because the X are measure preserving and converge uniformly
to X~'. Thus f(X_") converges pointwise to f(X ') and by Lebesgue dominated
convergence, we have [ f(X~'(x))dx = lim [ f(X_'(x))dx = [ f(x)dx. By the
fact that Cy is dense in L' we obtain the result. By the Riesz representation theorem
for Cy functions, we see that in fact the measures m and o = m o (X))~ are
equivalent on the Borel sets, where m denotes Lebesgue measure. Thus X~ is in fact
a measure-preserving transformation. (]

We need this claim in the following arguments.

Given the above limiting particle trajectories X ' (x), we define the vorticity w
by solution (8.30), w(x,t) = wy(X ' (x)), and the velocity v by solution (8.31),
v=K *xow.

To finish the proof of part (ii) of Proposition 8.2 we show that (-, ) — w(, t)
in L' and that v¢(-, t)— ,v(-, t) locally. We have

o ¢, 0) — (Dl < [|of (X7) —oo(XT)|| 1+ | wo(XT') —@o(X ]|,

Because the particle trajectories X_' are volume preserving, by the properties of
mollifiers (8.24)

06 (Xe") =0 (X )| = [l — [, =0 as 0.

We need to show that [|wo(X") — wo(X )|l — O0ase — 0.
Because wy is in L> N L', standard real analysis (Royden, 1968) arguments give
the existence of wj € Co (R?) such that

Ha)o —co6’||L1 <1/n.
Consider the bound
[l (XT) =0 (X |1 = [Jen (X)) = g (X
+ ] (XT) — g (X,
+ [|wf (X" — wo(X ],
=)+ 2)+ Q).

Given § > 0, we want to show that there exists ¢ > 0 such that for all € < ¢,
(1) + 2) + (3) < 8. We choose n > 3/8. Using the fact that X" and X~ are
measure-preserving transformations, we have that (1) 4 (3) < 24/3. For this fixed n,
we have that wf} is continuous, and thus o (X_") — wfj(X ") pointwise. Therefore,

by the Lebesgue dominated convergence theorem, wjj(X.") — wi(X™') in L' as
€ — 0. Thus there exists €y(n) such that, if € < ¢y(n),

||of (X71) = wp(XH]] 0 < 8/3.

Putting this all together, we have shown that ||wo(X ") —wo(X ")||,1 — Oase — 0.
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Finally we show that v (-, 1)—,v(:, t) locally. We take p € C§°, p(x) = 1 for
[x] <1, p(x) = 0 for |x| > 2, and we define the cutoff function ps(x) = p(x/3).
By the definition of v¢ and v we have

e, 1) — v(x, D] < [(psK) * {wf (X' (1)) — wo(X ' (x)) }]
+ (1 = ps) K] % 05 (X' (X)) — (X '(x))| = Iy + L.
The first term, I, we estimate as
L < lpsK o [||@§ (X7 ||~ + Neo(X )] L]
< 2||wo||Loo/ 105 (0 K () ldx < c/ x|~ dx
[x]<28 [x]<28
< céb.

The second term, I», contains the smooth kernel (1 — ps) K5, so we estimate

I

IA

(1 = ps) Kallz [|of (X1) — wo(X 7],

Slen(x2) = onx ).

IA

so that finally we have
[v€(x, 1) — v(x, )] < 8 + gllaf(n 1) —o, Dl

Now forany n > Owetake§ = (/2c).Because ||w(-, 1) —w (-, 1)||,1 — Oase \( O,
we can pick €p > 0 such thatforall 0 < € < €9, 2¢?||w€(-, t) —w (-, )||z1 < n?. Thus
for any 1 > 0 there exists €y > 0 such that forall 0 < € < €, [v°(-, ) —v(-, 1)| <,
so that v¢— ,v. O

Remark: In Proposition 8.2 we do not have convergence of w(-,¢) — w(:, t) in
L' N L. This is because the operation of translating > functions is not continuous
in the L* norm.

Now we give proofs of the potential theory estimates in Lemmas 8.1 and 8.2.

Proof of Lemma 8.1. Potential Theory Estimates for the Velocity. Letd = |x' —x?| <
1 and let B(x, r) denote a ball centered at x and with a radius r. Split the function
ve(x!', 1) — v (x2, 1) as

et ) — v ()] < [/ +/ +/ }
R>-B(x',2) B(x!,2)—B(x!,2d) B(x',2d)

x |Ka(x' — %) — Ka(x? — 3)| |0 (%, 1)|d%
=L+ 0L+ 15

Now estimate the successive terms /;. Forall x, y € R?,

d y

x> yl?

PR =2 P -y
|21y P Ly
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thus

Y2 X2

x> yl?

X1 Y1

x> Iyl?

N 172
_ byl
7 |xllyl

Using this estimate, we find that the first term /; is bounded by

1
K2 (x) — Ka(y)| = (

| -
L<—x' =7 o (%, )| ————5——= = cllwollpx" — x7.

T R?>—B(x',2) [x!t — X[|x* — X|
Now for ¥ € B(x!,2) — B(x', 2d) the mean-value theorem implies that

|Ka(x' %)= K2 (x*—%)| < sup [VKalx'=Z+0(x*—x]l1x'=x*| < ¢ L2 2'
0<6<1 |x! —X|

so the second term, I,, is bounded by

1 ’ . dx ! Zdr
L < clx' —x? |l ¢, )] < cllaolllx =7 [ S
B(x',2)—B(x! 2d) |X' — X| 2a T
1 2 -1 2
< cllwollr=lx’ — x7|(1 = In"[x" — x7|).
Finally, we estimate the third term, I3, as
dx dx
13§C||606(',t)||L°°{/ ﬁ*‘/ 2~]
B(x1,2d) [x! —X| B(x1,2d) [x* — X|
2d 3d
< c||a)||L>o</ dr+/ dr) < c||wol |1 |x" = x2.
0 0
Combining these estimates gives estimate (8.32),
et ) — v % 0] < elllwoll] Ix' — x4 —In"|x" — x?]),
so that v¢ (-, t) is quasi-Lipschitz continuous uniformly in €. (]

Finally we give the proof of Lemma 8.2.

Proof of Lemma 8.2. Potential Theory Estimates for Particle Trajectories. First we
prove estimate (8.33) for the backward particle trajectories. Let Y. (x, #; ) denote
the backward particle trajectories such that Y (x, #; )|, = X_"(x). We denote
p(7) = Y. (x!, t; 7) — Y. (x2, t; 7)|. Because Y. satisfies the ODE

dYe

y It51) = =0 [Ye(x/, 15 1), ¢ — 7], Ye(x/ 15 7)]p=0 = x7,
T

the quasi-Lipschitz continuity of v¢ estimate (8.32) implies that

d
dfp(r) < c|llwolllp(x)[1 —In~ p(T)].
T
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By the substitution z(t) = In p(7), this inequality reduces to the linear inequality
dz -1 2
E(T) = cllleol [T — z()], 2(0)|e=0 = In"|x" — x7|.

Solving for z(t) bounds p(7) by
0(1) < ep(0)cllienlliv), Vo<t <T*<T,

provided that p(tr) < 1. Imposing the restriction py < exp(—expc|||wo|||T), we find
that the above estimate for p(t) is valid for all 0 < t < T. Taking, in particular,
T =1, we get

X7 () = X0 < elx! —x2ewcellenl Dy << T,

which concludes the proof of Holder estimate (8.33) independent of €. To obtain
estimate (8.34) for the forward particle trajectories, we apply the same technique as
above to the forward-trajectory equation.

Finally we prove Holder estimates (8.35) and (8.36). Let0 < #; <1, < T, so that,
denotinga* = Y. (x, t; h—11), wehave | X" (x) — X2 (x)| = | X" (x)— X" (*)].
Thus

IA

|X;t1 (x) — thz (x)’ elx — a*lexp(*cHWO\HT)

t exp(—cl|lao|||T)
=e / Ve[ X ("), T]dT

131

IA

clllwoll] [ty — 1| PCelllenT), (8.37)

Estimate (8.36) follows similarly. O

8.2.4. The Uniqueness of Weak Solutions

In Subsections 8.2.2 and 8.2.3 we proved the existence of weak solutions with
vorticity

w € L™[0, oo; L'(R*) N L= (R?)].

The uniqueness of these solutions does not follow from the construction discussed in
Subsections 8.2.2 and 8.2.3 — although the limit particle trajectory X’(-) is unique,
they may be other weak solutions w obtained for example by different regularizations.
Now we prove uniqueness of weak solutions w € L*[0, co; L' (R*)NL*®(R?)] foran
initial vorticity wg with acompact support. Recall from the previous subsection that the
particle trajectories have bounded speed and are measure preserving. Hence any such
weak solution w (x, t) retains compact support with the measure of the support fixed.
Because the L7 (£2) spaces are ordered on bounded domains 2, L??(2) «— L?'(R2)
if p; < p,, we actually have w (-, f) € LS(RZ) forall1 < p < o0.
Our goal in this section is to prove Theorem 8.2.
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Theorem 8.2. The Uniqueness of Weak Solutions. Let the initial vorticity wy €
Lgo(Rz) have compact support suppwy C {x : |x| < Ro}. Then the weak solution
w € L]0, oo; Lgo(Rz)] is unique.

Uniqueness also holds for weak solutions w € L*[0, oo; L' (]Rz) NL*® (}Rz)] without
compact support. The assumption supp wy C {x : |x] < Ry} simplifies the proof.
As in the strategy used by Yudovich (1963),we use ordinary differential inequalities
with nonunique solutions.

Lemma 8.3. Let a weak solution (in the sense of Definition 8.1) to the 2D Euler
equation w(-,t) € L8°(R2) have compact support supp o (-, t) C {x : |x| < R(?)}.
Then, forall 1 < p < oo,

V(G Dller < c(llwoll=)p. (8.38)
We prove this lemma at the end of this section.

Proof of Theorem 8.2. First we show that any weak solution w (x, #) in the sense of
Definition 8.1 with the initial data wy(x), supp wg C {x : |x| < Ro}, obeys

/ a)(x,t)dx:/ wo(x)dx. (8.39)
R? R?

Any solution @ (-, #) € L' N L* has uniformly bounded velocity v, |[[v(-, )||z~ <
c||lwo|||- Because the vorticity is convected by the particle trajectories, the support has
finite propagation speed so that there exists a uniformly increasing bounded function
R(t) such that supp w(-, 1) C {x : |x|] < R(¢)}. Consider identity (8.23), which
defines weak solutions w (-, t) € L' N L>®:

T
/ wx, Te(x, Tdx —/ wo(xX)p(x,0)dx = / %a)dxdt, (8.40)
R R? o Jr2 Dt

where ¢ € C'{[0, T]; C}(R?)}. Because supp (-, 1) C {x : |x| < R(T)} for all
0 <t < T, any test function ¢ satisfying ¢(x,7) = 1 forall0 < ¢ < T and
|x| < R(T) gives zero for the right-hand side of identity (8.40), implying Eq. (8.39).
Now we suppose that there are two weak solutions w;, v; = K * w;, with the
same initial vorticity wy € Lg° (R2), supp wy C {x : |x] < Ro}. The velocities v;

solve the 2D Euler equations in a distribution sense:

d
El}j +Uj . Vl)j = —ij,
V. vVj = 0.

We note that although each velocity v; does not have a finite energy, their difference
w = v; — vy does:

E(t) E/ (w(x, 1))*dx < oo. (8.41)
RZ

We used this same idea in Chap. 3 to construct a radial-energy decomposition
(Definition 3.1) for smooth solutions to the Euler and the Navier—Stokes equation.
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Because supp w;(-,¢) C {x : |x| < R;(T)}, by using an asymptotic expansion for
the kernel K, we have

Uj(x,t):ﬁ/ w;(y,dy + O(]x|?) for |x| > 2R;(T),
RZ

so that by Eq. (8.39) the integral terms in v; — v, cancel and w(x, t) = O(|x|?) for
|x| > 2max; R;(T). This implies Eq. (8.41).
Because w = v; — v, has finite energy E and satisfies

w; +v; - Vw4 w- Vo, ==V (p; — p2)
in the sense of distributions, taking the L? inner product of this equation with w and
integrating by parts gives

1d

f—E(t)—/ w2V~v1dx+/ (w'sz)wdxz/ (p1—p2) V- -wdx.
2dt R? R? R2

The Holder inequality implies that

d
—E@) < 2/ w?| Vv, |dx
dt R2

(p—D/p
< zwmm( / |w|2p/(P”dx>
Rz
/(o1 5 (p—D/p
.
S2||VU2||LF<||W(',Z‘)||Loc1 /2|w| dx) .
R

Estimate (8.38) applied to || Vv;||.» and the fact that the velocities v; are uniformly
bounded yields

a < 1-1/p
T E@® < pM E®'', (8.42)

where M = c(||wol [ L) [|wol| L.

We want to conclude that E(¢) = 0 forall # > 0. Because E(0) =0, E(T) =0is
a trivial solution to inequality (8.42). However, this inequality does not have unique
solutions (see, e.g., Hartman 1982, p. 33, exercise 6.4). However, the maximal solution
E(t) to (2.24) is E(t) = (Mt)? and any solution E(z) satisfies E(t) < E(¢).

Now we take an interval [0, T*] suchthat M T* < % Passing to the limitas p ' oo
we have

P
E(@) < (;) N O as p /oo, (8.43)

so E(t),=0,V0 <t < T*. Repeating these arguments, we conclude that E(t) = 0,
V0 <t <T,sothat vy = v, almost everywhere. O

Finally, it remains to prove the crucial potential theory estimate in Lemma 8.3.
From Proposition 2.17 on differentiating kernels of degree 1 — N, we see that

Vu(x) = PV/ VEKy(x — y)o(y)dy + co(x) = Po(x) + co(x), (8.44)
RZ
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where P is a (matrix) SIO, P € SIO and PV f denotes the principal-value integral. In
our case the vorticity w € L§° (R?) has a compact support supp @ C {x : |x| < R}.
We can immediately prove a rough version of Lemma 8.3 by using the Calderon—
Zygmund inequality

l|PwllLr < cpllollrr, I <p<oo, (8.45)
with the rough estimate of the constant c¢,, given by (see Stein, 1970)

o < c/(p—1), l<p<?2
P = ep, 2<p<oo’

We see that from relation (8.43) that we need Lemma 8.3 for only sufficiently high p
to prove the uniqueness of weak solutions with compact support. Thus the Calderon—
Zygmund estimate is sufficient for our purposes here. For completeness and also to
gain some more insight into the behavior of weak solutions we now prove a sharper
estimate by using specific properties of SIOs.

Below we present arguments that explicitly use the properties of SIOs on the
function space L*°. This case is not included in Calderon—Zygmund inequality (8.45).

First we introduce the space of functions of a bounded-mean oscillation (BMO) as
defined by John and Nirenberg (1961). Suppose that f is defined on R" . We say that
f € BMO if there exists a constant M such that

1
meas Q

/Q 1f () — foldx < M; (8.46)

for every cube O C R, where fo is the mean value of f over Q and fp =
i) o f(X)dx.

The boundedness of f is not necessary for the boundedness of its mean oscillation,
forexample, In|x| € BMO. Let f be any (locally) integrable function with the property
that we can associate with every subcube Q a value fj such that

ms(Q, 1) =meas{x € Q : |f(x) — fol > A} < cie”* meas Q,

where A > 0. Then
[} ¢
/ |f(x)_fQ|dXZ/ my(Q, A)dr < — meas Q,
0 0 (%)

so that the mean oscillation of f does not exceed c;/c;.
The above result is also true in the opposite direction, and we have the following
lemma.

Lemma 8.4. Given f € BMO, letm ;(Q, L) be the measure of the set of points x € Q,
where | f(x) — fol = A:

mp(Q,A) =meas{x € Q :|f(x) — fol = A}. (8.47)
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There exist constants cy, ¢y > 0 independent of f such that

A
myg(Q, L) < cy meas Q exp (—Cz) (8.48)
for every cube Q C RV,

The proof of this lemma is based on a decomposition of integrable functions (see
John and Nirenberg, 1961).

The space BMO is very important in the theory of SIOs because it often arises
as a substitute for the space L*°. For preciseness, we define the SIO to be the set of
operators of the form

PUN=PV [ Ko=) 70y,

where PV [ denotes a principal-value integral centered at the origin. Here we require
the kernel K;(y) to be of the form Q(y)/|y|", where 2 is homogeneous of degree
zero and smooth. We then have (see Stein, 1967) Lemma 8.5.

Lemma 8.5. Let P be a SIO, P € SIO. Then

P : L3y — BMO. (8.49)

Proof of Lemma 8.5. Given f € L§°, let R be large enough so that supp f € Bg(0).
We fix a cube Q that we may assume is centered at the origin. We split f = fi + f>,
where

fx), |x| <2diam Q
0, otherwise )

fl(x)={

The Holder and the Calderon—Zygmund inequalities imply that
/ |Pfi(0)ldx < (meas Q)| Pfille o) < c(meas Q)| fillo)-
o

1/2
However, || fill12(g) < |1 fill; (meas 0)'/, so that

1
meas Q

/ |Pfi(x0)ldx < cllfill}.
0
Next we set

fo=— /Rz P(y) f2(y)dy.

This integral exists in the view of our assumptions: P is locally integrable away from
the origin, and f5 is supported away from the origin. Therefore

PR — fol 5/ PG = )+ PO)] Lfa0)ldy.

R>|y|>2 diam Q
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Claim.

/ |P(x —y)+ P(y)ldy <c, (8.50)
R>|y|=2lx|

so that

[Pfr(x) — fol <cllfolle~ if x€ Q.
Combining the above estimates gives

1
meas Q

172

/Q P = foldx < cllfllie +cll 112,

which concludes the proof, provided that we can prove relation (8.50). P is a smooth
function, homogeneous of degree —n, so that we can write P = p(x)/|x|", where p
is smooth and homogeneous of degree zero. We have

px —y)+ p(y) 1 1
——— —p®») - —
lx — yI" lx —yI" |y

Px—y)+PQ) =
- rl(-xv y) +r2(-x1 )’)

Note that if |y| > |2x],

Ip(x—y)+p(y)|=‘p<x_y)er(y)’

lx — yl [yl
<22 Y (8.51)
lx =yl |yl
X
<c|=
y

Thus r;(x, y) is bounded by a constant for |y| > |2x|. Note that fly‘z‘le [ra(x, y)|dy
is bounded in magnitude by

/R> [y1=2]x|

which is also bounded by a constant. (]

1 1
lx —yl*  yI”

dy,

Finally, by combining Lemmas 8.4 and 8.5, we are ready to give the proof of
Lemma 8.3.

Proof of Lemma 8.3. Recalling Eq. (8.44), we have
Vu(x) = PV/ VK>(x — yody + co(x) = VoV (x) + Vo’ (x), (8.52)
RZ

where supp @ C {x : |x| < R}. The second term Vv?(x) satisfies the crude estimate

2
[IVVilLr < cllollr < cpllol|Le~, Il <p<oo.
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For the first term, Vv" (x), we split the L” norm into
VoL = VP gazar + 1V uzan

First observe that if f € BMO; then, by the definition of m ¢ (Q, f) in Eq. (8.47),
my(Q, f) =meas{x € Q :|f(x) — fol = A},
and by integration by parts,
o0 o0
||f||{p(g) = / |f ()P dx = —/ )»pdmf(Q’ A) = P/ )‘p_lmf(Qv)L)d)h
Q 0 0

Lemma 8.5 implies that VK, : L§® — BMO, so that the characterization of BMO in
Lemma 8.4 gives

A
Mvk,,(Q, A) < c; meas Q exp <_C2 )
Mvk,w

Taking a fixed cube Q D {x : |x| < 2R}, we estimate

o A
Ve L uary = VP[0 = €1p meas Q/o M e <_Cz MVK2w>d)\.

The last integral looks like the I'(p) function, so by using the fact that I'(1) = 1,
I'(p + 1) = p!, we get the crude estimate

° 1 Cz)\
p/ AP exp | — dx <cp!,
0 Mvk,w

and

[[Vo®]]? <c(R)p!. (8.53)

Lr(lx|<2R) =

Because |VK>(x)| < c|x|7V,

Vol < =5 / oMy +0(x ). |x| = 2R,
R
_ c(R)
v |? - » / 2w gy < P
|[vo] Lrriz2r) = cll@llz 2R x| X = 2p — 1)||“)||L1
Thus
p
[ Vo] Lr(elm2r) S cp!l|o] ] . (8.54)

Combining relations (8.53) and (8.54) yields

[[Vo]],, < clloll=)(pH"? < c(llwollL~) p- O
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8.2.5. Propagation of Regularity

So far we have proved the existence and the uniqueness of weak solutions w €
L°[0, oo; L' (R?) N L*®(R?)]. Now we want to consider the following problem:
Suppose that the initial vorticity wy is smooth on some open set 2(0) C supp wp.
Does the weak solution w (-, t) remain smooth on the set Q (r) = {X'(«) : o € 2(0)}?
This is in fact the case.

Proposition 8.3. Let the initial vorticity wy € L'(R*) N L®(R?), and wola) €
C™r[0)], m > 0,0 <y < 1, where 2(0) is a bounded open subset of R*. Denote
Q) ={X"(@) : a € Q(0)}. Then forallt >0
(-, Dlar € Crd [R@)],
v(, Dlaw € Clod IR M)].
Throughout this subsection we use C"7(2) to indicate the space of functions
f € C"™(R2) satisfying

S — ")
X =Yy

sup
x#y, x,yeQ

<

’

and C{Zgy (£2) toindicate the space of functions f € C™ 7 (K>) forall compact K, C £2.
These Holder spaces were introduced in Chap. 4 for the study of the existence and
the uniqueness of smooth Euler solutions by means of particle-trajectory methods.

Proof of Proposition 8.3. We proceed inductively in m, starting with m = 0.
Step 1: @ € CO7P[Q(1)].

Suppose that wo|q) € C%7[Q(0)], 0 < ¥ < 1. Because the potential theory
estimates in Lemma 8.2 are uniform in €, the limit particle trajectory X~/ (x) also
satisfies estimates (8.33) forall r € [0, T']:

X'l = X)) < et =7

so that for t € [0, T], X~'(-) € C*PD[Q(z)]. Here the exponent 0 < B < 1 is
rapidly deteriorating with time, 8(T) = exp(—c|||wo|||T). Now, by using the Holder
continuity of wy|g ), we estimate for x!, x? € Q(¢), ¢ € [0, T,

lw(x!, 1) —w(x?, )] = |lwo[ X' (xN)] — wo[ X' (D] < | X (x") — X' (D)
< clx! — x?|7E.

Thus for all 7 € [0, T], € CO7A[Q(1)].
Step 2: v e CLIP Q).

We now show that v(-, t)|qq)€ CYYP[Q ()] for all ¢ € [0, T]. We note that there
exists a stream function W (¢) such that in Q(¢), v = VIW and v = AW(r) (¥ is
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just the Newtonian potential of w in R?). We apply the following proposition on the
elliptic regularity of Holder spaces.

Proposition 8.4. Let W € C°(R?) satisfy
AV =w

where w € C[*(Q2) forsomea > 0; Qis an open subsetof R". Then W € CJ'1>* ().
Furthermore, if v = VW, then

|v|C"’+]~V(sz) < C(G, m, '}/) |:|Ulcm—l(92€) + |a)|cm<y(QE)] ,

where
Q. = {x € Q|B.(x) € 2}.

This is a direct result of Theorems 4.6 and 6.13 in Gilbarg and Trudinger (1998).
Proposition 8.4 tells us that, in general, w € C™#[Q(r)] implies that v € Cj. """
1

[©2(2)]. In particular, for this case, for all # € [0, T'], v(-, t) € Clo’fy[Q (1)]. We note,
however, that this proposition is not valid when o = 0.

Step 3: X(a, 1) € C'[Q(0)].

We now show that v € C""P[Q(¢)] for all + € [0, T] implies that X (o, t) €
C'[Q(0)] for all € [0, T]. We use the following proposition that is a special case of
more general standard ODE theorems (see Hartman, 1982).

Proposition 8.5. Let f(-,t) € C{[0, T); C"[2(t)]}, where Q2(t) is an open subset of
R". We also assume that {(x,t) € R" x [0, T)|x € Q(¢)} has a continuous boundary
in R" x [0, 00). Let X (-, t) be the unique solution of

dX(a,t) _

on the time interval [0, T), with initial data X («, 0) = «. Furthermore, assume that

X (o, t) € Q(¢t) for all o € 2(0). Then X (-, t) € C{[0, 00); C"[2(#)]}.

We apply this proposition to the case n = 1 with f(x,t) = v(x,t). We know
from relation (8.37) that X («, ¢) is continuous in #; hence w(x, 1) = wo(X '(x))
is continuous in ¢ and thus v(x, #) is continuous in 7. Also, we have that {(x, t) €
R" x [0, 00)|x € (¢)} has a continuous boundary. Thus Proposition 8.5 gives us
X(a, 1) € C'[Q0)] forall t € [0, T].

Step 4: w € CY[QUD)], v € CLY[Q1)].

Using the backward particle-trajectory equations, we obtain the above result for
X~'(x), thatis, X '(x) € C'[Q(t)]. Hence, for all t € [0, T], w(x,t) € Cl [Q2(1)],
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and thus, by Proposition 8.4, v(x, t) € Cllo’cy [Q'(#)] forall ¢t € [0, T] and for any ' (¢)
with closure in €2(¢); hence also v(x, t) € Cllo’cy[Q(t)].

The above arguments work for any 7 > 0, with of course a different § in the proof;
hence w € C} [Q(t)] forallt > 0, v € Cllo"g'[Q(t)] forallt > 0.

Remark: We note that, in the Proof of Proposition 8.5, the particle trajectories are
in C'[€(0)] for ' C Q. However, in general, we do not have X (a, t) € C'[Q(0)].
That is, we do not gain any information about regularity of the boundary other than
what we already know from the Holder continuity of the particle trajectories. In
particular, the above regularity results do not yield any new information about the
behavior of the boundary of a vortex patch. In Subsection 8.3.3 we derive estimates
for the tangent vector to the patch boundary to prove global regularity of the boundary
given an initially smooth boundary.

We now consider the case m = 1.

We first follow the arguments in step 4 to see that @ (x) = wo(X ~*(x)) combined
with the fact that wy € C"7[2(0)] implies that w € C'[Q(¢)] for all time. Unfortu-
nately, Proposition 8.4 does not hold for « = 0 and we cannot immediately show that
v € C2[Q(1)]. We must first show that » € C./"[Q(1)].

To obtain this result, we proceed by showing that the backward particle trajectories
X" arein CIL’CV P12(1)]. To do this, we recall the mollified initial data wj, the resulting
smooth solutions ¢ (x, t), v¢(x, t), and the corresponding particle trajectories X’.

Claim 1. |(,()8|C}<V(Qf)) < |a)()|cl,y(go), where Qg = {x € Q(O)|B€(x) € Q(O)} and
we have taken one to be the radius of the support of the function p defining the
mollification of the initial data:

af—i N sw
0_€2p € 0-

This is an elementary calculus exercise, and the proof is left to the reader.

Claim 2. For all € there exists a uniform bound in € < €y and t € [0, T] on the
following quantities:

[V crysrao )

| X (o, 1)@ (o))

where Q% (1) = XL(Q().

Proof of Claim 2. We know from the above that for all € < ¢, |w8|cl,y(9(€)o) <
lwo|c1y (- Furthermore, from Lemma 8.2 we have a uniform bound on | X’ lco.sm w2
on the time interval [0, T']. Combining this with Claim 1, we obtain a uniform bound
on |w¢|corsoan () and from Proposition 8.4 a uniform bound on [v¢|crysgr - To
obtain the uniform bound on X, we use the fact that (0 X./dt) = v¢(X,) combined
with the above estimates. O
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Claim 3. | X (at, t)|c16v (920 (0y) IS uniformly bounded for all e < eg andt € [0, T].

Proof of Claim 3. We have

%p{e(a, Dlcrmaon < [V (Xe(@, 1), 1) |crrerac o)
< v (x. Dlerarn | Xe(@ Dlctaa)
+ 105, Dl ctaraean] Xe (@, DIe00)
+ v (x, el Va Xe (o, Dl crmrgon

=< Cilxe(a, Bl + Ca.

Thus X (o, t)|creroe©) grows at most exponentially with a uniform growth
rate. ([

We now define Q.(r) = {x € Q()|B:(x) € 2(t)}. We recall that we have a
subsequence X_'(x) that converges uniformly on {(x, 7)|x € Q()} to X '(x). We
can redefine the parameter € so that | X “(x) — X '(x)| < €. By combining this
estimate with Lemma 8.2, we see that, for all €,

Q1) C Q1) C 7O @),

where ¢(e€) = 2(e/C)!//BMDI_ Given this fact, a similar argument to that described
in Claim 3 reveals that we also have, for fixed €j, a uniform bound {in € < ¢y and
t € [0, T} for | X' (-)|crev. ) and a uniform bound [in € < €y and x € 2, (¢)] on
[V X" (x)|cvso.77)- The upshot is that the family {VX '}, forms an equicontinu-
ous family on {(x, t)|x € Q(¢)}. Thus by the Arzela—Ascoli theorem, there exists a
subsequence that converges uniformly to some limit. It is a simple analysis exercise
to show that that limit must indeed be V, X '. As in the Holder estimates for the
particle trajectories (Lemma 8.2), the above uniform bounds also carry through to the
limit and we have for all €, X' € C17AD(Q§), X' € C17AD[Q.(1)]. Because this
is true for all €, we have for all t € [0, T], w(x) € C""2D[Q(t)]. We now follow
parallel arguments to steps 2—4 of the case m = 0 to obtain the final result for the
casem = 1.

A bootstrapping argument proves Proposition 8.3 for any m. ]

8.3. Vortex Patches

In Section 8.2 we introduced the notion of a 2D L* weak solution. As in the case
of smooth solutions, the weak solutions have well-defined particle trajectories along
which the vorticity is preserved. If we start at some time #y with a vorticity field that is
constant inside some region of the fluid, the region evolves in time, keeping the same
constant vorticity inside. This fact leads to a natural class of weak solutions known
as patches of constant vorticity. The Kirchoff ellipse (Example 8.1) introduced in
Section 8.1 is an example of a vortex patch. In general, a vortex patch has an L*
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vorticity distribution of the form

w(x, 1) = wo, x € Q(@),

o . & Q) (8.55)

where Q(¢) = {X'(«) : o € Qp} is the “patch” that moves with the flow and X’ are
the particle trajectories.

The extensive study of vortex patches over the past two decades has led to a number
of interesting observations regarding the structure of the boundary of a vortex patch.
The uniformly rotating Kirchoff ellipses of Section 8.1 are very special cases. In gen-
eral, vortex-patch boundaries can deform quite dramatically despite the conservation
of the area of the patch. For example, the length or curvature of the boundary may
grow rapidly (Alinhac, 1991; Constantin and Titi, 1988), Majda (1986) proposed the
vortex-patch problem, in contour dynamics form (below), as a model for the inviscid,
incompressible creation of small scales. Motivated by analogy with the stretching
of vorticity in three dimensions and by a simple model (Constantin et al., 1985), he
suggested the possibility of finite-time singularities. In other words, some smooth
initial contours might, in finite time, lead to loss of regularity (infinite length, corners,
or cusps, for instance). At the end of this chapter we prove that such a possibility
cannot occur.

If the boundary of the patch is sufficiently smooth, then the velocity field induced
by the patch can be completely determined by the position of the boundary. This
follows from the Green’s theorem, and we shall prove it in detail in Subsection 8.3.1.
In the event that the boundary is at least piecewise C', the motion of the boundary of
the patch satisfies the CDE (first derived in Zabusky et al., 1979):

d 2
*Z(Ol, 1) = —ﬂ/ In|z(a, 1) — z(a/, 1) |z (&', D)dot', (8.56)
dt 2 0

z(a, t)]i=o = zo(a). (8.57)

Here z(o,t) is a Lagrangian parameterization of the curve at time ¢, that is,
z(a, t) = X'[z(a, 0)], where X' is that particle-trajectory map for the flow. In ad-
dition to deriving the CDE, Subsection 8.3.1 contains a proof of the fact that any
solution to the CDE defines a unique weak L solution to the 2D Euler equation. We
note that Eq. (8.56) is valid only for patches that are simply connected. The equation
for a nonsimply connected patch has the same form as that of Eq. (8.56) with a sum
of integrals on the right-hand side. The results of this section can be directly extended
to the case of a patch that is not simply connected and even to the case of multiple
patches. They are also true for patches in domains other than R?, such as vortex patches
on the surface of a sphere and vortex patches with periodic boundary conditions. For
simplicity, we consider a single simply connected domain in our analysis.

In Subsection 8.3.1 we use the material from Section 8.2 on general weak L
solutions to formulate some basic facts about vortex patches. Also, we show there
that the CDE, as an integrodifferential equation, parallels the Euler equation of 3D
incompressible flow. The results from Section 8.2 merely ensure that the boundary of a
patch of constant vorticity stays Holder continuous with a decaying Holder exponent.
A natural question to ask is whether the boundary of such a patch stays smooth for
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all time or for even a finite time if initially smooth. In Subsection 8.3.2, by using
the contour dynamics formulation, we show that an initially C* boundary stays C*
for a finite time. The strategy is similar to that of Chap. 4, in which we proved local
existence of smooth solutions to the 3D Euler equation (see Theorem 4.3). We use
the CDE here in the same way that we used the integrodifferential equations for the
particle trajectories of Eq. (4.6) in Chap. 4. We then show in Subsection 8.3.3 that an
argument similar to that used to prove Theorem 4.3 proves global-in-time smoothness
of the boundary of the vortex patch.

The CDE is just one example of a self-deforming curve equation. There are numer-
ous other processes with representations as self-deforming curve equations in which
the physics present is drastically different from that of the vortex patch. For example,
plasma clouds in the ionosphere can be modeled by constant-density regions whose
evolution is governed by the motion of the boundary through a self-deforming curve
equation (Berk and Roberts, 1970). A simple model is that of the “electron patches”
for the 1D Vlasov—Poisson equation. These are layers of constant electron density in
a noncollisional plasma of charged particles. For smooth-enough boundaries, we can
derive a contour dynamics formulation for the evolution of these constant-density re-
gions. We discuss briefly the “electron-patch” solutions (Subsection 13.1.2) and in de-
tail analogous “electron sheets” in Chap. 13. Other examples of self-deforming curve
problems not discussed in this text include Hele-Shaw flows (Meiburg and Homsy,
1988) that describe the displacement of a less viscous fluid by a more viscous fluid in
which surface tension plays a critical role. For such problems the dynamics of topolog-
ical transitions in the fluid is an ongoing subject of research (Almgren, 1996; Almgren
et al., 1996; Goldstein et al., 1993, 1995; Shelley, 1995; Constantin et al., 1993).

8.3.1. Derivation of the Contour Dynamics Equation and Elementary
Properties of Vortex Patches

Derivation of the CDE

We begin with a derivation of CDE (8.57) for the evolution of the boundary of a
vortex patch. We follow arguments similar to those used in Section 2.5 of Chap. 2 to
derive integrodifferential equations (2.118) and (2.119) for the particle trajectories.
The main difference is that the simple form of the vorticity allows us to use the Green’s
theorem to rewrite the integral over all of R? as an integral over the boundary of the
patch. Let 2, € R? be a bounded, simply connected region with smooth boundary
9Q. We consider the weak solution w (-, #) € L'(R*) N L*°(R?) with initial vorticity

wo(x) = wo, x € Qo,

=0, x ¢ Q.

(8.58)

The results of Section 8.2 guarantee a unique weak solution in the sense of Defini-
tion 8.1 with initial data (8.58). For all time ¢ > 0, the vorticity w satisfies

w(x, 1) = wo, x € Q(@),

=0, x ¢ Q(1),

(8.59)
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where the patch 2 (#) moves with the flow,
Q@) ={X(a, 1) : ¢ € Qo},

and X are the particle trajectories corresponding to v.

Note that because the vorticity has such a simple form, the solution w(-, t) is
completely determined by the evolution of the boundary 9€2(¢). At a given time
t>0,02(0) ={X(«,t): a € 0Q}. Hence a natural choice of parameterization for
the boundary of the patch is the Lagrangian one, z(«, t) = X[z0(x), ?],0 < @ < 27
on 32 (¢). We assume for now that z(-, #) is C' smooth. We make further restrictions
on zo() in later subsections as they become necessary. As in the case of smooth 2D
Euler flows, the stream function ¥ (x, f) satisfies v = (—,,, ¥y,)" and

AV = wy, x € Q(1),
=0, x & Q(1).
The Biot—Savart law gives the explicit formula

wo

d 3\’
1) = - — | 1 — x'|dx’. 8.60
Vi = 21 /Q(t) ( dx2 3X1) el (8:60

Using the Green’s formula

/uvxjdx:—/ux}.vdx—i—/ uvn;jds,
Q Q aQ

we find that Eq. (8.60) becomes

wo

v(x,t) = — Injx — x'|[[—na2(x), ny(x)]'ds(x)
27 Q1)
o 2
=2 Iy — 2, D)z (@', D). (8.61)
21

Here z, = (dz/da) and the curve 92(#) is parameterized with a clockwise orienta-
tion. Expression (8.61) is a single-layer potential, that is, continuous on R? (Folland,
1995, p. 72). Thus we have a valid expression for the velocity on the boundary 92 (z).
Replacing v(x, t) with (dz/dt)(«, t) in Eq. (8.61), we obtain the CDE

d 2T
Lan=-2 / Injz(er, 1) — 2(&', D)|za (e, Ddet',
dt 2 Jo
z(a, 1)];=0 = zo(a). (8.62)

Indeed, this equation contains all the information we need to have a weak solution to
the 2D Euler equation. We have the following proposition.

Proposition 8.6. Let zo(«) be a smooth map from the circle S U10 R Let z(a, t) be
aCY([-T, T1; C[O 2r) NC([-T, T1; C'[0, 27]) solution to the CDE:

( = ——/lnlz(a 1) —z(d, Dzo (e, )do/,

Z(Ol, t)]i=0 = zo(@).
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Define the velocity field v by
v(x, 1) = —ﬂ/ In|x — z(a', )|z (&', )d’,
2

and the vorticity (in the sense of distributions) by w(x,t) = curl v. Then v, w form a
2D Euler weak solution of the vortex-patch type [as defined in initial data (8.58) and
(8.59)].

Proposition 8.6 is analogous to Proposition 2.23 for the integrodifferential equations
for particle trajectories.

We note that by the derivation of the CDE, if v is a weak solution to the 2D Euler
equation corresponding to a vortex patch with a sufficiently smooth boundary, then
z(a, t) = X[zo(), t] solves the CDE. Here we prove that the converse is true.

Proof. We want to show that z(«, t), a solution to the CDE, defines a 2D weak
solution in the sense of Definition 8.1. We begin by showing the existence of w (x, 1)
and v(x, 1), satisfying

curl v = w
w(x,t) = wy, x € Q()
=0, x & Q(@1),

where the derivatives are taken in a distributional sense. Given a solution z(«, ) to
the CDE, we define

v(x, 1) = —;—;/ In|x — z(a, t)|zo (', t)da'.

Then, forx ¢ {z(a, t)|a € S'}, we can differentiate v under the integral sign to obtain

v x1—zi(a', 1)

= Zu t)do' 8.63
0x; |x — z(a/, t)|2 Zu(@’, e, ( )
Jv Xy — 2o(a t

= 7o (', )da' 8.64
9x lx — z(a/, t)|2 Zu(o, e ( )

If we view R? as the complex plane, then we can combine Eqgs. (8.63) and (8.64) to
obtain, by means of standard one-variable residue theory (Ahlfors, 1979),

0 0 1
curlv:ﬂ—ﬂ:Rew—o, dz
ox;  0xp 27 Joquy 2 — X
= wy, x € Q)
=0, x ¢ Q).

Here 2(¢) is simply the interior of the curve defined parametrically by z(«, ). Be-
cause z satisfies the CDE, dz/0¢t = v and Q2 must be convected by the velocity v.
This uniquely defines @ everywhere in R? but on the boundary d$2. Because we are
interested in obtaining only w € L, we can define it arbitrarily on a set of measures
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zero in R? without changing its value in L. We show later in this chapter that a
natural choice of w on the boundary is w(X) = wp/2, X € 9€2.

Now we show that @ and v satisfy the condition for a weak solution as defined in
Definition 8.1. We must show that, for all ¢ € CYR? x [0, T)},

T
/ wx, Te(x, T)dx —/ o(x, 0)wo(x)dx :/ %a)dxdt. (8.65)
2 R? 0 R? Dt

Because w is zero outside €2 (¢), the right-hand side of condition (8.65) is

r D r D

/ / —q)a)odxdt w()/ / —godxdt

o Jaw Dt Jo Jaw Dt
T d

wo/ —/ o dxdt
o dt Jou

wo{/ (x,T>—/ w(x,O)}
QT) Q(0)

/w(x,T)q)(x,t)—/ w((x,0)e(x,0).
R? R?

In the preceding equation, we use transport formula (1.15) to pull the time derivative
out of the inner integral. (]

Elementary Properties of Patches of Constant Vorticity

The existence and uniqueness theory from Section 8.2 has direct application to the
vortex-patch problem. Recall that the particle trajectories X’ : R?> — R? for the weak
solutions w(-,7) € L! (Rz) N LOO(RZ) are one to one and onto. This immediately
implies that patches of constant vorticity do not merge or reconnect for all time
t > 0. The equivalence of contour dynamics to the weak solution theory implies that
a smooth solution to the CDE describes a curve evolving in time that never crosses
or touches itself.

From estimate (8.33) we also know that the particle trajectories X’(-) are Holder
continuous for all time intervals [0,T]:

X (a1, 1) — X (@, )| < c|llol[Jer — 2|, Vo<t =T, (8.66)

with the Holder exponent B(t) = exp(—cl||wol||t). This bound guarantees only
Holder continuity (with decaying exponent) of the boundary. However, for the CDE
to make sense, we require that the boundary of the vortex patch be at least piecewise
C! smooth, so that z, is well defined almost everywhere. Hence a natural question
to ask is whether such a curve, if initially Lipschitz, remains so for some positive
time. The answer to this question is still not known. In this chapter we prove global
regularity for the stronger condition of a C'”-smooth boundary; that is, solutions
with an initially C'”-smooth boundary remain C'” smooth for all time. A stan-
dard induction argument combined with higher-derivative estimates, analogous to
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Chap. 4, Section 4.4, on higher-derivative control of smooth solutions to the Euler
equation, gives global smoothness for a patch boundary that is initially smooth.

We now give some insight into the importance of the role of the tangent vector in
the CDE. In studying the evolution equation of the tangent vector, we find that there
is a direct link between the CDE and the stretching of vorticity in 3D Euler flows
(Majda, 1986). Differentiating CDE (8.62) with respect to « yields Lemma 8.6.

Lemma 8.6. Let z(«t, t) € C'{[0, T*); C7(S")} be a solution to the CDE:

dz(a,t)
dt

(O] / / /
=——/lnlz(oz, 1) — 2(a . D)]za (e, da.
2

Then the derivative of z with respect to « (in the sense of distributions) satisfies

o+ . _ ,
%(a,o:—“’—;w / Gl @) =@ D] e

wn 2l ) —z(e D

Here PV | denotes the principal value centered at «. The proof of Eq. (8.67) is
standard; the details are presented in the appendix.
If we define the following matrix of SIOs,

V(@) = — 2PV / e D - e, D),

a-n |2l 1) — z(e/, D)]?

w; (o, t)dao', (8.68)
then Eq. (8.67) becomes

dzg -

(1) = Va1, (8.69)

V(w), is analogous to D(w), the deformation matrix for 3D flows (see Corollary 2.1
from Chap. 2), that is, V() is a SIO with tr V(w) = 0. We see that Eq. (8.69) is
analogous to vorticity equation (2.109) for 3D flows:

Dw

e D(w)w.

The simplest equation of this form is the scalar equation
w; = (Hw)w; wx,t):R x[0,00) > R, (8.70)

where H is the Hilbert transform:

VAS))

Hf(x)= | ——dy.

x —
This equation, viewed as a model problem for the preceding, more complicated equa-
tions, was analyzed by Constantin, et al. (1985). They showed that, for certain initial
data, the solution w to Eq. (8.70) blows up in finite time. In light of this fact, it is
remarkable that solutions to the CDE with smooth initial data do not develop singu-
larities in finite time. In Subsection 8.3.3 we present a proof of this result that shows
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in particular that we cannot rule out the possibility of superexponential (infinite-time)
growth of quantities associated with the tangent vector.

To prove global regularity, we first need to prove local existence and to link the
smoothness of the boundary with quantities associated with the tangent vector. A
natural framework for the local existence theory is that of contour dynamics.

8.3.2. Local Existence and Uniqueness of Smooth Solutions to the CDE

We know from relation (8.66) that the boundary of a patch of vorticity stays continuous
for all time. In this section, we use the equivalence of solutions to the CDE with the
weak solutions of Section 8.2 to prove local regularity of the boundary of a vortex
patch. Following the method of Chap. 4, we apply the Picard theorem on a Banach
space to the CDE to prove the local (-in-time) existence and uniqueness of solutions to
the CDE. We begin by showing that if the boundary starts out ¥ smooth it remains
so for a finite time. Using the fact that the CDE is an autonomous ODE on a Banach
space, we can determine sufficient conditions for continuing the C':* solution for all
time. In the next subsection we derive an a priori bound for the controlling quantity,
thus proving global regularity.
We start by showing the local existence of C'-¥ solutions of the CDE

dz(a,t) o
dt

z(a, 1) |i=0 = zo(a0).

Injz(a, 1) — z(e, D]za (@, Hde, (8.71)

We define C'7 (S'; R?) to be the space of maps z : S' — R? with Holder con-
tinuous first derivatives. We wish to know for a given y whether a solution z(«, )
remains in C7 for some fixed-time interval (—7T, T). To answer this question, we
recall Picard Theorem 4.1 from Chap. 4.

Theorem 8.3. Picard Theorem on a Banach Space. Let O CB be an open subset
of a Banach space B and let F (X) be a nonlinear operator satisfying the following
criteria:

(i) F(X) maps O to B,
(ii) F(X) is locally Lipschitz continuous, i.e., for any X € O there exists L > 0 and
an open neighborhood Uy C O of X such that

|F(X)— F(X)|lg <L||X —X||g  forall X,X e Uy.

Then for any X € O, there exists a time T such that the ODE

dX
o F(X), Xli=o = Xo € O, (8.72)

has a unique (local) solution X € C'[(—=T, T); O].
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‘We now apply Theorem 8.3 to the study of solutions to CDE (8.71). Consider CDE
(8.71) as an ODE on a Banach space B:

dz/dt = F(2),
o
F(z) = —*/ In|z(a, 1) — z(a', t)|ze (@', t)da,
2
Z(a, t)];=0 = zo(a) € B.

Consider z(a, t), for fixed ¢, as belonging to the space B"” (S') equipped with the
norm

"] 87z(e, 1) 3 z(a, t)
Mzllln,y = . + A , 0<y<l,
i’ ; dat | da' |,
_ ’Zl 9'z(a, 1) (8.73)
i=0 dor! Y

Here | |y denotes the supremum norm and | |, denotes the Holder y seminorm:

2], = max 200 — 2] (8.74)
60, |0 — O]
B™7” is equivalent to C™7, the space of C" functions with Holder continuous nth
derivatives. We use the notation B*" to emphasize the fact that it is a Banach space.
We discuss here the case n = 1. We then state a result for higher derivatives that
shows that low-order quantities associated with the tangent vector control all higher
derivatives. The proof of this is left for the reader and can be found in Bertozzi (1991).
The ideas are quite similar to those used in Chap. 4 for the 3D Euler equation.
To apply Theorem 8.3, we need an open set

OM ={z e B" ||zl > 1/M, |z4l0 < M}, (8.75)
where
0,) — z(6
2l = inf [z(01) — z( 2)|. (8.76)
01762 |61 — 6,

We neglect the (n, ) dependence of O as it is made clear by the context.
Proposition 8.7. Forall M > 0,0 <y <1, n € N, the set
OM ={z € B""|lzl« > 1/M, |zql0 < M}
is nonempty, open, and consists only of one-to-one mappings of S' to R*.
Proof of Proposition 8.7. OM is nonempty because it contains the identity map of S! to

the unit circle in R%. Also, the maps |z|. : B™” — [0, 00) and |z4]p : B™?" — [0, 00)
are continuous. To see that | - |, defines continuous maps from B™" to R, we note
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that, for zy, z, € B™Y,

.o 1z10) — 210 . |22(01) — 22(62)]
llzils = |z2l«] = | inf ————>= — inf ——F——"—"—
0176, |61 — 6>] 6176, |61 — 6]
121(01) —z1(6)]  [22(01) — 22(62)]
T 0150 |61 — 02| |67 — 65
|21(01) — 22(01) — [21(02) — z2(62)]
< sup
0,0, |61 — 6]
< 121 — 22ln,y-

Because O™ is the intersection of two preimages of open subsets of R, it is open.
Last, the condition |z, > 1/M requires that O™ contain only one-to-one maps. This
is because if z is not one to one, then z(9;) = z(6;) for some 6 # 6. Then,

_ o 00 @) 26D — 2] _

in = 0. (8.77)
0176, |6) — 6;] |9i‘< - 9;|

We note that a lower bound on the | - |, norm tells us two things: There is a lower
bound on |z, («)| and the curve does not cross itself. O

Theorem 8.4. Local Existence of C'Y(S") Solutions. Let z(x, t) be a solution to
the CDE

dz(a, t)
dt
z(a, t)];=0 = zo(a),

(<) ’ / ’
= ——In|z(e, 1) — z(', 1)|za (', D)d0t’,
2w

with initial data zo(e) € B™Y (SY). Then there exists T(M) such that z(a,t) € OM
Vt € (=T(M), T(M)).

If the boundary is initially C™" smooth, it stays C’¥ smooth for some finite-time
interval. This theorem follows directly from Picard Theorem 8.3, provided that we
can prove the following proposition.

Proposition 8.8. Let OM and B™" be defined as in open set (8.75) and norm (8.73),
respectively. Let F : OM — B™Y be defined by

Flz(a)] = —w0/2n/ In|z(a) — z(@)|zo (a)dad'.

Then F satisfies the assumptions of Picard Theorem 8.3, thatis, F is a locally Lipschitz
continuous operator from OM to B™7 .

Proposition 8.8 is analogous to Proposition 4.2 from Chap. 4. To prove it, we
need to show the following two things, that F maps O to B™Y and that F is locally
Lipschitz continuous. We prove here the case n = 1. Higher derivatives can be proved
analogously, following the same ideas used in Chap. 4, Section 4.4, to prove higher
regularity of Euler solutions. The interested reader can read Bertozzi (1991) for details.



8.3 Vortex Patches 339

The case n = 1 requires differentiation of F(z) once with respect to the variable
«. We note that although In|z(a) — z(a')|z¢ (@) is an L' function of o/, its derivative
with respect to «,

Za(@) - [2(@) — z(a)]
|z(a) — z(e)]?
is notin L' so we cannot a priori differentiate F under the integral sign. What is true,

however, is that d F' /da can be expressed as the principal-value integral of expression
(8.78). We have the following lemma.

Za (), (8.78)

Lemma 8.7. Let 7 € OM, where

M __ 1y M
- * ’ .
o {ze B "lz|, > 1/ lzalo < M}

Let
w( T
F(z) = ——/ In|z(a) — z(c) |z (' )de'.
27 0
Then,
dF __wo Zo(a) - [z(a) — z()] N
e la@) =~y [ O L0l whaw, (79

where PV [ represents the principal-value integral.

Lemma 8.7 follows directly from Lemma 8.6.

We note that Eq. (8.79) represents d F /da as a singular integral, where the integrand
blows up like z(«) /(¢ — @) near & = «’. To simplify the analysis, we desingularize
dF /da by putting it in an alternative form.

Lemma 8.8. Let 7 € OM, where

OM ={z € B" |zl > 1/M, |zol0 < M}. (8.80)
Then,
dF __® 2a(@) - 2(0) —2(@)] -
E[Z(a)] - 27_[ PV/ |Z(a) _ Z(a/)IZ Z(Ol )dO{
can be written as the sum of the following four integrals:
oo (@ ke =) @ @]
21 J 4 |z(@) — z(a — 0)
L= T |za (@) 2624 (@ — 0) — Z“(a)]de
27 ), lz(a) — z(e — 0)[?
_ oo [T ze(@) - [z(a —0) — z(@) — 024 ()]
b= ], 2(@) — z(a@ — )P Za(0)db
_wo [T [2(@) —z(a —O)] - [z(e — 0) — z(@) — Oza(@)]
T 0l2(@) — 2@ — O)P (et

where it is not necessary to use the principal-value form of the integral.
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The proof is left for the reader.

The Holder spaces satisfy various calculus inequalities. We introduced these prop-
erties in Chap. 4 and recall several that we use throughout the remainder of this
section.

Lemma 8.9. Calculus Inequalities of the Holder Spaces. Let f and g be Holder
continuous functions belonging to the space CY. In addition, let f be differentiable.
Then the product fg satisfies

|fgly = (1flolgly +1£1y18l0), (8.81)
the composition g o f satisfies
lg o fly <1 l518ly, (8.82)
and, if g € C7, then

lg(x) —g(x —6) — g' ()0 < 16]"71¢'l,. (8.83)

For proofs, we refer the reader to the appendix of Chap. 4. The last inequality,
(8.83), is not explicitly stated there, but follows from identical arguments.

To prove Proposition 8.8 we first show that F is a bounded operator from Oy to
B that is, we prove Lemma 8.10.

Lemma 8.10. Let F and z € OM be as defined in Egs. (8.79) and (8.80). Then there
exists C(M, y) such that, forall0 < § < 1,

I1E]l, = C(lzlo + 1), (8.84)

< C(llzally + D). (8.85)
Y

|5
Proof of Lemma 8.10. We have

wo ’ / ’

Flz(a)] = = In|z(er) — z(e)|za (e )dar'.

To show estimate (8.84) we must first estimate | F'|o. We note that, for |z]| < 1,

+ |1n(2|Z|o)|}

< ( i | ,|_|_|||_|_]
n .
= M Zlo

oa—oao

In|z(a) — z(@')] < G|In

If |z| > 1, then

o — o]

In|z(a) — z(a)| < C H In
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Thus
[Flo < [zaloC(M)(1 + |z]o)- (8.86)

To estimate | F|,, we fiX |@ — &| = € and write
2 _
—{Flz(@)] = Fz(®)]}
o
- / Inf2(@) — 2(&) |z (@)da’ — / In[2(@) — 2(e) 20 (o)’
= / [In|z(e) — z(a")|za (@ )de' — In|z(@) — z(a)|z4 (&) 1de!’
la—a’|<2e

+ / [In|z(a) — z(&) |z (& )da" — In|z(@) — z(a)|za (@) ]d’
la—a’|>2¢
=1L+ 5.
To estimate I; we observe that

|z(e) — z(a)] -

<CM,
loe — ']
_ /
1M < |z(a@) — z(a")]
le — |

Therefore

C Ja—d| - lz(a) — z(a')| - sl —a |.

M? @ —a'| T |z(@) — z(a)] | — o'
Thus

I] :/ |:1H|Z((i[) _Z(a/)|Za(Ol/) dOl,,

la—a'|<2e |Z(Ol) - Z(Ol )|
1] < C(M) [In|0]|d6 < C(M)e loge. (8.87)
|6]<2e

To estimate I, we note that for @ — | > 2e, the mean-value theorem gives us

Za (@) - [2(e0) — z(e)]
lz(atg) — z(a)|?

In|z(a) — z(@)| = In|z(@) — z(a)| = €
where g € [o, @]. Thus

1
L] < C6M4/ —df
16126 161

< eM*(|Ine|). (8.88)

If we combine relations (8.87) and (8.88) we have

|Flz(e)] — Flz@)]] < C(M)|o — o'| log|at — o]
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Hence F(w) is quasi Lipschitz continuous and, in particular, is Holder—y continuous
for all y < 1. This, combined with the estimate for | F|o, gives us the desired result.

To prove estimate (8.85), we use the form of F, from Lemma 8.8. We eliminate
many details because the arguments are straightforward and similar to those used in
Chap. 4. For example, consider the first integral 7;. The bound on |7 |y follows from a
direct application of the calculus inequalities and the definition of O, to the integrand
in Iy; that is,

T . —0) — -6 o
5 @/ 2o (@) - [2(e — 0) — z(2) — 02 (O‘)]Za(a —0)do, (8.89)
27 ), z(er) — z(a — 0)[?
wy [T |Za|(%|za|y91+y
[l < @0 ZalolZaly® 7 g 8.90
| 1| = or [ﬂ |Z|§92 ( )
|ZOt|(2)|Z01|}/
<Clwo,y)— 5 — (8.51)
|zl5

A bound for |I;|, follows from a combination of arguments used in the derivation
of the above bound for |I;|y and the arguments used to compute analogous bounds
for |[VF|, in the proof of local existence of solutions to the Euler equation from
Chap. 3. The other integrals are computed similarly. We leave the details to the
reader. A complete discussion can be found in Bertozzi (1991). O

To finish the proof of Proposition 8.8 we must show that F is locally Lipschitz
continuous on Oy . We prove this fact by proving a sufficient condition, that the
derivative F’(z) is bounded as a linear operator from O™ to B17, || F'(z)|| < 00, Vz €
OM . Then, by the mean-value theorem, we have

1
d
|F(z1) — F(z2)|1,y = ‘/ e Flz1 + €(z2 — z1)]de
0 ac Ly

1
=< / I1F'[z1 + €(z2 — zD)]lldelzr — 22l1,.  (8.92)
0
So F is locally Lipschitz continuous on O™. We compute F’(z) as

d
F'(2)y = _EF(Z —€))]e=0

d wo 2 / /
- d{/ Injz(er) + €y(a) — z(a') — €y(a)|
€27 Jo

x [za (@) + Gya(a/)]do/}

o (8.93)
— 2 / / /

_ 7/ Infz(@) — 2(a) Yo (0 )dex
2 0

_ Wy 7 [y(er) — y(@)] - [z() — z(e)]
27 Jo lz(e) — z(a)|?
=Gy + Ga2(2)y.

2o (@)da’
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We need to obtain estimates for the | - |1, norms of G{(z)y and G»(z)y. As in

Lemma 8.7 we can differentiate under the integral sign as long as we consider the
resulting expressions as principal-value integrals.

Lemma 8.11. Let G(2)y and G,(z)y be as defined in Eq. (8.93). Then,

o /za(a) - [z(a) — z(a’)]ya (@)do

d
@[GI(Z)Y(‘X)] = _EPV lz(a) — Z(Ol/)|2

ﬂpv/ya(a) [z(e) — z(a)]

2 2(@) — 2(@)P

w0 [za(@)  [y(@) — y(@)]

B EPV/ 2e) — 2(@) P

4 ®py / 2a(@) - [2(@) — 2(@)][y(@) — y(@)] - [z(@) — z(@))]
- lz(a) — z(a")*

d
—[G2(D)y(@)] = — zo(a)da’
do

2o (ada’

X zo (0 )do .

The proof of Lemma 8.11 is essentially identical to that of Lemma 8.7, proved in
the appendix.

Furthermore, we can write (d/da)[G1(z)y] and (d/da)[G2(z)y] in the form of
Lemma 8.8. For example,

d G
ﬁ[ 1(2)y]
_ o0 [T @) =0 — @ bz
o ), (@) — 2(a — O)]2 Yo
_ o0 [T z@POlye(@—6) — yu(@]
27 ), lz() — z(x — 0)]?
_wo [T za(@) - [2(a — 0) — z(@) — 024 (@)] (@)do
2 ), 2(@) — 2(a — 0)]2 Ve
o [T [z(e) —z(a — O)] - [z(a — 6) — z(a) — Oze ()] (@)d8
2 ), 0lz(a) — 2(c — O)P2 FoR)AT

(8.94)
The analogous expression for [G,(z) y] has more terms than G but s similar. Standard

singular integral estimates analogous to the ones used to prove Lemma 4.10 of Chap. 4
give Proposition 8.9.

Proposition 8.9. Let G1(z)y and G2(z)y be as defined in Eq. (8.93). Then there exists
C(M, |z|1,y) such that

1Gi(@yly = CM, zli)lyh, =12 (8.95)

Thus F is a locally Lipschitz operator on OM C BV .
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This concludes the proof of Proposition 8.8 and therefore the proof of the local
existence of solutions z(«, ) € B"Y.

Now that we have proved local existence and uniqueness, we can use the continu-
ation part of the Picard Theorem (Theorem 4.4 on page 181) to see that as long as we
have control over M we have control over |||z|||1,,, . We recall this result from Chap. 4.

Theorem 8.5. Continuation of an Autonomous ODE on a Banach Space. Let O C B be
an open subset of a Banach space B and let F : O — B be a locally Lipschitz contin-
uous operator. Then the unique solution X € C'{[0, T); O} to the autonomous ODE,

dX
I:F(X)’ X|i=o = Xo € O,

either exists globally in time or T < oo and X (t) leaves the open set O ast /' T.

In particular, this shows that solutions can be continued in time provided we have
good control of |z|;,,, and 1/|z|,. We now show that this is sufficient to control higher
derivatives. Repeated differentiation of F[z(«)] with respect to @ combined with
arguments similar to those discussed above gives the following proposition.

Proposition 8.10. Let F and z € OM N B™Y be as defined in Eqs. (8.73) and (8.75).
Then there exists C(M, |z|,—1,,) such that

HE @y = CM, |zln—1,) 121 ],y -

We recall Gronwall’s Lemma (Lemma 3.1 in Chap. 3).

Lemma 8.12. Gronwall’s Lemma. If u, q, and ¢ > 0 are continuous on [0, t], c is
differentiable, and

q) <c(@) +/ u(s)q(s)ds,
0

then
q(t) <c(0) exp/ u(s)ds+/ c’(s)[exp/ u(r)dr}ds.
0 0 s

This shows that Proposition 8.10 provides an a priori bound for higher derivatives
in terms of lower ones; that is, the continuation property of ODEs on a Banach space
gives the following proposition.

Proposition 8.11. Let z(«, t) be an exact solution to

dZ wq / / /
— = — [ In|z(a, 1) — z(&', 1) |z (', t)d
dt 21
with initial data z(«, 0) € B™? forn > 2. To guarantee that z(a, t) remains bounded
in B™Y on any time interval [0, T, it suffices to to control the norm in B" 17 and

1/|zl+« on that time interval.
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Using an induction argument on n, we finally obtain the following theorem for C*°
curves.
Theorem 8.6. Let z(«, t) be an exact solution to

d
d—f = ;‘)—;T’ Injz(@, 1) — 2(@', 1)|za (@', £)de!

with initial data z(a, 0) € C®(S"). Then in order to guarantee that z(a, t) € C®(S")
for all time it is sufficient to control |z, (t)|1,, and |z(t)].

In the next subsection we prove a priori bounds for these quantities. Note that
dz/dt = v(z) implies that

d
E[Z(a’ 1) —z(@, )] = v[z(e) — v(z()]

and hence
d _ / , _ / _ !’ _ /
d  |a—a I, < lv(za) — [z (e )],”O; o < Vol o — o |,
dt |z(a) — z(a")] |z(er) — z(a)] |z(er) — z(a)]
or, taking a supremum,
d < [Vv]
— V| poo —.
dilzle = Il

Gronwall’s lemma then shows that an a priori bound on fOT |Vv|p~dt provides an
a priori bound for 1/|z|, on the time interval [0, T]. A similar argument shows that
|zo| L= is also controlled a priori by fOT |Vv|p~dt. Furthermore, if we define an Eu-
lerian vector field W (x, 1) to satisfy W[z(«, t), t] = z4 (e, t) on the patch boundary,
then a bound for |W(-, t)|c» and |z4|z~ produces a bound on |z4(-, )|, by calcu-
lus inequality (8.82). We introduce such an Eulerian vector field in the next sub-
section by considering the perpendicular gradient V* of a defining function ¢ for
the patch boundary Q = {x|p(x) > 0}. We derive a bound for fOT |Vv|r~dt and
[W(x, )|, = |Vlg0|y on an arbitrary time interval in terms of the initial data alone.
Consequently a C'¥-smooth patch boundary remains C'? smooth for all time.

8.3.3. Global Regularity for Vortex Patches

This question of global regularity of the boundary of the patch has been the sub-
ject of some debate in the computational literature (Buttke, 1989; Dritschel and
Mclntyre, 1990). Recently Chemin (1993), using machinery from paradifferential
calculus, proved that smooth contours stay smooth for all time. The simpler proof
presented here is due to Bertozzi and Constantin (1993) and uses standard techniques
from harmonic analysis, related to the arguments from Chap. 4 and from the previous
local-existence theory for vortex-patch boundaries.

We switch now from a Lagrangian framework as used in the previous subsec-
tion to the Eulerian framework of Section 8.2. The important quantity is Vv. Using
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Proposition 2.17 we explicitly compute

Volx) = ;—;PV/ XN gy @

o lx—yP? 2

0 -1
[1 0:|XQ(X): (8.96)

where PV [ stands for Cauchy’s principal-value integral. The characteristic function
X o we take to be 1 in €2, 1 on 8, and 0 outside 2. The 2 x 2 symmetric matrix o (z)
has the explicit form

(8.97)

1 2_ 2
o (2) = |:2Z1Z2 75 Z1:|'

lz2 |23 — 27 —2uz

As in previous discussions (see, for example, Chap. 2, Subsection 2.4.2)involving
singular integrals, we do not use the explicit form of ¢ but in fact only the following
three properties:

(1) itis a smooth function, homogeneous of degree 0,
(2) it has zero mean on the unit circle, and
(3) itis symmetric with respect to reflections,

o(—z2) =0(2). (8.98)

Formula (8.96) indicates that Vv is discontinuous across the boundary of €2, no matter
how smooth this boundary might be. However, we show that |[Vv(x)| is bounded
across smooth (C') boundaries. We show this to be true by using the reflection
symmetry of o, which in particular gives that the mean of o on half-circles is zero.
Near the boundary of 2 the intersection of 2 with a small circle looks very much like
a half-circle. We explicitly exploit this fact in the Geometric Lemma below. Following
the arguments used in the proof of Lemma 8.8 we could prove the boundedness of
|Vv] in Lagrangian coordinates. However, in Eulerian coordinates we obtain a simple
logarithmic bound analogous to bound (4.50) 15 in Chap. 4:

[Vulr> < Cylaol{1 + (log[A, D}, (8.99)

where A, is related to the y —Holder modulus of continuity of the tangent to the
boundary (Proposition 8.12).

A second key point is that, despite its discontinuity, Vv is nevertheless continuous
in the tangential direction. More precisely, we show that the formula

wo olx—y)

Vo(x)W = —PV/ 3 [W(x) — W(y)ldy. (8.100)
2z o lx—yl

holds for divergence-free vector fields W that are tangent to 0<2. We apply this idea
to the vector field

W= V<op, (8.101)
where ¢ is a C'7 function in R? that defines the patch by
Q = {x e R*|p(x) > 0}. (8.102)

We combine these two ideas to obtain an a priori bound for V.
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In the previous section on contour dynamics, we showed that, for sufficiently
smooth boundaries, the vortex-patch evolution was equivalent to a solution to the
CDE. In this section we reformulate the vortex-patch problem in terms of a scalar
function ¢(x, t) that defines the patch boundary by {¢(x,?) > 0} = Q(¢) and is
convected with the flow by

3
%% L v.vp=0, (8.103)

ot
@(x,0) = @o(x). (8.104)

Equation (8.104) guarantees that ¢(x, t) defines the patch boundary at later times if
it initially satisfies {¢(x, 0) > 0} = €. We can express the entire evolution in terms
of ¢ by means of the Biot—Savart law

o, 1) = @/ Ve Injx — yidy.
Q

2 (8.105)
Q = {x € R?*|p(x) > 0}.
We assume that
Qo = {x € R*|go(x) > 0} (8.106)
is bounded and has a smooth boundary. We also assume that
inf [Vgo(x)| > m >0 (8.107)
er)QO

andthat gy € C"7 (R?). Inview of law (8.105), the vorticity w (x) = d,v1(x)—31v2(x)
is

w(x, 1) = woX gy (x) (8.108)

with characteristic function y o(x) = 1 ifx € @, % ifx €9Q,and 0if x ¢ Q.

The existence of a solution to Egs. (8.103) and (8.104) is guaranteed by the weak
solution theory of Section 8.2; that is, it guarantees a unique solution in the sense of
Definition 8.1 for an initial vorticity of the form wy(x) = wox q,. If X (x, 7) are the
particle trajectories associated with this solution, then a solution to Egs. (8.103) and
(8.104) is simply

e(x, 1) = (X (x,1)). (8.109)

Note that taking V+ of Eq. (8.103) combined with the divergence-free condition on
v gives an equation for W(x, t) = V4to(x, 1):

aw

o +v-VW = VuW. (8.110)
In particular we see that if z(«, ) is a Lagrangian parameterization of the patch
boundary with z4 (¢, 0) = W(z(e, 0), 0) at t = 0, then z4 (e, 1) = W[z(a, 1), t] at a
later time ¢. Hence it is sufficient to prove appropriate bounds on the Eulerian field
W(x, t) in order to control the Lagrangian tangent vector z, (¢, t).
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We use the following notation during the rest of this chapter: The area of €2 (¢) is
constant in time and defines a unit of length,

L? = area(§2) = area[2(1)]. (8.111)
‘We also use the notation

Vo)l = inf [Vo(ol = _inf_ |90l

Vo) — Vo)
e =217

[Vo()|, = sup R O<y<l.
x#x'
Our goal in this section is to prove global regularity for the patch boundary by the

equivalence of the evolution of ¢ with vortex-patch evolution. Hence the main result
is one of regularity of ¢.

Theorem 8.7. Givenwy # 0, Q2 bounded, and ¢, € C'Y (R?) satisfying assumptions
(8.106) and (8.107), there exists a constant C that depends on only |wyl, L, |Vol,,
[Voolr=, and |V @gins So that problems (8.103)—(8.106) have a unique solution ¢ (x, t)
defined for all x € R* and t € R and satisfy

IVU(, D)z~ < [V(-, 0)| e, (8.112)
Vo, D), < [Ve(, 0)]yexpl(Co + y)e"]. (8.113)
IVo(-, D)1~ < |Vo(-, 0)|~exp(eC!"). (8.114)
IVo(, Dlint = [V (-, 0)lingexp(—e<!"). (8.115)

C) is a fixed constant. From the previous section we have that relations (8.112)-
(8.115) are sufficient for higher regularity. That is, we have Theorem 8.8.

Theorem 8.8. Consider wy # 0, Qq bounded, and ¢, € C*Y (R?) satisfying assump-
tions (8.106) and (8.107). Let ¢(x, t) be as defined in solution (8.109). A sufficient
condition for ¢(x,t) € Ck’V(Rz)for allt € [0, T1is that [Vo(-, t)|,, IVe(, )],
and 1/(|V@(-, t)|inf) remain bounded for all t € [0, T].

In particular the above theorem is true for C* = N2, C7.

Proposition 8.12. Assume that v is given by Biot—Savart formula (8.105) and ¢ is
related to Q2 by assumption (8.106). Then

9 2
Vo[~ < (2 + y) lwol{1 + (log[A, D}, (8.116)

where

_ IVeOl, LY
T VOO it
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Recall from Eq. (8.96) that the velocity gradient can be decomposed into symmetric
and antisymmetric parts,

wo o(x —y) wy |0 —1
\Y =—PV| ——d — , 8.117
v(x) = — /Q Ty Yyt [1 0 } Xa(x) 8.117)

and we need only to estimate the symmetric part of (Vv)(xg). The only nontrivial
case is when xy is close to the boundary of 2. Let us denote by

d(xo) = inf {lx —xol} (8.118)

the distance from x( to 2. We take a cutoff distance 0 < § < oo defined by

57 — IV@lint (8.119)
Vol
and consider the set of points x( so that
d(xo) < 8. (8.120)
For every p, p > d(xp), we consider the directions z so that xo + pz € Q2 :
Sp(x0) = {zllzl = 1, x0 + pz € Q}. (8.121)

Also, we choose a point ¥ € 9€2 so that |xo — X| = d(x¢) and consider the semicircle
Z(xo) = {zllz| = 1, Vip(¥) -z = 0} (8.122)
As d(xp) approaches zero, the symmetric difference,
R, (x0) =[S, (x0) \ Z(x0)] U [E(x0) \ Sp(x0)], (8.123)
becomes negligible. More precisely we have the following lemma.

Geometric Lemma. If R,(xo) is the symmetric difference in Eq. (8.123) and H'
denotes the Lebesgue measure on the unit circle then

14
H'[R,(x0)] <27 |(1 +2V)@ +2V(§> ] (8.124)

holds for all p > d(xg), 1 > y > 0and x¢ so that d(xg) < é = (|V(p|,-nf/|Vg0|y)'/y.

Proof of Geometric Lemma. Recall that

Sp(xo) ={zllzl =1, x = x0 + pz € 2}, (8.125)
Z(xo) = {zllzl =1 [VipX) - ()] = 0}, (8.126)
R, (x0) = [Sy(x0) \ Z(x0)] U [Z(x0) \ S, (x0)]- (8.127)

Let0(z) be the angle in R, (x¢) that corresponds to the point z in R, (xo). Parameterize
R, by 0(z), given by

Vo) -(2) Vo) (X —x) Vo) (xo+pz—X)
IVo(x)lz| IVo(X)lp IVo(X)|p

sinf(z) =
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If z € R,(xp) then either {sinf(z) > 0 and ¢(xo + pz) < 0} or {sinf(z) < 0 and
@(xo + pz) > 0}. In either case, because ¢ (X¥) = 0 and Vg (X) is parallel to xo — X,

d(xo)  |VoX) - (xo+pz—X) @0+ p2) —¢X)

[sinf(z)| < — -
[Vo(X)|p [Vo(X)|p
_ d(xo) IVol, |xo + pz — X7
P PIV@lint
d(x \%
< 00 VOl ) 4 o1
Jo PIV@ling
d v
< (X0)+2y | (P|y [d(xo)Hy—}—pl*V]_
Iy LIV @lint
Hence
d v
H‘[Rp<xo>]szn{ (x0) | oy 1VOly [d(xo>‘+y+p”y]}
o PIV@line

d(xo) r\’
o))

Proof of Proposition 8.12. Recall that we need only an estimate for the symmetric
part of Vv, which we write as the sum of two integrals, I; and I,. I, is the integral

wo o(xo—y)
I = — _—
2(x0) 271/ =8 X0 — yI? 4.
Qn{lxo—yl=8) 1X0 — Y

where § is defined in Eq. (8.119). It follows that

8
Ll < 1+1 =11
|2|_|w0|[ +og(L)]

L) = 2 / T@ =)

27 Jangixo—yl<sy %0 — 12

On the other hand,

vanishes if d(xp) > §, so we may assume that d(xp) < §. Passing to polar coordinates
centered at x( and using fz (x0) odH'(z) = 0, we obtain

lwol [° dp
I (x0)] < — L H'[R, (x0)].
27 Jayy) P

Applying the Geometric Lemma and integrating yields

v
[11] < leol [(1 +2") + } :
14
Proposition 8.13. Ifv is given by Biot—Savart formula (8.105) and W is a divergence-

free vector field tangent to 92, then

Vo(x)W = @PV/ M[W(x) — W()ldy. (8.128)
2z o lx =yl
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Proof of Proposition 8.13. We use the fact that

o(x—y)

V, [V loglx — =
9 logle =yl = T

to rewrite Eq. (8.96). Integration by parts and the fact that W is divergence free and
tangent to 92 imply that

1
PV / VIV; loglx — yIIW(y)dy
Q

s
. o X =Yy 1

= —lim —/ [W(y) . <>} V- log|x — y|dy
6=027 Jjxoyj=s,ve 8 g

0 -1
=~ Xal) [1 0 ] ).

Substitution of the left-hand side of the above equation for the second term in
Eq. (8.96) gives the desired result. O

A corollary to Proposition 8.13 is Corollary 8.1
Corollary 8.1. There exists a constant Cy such that if v is given by Biot—Savart

formula (8.105) and if W is a divergence-free vector field W € C? (R*, R?) tangent
to 0%2, then

VoW, < ColVu|i~|W],. (8.129)

The proof is straightforward and is given in the appendix.
We use this bound to prove the first estimate in Proposition 8.14.

Proposition 8.14. We assume that ¢ is a solution of problems (8.103)—(8.106) on
some interval of time |t| < T. We also assume that ¢(-,t) € C“¥(R?*) and that
IVo(, O)lint > O for |t| < T. Then

IVo(. Dl < IVe(., 0)], exp [(Co+3/)/ IVU(uS)ILmdS} (8.130)
0
IVo(, D= = [Ve(, 0)] > exp[/ |VU(’7S)|L°0dS]a (8.131)
0
IVo(-, Dlint = [V@(-, 0)[inf exp {—/ |VU(‘,S)|L°CdS:|- (8.132)
0

We conclude that, by using Proposition 8.12 in conjunction with Proposition 8.14,
the estimates in the Theorem 8.7 are true as long as we have a C Ly solution; that is,
plugging bounds (8.130)—(8.132) into bound (8.116) from Proposition 8.12 produces
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the following estimate:

IVu(, )|~ = C(wo) {1 +/ |VU(',S)|L°°dS:|7
0

where C(wg) is a constant that depends on only the initial data. Gronwall’s
Lemma 8.12 implies an a priori bound for |Vv(:, #)|.~ on any time interval. Re-
call from the remark at the end of the preceding section that this is sufficient to
control 1/|z], in the Lagrangian variables. Furthermore, by Proposition 8.14 we have
an a priori bound for [V (-, t)|,, IV@(-, t)|r~, and |V@(-, t)|ins. The equivalence of
the ¢ evolution problem to the CDE (in particular we can estimate |z, , in terms
of |¢i,, and vice versa) combined with Theorem 8.6 of the previous section proves
global regularity of the boundary of the vortex patch.

Using the same approach, we can prove that several disjoint patches retain the
smoothness of their boundaries. Also, under appropriate assumptions, the result holds
for a patch of nonconstant vorticity.

To prove Proposition 8.14, we recall that W = V1 ¢ satisfies

ow
T +v-VW = VuW. (8.133)
Let X («, t) be the particle-trajectory map associated with v. We can obtain bounds
(8.131) and (8.132) directly by writing Eq. (8.133) in Lagrangian coordinates and

computing pointwise bounds for |W|; that is,
W(X (e, 1), 1) = Z(a, 1)

so that Z satisfies

dZ(a,t
g’; ) VX (e 1), DZ@. 1)
dn|Z(a, 1)
——— = [Vv(X(«@, 1), 1)]
dt
e*ﬁ;wv(',.‘)ho@ds < |Z(Ot, t)| < 7‘]: \Vv(-,s)lLocals7

~ 12, 0)] T

which certainly implies bounds (8.131) and (8.132).

We present the details of bound (8.130). The proof of this bound is almost identical
to the proof of bound (4.48) from Lemma 4.8 in Chap. 4. The particle trajectories and
the definition of material derivative imply that Eq. (8.133) is equivalent to the integral
equation

t
W(x,t) = Wo(X ' (x)) + / VoW (X*7(x), s)ds.
0
Hence the difference

\W(x, 1) — W(x', 1)] satisfies [W(x, £) — W(x', )]
< [Wo(X™'(x)) — Wo(X " (x")]

+ ‘ / VoW (X 7 '(x), s) — VoW(X* ' (x'), s)ds
0
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t
< [Woly IVX |7 wlx — x|V +/ VoW (-, )1, [VX* ™ |7 ]x — x'|"ds
0
t
= |Wol, exp {V/ IVu(., S)|L°°ds:| lx —x'|”
0
t t
+/ IVoW(-, 5], exp [y/ Vs, .>|Loods} x —x'|"ds,
0 K
where we use calculus inequality (8.82) and the fact that V, X" satisfies
t
VX~ < eXp[/ [Vu(s’, ')|L°°ds/:|-
Thus
t
IW(, 0)l, < |Wol, exp {V/ |VU('aS)|L°°dS]
0
t t
+/ IVoW(., 5)|, exp [y/ [Vu(., S/)|LoodS,:| ds.
0 s
Writing Q(s) = |Vu(-, )|~ and using estimate (8.129) from Corollary 8.1 we have
t
(W(, 0)l, < [Wol, exp {V/ Q(S)dS}
0
t 1
+C/ O(s)|W(., s)l, exp [y/ Q(s’)ds’} ds.
0 s
Multiplying both sides by exp[—y fol Q(s")ds’], we obtain
t
IW(, Dl GXP[—V/ Q(S/)ds/] = [Woly
0
t S
+Co/ Q(s)IW(, ), exp [—V/ Q(S’)dS’}ds,
0 0
so that [W(-, )|, exp[—y fot 0(s")ds'] = G(v) satisfies

G1) < [Wol, + Co/0 0(5)G(s)ds

and thus by Gronwall’s Lemma satisfies

G (1) = [Woly exp [Co/o Q(S)dS}

which gives

IW(, D]y, < |Wol, exp [(Co + )/)/ |VU('75)|L°°dS:|-
0
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8.4. Appendix for Chapter 8
8.4.1. Differentiation of the CDE

Below we present the proof of Lemma 8.6, on the differentiation of the CDE.

Lemma 8.6. Let z(or, 1) € CY{[0, T*); C17 (S} be a solution to the CDE

dz(a, 1) o / / /
=—— [ In|z(a, t) — z(c, ) |za (@', )d';
dt 2

then the derivative of z with respect to « (in the sense of distributions) satisfies

o+ . _ /
%(a’ £ = —ﬂPV/ Za(a, 1) - [2(e, 1) — z(a ’t)]za(a’, ndel. (8.134)

2 o lz(a, ) — z(a/, 1)]?

Proof of Lemma 8.6. Without loss of generality, we omit the wg /27 . By the definition
of the distribution derivative, for all & € C*®(S!),

iﬂ? @ = — ﬂ? ¢0l
da dt dt
_ / / O () Infz(t, 1) — (e, D]za (@, Ndeda
st Js!

= lim// D, (o) In|z(a, t) — z(a’, 1) |zo (o, t)da' da
SIx S /{la—a'|>€}

e—>0

e—0

= lim/ / @y (o) In|z(a, ) — z(, 1) |zo (@', )dadd!
a’eSt Jla—ao'|>€

= lim [®(a —e)In|z(a) — €, 1) — z(c, 1)]
=0 Jyest

—®(a' +e)Injz(e + €, 1) — z(d, D]z (@, t)de’
ala, 1) - 1) =zt ,
+1i1n/ / d)(ot)Z (@1 Rl —z( )]dada
a’eSt Ja—a'|>€

€—0 |z(a, 1) — z(a/, 1)|2

=D+ ®.

We now show that (1) = 0. We show that the integrand is bounded by a constant
times €” as € — 0.Indeed, |® (a2’ —¢) In|z(a' —€, 1) —z(a', )| — P (o' +€) In|z (o' +
€,1) —z(a', )|
< |[®(@ =€) — (@ + O)llInjz(e' — €, 1) — z(a, D]
+1@(" + e)llnjz(a’ —€,1) — z(a', )| = Infz(a" + €, 1) — z(', D]
= (la) + (1b)
(la) < 2€|Py ()| In€ In|z].

By the mean-value theorem,

Z(a, + €, t) - Z(a,7 [)
€

Z((X/ — €, t) - Z(a/v t)
€

(1b) < |®lo||In —1In
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[[z1a (01, 1), 220 (@2, 1)]]
[[z1a (3, 1), 220 (4, )]

ln{l n [[z1a (a1, 1), 22 (a2, D] — |[210 (23, 1), Z2a (s, 1)]] H

< |®[pln

< |®|
0 210 (@3, 1), 22 (0t )]

= C|®0||Za|y€y/|z|*-

Thus, using the dominated convergence theorem,

( d dZ q)> = llm/ / CI)(O[)ZO[(O[’ t) . [Z(Ol, t) - Z(a/’t)]dol,dd
aeS! J|a—a'|>€

da dt’ e—0 z(et, 1) — z(e', 1)|?
a(a, 1) - [z(a, 1) — z(a/, t ,
=/ lim o (@) e D) 2@ ),Z(‘z N to da
aeS! e—>0 la—a'|>€ |Z(a, t) - Z(a ) t)'
we obtain the desired result. O

8.4.2. Singular Integral Estimate

We prove Corollary 8.1 in a more general form.

Lemma. Let K be a Calderon—Zygmund kernel, homogeneous of degree —n, with
mean zero on spheres, satisfying |VK (x)| < C|x|™"~. There exists a constant Cy so
that all f € C<(R") and w € L*(R") satisfy

|Gle < Cole, )| fle(IK * o|Lx + |w|L~)

where
G(x) = PV/ K(x = y[f(x) = f(W]w(y)dy.
R}X

Proof. We write
Gx)—Gx+h)

_py / K@ = I = FO)omdy
_pv / K +h— I +h) — F0)lo()dy

_pv / K@U = FOletdy
_pv / K@ R DU G = f000)d)
4PV / K@U ey

+Pv/ [K(x—y) = K(x+h = DI G +h) — FO)oOdy
[x—=y|>2h

=+ +G)+@.
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Clearly |(1)], |(2)] < Ce|f|ch€|w|L=. Also, we have
C €
(4] =< h—— | flelolixdy < Ch®| flelw|r>.
[x—y|=2h |x — vl

We obtain a bound for (3) by using a lemma that is due to Cotlar (see Torchinsky,
1986, p. 291):

1
I3 =1f he’PV/ K(x = y)o(dy| = Col fleh®(|K * w|r= + |w|L*).
e 27 r—yl=2h
Combining these four estimates gives the desired result. O
Notes for Chapter 8

The weak L* solution theory dates back to the 1963 work of Yudovich.

In 1979, Zabusky et al. (1979) showed that the vortex-patch solutions are useful from a
computational point of view. By restricting the problem to a patch of constant vorticity, they
introduced the CDE as a means of reducing the dimensions of the equation from two to one.
Since that time, there has been quite a vast literature illustrating the rapid development of
structure on the boundary on a vortex patch (Zabusky and Overman, 1983; Zou et al., 1988;
Dritschel, 1989; Dritschel and Mclntyre, 1990; Buttke, 1989). Furthermore, there are several
works addressing an exact, steady solution like the Kirchoff ellipse discussed in Section 8.1.
Examples include uniformly rotating vortex solutions with corners (Overman, 1986; Wu et al.,
1984) and uniformly translating pairs of vorticies (Pierrehumbert, 1980; Saffman and Tanveer,
1982).

The work of Chemin (1983) and Bertozzi and Constantin (1993) on the regularity of the
boundary of a vortex patch has been recently extended to the case of a vortex patch in a
bounded domain by Morgulis (1993) and to the case of a patch with corners by Danchin
(1997). Constantin and Wu (1996) address the behavior at the vortex-patch boundary for the
vanishing viscosity limit of the Navier—Stokes equations.
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_9_

Introduction to Vortex Sheets, Weak Solutions, and
Approximate-Solution Sequences for the Euler Equation

Many physical phenomena possess strong, irregular, and typically unstable fluctua-
tions with intense activity on small scales. The small-scale dynamics can sometimes
induce large-scale coherent structures and affect the overall behavior of a system.
Small space or time scales or a small parameter in a nonlinear model provide the
mathematical infrastructure for understanding such problems. A current challenge of
modern applied mathematics is to develop new tools to understand such singular lim-
its in nonlinear equations and their physical significance. Fully developed turbulence
(Avellaneda and Majda, 1994) is one such exciting research area and provides one
motivation for the material in this and subsequent chapters. Some other examples in
which modern analysis is playing such a role include the focusing of laser beams
(Merle, 1992), contact line motion in coating flows (Bertozzi and Pugh, 1996), phase
transition and homogenization in materials (James and Kinderlehrer, 1989), and sta-
tistical physics (Lions, 1991). Our main focus in the next four chapters (Chaps. 9-12)
is the development of analytical tools to address these questions for the 2D and the
3D Euler equations. In Chap. 13 we summarize a recent body of research (Zheng and
Majda, 1994; Majda et al., 1994a, 1994b) on an analogous problem, that of the 1D
Vlasov—Poisson equations.
The Navier—Stokes equations (1.1)—(1.3) of Chap. 1, can be rewritten as

€

ot

+div(v® ® v°) = =V p© + e Ave, divv® =0, 9.1

where € denotes the kinematic viscosity and the notation # &® v, denoting the matrix
product ;v ;, provides a convenient way of introducing a weak solution theory. We are
interested in properties of this equation in the limit as ¢ — 0 or, equivalently, as the
Reynolds number goes to infinity. Fully developed turbulence, present in many high
Reynolds number flows, is characterized by the fact that the parameter € in Eq. (9.1)
is extremely small. Mathematicians can contribute to the scientific understanding of
turbulence by addressing natural questions associated with the Navier—Stokes equa-
tions. For example, given a sequence of solutions {v¢} to Eq. (9.1), what kinds of
structures persist in the limit as € — 0? Moreover, do we recover a solution to the
Euler equation in this limit? What physically motivated constraints must a family of
solutions {v€} (approximate or exact) to the Euler equations satisfy in order for a weak
limit to satisfy the Euler equation? As we saw from Chap. 3, given fixed smooth initial
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data for which the Euler problem possesses a smooth solution, the zero-viscosity limit
of the Navier—Stokes solutions satisfies the Euler equation. However, for less smooth
initial data the answer becomes less clear. The study of such small-scale dynamics of
this kind was recently addressed by a comprehensive body of research by (DiPerna
and Majda, 1987a, 1987b, 1988). Chapters 10—12 address this and related work.

In the previous chapter on vortex patches, we introduced a weak formulation of
the vorticity-stream form of the 2D Euler equation. Using the fact that vorticity
is conserved along particle paths in two dimensions, we showed that initial data
with vorticity bounded in L™ N L'(R?) is sufficient to guarantee the existence of
such a weak solution to the Euler equation. Furthermore, arguments from harmonic
analysis show that such a limit is unique. An integral part of this analysis involved
constructing approximating solutions and showing that a limit satisfies the weak form
of the equation.

In the remaining chapters of this book we address the same questions for more
singular solutions to the Euler equation. In physical examples of fluids with small
viscosity, flows tend to separate from rigid walls and sharp corners.t Mathematically,
the most natural way to model this is by a solution to the inviscid Euler equation in
which the velocity changes sign discontinuously across a streamline. Such structures
are known to be extremely unstable, leading to coherent vortex structures often found
in mixing layers, jets, and wakes (see Van Dyke, 1982). A recent numerical study by
Nitsche and Krasny (1994) shows that the solution to the inviscid mathematical model
agrees quite well with the high Reynolds number experiments of Didden (1979) for
a fluid forced by a moving piston. A velocity discontinuity in an inviscid flow is
called a vortex sheet. Unlike the vortex patch, in which w is pointwise bounded, a
vortex sheet has vorticity concentrated as a measure (delta function) along a surface of
codimension one. In two-space dimensions, this is a curve in the plane. In three-space
dimensions, the vorticity lives on a 2D sheet or surface in R*. Although some of the
results in this section can be extended to the 3D case, for simplicity we consider the
2D case in this chapter.

Provided that the vorticity remains smoothly distributed along the sheet, the solution
retains the property of locally finite kinetic energy, that is, for every bounded set
Q € R?, there exists a constant C(£2) such that

/ lv|?dx < C(RQ).
Q

However, the sheet becomes rapidly unstable, generating small-scale structures in-
stantaneously.

Our purpose in this chapter is to introduce the reader to the kinds of complex
behavior associated with very weak solutions of the Euler equation. We first review the
classical theory of vortex sheets and then describe some of the phenomena observed
in computing vortex sheets by means of more regular approximations. The chapter
is organized as follows. Based on the primitive-variable form of the equation, in
Section 9.1 a weaker form of the Euler equation than the formulation from Chap. 8,

T See, e.g., Birkhoff (1960, Chap. 3).
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based on the vorticity-stream form, is derived. In Section 9.2 we derive the classical
theory of vortex sheets and the Birkhoff-Rott (B-R) equation. In Section 9.3 we
discuss the linear instability associated with the B-R equation, typically referred to as
the Kelvin—Helmholtz instability. In Section 9.4 we discuss computational methods
for vortex sheets and the various structures observed in these simulations. Section 9.5
serves as an introduction to the general theory of approximate-solution sequences,
concentrations, and oscillations, which are the main topics of Chaps. 10-12.

9.1. Weak Formulation of the Euler Equation in Primitive-Variable Form

The discontinuity of the velocity in the vortex sheet necessitates a weaker reformula-
tion of the Euler equation. The vorticity, being the curl of the discontinuous velocity,
forms a delta function on a curve in R”. This means, for example, that the weak
formulation of the Euler equation, used in Chap. 8 for vortex-patch initial data in two
dimensions, is still too strong for such a solution to make sense. It is even too strong
to consider the case of vorticity w € L N L'(R?) with 1 < p < co. We reformulate
the Euler equation in such a way that it makes sense for both this class of initial data
and the weaker case w € H~'(R*) N M(R?), where M (RR?) denotes a measure in
RR?. The latter case includes the case of classical vortex-sheet initial data in which the
vorticity is concentrated on a smooth curve in the plane.

To make sense of vorticity concentrated as a measure, we consider a distribution
form of the primitive-variable form of the equation

Dv v D d T

_— = — , _— = — V- .

Dt P Dt ar 9.2)
divv =0, v(x, 0) = vy.

Let ® = (&1, P,) € C°([0, T] x R?); then transport formula (1.15) of Chap. 1
gives

d D
— <I>-vdx=/ —(d - v)dx,
r2 Dt

dt Jp2
= [ (22040 2% 9.3
= Je\Dr VEC )4 ©-3)

Do
:/ (Dt ~v—<I>~Vp>dx.
]RZ

Assuming div ® = 0 implies that [;» ® - Vg dx = 0 for all scalar g € C'(R?). Thus
forall ® € Cg° with V- & =0

d DD
— o -vdx = — -vdx. 9.4)
dt R2 R? Dt

Integrating Eq. (9.4) with respect to ¢ on the time interval [0, T'] yields the following
definition.
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Definition 9.1. Weak Solution of the Euler Equation in Primitive-Variable Form.
A velocity field v(x, t) with initial data vy is a weak solution of Euler equation in
primitive-variable form provided that

(i) ve L'([0, T] x Bg) forany R > 0, Bg = {x € Rz, |x| < R},
(i) v®v = (vivj) € L*([0, T] x Bpg),
(iii) divv = 0 in the sense of distributions,

/w v=0, VeeC{0,T],CHRY}, 9.5)
(iv) for any ® = (&, ®,) € C'{[0, T, CS(RZ)}Wiﬂ’ldiV o =0,
/CID(x, T) -v(x, T)ydx — / ®(x,0) - vo(x)dx
T
= / /(@, v+ VO v ® v)dxdt, 9.6)
0
where VO = (3371q)]), A:B= Ziz,jzl AijBij-

Requirements (i) and (ii) are such that the time term and the nonlinear term of
the right-hand side of Eq. (9.6) are meaningful, (iii) is the “weak” incompressibility
condition, and (iv) is the “weak” Euler equation with the pressure eliminated by a
special restriction (div & = 0) on the test functions. Note that whereas the vorticity-
stream weak formulation is valid for only the 2D fluid equations, the above formulation
is valid for both the 2D and the 3D cases.

The reader can verify by going back through steps (9.4)—(9.6) that for smooth
solutions to the Euler equations, the above definition is equivalent to the Euler equation
in primitive-variable form (9.2).

We showed in Chaps. 3 and 4 that for initial data that are sufficiently smooth,
there is a unique solution to the classical form of the Euler equation. We proved
global existence of such a solution in two dimensions and local existence in three
dimensions. Furthermore, in Chap. 8 we rederived the well-known Yudovich theory
for weak solutions of the 2D Euler equation with vorticity in L' N L>®(R?) and
proved a uniqueness result for this weaker class of solutions to the Euler equation. In
particular, these results show that there is a unique solution for all time to the Euler
equation with vortex-patch initial data.

A natural question to ask is if, for the weak form in Definition 9.1, we can prove an
existence result for the Euler equation with weaker initial data such as vortex-sheet
initial data and, if so, if such a solution is unique. In Chap. 10 we show that for
the case of the 2D Euler equation with initial vorticity in LP(R*) N L!(R?) such a
solution exists for all time. In Chap. 11 we show that under the assumption that the
vorticity is initially of fixed sign we can also prove a global-existence result for the
vortex-sheet problem. In either case, the question of uniqueness is still unanswered.
In Chap. 12 we introduce the notion of a Young measure. Here we show that even
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when a sequence of solutions does not have a limit that satisfies the equations in a
classical weak sense, the limit is nevertheless a measure-valued solution of the Euler
equation. All of these chapters make heavy use of the concepts of concentrations
and oscillations in solution sequences. We describe these ideas and some elementary
examples later in this chapter (Section 9.5). In Chap. 13 we provide an analogy with
the 1D Vlasov—Poisson equation and make some conjectures about the uniqueness of
solutions to the Euler equation with vortex-sheet initial data.

In Sections 9.2-9.4 we present elementary properties of vortex sheets and also
present some results of numerical simulations. In particular, in Section 9.3 we show
that the behavior of the vortex sheet is much more unstable than that of its cousin,
the vortex patch. We derive a self-deforming curve equation, called the Birkhoff-Rott
equation, for the evolution of the sheet. This equation is analogous to CDE (8.56)
derived in Chap. 8 for the evolution of the boundary of the vortex patch. Recall that
the CDE has globally smooth solutions for smooth initial data. We show that, unlike
the CDE, the B-R equation is linearly ill posed and can be solved in general only on
short time intervals for the case of analytic initial data.

9.2. Classical Vortex Sheets and the Birkhoff-Rott Equation

The classical vortex sheet is a special case of a solution to the 2D Euler equation with
vorticity in M(RZ) NH! (Rz). In Chap. 11 we prove a general existence theorem
for such initial data for the case in which the vorticity has a distinguished sign.

Consider a solution to the incompressible 2D Euler equation in which the vorticity
is concentrated on a smooth hypersurface S and the velocity field is discontinuous
across the surface (see Fig. 9.1). The surface S divides the plane into two regions, 2
and Q2_, with normal vector n pointing into 2. Let z(«, #) denote a parameterization
of the sheet at time ¢. In addition, we specify the vortex-sheet strength y («, ) along
the curve. At a fixed time ¢, if the vorticity is in M (R?) then the sheet strength satisfies
for all spatial test functions ¢(x) € C§° (R?)

/w(x)dw(x,t)=/ p(z(a, )y (a, H)|zqo|de.
RZ

—00

On either side of the sheet, €2, the velocity vy is smooth and hence satisfies the

Q

Figure 9.1. A 2D vortex sheet. The vorticity is concentrated along the curve S with strength
y. Off the sheet, the flow is irrotational and smooth.
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strong form of the Euler equations:

0y + vy - VoL +Vpy =0,
V'UiZO.

On the sheet the velocity field v satisfies the weak form of incompressibility con-
dition (9.5),

/ v-Vodx =0
RZ

for all smooth test functions ¢. We denote by [v] = v, — v_ the jump in v across the
sheet.

Now we consider test functions ¢ whose support crosses S. Integrating the weak
incompressibility condition by parts, we see that

0=/V~Vgo=—/ divvcp—/ divvg0+/<p[v]~ndS.
Q. Q s

On the right-hand side, the first two terms are zero by strong incompressibility; hence
the last term must vanish. Because ¢ is arbitrary this implies that

[v]-n=0,

meaning that the jump in v must occur along a path that is tangent to the field v.
Furthermore we can compute the vortex-sheet strength y in terms of [v] by noting
that

/ wdw=/<p(z(a, )y (e, 1)|zelda
R? S
:/ Vngodx:/ (va)godx—i—/[v]xngodS. 9.7
R? QtuQ-

The vorticity is zero off the sheet; hence fmum (V x v)pdx = 0and Eq. (9.7) is
satisfied for all test functions ¢ provided that

[vl]xn=[v]-s=y. 9.8)

Thus the jump in v across the vortex-sheet determines the vortex-sheet strength y.
Furthermore, if we take a small box around the sheet and compute the line integral
and then take the limit as the box goes to zero, we see that the sheet strength is just
the incremental circulation along the sheet:

y =dI'/ds.

Now we derive evolution equations for the position z and strength y of the vortex
sheet. Recall that for smooth solutions of the Euler equation, the vorticity is conserved
along particle paths in two dimensions. We saw that this was also true for weak
solutions with vorticity in L' (R*) N L>°(R?). However, the particle paths may not be
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well defined for the case of a vortex sheet because the velocity field is at best in L°°,
and this is not sufficient to guarantee uniqueness of solutions to the particle-trajectory
equation d X /dt = v(X, t) (Coddington and Levinson, 1955). Nonetheless, if we can
find consistent equations of motion for the sheet S itself and the sheet strength y,
because the vorticity is zero off the sheet, we have determined the evolution for the
whole flow. Recall that the weak form of the incompressibility condition implies that
the jump in v is in only the tangent component to the sheet. It is convenient to choose
the average velocity V = %(VJr + v_) on the sheet. Following the derivation of the
particle-trajectory equations (see Section 2.5 of Chap. 2) for smooth solutions of the
Euler equations, we see that the Biot—Savart law gives

v(x) =/ Kz(x—x/)w(x/)dx/=/V(a/)Kz[x—z(a/)]lzalda/,
R? S

where, as we recall from Chap. 2, Eq. (2.11), the kernel K»(x) = (1/27)V+log |x|.
The reader can verify by means of standard complex variables (or see Caflisch and
Li, 1992, Appendix A) that the limit as x approaches a point on S from either side
gives (ignoring the time dependence)

1
vi[z(@)] = PV/ Kalz(a) — z(@N)]|za (@) |y [z(a)]de’ £ S ylz@)lslz(@)],
S

where s[z(«)] is the unit tangent to the sheet. It follows that the average velocity can
be expressed as a principal-value integral along the sheet

Viz(e)] = PV/ ylz(@), t11Ks[z(e) — z(@)]|za (@) |der’.
N

Advecting the sheet by this averaged velocity field gives the evolution equation for
the position of the sheet:

dz(a, 1) = PV/ ylz(@), t1Ks[z(@) — z(@)]lza (@) |da’.
S

To complete the derivation, we need to determine y. To do this we use some ideas
from potential theory. Note that, off the sheet, the velocity field vy is irrotational
and incompressible so that div vy and curl vy both vanish. This implies that there
exist harmonic potentials Wy so that VW, = vy . Formula (9.8) implies that the
vortex-sheet strength can be expressed in terms of [W] = W_ — W,:

Y =s-V[¥]. (9.9)

Because curl v+ = 0 off the sheet, vy - Vvy = %V|vi|2. This leads to the well-
known potential equation called Bernoulli’s law:

1
oW, + 5|quj[|2 +pr=0. (9.10)



366 9 Introduction to Vortex Sheets
Note that

VWL — [VU_|P = (VW + V) - (VW — V)
=2V . V[¥].

By subtracting the two equations in law (9.10) and using p. = p_ across the sheet,
we obtain

W]+ V- -V[¥]=0.

Thus [W] is conserved along particle paths that move with the flow V. Note that
the vortex-sheet strength y = [v] - s = [VW]-s = (d[¥]/ds) = dI'/ds. Thus, in
particular, dI" = yds is conserved along particle paths of the flow

y (e, 1), 1)|zo (e, 1)|da = y (z(a, 0), 0)|zo (@, 0)|dax

for a Lagrangian parameter «.
Recall that

1 1
Ky(x) = 5—V'tloglx| = —x*/|xf?,
2 2
and that the sheet strength y = dI'/ds, where I is the total circulation. Using the
circulation as a parameter along the sheet and combining the above expressions gives

the B-R equation for the vortex sheet:

a 1 dar’
() =5=PV [ ——— 0, 9.11)
ot 2mi sz, ) —z(I, 1)
where the circulation I is itself a local Langrangian parameterization of the sheet and

z* denotes the complex conjugate.
The B-R equation is analogous to the CDE

1
dz(a, 1) = - /IOgIZ(a, 1) —z(e', )|zo (@', t)da'

from Chap. 8 for the boundary of a vortex patch. Both are self-deforming curve
equations for the position z of the curve by use of a Lagrangian parameterization.
There is, however, one very important difference. Note that the kernel in the B-R
equation is of degree —1. This is in contrast to the kernel in the CDE that is of degree
zero. This more singular kernel implies an ill posedness for the B-R equation that was
not present in the case of the CDE. In fact, we showed in Chap. 8 that C*¢ initial
data yield a unique solution to the CDE for all time. In contrast, the B-R equation is
in general solvable for only short times with analytic initial data. The ill posedness
means that the solution does not depend continuously on the initial data in topologies
based on usual norms. We discuss in more detail the ill posedness of the B-R equation
in the next section on linear stability.
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9.3. The Kelvin—-Helmholtz Instability

The instability of a vortex sheet has been known for over a century. In the 1860’s,
Helmbholtz (1868) made the qualitative observation that boundaries of jets from organ
pipes “rolled up” into periodically spaced spirals. Kelvin (1894; see also Rayleigh,
1896, Chaps. XX-XXI) provided the mathematical analysis of this instability. He
considered a sinusoidal interface separating two fluids moving with different velocities
wandu'.

We derive this linear stability theory by considering the perturbation of a flat,
constant solution of the B-R equation:

() =T. 9.12)
We denote the perturbed sheet by
O,y =T +¢, ). (9.13)

In the derivation of the linearization below, we omit the time dependence from the
notation but assume it implicitly. We have

acr 1 /°° dr’
ot 2mi oo T =TV 4 () — ()

1 /Oo{ 1 } dar’
—PV .
2mi o LI+ [E(T) =@/ T =1 ] T =T

Because ¢ is a perturbation, ¢’ is uniformly small and hence so is [¢(I") — ¢(I')]/
(' — I'). To leading order, the above integral is

1 <[ dr’ r)—¢@’
fp\,/ -
2mi oo =TV (T —17)2

The first integral vanishes by the cancellation property of the kernel. The second term
simplifies by means of integration by parts to be —(27i)~! times:

lim r=r+e{(I) — ¢ +PV/OO ¢ dr’

e—0'T"'=T—=e [ _Tv o I"'=T

The first term vanishes because both sides approach ¢'(I"), and we are left with

= —HC, 9.14)

where H is the Hilbert transform:

* fydy
oo V=X

Hf(x) = %PV (9.15)



368 9 Introduction to Vortex Sheets

The Hilbert Transform

Suppose that f(z) is a complex function that is analytic in the upper half-plane and on
the real axis and satisfies f(z) — 0 as Im z — 4o0. Then, for real x, f(z)/(z — x)
is analytic in the upper half-plane and on the real axis except for x. Suppose also that
f decays fast enough at infinity on the real line so that the Hilbert transform makes
sense. We then have

d
S(dy — )
— X

1 o0
HE(x) = EPV/ .

(this is the Cauchy integral theorem).
Similarly, if f is analytic in the lower half-plane, including the real axis, and if f
decays sufficiently rapidly as Im z — —oo, then

Hf(x) =—f(x).
We summarize these two facts by writing
Hf=fi— 1

where f is the upper analytic part of f and f_ is the lower analytic part. The constant
term is omitted because the Hilbert transform of a constant is zero. Any function that
is analytic in a strip containing the real line can be decomposed in such a fashion. In
particular, f(x) can be rewritten in terms of its Fourier transform: Consider k real;
then

fx) = / ™ f(k)dk,
in which case

Hf = e fkydk — / e** f(k)dk.

k>0 k<0

We now look at the stability of a solution to linearized equation (9.14) by looking
for solutions of the form

(T, 1) = Ar@)e* + Bi(r)e T, k> 0.
Then
HE =ik Ap(t)e™ + ik By(r)e .
Plugging this into Eq. (9.14) gives equations for A and B:
B, = —likA;,
2

Ay = 1'kB*
k= 21 ko
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with the solutions
Art) = AfeP 4 ALe 2 Bi(t) = B M 4 B e N2, (9.16)

where A = —iB™*, Ay =iB_ "

The upshot is that the kth Fourier mode has a component that grows like e!*/"/2,
This instability is called the Kelvin—Helmholtz instability (Birkhoff, 1962; Saffman
and Baker, 1979). This growth rate implies that the linear evolution problem is ill
posed. This means that, given an initial condition, the solution at later times does not
depend continuously on the initial data in any Sobolev norm. The only way to be
guaranteed of a solution even on a short time interval is to take analytic initial data.
To see this, consider the following lemma.

Lemma. Suppose that the initial data {y(T") are analytic in a strip of half-width T
around the real axis. Then the Fourier transform

oo
folk) = / e L so(I)dT
—00
decays at least as fast as
|o(k)] < ce” M0

The proof follows by use of the formula for a Fourier transform, deformation
of the path of integration within the strip of analyticity, and then application of a
straightforward estimate.

Note that if the initial data satisfy the above estimate, then the solution to linearized
equation (9.14) at later times (which we construct by computing the solution for each
mode as described above) satisfies

|2(k, )| < Ce%IkI(t—ZFU)'

In this case, s(I', #) is analytic in a strip of half-width I'(z) = TI'y — %t so that
singularities cannot form before time ¢, = 2I.

We now show that there exists a family of exact solutions to linearized equation
(9.14) that are analytic initially and have a singularity at a finite time.

They take the form

(=0 -D[(1—e M) (1—e 2Ty 5,

which is finite with finite derivatives at all times and has a singularity in the curvature
¢rr at t = 0. The solution is smooth and decays to zero as t — oo. Finally this
solution is analytic in the strip |[Im I'| < %t. By use of the time-reversal symmetry
(L, t) — ¢*(I", —1), this gives a solution that forms a singularity in finite time.
Birkhoff (1962) conjectured that the full nonlinear problem (9.11) with analytic
initial data is well posed, at least for a finite time. This is proved in several forms
(Caflisch and Orellana, 1986; Sulem et al., 1981). Caflisch and Orellana (1989) prove
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nonlinear ill posedness of the B-R equation in all Sobolev spaces H" withn > 3/2.
Duchon and Robert (1988) show that for a very special class of initial conditions there
exists a global analytic solution for all time.

9.4. Computing Vortex Sheets

There has been a tremendous amount of work done on the numerical computation
of vortex sheets. In this section we present some of the useful techniques used and
describe some of the recent results in the context of the issues of interest in the
following chapters. Difficulties arise in computing vortex-sheet motion that is due to
the Kelvin—Helmholtz instability described in Section 9.3.

The B-R equation

8,z2"(T, 1) = / K[z(T,t) — z(I', 1)]dT", K = 9.17)
s

© 2miz’
can be solved only for analytic initial data, and careful numerics shows that typically
finite-time singularities in the sheet occur in which a spiral roll-up forms. Birkhoff
conjectured that the nonlinearity would cause a singularity to form in finite time
(Birkhoff, 1962; Birkhoff and Fisher, 1959). An asymptotic analysis that is due to
Moore (1979, 1984) suggests that an «*/? branch point forms in the vortex sheet at
a finite critical time. Whether or not this is the correct form of the singularity has
been the subject of debate in the literature. Meiron et al. (1982) examine a Taylor
series approximation of z and obtain results consistent with Moore’s. Shelley (1992)
observes that Moore’s analysis is valid at early times but that, close to singularity
formation, although the real part of the solution remains consistent with Moore’s
analysis, the imaginary part shows a weaker behavior.

Regardless of what the exact form of the scaling in the initial singularity is, it
is clear that the onset of a singularity is characterized by the appearance of a very
weak nonanalyticity in the sheet, that of a blowup in the curvature while the tangent
to the sheet remains continuous. However, immediately following this initial weak
singularity, computations of slightly smoothed solutions of the equations indicate that
the vortex sheet undergoes a roll-up with a tight spiral occurring at the point where
the initial weak singularity occurred.

In Chap. 11 we prove that when the initial vorticity has a fixed sign, there is a
solution to the Euler equation describing the evolution of the vortex sheet for all
time, including after the initial singularity. It is still an open question as to whether
or not such solutions are unique. The issue of nonuniqueness may be approached by
examination of different well-posed approximations to the vortex sheet. Three such
methods have been addressed in the computational literature.

9.4.1. The Point-Vortex Approximation

In Chap. 6 we introduced several vortex methods for computing smooth solutions to
the Euler equation. Vortex methods use a discretization of the vorticity-stream form of
the Euler equation combined with a smoothing of the Biot—Savart kernel. As we saw in
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Chap. 6, this smoothing was necessary to remove the infinite energy associated with a
point-vortex discretization of the equations, the natural discretization that arises from
using directly the unsmoothed Biot—Savart kernel. Using point vortices for numerical
simulations is a delicate issue and requires some understanding of the underlying me-
chanics to avoid spurious behavior sometimes seen in simulations (Rosenhead, 1932).
Point vortices have been used successfully to compute the short time evolution of
vortex sheets with analytic initial data. The point-vortex approximation describes the
vorticity by a discrete set of point vortices. In the case of a vortex sheet, the point-
vortex approximation can give a simple discretization of the B-R equation. Discretize
the sheet by point vortices z;(¢), j = 1, ..., N. The next step involves the best way
to approximate the B-R integral. The most basic point-vortex method, used originally
by Rosenhead in 1931 (Rosenhead, 1932) to study periodic vortex sheets, is to solve
the ODEs:
*
@:;K(zj—zk)N_l, K(z)zziicotnz. (9.18)

Both these and higher-order quadrature rules for the B-R integral (Higdon and
Pozrikidis, 1985; van de Vooren, 1980; Shelley, 1992) all suffer from the same prob-
lem: No matter how good the order of accuracy in approximating the B-R integral,
some level of noise [usually from round-off error (Krasny, 1986b)] is always intro-
duced at the frequency of the grid. Figure 9.2 shows the evolution of a periodic sheet
(as in Krasny, 1986b) taken initially to have a uniform strength of one with shape
z(x) =T +0.01(1 — i) sin[27(I")]. Here the time is = 0.37, right before the sin-
gularity occurs at ¢ ~ 0.375. Shown are two periods of the solution, one calculated
with 100 points in single precision and the other with 100 points in double precision.
Note the huge reduction of the noise gained by the higher precision calculation. From
solutions (9.16) we see that for near-planar sheets this noise tends to grow as ek/2,
where k is the frequency associated with the grid spacing. For an evenly spaced grid
with N points this means that the noise generated from round-off error grows at a
rate of ¢/, The result is that the finer the resolution desired to resolve a structure,
the faster the noise is amplified by the Kelvin—Helmholtz instability. It is important
to note here that this is a feature of the underlying equation itself as opposed to an
instability of the numerical method.

A cleverideathatis due to Krasny (1986b) is the implementation of a Fourier filter to
halt the amplification of grid-scale noise. Note that the function §(T", ) = z([", t) — "
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Figure 9.2. The analytic vortex sheet calculated with the point-vortex method. The time shown
is t = 0.37. The period [0, 1] shows data from a calculation done in single precision and the
period [1, 2] shows data from a calculation done in double precision. Both computations use
100 points on one interval.



372 9 Introduction to Vortex Sheets

is periodic. Thus we can compute the discrete Fourier transform

N
é(t) — N—l/z Z gj(t)efzﬂikr,' .

j=1

Krasny showed that the source of the fluctuations in Fig. 9.2 is from the round-off
error’s swamping the initially exponentially small high-frequency modes and be-
ing amplified by the Kelvin—Helmholtz instability. He proposed a filtering technique
whereby a threshold value § is chosen (usually based on machine precision) and on
each time step any value of £(¢) that is less than the threshold value is set to zero.
Krasny showed by numerical computations that this method can produce results sim-
ilar to those produced by higher-order precision in the numerical arithmetic alone
without the added expense that typically accompanies higher-order precision com-
putation. Although point vortices are useful for computing very smooth vortex-sheet
structures, in which small-scale noise can be controlled on relatively short time scales,
other methods must be used to analyze longer time and more singular behavior in the
sheet. Convergence of the filtering technique was recently proved in Caflisch et al.
(1999).

Perhaps the most exciting work in the field of vortex-sheet computation is the
results for the behavior of the sheet after the initial weak singularity. There are two
main issues of interest. First, for the case of fixed-sign vorticity initial data, is there
a unique way to continue the evolution? Second, for the case of mixed-sign vorticity
initial data, does the weak Euler evolution exist for all time or do coherent structures in
the form of concentrations develop from the interaction of vorticity of opposite sign?
Neither of these questions has been answered analytically, and both pose interesting
problems for detailed future numerical and analytical research.

After the singularity time the B-R equation breaks down, and the only recourse is
to look for a solution to the Euler equation in weak form (9.6) by means of the limit
of a smooth or less singular approximation.

There are anumber of different regularizations for vortex-sheet initial data. They in-
clude approximating the vortex sheet by smoothed-out vortex blobs (Krasny, 1986a),
approximating the sheet by a thin vortex patch (Baker and Shelley, 1990), approximat-
ing the Euler solution by a high Reynolds number Navier—Stokes solution combined
with a smoothing of the initial data (Tryggvason et al., 1991) and stabilizing the in-
stability on the sheet by use of surface tension (Hou et al., 1994). We describe briefly
these techniques below.

9.4.2. The Vortex-Blob Regularization

The calculations in Krasny (1986a) are the first that successfully continue beyond the
first critical time of singularity formation in the vortex sheet. Krasny accomplishes
this calculation by replacing the singular kernel K, in the B-R equation with the
smoothed kernel

|X|2 xJ_

Ks(x) = K(x) 9.19)

X2+62  |xP+o62
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Figure 9.3. Computation of the periodic vortex sheet after singularity by means of a desingu-

larization of the B-R kernel. Here the smoothing parameter § = 0.25, and 512 points are used

for the calculation. The computation is shown at t = 3.9, well after the initial singularity. Note

the approximation to a double-branched spiral.

Recall from Chap. 6, Egs. (6.45), that this is one of the possible kernels for the
vortex-blob method. This choice of desingularization changes the Kelvin—Helmbholtz
instability so that the dispersion relation for the growth rate e#®" satisfies

k [1 _ g—kcosh™ 1(1+62)]efkcosh’ 1(1448%)

45(2 + 82)112

g =

In particular, for fixed §, 8 (k) — 0ask — oo, so the evolution is linearly well posed.
Also, for fixed k as § — 0, we recover v’ = k> /4.

The important key step in computing the vortex sheet lies in the order of the limits
8 — 0and h — 0, where £ is the discretization or mesh size. If N points are used to
describe the initial data, then & is L /N, where L is the size of the domain. Fixing §
and letting 7 — 0 produces a smooth solution to the Euler equation with the initial
data of a “regularized” sheet. Taking the limit § — 0 after 4 — 0 yields the dynamics
of the vortex sheet. Figure 9.3 shows a computation of the periodic vortex sheet that
uses the same regularization as that in Krasny (1986a) with § = 0.25 and 512 points
initially evenly distributed along the periodic interval. The time shown in the figure is
t = 3.9, well after the initial singularity. Note the spiral roll-up pattern shown here.
As the regularization parameter § decreases, the spiral at any fixed time # shows more
turns. By extrapolation, the limit as § — O appears to produce a spiral with an infinite
number of turns. In this calculation we show a roll-up of a vortex sheet with a fixed
sign. The computations are consistent with Pullin’s conjecture (Pullin, 1989) that the
solution beyond the critical time of singularity formation is locally a double-branched
spiral with an infinite number of turns.

9.4.3. The Vortex-Patch Regularization

Another regularization of the vortex sheet, used by Baker and Shelley (1990), is an
approximation by a layer with mean finite thickness 4 and uniform vorticity inside. If
the uniform vorticity scales as 1/ A, then the 4 — 0 limit yields the measure-valued
initial condition of a vortex sheet. An interesting facet of their calculations is the
appearance of an approximate Kirchoff ellipse during the roll-up process. In all runs,
the ellipse always has the same aspect ratio, with an area scaling like O (') ash — 0.
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9.4.4. The Viscous Regularization of the Vortex Sheet

This method was originally used by Trygvasson et al. (1991). The idea is simply to
smooth the initial data out as a layer and compute the full Navier—Stokes equations
with those initial data and small viscosity. These results also exhibit roll-up, similar
to that observed by Krasny (1986b).

Dhanak (1994) uses a boundary-layer formulation to derive a “viscous correction”
to B-R equation (9.11) because of the presence of viscosity; this formulation is

J 1 dar’ 1 9dlzr| oz*
—z*(T,t) = —PV +v — (9.20)
ot 2mi sz(T,t) —z(I', 1) |zr|® o' ar
For this modified B-R equation, the dispersion relation is
1
Bk) = 3 (K + KD — k). (9.21)

Note that as k — oo, 8 — (4v)~'. As v — 0 we recover the dispersion relation for
the B-R equation.

In Chap. 11 we prove a result concerning the viscous regularization of the vortex-
sheet: For vortex-sheet initial data with distinguished sign, the Navier—Stokes reg-
ularization of the problem produces a weak solution to the inviscid Euler equation
in the sense of Eq. (9.6) in the limit as the viscosity goes to zero. In fact, for the
distinguished-sign case, the method of proof in Chap. 11 shows that all of the above
regularizations produce a solution to the Euler equation in the limit as the regulariza-
tion parameter goes to zero.

9.4.5. Regularizing with Surface Tension

A recent paper by Hou et al. (1997) examines a regularization of the vortex sheet
by means of surface tension. This would be the correct model to study two different
immiscible fluids separated by an interface. However, the method does not directly
apply to a single fluid with a sharp transition in velocity, as we consider in this book.
For the sake of completeness, we mention this method. Surface tension modifies the
dynamics in a simple way. Recall from the derivation of B-R equation (9.11) that we
used the fact that the pressure p* is continuous across the sheet. In the presence of
surface tension, the pressure has a jump discontinuity across the sheet that is equal to
the surface tension o times the local curvature « of the sheet. The result is a modified
B-R equation:

9 1 7 ()do’
9 i = 7})\,/ 7 (a)do
S

at 27i 2o, 1) —z(e, 1)
9y
o, = OKa,
ot
7 = lzaly = lzallv] - s. (9.22)

As in the case of vortex-blob regularization, surface tension serves to damp the ex-
ponential growth in the high modes and turns the problem into one that is linearly well
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posed. This can be seen immediately in the fact that dispersion relation for (9.22) is

K o
k)? = — — =k’
pU)” = - = SIk]

Hou et al. (1997) consider a slightly perturbed single-sign vortex sheet and shows
that the roll-up occurs, not as a tight spiral, but as a winding of two “bubbles” of the
different fluids with an initial singularity that corresponds to a pinch-off or breaking of
the sheet. This kind of singularity has not been observed in other simulations without
surface tension. However, it is typical of interface motion in which surface tension
dominates (Bertozzi et al., 1994).

A particularly interesting case study is one in which the sign of the initial vorticity
is not fixed.

9.4.6. The Case of Mixed-Sign Initial Data

An illuminating calculation performed by Krasny (1987) involving mixed-sign vor-
ticity is that of the elliptically loaded wing. He again uses the vortex-blob approach
with desingularized kernel (9.19). He demonstrates the convergence of the algorithm
in the limit as § — 0, especially in the vicinity of the tips where the roll-up occurs.
As further evidence for the validity of his approach, Krasny compares the numer-
ical solution with Kaden’s self-similar spiral (Kaden, 1931). A second calculation
reported by Krasny considers initial data with a vortex-sheet strength that changes
sign three times. Although the initial condition is a flat finite sheet, the moderate
time behavior shown in Fig. 9.4 illustrates the roll-up at six different locations along
the sheet. Figure 9.5 shows a close-up of one of the sides at a later-time. Note the
incredibly small-scale complexity generated by large-scale coherent structures on the
sheet that drive their development. A mathematical framework designed to address
such complexity is briefly outlined in the next section and discussed in detail in the
subsequent Chapters.

9.5. The Development of Oscillations and Concentrations

Vortex sheets suggest a natural framework within which to build a mathematical
theory. Despite the singularity in vorticity, they retain the physically significant feature
of finite kinetic energy. As recent numerical experiments show (Nitsche and Krasny,
1994), vortex sheets are good models for real physical objects in which the vorticity
is actually finite but nonetheless sharply peaked along a surface. As parameters such
as the Reynolds number in certain experiments are increased, the data more closely
align with the idealized model of an inviscid-vortex sheet.

This connection suggests a mathematical family of problems: Consider a sequence
of exact or approximate solutions v¢ to the Euler equation that satisfies a uniform
bound on local kinetic energy:

/ v |2dx < C(S) (9.23)
Q
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Figure 9.4. Intermediate time behavior of the sheet. Six vortices emerge during the time
I<t=<4

-1.5 Z !
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Figure 9.5. Late time evolution of the roll-up (¢ = 8). Pictured is a close-up of the right-hand
side. The solid (dashed) curves correspond to negative (positive) vorticity. Note the complex
intertwining of positive and negative vorticity.
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(here C is independent of €). Uniform bound (9.23) implies that there is a function v

and a subsequence that converges weakly in L :

V bounded €2, vi—v e L*(Q).

Does the limit v satisfy the Euler equation? What kinds of defects are formed in the
limiting process? We consider the heuristic (to be made rigorous later) decomposition

€ __ € € €
V=1 + Uosc + Uconc‘

Here v denotes the “part” of v¢ that converges strongly in L2, so that there is a D
satisfying

/|DE—T)|2dx—>O as € — 0.
Q

The function v . measures the small-scale oscillations in the limit in the sense that
€

2.
v, does not converge strongly in L<; however,

[0 = €, (9.24)

and there exists vosc € L such that

/ Yus. dx — / PUosc dx for all functions ¢ € Co(R2).
Q Q

A prototypical example of a sequence with small-scale oscillations in R is v§,, =
v(x/€), where v is a fixed smooth periodic function.

The function v ., which measures concentrations in the limit, also satisfies the uni-
form L? bound that implies that a subsequence converges weakly to some limit func-

tion veone € L2. Unlike v€_, v¢  does not satisfy a uniform L*° bound but does con-

0sc? ~conc
verges pointwise almost everywhere to a function veone. The convergence is not strong
. 2 . . . N . € _ _N 2
in L. A simple example of concentration in R" is the sequence v¢,,. = € V/%p(x/e),

where p is a smooth positive function | p?> =1.Ase — 0, p? converges to a delta
function, but v¢,,. converges weakly in L? and pointwise almost everywhere to 0.
Until approximately 15 years ago, mathematicians studying nonlinear PDEs mainly
considered problems in which a priori estimates guarantee strong convergence (S0O
that quantities like vy and vcone are zero). Many exciting current research efforts
consider situations with both fine-scale oscillations and concentrations. It is our hope
that a greater understanding of the underlying mathematics will shed more light on
the physics at hand.

The Young measure, introduced by Tartar in the context of the nonlinear PDE
(Tartar, 1979, 1983, 1986), is an effective tool for studying a sequence {vg,} satisfying
an L™ bound. If the vector field v maps & € R" to R", the Young measure theorem
asserts that there is a family of probability measures on R" {v,} indexed by y € Qso

that, after passing to a subsequence, weak limits of composite nonlinear maps g (v¢)
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satisfy

ggéwwmwkwwaéwwéégmmmmw. (9.25)
The sequence vi,. converges strongly to ves on €2 if and only if the probability
measure v, is given by the Dirac mass, 8, (y) for each y € Q. To attack problems
from mathematical physics in which both fine-scale oscillations and concentrations
develop in the limit, DiPerna and Majda (1987b) developed a very general version
of the Young measure theorem for sequences with only a uniform L? or L” bound.
Problems involving the zero-viscosity limit of solutions of Navier—Stokes equations
with finite kinetic energy (9.1) provide motivation for this work. In general, the limit-
ing solution is a measure-valued solution of the Euler equation with both oscillations
and concentrations. We discuss this work in detail in Chap. 12. Unlike Eq. (9.25),
the generalized Young measures in this context are often continuous with respect to
Lebesgue measure, reflecting the development of concentrations.

The simplest way to generate examples of approximate-solution sequences and
measure-valued solutions for the 3D Euler equation is to take a sequence of smooth
exact solutions and examine the generalized Young measure in the limit. The reader
can verify that any sequence of smooth velocity fields

v =1[0,0,v5(x, x2)], 2R <C, (9.26)

defines a sequence of exact smooth solutions of the 3D Euler equation converging to
a measure-valued solution of the 3D Euler equation. By following the constructions
above, one can generate solution sequences with both oscillations and concentrations.
If v§—v3(xy, x2) in L?,then v = [0, 0, v3(x,, x»)] defines a weak solution of the 3D
Euler equation, despite the fact that typically (v$)? does not converge weakly to v>.

Recall from Chap. 2, Proposition 2.7, that every 2D flow always generates a large
family of 3D flows with vorticity. That is, let ¥(%, ), p(%, 1), X € R?, be a solution
to the 2D Euler equation and let v (¥, t) be a solution to the linear scalar equation
(D/Dt)v® = 0, v3|,—g = v, where (D/Dt) = (3/d1) + ¥ - V. Then v = (7, v°)
solves the 3D Euler equation provided that the velocity v (¥, #) does not depend on
the x3 variable. A special class of such “2%D” flows is generated by taking as the base
2D flow a shear flow (e.g., Example 1.5 from Chap. 1) that depends on two scales
X3 /€ and x;:

v¢ = {v(xa/€, x2), 0, ulxy, —v(xa/€, x2)t, x2, X2 /€1}, (9.27)

where v and u are smooth bounded functions with v(y, x,) periodic in y. Although this
sequence satisfies the uniform L*°—bound |v¢| .~ < C, the weak limit of Eq. (9.27)
is an explicit smooth function that does not satisfy the 3D Euler equations. This is
an explicit example of a non-trivial measure-valued solution showing explicitly that
new phenomena can occur in three dimensions by means of persistence of oscillations
in the limiting process. We discuss this (see Example 12.3) and other examples in
greater detail in Chap. 12.
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When concentration occurs without the development of oscillations, it is natural
to measure the size of the concentration set. Two types of defect measures exist for
this purpose, the weak* defect measure (Lions, 1984) and the reduced defect measure
(DiPerna and Majda, 1988). Given uniform L? bound (9.23) and a weak limit v€ —v,
there is a nonnegative Radon measure o, called the weak* defect measure, such that

/ @do = lim / @v¢ —v|’dy (9.28)
e—>0 Q

forall ¢ € C°(R2). In particular, if o is zero on an open set, then v converges strongly
on that set. Motivated by problems in the calculus of variations with critical Sobolev
exponents, Lions (1984) proved a beautifully simple theorem guaranteeing that if, in
addition to uniform bound (9.23), one also has a uniform bound on the L! norm of
the gradient

/|vf|2dx+/ |Vvé| < C(Q) (9.29)
Q R?

then the weak™* defect measure lives on, at most, a countable number of points {y; };?":1

with associated weights o; > 0. Furthermore, > otjl-/ 2 < 00 such that
o= Z o ijj,
J

where §, denotes Dirac mass at z. The reduced defect measure is a finitely subadditive
outer measure 6 defined by

0(E) = limsup/ |v¢ — v|?dx.
E

The reduced defect measure has the property that 6 (E) vanishes for any set E if and
only if there is strong convergence on E. Furthermore, for any closed set F,

0(F) <o (F),

so that 6 can be very small even though o (F) is large. We make heavy use of these
measures in Chaps. 11 and 12.
The radial eddies (Example 2.1)

v=(=x2/r,x1/1) /r sw(s)ds (9.30)
0

provide the basic building blocks of several elementary examples of exact solution
sequences for the 2D Euler equation that exhibits concentration in the limit.

Example 9.1. Given a positive function w(r) > 0 with bounded support, define
vé = (log 1/€) "2 u(x/e€)

with v determined from w by means of radial eddies (9.30) above.
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Example 9.2. Consider a function w(r) with compact support and vorticity of zero
mean, fooo sw(s)ds = 0, implying that the circulation is zero outside the support of
o. Define v€ by e “'v(x/€), with v defined by radial eddies (9.30).

The scaling in both examples guarantees uniform local kinetic-energy bound (9.23).
In both examples, v¢ — 0, but the nonlinear terms in the Euler equation v ® v satisfy

1

€ €_
V"RV C[O

0
o(x
| } x)
with weak convergence in the sense of measures. We discuss these and other inter-
esting examples that demonstrate concentration in Chap. 11.

Notes for Chapter 9

The B-R equation has many derivations. The form presented here is similar to that of Caflisch
and Li (1992).

We acknowledge useful discussions with Mike Shelley and Robert Krasny on the com-
putational side of vortex-sheet motion and also the lecture notes of Almgren (1995) for the
exposition of the Kelvin—Helmbholtz instability.

The calculations of Krasny (1987) are not the first to address these issues. Indeed, the earlier
work of Chorin and Bernard (1973) on the same problem confirms the trends observed by
Krasny. For a nice review article on these and other computations see Krasny (1991).

For a more analytical treatment of the diffusing vortex sheet, the reader is referred to Dhanak
(1994). For a more extensive description of interfaces with surface tension and numerical
methods for such problems see Hou et al., (1994).

For a proof that the vortex-patch regularization of the vortex sheet converges to a solution of
the B-R equation for analytic initial data and short times, see Benedetto and Pulvirenti (1992).
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Weak Solutions and Solution Sequences
in Two Dimensions

The last five chapters of this book address the mathematical theory connected with
small-scale structures and dynamics in high Reynolds number and inviscid fluid flow.
In Chap. 8 we introduced the notion of a vortex patch, a solution to the 2D Euler
equation in which the vorticity is constant in a region, with a discontinuiuty across
a boundary. To study these objects, we had to reformulate the Euler equations in
a weaker form, essentially the weak form of the vorticity-stream form of the Euler
equation (see Definition 8.1). Despite this weaker form for the equations, we showed
that the mathematical model is well posed, that is, for initial vorticity wy € L® N L',
there exists for all time a unique solution to the equation (Theorems 8.1 and 8.2).

In Chap. 9 we introduced the notion of a vortex sheet, used to describe coherent
structures seen in mixing layers, jets, and wakes. The mathematical theory for these
highly unstable objects requires the notion of a very weak solution to the Euler
equation in primitive-variable form (see Definition 9.1 in Chap. 9). This very weak
definition is necessary in order to make sense of solutions for which the vorticity is
unbounded, for example,

wo € L"(R?) N L'(R?), p>1, (10.1)
and especially for vortex-sheet initial data in which
wo € M(R?*) N H! (R?). (10.2)

There is a wide applied mathematics literature based largely on numerical calculations
and formal asymptotic methods that analyze solutions to the Euler equations with such
singular initial data. As we saw in Section 9.2 in the analysis of the Birkhoff—Rott
equation, vortex sheets define a classical ill-posed problem. Although very special
initial data (Duchon and Robert, 1988) gives a global analytic solution to the vortex-
sheet problem, numerical simulations, including the ones discussed in Section 9.4,
show that generically even analytic initial data lead to finite-time nonanalyticities
corresponding to double-branched spirals and more complex coherent structures in
the sheet.

The ill posedness of vortex sheets suggests an interesting plan of attack for the
mathematical theory describing such phenomena. In real-life problems, the actual
fluid possesses some residual viscosity and complex structures are usually smoothed

383



384 10 Weak Solutions and Solution Sequences in Two Dimensions

on a very fine scale. We are really interested in capturing the essence of the dynamics
in a limiting process. This chapter begins the development of a rigorous framework
within which to study approximate-solution sequences of the 2D Euler equation. To
construct a solution with such weak initial data, typically we must approximate the
weak solution by a family of smooth solutions and pass to the limit in the approxi-
mating parameter. In Section 9.5 we briefly discussed the motivation for these ideas
and showed examples of some approximate-solution sequences that had the inter-
esting features of concentrations and oscillations in the limit. The general study of
approximate-solution sequences is extremely useful in understanding the complex
limiting process associated with constructing very weak solutions to the Euler and
the Navier—Stokes equations. In this chapter and in Chaps. 11 and 12 we address this
general theory of approximate-solution sequences for the Euler equation. In Chap. 11
we use some of the techniques developed here to prove that vortex-sheet initial data
in the class of expression (10.2) with a distinguished sign produce a weak solution to
the Euler equations for all time.

Our goal of this chapter is to understand convergence results for approximate
solution sequences to the 2D Euler equation,
Z—I;+U-Vv=—Vp, divv=0, xeR?
in which the vorticity satisfies certain L? constraints. In particular, the case of L'
vorticity control is satisfied by many approximating sequences for vortex sheets,
including the numerical vortex-blob regularization described in Subsection 9.4.2.

A useful feature of 2D incompressible inviscid flow is the conservation of vorticity
along particle trajectories. Let X («, ) denote the particle-trajectory map satisfying

dX (a,t .
%:v(X(a,t),t), divo =0

X(@,0) =a,  det|V,X|=1.

As we saw in Chap. 2, for the 2D Euler equation, vorticity is conserved along particle
paths:

o(x, 1) = wy(X'(x)), X7'(x) = (X(a, )" (10.3)

We explicitly use this fact here to show that L” norms (p > 1) are conserved and
hence arise as a natural constraint in the study of approximate-solution sequences to
the 2D Euler equation.

In Section 10.1 we define the rigorous notion of an approximate-solution sequence
for the Euler equation and derive some elementary results concerning these sequences.
In Section 10.2 we prove some convergence results for 2D approximate-solution
sequences with L' and L? vorticity control. Two important results appear here in
this section. The first is a general convergence theorem for approximate-solution se-
quences with L' vorticity control. In this case we show that there is a subsequence for
which the velocity converges strongly in L'. This is a direct result of the conservation
of vorticity in two dimensions, a feature not found in three dimensions. As a corollary
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to this theorem we obtain the fact that oscillations are not possible for approximate-
solution sequences to the 2D Euler equation with L' vorticity control. Thus, in two
dimensions, the only possible singular behavior in the limit is concentration. The sec-
ond main result of this chapter is the fact that when the approximate-solution sequence
has additional L” vorticity control, there is strong convergence of the velocity in L2,
to a limit that satisfies the Euler equations. As a consequence we obtain the existence
of weak solutions to the 2D Euler equation with initial vorticity in L' N L” (R?). This s
the first weak existence result for the equations in primitive-variable form. Uniquess,
however, is still an open problem. The fact that we obtain existence for vorticities in
L? forall p > 1 implies that the existence theorem also holds for vorticity in L*°. By
Uniqueness Theorem 8.2 in Subsection 8.2.4, however, it can be shown that in this
special case of L vorticity control, the solution is unique.

In Chap. 11 we introduce the notion of concentration—cancellation, in which the
velocities v¢ do not converge strongly in L? yet their L?> weak limit does satisfy
the Euler equation. We present some elementary examples of this phenomenon and
show this behavior to occur in general for approximate-solution sequences derived
from either smoothing of vortex-sheet initial data with a distinguished sign (as in
Example 10.1 below), or smoothing of the equation (as in Example 10.2 below).
This leads to the global existence of solutions to the Euler equation with such initial
data. In Chap. 12 we introduce the notion of a measure-valued solution to the Euler
equation that can include such phenomena as oscillations and concentrations in which
cancellation does not occur.

10.1. Approximate-Solution Sequences for the Euler
and the Navier-Stokes Equations

To begin, we give two natural examples of approximate-solution sequences to the
Euler equation. Both of these examples were discussed in Chap. 9 in the context of
computing vortex sheets. An interesting question concerns the possible structures, of
the form of oscillations and concentrations that can develop in the limit.

The following example is motivated by the vortex-blob method (Subsection 9.4.2)
for computing vortex sheets.

Example 10.1. Smoothing (Mollification) of Initial Data. Given vy € L?(RY) and
wo = curl vy, not necessarily smooth, define for € > 0

_ xX—=y
1)5 =Jvy =€ N/N,O <6> vo(y)dy,
R

wy = curl vg, (10.4)

where p is any function in C§° R), p >0, f p(x)dx = 1. Recall from Chap. 3 that
such smooth initial data vj, wf give smooth solutions v (x, t), w*(x, ¢) forallt > 0
in the case of two dimensions and for at least a finite time ¢ > 0 in the case of three
dimensions.
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Another alternative is to regularize the equation itself by adding diffusion (see, e.g.,
Subsection 9.4.4).

Example 10.2. Smoothing Initial Data and Equation. As in Example 10.1, smooth
(mollify) the initial data vy to obtain v¢ and solve the Navier—Stokes equation with
viscosity €:

ove
at

+ v - Vvt = —Vp© + eArvS, divov¢ =0. (10.5)
This gives us another solution sequence v°.

Both kinds of approximate-solution sequences are natural regularizations of vor-
tex sheets. The numercal results of Krasny (1986) (vortex-blob regularization) and
Trygvasson et al. (1991) (viscous regularization) suggest that for the roll-up of a
single-sign sheet, the approximations in Examples 10.1 and 10.2 have the same limit.
However, it is unclear if the other approximations described in Section 9.4 also have
the same limit. Moreover, the case of mixed-sign initial data is even more complex as
demonstrated by the example presented in Subsection 9.4.6. After developing some
elementary theories of approximate-solution sequences, we show in Chap. 11 that,
for the case of 2D vortex-sheet initial data, both regularizations in Examples 10.1 and
10.2 lead to a weak solution to the Euler equation in primitive-variable form.

10.1.1. 2D Euler and Navier-Stokes Equations and A Priori Vorticity Bounds

To make either strategy useful and to obtain useful information in the limit as e — 0,
we require estimates for the solutions that are independent of the smoothing parameter
€. The results of this chapter address solution sequences for 2D Euler and Navier—
Stokes equations. These results exploit the conservation of vorticity along particle
paths for the Euler equation in two dimensions to produce a priori bounds associated
with various norms of the vorticity. An important result that distinguishes the case of
2D sequences from 3D sequences is the strong L! convergence of a subsequence of
velocity profiles for an approximate-solution sequence with the L' vorticity bound.
This result explicitly uses the conservation of vorticity along particle paths in two
dimensions and has as a direct corollary the fact that the oscillations can not occur
for such 2D approximate-solution sequences. In Chap. 12 we show some explicit
examples of oscillations occurring in 3D approximate-solution sequences to the Euler
equation.

First, in the case of the 2D Euler equation, recall from Chap. 3 that although
solutions in general do not have globally finite energy, any initial data vy with velocity
in L12OC (R?) and vorticity in L' have a radial-energy decomposition (see Definition 3.1)
of the form vy = ¥(r) + ¥y, where ¥ is a smooth radial function. This decomposition
yields a solution at later times v = v(r) 4 ¥ with the same radial part v and an a priori
L? energy bound for the time-dependent nonradial part [from relation (3.25)]:

sup [|[oflo < [|To(-, 0)ll 2 + C(IVD|L~, T). (10.6)
0<t<T
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To produce more refined estimates on the vorticity we introduce some useful back-
ground materials from real analysis.

Distribution Function: Let m(E) denote the Lebesgue measure of a measurable set
E C R™ and let f be a measurable function. The distribution function of f, my(-)is

me() =mix € RM: | f(x)| = A} (10.7)

For f € LP(RM ), 0 < p < 0o, we can write the L” norm in terms of the distribution
function:

1AL, = —/O APdm g (L). (10.8)

The justification of Eq. (10.8) follows by the approximation of f by simple functions
and application of the monotone convergence theorem.

For smooth solutions of the 2D Euler equation, conservation of vorticity along
particle trajectories yields the following very strong conservation property.

Proposition 10.1. Let (-, t) be the vorticity associated with a smooth solution of the
2D Euler equation with initial data wy; then

Mgy (A) = My, (A) forany 0 <1t < oco. (10.9)

Conservation of the distribution function of vorticity implies that any function of
vorticity determined by the distribution function is also conserved. For example, we
have the following corollary.

Corollary 10.1. Let w(-, t) be the vorticity corresponding to a smooth solution of the
2D Euler equation with initial vorticity wy. Then we have

loC, Dl = llwollLr, l<p<oo, 0=<t<co. (10.10)
Forg(s),g >0, let G(f) = fooo g(s)dm ¢ (X). Then

Crlo(, )] = Glwo ()], 0<t<oo. (10.11)
Note that Eq. (10.10) for p = oo does not follow directly from Proposition 10.1

but instead from the fact that, for smooth solutions, vorticity is (pointwise) conserved
along the particle trajectories.

Proof of Proposition 10.1. Let X denote the particle-trajectory map satisfying

dX(a,t) .
—u =v(X(a,t),1), divv=0

X (e, 0) = «, det| Vo X| = 1.
Recall that for the 2D Euler equation, vorticity is conserved along particle paths:

o, ) =wo(X'(x), X '(x)=(X(a, )" (10.12)
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Given an arbitrary Borel measurable set B C RY, denote X(B,f) = {x =
X(a,t)|a € B}. The generalized version of the charge of variables formula (see
Rudin, 1987, Chap. 9) and the incompressibility of the velocity fields implies that

/ dx =/da, ie., m(X(B,t)) =m(B). (10.13)
X(B.1) B

Conservation of vorticity in two dimensions along particle trajectories then gives
{x[o(x, O > A} = {X(a, )] |wo(@)| > A} = X (B, 1),

where B = {a| |wo(a)| > A} .
Hence,
ML) = m{x| |o(x, 1)] > A}
=m(X(B,t)) = m(B)
= mia| |wo(@)| > A} = my, (). U

The 2D Navier—Stokes equation does not have conservation of vorticity along
particle paths because of the diffusion resulting from nonzero viscosity. Instead, the
vorticity for smooth solutions to the Navier—Stokes equation satisfies the following
inequalities. These estimates do not depend on high derivatives or viscosity and are
valid for smooth solutions to the Euler equations (v = 0) also.

Proposition 10.2. Let " be a smooth solution to the vorticity-stream formulation of
the 2D Navier—Stokes equation,

dw
ot
Then for any smooth convex function ®(s), s € R, with ®"(s) > 0 and ®(0) = 0,

+v-Vo=0 x| € R°. (10.14)

/Cb(w”(x,t))dx < /Cb(wo(x))dx. (10.15)

Furthermore, and as a consequence, for all 1 < p < oo we have decay of the L

norm of vorticity:
1/p 1/p
[/ |w” (x, t)|pdx} < (/ |(uo(x)|”dx) . (10.16)

Proof of Proposition 10.2. For 2 < p < oo, relation (10.16) is a direct consequence
of relation (10.15) when ®(s) = |s|” is chosen. Although ®(s) = |s|? is not smooth
for 1 < p < 2, approximating ®(s) by a smooth function by means of mollifica-
tion and standard density arguments yields relation (10.16) from relation (10.15) for
this case. The case p = oo in relation (10.16) follows from the parabolicity of the
vorticity-stream form of the Navier-Stokes equation, which implies the existence of a
maximum principle.t Alternatively, because relation (10.16) is true for all p € [1, c0)

T See, e.g., Gilbarg and Trudinger, (1998).
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we obtain the case p = oo by taking the limit p — oo and using the fact that
-1, = Il - lc as p — 00. Now, it remains to give the proof of relation (10.15).
Let @ (s) be a function satisfying the hypothesis of Proposition 10.2. Then,

v

w
ot

%/(D(w”(x,t))dx =/q>’(w“(x,t)) dx
= _/q>’(w“(x,t))v“-va)”dx
+ v/CD/(a)"(x, ) Aw’dx = {1} + {2},
{1} = —/ div (®(")v")dx = — lim ("W’ -Ado =0,

=00 J|y|=R

The limit in the above equation goes to zero because v” vanishes in the far field like
1/R and and ®(w") — 0 as R — oo:

2 92w”
2} :vZ/dD’(a)V) o dx
i=1 X

= —v/CID”(w”)|Vw”|2dx <0.

Hence, by integrating with respect to #, we obtain

T
/qa(w“(x,z))dx - /cb(wo(x)) —v/ /vdJ”(a)")Wa)”lzdx
0

= /‘D(wo(x))- O

Note that relation (10.15) holds regardless of the sign of @ itself. However, in order
for it to be useful, as in the case of relation (10.16), it should be a nonnegative function
of its argument.

Recall from Chap. 8 that we constructed weak solutions to the 2D Euler equation
with vorticity in L”(Rz) N L (]Rz). We showed that such solutions were unique and
studied a special class of these weak solutions known as vortex patches. In this chapter
and the next two chapters we examine two weaker classes of solutions to the 2D Euler
equations: ones with initial vorticity wy € L? (]Rz) N LI(RZ) (1 < p < 00) and ones
with wy € M(]Rz), the space of bounded Borel measures on R2. In the latter case
we require a condition that the sign of the vorticity remain fixed in order to prove
existence.

10.1.2. Definition of Weak Solutions and Approximate-Solution Sequences

In Chap. 8 we considered weak L' N L™ solutions of 2D Euler equations by means
of vorticity-stream formulation (10.14). For weaker initial data, we need a definition
that makes sense, v € L? and w only L?, 1 < p < oo or worse, so that, in particular,
the nonlinearity in the vorticity-stream form vw may not make sense. In the previous
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chapter, we derived the meaning of a weak solution based on the primitive-variable

form for the Euler equation (Definition 9.1):

Dv v D d n v

- = _ = v - s

D1 P Dt ot (10.17)
dive = 0, v(x,0) = vy.

We recap that construction here.

Let ® = (&, Pp) € C5°([0, T] x R?); then by transport formula (1.15) from

Chap. 1 we have

d O vdx = b D -v)d
ERZ vax = RZE( 'U)X,
Do Dv
=/ (~v+<l>o)dx,
r2 \ Dt Dt
Do
= —v—®-Vp |dx.
R? Dt

Assume that div ® = 0 so that [ ® - Vg dx = 0 for all scalar C' functions g. This
implies that, for all ® € C3°([0, T] x Rz) with divd = 0,

d

dt R?)

O -vdx =

Do

—_— 10.18
o (10.18)

Integrating Eq. (10.18) with respect to ¢ on the time interval [0, T'] and using a test
function ® € C'{[0, T, Cé (R?)} to include the initial condition in the formulation
gives the following definition.

Definition 10.1. Weak Solution in Primitive-Variable Form. A velocity field v(x, t),
with initial data vy, is a weak solution of the Euler equation in primitive-variable
form provided that

(i) ve L'([0, T] x Bg) forany R > 0, Bg = {x € R?, x| < R},
(ii) v® v = (v;v;) € L'([0, T] x Bg),
(iii) div v = 0 in the sense of distributions, i.e.,

/w v=0  VpeC{0,T],CyRM},
(iv) for any ® = (@, ®,) € C'{[0, T1, C}(R*)} withdiv & = 0,
/d>(x,T)~v(x,T)dx—/CD(x,O)~vo(x)dx
(10.19)

T
:/ /(d>t~v+Vd>:v®v)dxdt,
0

where
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Note that the requirements (i) and (ii) are for the time term and the nonlinear term
of the right-hand side of Eq. (10.19) to be meaningful, (iii) is the “weak” incompress-
ibility condition, and (iv) is the “weak” Euler equation with the pressure eliminated
by a special restriction (div & = 0) on the test functions. Note also that although
the vorticity-stream weak formulation is valid for only 2D fluid equations, the above
formulation is valid for both 2D and 3D cases. To consider the existence problem for
the primitive-variable formulation by means of sequences of approximate solutions
we make the following precise definition.

Definition 10.2. Approximate-Solution Sequence for the Euler Equation. A sequence
of functions v¢ € C{[0, T1], leoc (R?)} is an approximate solution sequence for the 2D
Euler equation if

(i) forall R, T > 0, maxg<,<r fx‘sR [vé(x, 1)|>dx < C(R), independent of e,
(ii) divv® = 0 in the sense of distributions,
(iii) (weak consistency with the Euler equation),

e—>0

T

lim/ / (W@, + VP : v @ v)dxdt =0
0 JRr?

for all test function ® € C5°([0, T] x Rz) with div ® = 0.

Note that the conditions (i)—(iii) are extremely flexible (minimal in some sense).
The natural and very interesting questions to ask are (1) does every approximate-
solution sequence converge in some sense to a weak solution of Euler equation? and
(2) does any new phenomena happen during the limiting process? The purpose of our
study in this and the following chapters is to answer the above questions. Definition
10.2 applies to both the 2D and the 3D case. For the 2D case, we just derived some a
priori bounds on the vorticity that depend on only the initial vorticity. This naturally
leads to the following additional constraint for a 2D approximate-solution sequence.

Definition 10.3. A 2D approximate-solution sequence [satisfying (i), (ii), and (iii)
of Definition 10.2] has L' vorticity control if (iv) maxg<,<r f |w€(x, t)|dx < C(T),
o = curl ve.

Definition 10.4. An approximate-solution sequence with L' vorticity control [satis-
fying (i)—(iv) above] has L? vorticity control p > 1 if

) OmaxT/ | (x, )P dx < C(T), o = curl v°.
<t<

We now verify that Examples 10.1 and 10.2, with appropriate constraints on the

initial vorticity, form an approximate-solution sequence of the 2D Euler equation as
defined above.

Example 10.1. Smoothing Data. Consider initial data vy € L? (R?) and the mollifica-

loc

tion v = Je * vy, where J. is the standard mollifier defined in Eqs. (10.4). Let v¢ (x, #)
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be the smooth global-in-time solution given by the energy method (see Chap. 3). Then
estimate (10.6) obtained by the radial-energy decomposition implies that

/ v (x, )’dx < / |DS(X)|2dx + 1100, 0)ll 2
=R

[x|<R

< C/ lvg(x)|> dx < oo, (10.20)
[x|<R
and, moreover, the vorticity w® = curl v¢ satisfies
/|af(x,t)|de 5/|w5(x)\pdx (10.21)
< /|a)0(x)|pdx, 1<p < oo. (10.22)

The other conditions [(ii) and (iii)] are trivially satisfied by the v¢’s. These observations
lead to the following result.

Ifwye L'NLP (Rz), then v¢ (x, t), the solutions associated with the smooth initial
data v = Je * vy, curl vy = wp, generate an approximate-solution sequence with
L?(1 < p < 00) vorticity control.

Example 10.4. Zero Diffusion Limit of the Navier-Stokes Equation. This example

takes smooth solutions v¢ of the Navier—Stokes equation with viscosity € and mollified
initial data:

Dv¢

Dt

v€|i=0 = J vy,

J— € € 1 € __
Vp© 4+ eAve, i;vesz(R?z). (10.23)
Then we know from the energy estimate and the viscosity-independent estimate
(10.16) that relations (10.20) and (10.22) are true. Hence, to show that the sequence
of solutions of Navier-Stokes equations (10.23) generates an approximate-solution
sequence with or without vorticity control, it remains to verify the weak consistency
with the Euler equation, condition (iii). It is easy to see that the weak consistency

from the estimates,
t
< 6/ / |AD - v€|dxdt
0 JR?

T
//d>~Av€dxdt
0 JR?
12
<eC(T) [/ |v5<x>|dx}
[x|<Ro

1/2
< €eC(T) [/ |Uo(x)|2dx] :
|x|<Ro

€

where sup ® C {|x| < Ro}.

In addition to conditions (i) — (v) in the definition of an approximate-solution se-
quence, we need one more technical condition for the approximate-solution sequences
to give an interpretation of the weak sense in which the initial data are assumed at
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time + = 0 in the limiting process. Before stating this condition, we review some
background information and notation. We denote by €2 a locally compact Hausdorff
space and by M (2) the space of the Radon measures on €2 with | |(2) < 00. Cy(£2)
is the space of continuous functions on €2 that vanish at infinity. For ¢ € C((€2) the
L*> norm |¢| .~ is equal to max,cq |¢(x)|; hence

’/@du«l S lple<lp|(Q) Vo e Co(R), e M(Q).
Q

Thus Radon measures M (£2) are embedded in Cj(€2), the dual of Cy(£2). Actually
the Riesz representation theorem (Rudin, 1987) says that M(L2) is isometrically
isomorphic to Cg(£2).

By the notion p; — u in M(£2) we mean that

/(pduj—>/(pdu forany ¢ € Cy(R2).
Q Q

From the fact that [Cy(€2), | - |] is a Banach space and by use of the Banach—Alaoglu
theorem we have the following lemma,

Lemma 10.1. Compactness Lemma for Measures. The family {j1;} C M(R2) with
[ jl(€2) < C is weak-* sequentially compact, i.e., there is a subsequence {;;} and
uw € M(2) such that

wji = @ in M(L).

We now recall some basic properties of Sobolev spaces. These properties were
explained in detail in Chap. 3.

Let S(RY) be the Schwartz space of rapidly decreasing smooth functions on R";
for f € S*(RY) let £(£) = [xn €7 f(x)dx be its Fourier transform. Recall from
Subsection 3.2.1 for s € R the Sobolev space

H'(RY) = {f e S"RMIIIT = / IFEP(+18P) ds < oo}.
R
The notation || f||; denotes the Sobolev s norm.

Proposition 10.3. The function spaces H=*(RY) and H* (R") are the duals to each
other through the L*(R") inner product. In particular,

| < fig>1=<Ifl-=lgls YfeH ®RY) and ge H'RY).

Let o = (a1, ..., ay) be a multi-index with |a| = > «; = L. Then, from the fact
that | D% f|(§) < |§|"| (§)], we easily obtain

D% : H'(RY) - H*LRY).
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Another important tool from Chap. 3 is the fact that the spaces H*t*(R") are
continuously embedded in C* (R fors > N /2 (Lemma 3.3). We use the C version
of this result here in this chapter.

Lemma10.2. Sobolev’s Lemma. Fors > (N /2) the inclusionmappingi : H*(RY) —
Co(RY ) is continuous, i.e., there exists a constant C such that

| flee < Csll fIs-

Using the fact that, from elementary functional analysis, if some mapping between
the two Banach spaces is continuous then its transpose mapping is also continuous,
we obtain, as a corollary of Sobolev’s lemma, the fact that all Radon measures are in
a negative-order Sobolev space.

Proposition 10.4. Let s > (N /2); then for any p € Cg° (RM) there exists a constant
C, such that

lopl—s < Cilpul@®Y) Y e M@®RMY).
We have a useful characterization of Hy.(RV):

Proposition 10.5. Foranys e R, f € H}, RY) ifand only if pf € H*(R") for any
p € CEM@M).

We also need the following compactness lemma.

Lemma 10.3. Rellich Compactness Lemma. (Folland, 1955, p. 255) Let {f;} be a
sequence in H*(RY) with || fills < C; then there exists a subsequence f;; and
fe H*(R") such that for any p € Cgo(RN), pfji — pfin H’(RN)forany r<s.

We also need the following version of the Lions—Aubin lemma.

Lemma 10.4. Lions—Aubin Lemma. Let { f€(t)} be a sequence in C{[0, T], H® (RN)}
such that

(i) maxo<<7 [ ()]s < C,
(ii) for any p € CC(RN), {pf€} is uniformly in Lip{[0, T1, H® (R™)}, i.e.,

lof<(t) — pf()ln < Culty — 12, 0<t, KH<T

for some constant Cyy; then there exists a subsequence {f} and f € C{[0, T],
H*(RY)} such that for all R € (M, S) and p € CSC(RN)

max [lpof(®) = pfOllg =0 as j— oo

Now we are prepared to state the final technical condition for the approximate-
solution sequences.
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Condition (vi): An approximate-solution sequence {v¢} of the 2D Euler equation
[hence satisfying (i)—(iii)] should satisfy, for some constant C > 0,
llpve () — pv(R)I|-L < Clt; — tal,
0<t,b<T VYL>0, VYpeCPRY), (10.24)

i.e., {v¢} is uniformly bounded in Lip{[0, T], Hl;CL (RM)}.
For illustration we check condition (vi) for a model equation:

3
a—l;—i—v-Vv:vAv, 0<v<l. (10.25)

Observe that, in contrast with the Navier—Stokes equations, in Eq. (10.25) we do not
have the pressure term that introduces nonlocality to the equations. We assume that
the exact-solution sequence {v¢(x, t)} satisfies the condition of locally finite energy
[condition (i)]. Then for any cutoff function p € C§° RNy with sup p C {|x| < R},
we have

o @v) () < C(R,T). (10.26)
For any s > (N /2) by the dual version of Sobolev’s lemma,

o div(v® @ v )OIl g-s-1 Yy
< [ldiv[p(v® @ v) O]l g-s-1¥y + 1V @ V) (@) : Vol g-so1 gy,
< Cilp(* @ v )l g-s@®y) < C2llp(v @ v)(@) 11

Hence, from Eq. (10.25),
o div(v® ® VYD)l y--1zv, < C(R, T). (1027)
Clearly, from the local finiteness of the kinetic energy,
lovAv @)l g—2@yy) < C(R, T) (10.28)

for a suitable constant C(R, T'). Now we set —L = ming. (/2 {—2, —s — 1}; then
from Eq. (10.25) and estimates (10.27) and (10.28) we have

%) avé
love(t) — pv(t) -1 = HP/ dt
n ot —L
av¢
< _
<l t1|0r222% P @) y

< |ta —ti|lllp (v - VD)1 + [lovAvE (1))l —L]
<l —tl[lo@ @ vl g1 @y + 1oV AV Ol 2@y, ]
< C(R, Tt — 1]
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forall0 < #1, #, < T.Hence condition (vi) is satisfied by the exact-solution sequences
{v€(x, t)} satisfying the condition of uniform finiteness of local energy, (i). The proof
of the fact that an approximate-solution sequence of 2D Euler equation satisfies
condition (vi) is similar to the above argument; for more details see Appendix A of
DiPerna and Majda, 1987a.

10.2. Convergence Results for 2D Sequences with L! and 1?
Vorticity Control

Our goal in this section is to prove two important convergence results for approximate-
solution sequences in two dimensions. First we prove a general theorem about the
convergence of approximate-solution sequences with L' vorticity control. We show
that the L' bound in two dimensions implies that in addition to weak convergence in
L? for a subsequence of velocities (this results directly from the energy bound) these
fields converge strongly in L] . (R?). This result has two important consequences.
The first obvious one is that it forbids oscillations to occur in approximate-solution
sequences in two dimensions. The second important consequence is that it allows us to
prove that an approximate-solution sequence with additional L? vorticity control has
a subsequence of velocities converging strongly in L . This fact directly implies the
existence of a weak solution to the primitive-variable form of the 2D Euler equation
with initial vorticity in L' N L?, p > 1.

In Chaps. 11 and 12 we address what happens to the solution sequences when
the L? control no longer holds. In particular, in Chap. 11, we address the case of
vortex-sheet initial data in which the vorticity is a measure approximated by smooth
vorticities with only a uniform L' bound. In this very weak case we can prove a global-
existence theorem when the vorticity has a distinguished sign. This result directly uses

the phenomenon concentration-cancellation, which we introduce in the next chapter.

10.2.1. Convergence of Approximate-Solution Sequences
with L' Vorticity Control

‘We begin by proving the following theorem for approximate-solution sequences with
L' vorticity control. It has the important consequence that oscillations cannot occur
in the limit.

Theorem 10.1. Convergence of Approximate-Solution Sequences with L' Vortic-
ity Control. Let Qr = [0, T] x Br(-), Br(-) = {x € ]R2| |x] < R}. Given an

approximate-solution sequence v¢ with L' vorticity control [hence satisfying condi-
tions (i)—(iv) and (vi)], there exists a function v with

0<t<T

max / [v|’dx < C(R,T), divv=0
[x]<R
and a subsequence v¢ such that

// v —v|dxdt — 0 as € —0 (10.29)
Q
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and
curl v¢ = 0 — w = curl v weak* in M(Q7). (10.30)

The natural question to ask is, does the limit v above satisfy the weak form of the
Euler equation? As we show in Theorem 10.2, this is true for solution sequences with
the additional L? vorticity control.

Proof of Theorem 10.1. From condition (iv) on uniform L' vorticity control and the
compactness lemma 10.1 we know there exists a subsequence {w} and v € M ()
such that Eq. (10.30) holds. From technical condition (vi) we have, for all L > 0,
p€CPMRY),and0 <1, <T

lpw* (1) — po* (1)l 112y < Clty — 2] (10.31)

The dual of Sobolev’s lemma and the condition of uniform L' vorticity control imply
that

€ €
max || pw ()] s < C; max ||pw(t < (C,,
Rt low ( )”H R = 10§r§T low*( )”LI(RZ) =02

s > 1. (10.32)

From relations (10.31) and (10.32) and Lions-Aubin Lemma 10.4 there exists w €
C{[0, T1, Hyyy (R*)} such that

max [lpw" (1) = po (D) la-@ =0 Vs> L. (10.33)

0<t<

To show convergence (10.29) it is sufficient to show that {v¢} is a Cauchy sequence
in L'(Q). The Biot—Savart law implies that

ve(x, 1) =/ K(x —y)o(y,Hdy, |[K(x)| < % (10.34)
R’ X

Let

1 x| <1

0 Ixl =2 (10.35)

p(x) € @) it o) = {
and ps(1x1) = p((x|/5). Then
=000 = { [ arle = 30K G = 907 = 000y |
+{ [ wr =00 = 30K G = @ - a0y}

+ {/Rz(l = pR)(Ix — yDK (x = y) (@ — 0?)(y, t)dy}

= {1} + {2} + {3}.
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Hence

T
/ / |(V" — v (x, 1)|dxdt
0o JR?

=< ||{1}||L‘([0,T]><R2) + ||{2}||L1([0,T]><R2) + ||{3}||L1([0,T]><R2)-

The terms {1} and {3} are easy to treat as follows: For term {1} we use the fact
that a small neighborhood of the origin contributes an amount to the integral that is
proportional to its radius:

T
I L1 0,7y xm2) = / /
0 JR?

< ”,OBK”LI(RZ)HQ)Q - a)Q”Ll([o,T]XRZ)

< Co.

/ os(Ix — YDK (x — y)dx (0 — &) (y, t)dx|dydt
RZ

For term {3} we use the fact that the kernel decays like 1/R in the far field, that is

(1 - pp)K € L¥R?),
o — w? e L®{[0, T], L"(R*)},
3} = [(1 — pp)K] * (0 —0®) € L®([0, T] x R?).

Hence

.
133 L1 0. 7152y = Bl Lo o, 71xr2) = CII(A = pp) K|l o2y < CR .

=1 L . .

Becausedand R~ can be made arbitrarily small, it is sufficient to show that |[{2}|| .1 )
— 0 as €1, €, — 0. Here we exploit the fact that we have convergence of w® in H™*
for s < 0. For this purpose we use the dominated convergence theorem. Let

7050 = [ [og = p)KI = 9@ (.0) = 03 Ddy(= 12D,

Then, for fixed x,|x| < R, [(pp — ps)K1(x —y) € Hj(R) for any s € R. [Actually,
itisin C§° (R?).] Now, for § = P2(k+R)» We have from convergence (10.33)
o2 (x, )| < ll(pg — p(;)KHHJ(Rz)HﬁwG' ) — pw® (t)”Hﬂ\(Rz)
= (og = P) K ll sy X |50 (1) = P (Dl -+ )
— Qase€y,ep > Oforalls > 1,
which implies both the uniform boundedness and the pointwise convergence of

o2 (-) in Q7(= [0, T] x Bg). Hence, by the dominated convergence theorem,
we conclude the proof. |

Note that, in proving convergence (10.29), the condition of uniform L' vorticity
control was crucial. Without this condition the result would be false: For example,
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recall the steady inviscid periodic solution from Chap. 2 (Example 2.3). We can create
a solution sequence by using decreasingly smaller lattices for the periodic pattern:

2w x 1 21 X2
n n
€ €
( 2 X1 > ( 2 X2 )
cos cos
€ €
This sequence satisfies all the conditions (i)—(iii) of the approximate-solution se-
quences except the condition of uniform vorticity control. For this sequence there
is no v € L'(Bg) such that v¢ converges strongly to v in L'(Bg), i.e., convergence
(10.29) does not hold. Case (10.36) is one of the simplest examples of a sequence
with oscillations, that is, there is no subsequence that converges pointwise almost
everywhere to a limit, but nonetheless the sequence converges weakly to zero. For

the case of a 2D approximate-solution sequence with L' vorticity control, strong
convergence (10.29) implies the following corollary.

Ve (x) = (10.36)

Corollary 10.2. Let v¢ be an approximate-solution sequence with L' vorticity control.
Then oscillations cannot occur in the limiting process and the only possible singular
behavior is concentration.

Proof of Corollary 10.2. The strong convergence in L', convergence (10.29), implies
that the convergence also must be satisfied pointwise almost everywhere, and hence
no oscillation can occur. ]

10.2.2. Existence of a Weak Solution to the 2D Euler Equation
with Vorticity in [P N L
Now we show that the additional constraint of L” vorticity control implies that a
subsequence of v¢ converges strongly in L2. Applying this result to Example 10.1 on
smoothing of the initial data implies, by passing to the limit, the existence of a weak
solution when the vorticity wy € L?(R?.
First we recall some useful facts.

Lemma 10.5. Interpolation Lemma for L? Spaces. If0 < p < g < r < 0o, then
LPNL" C LY and

If e < IFNGLANE (10.37)
where (1/q) = {(A/p) +[(1 —1)/r]}.
Proof of Lemma 10.5. For r = oo, f [flidx < || f119F f | f1Pdx, so

1- A 1—x
Il < IFUEUNFN S = 1 F 1S F IR
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For r < oo, by Holder’s inequality,

A1 g

/|f|q dx =/|f|M|f|“*“qu < | 1A | Lo

Aq/p (1=2)q/r
-(Jueas)”(Jre

A 1—A
=[£I FuS

Taking the gth root gives relation (10.37) (]
Recall from Chap. 8, Subsection 8.2.4, Calderon—Zygmund inequality (8.45).

Proposition 10.6. Calderon-Zygmund Inequality. Let 1 < p < 0o and P be a SIO
on LP(RN), ie.,

(Pf)(x) = PV/p(x = f(ydy for feLPRY),
with
px) = X_Np(x) and / p(w)dw = 0.
SN—I

Then there exists a constant C, such that

||Pf||Ln(RN) = Cp”f”LP(RN)' (10.38)

As p\(1,C, / oo, and result (10.38) is false for p = 1. Also recall the Sobolev
inequality.

Proposition 10.7. Sobolev Inequality. Let p < N; then for v € WO] P(RN), there
exists a constant C such that

vl Ly @y < CIVUI L@y (10.39)
where p' = [Np/(N — p)].
We now state and prove our main theorem of this section.

Theorem 10.2. Existence of Weak Solutions to the 2D Euler Equation with Vorticity in
L' N L?. Consider an approximate-solution sequence {v¢} with uniform LP vorticity
control (p > 1) [hence satisfying conditions (i)—(vi)]; then there exists v € L2(Qp),
Qr = [0, T] x Bg, such that

lv¢ —vllL2@,) — O as € — 0, (10.40)

and v is a weak solution for the 2D Euler equation.
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Because the smooth solutions of the 2D Navier-Stokes equation with initial vorticity
wy = Je xwy, wy € LP (Rz) and the smooth solutions of 2D Euler equation with the
same initial data wf, form approximate-solution sequences with uniform L? vorticity
control, we have the following immediate corollary of the above theorem.

Corollary 10.3. Let {v°} be a sequence of smooth solutions of the 2D Navier—Stokes
equations with viscosity € and initial data wy = J,* wg, wy € L? (Rz). Alternatively,
let {v¢} be a sequence of smooth solutions of the 2D Euler equations with initial data
g, then there exists v € L*(S2) such that v¢ — v in LZ(RZ) and v is a weak solution
of 2D Euler equation.

Proof of Theorem 10.2. First recall the identity introduced in Chaps. 2—4:
Vove(x,1) = Coo(x, 1) + (Po)(x, 1), (10.41)

where Cy is some constant and

(Po)(x, 1) = PV/Pz(x — Vo (y, dy,

where
2
P(Ax) = A2 Py (x), / Py(o)do =0
0

is a SIO. The Calderon-Zygmund inequality (Proposition 10.6) and the condition
of uniform L? vorticity control combined with the decomposition of Vv in identity
(10.41) imply that

VU Dl o g2y < Cp(T) (10.42)

for some constant C,(T) .
Let p € Cg° (R?) be any cutoff function. We write

V(1) = (K *0°)(t) = (pK) x o (t) + [(1 — p)K] * &°(1)
= vi(t) + v5(1).

Because pK € L'(Rz), ||a)€(t)||L1,(Rz) < C(T), Young’s inequality gives
[ ey < CUD). (10.43)
By a similar argument, (1 — p)K € LN(RZ) and w¢(t) € L' (Rz); hence
105D g2y < Co(T). (10.44)
Combining relations (10.43) and (10.44) we have
v Ol Lrgxi<r) < C (10.45)

for some constant C = C(T, R).
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By Sobolev’s inequality (Proposition 10.7), for some constant C we have for p’ =
2p/2—=p)>2

lov Ly @2y < C3IIVIPV O]l Lo g2
< G| (Vp) - ve(t)”Lp(RZ) + C3||pvv€(t)||Lﬂ(R2)'

Inequalities (10.45) and (10.42) yield
v Ol Ly g2y < C(T). (10.46)

We now apply Lemma 10.5, the interpolation lemma for L? spaces, choosingg = 2,
r=1,p=p,and Q = Qr = [0, T] x Bg. This gives

Lol (@) = vl 20, < 010 (1) = vl g, IOl @) = v, g, -

From Theorem 10.1, [|o[ve(?) — v(D)]llL1@-1) — 0 as € — 0, and, by inequality
(10.46), || p[ve (1) — v(DllLr (@, < C(T); hence convergence (10.40) is true:

Il @) — vl 2@,y — 0 as € — 0. (10.47)

Furthermore, this strong convergence implies that, for ® € [C§°([0, T] x Rz)]z,

(A) //Cbt-vedxdte//d)t-vdxdl as € — 0,
Q Q

B) //V@:v5®vdxdt—>//Vd:':v@vdxdt as ¢ — 0.
Q Q

The decomposition

//(V¢:v€®vé—vfb:v®v)dxdt
Q

://VCD:(ve—v)®v€dxdt+//V<I>:v®(v€—v)dxdt
Q Q

with result (10.47) shows that, from (B), we have

(©) //Vd>:v€®v€dxdt—>//V(D:v®vdxdt e — 0.
Q Q

(A) combined with (C) implies that v is a weak solution of the Euler equation. [

From the constructions in this proof, we see that whenever we have strong convergence
in L2 as in result (10.47) the limit v of the approximate-solution sequence will satisfy
the Euler equation in the weak sense of Definition 10.1. If for all subsequences strong
convergence in L? does not occur, we say that concentration happens. In the next
chapter we show several examples for which concentration occurs and yet the limit
still satisfies the Euler equation. We call this phenomenon concentration—cancellation.
It is still an open problem whether or not concentration—cancellation always occurs
for general 2D approximate-solution sequences with only L! vorticity control. In
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Chap. 11 we can prove concentration—cancellation for the special case in which the
vorticity has a distinguished sign.

Another interesting open problem is the question of uniqueness of the solution from
Corollary 10.3. In the special case in which the initial data have vorticity in L*°, the
solution inherits this bound, and by the Uniqueness Theorem 8.2 in Subsection 8.2.4,
is in fact unique.

Notes for Chapter 10

As we saw in Chap. 9, vortex-sheet evolution is a classically ill-posed problem. One research
program has attacked this problem by means of classical existence theorems for analytic vor-
tex sheets for finite-time intervals through nonlinear Cauchy—Kovaleski theorems (see, e.g.,
Caflisch and Orellana, 1986; Caflisch, 1989; Sulem et al., 1981). The material from this chapter
comes from the first paper of DiPerna and Majda (1987a) in a series of works including those of
Diperna and Majda (1987b, 1988) that address the behavior of such complex inviscid dynamics
by means of modern analysis. The material in these two additional papers forms the framework
for Chaps. 11, 12, and 13.

‘We remark here that the question of existence of a solution with compactly supported initial
data wy € L'(R?) without a sign constraint was solved recently by Vecchi and Wu (1993).
They follow the arguments of Delort (1991) for the case of vortex-sheet initial data with a
distinguished sign and use the fact that the stronger assumption of L! initial data allows one to
apply the Dunford—Pettis theorem to prove the required convergence in the proof.

This chapter assumes knowledge of basic analysis including measure theory, distributions,
and some potential theory. The books of Rudin (1987), Gilbarg and Trudinger (1998), and
Folland (1995) contain most of the material needed to understand this chapter. In addition, we
recommend Real Analysis by Folland (1984) for details on measure theory; e.g., for details on
the distribution function m (1) see Chap. 6 of this text.

For the proof of the Sobolev inequality (Proposition 10.7) and related results see Gilbarg
and Trudinger (1998).
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The 2D Euler Equation: Concentrations and Weak
Solutions with Vortex-Sheet Initial Data

In the first half of this book we studied smooth flows in which the velocity field is
a pointwise solution to the Euler or the Navier—Stokes equations. As we saw in the
introductions to Chaps. 8 and 9, some of the most interesting questions in modern
hydrodynamics concern phenomena that can be characterized only by nonsmooth
flows that are inherently only weak solutions to the Euler equation. In Chap. 8 we
introducted the vortex patch, a 2D solution of a weak form of the Euler equation, in
which the vorticity has a jump discontinuity across a boundary. Despite this apparent
singularity, we showed that the problem of vortex-patch evolution is well posed and,
moreover, that such a patch will retain a smooth boundary if it is initially smooth.

In Chap. 9 we introduced an even weaker class of solutions to the Euler equation,
that of a vortex sheet. Vortex sheets occur when the velocity field forms a jump
discontinuity across a smooth boundary. Unlike its cousin, the vortex patch, the vortex
sheet is known to be so unstable that it is in fact an ill-posed problem. We saw this
expicitly in the derivation of the Kelvin—Helmholtz instability for a flat sheet in
Section 9.3. This instability is responsible for the complex structure observed in
mixing layers, jets, and wakes. We showed that an analytic sheet solves self-deforming
curve equation (9.11), called the Birkhoff-Rott equation. However, because even
analytic sheets quickly develop singularities (as shown in, e.g., Fig. 9.3), analytic
initial data are much too restrictive for practical application.

Later in Chap. 9 we showed that a more natural class of initial data, which we
refer to here as vortex-sheet initial data, is that of a 2D incompressible velocity
field vg = (v(l), vg) with vorticity wy = curl vy satisfying the condition that wy is a
nonnegative Radon measure

wy € M(R?), wo > 0, (11.1)

and vy has locally finite kinetic energy:
/ lvg|?dx < C(R) < 00 forany R > 0. (11.2)
[x|<R

For simplicity we assume here that wy has compact suport. Note that condition (11.2)
excludes the case of point vorticies but includes vorticities concentrated as a smooth
distribution on a curve in the plane.

405
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At first glance, because of the ill posedness of the simple flat sheet, it seems quite
difficult to formulate a rigorous theory for vortex-sheet evolution. To understand
the dynamics of a high Reynolds number fluid, we must find a way to describe the
evolution of the sheet with very general initial data and on long time intervals. In
particular, we would like to be able to show that a solution exists for all time, starting
from very general constraints on the initial data,

v € LE (RY), w € M(R?), (11.3)
that is, the data have finite kinetic energy and the vorticity is initially a Radon measure.
From now on we refer to vortex-sheet initial data as those that satisfy conditions (11.3).
One important goal of this chapter is to show that, for the special case of vortex-sheet
initial data with vorticity of distinguished sign, such an existence theorem holds. The
general question of uniquness and that of existence for mixed-sign vortex sheets is
still an open question.

A natural framework, motivated both by the physics and numerical methods, is to
consider a sequence of smooth solutions and pass to a limit in a parameter. The hope is
that the resulting limit will be a very weak solution to the Euler equation that will pos-
sess a certain degree of structure. Some examples of approximate-solution sequences
were introduced in Chaps. 9 and 10. They include smoothing initial data (10.4),
smoothing the equation by means of viscosity (10.5), and computational vortex-
blob regularization (9.19). In Chap. 10 we defined precisely what we mean by an
approximate-solution sequence to the 2D Euler equation. We used it to proved some
more elementary properties including the existence of weak solutions with initial
vorticity in L”(R?) (p > 1), in which the vorticity could have mixed sign. Our goal
in this chapter is to understand properties of approximate-solution sequences without
the L? vorticity constraint. Ultimately we use these properties to prove the existence
of solutions with vortex-sheet initial data of distinguished sign.

This chapter is organized as follows. In Section 11.1 we introduce the weak-*
and reduced defect measures associated with the limiting process of an approximate-
solution sequence. In Section 11.2 we present some examples in which concentration—
cancellation occurs. In particular, in Subsection 11.2.2 we give an example that is
due to Greengard and Thomann (1988) with concentration—cancellation in which
the weak-* defect measure is the Lebesgue measure on the unit square. This exam-
ple emphasizes the fact that the weak-* defect measure is not a particularly good
choice for studying the concentration set of an approximate-solution sequence. In
Subsection 11.2.3 we show, by example, that the reduced defect measure is not count-
ably subadditive. In Chap. 12 we show by means of the Greengard—Thomann exam-
ple that, despite this fact, the reduced defect measure can be much better behaved
than the weak* defect measure. In Section 11.3 we introduce the vorticity maximal
Sfunction, which plays an important role in the analysis. Finally, in Section 11.4 we
prove an important result of this chapter. When the initial vorticity has a distinguished
sign, there exists a solution to the 2D Euler equation with vortex-sheet initial data
wy € M(]Rz) N ngcl (Rz). The proof uses a result from the previous section on the
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decay rate of the vorticity maximal function when vorticity has a distinguished sign,
combined with some ideas from the theory of approximate-solution sequences. The
original proof of this result is due to Delort (1991) and our proof (Majda, 1993) makes
use of an insightful lemma from that paper.

We begin now by recalling the definition of an approximate-solution sequence, and
reviewing some facts from Chap. 10.

Definition 11.1. An approximate-solution sequence for the Euler equation is a se-
quence of functions v¢ € C{[0, T1], L,zOC (R?)} satisfying

(i) maxozi<r [}, g V. DPdx < C(R),
(ii) div v¢ = 0 in the sense of distributions,
(iii) (weak consistency with the Euler equation):

e—0

T
lim/ / (W - D, + VD : v Qv)dxdt =0
0o JRr?

for all test functions ® € C§°([0, T] x Rz) with div ® = 0 with an additional
property of L' vorticity control,

(iv) maxo<;<t f |w€ (-, 1)|dx < C(T), w* = curl v, and the technical condition that
for some constant C > 0 and sufficiently large L > 0,

lpve(t) — pv @)l < Clti —tal, 0<t1,b<T, VpeCF®RY), (114)
i.e., {v¢} is uniformly bounded in Lip{[0, T], H;=(R™)).

We use the notation Q27 = [0, T] x Bg(0) for the time-dependent case and Q2 =
Br(0) for the time-independent, case where Br(0) = {x € R2| |x] < R}. For any
such approximate-solution sequence the Banach—Alaoglu theorem implies that there
exists v € L*(Qy) with div v = 0 such that

v ~vinL*(Qr) as € — 0. (11.5)
In Theorem 10.1 we proved that
v — vin LY(Qyr) as € — 0. (11.6)

Here we use “—” to denote weak L? convergence and “—” to denote strong L>
convergence. In particular, strong convergence (11.6) implies that v¢ — v point-
wise almost everywhere. By definition, this means that oscillations cannot occur in
approximate-solution sequences of the 2D Euler equation. In Chap. 12 we show that
such behavior is possible for the case of approximate-solution sequences in three
dimensions. The proof of convergence (11.6) used the a priori L' control of vorticity,
which is a property of the equations in two but not in three dimensions. Because of
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weak convergence (11.5) it is clear that the limit v is a weak solution of the 2D Euler
equation provided that, for all ® € C§°(£27),

// Vo v ® vedxdrt —>// Vo :vQvdxdt as e€— 0. (1.7
QT QT

This condition is guaranteed whenever
v > v in LYXQp). (11.8)

For the case of 2D approximate-solution sequences, there are still interesting phenom-
ena associated with weak convergence (11.5). When the convergence is not strong
in L?(Q2r) we say that concentration occurs. In this chapter we present some exam-
ples of concentration in the limiting process and introduce two measures designed
for examining this phenomenon. The examples we study all have the property of
concentration—cancellation, which means that although convergence (11.5) is not
strong, the limit v still satisfies the Euler equation.

In Theorem 10.2 we proved that, with the additional constraint of L? vorticity
control,

v) Oma’ir/'af(-, N|Pdx < C(T), o = curl v°,
<t<

we have strong convergence v¢ — v in L?(Q27) and hence condition (11.7) holds.
The proof used the following two steps:

(1) The Calderon—Zygmund inequality implies, that, for | < p < oo,
IVeilLr < Cpllof]iLr with C, /o0 as p N\l (11.9)

(ii) Sobolev’s inequality: For any p € C5°(R)

llovllpy < ClIVUSlly  with p>1, p'=

To summarize the argument, uniform L?” control of vorticity for p > 1 implies
a uniform full gradient control of velocity in L”(p > 1). This, in turn, implies
the uniform control of the L?”" norm of the velocity for p’ > 2. We then use an
interpolation inequality to establish strong convergence (11.8). The requirement that
p > 1 for the uniform L7 vorticity control in Theorem 10.2 is sharp. Indeed, even if
we have uniform L' control of the full velocity gradient, the best we can hope for is
uniform L? control of the velocity (uniform kinetic energy), which is not good enough
to use the interpolation inequality to prove strong L> convergence. In this chapter we
show that the condition of uniform L' vorticity control is actually worse than that
of uniform L' velocity gradient control; in the former case the limiting process can
create a much more complex structure.
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11.1. Weak-* and Reduced Defect Measures
As we showed in Chap. 10, the a priori bound on the kinetic energy of the

approximate-solution sequence guarantees that for any Q7 there exists a subsequence'
{v¢} and a limit v such that v¢ — v weakly in L>(27). We now introduce two tools
to measure the degree to which this convergence is strong. These tools will be further
examined in Chap. 12 in which we study the Hausdorff dimension of the set on which
concentration occurs.
First we view weak convergence (11.5) by using the concept of a Radon measure.
We define
dpc = [v|*dxdt, (11.10)

that is, for all Borel sets E C Q7,
pé(E) = / [v|*dxdt.
E
The condition of uniform control of kinetic energy,

max/ [v¢|’dxdt < C(R, T), (11.11)
[x|<R

0<t<T

implies that 1€ (27) < C(R, T); hence by Compactness Lemma 10.1 there exists a
subsequence {11} and u € M (S27) such that

JTARENT) in M(Q7) as € — 0, (11.12)

i.e., forall ¢ € Co(R27),

// ¢|vf|2dxdt—>// pdn as € — 0. (11.13)
Qr Qr

This viewpoint is more flexible as the following proposition shows.

Proposition 11.1. Let du be as defined as in Eq. (11.12) and let v € L*(Qr) satisfy
v v in L*(Qr). (11.14)
Ifdp = |v|?dxdt, then
v > v in LYX(Qp). (11.15)
Proof of Proposition 11.1. From [[, [v¢|?dxdt — Ila, p|v|*dxdt,
v, v°) = (v, v), (11.16)

T We use the same notation as the original sequence both here and throughout this chapter.
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and
W —v, v —v) = (@, v) —20° v) + (v, v).

Weak convergence (11.14) implies that (v¢, v) — (v, v). Combining this with strong
convergence (11.16) yields the desire result. (]

In general, v — v in L?(Q7) implies that
0 < lim(v® — v, v —v) = lim[(v¢, v°) — 2(v%, v) + (v, V)]
= lim[(v%, v) — (v, v)].

Hence we always have the inequality relation

// lv|?dxdt < lim// |v¢|2dxdt. (11.17)
QT QT

Proposition 11.1 says that if equality holds in relation (11.17), then strong conver-
gence holds, v¢ — v in L*(Q7).
Consider a Radon measure o € M (27) defined on all Borel sets £ C Qr:

a(E):M(E)—// [v|*dxdst. (11.18)
E

We now show that for all ¢ € Cy(2), ¢ > 0,

/wdu—// ¢lv|*dxdt > 0, (11.19)
Qr Qr

which implies that for all Borel sets £ € Qr
o(E) > 0. (11.20)
For ¢ € Co(27), ¢ > 0 we have the general inequality

0 < lim[p'?(v* —v), ¢'*(° —v)]
= lim[(pv°, v) — 2(pv, v°) + (pv, V)]
= lim(pv€, v) — (pv, v)

=// wdu—// lv|*dxdt,
QT QT

which shows relation (11.19). We call o, defined above in Eq. (11.18), the weak-*
defect measure.
‘We now introduce another related (outer) measure 0 defined on Borel sets E C Q7:

0(E) = limsup/ |v¢ — v|*dxdt. (11.21)
E

e—0
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One important fact from this definition is
O(E)=0< v —>v  stronglyin L>*(E). (11.22)

In general, however, the vanishing of o on E is not equivalent to strong convergence
on E. The partial relation between them is stated in the following proposition.

Proposition 11.2. If F is a closed set, then

U(F)=0:1in%// v — vPdxdr = 0. (11.23)
€—> F

o (F) > 0(F). (11.24)

Proof of Proposition 11.2. Equation (11.23) follows immediately from relations
(11.24) and (11.22). We prove relation (11.24) here. Because o is a Radon mea-
sure, o is outer regular. Thus for any § > 0, there exists an open set G with F C G
and

o(F)+8 > a(G).

By Urysohn’s lemma, there exists f € CO(RN), 0< f<l,and

1, xeF
f(x)z{f(x):o, xeGe

Therefore

o(F)+68>0(G) z/fdcr = 11%// f|vf|2dxdt—// flv|*dxdt
G €—>

—llm//f (ve) —2v° v—l—v]dxdt

—llm// flv¢ —v|’dxdt > llmsup// |v¢ — v|’dxdt = 6(F). O
e>0

The outer measure 6 above is called the reduced defect measure.

The inequality o (F)) > 6(F) on closed sets F implies that # might be small on a
closed set on which o is large. In fact, we show Section 11.2.2 by a concrete example
that 6(F) could be extremely small on a closed set F' on which o becomes a full
Lebesgue measure. Before presenting this example, we illustrate the phenomenon of
concentration in some elementary approximate-solution sequences of the 2D Euler
equations.

11.2. Examples with Concentration

In this section we describe several different examples of approximate-solution se-
quences with concentrations in the limit as € — 0. First we present some elementary
examples in which concentration occurs at a point. Then we present an example that
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is due to Greengard and Thomann (1988) in which the weak-* defect measure is
the Lebesgue measure on the unit square. In all of these examples, concentration—
cancellation occurs and the weak limit satisfies the Euler equation.

All of the examples below are motivated by a combination of elementary exact
solutions to the Euler equation and natural desingularization methods as discussed in
Chap. 6 on vortex methods and in Section 9.4 of Chap. 9. Although these examples
are very simple, they serve to illustrate some of the subtle complex behavior that can
occur in limiting process.

11.2.1. Elementary Examples

The basic building block for all of the examples in this section is the radial eddy
(Example 2.1) from Chap. 2. Let wg be a radially symmetric function. Recall then
that

vo(x) =" (—% %) /0 swo(s)ds (11.25)

is an exact steady solution to the 2D Euler equation. In this example, all streamlines
of the flow are circles, and the fluid rotates depending on the sign of wy.

Example 11.1. Concentration of Phantom Vortices. This first example of an
approximate-solution sequence takes a family of eddies in which the total vortic-
ity [ w dx = 0. Such objects have zero circulation outside the support of the vorticity
(hence the name “phantom vortices”). Furthermore, in addition to having locally fi-
nite kinetic energy, as we saw in Definition 3.1 (Radial-Energy Decomposition) of
Chap. 3, such eddies have globally finite kinetic energy. Choose a velocity field

v(x) =r2 (_x’l‘z> / sw(s)ds, (11.26)
0

satisfying supp w C {|x| < 1} and fol sw(s)ds = 0[hence v(x) = O for x| > 1]. Set
vé(x) = e v(x/r¢); then by the scale symmetry of the Euler equation, v is an exact
solution for each € > 0. The sequence {v°} is an approximate-solution sequence. In

particular, we have
2
X X ,
v <> dx ( - =X )
€ €

/|uf(x)|2dx = /6*2

= / lo(x)*dx’ = Cy,

/|va<x)|dx _ /e*2 w<x> dx (x _ x/>
€ re

= /|Vv(x/)|dx/ = C,,
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and the L' vorticity control
/|a)e(x)|dx < /lee(x)|dx = Cs.

Because [ |v¢(x)|dx = [e 'v(x/€)dx =€ [v(x')dx’ — 0,as € — 0, v — Oin
LY(Q), Q@ = {x € R?|x| < 1}. Thus

v =0 in L) as € — 0.
Below, we calculate the weak limit of
V¢ ® v° in M(Q).

For any ¢ € Cy(£2) we have

lim/sv(x)vf(x)vj(x)dx = lim/(p(x)g2vi(x) vj<x)dx
=0 e—0 € €

= lin(l)/(p(ex/)v[(x’)vj(x’)dx’

— o OWy, Wy = /vivj dx.

In fact,
I 2
Wi = Wa + 7/ — / sw(s)ds| dr = Cy,
2 0 }"2 0
Wi = Wy =0.
Thus

lim / Pl () Pdx = 9O Wiy + Waz) = 2Cop(0).
To summarize,

v€®v€—\CO(60 0) in M(Q) as €—0. (11.27)

0 &

Because
/godu = 1iII(1)/§0|U6|2dx = 2Cop(0),
€—>
oc=u— / lv’dx = u = 2Cody.

In this example, a finite amount of kinetic energy (2Cy) concentrates at the origin
during the weak limit process.

Example 11.2. Concentration in Positive Vorticity. In this example we consider a
family of eddies in which the vorticity has a fixed sign. Unlike the phantom vortices,
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these eddies have locally but not globally finite kinetic energy. Thus, in order to satisfy
property

(i) of an approximate solution sequence (kinetic-energy bound) we must choose a
different rescaling than in the previous example. They are

v (x) = {bg (i)]z e_1v<:), €>0. (11.28)

/|v€(x)|2dx <C (11.29)

In this case

/|we(x)|dx -0 as € — 0. (11.30)

In particular, we have uniform vorticity control. On the other hand,

1\ 1172
/|Vv€(x)|dx =0 [log ()] — 0 as € — 0, (11.31)
€

in M(RQ) (11.32)

. ¢ . S O
VR C [O 80]

with @ = {x € R?| |x| < R}, R > 0,and 0 = 2C; 4.
The form of concentration in this example is the same as the previous one
except the constant C is different.

Example 11.3. Time-Dependent Concentration. Recall the uniformly rotating
Kirchoff elliptical vortex from Chap. 8, Section 8.1. Given v, the velocity field cor-
responding to the Kirchoff rotating elliptical vortex, define the sequence {v°} to be

. N2 [« 1\N]7"* ¢
ve(x,t) = {bg (e)] € v et [log (e)} a( (11.33)

The example also satisfies

in M(Qr), (11.34)

v€®v6_\C2 |:80 O:|

0 &

Q7 = [0, T] x Bg(0).
Note that in all of the above examples

vE =0 in L*(Q7), (11.35)
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but

vE®vE — C [80 0} in M(Qrp), (11.36)

0 4

ie., forall ¢ € C5°(Q2r)

// oV @ vidxdt — // Qv Q@ vdxdt.
Qr Qr

In spite of this fact, for ® € C;°(Q2r) with div & =0,

// Vfb:v€®vfdxdt—>c// Vd):{go 0}
Qr Qr 0 80
8<p1 8<I>2
=C|(—/.6 —=.8
<< 9x2 O> - < 9x2 O>>

od; 09,
=C(—+—)©0=0.
8)61 8x2

Thus, because of the special property of test functions (div® = 0) imposed to
remove the pressure term of the Euler equation, the nonlinear term is insensitive to the
phenomena of concentration and the weak limit of the approximate solution becomes
a weak solution of the Euler equation. We address this very subtle phenomena, called
concentration—cancellation in detail in Chap. 12.

The form of concentration at the level of the weak-* defect measure depends
greatly on the behavior of the full gradient in the limiting process. The following
theorem by Lions (1984a, 1984b) says that the full gradient control strongly restricts
the concentration mode.

Theorem 11.1. Let @ = {x € R?}| |x| < R} and (v} be a sequence in L} _(R?)
satisfying

/Q|v€(x)|2dx <C, (11.37)
/Q V0 (0)ldx < Ca; (11.38)
then
v —=~v  in L*(Q), v > v in LX),

and there exist at most a countable number of points {Z;}32, € 2 and a sequence
1/2

{a;}52, of positive numbers with Zjim o

j <00 such that

o= a;8(x—Z)). (11.39)

j=1
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The theorem says that the condition of full gradient control restricts the concen-
tration set to be at most countable number of points. Because the sequence of scaled
phantom vortices (Example 11.1) satisfies the full gradient control, we can apply the
above theorem directly in the following exercise.

Exercise 11.1. Take an exact solution sequence of the type
o .
Vi) =Y T (x —z)),
j=1

where V¢

on 18 the velocity field of phantom vortices given in Example 11.1.

(i) Using these vortices, construct an approximate-solution sequence that satisfies
conditions (11.37) and (11.38) such that

o(x) =Y a;8(x —z).
j=1

(ii) What is the weak limit of v¢ ® v¢ in M(2) as € — 0?

11.2.2. Arbitrary Behavior for the Weak-* Defect Measure: An Example
Constructed by Greengard and Thomann

Although the above theorem tells us that full velocity gradient control severely restricts
the form of the weak-* defect measure, a slightly weaker condition allows essentially
arbitrary behavior for the weak-* defect measure. We present an example with uniform
L' vorticity control in which the reduced defect measure is the Lebesgue measure on
the unit square (essentially a worse case). This example implies that the weak-* defect
measure is a bad tool for measuring the “bad set” on which strong L? convergence
fails. We show that the reduced defect measure is indeed a finer tool than the weak-*
defect measure.

Theorem 11.2. (Greengard and Thomann, 1988.) There exists a sequence {v"} of
exact steady solutions of the 2D Euler equation satisfying all the requirements of a
approximate-solution sequence such that

/|v’”|2dx <, /|af|dx <c, (11.40)
/|Vv5|dx — 00 as € — 0, (11.41)
/|vm|dx -0 as m — oo (hence, v¢ — 0). (11.42)

The associated reduced defect measure o satisfies

o(E) =m(E N[0, 1] x [0, 1]) V Borel sets E C R?, (11.43)
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i.e., o is the Lebesgue measure on unit square and

V" @v" — 2Cm(E N[0, 1] x [0, 1]). (11.44)
This theorem has the following generalization.

Corollary 11.1. Given an arbitrary positive Radon measure o, there exists an exact
solution sequence {v¢} for the 2D Euler equations satisfying all the conditions of an
approximate-solution sequence so that o is the weak-* defect measure associated
with {v}.

Exercise 11.2. Prove Corollary 11.1.

Because the weak limit v = 0 [see convergence (11.42)] is trivially a weak solution
of the Euler equation, we observe that even in this very bad case concentration—
cancellation happens.

Proof of Theorem 11.2. We explicitly construct the exact-solution sequence in the

theorem. We exploit the special property of phantom vorticies that they have zero

velocity and circulation outside the support of the vorticity. This means that, unlike

general solutions to the Euler equations, two or more phantom vorticies with nonin-

tersecting vorticities sum together to form another solution to the Euler equation.
Consider a dyadic lattice:

1 1 1 1
Am = = — k —_—— = — k —_ = l <ki <2m, :1,2 .
{(x,y)lx o < 1 2) Y=o ( 2 2>, <k <2"i }

For each point in A™ consider a phantom vortex with two scales (Fig. 11.1) given by
W (X) = xa, () + x5, (DXL,

1
where A,, is a circle of radius §,, and B,, is an annulus, §,; <r < R,,.
The values of the constants 2, Q. 8, and R, are specified below. We impose
the phantom-vortex condition

/ W, (x)dx = 0. (11.45)
Bg,
The corresponding velocity field V,, is given by
—x\ 1 [
Valx) = - sw,, (s)ds, (11.46)
X1 r 0

where condition (11.45) implies that V,,, = 0 outside By, . Consider the superposition
of phantom vortices w,, given by

o"(xX) =Y onlx —2z)). (11.47)

zjeAm



418 11 2D Euler Equation: Concentrations and Vortex-Sheet Initial Data

OJOYOJO,

CREB®
ojojo]o,

Figure 11.1. Phantom vorticies on a dyadic lattice make up the solutions in the approximate
solution sequence of Greengard and Thomann. This sequence has a weak* defect measure
equal to the Lebesgue measure on the unit square.

The vortex w,, generates an exact-steady-solution sequence {v"}

V() = Y Valx — ), (11.48)

z;jEA™

provided that each phantom vortex on the lattice points does not overlap. This condi-

tion is satisfied when
1 m+1
R, < (§> . (11.49)

Constraint (11.45) that w,, has mean zero implies that
Q82 + Q- (Ry — 8,) = 0. (11.50)

Moreover, the L! norm of the vorticity satisfies

1 1
/ / " (O)ldxidis < 4" / (o ()lds
0 0

< 4" Q82 + |, | (Ryy — 8,)] = 270 25824™,

where we eliminate Q;, by using Eq. (11.50). The uniform L' control of vorticity
results by setting

Qrs2 =4, (11.51)

m-m
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To obtain the uniform kinetic energy control we see directly from formula (11.43)
that

19k, 0<r<3é,
Vi ()] = ‘9;53,1 W <r <8

) . (11.52)
1
§|Qm| mrr )

The kinetic energy is computed easily:

1 1 R
//|v’”|2§4m2n/ |Vin (F)*r dr
0 0 0
Sm Sm% R,
= 274" / |Vm|2rdr+/ |vm|2rdr+/l |V, |?r dr
0 Sm 87
= {1} + {2} + {3}
(11.51),

The term {2} contributes most of the kinetic energy. From Egs. (11.52) and

@) = 247 (2462)" [-In(6)] = 5 - 47" [~In(8)]

Thus, by choosing §,, to be

S = exp(—4"T1)2m),

(11.53)
we have {2} = 1. Using Eqs. (11.52) and (11.51) we have
1 + m—1 —m
(= -l =4""<4m,
T 1
3}< — 47" — (R, — 6m) -
{3} = 1 6m( )
So, by choosing R, to be
R, = 56 (11.54)
m — 4 no» .
we have {3} < 47™. Combining these gives
1 pl
15/ / ™" (x)|2dx < 1+ C47™. (11.55)
o Jo

We now show convergence (11.42). From Eqs. (11.52), (11.51), and (11.53) we
have

as m — OQ.
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Next we show convergence (11.41). From Eq. (11.52) we have

aV,, 1 1 1
r r
%
)
m 1
/ Vo™ |dx > c4’"s2;53n/ —dr
[0,11x[0,1] E—
> Cc4m

[by Egs. (11.51) and (11.53)]. Finally, we calculate the weak-* defect measure asso-
ciated with the sequence {v"}. The same calculation as in relations (11.52)—(11.55)
for the rectangle

ki kot ko k2>
R—{(X,)’N%Sxizel, >n SV =5

form > £, £, leads to

m(R)s//|v’”|2dx§m(1e)(1+c4*'"). (11.56)
R

Thus,

// |v"|>dx — m(R) as m — oo.
R

Because any Borel set E can be approximated by a union of R’s, for all continuous

test functions ¢,
lim //(p(x)|vm(x)|2dx = //godx

and o, the weak* limit of [v™|?, is the Lebesgue measure on the unit square. ([l

If the reduced defect measure 6 were countably subadditive, then in this example,
by the above argument, 6 would be equal to . However, in general, and in particular
for the Greengard—Thomann example, the reduced defect measure is not countably
subadditive and in fact it can concentrate on a set of much smaller dimension than
that of the weak-* defect measure.

The reduced defect measure 6 is finitely subadditive:

0 (U_\E,) <> 0(E,) for measurable sets {E,}/_,. (11.57)
r=1

We show below with a simple concrete counterexample that 6 is not countable sub-
additive, i.e., relation (11.57) does not hold for n = oo in general.
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11.2.3. Counterexample to the Countable Subadditivity of 0

Let {v} be the sequence of scaled phantom vortices of Example 11.1. We know from
previous calculations that

/lv‘lzdx =C, >0, (11.58)
v =0 in L*(Q), [v¢]? — 2C18 in M(Q) (11.59)
with = {|x| < 1}, or = R%. Hence,

0(Q) = m%/ [v¢2%dx = C; > 0. (11.60)
€e—

Let Fy = {x € R| |x| > %}; then, because supp |v¢| C {x € R?| |x| < €}, for each
N < 1 we have

O(Fy) = lin(l)/ [v¢|dx = lim [v¢|%dx = 0.
€— Fy

e—0 |x\>ﬁ

Consider R?/{0} = U_, Fy. If  is countable subadditive then

O(R?/{0}) <) 6(Fy) =0. (11.61)
However, Nl

O(R/{0}) = lim/ v — v|?dx = 1im/ v —v]?dx =0(R) =C; > 0
e—>0 R—{0} e—0 R

from Eq. (11.60).

As we remarked before, 6(F) can be very small even though o (F) is large in
general for a closed set F'. We show this explicitly in Chap. 12, in which we use the
example that is due to Greengard and Thomann (1988) in Theorem 11.2. In the next
section we show that the vorticity maximal function plays a special role in determining
the nature of the convergence of a general approximate-solution sequence.

11.3. The Vorticity Maximal Function: Decay Rates
and Strong Convergence

Recall that the total circulation in a region €2 is

a)(Q):/a)(x)dx.
Q

In this section we show that the circulation associated with the absolute value of the
vorticity plays an important role in the study of concentration—cancellation. We call
this quantity

lw|(Br(x)) = / lw(y)ldy (11.62)

Bg(x)

the vorticity maximal function.



422 11 2D Euler Equation: Concentrations and Vortex-Sheet Initial Data

In this section, we address some relationships among uniform decay rates
lo|[Br(x)] < f(R), f > 0, of the vorticity maximal functions, strong conver-
gence, and the sign of the vorticity. In particular, we present two important results for
the vorticity maximal functions. Recall from Subsection 9.4.3 that Baker and Shelley
showed numerically that the vortex-patch regularization of a fixed-sign vortex sheet
exhibits a Kirchoff ellipse-type roll-up with uniform aspect ratio and an area scaling
like 2(h'®) as h — 0. In particular, the magnitude of the total circulation of this
ellipse scales like 2%¢ — 0 as & — 0. One might hope that if the circulation inside
a small region is uniformly controlled for all elements of the approximate-solution
sequence, and moreover, that this value uniformly decays to zero as the size of the ball
decreases, then no concentration can occur in the limit. We prove rigorously here that
a simple sufficient condition on f(R) is sufficient to guarantee that no concentration
occurs in the limit.

Theorem 11.3. Assume that {v°} is an approximate-solution sequence to the 2D Euler
equations satisfying

1 -B
max  |o|(Br(xo), 1) < C log (R) (11.63)
T

x0eR?,0<r<

forall R < Ry, 0 < € <€y, where B > 1, and

max / [log™ (x| | (x, t)|dx < C. (11.64)
RZ

0<t<T

Then, given any Qr as defined before, there exists a subsequence {v¢} and a limit
v € L2(Qyr) such that v¢ — v strongly in L2(Qy) and v is a classical weak so-
lution for the 2D Euler equations (i.e., no concentration occurs during the limit
process.)

It is interesting to note that the scaling law observed by Baker and Shelley satisfies
the condition of this theorem. Therefore their calculations suggest that concentration
does not occur in the limit as the approximating parameter goes to zero.

In fact, the discrepancy between weak and strong convergence is very small. We
show, by means of an example from Section 11.2, that a slightly weaker decay rate
than that in condition (11.63) allows concentration to occur. However, in the case of
positive-sign vorticity, we can show that this weaker decay rate is the worst that can
happen. We then use this result in Section 11.4 to prove the existence of solutions to
the Euler equation with vortex-sheet initial data of distinguished sign.

We use the following notation in condition (11.63):

logs, s>1
log+<s>={0g L

log™ (s) = logs — log™ (s).
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If w > 0, then the Stokes theorem implies that

lw®|[Br(x)] = / v - tds,

Cr(x)

where Cr(x) = {y € R?| |y — x| = R} and t is a limit tangent vector Cg(x).
In this case, condition (11.63) represents the bound for uniform decay rate for the
net circulations. This theorem is in some sense sharper than the analogous result
proved in Chap. 10 for approximate-solution sequences with L? vorticity control.
Theorem 11.3 applies to a family of solutions resulting from the smoothing of vortex-
sheet initial data (which have only the L' control of vorticity).

In the case of vorticity with positive sign the following example shows that condition
(11.63) is nearly optimal.

Example 11.4. Take w € CP(R?), w > 0, supp @ C {x € R?| |x| < 1}. This
vorticity field has corresponding velocity

v(x) = (‘xx2> %2/ sw(s)ds. (11.65)
1 0

Consider the scaled sequence of exact solutions {v¢} defined by

o= ()] ()

The corresponding sequence of vorticities is

s av INEERENE
w(x) = ox1  om [log (6>} o {72/0 sa)(s)ds]
1 _% 0 X2 c
el (D)) 57 [ o]
= {log <1> - e ’w (|x|> .
€) | €

The vorticity maximal function is

i N2 (R .
wIBxO)] = |log (6)] - zm<€),dr
L 0

Define

f(e,R) = M =2r [log (;) log <1)]
[log (%) ‘

Then f (e, R) is continuous and positive in

(S]]
S—
n X

g

~~

=

N

~

QU

=

(0, €0] x (0, Ro], 0<e<1, 0<Ry<l.
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Because

li R) = 1i R) =

Gg%f(e, ) ng})f(e, ) =0,

the lower bound cannot be improved beyond 0. For the upper bound of f, we denote
(R/€) = t; then

i) L wora]

()] o ()| /O’w(r)rdrr}

1

< C{|wlil +

[if log (1/¢) > 0]. Now the function g(¢) = log(%)[fol w(r)r dr]? is nonnegative
only in (0, 1], and has a continuous extension

.. J&® te(0,1]
g(t)_{lim,ﬁog(t)zo, r=0

Because g € C([0, 1]) we have
SUp;¢o,1718 ()| < ZIEI%SD](] |8(2)| < oo.

Thus there exists C < oo suchthat0 < f < C, i.e,

1
2

lw|[Br(0)] < C [log (;ﬂ : (11.66)

Even with this slightly slower decay than that in condition, (11.63) we know from
the previous chapter that the approximate-solution sequence {v¢} exhibits concen-
tration during the limiting process. The decay rate in condition (11.66) is the worst
possible for the positive-vorticity case. This case includes that of Kirchoff elliptical
vortices with the same scalings as those in Example 11.4.

In contrast to the above remark, in the case of vorticities that change sign, the
vorticity maximal functions do not decay at all in general.

Example 11.5. Consider the phantom vorticies {vP"}, vP" = e ~1vPP(x /e):

o 1 r 1
v (x) = ( x2> —2/ saP(s)ds, / s (s)ds = 0,
X1 r 0 0

supp o™ C{x e R2| x| < 1}
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from Example 11.2 in Section 11.2.
Fore < R

| |[BR(0)] = / €’

[x|<R

(2

h
= o™ |1 x|<1).

dx:/ |wPP () |dx
lx|<®

which is a constant independent of R and €.

As promised, we now show that for positive vorticity the decay rate in condition
(11.66) is general.

Lemma 11.1. Pick a family of smooth velocity fiel ds {vy} such that the vorticities
wg = curl vg satisfy

>0,

€
Wy
2 € — €
/|x| wy(x) = My < My < o0,

/a)f)(x)dx =(C; < Cp < 00,
HE < Hy < o0, (11.67)

where Hy = H(wo) and H(t) = Hlw(t)] is the pseudoenergy defined below in
definition (11.71). Then there exists a constant C; = C{(Hy, My, Cy) so that for any
R < Ry, T > 0 we have

max | |(Bg(xo0), 1) = C [log (;)} , (11.68)

0<t<LeR
XQ

ol—

where C| is a constant independent of €.

Recall from previous sections that, given smooth initial data, the 2D Euler equation
has a global-in-time unique smooth solution. Moreover, the pointwise conservation of
vorticity along particle trajectories ensures the preservation of the sign of the vorticity:

w(,1)>0 vVt >0 if wy > 0.

Recall from Chap. 1 that smooth solutions of the 2D Euler equation preserve the
following quantities:

@) /w(x,t)dx = /a)o(x)dx,

(i) /xw(x,t)dx = /Xa)o(x)dx,
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(iii) /|X|2a)(x,t)dx =/|x|2w0(x)dx,

(iv) /lv(x,t)lzdx =/|v0(x)|2dx.

However, the energy of quantity (iv) is conserved only if the initial energy satisfies

/|v0(x)|2dx < 0. (11.69)

As we saw in Chap. 3, when the vorticity has a fixed sign, the global energy is

unbounded for 2D flows. Fortunately, even in the case in which the initial energy is

not finite, there is a related conserved bounded quantity called the pseudoenergy.
For a smooth 2D velocity field, recall that the stream satisfies

v=Viy, AY =, o=-curlv. (11.70)

For fields with globally finite kinetic energy, integration by parts and the Biot—Savart
law gives

E(t) =/|v(x,t)|2dx /viw-viwdx

= —/WAwdx

—/a)lﬂdx

1
~5 //log(|x —yDwx, Hw(y, t)dxdy.
T

This last quantity is finite for a general 2D smooth velocity field with vorticity of
compact support. Hence the pseudoenergy,

1
H@) = T //log(|x —yDolx, Hw(y, t)dxdy, (11.71)

is auseful quantity, especially for dealing with cases in which the energy is unbounded.
Solutions to the Euler equations have

H(t) = H(0) = H,, (11.72)

where H(t) = —E(¢t) in the case E(f) < co. We can easily see conservation of
pseudoenergy by differentiating H with respect to time and by using the vorticity-
stream form of the Euler equation.

We now prove Lemma 11.1 by using conservations (i) and (iii) and Eq. (11.72).

Proof of Lemma 11.1. First we claim that there exists a constant C = C(Hy, My, Co)
such that

// log” (|x — yDo(x, Hw(y, t)dxdy < C. (11.73)
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Proofof the Claim: Because log™ (s) = log s — log™ (s) andlog™ (Jx—y|) < |[x—y|> <
(Ix|* 4 [y[*), we obtain

// llog™ (lx — yDlw(x, He(y, t)dxdy
< |H ()| +//10g+(|x — yDo(x, Ho(y, t)dxdy

< H; Jr//(le2 + Iy, Hw(y, t)dxdy
< Hj +2M(t)C*(1)
< H;§ +2M5C < Hy +2MyCy = C(Ho, My, Co),

thus proving condition (11.73).
From conditions (11.67) and the preservation of the sign of vorticity we have
w(0,t) > 0forall r € [0, T]. Hence, forany R < Ry < 1, xp € R?

/ llog™ (Ix — yD|w(x, Doy, )dxdy

= [ oy (e =yt Doy, dxdy
Bg(x0) /' Br(x0)
Note: [log™ (Jx — y])|> —log(2R) for x, y € Br(xo)
> log(ZR)’1 / w(x, Hw(y, t)dxdy
Bg(x0) v Br(xo)

= log(2R) ' {|w|[ B (xo), 1}*.

Combining this with condition (11.73) we obtain relation (11.68). O

We now prove Theorem 11.3. During the course of this proof, we keep in mind the
identity [ [v]’dx = — [ Ywdx (AY = w, V¢ = v). Thus it is sufficient to show
that

/I/IGa)de — /l/fa)dx. (11.74)
We can do this by showing the strong convergence
Y€ — ¥ in Co(R?)

by using the decay estimates of the vorticity maximal function and the weak conver-
gence of measures,

¢ — w weakly in M(Q7), Qr = Br(0) x [0, T],

by the a proiri L' bound for the vorticity. This idea for the proof is carried out concisely
below.
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Proof of Theorem 11.3. To set up the analysis, we make the following claim:

Claim. To prove v¢ — v strongly in L>(Q27) it is sufficient to show that for all

p € C(R?)
T T
lim/ /p|1f|2dxdt=/ /,0|v|2dxdt. (11.75)
e—0 0 R2 0

We postpone the proof of this auxilliary result and continue with the proof of the
theorem. Integration by parts gives

T T
/ /p|vf|2dxdt=/ /p|viw€|2dxdt
0 0
T
= —/ /mﬁea)E dxdt—i—/l/fév,(%VI/fe dxdt.
0

Thus it is sufficient to show that

T T
lin}]/ /,owea)é dxdt =/ /ptﬁwdxdt, (11.76)
€—> 0 0

T T
lin(l)/ /va -Vy€dxdt = / /wVp -V dxdt. (11.77)
€—> 0 0

Limit (11.76) is the crux of matter, and limit (11.77) is much easier, as we will see
below. In fact limit (11.76) is the rigorous version of the convergence (11.74) in the
formal argument outlined above.

Step 1: We begin with the easy part of the proof, limit (11.77).

We know from the kinetic-energy bound for an approximate-solution sequence that
Viyeav =Viy (11.78)

in L?(Q27). We now show that /¢ — v strongly in L>(Q7). By the duality of L?,
this proves the result. To show the necessary strong convergence, we use a com-
bination of potential theory and a compactness lemma. Weak convergence (11.78)
implies that the vorticities w® are uniformly bounded in and converge weakly to
in L*{[0, T]; H~'(Bg)}. Recall that an approximate-solution sequence also satisfies
a uniform bound ¢ € Lip{[0, T]; H *~'(Bg)}. We now recall the Lions—Aubin
Lemma (Lemma 10.4) from Chap. 10.

The Lions—-Aubin Compactness Lemma. Let { f€(t)} be a sequence in C{[0, T],
H*(RM)} such that

(i) maxo<,<r | f€ @5 < C,
(ii) for any p € C(RN), {pf€} is uniformly in Lip{[0, T1, H¥ (RV)}, i.e.,

lof<t) —pf )lu <Culth —t2|, 0<t1, <T
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for some constant Cy, then there exists a subsequence { f<'} and f € C{[0, T],
H*(RM)} such that for all R € (M, S) and p € C*(RY)

max o f9 ) = pfO)llx — Oas j — oo.
This lemma implies that ¢ — o strongly in L?{[0, T]; H"'=*(Bg)} forall s > 0.
Because ¥¢ = (1/2m)log * w, by standard elliptic compactness results for the
Laplacian (Folland, 1995), ¥/ —  strongly in L?{[0, T]; H'~*(Bg)} forall s > 0.

Taking s = 1 gives the desired result.

Step 2: This step is the key part of the proof. We prove the first convergence (11.76),
assuming that the following lemma is true.

Lemma 11.2. We assume that w(x) is smooth and satisfies for some B > 1 and all
R <Ry

-B
max|o|[Br(x)] < C [log (1)] ,
xeR? R

/|10g+(r)| lwldx < C. (11.79)
If v = (1/27)log(r) * w is the corresponding logarithmic potential, then for any
R >0
1 =p
[¥(x) =¥ ()| < Cg|log ( ) (11.80)
lx —
for
1
lxl, [y <R, |[x —y| < 3
Proof of the first convergence (11.76): Lemma 11.2 implies that
p¥* is uniformly bounded in L*[0, T; C§ (R?)] (11.81)

where C?(R?) is the Holder space of functions with modulus of continuity defined

< )
log
|’C y|

Because the injection Cg (]RZ) — Cyp (]Rz) is compact by the Arzela—Ascoli theorem
and py¢ is uniformly Lipschitz in H =L+ (R?) [This comes from the previous fact
that the velocity v = V1€ is uniformly Lipschitz in H~*(R?)], by an application
of the Lions—Aubin lemma above,

1-p

O(lx =y = (11.82)

P — pyr uniformly in  L*[0, T : Co(R?)]
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for some subsequence {p¥€}. On the other hand, because w® — w in M(Q27)* we
conclude that convergence (11.76) is true because it contains the dual pairing p ¢, .
It remains to prove Lemma 11.2, thus concluding the whole proof of the theorem.

Step 5: Proof of Lemma 11.2. Because condition (11.79) is translational invariant
it is sufficient to estimate

1
V(0 —v(»l = 271' /[IOg(Izl) —log(|z — yD]w(2)dz (11.83)

for |y| < (1/8). Define m(R) = sup g2 flzlsR lw(y + 2)ldz.

Decompose the integral in Eq. (11.83) into the near-field (|z| < 2|y|) integral and
the far-field (|z| > 2|y|) integral. For the near field integral,

1
— [log|z| — log(lz — y)]lw(2)|dz
21 Jiz1<ay
1
=-—5= log|zlw(2)|dz — —— log|z — y| lw(2)ldz
27 iz 1<21y) 27 Jyz<1y)
1 2|y| 1
< ——/ log(r)ydm(r) — —/ log|z| |w(z + y)|dz
27 Jo 27 Jiz4yi<21y)
1 2|yl 1
<o [ togtiame)— - [ togiel otz + vz
27 Jo 27 )z <4y
1 2|yl 1 4|y
< ——/ log(r)ydm(r) — —/ log(r)dm(r)
277.' 0 2]'[ 0
1 4]yl
< ——/ log(r)dm(r)
T Jo
L [ m(r) 1
<— dr| + —m(4|y|) log(|yD|.
| Jo r b4

Because m(r) < C)L[log(%)]’ﬁ, from condition (11.79),

41y m(r)d 4l 1 -B
A . r| < C o ; lOg ; dr
= C/OO uPdu [log (1)
log(i) r

4yl

|

 This comes from maxo<;<T f lw(x, t)|ldx < C.
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Thus the near-field integral satisfies
[log|z| —log|z — y| | lw(2)ldz

s 1)

For the far-field integral, when |log|z| — loglz—y| | < C(]y|/|z|) is used for
lz| > 2[yl,

27 )z <oy
1-p

<C (11.84)

[loglz| —log|z — y| | lw(z)|dz

27 Jjz>21y)
1
< Clyl —|w(z)|dz
lzl>2ly 121
R
= Cly| —dm(r)
2y 7
R mr) m@r)] =k
= Cly| 5—dr| + |Clyl
21yl T T Jr=2py
= {1} + {2},

1\ |#
log () ‘ dr|.
r

R
{1} < Cly| ‘/ -
2y T

Denote

1 1
u:log(), A:log(H).
r y

Then

%

A A .
< C/ ¢ ruP du < c/ WP du+ Ce’ / uP du
log(%) log(%)

1\]'"7
scuma—ﬁ>{ﬁ%<m)} +w@,

R
0 = ™21+ meiy)

o ()]

>

= G(R) |Iyl +
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Thus, for the far-field integral, because |y| < (1/8),

(lloglz| —log|z — yDI@(z)ldz

l°g<|l|)

Combining conditions (11.84) and (11.85) concludes the proof.
Finally, for completeness, we prove the elementary claim stated in the beginning
of this proof. To prove this claim consider p5 € C§° (Rz) defined by

27 Jyz=21y)

1-8

< C(R) (11.85)

1, lx| <R
ps(x) = ps(|x]) = { smoothly decrease, R < |[x| < R+ 3.
0, x| > R+$

Then
T
lim sup / [v¢|>dxdt < limsup / / ps|v¢ |2dxdt
e—0 Qr e—0 0 R

T
= / /p5|v|2dxdt.
o Jr

Let § — 0; then, by the dominated convergence theorem, we have limsup,_, er

[vé|2dxdt < fo fB © |v|2dxdt,i.e.,limsup,_ [|v¢ ||L2(S21) < ||v||L2(Q - Combining
this with the weakly lower semicontinuity of the L? norm,
Ivl72,) < < lim 1011720, for v —wv  weaklyin L*(Q7)
we obtain
1011720, = lim 10172,
This completes the proof of the claim. (]

11.4. Existence of Weak Solutions With Vortex-Sheet Initial
Data of Distinguished Sign

An extremely important problem, unsolved until recently, is the question of existence
of a solution for vortex-sheet initial data. As motivated in Chap. 9, such questions are
relevant to understanding the instabilities created by jets, wakes, and mixing layers
in high Reynolds number fluids. An exciting recent result, which is due to Delort
(1991), is the existence of a solution to the Euler equation with vortex-sheet initial
data when the vorticity has a distinguished sign. The proof we present (Majda, 1993)
is motivated by our framework on approximate-solution sequences for the 2D Euler
equation. As in the case of datain L”, 1 < p < o0, uniqueness of the solution is not
known, nor are results known for the case of vorticity with mixed sign.
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The key simplification over Delort’s original proof is the use of the sharp a priori
estimate for the decay of the vorticity maximal function, expressed in Lemma 11.1,
valid only when the vorticity has a distinguished sign. This existence proof has enough
flexibility to establish, as a corollary, that the high Reynolds number limit of Navier—
Stokes solutions with vortex-sheet initial data with a distinguished sign converges to
a weak solution to the 2D Euler equations.

For simplicity in exposition, we assume throughout this section that the initial
vorticity wo has compact support,

supp @ < {x| x| < R}, (11.86)

for some fixed R > 0.

In the case of distinguished-sign wy, all fluid elements spin in the same direction
so that subtle cancellation and screening effects at small scales (Majda, 1988) cannot
occur. Our goal in this section is to translate this physical intuition into quantitative a
priori estimates that confine the complexity that can occur in the limiting process of
a family of approximate solutions.

First we review the notion of a weak solution in primitive-variable form (Defini-
tions 9.1 and 10.1 in Chaps. 9 and 10). The velocity field v(x, ) € L*{[0, T], leoc
(Rz)} is a weak solution to the 2D Euler equations with the initial data vy (x) provided
that

(1) for all test functions ® € C§° (R2 x RT) with div ® = 0,
//(CIJ,-v—i-VCD:v@v)dxdt:O, (11.87)

(2) the velocity v(x, t)belongs to Lip {[0, T], ngcL (Rz)} for some L > 0 and v(0) =
vo in Hyk(R?).

In the weak form (11.87) of evolution equation, v® v = (v;v;), V& = (3P, /0x;),
1:2 denotes the matrix product ; aijbij, and Hy (R?) denotes the local L? Sobolev
space with s derivatives. Recall that technical condition (2) gives a precise meaning
to the sense in which the initial data are achieved. We also recall the Biot—Savart law
(2.94) and (2.95) that relates the velocity and vorticity by means of a stream function
Y. The equations

AV =w
v=Vty = (‘ww) (11.88)
imply that
v(x) = /Rz K(x — y)o(y)dy, (11.89)
with

_ — 1
K(y) =272 +y3)]" ( y”) =Vt (hloguyn).
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Recall that vortex-sheet initial data mean a 2D incompressible velocity field vy =
(v(,’, vg) with vorticity wy = curl vy satisfying the condition that wy is a nonnegative
Radon measure,

wy € M(R?), wy >0 (11.90)

and vy has locally finite kinetic energy
/ lvg|’dx < C(R) <oo  forany R > 0. (11.91)
|x|<R

For simplicity we assume that wg has compact suport.

Given vortex-sheet initial data v satisfying condition (11.90) and (11.91) with
wp > 0, we now construct an approximate-solution sequence that has the solution
v as its limit. First, smooth the initial data by mollification, v = Jew = pc * Vo

Jp=1pz1p¢cCF®R), pc=Zpx/e).
As we showed in Chap. 3, this standard mollification, described above, satisfies the
following conditions:

(1) The smoothed vorticity w¢ satisfies
wgy = curl v,
wy > 0,
supp wy € {x] [x] < p}.

(2) Forany R > O,
/ v [Pdx + /a)f) dx < C(RY). (11.92)
[x|<R

(3) The smoothed vorticities g converge strongly to wy in ch)rlnp (R?) and v§ con-

verges strongly to vy in L (R?) .

We now construct an approximate-solution sequence that has the solution v as its
limit. Using the smoothed initial data v, we let v¢ be the unique smooth solution to
the (Navier—Stokes or Euler) equations:

BUE € € € €

a7 + v - Vv = —-Vp® + v Ave,
div v =0, (11.93)
Vim0 = U(e)o

Recall from Chap. 3 that the solution v¢ exists and remains smooth for all positive
times for any value of the viscosity v, satisfying v, > 0. Taking the limit of these
approximations gives the main result of this section.

Theorem 11.4. Existence of Vortex Sheets with Distinguished Sign. Consider vy,
vortex-sheet initial data, such that the vorticity wy has a distinguished sign. Assume
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that the viscosity v¢ is either identically zero (Euler limit) or that v, converges to zero
as € — 0 in some arbitrary fashion (Navier—Stokes limit). Then, after passing to a
subsequence, the smooth solutions v¢(x, t) of the Navier—Stokes (Euler) equations
(11.93) converge weakly in L,zoc([O, T] x R?) 1o an incompressible velocity field
v(x, 1), which is a weak solution of the 2D Euler equations satisfying evolution

equation (11.87) with the initial data vo(x).

This theorem generalizes Delort’s result (Delort, 1991) to the case of approxima-
tions by means of solutions to the Navier—Stokes equation. There is strong evidence
(Zheng and Majda, 1994; Majda et al., 1994a) through explicit examples for an anal-
ogous but simpler model problem involving the 1D Vlasov—Poisson equations that
the weak solutions in the theorem are probably not unique and depend on the regular-
ization even though the vorticity has a distinguished sign. We discuss this analogy in
Chap. 13. Next, we present a brief summary of the structure of the proof. The proof
of the theorem has three key elements:

(1) Throughthe special nonlinear structure ofthe 2D Euler equations itis sufficient
to guarantee weak convergence for the special nonlinear functions vivy, v — v? in
order to satisfy requirement (11.87) for a weak solution. We discuss this special
nonlinear structure in more detail in Chap. 12 (DiPerna and Majda, 1987b).

(2) Anaprioridecay estimate for the vorticity maximal functions when the vorticity
has a distinguished sign. We show that the approximate-solution sequence defined in
Eqgs. (11.93) satisfies the conditions of Lemma 11.1 and hence satisfies the a priori
bound on the vorticity maximal functions derived there.

(3) Delort’s key observation regarding the special nonlinearities viv, and v} — v3
and iterated mildly singular integrals. In the following subsections, we present these
three ingredients in detail and combine them to yield Theorem 11.4.

11.4.1. Step 1: Special Nonlinear Structure of the 2D Euler Equation

The first step exploits the fact that the vector test functions ® satisfy div ® = 0. An
equivalent condition is to substitute for @

®=Vip= <_”X2>
Ny, )’
n € CR* % [0,T]) (11.94)

into Eq. (11.87).
The equation then reduces to

//(nlevl - nx|zv2)dxdt

_ / / Darse (2 — 02) & Olasse — M) 0rvp)] dxdr. (11.95)

Thus an incompressible velocity field v(x, ¢) defines a weak solution provided that
identity (11.95) holds.
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To establish the theorem, we need to show that the regularized solutions v€(x, t)
defined in Eqgs. (11.93) converge to a weak solution as € — 0. The family v¢(x, ¢)
forms an approximate-solution sequence for the 2D Euler equation with vortex-sheet
initial data in the precise sense of Definition 11.1. Therefore the functions v¢ and
w*® = curl v€ satisfy the uniform bounds

max (/ |wf|dx+/ |vf|2dx> < Crr» (11.96)
0<t<T R? Ix|<R

with constants Cg 7 uniformin € forevery R, T > 0. Also, recall from Theorem 10.1
of Chap. 10 that, by passing to a subsequence, there exists v € L>{[0, T'], L} (R?)}
with curl v = w € L®{[0, T], M(R?)} satisfying

v —v weakly in  L*(Q7),
o —~w  weaklyin L*®{[0, T], M(R?)}, (11.97)

and

v - v stronglyin  LY(Q7), (11.98)
for any T > 0 and any space-time open set Q27 = {(x,7)| [x| < R, 0 <t < T}.
Furthermore, v satisfies the weak regularity condition in time required in the definition
of an approximate-solution sequence with v(0) = vy so that v assumes the required
vortex-sheet initial data. If we had the additional constraint of L?, p > 1, vorticity
control, we could show, as in Chap. 10, that no concentration occurs in the limit
and v satisfies the weak form of Euler equation (11.87). However, as Example 11.4
in Section 11.3 shows, uniform bound (11.96) is insufficient to guarantee that no
concentration occurs. Instead, we exploit the fact that all members of the approximate-
solution sequence have vorticity of fixed sign to prove that concentration—cancellation
occurs in the limit.

It follows from Eqgs. (11.93) that w® satisfies the vorticity-stream form of the
Euler/Navier—Stokes equation:

€

at

+v¢ - Vof = v Ao,

o |i=0 = wj. (11.99)

Thus, if the initial vorticity has a distinguished sign, wj > 0, it follows from the
maximum principle for ¢ > 0O that

0, 1) >0  wx, 1) >0, (11.100)

so both w*(x, r) and the limiting vorticity measure w have a distinguished sign for
any later time.

Smooth solutions satisfying Eqs. (11.93) are trivially weak solutions of either the
Euler or the Navier—Stokes equations. This fact combined with weak convergences
(11.97) and the special structure for the weak form in identity (11.95), shows that the
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limiting velocity, v, is a weak solution for 2D Euler provided that the special nonlinear
functions v3 — v? and v v, satisfy

// oy (43 = v dxdr = limy // nm (v5) - (vf)z}dxdt, (11.101)

[ s = s iwrazds = s [ [ = nwivsarar. arioz

The Navier—Stokes (Euler) equations are rotationally invariant in that if v¢(x, t) sat-
isfies these equations and estimates, O (8)v¢[’O(0)x, t] satisfies these same equa-
tions and estimates for any rotation matrix O (6); through rotation by 45°, the term
(v§)2 — (vf)2 becomes v{v5 in the rotated reference frame (see DiPerna and Majda,
1988). Thus, in order to prove the theorem that v is a weak solution for the 2D Euler
equation, it is sufficient to establish the weak convergence of v{v§ to vivy, i.e.,

//govlvzdxdt = lin(l)//wvlv2 dxdt (11.103)
€—>

for all test functions ¢ € C§° (R2 x [0, T]). This reduction completes the first key
element of the proof of Theorem 11.4.

11.4.2. Step 2: Uniform Decay of the Vorticity Maximal Function

The circulation around any point x( enclosed inside a circle of radius R is given by
/ o (x, t)dx. (11.104)
[x—xo|<R
In Section 11.3 we showed that if the vorticity maximal functions
/ |l (x, 1)|dx, (11.105)
[x—xo|<R

which are identical to the circulation for positive vorticity, decay at a sufficiently rapid
uniform rate as R — 0 independent of € then the limiting behavior of v in L? can be
controlled. Theorem 11.3 showed that an explicit bound on the decay rate is sufficient
to guarantee strong convergence and hence no concentration in the limit. In Exam-
ple 11.4, we showed that, in general, approximate-solution sequences for vortex-sheet
initial data do not satisfy the more stringent bound of Theorem 11.3. Nevertheless,
as we say in Lemma 11.1, all solution sequences possessing a uniform L' bound,
energy bound, and bounded second moment satisfy a slightly weaker decay estimate
for the vorticity maximal function. This decay estimate is what ultimately allows us
to prove that concentration—cancellation occurs in the limit for the distinguished-sign
vortex-sheet problem. The first step in this process is to show that, for our chosen
approximate-solution sequence, the assumptions of Lemma 11.1 are satisfied. The
result is then the following proposition.
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Proposition 11.3. Uniform Decay of the Vorticity Maximal Function. Assume that
wqy and v satisfy relations (11.86) and (11.92) and that o is nonnegative, wg > 0.
Then the vorticity maximal functions

lw[(Br(x)) E/ lw(y)|dy (11.106)
Bg(x)
have an a priori uniform decay rate and satisfy for R < (1/2)

max / o (x,t)dx < CT,R0|10g(2R)|_%, (11.107)
[x—xo|<R

0<t<T,xoeR2,0<e<e

where Cr g, is a fixed constant depending on T, Ry from support (11.86) and uniform
bounds (11.92) and (11.96).

The same estimate in condition (11.107) also applies to the limiting vorticity mea-
sure, w = curl v from weak convergence (11.97); in fact, for R < (1/4),

max / do(x,t) < CT,R0|10g(4R)|7%, (11.108)
[x—xo|<R

0<t<T,xoeR?

As we showed in Section 11.3 the uniform a priori estimate in estimate (11.107) is
sharp for initial measures with a distinguished sign, wj > 0, and false for general
initial vorticity distributions without a distinguished sign.

To prove this proposition, we must show that the approximate-solution sequence
satisfies the condition of Lemma 11.1 from Section 11.3.

Lemma 11.1. Pick a family of smooth velocity fields {vy} such that the vorticities
wgy = curl v§ satisfy

> 0,

/ |x|2w0(x) Mo[wf (x)] < My < oo,

/a)g(x)dx =Cy < Cy < 00,

H; < Hy < 00, (11.109)

where H; = H(w() and H(t) = H|[w(t)] is the pseudoenergy

1
H(w) =~ // log|x — ylo(x)w(y)dxdy.

Then there exists a constant C = C(Hy, My, Cy) so that forany R < Ry, T > 0, we
have

1
2

max__|o*|[Bx(x0). 1] < Cy {log<;)} , (11.110)

0<t<T,xpeR



11.4 Vortex Sheets with Distinguished Sign 439

where Cy is a constant independent of € and

lw®|(Br(x0), 1) =/ | (x, 1)|dx (11.111)

Br(x0)

is the vorticity maximal function at time t.

Next, we show how the above proposition directly yields the proof of Proposi-
tion 11.3 for the special case in which the approximating solutions v¢ from
Egs. (11.93) are smooth solutions to the 2D Euler equations so that v. = 0 in
Eq. (11.93).% Recall from Proposition 1.12 and from the conservation of the pseudoen-
ergy H, defined in Definition (11.71), that for the 2D Euler equations, the quantities
fRz w(t)dx, H[w(t)], and My[w ()] are all exactly conserved for all times ¢ > 0 and
have the same value as defined at time ¢t = 0. Thus, to deduce estimate (11.107) in
the lemma, it is sufficient to obtain uniform boun ds independent of ¢ in the initial
data for the functionals fRz wy(x)dx, My(wf), and |H (w§)|. Given the regulariza-
tion procedure, the e-independent bounds for fRz wi(x)dx and My(wf) are obvious.
In particular, the approximations wj satisfy

/2 wy(x)dx = /7 dwy =T. (11.112)
R R?

The uniform bound for | H (wf)| is slightly more tedious and involves similar consid-
erations as were utilized in Chap. 3 to handle the fact that v¢ ¢ L*(R?) when g is
nonnegative. We sketch the argument for completeness. Recall from Chap. 3, Defini-
tion 3.1, that any solution to the 2D Euler equation has a radial-energy decomposition.
Choose a fixed radial function wy(r) € C§° (Rz) with supp wo(r) € {|x| < Ry} and

o0
Ty = 271/ r@o(r)dr. (11.113)
0

The induced velocity

_ x|
uo(x):|x|—2< x2>/ s@(s)ds (11.114)
X1 0

is the corresponding radial eddy defining an exact steady solution of the 2D Euler
equations with v (x) the corresponding stream function. It is an elementary exercise
to show that 1/ (x) satisfies the bound

[¥ ()] < CI1 + log™ (Jx])]. (1L.115)

Consider the velocity field 7 = vi — v; with the condition (11.112) and (11.113), a
standard far-field calculation refining (11.112) yields the uniform estimate,

2
/ 55> < c (/ ya)g|dx) <4CT2, (11.116)
[x[>2Ro |x|<Ro

§ This is the only case treated by Delort in Delort (1991).
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so that relations (11.92), (11.114), and (11.116) guarantee the uniform L? velocity
bound

max/ |56 |"dx < C. (11.117)
]RZ

€<l

To establish the required uniform bound on H (wj), we decompose H (wj) as follows:

H (wf) = H(&§) + H (@) — 2/]Rz (@59 )dx

—/ |f)5|2dx+H(50)—2/ (@) dx. (11.118)
R? R?

The second identity in Eq. (11.118) uses the fact that for & € L? with vorticity &
rapidly decreasing,

/ 02 =— [ va. (11.119)
R? R?

For bound (11.117) the first two terms on the right-hand side of Eq. (11.118) are
uniformly bounded, whereas bound (11.115) implies that the remaining term satisfies

/R2 &gy dx

Thus, |H (of)| < H as required in the lemma.

=< CTY. (11.120)

Exercise 11.3. Verify that because o —w in M(R?), as shown in relation (11.97),
the measure w automatically inherits the slightly weaker bound (11.108) from the
uniform bound on the vorticity maximal functions for @€ in estimate (11.107).

This completes the proof of the proposition in the case in which v¢(x,?) is a
sequence of smooth solutions satisfying the 2D Euler equations.

To apply the lemma to an approximating sequence v involving smooth solutions
of the Navier—Stokes equations, it is necessary to establish e-independent bounds
on the three functionals fRz o (x, t)dx, Mylw®(¢)], and H[w*(¢)] on the fixed-time
interval, 0 < ¢ < T for an arbitrary T > 0. However, as we say in the earlier
chapters of this book, both My(w) and [ @ are controlled on any time interval by
the initial data for solutions of the 2D Navier—Stokes equation. Because My(wg)
and f wg are uniformly bounded, this guarantees the required e-independent bounds
for fRz of(x,t)dx and My(w®(t)) on any finite-time interval. To establish the e-
independent bound for H (w*(¢)), we use the radial-energy decomposition from Chap.
3 for the Navier—Stokes equation. Let @ (| x|, ¢) be the radial solution of the diffusion
equation

2l
at
@°|i=0 = @o(|x]), (11.121)

= V. AD",
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with the initial data @(|x|) defined above in condition (11.113). It follows (see
Chap. 3) that

_ |x|
T (x, 1) = |x| 72 < x2> / s (s, t)ds (11.122)
X] 0
defines an exact solution of the Navier—Stokes equations with
av* —€ —€ —€ —€
a7 = VAV, v -Vt =—-Vp =0 (11.123)

Furthermore, the stream functions ¥ and velocity fields ¢ satisfy the uniform
bounds,

max [ (x|, )| < C(1 + log™|x]) (11.124a)
0<t<T,0<e<l
max 1|VT(t)|Lm <C. (11.124b)

0<t<T,0<e<

Consider ¢ = v€(x,t) — v°(x, t); because both w(x, tr) and w(x, t) are rapidly
decreasing and the total vorticity is conserved in Navier—Stokes solutions, it follows
by similar far-field arguments as presented earlier that o¢(x, ) € L*(R?) for any
fixed €. With Egs. (11.123) and (11.93) the function ¢ satisfies the equations

~E

Dt

+ @ - V) (x,t) = =VDP° + v ATS,
div ¢ = 0. (11.125)

Recall from Chap. 3 on energy methods that Egs. (11.125) combined with the bound
(11.124b) establish that

max 1512 (x, t)dx < C(T)/ yﬁ0|2dx < C(T). (11.126)
RZ

0<i<T Jp2

Thus, inequalities (11.126) together with bound (11.117) guarantee an e-independent
bound for the energy of the velocity fields, ¢ (x, ¢). As in Eq. (11.118), we have

H(af(t))z/ |ﬁf|2(t)dx+H(af(t))—2/ 0 OV (dx.  (11.127)
RZ RZ

With estimates (11.124a) and (11.124b), it follows that

/ o (x, O (x, 1)dx
RZ

< c/ (1 + [x[Hef (x, )dx < C[To + Lo + vet N(wp)]. (11.128)
]RZ

The end result is the e-independent bound,

max _ |H[o" (D] <= C(T)

0<t<T,0<e<

as required for applying the lemma. This fact completes the proof of Proposition 11.3.
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11.4.3. Step 3: Delort’s Key Observation and Completion of the Proof

To pass to the limit as ¢ — 0 and obtain a weak solution of the 2D Euler equation, it
follows from Eq. (11.103) that we need to understand the expression

/ YUV dx forany ¢ € C5°(R?).
R2

The Biot—Savart law implies that we can write

/(pvlvzdxz// Hyow(x)w(y)dxdy, (11.129)
R? R xR?

where H,, (x, y) is the function (distribution) on R? x R? given by the formula

1 92

H,(x,y) = ————— [ log|x — z|log|y — )dz. 11.130
o (X, y) 177 910 /]Rz oglx — z[logly — zle(z)dz ( )

In general, when kernels that are homogeneous of degree —1 in R? are iterated to
build a function such as H,(x, y), logarithmic singularities occur along the diagonal,
x = y. Delort’s (1991) key new observation (see Proposition 1.2.3) is the important
fact that with the special nonlinearities v;v,, such iterated singular integrals result in
a function, H,, that remains bounded along the diagonal. The detailed statement of
his result is the following lemma.

Delort’s Lemma: The function

1 02

Hox,y) = —— — 0
oY) = S0,

/2 log|x — z[logly — zle(2)dz
R

is a bounded function on R* x R?, continuous on the complement of the diagonal,
and tends to zero at infinity. In fact,

1
Hy(x,y) = 5[¢(x)+<o(y)]h(x—y)+r(x,y) (11.131)

where h(w) = [(w; - a)z)/(47'[|a)|2)] and r(x,y) is a bounded continuous function.

We save the proof of this lemma for the end of this section. Next, with the three
main facts in relations (11.103), (11.107), (11.108), and (11.129)—(11.131), we pass
to the limit in Eq. (11.103) and verify that v is a weak solution of the 2D Euler
equation. Through a standard density argument, it is no loss of generality to verify
Eq. (11.103) for only the special product test functions ¢(x, t) = ¥ (t)¢(x), with
Y(t) € CgO(R+), p(x) € CSO(RZ). Let p(|x]) € CSO(RZ) be a fixed positive cutoff
function with p = 1 for |x| < 1 and p = 0 for |x| > 2. Expression (11.129)
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implies that

//(p(x,t)vagdxdt
/ / /w(t) [1 - <| |>} Hy(x,y) of (x, o (y, t)dxdydt
R%xR?
[ Lo [roo(F52) s oo
+ v (t)p Hy(x,y) o (x, 1) o (y, t)dxdydt.
0 JRxR $

(11.132)
For any fixed § with 1 > § > 0, Delort’s lemma implies that
wm[l—pox;yD]Hﬂmy)ecMR%. (11.133)
From weak convergences (11.97) it follows directly that
o (x, 1) @ w(y,t)~dw(x,t) @dw(y, t) (11.134)

weakly in measures, L*{[0, T], M (R2 X Rz)}, for any 7 > 0. The continuity and
convergence in relations (11.133) and (11.134) combine to yield

o0
lim/ // glx —yl, ) Hy(x, )t (x, 1) (y, t)dxdydt
R>xR?

e—0 Jo

=/ dt // glx —yl,)Hy(x, y)dw(x,1) @ dw(y, t).
0 R? xR?

|x — I
gllx—=ylLoy=v@) |1—p 5 : (11.135)
Next, we use the uniform decay rate for the vorticity maximal function in estimate
(11.107) together with Delort’s lemma to get uniform control on the second term on
the right-hand side of Eq. (11.132), resulting in the estimates

/l/f(t) ( |> Hy(x, y)of (x, o (y, t)dxdydt
ZXRZ

R

Tr lx —
< Cyy 0 of (x, o (y, t)dxdydt
0 JR2xR? 8

< CoyCry [10g< )] i/ /a)(y t)dydt

1

<C {log (22)}_ . (11.136)

The first inequality in estimates (11.136) uses Delort’s lemma and the nonnegativity
of w® whereas the second inequality applies the uniform decay in estimate (11.107) for
the vorticity maximal function. The final inequality in Eq. (11.135) uses the uniform

[N
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control on the mass of the measures w* guaranteed by uniform bounds (11.96). The
decay rates of the vorticity maximal functions, a priori bounds (11.96), and weak
convergence of measures (11.97) imply that the same uniform estimates (11.136)
hold with w¢ replaced with the limiting vorticity measure w. Thus Eq. (11.135) and
estimates (11.136) guarantee that

’//(p(x,t)vlvzdxdt —eliir(l)//q)va; dxdt
1\1"?
<c, {log <45ﬂ . (11.137)

Because § in relation (11.137) can be made arbitrarily small, requirement (11.103)
is satisfied and v is a weak solution of the 2D Euler equations with the required
vortex-sheet initial data, vo(x).

For completeness, we conclude with the proof of Delort’s lemma (Delort, 1991).

Proof of Delort’s Lemma. The proof we present here is different from the one in
Delort (1991). It uses directly the ideas from singular integral theory from Chap. 4.
First note that, off the diagonal,

1 X1—21 Y2— 22
H,(x,y) = ——— dz.

Itis easy to see that H,, decays to zero at infinity, because ¢ has compact support. We
leave the details of this as an exercise for the reader. Rewrite this expression:

1 X1—21 Y2 — 22
4m? ) Ix —zP |y -z

1
Hy(x,y) = {w(z) - E[w(X) + w(y)]}dz

L fxi—zn—z
4n? | |x —z|? |y — 2z
H](x’ Y) +H2(X, )’)

2 lp(x) + o ()]dz.

The integrals are well defined as |z| — oo by assuming a principal-value integral in
the far field, that is, limg_, f\zl= g '+ dz. This is due to the cancellation property
of the leading-order behavior of integrands for large |z|. Our proof of Delort’s lemma
has two parts:

(1) show that H; is a continuous, bounded function on all of R? x Rz,
(2) show that H, has the explicit form

wiw

—_— 2 —_— —
H, = 4ﬂ|w|2[<p(X) + o], w=x-y.

Step 1 is the harder of the two and requires some ideas from the theory of singular
integrals. Step 2 is a simple exercise involving the Fourier transform.
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Step 1: Note that on the diagonal, H;(x, x) has the simple form

1 (x1 —z1)(x2 — 22)
H =—-—— /[(P(x) —9(2)] 1 1 2 dz, (11.138)
4 |x — z]
where a principal-value integral near z = x is not necessary because of the differen-
tiability of ¢ at x.

To prove continuiuty of H; in both x and y, for simplicity we assume that x # y;
however, the reader can verify that all steps of the proof hold in the event that x =
y. The ideas presented below are similar to those used to prove potential theory
Lemma 4.6 of Chap. 4. First we rewrite

X1 —21 Y2—22
Ix =z |y —z)?

1
~ax’Hy = / () — 9(2)]

X1 —21 Y2—22
lx—zPly—z>

1
+5/WU%4MH
Without loss of generality, we prove boundedness and continuity in x and y of the

first term,

X1 —21 Y2 —22
x —z? |y —z>2 7

1
El/kw(x)—-w(zﬂ (11.139)
in the above decomposition. The second part of H| is proved continuous in an identical
manner.

Boundedness is a simple exercise that the reader can check by using estimate
(11.141) below. To show continuity in x, we write

X1 —21 Y2 —22
Ix —z? |y —z?

/[w(x) —¢(2)]

xit+thi—z1m»—22

Ix+h—z?|y—z

= [ e - et =
lx—z|<2h lx —z|* |y — 2|

xi+hi—z1 y2»—22

Ix +h—z> |y —z|?

/ { lp(x) — @(D)](x1 — z1)
+ 2
lx—z|>2h, |y—z| <2h |x — z|

oG+ 1) —9(@)](x1 + hy — Zl)} Y2 — 22
|x +h — z|? ly —z|?

/ {W@%—W@Km—zn
+ 2
[x—z|>2h,|y—z| <2h |x — z

e +h) — @)1 + hi — Zl)} Y2 —22
Ix +h—z|? ly — z|?
=T1+T2+ T3+ T4.

dz

- /[w(x +h) — ()]

dz

- / lo(x +h) — ¢(2)]
|x—z|<2h

dz
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Because [¢(x) —o()1[(x1 — z1)/(|x — z|)] < M forall x, z € R?, |T1| and | T2|
are both bounded by M flx—z\<2h dz/ly —z| <M fly—z\<4h dz/|ly —z| = 8w Mh. On
|x —z| > 2h,

{ [p(x) —p@]x1 —z1)  [el +h) — @)+ 7 — Zl)} - hk;
lx — z|? lx +h —z)? ~x —z|

which means that

|Tﬂsk{/ dz/ly — 2| < kydh.
|y—z|<2h

Finally,
dz
Wﬂshh/ _dz
=zl ly—zz20 12 — X1z = ¥|
dz dz
Sklh/ ( L 2) (11.140)
-zl y—ziz2n \212 = x| 2|z —y|
< ki2mhlogh.

We now must show continuity in y. To do this, we use the fact that

- M
MO M) < (11.141)

[w(x)—¢(2)]|x_z|2 1+ |x —z|

‘We now compare the function evaluated at (x, y) and (x, y + h). Write this difference
as

-2
/ M2 "2z
ly—z|<2h ly —z|

+hy—z
_/ M2 T2,
|y—z|<2h |y + h - Z|

_ hy —
—/ Mx(z)(y2 2 _nth Z2>c1z=T1+T2+T3.
|y—z|>2h

ly—z  Iy+h—z?

|T'1| and |T2| are both bounded by M2m h.|T 3| is likewise bounded by M2mh log h.
We can see this by following the same ideas used to obtain bound (11.140) above.
We have shown that H; is continuous in all of R? x R? with modulus of continuiuty
p(h) = C(ky, kp, M)hlogh. This completes step 1 of the proof.

We can easily show Step 2 by noting that, for w = x — y,

X1 —Z21 Y2—22 _ w; — 21 22

= ——dz = (9y, log|w]) * (9, log|w]).
|X_Z|2|y—Z|2 |w_Z|2|Z|2 (w1 glw|) (wz g|wl)

The Fourier transform of this expression is

27'[1.%'1 -27Ti€2 gl EZ 1
L T N
(2m)2|E |2 IER €12~ 2 i, 0, (log|& )



11.4 Vortex Sheets with Distinguished Sign 447

which is in turn the Fourier transform of —m [(w;w;)/ |w|?]. The reader unfamiliar
with the Fourier transform of these expressions can easily check this by noting
(see, e.g., Folland, 1995, Chap. 2, Section B) that the transform of log|w| in R?
is —|&|7%/2m. [l

We mention here that the distinguished sign for the vorticity is used in only two
places in the proof of Theorem 11.4: to derive the proposition on uniform decay of
the vorticity maximal function and in the second step in inequality (11.136).

One important ingredient in this version the proof of Theorem 11.4 is the uniform
decay rate for the vorticity maximal functions in the approximating problem. The
proof of this result makes use of the pseudoenergy H for 2D fluid flow. Computational
vortex-blob methods, which we discussed in detail in Chap. 6, exactly conserve a
discrete version of pseudoenenergy H (w) (11.71) [see DiPerna and Majda, 1987a,
p- 332, Eq. (2.31)]; and this discrete function serves as the Hamiltonian for smoothed-
core discrete vortex dynamics. Because vortex-blob algorithms converge for smooth
solutions of the Euler equations (see Majda, 1988), we can pass to the continuous
limit and verify the conserved quantity in pseudoenergy (11.71). This conservation
suggests the following problem: Let o) be a vortex-blob regularization of a vortex
sheet. (Here & denotes the smoothing parameter of the vortex-blob regularization and
h denotes the size of the discretization.) For an appropriately chosen limitas §, 4 — 0,
show that there is a weak limit that is a solution to the Euler equation in the sense
of Definition 11.1. This problem was solved recently for the case of initial data with
vorticity of fixed sign (Liu and Xin, 1995).

Another regularization of vortex-sheet initial data discussed in Chap. 9 was the
vortex-patch regularization with a smooth boundary. Recall from Chap. 8 that such a
regularization has a global-in-time solution that possesses the same conserved quan-
tities as the smooth solution of the Euler equations.

Exercise 11.4. Consider the case of initial vorticity of distinguished sign wy =
y (x)8s, where S is a smooth curve in the plane and y is a C* function. Let w§
be a vortex-patch regularization of the sheet so that wg—wy in the sense of measures.
Show that the unique solutions of the vortex-patch approximating problems w*(x, t)
coverge to a weak solution of the Euler equation in the sense of Definition 11.1 with
vortex-sheet initial data wy.

As mentioned in Chap. 9, both these and numerical calculations indicate much
more complex behavior in the 2D vortex-sheet evolution without a distinguished
sign. Such behavior suggests the possibility of a nontrivial measure-valued solution
to the Euler equations in the case of mixed-sign vortex-sheet initial data. In fact,
the Majda conjectured early on in Majda (1988) that perhaps such measure-valued
solutions are necessary in some circumstances to describe vortex-sheet evolution when
the vorticity changes sign. The 1D Vlasov—Poisson equations for a two-component
plasma have an analogous structure to the behavior of the 2D Euler equations when
the vorticity changes sign (see Majda et al., 1984a, 1984b). In Majda et al. (1994b),
simple explicit examples with dynamically evolving concentrations are constructed in
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which perturbed weak solutions dynamically converge to a measure-valued solution
for the 1D Vlasov—Poisson equations, which is not a weak solution. These examples
provide further supporting evidence regarding the possibility of a significant role for
measure-valued solutions in limiting procedures for 2D vortex sheets with vorticity
that changes sign. Obviously it is a major open problem to understand the behavior of
weak solutions and measure-valued solutions for the 2D Euler equation and general
2D vortex sheets without a distinguished sign. We discuss this analogy problem in
detail in Chap. 13

Notes for Chapter 11

The simple yet illustrative theoretical examples presented in this chapter come from Krasny
(1991), Majda (1988), DiPerna and Majda (1987a, 1987b, 1988), and Greengard and Thomann
(1988).

Evans and Miiller (1994) developed another “harmonic analyst’s

tH)

proof of Delort’s theorem
by using the detailed properties of special quadratic functions operating on Hardy spaces. The
proof in Evans and Miiller (1994), although more complex than Delort’s original proof, serves
to elucidate some of the general features of the relevant nonlinear structure interacting with the
requirement of nonnegative vorticity.

The first key element in the proof of Theorem 11.4 was the special nonlinear structure of
the 2D Euler equations, which made it sufficient to guarantee weak convergence for the special
nonlinear functions v;v, and vf — v% in order to satisfy the requirement for a weak solution.
This fact was first developed and used by Diperna and Majda (1988, p. 71).
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Reduced Hausdor{f Dimension, Oscillations,
and Measure-Valued Solutions of the Euler Equations
in Two and Three Dimensions

In Chaps. 10 and 11 we introduced the notion of an approximate-solution sequence to
the 2D Euler equations. The theory of such sequences is important in understanding
the kinds of small-scale structures that form in the zero-viscosity limiting process
and also for modeling the complex phenomena associated with jets and wakes. One
important result of Chap. 11 was the use of the techniques developed in this book
to prove the existence of solutions to the 2D Euler equation with vortex-sheet initial
data when the vorticity has a fixed sign.

To understand the kinds of phenomena that can occur when vorticity has mixed
sign and is in three dimensions, we address three important topics in this chapter.
First, we analyze more closely the case of concentration by devising an effective way
to measure the set on which concentration takes place. In Chap. 11 we showed that a
kind of “concentration—cancellation” occurs for solution sequences that approximate
a vortex sheet when the vorticity has distinguished sign. This cancellation property
yielded the now-famous existence result for vortex sheets of distinguished sign (see
Section 11.4). In this chapter we show that for steady approximate-solution sequences
with L' vorticity control, concentration—cancellation occurs even in the case of mixed-
sign vorticity (DiPerna and Majda, 1988).

We go on to discuss what kinds of phenomena can occur when L' vorticity control
is not known. This topic is especially relevant to the case of 3D Euler solutions in
which no a priori estimate for L' vorticity control is known. We show that without
this control oscillations can occur. We present some concrete examples of 3D Euler
approximate-solution sequences whose limit does not satisfy the Euler equation in a
classical weak sense.

Finally we show that even when concentrations and oscillations do take place, there
still exists a very weak notion of the equations in the sense of a Young measure. We
define the notion of a measure-valued solution the Euler equation and discuss the
previous examples of concentrations and oscillations within this context.

For review, we recall that an approximate-solution sequence for the 2D Euler
equation is a sequence of functions v¢ € C{[0, T, L3, (R?)} satisfying
(1) alocal kinetic-energy bound, maxo<;<r meR [ve(-, 1)[2dx < C(R),

(2) incompressibility div v¢ = 0 in the sense of distributions,

450
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(3) (weak consistency with the Euler equation):

T
lim/ WD, + VP : v ®v)dxdr =0
0 JRr?

e—0

for all test function ® € C§°([0, T'] x R2) with div & = 0, with an additional
property of L' vorticity control

(4) maxg<,<r f |0 (-, )|dx < C(T), w* = curl v¢, the optional property of L?
vorticity control

(5) maxg<,<r f |w€ (-, 1)|Pdx < C(T) and the technical condition that for some con-
stant C > 0,

love () — pv (@)l < Clt; — ta],
0<t;, H<T VL>0, VpeCPmRY)

i.e., {v¢} is uniformly bounded in Lip{[0, T, ngCL (RN )}. This last condition dictates
how the solution attains its initial data in the r — 0 limit.

In Chap. 11 we introduced two important measures associated with the limiting pro-
cess associated with this sequence. The a priori L? bound in (1) implies the existence
of av € L} (R?) so that v*—v in L} _(R?). The weak* defect measure associated
with this sequence is then a measure o such that (v¢)?dxdt — v’dxdt—o converges
in the weak™ topology.

On the other hand, the reduced defect measure 0, a finitely subadditive measure, is
defined for each Borel set E as 6(E) = limsup,_, [ [.[(v9)* — v*]dxdr.

The reduced defect measure is not in general countably subadditive as the exam-
ple in Subsection 11.2.3 showed. Nonetheless it provides a more useful tool than
the weak™* defect measure for understanding the nature of the limit v. To see this
in more detail, in Section 12.1 we introduce the reduced Hausdorff dimension for
measuring the dimension of the set on which 6 concentrates. One important result
of this analysis is that if the concentration set has a Hausdorff dimension strictly
less than one, then no concentration occurs in the limit. Moreover, any approximate-
solution sequence of steady solutions to the Euler equation, regardless of the sign
of the vorticity, has concentration—concentration in the limit. In Section 12.2 we
discuss the case of approximate-solution sequences to the 3D Euler equation. In ad-
dition to the phenomena observed in the case of 2D approximate-solution sequences,
we show that in three dimensions oscillations can occur in which no subsequence
converges pointwise almost everywhere and, furthermore, the weak limit is not a
solution to the Euler equation. In Section 12.3 we introduce the notion of a measure-
valued solution of the Euler equation and show that even when oscillations or con-
centrations occur, the resulting limit still satisfies this very weak notion of a solu-
tion to the equations. Finally in Section 12.4 we discuss the possibility of a single
approximate-solution sequence’s yielding both oscillation and concentration in the
limit.
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12.1. The Reduced Hausdorff Dimension

First, we recall the notion of Hausdorff measure. Forr > 0, E aBorelset,let {B,, (x;)}
be a countable cover of E by open balls, E € U2 B,, (x;). The Hausdor{f premeasure
of the order of y is

oo
HY(E)=inf ) r/, EC UB,l.(x,-). (12.1)
i=1
The Hausdorff measure of the order of v is defined as
H7(E) = 1in(1)H,?’(E). (12.2)
Instead of 4 (r) = r” we can use a different strictly increasing function % (r) satisfying

h(0) = 0 to define the Hausdorff measure. In this case the Hausdorff premeasure and
Hausdorff measure become, respectively,

H(E)=inf Y h().  E<| B, (12.3)
=4 i=1
H"(E) = lim H'(E). (12.4)

For example, we could use

-B
h(r) = <log 1) , O0<r=<l. (12.5)
r

We remark that for integer values of y, the Hausdorff measure coincides with the
Lebesgue measure up to multiplication by a constant. As promised we present an
example in which the weak-* defect measure is huge but the reduced defect measure
is arbitrarily small on some closed sets.

Claim. There exists a family of closed sets {F,,} with F,, C [0, 1] x [0, 1] for all
m > 1 such that

(i) 6(F,) =0forallm > 1,

(ii) HY (Fy,) < C forall y > 0, where C is independent of y, m,
(iii) o (F,,) = m(F,,) (= Lebesgue measure of F,,) with
(iv) m(F,)>1—¢,, ¢, > 0asm — <.

Proof of Claim. Our argument resides in the example of Greengard and Thomann
from the proof of Theorem 11.2. Recall in this example that we consider {A™} a
2™ x 2™ dyadic lattice with velocity v = sze an V™ (x — z;) where V™ denotes a
special phantom vortex with outer radius R,, and inner radii §,, and 8,11/ 2 respectively.

(See Subsection 11.2.2 for details and Fig. 10.1 therein). Recall that R, and §,, satisty
the equation

5 172 T
R, = (5,,) - £e*“zn . (12.6)
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Define F;, such that

F¢ = U U Br,(Zy). (12.7)

Jjzm e
Because v/ = 0 on F,, for any j > m, trivially
v/ = 0in L*(F,) as j— oo. (12.8)

Hence 0(F,) = lim;,o [, v/ —v[’dx =lim; .« [, |v/[?dx = 0forallm > 1,
thus proving (i).

To prove (ii) we take r,, = e~*"/?7; then by comparing with Eq. (12.6) we have
R; < R, <1, ¥Yj > m. Thus, from covering (12.3), we have

S s ) 00 )
HY (FS) < ST4R <Y we s <Y e 57 = 5(p).
Jj=m j=m j=1

Because S(y) is a convergent series for any ¥ > 0 and S(y) is monotonically
decreasing as y ' oo, we have (ii). Part (iii) is shown in Subsection 11.2.2. (Note:
F., C [0, 1] x [0, 1]Vm > 1). We now verify (iv):

m(Fy) =m([0,1] x [0, 1]) — m(F};)

[e’e} [e e} .
>1-Y R >1-Y e =1—¢,.
j=m j=m

4
Because ¢, = Zc]’im 4J ¢ is the tail of the convergent series S(2) above, €,, — 0
asm — oQ. [l

Note that even if we use the Hausdorff premeasure defined with another monotone
function of type (12.5), for example, i(r) = (log $)~1*9, 8 > 0, we arrive at the
same conclusion as (ii) of the above claim, as can be seen in the following estimates:

o0 o0 00
Hr}; (Fy) < Z4jh(Rj) < Z4j(r_-f)1+5 = 2(4—5)1‘
j=m j=m j=m

-8

< COWith CO) = 7~

1 <00, V§<0O.

We are interested in determining the set on which 0, a finitely subadditive set function,
concentrates.

Definition 12.1. We say 6 that concentrates inside a set with Hausdor{f dimension p
if, given 8 > 0, r > 0, there exists a family of closed sets { F,} such that

(i) 6(F,) =0
(ii) HPY3(FC) < C with C independent of r and §.
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In the Greengard—Thomann example, the above claim shows that 6 concentrates
inside a set with Hausdorff dimension O (strikingly in contrast to the fact that o
concentrates on a set with Hausdorff dimension 2). Later we prove the following
theorem, illustrating that this is typical of the steady case.

Theorem 12.1. (DiPerna and Majda, 1988.) Let {v¢} be a steady (elliptic) sequence
in L} (R?) with
(i) divo® =0,
(ii) curl v¢ = w¢,
(iii) flx\sR [v¢|2dx + f\xlfR |w|ldx < C(R).

Then 6 concentrates inside a set with Hausdorff dimension 0.

We recall that concentration—cancellation for the sequence {v¢} in L} _(R?) with

jiX\<R [v€]> < C(R) means that the weak LIZOC(R2) limit v of v¢ is a weak solution
of the 2D Euler equations even though we may have v ® v¢ A v ® v (i.e., even if
concentration occurs). For the case of of steady sequences, we use Theorem 12.1 to

prove that concentration—cancellation always occurs.

Theorem 12.2. (DiPerna and Majda, 1988.) Consider an approximate-solution se-
quence {v¢} for the 2D Euler equations defined by a sequence of steady exact
solutions with (optional) external force f€, f¢ — fin L%OC(RZ); then concentration—
cancellation occurs.

For the time-dependent case, we have the following result, proving strong conver-
gence when the concentration set is small enough.

Theorem 12.3. (DiPerna and Majda, 1988.) Consider an approximate-solution se-
quence {v°} for the 2D Euler equation and assume 6 concentrates on a space-time set
with a Hausdorff dimension strictly less than 1. Then concentration does not occurs,
and in fact we have strong convergence in L. (R?) for the sequence {v¢).

DiPerna and Majda (1988) show that, for the time-dependent case, 6 always con-
centrates inside a space—time set of a cylindrical Hausdorff dimension less than or
equal to 1.T Motivated by this and related results, Zheng (1991) showed that, for
a stronger notion of a concentration set, concentration—callcellation always occurs
when the “strong-concentration set” has a Hausdorff dimension of less than or equal
to 1. These results suggest that the case of a space—time concentration set of Hausdorff
dimension 1 may be critical, in which it is not known whether concentration—cancella-
tion will occur. Nussenzveig Lopes (1994, 1997) has achieved some refined estimates
for the true Hausdorff dimension of the concentration set. In Chap. 11, we showed that
concentration—cancellation occurs for sequences with positive vorticity. However, it

T This is not the same sense as in measures (12.1) and (12.2) above.
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may be true that concentration—cancellation does not occur for some time-dependent
Euler sequences with both positive and negative vorticity.

In the next chapter we introduce an analogy problem, that of the 1D Vlasov—Poisson
system, which has a mathematical structure much like that of the 2D Euler equations.
We show that the same kinds of questions can be formulated for this system and,
because of its simpler nature, can actually be answered much more precisely.

The proof of Theorem 12.1 is somewhat technical, so we save it for a separate
subsection. We first prove Theorem 12.3 following Greengard and Thomann (1988).

Proof of Theorem 12.3. For F € R? x [0, 00), denote by 7 the projection onto the
time axis

nF ={t e R 3(x,1) € F).

By hypothesis there exists a number y with 0 < y < 1 and a family of closed sets
{F,} such that

0(F,) =0 Vr >0, (12.9)
HY(FY) <C, C independent of y and . (12.10)
Decompose
T
lim/ / [v¢ — v|®dxdt = { lim// [v¢ — v|2dxdt}
€—~>0 Jo lx|<R e—0 F,
+{1in(1)/ |v€—v|2dxdt} = {1} + {2}. (12.11)
€e— F¢
Then

{1} < lirr(l)/ /|vf — v’ dxdt = 0(F,) = 0.
€e— F,

We now control {2}. From the definition of an approximate-solution sequence,

max / /|vf|2dx < C(T,R),
0=I=T Jix|<r

which implies that

max/ [v|*’dx < C(T, R).
[x|<R

0<t<T

Thus

max / |v¢ — v|’dx < C(T, R). (12.12)
0=i=T Jix|<r

The bound on Hausdorff premeasure (12.10) implies that there exists a countable
covering { By, [-(x;, #;)]} of F with r; < r that gets within a factor of 2 of the correct
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Hausdorff premeasure. That is,
[o.¢] o0
Ff C U By, (xi, 1), ri <, Zr,-y <2H].
i=1 i=1
This implies that the Lebesgue measure in time of 7w F¥ C U2 7 B, (x;, t;) satisfies

m(ﬂ’Frc) <m lU JTB,-i(X,‘, l‘,‘)] < Zm[TL’Br,.(X,', )]
i=1

i=1
o0 o0
<> on ey < 2H] (FY).
i=1 i=1
Hence from premeasure (12.10) we have

m(nF) < Cr', 0<y<l. (12.13)

From this and relation (12.12) we obtain

// v — v|’dxdt < / </ v — v|2dx) dt
i 7 (Fy) [x|<R

< C(T, Rym(nF) < C'(T, R)yr'~7.

This combined with limit (12.11) gives

T
lim/ / |v¢ — v|?dxdt < C'(T, R)r'~7, 0<y<l. (12.14)
0 JixI<R

e—0
Because r is arbitrary the left-hand side is zero. Hence we have strong convergence:
v > v in L%*{[0, T] x Bg(0)}. U

The proof actually shows that the locally finite kinetic-energy bound implies that
if there exists a set E that can be covered by a union U of balls with 6 (U¢) = 0 and
whose total projected time coordinates are of arbitrarily small Lebesgue measure in
time, then the convergence of the sequence v¢ is strong. Thus concentration sets must
have time coordinates of positive Lebesgue measure. Furthermore, in this proof, the
Euler equation itself is not used directly. The time axis is singled out because of the
nature of the a priori kinetic-energy bound (sup in time, leOC in space). We express
this remark as a corollary.

Corollary 12.1. If there exists a family of closed sets { F,} such that

(i) 6(F,) =0Vr >0,
(ii) m(w FY) — O0asr — 0, where m is the 1D Lebesque measure and {v°} is an
approximate-solution sequence with v¢ — v in L?*{[0, T] x Bg(0)}, then

v¢ = vin L*{[0, T] x Bg(0)}.
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Next, we prove Theorem 12.2, assuming Theorem 12.1.% Before proving the the-
orem we prepare some facts and lemmas. First, when we defined an approximate-
solution sequence of the 2D Euler equations, we did not include the requirement that
the v¢ vanish uniformly as |x| — oo; these were not needed in our discussion until
now. However, imposing these requirements on an approximate-solution sequence
{v€} implies that we can legitimately truncate the v*’s, i.e., for some fixed Ry we can
use only the v¢’s with supp v¢ C {x € R?| |x| < Ry}. This point is discussed in
detail in the appendix (DiPerna and Majda, 1988). We use this fact for the proof of
Theorem 12.2. Also, we need the following lemmas.

Lemma 12.1. For any n € CgO(RN) with supp n C {x € RY| |x] < Ro} we can
approximate 1 uniformly by a finite sum of plane waves. Specifically, given L and
€ > 0, there exists {am}nﬁle, om € SV (@l = 1) such that

sup Z

I¥I=Ro o<1,

D~ < (12.15)

M
n(x) — Zamﬁ((pms X - ¢m)]

m=1

where fi(p, y) € C®(S¥! x R).
Below we sketch the proof of this lemma.

Proof of Lemma 12.1. Sketch. We simply rewrite the Fourier transform formula

n(x) = / o (E)dE
RN

=/ U e’““/’ﬁ(k,(p))»N_ld)\} do
SN-1 0
00 .
= / (. x - @)de, i = / M H0L, AN .
SN-1 0

Now, approximating the integral over S¥~! by the Riemann sum, we obtain result
(12.15) for || = 0.
We can apply the same idea for the case for any «, |o| < 1. (]

Recall from Chap. 11 that the Euler equations have a covariant structure. This means
that the equation is preserved under rotations by an orthogonal transformation.

Lemma 12.2. Covariant Structure of Euler Equation. Let O be any rotation matrix

in RN (sO, O = O~Y); then for any scalar test function 1 € cse (RN) we have the
following identities for the nonlinear term:

/ (V},Vyi)n 1 (O'v @ O'v)(Oy, Hdy
RN

= / (V,VHn v @ v(x, t)dx. (12.16)
RN

1 Actually, a weaker version of Theorem 12.1 is all that is needed; we require concentration on a set with
a Hausdorff dimension of less than 1.
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Proof of Lemma 12.2. We put Oy = x; then, by using V, = O'V,, Vj,- = O'Vi,
det(O") = 1, we have

/R (Y VyHn 1 (0" ® O'v)(Oy. 1)dy
= /R (O'V,0'VHR(x) : (O'v @ O'v)(x, t) det(O")dx
_ /R Y 0404,04,05, (VLT (0 wpu) (x, dx
- /R . Zalpamq(vx)g(v;)mn(x)(upuq)(x, Ndx
= [, ST ) v .

:/ (Vo VED () 1 (v @ v)(x, t)dx.
RV ([l

In addition, we have the following straightforward result concerning the rotational
invariance of the dimension of concentrations.

Lemma 12.3. Rotational Invariance of the Dimension of Concentrations. If the re-
duced defect measure 0 associated with the sequence {v¢}, v¢ — v in L%(R?) con-
centrates inside a set of Hausdorff dimension p, then so does the defect measure 6
associated with {0}, where 7€ (x) = O'v¢(Ox), O' = O,

Proof of Lemma 12.3. By hypothesis there exists a family {F,} of closed sets such
that

0(F,)=0Vr >0, (12.17)
H,P”(Ff) <CVs >0, r > 0. (12.18)

Let F, = {x e R} x = Oy, y € F.}.
Claim. The family {F,} has the same properties (12.17) and (12.18) as {F,} for

the same number p and C.
Obviously, from v¢ — v we have ¢ — ¥, where v(x) = O'v(Ox). Hence,

O(F,) = lim/ |0€ — 9|%dx = lim/ [v¢ —v’dy = 0.
e—0 F, e—0 F,

Inequality (12.18) for {F,} follows from the definition of the Hausdorff premeasure
by use of the rotational invariance of the covering property and the radius of each ball
in the covering family. O

Now we are ready to prove one of our main theorems in this section.
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Proof of Theorem 12.2. Let {v¢} be the sequence of exact solutions and v¢ — v in
(Rz) ‘We use the test function of the form

loc

d=vip= ("’xz ) n e C&(R?). (12.19)

X1

We must show that

//RQVVLU:v®vdx=//sz-VLndx, (12.20)

which means that v is the steady weak solution of the 2D Euler equation with external
force f. Now,

VVin v @ = 01(Vip)ivvr + 1(Vin)aviv,
+ (V) 10201 4+ R(VEn)avavs

?n L, ' 9%n
= vy —v7)+ | ———= | vivo.
8x18x2( 2 1) (Bx% Bx%) "

Hence, we can rewrite Eq. (12.20) as
82)7 82)7
2
a2 a2 d
//}Rz [8x18x2 Ul) + <3X% 3x12> v1vz] X
// (f ax; fl) (12.21)
R? 8x1

From the remarks following Corollary 12.1 we assume that there exists an Ry so
that, for all € > 0, supp v¢ C Bg,(0) without loss of generality. This implies that
we may assume supp n C {x € R?| |x| < Ro}. Lemma 12.1 implies that because
Eq. (12.20) is linear in 7, it is sufficient to show Eq. (12.20) for a single plane wave
(g, x - @), ¢ € S'. The covariant structure of the Euler equation (Lemma 12.2)
implies that we can make a change of variables x = Oy, 0" = O~ !, #(y) = O'v(Oy)
and rewrite the equation as

2~
2 P’ PN
R? Py, ,Oyz %) P)’1
/ /< L —fl > (12.22)
Vi
where f and 7 denote

FO) =(O'NHOy), 7)) =ip,y- )

We need to show only that the rotated velocity © and force f satisfy Eq. (12.22)
for a rotated scaler test function 7. Clearly ¢ — © in L?(Jx| < R) and S F
in L\ (R?) for “rotated” ¢ and f°. The reduced defect measure associated with
{p€}, 0(F) = lim SUP._ fF |5¢ — U)?dy, has the same dimension of concentration
set as 6 by Lemma 12.3. From now on, even if we work in the new rotated coordinate
system, for simplicity we use the same notation for variables, velocities, forces, etc.,
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as in the old coordinate system. In particular, consider Eq. (12.20). If we choose the
coordinate system so that ¢ = (1, 0) and denote n[(1, 0), x;] = h(xy), Eq. (12.20)

transforms to
—// h”(xl)vlvzdxz// fol' (x1)dx. (12.23)
R? R?

An approximate- (exact-) solution sequence satisfies

—// h”(xl)vagdxz// ffh’(xl)dx. (12.24)
R? R?

For a steady approximate-solution sequence, Theorem 12.1 implies that there exists
a family {F,} of closed sets such that for all » > 0

0(F) = Tim, g / v — vfdx = 0 (12.25)
F
and a constant C so that forall» > 0,0 < p,
HP(FY) <C. (12.26)

Our strategy below is to first pass to limit (12.24) by using truncated test functions
that vanish on the set where the convergence is not strong and then to remove the
truncation.

Let P, F, denote the projection of F, onto the x; axis. Then, given a covering
(B, (x;)}, ri <r of FS, that approximates its H” premeasure to within a factor of
2 we have

o0 o0 o0
m(PyFS) <Y m[PiB, ()] <Y ri <r'™P> sl <20 (12.27)
i=1 i=1 i=1

Hence,
m(PiFS) >0 as r—0. (12.28)

Consider a rough test function 4, € W>" (R) defined by?
h;/ = X, F;)rh”. (1229)

Then convergence (12.28) implies that 2, — h” in measure. By choosing a subse-
quence we have

h) — h” boundedly almost everywhere in |x;| < R. (12.30)
This, in turn, implies that (when the dominated convergence theorem is applied)

K.k in L™(x| < Ro). (12.31)

§ Here x denotes the characteristic function.
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From Eq. (12.25) for each r

lim v —v)?dx > 0 as € — 0. (12.32)

€— F,

Because n’l{[n(Ff)]”} C F,,

v > v (strongly) in Lz(ﬂ_]{[n(Ff)]c})-

// h”r(xl)vagdx://X(Plpin)z-h”(xl)vagdx
R? R
=/ /h”(xl)vlv2 dx — A (x))viva dx
HIPH(FO} PI(FS)]
// " (x)vivadx, e,
// h”,.(xl)vagdx—>//h/r/(xl)vlvzdx. (12.33)
R? R

Also, f€ — finL], (R?) (hypothesis) and the assumption on &, implies that

—// h;(xl)ffdxe// h;(xl)fzdx. (12.34)
R? R?

Combining convergences (12.33) and (12.34) with limit (12.24), we have for each

r>0
—// h”r(xl)vlvzdx=// hl.(x1) f2dx. (12.35)
R? R?

Now, convergences (12.30) and (12.31) allow us to use the dominated convergence
theorem to pass to a limit » — 0 on both sides of Eq. (12.35), from which we obtain
convergence (12.23). U

Hence

Note that in the proof we require relation (12.27) to hold only for some 0 < p < 1,
which is true provided that concentration occurs on a set of Hausdorff measure of
strictly less than 1.

12.1.1. Proof of Theorem 12.1 on 2D Elliptic Sequences

A first proof of this result is contained in DiPerna and Majda (1988). The proof we
present here uses capacity theory (Evans, 1990). Given v¢ € L,OC(RZ), divv¢ = 0,
curl v¢ = of, flx\<R |w€|dx < C, our goal is to show that & concentrates on a set of
Hausdorff dimension 0.

Let v¢ — v weakly in L%(R?). For this sequence {v¢}, the reduced defect measure

is defined as

0(E) = lim sup/ |v¢ — v|?dx.
e—>0 E
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Recall also that 6 concentrates on a set of H®(s—dim Hausdorff) measure 0 if there
exist a family of closed sets { Es}5-0 with

(1) 6(Es) =0 V8 >0,
(2) Hyy([R> ~ Es) > 0as 8 — 0, where r(8) N\ 0as § \ 0.

Theorem 12.1 can be restated with stream functions as Theorem 12.1A.

Theorem 12.1A. Let {1} be a sequence of smooth functions in R* such that

/|vwf|2dx <C, AV =, v = VYL, (12.36)
/|af|dx <C. (12.37)

Then there exists ¥ € H,. (R?) and a subsequence (denoted also by V) such that
V¢ — Vi weakly in L2(R?) and the corresponding reduced defect measure 6
concentrates on a set of H” measure 0 for any y > 0.
Recall that a priori bounds (12.36) and (12.37) imply that
of—~w  weaklyin M(R?), (12.38)
VY€ — Vi e LP(R?), 1<p<?2. (12.39)

The strategy of the proof of Theorem 12.1 is in the following steps,

Step 1: Refinement of Egoroff’s theorem by use of the capacity for functions in
W=, p<2.

Step 2: Estimates (12.36) and (12.37) combined with step 1 yield a family of closed
sets { E£5} such that

/ VY€ — Vir|2dx — 0 as € —>0
E;s

which implies that 8(E;) = 0 for all § > 0.
Let Fo = {f € CSO(RN)| f = 1lon A C R"}; then for p < N, the capacity
Cap,(A) of A is defined as

A) = inf V flPdx. 12.4
Capy () = ing [ 19 fird (12.40)

Step 3: We use step 1 to show Cap,,(]R2 ~ Es) — 0 as § — 0. Estimating the
Hausdorff premeasure by Cap,,, we finish the proof. [Cap ,(-) is defined below.]

Step 1: Egoroff’s theorem says thatif m (€2) < oofor 2 ¢ RY and ¢ —  almost
everywhere in €2 then for each § > 0 there exists a set Es such that (1) ¥ — ¢
uniformly on Es and (2) m(2 ~ Es) < § . We require the following refinement of
Egoroft’s theorem.
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Theorem 12.4. Let {p} be a uniformly bounded family in Wli)’cq @®RY), g < N; then
there exists a subsequence {p} and a function V in Wlé’cq (RN) with the following
properties:

For each p with 1 < p < g and 8 > 0 there exist closed sets Es C RN such that

v — uniformly on Eg, (12.41)
Cap,(R" ~ Ej) <. (12.42)

Theorem 12.4 is true. The reader is referred to Chap. 1 of Evans (1990) for a proof
of Theorem 12.4.

Energy bounds (12.36) allow us to apply Theorem 12.4 with ¢ = 2 so that, for any
8 > 0,1 < p < 2, there exist closed sets Es such that

e — Y uniformly on  Ej, (12.43)
Cap,(R* ~ E5) < 6. (12.44)

Step 2: We require the following proposition.

Proposition 12.1. Let ¢ and o satisfy estimates (12.36), (12.37), and (12.43). Then
for any o > 0 there exists €y = €o(0) > 0 such that Ve, €; < €,

VY€ — Ve |2dx < Co, (12.45)
Es

where

2
c=C Z [||we-" o2y +rIVYS ||L2(R2)} for some constant C.
Jj=1

Estimates (12.36), (12.37), and (12.43) combined with Proposition 12.1 yield
VY€ —VylPdx > 0  as e — 0, (12.46)
Es
from which we get

0(Es) =Tlimeo | [V'Y€ — V[ dx
E;s

= MHO/ VY€ — Vir|2dx =0V8 > 0.
E;s
The step is complete if we prove Proposition 12.1.

Proof of Proposition 12.1. Consider a cutoff function 8, (s) with |8, | < o defined as

o, s >0
Bs(s) =< s, —o0 <s<o.

—0, §<-—0
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From estimate (12.43) there exists €y = €p(o) such that €1, €5 < €y implies that
Ay 5% on Es. (12.47)
Thus by the definition of S,

Bo (W' =¥ =9 — ¢ on E;s. (12.48)

The chain rule for the weak derivative (see Gilbarg and Trudinger, 1988, p. 146) of
the piecewise smooth function §, gives

0, W =@l =0

V.Ba(wél - wéz) = {Vl/fél —VyYe, Y8 —y2| <o ’

Consider p € C(‘)’O(Rz) with p = 1 on Ej;. (Existence of such a function p is
guaranteed by Urysohn’s lemma because Ej is closed.) Then we have the estimates

VY — Ve Pdx = / VI —§%) VO — Vi )dx
E5 E5

< / PV =) - V(B (Y — ¥))dx
RZ
(integration by parts)

=

/ PAW =) Bo (Y — Y?)dx
RZ

+ ‘ /R VoV = Y (U — Y
= (1} + (2,

()= [ " —o)po " — v

2
<o [l —atldr =0 3 0 g
R? X
Jj=1

where we used |8, | < o. Similarly

2t =o /RZ Vo -V —¢?)ldx

o</|V,o~V1ﬁ€‘|dx+/|V,0-V1pQ|dx)

2 2
olIVoll 2@y Y IVl 2@ <0CY IVl
j=1 j=1

IA

IA

with C = max|L, [[Vpll 2@ -

Thus we obtain relation (12.45). O

This finishes Step 2.
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Step 3: In this step we bound the H” premeasure by capacity. Accomplishing this
will finish the whole proof [except the proof of Theorem 12.4 by condition (12.44)].

Proposition 12.2. Given Vs, an open set with Cap,(Vs) =6, and y = N — p + ¢,
€ > 0, there exists a constant C = C(N, p, €) such that

H]5 (Vs) < C Cap,(Vs)

where r(8) = C8W/WN-P1 € = g constant.

We prove this proposition as a corollary of the following Chebyshev inequality
(Theorem 12.5 below). Recall that the classical Chebyshev inequality states that the
Lebesgue distribution function o of an element f of L”(R?) is dominated by an
algebraic function of the order of p:

o) = H"x 1 |fl > A} < AP / | f|Pdx. (12.49)

For functions with compact support, the essential behavior is associated with large
values of A.

If f € W7 then the n—dimensional Lebesgue measure can be replaced with a
finer set function, namely a y — order Hausdorff premeasure where y =n — p + ¢
and € is arbitrarily small.

Theorem 12.5. (DiPerna and Majda, 1988.) If € > 0 and p < N, then there exists a
constant C = C(N, p, €) such that

Hp (x| | f] = 1)) < COP (12.50)

forall fin WLPEY yhere

1/p
0 =alr, o= {/ |Vf|”dx} , r() = CoVN,
]RN

Np
N—p'

q:

Proof of Theorem 12.5. Claim. The interval set
A={x:|fl=2}
is contained in a set of the form
D= {x : r_y/( )|Vf|”dy > M for some r with0 < r Sro}
B(rx

if the parameters ry and M are chosen appropriately. In short, A is contained in a
set in which the gradient fails to exhibit uniform local decay of a specific order: The
normalized local maximal function of the gradient remains above M for some ball of
radius r < ry. The choice of ry and M are given below.
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We use the following lemma.

Lemma 12.4. Covering Lemma (Stein, 1970). If J is an arbitrary family of balls B,
contained in a bounded set of R", then there exists a countable disjoint collection
B,; whose fivefold expansion covers J,

UyB, C UBSr/ .

We see that there exists B,,, disjoint balls, with r; < r¢ such that D C UBs,; and

i [ vy = m.

Tj

Because the balls B, are disjoint,

1 57
Hy () = 3 6ryy =5 o [ 1vsray <3 [191ray.
. 7 B,

J

that is,
Hl (D) < CM‘I/IVfI”dy

with a universal constant C. Because A is contained in D a similar inequality holds
for A and yields the desired result.

The proof of the claim is based on the fact that the pointwise values of a function
are dominated by the normalized maximal function of the derivative. At a Lebesgue
point f may be expressed as a telescoping sum of the dyadic local averages:

@) =0+ fin() = f;(x) (12.51)

j=1

where
£ = / FG)dy
B;

and Bj = Bj (rj, X), rj = 2_jr0. The notation

1
av, d = —— d.
g/Efy m(E)/Efy

denotes integration with respect to normalized Lebesgue measure. The Poincaré in-
equality reveals the dependence on the local behavior of the derivative

1/p
1< 1fol +2"Zr,-{avg/3v|Vf|de} ,

because the difference of the two consecutive averages is bounded by the average
oscillation,

Fran = fil < 2 / f = fyldy.
B;
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Suppose that A is not contained in D; choose a Lebesgue point z in A such that
avg/ IV fIPdy < Mr—Pte it 0<r <n.
B(r,z)
If follows that

r =1 fo@l+2" My T, (12.52)

because z lies in A and r; < ry. The strategy is to select M and ry so that condition
(12.52) is violated. For this purpose the first term on the right of sum (12.51) can be
estimated with the Sobolev inequality

1/q
é/ fdy‘f{avg/ Iflqdy}
By By

1/q
Vo"/q{ Iflqdy} <cirya,
Rﬂ

| fo(2)]

IA

where ¢ is a universal constant and By = B(ry, 7). Letting
=Y
J
yields the inequality

A<y o+ e MVP (12.53)

as a consequence of condition (12.52). We conclude that A is contained in D if ry and
M are chosen so that each term of the right-hand side of inequality (12.53) equals
A3

ro = (3¢10)7/", M = (3¢cy) PAP.
The value of c in the conclusion of the theorem is easily derived from ¢; and ¢;. U

Proof of Proposition 12.2. By definition of capacity (12.40) there exists a function
f e C(R?), f > 1on Vs such that

/ |V fPdx <2Cap,(Vs). (12.54)
RN

From the fact that Vs C {x € RY||f| > %} we have, by application of Theorem 12.5
with A = %, 0=4= Cap[,(Vg),
1 .
Hs (V) < H,V(a>({x| /1= 2}) <2rC /IR IV f1Pdx
< 2P*!C Cap,(Vs) = C Cap,,(Vs)

with () = 877, C = C(N, p, €). O
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The completion of Step 3 follows by setting N = 2, Vs = R* ~ Ej in proposition
(12.37), thus obtaining

H}s (R* ~ E;) < C Cap,(Vs) < C8 — 0
as
§—>0 forall y=2—-—p+€>0.

This concludes the proof of Theorem 12.1 assuming that Theorem 12.4 is true.

We remark that the above proof uses condition (12.36) crucially in condition (12.45)
of Step 2 whereas the original proof (DiPerna and Majda, 1988) relies on the weaker
condition

V¢ — Vi in L?(R?), l<p<2.

12.1.2. Improved Velocity Estimates

Recall from Section 11.3 that the vorticity maximal function |w|(-, -) of a finite Borel
measure ® is

(s, x)] = / dlo(y)| = / dlo| = |0[B; (0)]. (12.55)
[x—y|<s By (x)

In this section we prove some results on the decay of the vorticitly maximal functions
associated with an approximate-solution sequence. This result yields some improved
velocity estimates for v°.

Let B(-) be any monotone increasing function satisfying for some constant K

B(Ss) < K[B(s)]. (12.56)

For example B(s) = [log(%)]’”y and s¥ with 0 < y < 1 are in this class.

Proposition 12.3. Suppose that w is a nonnegative measure with finite total mass and
supplw| C {|x| < R}; then the closed set

E, = {x e RV [|w|(s, x) < B(s), 0 <s < ;}

satisfies

HF (E¢) < K|o|(R, 0). (12.57)

Note that {E,.} r > 0 is the family of “good” sets in terms of the decay of the radial
distribution w (-, -); {E¢} is the family of “bad” sets.

Proof of Proposition 12.3. By hypothesis we have

Wi

E¢ = {x e R ||w|(s, x) > B(s) forsome s, 0 < s <

b
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We observe that £y C Uyege By (x). Let {B;}, Bj = By, (x,)(x;) be the subcovering
described in the covering lemma (Lemma 12.4); then

E° C U}ZIB;‘( B; = Bssj ()Cj).

Hence

HP(ES) <> BGs) <KDY BGs)) <KD |ol(s). x))
j=1 j=1 j=1

:Kw(UBj> < K|o|(R, 0). O

j=1

The full uniformization theorem concerns the uniform radial decay of mass distri-
butions for a family of measures.

Theorem 12.6. Uniformization Theorem. Consider a family {w°} of finite, nonnega-
tive measures on RY . Fix parameters 8, y suchthat$ > Oandy > n8, n = dimension
of space. Then there exists a subsequence {w*} with the following property. For every
r > 0 there exists a closed set F, such that

F, C {xeRN|wk(s,x)5Ks5, 0<s<lI, kzi}, (12.58)
HY(FF) <C@, ), (12.59)

where
K=C+Cr, (12.60)

(C is a universal constant).

The proof of the full uniformization theorem can be found in DiPerna and Majda
(1988). We use the uniformization theorem to prove the following improved velocity
estimates.

Theorem 12.7. Improved Velocity Estimates. Assume the same conditions as those in
Theorem 12.6; then the family of sets { F,} satisfies

/ [Wk|P'dx < C @, r) for some p'>?2 (12.61)
F,
forall k > (1/r), where curl vk = o

We now prove Theorem 12.7 on improved velocity estimates.

We introduce the velocity distribution function op(A) associated with the
Marcinkiewicz space M? defined by

or(A) = mix € F| |[v(x)| > A} (12.62)
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Wessay thatv € M? ifop(A) < cA™P.Note that this definition generalizes Eq. (12.49)
of the previous section.

We now show that the improved velocity estimates follow from the fact that if a
radial distribution function |w| decays on a set F' with order § then the associated

velocity field v = f K>(x — y)dw(y) lies in the Marcinkiewicz space M? where
p =248/ — 1). We state this fact as a theorem.

Theorem 12.8. Suppose that w is a Borel measure on R? with finite total mass. Assume
forall x € F that

lo|(s,x) < Ks®  for 0<s<1. (12.63)

Then there exists a constant g such that for all & > Lo the velocity v = [ K»(x —y)
dw(y) has a distribution function satisfying

1)

This theorem says that the L* norm of |w| controls the M? norm of v.
The following corollary follows from the fact that the M” norm is controlled by
the L? norm when p > p’.

Corollary 12.2. With the same assumptions as those of Theorem 12.8, we have for
any p' with2 < p' < p=2+ 2

1-8°
/wngcmﬁy (12.65)
F

Proof of Corollary 12.2.

o0
1012y = / A dor (1)
0

Xo o8
= {/ )J"doF()»)} + {/ )»”’dGF()»)} = {1} + {2},
Ao

|{1}|=/ |u|1”dx§k{)”/ dx <C,
[v]<Ao lx|<1

o0
{2} = Af oF <)xo - P// AP/_IGF()»)CU)
Ao
, o0 B ’
< C(K, 6)(/\5 - P,/ AP pld}») < C(K,8)p'r " <C'(K,$),
Ao

where we integrated by parts and used the fact that p’ — p — 1 < —1. d
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This corollary implies directly the improved velocity estimates.
It remains to prove Theorem 12.8. Recall that for a general vorticity measure
® € M(R?) the velocity field satifies

v(x) = /R K(r = ydo(y),

1 -2
K@) =555 < . ) (12.66)

where |K (z)| < C|z|~! for some constant C. Without loss of generality we assume
that

suppw C B;(0), (12.67)
lw|(1,0) = 1. (12.68)
We define Ay = {x € R?*| w(s,x) < ks'T?if0<s < %}. Our strategy is

(1) to show that x € A; N F implies |v(x)| < f (k) for some function f (k),
(2) then to choose k so that f(k) = A if A > A for some constant X,
(3) From (2) {x € F| [v(x)| > A} C Aj}; hence o (L) < m(Aj).

Because Aj, is the “badly” decaying set, we can control its Hausdorff premeasure
by using Proposition 12.3, thus establishing the theorem.

Step 1: If x € Ay N F, then

1
ool < C/ =y~ do(y) = c/ s de(s, x)
[x—=y] 0

1
SCw(l,x)—i—C/ s 2w(s, x)ds
0

= {1} + {2},
{1} = Clo|(1,0) = C,

1/k 1
(2} = c/ s 2w (s, x)ds + c/ s 2w (s, x)ds
0 1/k
1/k 1
< Ck/ s~ s +c/ ks~ ds
0 1/k
C
= <5 + CK> K2,

Thusifx € Ay N F

lv(x)| < <§ + CK> K4 . (12.69)
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Step 2: We choose k so that
¢ 1-3
SHCK) KT e = (12.70)
then relation (12.69) implies that {x € F| [v(x)| > A} C Af.

Step 3: From step 2 we have
or() < m(Af). (12.71)
From Proposition 12.3 [choosing B(s) = ks'T%]
Hy (A7) < Cilwl(1,0) = C. (12.72)

Now relation (12.72) implies that there exists a family of countable balls s{B;} with
radiir; < (5/k) sothat A} C U;‘ilBj and ) r}J”S < % for some constant C. Hence,

Zm(B ) = i _ ﬂzoo:rilfariua

From Eq. (12.70)

)\‘—C 1-68
k:() < CAT5  for A > Ao

with sufficiently large Ao, i.e.,
- 8
m(Af) S CAS =Ch™",  p=2+—0.

Combining this with relation (12.71) concludes the proof.

12.2. Oscillations for Approximate-Solution Sequences
without L! Vorticity Control

Recall that one feature of approximate-solution sequences {v¢} for vortex-sheet initial
data in two dimensions is that they always possess uniform L' vorticity control that,
as we showed in Chap. 10, implies the existence of a subsequence that converges
pointwise almost everywhere to the weak limit v. Hence oscillations are not pos-
sible for 2D approximate-solution sequences with uniform L' vorticity control. In
three dimensions, however, the L' norm of the vorticity is not a conserved quantity;
therefore we lose this a priori bound for an approximate-solution sequence. Our
purpose in this section is to study the limiting phenomena of approximate-solution
sequences without L' vorticity control. It is interesting to think about this problem
for both 2D and 3D approximate-solution sequences.
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As we show in this section, this can lead to other phenomena’s occurring in the
limit. For a sequence {v¢} in L>(R") with |v¢| .~ < C there is a subsequence, which
we denote also by {v€}, such that

v — v weak-* in L®(R") as €—0 (12.73)

{i.e.forall p € L'(RY), fRN pvédx — fRN pvdx}. A sequence {v¢} is said to exhibit
oscillation in the limit when there is no subsequence {v€'} of {v¢} such that

v = v almost everywhere in  R”, (12.74)

even if we have weak convergence (12.73). As a preliminary to more complex exam-
ples involving solutions of the Euler equations, we present the following proposition
on the weak L* limit of a sequence of functions of two scales.

Proposition 12.4. Let u(x, y) be a smooth, bounded function on R¥ x RY periodic
with period p in the y vector,

u(x,y+ pej) =u(x,y), j=1,...,n.
Then the sequence {u‘}, u®(x) = u(x, ), satisfies
u—u  weak-*in L*[RM), (12.75)

where
1 p 4
a(x)=—/ / u(x,y)dy'---dy". (12.76)
p" Jo 0

Proof of Proposition 12.4. Step 1: We first prove the proposition for u(x, y) =
@(x)T (y), where ¢ is smooth, bounded in RY, and T is a trigonometric function
given by T'(x) = Z\k|§L f"ke[(Zni)/p](x, k). For any p € LY(R") we have

/p(x)us(x)dx Z/p(x)<p(x)T<:>dx
= {/p(X)<P(x)T} +{ Z Tk/p(x)go(x)e”;%:,mdx}
1<|l|<L

= {1} + {2},
where

_ l P 14
P" Jo 0

Now,

[ k
2= > Twp (—E).

I<|k|=L
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Because ¢ € L', by the Riemann—Lebesgue lemma (Rudin, 1987)

- k
pgp(—)—)O as € — 0.
€

Thus {2} — O0ase — 0.
Hence we have shown that, given § > 0, p € L' (RY), there exists € = €(8) such

that
‘ / {p(x)«)(x)T(:) —p(x)ﬂ(x)]dx

Step 2: We extend the result of Step 1 to the case u(x, y) = ¢(x)¥ (y), where ¢
is any smooth, p-periodic function on RY. We know that, given § > 0, there exists a
trigonometric polynomial 75 such that

< 4. (12.78)

[ (y) — Ta(y)|Loo(RN) <4, (12.79)

where

A 2mi
Ty = Y, Ti@er ™.

k| <L(3)

We use the standard (¢/3) argument as follows:
Given p € L' (R"), then

‘ / [p(X)w(x)w(z) —p(x)gmﬁ(x)}dx
X X

/ [p(x)go(xw(E) - / p(x)go(x)T(s(G)}dx

+’ / [p(x)cp(x)n(j) - / p(x)sl)Ta(x)]dx

+’/ [p(X)wTa(X)—/p(x)W(x)}dx

= {1} + {2} + {3}

=<

Estimates (12.78) and (12.79) imply that

1} = lpelpeml¥ = Tlpx@y) = 1p@loi@y) = 109111 @M9,
2} <o,
! ! ! 1 n
{3} < |p(p|Ll(RN)ﬁ |Ts(y) — v (y)|dy ---dy",
0 0

= |lpol i @y)d.
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Hence we have shown that, given§ > 0, p € L' (R™M), there exists € = €(8) such that

‘ / PPN (j)dx - / p(X)p¥ (x)dx

for any smooth, periodic function ¥ on R".

<4 (12.80)

Step 3: We extend the result of step 2 to the function u(-, -) given in the proposition.
We know that, given § > 0, there exists a finite family of functions {¢; (x); ( y)}m)

i=1
with ¢; smooth, ¥; smooth such that

L(5)
u(x, y) = > @i (y) <38 (12.81)
i=1

L®(RY xRY)

for any smooth function u(-, -) on RY x RV,
Let p € L'(RY) be given; then

’/ [p(x)u (x, z) — ,oﬁ(x)] dx
X Le X
/ [p(x)u(x, 6) —ngoi(x)wi(G)]dx
i=1

L(8) X L(5)

/ pY e <E> —p YY)
i=1 i=1
L(8)

/plzw —a](x)dx
i=1

=<

+ dx

+ = {1} + {2} + {3},

L
u— Z‘pi‘/fi

i=1

{1} = Il @y < P8,

L (RN xRV)

{2} =4,

1 p p| L
/p(X){n/ / [Zf/)i(xm(y)—u(x,y)]dy'-~~dy"}dx
P~ Jo 0 |0
1 p P
5/|p(x>|{n/ - dyl--~dy”}dx
P Jo 0 —

L
> eivi—o
i=1

(31 =

L®(RY xRY)

< lplpr@md. O

The following proposition provides the other aspect of strong convergence in
L2 _(RM), which is actually the content of the claim in Step 1 of the Proof of
Theorem 11.3.
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Proposition 12.5. Consider a sequence {v¢} in L3, (RN) that is uniformly bounded,
i.e.,, forany R > 0

/ [v¢|?dx < C(R).
Br(0)

Furthermore, let us assume that

v =~ weakly in L2 _(RV).

loc
Then

v — v stronglyin L (RY)
if and only if
> — > weaklyin Mo (RY).

Now consider a function u(-, -) satisfying the conditions of Proposition 12.4. Then
we know that for u€(x) = u(x, %),

u(x) = i(x) = %/p---/pu(x,y)dylndy” (12.82)
P Jo 0

weak-* in L®(R") from the previous proposition. Also, the same proposition tells
us that, for (u€)?(x),

[ ()P —ul(x) = pln/Op---/opbﬁ(x,y)dy1 coedy" (12.83)

weak-* in L2 (R"),
However, Proposition 12.5 combined with convergence (12.82) says that u¢ — u
strongly if and only if

W) (x) = u?(x)  weaklyin M (RY). (12.84)

Thus, from convergences (12.83) and (12.84) we have u¢ — u strongly if and only
if u2(x) = u?(x) Vx € R". However, the Cauchy—Schwarz inequality implies in
general that u2(x) < u?(x) with equality if and only if u(x, y) is constant in y. Thus
we have proved Proposition 12.6.

Proposition 12.6. Let u, u¢, and u be as given in Proposition 12.4; then u¢ — u in
leoc (R?) if and only if

u(x,y) = u(x) (constant in y).

Below we present some examples of sequences of exact solutions of the Euler
equation that exhibit oscillation in the limiting process.
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Example 12.1. Recall from Chap. 2 that, for any smooth solution ¥ of the non-
linear elliptic equation, Ay = F () defines an exact steady solution of the 2D
Euler equation by v = “(—y,, ¥,,). Here we take ¢ as the solution of the eigen-
value equation of the Laplacian

Ay = —47* K>y
given by

Y = Y ad™ T av=a (12.85)
|k|2=K2

This stream function defines a steady 2 -periodic solution of the 2D Euler equation
with the explicit form given by

vy = Y ak( 2)ez’”<""“>, ax = ay. (12.86)

ke N K
We define v¢(x) = v(x/€); then we have

[0 g2y < C, (12.87)
leurl v| 1 g2, > O ™). (12.88)

Thus we do not have uniform L' control of vorticity.
By applying Proposition 12.4 we obtain

V=~ 0=ay=0  weak-*in L®R?. (12.89)
By the averaging theorem,
v ® v — avg(v ® v). (12.90)

However,

—k 3\ i <kiti x
VRV = Z aki i ( ki2> ® < ka >62m<k +k/, x>
1 1

K [P=K2p. [k P=K>

- > lalkt @kt kt = <_kk2).
1

IkP?=K>

Thus

V€ @ V¢ — — Z lax )’k ® k- # 0.
IkP=k>

We note that even in this case the weak limit — 0 is trivially a weak solution of Euler
equation.
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Example 12.2. Shear Layer. Let v(x, y) be a smooth, bounded function in R? which
is 1—periodic in y and define v¢(xq, x) = [v(x2, x3/€), 0]. Then Proposition 12.4
gives

1
Ve — (x) = [/ v(x2, y)dy, O}
0
weak-* in L°(R?).
We now ask

Question 1: If {v¢} is a sequence of exact solutions to the 3D Euler equation with
|v5|Lx(Ra) < C and v¢ — v weak-* in L°°(R3), is v a solution of the 3D Euler
equation?

The following example shows that the answer to the question is, in general, no.

Example 12.3. Recall from Chap. 2, Proposition 2.7, that if = [v; (X, 1), v2(X, 1)],
X = (x1, xp) solves the 2D Euler equation; then the function v = [, u(xy, x2, t)] is
an exact solution of the 3D Euler equation provided that u satisfies

D D 9 9 9

—u =0, + 0 — 4+ Vp—.

Dr Dr ot Max | Mo
Letv € C*R*) NL®[R?), u € C*(R*) N L>®(R?), and v(x, y) be 1-periodic in y
and let u(x, y, z) be 1-periodic in z. Furthermore we assume that the average v = 0.
Consider ¥ = [v;(x2, x2/€), 0], which is an exact (steady shear layer) solution of
the 2D Euler equation. Then because u[x; — v|(x2, x2/€)t, X2, X2 /€] is a solution of

the equation
d X2\ du
- 2 )= =0
PP (xl c ) ox1

with initial data u|,—9 = u(xy, x2, x»/€), by application of the above fact to (¥, u),
the sequence of velocities {v¢} defined by
U1 (xz, %)
v(x) = 0
wxy —vp (x2, 2) 1,00, 2]
is a sequence of the exact solutions of the 3D Euler equation. By the assumptions on
v and u we have [v|;~gs) < C; thus by application of Proposition 12.4 we have

0 0
v —~ 0 =10
oy uCer = vi(x2, Y1, x2, Y)dy i

weak-* in L®(R?).
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To answer Question 1, i.e., to check if v is a solution of the 3D Euler equation or
not, we need to look at only the third component of v. The velocity field v is a solution
of the 3D Euler equation if and only if there exists a pressure p such that

0 erx = 2y xp) =0 (12.91)
—(x1,X%2) = —(x1,x0) =0. .
Y 1, X2 i 1, X2
However,
it 1 u
— =/ v (X2, y) —[x1 — v (2, y)t, y] p dy,
dat 0 3X1
0%t 2u ! 5
—_— = — , d 0.
57 =3 12/0 [v1(x2, Y)I°dy #

In partlcular if we take initial data 82 ul;—o # 0and v (x3, -) not identically zero then
a t2 % ;=0 will be nonzero, necessarily v101at1ng condition (12.91).

In general the weak limit v of {v¢} is not a solution of the 3D Euler equation even
if v€ is so for any € > 0.

Because we lose vorticity control in three dimensions the following question is
natural to ask.

Question 2: Suppose {v¢} is a sequence of exact solutions of the 2D Euler equation
with uniform L?(R?) bound for any given p € [1, oo] such that v¢ — v weakly
in LP(R?). Is it possible (by an example) that v is not a solution to the 2D Euler
equation?

We do not know any example to answer to the above question yet. The concentra-
tion—cancellation phenomena we discussed in Chap. 11 and Example 12.3 above
suggest that the answer may be no.

12.3. Young Measures and Measure-Valued Solutions of the Euler Equations

In this section we introduce the notion of a measure-valued solution of the Euler
equation. This very weak definition allows us to consider a broader class of phenomena
than allowed by the distribution Definition 10.1. In particular we can analyze measure-
valued solutions that are the weak limits of approximate-solution sequences with
oscillations and concentrations. The classical Young measure is expressed by the
following theorem.

Theorem 12.9. Young Measure Theorem. Let {u} be a sequence of mappings from
O C R? 1o RM such that

lo(x)| < C uniformlyin x € Q and € > 0. (12.92)
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Then there exists a subsequence {u} and a weakly measurable mapping, called the
Young measure, x +— v, from Q2 to prob [M (RM)] such that

u® —u weak-*in  L*(Q)

for some u € L*°(2) and
fw) — (v, f) E/ f)dv,(\) weak-*in L), (12.93)
RM

gi_r)r(l)/w(X)f(ue(X))dx = /fp(X)(vx,ﬂdx Yo e Co(R2).  (12.94)

Moreover, u¢ — u (strongly) in L?(2), p < oo if and only if vy = 84 almost
everywhere in Q.

Remark: The weak measurability of the mapping x — v, means that x — (v, f)
is (Lebesgue) measurable on 2 for all f € C (RM).
In the following examples we use Young measures explicitly.

Example 12.4. Let u be a p—periodic piecewise continuous function in R! defined
as follows:

Let {Qj}]L-ZO be a sequence of points in [0, p] with 8y = 0,0; < 0,41, 0, = p, and
let {u; }JL-:o be a corresponding family of numbers. We define

u(x) =uj, 0.1 <x<6;, j=1,...,L,

andsetu®(x) = u[(1/x)e]. Then, by Proposition 12.4 forany f € C(RY), f(uc()) —
(1/p) [ flu(x)ldx weak-* in L0, p], i.e., for any ¢ € L'[0, p],

1 P
gi_%/w(X)f[ue(X)]dx = /w(X){p/O f[u(y)]dy}dX~

By the definition of u,

L
/ fluldy = Za,f(u,) = <Za<auj, f>,

ie.,

L
Eliir(l)/(p(x)f[uf(x)]dx = /(p(x)<2aj5uj, f> (12.95)
j=1
Vf e CRY, Yo € L'[0, p].

Comparing limit (12.94) with limit (12.95) we obtain the Young measure
L
v, = ZajSuj almost every where x € [0, p] (12.96)

associated with the sequence {u€}.
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Example 12.5. Here we generalize the previous example. Let u(x, y) be smooth

p—periodic in y and bounded function; then from Proposition 12.4 we know for
ut(x) = u(x, x/e),

u(x) —~ %/p u(x, y)dy weak-* in  L®°([R")
0
and for any f € CRY, ¢ € L'(RY,
1 [P
1iII(1)/<P(X)f[u€(x)]dx = /(p(x){p/ f[u(x,y)]dY}dx~ (12.97)
€—> 0

Now recall the following well-known fact from the real analysis.

Fact: Let g: Q — R be a Borel measurable mapping. Then, for any 1 € M()
there exists v € M(RM), induced by the mapping g, such that

v(B) = ulg~'(B)] V Borel sets B c RM.

Moreover, if p is a probability measure, then v is also a probability measure.

We apply the above fact by setting g, (y) = u(x, y), 2 = (0, p), and u = (m/p),
where m is the Lebesgue measure on (0, p), to identify the Young measure v, defined
[from limits (12.97) and (12.94)] by

1 P
(ve, ) = */ flu(x, y)ldy almost everywhere
P Jo
xeQ, VfeCRhH. (12.98)

The Young measure is

vy (B) = 1[g; " (B)] (= push forward of u under g)

lm{[w(x, )17~ 1(B)} V Borel sets B c R'.
0

Example 12.6. Recall the sequence of shear-layer solutions to 3D Euler equations
{v€} considered in Example 12.3:

v (x2. 2)
v (x) = 0
i — v (12, %) 1322

We have

0
v — 0 weak-* in  L*®(R?).

oy uCer = vi(x2, Y)t, x2, Y)dy
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Also, by Proposition 12.4, we have for any

geCR), ¢eCP®,

lim/ /(p(x,t)g[ve(x,t)]dxdt:/ /(p(x,t)g(x,t)dxdt, (12.99)
R? 0 R

€—>p 0

where

1
E'(x,t)=/ glvi(s, x2), 0, ulx; — vi(s, x2)t, x2, s1}ds.
0

We can compute the Young measure v, , associated with the sequence {v¢} by using
the fact in Example 12.5. We define the parameterized mapping v, , from [0, 1] into
R3 by

Vi () = {1, x2), 0, ulx; — v (s, x2)1, x2, 51}; (12.100)
then the Young measure v, ; is

e (B) =m[v;}(B)] ¥ Borelsets B C R’. (12.101)

With this Young measure we can compute the composite weak limits. In particular,
1
(V§v5) (x, 1) = (vas, AiAs) = / vy (s, x)ulx; — vy (s, X2)t, x2, s1ds
0

1
v3(x, 1) = vy, A3) =/ ulx; —vi(s, x2)t, x2, slds.
0
Thus we have

d d
*(Vx,ta A3) + 7(”)@1" Adz) = 0. (12.102)
Jat dxy
Because v5 = 0, (vy,, A2) = 0and v{ — 0, (v, A1) = O for almost every (x, t),
for p(x, 1) € C°(R*; RY), by multiplying Eq. (12.102) by @5 and integrating over
R? x R, we obtain, after integration by parts,

/ /(<p3) (Vs A3) dxdt+/ / L s (veys mAs)dxdr = 0. (12.103)
R} 0X1

We can rewrite this using ((Vy s, A;) = (Vy s, A2) = 0) as

o0 o0
/ / gpl’ < (Vys, A)dxdt —|—/ / Vo : (U, L@ A)dxdt =0. (12.104)
0 R} 0 R}

Note that Eq. (12.104) is the weak form of Eq. (12.102). Also observe that
Eq. (12.104) is the formal integration of the weak form of the Euler equation with
respect to the Young measure dv, ;.

Example 12.6 and in particular Eq. (12.102) [or the weak form, Eq. (12.104)]
motivate us to introduce a new concept — a measure-valued solution of the fluid
equations.
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Definition 12.2. Measure-Valued Solution of the Euler Equation for L*°(2) Bound
Sequences. Let v¢ — v weak-* in L (R2). Let vy ; be the Young measure associated
with the sequence. We call v, ; a measure-valued solution of the Euler equation if for
any ¢ € C5°(Q2) withdive =0

//go;wvx,,,x)dxdw// Vo i (es, A ® A)dxdt =0, (12.105)
Q Q

// VY - (vys, A)dxdt = 0V € C(). (12.106)
Q

Note that in the special case of vy, = 8yx,1) Eq. (12.105) reduces to the equation for
the ordinary weak solution v.

In Example 12.6, Eqgs. (12.104) and (12.102) imply that Young measure (12.101)
is a (smooth) measure-valued solution.
In Example 12.2, we have by, Proposition 12.4,

1 1
FoO)— / / FlO)ldydy,  in M0, 1] x [0, 1]).
0 0
Thus

1,
(ve, f) = / / flv(y)ldyidy, almost everywhere x € [0, 1] x [0, 1].
o Jo

From the fact in Example 12.5, we have that v, equals the push forward of the
Lebesque measure on [0, 1] x [0, 1] under the mapping v : [0, 1] x [0, 1] — R2.

As we see in the following theorem very weak conditions are enough to guarantee
that a Young measure is a measure-valued solution of the Euler equation.

Theorem 12.10. Let {v¢} be an approximate-solution sequence for the 3D Euler
equation such that

[v¢]| 2@ < C, (12.107)

//((p, v 4+ Vo 1 v @ v)dxdt — 0 as €—0 (12.108)
Q

forall ¢ € C§°(2) with div ¢ = 0.
Then the Young measure vy ; associated with the sequence {v°} is a measure-valued
solution of the 3D Euler equation.

Proof of Theorem 12.10. By the definition of Young measure v, , associated with the
sequence {v} we have for any ¢ € C§°(2)

/ /(pt’ védxdt — / /(pt’ (Vyr, A)dxdt, (12.109)
Q Q

/ /V(p v V¢ — / /V(p D Ve, A ® A)dxdt, (12.110)
Q Q

ase — 0.



484 12 Solutions of the Euler Equations in Two and Three Dimensions

Thus convergences (12.109) and (12.110) combined with convergence (12.108)
implies that v, , satisfies condition (12.105). From the definition of an approximate-
solution sequence,

//Vt//-vfdxdt=0 Yy € Ci (). (12.111)
Q

Taking ¢ — 0in Eq. (12.111) we obtain Eq. (12.106) for v, ;. O
Below we prove the Young measure theorem (Theorem 12.9)

Proof of Theorem 12.9. For each u¢ there exists a positive measure ;1€ € M(Q x RM)
defined by

(ne, gy, ») = / glx, u®(x)ldx Vg € C( x R). (12.112)
Q
Moreover, from

(e, gy, M) < m(£2) Suglg(x, ul,
\‘;\ESR

we have
lul < C, (12.113)

where C is a constant independent of € > 0. In particular, for g(x, u) = ¢(x)g(u),

(1€, 9 (1)) = ‘ /Q (X g (u (¥))dx
< suplg@)] | lo(o)ldx. (12.114)
lu|<R Q

Now relation (12.113) implies that there exists a subsequence {u€}. We use the same
notation, and u € M (2 x RM) with supp u € Q x By such that

€

JTARENT) (weak-*)in  M(Q x RM),

i.e., in particular

eli_rg)/gfp(x)g[ue(X)]dx = (1, p(y)g()). (12.115)

Let {g; (k)}j‘; | be a countable dense set of bounded continuous functions in C(Bg).
Then, for fixed j the mapping from C(2) into R! defined by

@ > (u, 0(y)g(A)) (12.116)

is a bounded linear functional on L!(€2). Thus there exists g j € L*(£2) such that

(1, p(y)g(M) =/Q<p(x)gj(X)dX- (12.117)
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Moreover, Eq. (12.117) combined with Eq. (12.114) implies that

gj(x) < sup |g;(u)l for almost all x € Q. (12.118)

lu|<R

Also, from Eq. (12.117) with ¢ € Cy(£2), ¢ > 0, we obtain
gix)=0 for almost all x € Q if g;j(x)>=0. (12.119)

Equation (12.117) and relation (12.118) combined with relation (12.119) imply that
there exists a set N; with m(N;) = 0 such that the x —parameterized mapping

g gj(x) (12.120)

is a positive linear functional if x € Q\N;.Let N = Uj?ile; then m(Q\N) = m(2)
and for each x € Q\N, mapping (12.120) is a positive linear functional for each

j. By the Riesz representation theorem, for all x € Q\N, there exists a measure
v, € M(RM) such that

gj(x) = (vy, g} Vj €N. (12.121)

The positivity of mapping (12.120) implies the positivity of the measure v, in
Eq. (12.121). Combining Egs. (12.117), (12.121), and (12.115) yields

liﬂ(l)/@(X)gj[ue(X)]dx=/¢(X)<vx,gj(?»))dx (12.122)
€—> Q Q

for all ¢ € Cy(2), forall j € N.

By continuity we can extend Eq. (12.121) [hence Eq. (12.122)] from {gj};?‘;l to its
uniform closure C(Bg).

Setting g = 1 in Eq. (12.122), we have (v,, 1) = 1, i.e., v, € prObM(RM) for
almost every x € Q. (]

For many applications, including the case in fluid dynamics, the condition of uni-
form L*° boundedness in the Young measure theorem is too strong. In many situations
we have only uniformly bounded kinetic energy, i.e., a uniform L? bound and the pos-
sibility of concentration can occur.

We now extend the notion of a Young measure to that of a sequence with only a
uniform L2 bound.

For a uniformly L? bounded sequence, the most general nonlinear function for
which we want to know the composite weak limit is one of the type

g) =g (1+ v?), geBcCCM). (12.123)
However, for many applications, the slightly narrower class of functions of the fol-
lowing type is enough;

g() = go() (1 +v*) + gn <U> v]?,

v
g € CoRY),  gyecCsV,

(12.124)
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where Cy denotes the class of continuous functions vanishing at infinity. For example,
the terms in the Navier—Stokes or the Euler equations of interest are

_ v 2 _ N-1

U®U—gH<|v|>|v|, gu®)=60®6, 0eS",

v

= 1 ), = ——— € Co(RM).

v =2go()(1+ |v]*) go(v) s o(R™)

Theorem 12.11. Generalized Young Measure Theorem. Let 2 = [0, T] x Bg, and

let {v°} be a sequence in L?(S2) such that fQ [v¢|2dxdt < C and let v¢—v weakly in

L*(S2). Then there exists a measure uw € M(Q) such that

= weak-*in M(RQ). (12.125)

Moreover there exists a weak-* yw—measurable mapping (x,t) +— { v;,,, vf’ .} from
Q into M RM) @ prob M(RM) such that for functions of the type in Egs. (12.124)
we have

lim// o(x, )g(x, t))dxdt
e—0 Q
= // @(x, 1)(v, ,g0)(H f)dxdt
Q
+ / / 0, (V5 ,, gu )d i YpeCo(Q), (12.126)
Q
where f € L'(Q) is the Radon—Nikodym derivative of . with respect to dxdt.

Based on this generalized Young measure theorem we can define the more realistic
measure-valued solution of Euler equation

Definition 12.3. Measure-Valued Solution of the Euler Equation for L*(S2)Bounded
Sequences. Let {v¢} be a sequence in L*(Q) with V]2 < C and v¢—v weakly
in L2(Q). Let . = (u, v', v?) be the generalized Young measure associated with
the sequence; then we call {j1, vy ,,v:,} a measure-valued solution of the Euler
equation if

X
L —— dxdt
//Q(pf<vx'[ 1+|)\’|2>( +f) X
L@ A
+//w:<u§,t,|§j’2>du=o (12.127)
Q

forall ¢ € C°(R2), dive =0, and

1 A _
/Q/w : <v T |A|2>(1 + F)dxdt =0 (12.128)

Sforall € C3°(S2). Here, f = (du/dxdt) is the Radon—Nikodym derivative.
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A simple but important result of Theorem 12.11 and Definition 12.3 is the following
theorem, which is an immediate corollary of the proposition below it.

Theorem 12.12. Consider a smooth divergence-free velocity field vy in L*(R>) and let
v€ be any Leray—Hopf weak solution of the Navier—Stokes equations with initial data
vo. Then there exists a subsequence whose limit defines a measure-valued solution of
the 3D Euler equation.

Proposition 12.7. Assume that {v¢} is a sequence of functions satisfying div v¢ = 0,

(i) Weak stability: For any Q@ C Rt x RM there exists a constant C(2) such that

//|v€(x,t)|2dxdr < C(Q). (12.129)
Q

(ii) Weak consistency: For all ¢ € C3°(2) with dive =0

lim/ /(go, v 4+ Vo 1 v @ v¥)dxdr = 0. (12.130)
Q

e—0

Ifv = (u, v', v?) is the associated generalized Young measure associated with the
sequence {v¢}, then v is a measure-valued solution to the Euler equation on Q.

Proof of Proposition 12.7. It follows from the definitions that

0= lim/ /(gol v 4+ Vo : v Q v)dxdt
=0 /o

// P A+ fd dt+//V 2 AOAN,
= . V. ., X : Vit ’
o Pt TP o % e m
: A
T L€ — X 1
O—EIE’)I(I)/vaw v dxdt /Q/vw <vx’t, ]+|M2>dxdt

Vo e CP(Q)  with dive =0, Yy e CF(Q). 0

Proof of Theorem 12.11. In virtue of Proposition 12.7 we need to check only the
weak stability and weak consistency. For the weak stability, it is well known (Temam,
1986) that for every vy € L*(R?) with div vy = 0 in the sense of distributions, there is
at least one Leray—Hopf weak solution v to the Navier—Stokes equations satisfying
the kinetic-energy inequality

max |uf(x,t)|2dx5/ lvo(x)|*dx. (12.131)
RS

O0<t<oco Jp3

Thus, in the high Reynolds number limit, v¢ satisfies the weak stability estimate.
For weak consistency, multiplying the Navier—Stokes equations by the test function
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¢ € C5°(L2) with div ¢ = 0, we have

//((p, V€ + Vo v @ v)dxdr = e// Ag - v€dxdt. (12.132)
Q Q

Because
// Ag - v€dxdt] < Clve|2) < CT o2,
Q
identity (12.132) implies that {v°} is weakly consistent with the Euler equations. [

Because every approximate-solution sequence of 2D Euler equation, by defini-
tion, satisfies the weak stability and the weak consistency with Euler, the associated
generalized Young measure is a measure-valued solution of the 2D Euler equation.

In the following example we explicitly compute the measure-valued solution of
the 2D Euler equation. In this example we reconsider the positive eddies in which
concentration—cancellation occurs. We show now how this well-understood concen-
tration phenomenon is cast in the context of the Young measure.

Example 12.7. Recall Example 11.2, which considered the approximate-solution

sequence
w=lor(] ()
vé(x) = |log | — e vl — ), (12.133)
€ €

where

w e C(lx] = 1), w > 0.
In this example, [v¢|;2 g2, < C and

v =0  weaklyin L*(R?), (12.134)
v - 0 stronglyin L?(R?), (12.135)

forall p with1 < p < 2, and

V> = 2C18  in M(R?), (12.136)
v @ vf — [61080 61080] in [M®)]. (12.137)

From these results we compute (i, v!, v?

-, v:). First, from weak convergence (12.136)
we obtain immediately

s = 2C18, f= 0. (12.138)
dx
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By using CgO(RZ) approximations of functions in Co(R?), strong convergence
(12.135) implies for g(v) = go(v)(1 + |v|?), go € Co(R?), that
glv’ ()] = g(0)  weaklyin M(R?),

from which we obtain v! = .
The computation of v? is more involved and is done in DiPerna and Majda (1987);
the result is

21

Actually, we can connect this result to weak convergence (12.137) by

(vign)= i/ gn(0)dd  Vgy € C(SH. (12.139)
Xl

1
viv; — <vf,9,-0j>d,u = E /51 9,’9}‘ d@d/l,
= Cl(gij(S().

Also, without using Proposition 12.7, we can check explicitly that v2 is a measure-
valued solution of the steady 2D Euler equation as follows: We need to check for all
@ € C§°(R?) with div ¢ = 0 that

/w :(vi, gr)dpu = 0. (12.140)
However, from weak convergence (12.137),the left-hand side of Eq. (12.140) is
. 8 O
Vo v @ védx = Vo :
!1_)rr(1)/<pv®vdx Cl/go [0 80}
ad ad
=C |20 + 2 0] =0
dx1 0x7
by the condition div ¢ = 0.

The following theorem gives us some information on the structure of the generalized
Young measures, including the relation to the (classical) Young measure

Theorem 12.13. Further Structure of Young Measure with L?> Bounds. Let v =
(u, v', v?) be a generalized Young measure associated with a sequence {v¢} with
|v€|L2(Q) < C and v¢ — .

(i) If V€= < C, then ug = 0 and the classical Young measure v is recovered
from the formula

o= (14 10P7) A+ ). (12.141)
(ii) Weak continuity of the type g(v¢) — g(v) holds for all g of the form g =
go(1+ [v|?), with g0 € Co(R) ifand only if v! reduces to a weighted Dirac mass,

X

v, = a(x, Dy, (12.142)

where 0 < a < 1 and satisfies (1 + |v]?) = a(1 + f).
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(iii) Strong continuity holds, i.e., v¢ — v in L>(Q) if and only if jt; = 0 and o = 1
almost everywhere in 2.

Remarks: Evenif v¢ — vin L?(R2),1 < p < 2[thus, g(v) — g(v) in M(R2), g =
go(1+ [v[»)]. Part (ii) indicates that v;!t is not a probability measure in general (i.e.,
a # 1in general). Also, the following example taken from the Greengard—Thomann
example in Subsection 11.2.2 shows that, even if u; = 0, concentration can happen
for o # 1.

Example 12.8. We again reinterpret a previous example in the context of the Young
measure. Recall the Greengard—Thomann example in Subsection 11.2.2. The solution
sequence {v™} in this example satisfies

V" =0 weaklyin L*(R?), (12.143)
V" — 0 strongly in  LP(R?),1 < p < 2, (12.144)
" = = xoaxp.ndx  in MR?), (12.145)

where x denotes the characteristic function.

As in Example 12.7, strong convergence (12.144) implies that our sequence {v"}
corresponds to case (ii) in Theorem 12.13. Thus there exists a function «(x) such
that

v = ()8, ax) =[14+ f)]17N (12.146)

Weak convergence (12.145) implies that

1 almost everywhere x € [0, 1] x [0, 1]
0 almost everywhere x € R* ~ [0, 1] x [0, 1]’

f(X)={

Hence

o= { % almost everywhere on [0, 1] x [0, 1]

1 almost everywhere on R ~ [0,1] x [0,1]°
Below we compute vf. First, recall that at level m, for some constant C,
R
47" < 271/ W () 2rdr <471 + C47™). (12.147)
0
Let

_ 2 ~te el el
R_{(x,y)eR 1_)6_261,262_)1_262

@< <k12 ko - <k22}
Y
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be a typical rectangle at the level (¢, £,), with £, £, > m. Then, forany gy € c(shH,

/ /g’H (v) [v"|? = {number of phantom vortices in R}
R

[v™]

R
X / / g (—sinf, cos 0)|v™ (r)|*r dodr
0 S1

1\ R
= m(R) - <2m> -gy~2n/ " () r dr,
0

1 1 1
Gy = 7/ g1 (—sinb, cos6)30 = —/ g (0H)do = —/ 21 (0)do.
2 s1 2 N 2 sl

where

Thus from relation (12.147) we have

m(R)gu = / /S’H ( v > [v"Pdx < m(R)gu(1+ C4™),
R

o™ |

from which we obtain

vm
//é_’H <| |) V" 2dx — m(R)gu as m — oo.
r ’Um

Because any Borel set E C [0, 1] x [0, 1] can be approximated by a union of such

rectangles R,
Um
lim //gH " 2dx = m(E)gny.
‘=00 | [v™|

Hence, for any ¢ € C5°([0, 1] x [0, 1]),
1 o 1
i [ [ oeoma (i 1urras =2 [ [Coeoin
// (x)ngx_// (x){/ gH(Q)}X[oux[oudx-

Thus, because v = 0 Vm € N on R ~ [0, 1] x [0, 1],

lim so(x)gﬂ(” )|v'”|2dx
RZ

m— 00 |vm|

m

: - v m2
= lim 2§0(x)gH <) V™ = x10,11x[0,11d %
R

m—00 [v™|

1 1 "
= lim / / w(x)gH( >|v'"|2dx
m—00 [o Jo [v™]
do
=// w(x){/ gH(G)z}du-
R? st T

Thus v? is the uniform probability measure on S'(u almost everywhere) in R2.
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12.4. Measure-Valued Solutions with Oscillations and Concentrations

In this section we use the notion of a measure-valued solution to provide another view-
point on the phenomena of concentration—cancellation. Investigation of the structure
of the measure-valued solution gives us insight into this phenomenon as well as other
interaction mechanisms between oscillations and concentrations during the weak
limiting procedure. First we observe that because v¢ — v weakly in L?(£2), in the
definition of a measure-valued solution (Definition 12.3), Egs. (12.127) and (12.128)
can be rewritten as

r® A
//(pt.vdxdt—i—/ /w : <u§,, o >dM:o (12.148)
Q Q A

for all ¢ € C3°(2) with dive = 0, and

//VI// vdxdt =0 Yy € CX(Q) (12.149)
Q

(i.e., div v = 0 in the sense of distribution).
On the other hand, the weak limit v € L?(R2) satisfying Eq. (12.149) is a weak
solution of the Euler equation if

//go,-vdxdt+// Vo :v®uvdxdt =0,
Q Q

Vo € C°(R) with dive =0. (12.150)
Let us introduce a matrix Radon measure V € M( : RY 2) defined by

dVij = <uf,t, wiw;)dp — viv;dxdt
with we S¥ 1 i j=1,...,N. (12.151)

Then, simply by subtracting Eq. (12.150) from Eq. (12.148) we have the following
proposition.

Proposition 12.8. Let {v¢} be a sequence in L*>(Q) with the associated measure-
valued solution (i, v?); then the weak limit v is a weak solution of Euler equation if
and only if

/ /V(p :dV =0 Vg eCr() with div ¢ =0, (12.152)
Q
where V is defined as in Eq. (12.151).

This proposition provides us with a general characterization of concentration (and
oscillation) cancellation without use of the defect measures, based on the notion of a

measure-valued solution. In the typical simple 2D concentration examples in which
v¢ — 0in L2(Q), Q = {|x| < 1} and v¢ ® v¢ — CI§, in M () for some constant
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C > 0, we know that v? is a uniform measure on S'. Thus
C 2
dvij = */ 00, do ()9, = Cd;j6.. (12.153)
2 0

On the other hand, in the Greengard-Thomann example, by using the results of
computations in the previous chapter we have

1 2
dVi; = E/o 0;6; do () x0,11x[0,11 dX1dx2
= ain[qu]X[o,l] dxldxg. (]2.]54)

By virtue of the condition div ¢ = 0 on the test function ¢, Eq. (12.152) is trivially
satisfied in both cases of Eqgs. (12.153) and (12.154). The weak limit 0 is a weak
solution of the Euler equation.
Below we restrict ourselves to the special case of two dimensions. For scalar test
function n € C$°(S2) denote ¢ = V+y = ( n””) € C3°(2). Then automatically div
= 0, and Eq. (12.152) has the following exp11c1t form:

o—//w av = — //Max (dVii — dVay)
//<8x2 >dV12

2 L2
- Bx% 8x12’ o BX]BXQ’

Using the notation

we rewrite Eq. (12.152) as

// O nd (Vi — Vi) +// OndVia =0VYn e CP(Q).  (12.155)
Q Q

Thus we obtain the 2D version of Proposition 12.8.

Proposition 12.9. Let {v¢} be a sequence in L*>(Q) associated with the measure-
valued solution (., v?). Then the weak limit v is a weak solution of the 2D Euler
equation if and only if

O (Vi — Vo) + 0V, =0 (12.156)

in the sense of distribution, where V is defined as in Eq. (12.151).
As a corollary of this proposition we obtain Proposition 12.10.

Proposition 12.10. Assume that

I
M)~

AL D8x,ays - s i=12, (12.157)
=1
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where TAY = A' (symmetric), x"" # x% almost everywhere in [0, T] for all
£,01,8, = 1,..., L; then the associated weak limit v is a weak solution of the
2D Euler equation if and only if there is equipartition of kinetic energy in the defect
matrix Vi, i.e.,

AL () = AL, ALWD =0 (12.158)

for almost everyt € [0, T] forallt =1,...,L

Proof of Proposition 12.10. Substituting Eq. (12.155) into Eq. (12.154) we obtain

L
Z{ (Al =A%) 0Ty + A, Odey }-
=1

From the condition x% () # x%(¢) if £, # £, we have foreach ¢ =1, ..., L

(Al —4%)  OMup +A,p  Odug =0.

Because Dlaxf(,) and [Jxd,. define a pair of linearly independent distributions for
each? =1, ..., L we obtain Eq. (12.156) as equivalent to Eq. (12.152). O

In all our examples of exact-solution sequences for the 2D Euler equation we have
only two cases:

b2 = 5 20 (12.159)

Tl
2

v2 = uniform probability measure on S'. (12.160)

It is possible that the O(2) covariant structure of the 2D Euler equation restricts the
form of the Young measure vﬁ to the above two types. This suggests the following
problem.

Problem: Find an example of an exact-solution sequence for the steady 2D Euler
equation with or without L' vorticity control so that v? € prob M(S') is neither case
(12.159) nor case (12.160).

Below we discuss the oscillation phenomena in 2D fluid flows. Specifically we try
to solve the following problem.

Problem: Let {v¢} be an exact-solution sequence of the 2D Euler equation with
[v]Lx@) < C, (12.161)

and no vorticity control assumed. Is the weak limit v a weak solution of the 2D Euler
equation?

One possible attack to the problem is to show directly that

//V(p:v€®vedxdt—>//V(p:v@)vdxdt (12.162)
Q Q
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as € — 0Vyp e C5°(R2) with div ¢ = 0. By redefining ¢ = v — v (thus ¢ — 0,
div ¢ = 0) it is sufficient to show that

lim/ /w ¢ ® 0 dxdt =0 (12.163)
Q

e—0
forall p € C3°(Q) with divp = 0. By writingp = Vin = (:]"*2 ) for a scalar-valued
.‘(1
n € C§°(82), relation (12.161) becomes

lim/ /{Din[(ﬁf)z— (55)7] + Ono s }dxdr = 0Vn € CP(Q).  (12.164)
Q

e—0

The same reduction argument as that in the proof of Theorem 12.2 that uses the Radon
transform and the covariant structure of the nonlinear term reduces Eq. (12.164) to

lim/ /p(t)h”(xl)f)ff); dxidxydt =0
e=>0 /o

Vo € C(0, T), Vh € Clmy, ()],
where we have separated the time part for the test functions.

To apply Tartar’s arguments of compensated compactness (or Gerard’s microlocal
generalizations of them) we need first to answer to the following question.

Question 2: Is it true that for any exact-solution sequence {v¢} with [v¢| .~ < C
and v¢ — 0 weak-* in L*°(R2),

lirr(l)/ /p(t)(p(x)vlvzdxdt =0 (12.165)
e~0 Jqo

for all space—time test functions ¢ and p?
The answer to the question is no, as we can see in the following example.

Example 12.9. For any smooth radial function f let us define {v¢} with

V@) = f (M) (—w2>7 lw| = 1. (12.166)

€ w1

Then each v€ is an exact solution of the 2D Euler equation. Furthermore, if we assume
that fol f(s)ds = 0and f is 1-periodic, then by the averaging lemma Proposition 12.4

we have
. . ) (X @
lim p(x)vivadx = — lim p(xDwiws f (—)dx
€=>0 e—0 €

~ [ [oevonwntsia 0

in general.
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Notes for Chapter 12

The material in this chapter on reduced Hausdorff dimensions and concentrations comes from
the technical paper of DiPerna and Majda (1988), and the material on oscillations and measure-
valued solutions first appeared in DiPerna and Majda (1987). The question of the Hausdorff
dimension of the space—time concentration set for 2D approximate-solution sequences remains
open. Although DiPerna and Majda show it to be less than or equal to 1 for a special cylindrical
measure, the best anyone has been able to do for the usual Hausdorff dimension is slightly larger
than 2 (Nussenzveig Lopes, 1994, 1997). Furthermore, the connection between concentration—
cancellation and the size of the concentration set has been further addressed by Alinhac (1990)
with improvements by Zheng (1991) who defined a strong-concentration set (larger than the
set introduced here) and showed that concentration—cancellation results whenever this set has
locally finite 1D Hausdortf measure in space and time. The proof of Theorem 12.1 presented
by use of capacity theory can be found in Evans (1990).

We remark briefly about a recent paper by Schochet (1995). He proves that the weak limit
of a sequence of approximate-solution sequences of the 2D Euler equations is a solution to the
weak form of the vorticity-stream equation provided that the sequence of vorticities concentrate
only along a curve x(z) that is Holder continuous with exponent %

The discussion on Hausdorff measure presented here is designed to address only the concerns
of the material in this book. For more details on Hausdorff measures see Falconer (1985).

We remark that Lemma 12.1 on approximation by plane waves is closely related to the
notion of a Radon transform (see e.g., Ludwig, 1966).

For the proof of Lemma 12.1 see Stein (1970) Theorem 12.5 appears as Theorem 5.1 on
p. 79 of DiPerna and Majda (1988).
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The Vlasov—Poisson Equations as an Analogy to the Euler
Equations for the Study of Weak Solutions

In Chaps. 9-12 we proved properties of the Euler equation

v

” +v-Vv=—-Vp, divv =0, (13.1)

for very weak initial data. A large portion of these chapters examined questions
concerning 2D solutions with vortex-sheet initial data in which the vorticity w =
curlv is a Radon measure. We showed in Chap. 11 that such solutions exist
as classical weak solutions to the primitive-variable form (13.1) of the Euler equation,
provided that the vorticity w has a distinguished sign. We developed the notion of an
approximate-solution sequence originally formally introduced by DiPerna and Majda
(1987a, 1987b, 1988) in Chap. 9 and used some of the elementary results developed
there to set the stage for the material in Chap. 10. In Section 11.4 we showed that for
any initial vorticity wy > 0 a nonnegative Radon measure

wy € M(R?), wy > 0, (13.2)

and with corresponding initial velocity vy with locally finite kinetic energy
/ |v0|2dx <C(R) < forany R >0 (13.3)
|x|<R

that there exists a solution to Euler equation (13.1) for all time. Moreover, we can
obtain a solution by (1) smoothing the initial data by mollification, v§ = Jew =
Pe * Vo fp =1Lp=>1,pc€ CSO(RZ), Pe = 6%,o(x/e) and (2) using the smoothed
initial data v to solve the Navier—Stokes or the Euler equation

€

v
L . + v - Vv = —p€ + v AV,
0
div v¢ = 0, (13.4)
V=0 = U87

where v. > 0, v. — 0 as € — 0. Passing to the limit in € produces a vortex-sheet
solution to Eq. (13.1). The main issue in passing to the limit in Eq. (13.4) is the
behavior of the nonlinear term v ® v. In particular concentrations occur (see Sec-
tion 11.2 for some elementary examples) in which the tensor product concentrates as

498
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a delta function in the limit. We showed in Section 11.4 that despite a concentration
effect, concentration—cancellation occurs in which the limiting solution v still satis-
fies Euler equation (13.1) despite concentration. In Chap. 12 we discussed the case
of concentrations in a limiting process and showed that concentration—cancellation
always occurs in the case of 2D steady approximate-solution sequences.

Many problems involving approximate-solution sequences for the 2D Euler equa-
tion still remain unsolved. For example, is there a unique weak solution for given initial
data defined by nonnegative measure? Do concentrations occur spontaneously in finite
time for vortex-sheet evolution with nonnegative vorticity? How do such concentra-
tions affect the subsequent evolution? Is there an appropriate selection principle to sin-
gle out a unique weak solution in the high Reynolds number limit of the Navier—Stokes
equations? Do different approximate solutions such as can be calculated through var-
ious computational algorithms converge to distinct or the same weak solutions?

Zheng and Majda (1994) and Majda et al. (1994a, 1994b) recently addressed essen-
tially all of these issues for a simpler analog problem, the 1D Vlasov—Poisson (V-P)
equations for a collisionless plasma of electrons in a uniform background of ions.
Our main goal in this chapter is to summarize their results and show how they relate
to specific problems discussed in previous chapters of this book. The V-P system has
a mathematical structure that is similar to that of the 2D Euler equations. By analogy
with Chaps. 8—12 of this book on the weak solution theory of the 2D Euler equations,
we introduce definitions of weak solutions for the V-P system, including the electron
patch, an analogy to the vortex patch introduced in Chap. 8, the electron sheet, a
parallel to the vortex sheet introduced in Chap. 9, and a notion of an approximate-
solution sequence for the V-P equations following the line of reasoning introduced
for the 2D Euler equation in Chaps. 10-12. The simpler structure of the V-P system,
because of a less singular Biot—Savart law, presents a more tractable system, yielding
answers to some questions that remain unsolved for the case of the 2D Euler equation.
For example, in the case of a distinguished-sign one-component plasma, nonunique-
ness occurs, despite the long time existence of such an ‘electron-sheet’ solution. The
analogous question for the 2D Euler equation, that of uniqueness of solutions with
vortex-sheet initial data of distinguished sign, remains an open problem.

13.0.1. The 1D V-P Model

The V-P system we consider here is a model for a collisionless plasma of ions and
corresponding electrons. The transport is uni-directional so that we can formulate the
problem in one-space dimension. We assume that particle motion is governed solely
by induced electrostatic forces, and neglect electromagnetic interactions.

We consider two cases.

The Single-Component Case

In this case the positive ions have enough inertia so that their motion can be ne-
glected. Modeling the positive ions as a neutralizing uniform background field, we
let f(x, v, t) denote the density of electrons traveling with speed v at a given position
x and time ¢. We assume here a periodic geometry on [0, L] so that f(x,v,t) =
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f(x + L, v,t). Without loss of generality, we can normalize the initial data so that
L~! f(x, v) is a nonnegative probability measure:

1 L
—/ f(x,v,t)dxdv = 1.
L Jo

The single-component 1D V-P system is the following active-scalar evolution equa-
tion for f:

of of of
v a2
or TVay " Ew DG =0
82 e’}
e _ o _/ Fx. v, ), (13.5)
dx? oo
9
E=2
0x

Here p is the aggregate charge density at position x and FE is the electric field defined
as E = 9¢/0dx, with ¢ the electric potential.

The Two-Component Case

In the two-component case, the positive ions have small enough inertia that their
motion is on a time scale comparable with that of the electrons in the plasma. Denoting
as f_(x, v, t) the local density of electrons traveling with speed v and as f. (x, v, )
the local density of positive ions traveling with speed v, the particles are transported
according to

9 ) )
e | 4 p nx 2,
or U ax B
82 o0
= / [fo(x,v,0) — f(x,0,0ldv, ~ (13.0)
dx2 oo
d
E=%
0x
with initial condition
Se(x, v, 0)]i=0 = faolx, v). (13.7)

We consider both the problem on the line x € R and on a periodic interval x € [0, L].
The net charge in the system is zero, i.e.,

//f+(x,v,t)dxdv=//f,(x,v,t)dxdv.

Our main goal in this chapter is to demonstrate explicitly for the simpler analog
problems (13.5) and (13.6), a number of new phenomena conjectured to occur for
vortex sheets for the 2D Euler equations (Krasny, 1981; Majda, 1988, 1993).

The analog for Egs. (13.6) of the high Reynolds number limit in Eq. (13.4) is the
(pseudo-) Fokker—Planck limit of solutions f}{ satisfying

off | 9off aff 9° f5
+ E€(x,t = ,
ot v ax G, 1) v o
32 € 00 YN
== / [0 v ndv— [ v.0ldv,  E< = (138)
ox oo ox
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as the parameter ¢ — 0. We call this a pseudo-Fokker—Planck limit because we have
diffusion in only the v variable instead of in a full x, v diffusion.

In this chapter, we consider several analogy problems to the 2D Euler equa-
tions for the V-P system. In Section 13.1 we review the many aspects of how the
V-P system parallels the case of 2D incompressible inviscid flows. For example, in
Subsection 13.1.1 we describe the physical analogy between the two systems when
viewed as nonlinear transport equations. In Subsection 13.1.2 we show that there is
an analogous kind of solution to the vortex patch discussed in detail in Chap. 8. We
call this solution an electron patch. In Subsection 13.1.3 we introduces the concept
of an electron sheet, the example analogous to that of the vortex sheet introduced
in Chap. 9. In Subsection 13.1.4 we introduce the parallel to the point vortex, that
of concentrated electron density. In Subsection 13.1.5 we introduce the notion of
approximate-solution sequences and concentration, similar to Chaps. 10 and 11. Fi-
nally, in Subsection 13.1.7 we show how to construct computational particle methods,
similar to those described in Chap. 6 on vortex methods, for numerically simulating
solutions of the 1D V-P equations.

In Section 13.2 we discuss the theory for electron-sheet solutions of the one-
component system. We show that all of the current open questions concerning vortex-
sheet initial data of distinguished sign (namely uniqueness and behavior of solutions
achieved through different approximation schemes) are resolved for this simpler anal-
ogy problem of the single-component V-P system. In particular, given electron-sheet
initial data (see Subsection 13.1.3) for V-P system (13.5), the analog of vortex-sheet
initial data (discussed in Chaps. 10 and 11), there are smooth initial distributions
along curves so that concentrations in charge develop spontaneously at a critical time
(see Section 13.2). For other smooth electron-sheet initial data, singularities in the
electron sheet without concentrations develop spontaneously at a critical time. In
these instances, solutions computed by means of particle methods always converge
to the same weak solution beyond the critical time (see Section 13.2). Furthermore,
there are weak solutions in which an electron sheet collapses to a point charge in finite
time.

We present analytical examples of nonuniqueness within certain classes of weak
solutions to Eqgs. (13.5) and (13.6). Careful high-resolution numerical methods estab-
lish that for these explicit, nonunique weak solutions different regularizations lead
to different weak solutions. For example, the “viscous” limit obtained from Fokker—
Planck equations (13.8) as € — 0 converges to a different weak solution than the
limit through other computational regularizations.

Recall from the previous four chapters that vastly more complex behavior occurs
in weak solutions of the 2D Euler equations when the vorticity changes sign. One
significant open question for vortex-sheet initial data of mixed sign is whether the
solution can be continued in time indefinitely as a classical weak solution or whether
concentrations develop that necessitate a more general formulation of a weak solution
such as a measure-valued solution. In Section 13.3 we address this issue for the
two-component V-P equations as an analogy problem. We give explicit examples
with more subtle behavior requiring the notion of a measure-valued solution. We
also study various computational regularizations of these weak and measure-valued
solutions.
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13.1. The Analogy Between the 2D Euler Equations and the 1D
Vlasov-Poisson Equations

Here we develop the physical and structural analogies between weak solutions of the
1D V-P equations and weak solutions of the 2D Euler equations in Chaps. 7-11.

13.1.1. The Physical Analogy as Nonlinear Transport Equations

There is an interesting parallel between the vorticity-stream form of the 2D Euler
equations (recall, e.g., Proposition 2.1)

ow

o +v-Vo =0, |i=0 = wy,
divv =0, (13.9)
curl v = w,

and V-P system (13.5) and (13.6). Recall from Chap. 2 that the incompressible velocity
field vis determined from w through the Biot—Savart law by means of a stream function
Y. This stream function satisfies

o
AV = —w, v=_v%p=<33> (13.10)
T ox
such that
U@):/mKu—yMQJMy (13.11)
RZ
with
1
K(y)=V 710g(ly|) . (13.12)
T

For single-component V-P equations (13.5), we denote by u the vector field in the
(x, v) plane:

u="lv, —E(x, 1] (13.13)

Identifying the coordinates (x, v) for V-P system (13.5) with (x1, x,) in the above
discussion of the 2D Euler equations, single-component V-P equations (13.5) can be
rewritten as

af
e .VFf =0,
ot +u | f
divu = 0, (13.14)
curlu = / f(x,v,t)dv —2,
—00
because curlu = —E, — 1.

System (13.14) describes the nonlinear transport of the scalar function f by means
of the divergence-free vector field u = (v, —E). The electron density f in system
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(13.14) corresponds to the vorticity w in Egs. (13.9). Equations (13.9) preserve the
condition of nonnegative vorticity, w(x, t) > 0 [w(x, t) < 0] provided that, at time
zero, w(x, t)|;=0 = wp(x) is nonnegative (nonpositive). Likewise, the electron density
S in Eqgs. (13.9), if initially nonnegative, will remain so for all time. Moreover, the
third equation in Eqgs. (13.9), curl v = w, is clearly analogous to the third equation
in system (13.14). In this fashion, the physical structure of the single-component 1D
V-P equations parallels that for the 2D Euler equations with nonnegative vorticity.

There is also a natural analog for the stream function formulation in Eqgs. (13.10)
as well as the related potential theory. Define the stream function

1

o= Evz—{—go, (13.15)

where ¢ is the electric potential in V-P system (13.5); then as in Eqgs. (13.10),

9D
_ ol _ v _ v

u=-V CD_<_3<1>>_<_E>’

<I>xx=1—/ f(x, v, t)dv. (13.16)

In the periodic setting, the analog of Biot-Savart law (13.11) for the single-
component V-P system is the integral equation

L oo
E(x,t):/ K(x,y) [1—/ f(y, v,t)dv]dy (13.17)
0 —00

with

X ) , y<x<L
xX,y) = .
.y - —1, 0<x<y

Note that the kernel K in Eq. (13.17) is anisotropic and bounded but discontinuous;
this is a milder singular kernel than occurs in Biot—Savart law (13.11) for the 2D Euler
equations. This milder and simpler structure is one of the key features that makes the
analysis of the one-component V-P system somewhat simpler than for the 2D Euler
equations.

The two-component 1D V-P equations for a collisionless plasma of electrons and
positively charged ions are

= =

af.  of af
= - _F =

ar TVay ExDG =0

3 9 9

LN N PN S (13.18)
ot 0x v

0E o
=t = / (i = ), v, )dv.
X -0

To see clearly the analogy between the case of mixed-sign vorticity and the two-
component V-P equations, we rewrite the vorticity-stream form of the 2D Euler
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equation by decomposing the vorticity into positive and negative parts:

w=w;r—o_, wt >0,

(13.19)
w4 = max(w, 0) w_ = —min(w, 0).

When this decomposition is used, the vorticity-stream form of the 2D Euler equation
becomes a system of equations:

dw_

—+v-Vo_ =0,

ot

Oy 13.20
W+V~Va)+=0, ( . )

v(x, 1) = /Rz Kx—y)(wy —ao-)(y, t)dy.

Notice that system (13.20) has the same structure as V-P equations (13.18) in which the
divergence-free vector field v in system (13.20) has the same role as the divergence-
free [v, £ E(x, t)]. The third equation in Eqgs. (13.18) yields a kind of Biot—Savart
law for the two-component Vlasov—Poisson system:

L o0
E(x,n:/ / K. 9)(fs — f)(3. v, Ddvdy, (13.21)
0 —0
where
_Jy/L, y<x=<1L
K(x,y)—{y/L_l, O<x<y (13.22)

in the periodic setting. Problems (13.20) and and (13.18) have analogous structure as
nonlinear transport equations.

13.1.2. Vortex Patches and Electron Patches

In Chap. 8 we discussed the general theory for weak solutions to the 2D Euler equa-
tions with initial vorticity wy € L>NL". We then concentrated on a special example of
such a weak solution, called a vortex patch, in which the vorticity is the characteristic
function of a region in the plane,

wy, X € Q(1)

o, 1) = {0, X ¢ Q)

where €2(¢) is the patch that evolves with the fluid velocity, determined from Biot—
Savart law (13.11).

There we showed that the vortex-patch boundary, if initially smooth, would remain
smooth for all time.

By analogy, we can construct a weak solution to single-component V-P system
(13.5) in which the electron-density function f satisfies f € L>{[0, 0o), L>®(S")}.
Specifically we consider the case in which f is constant on bounded open domains
of the x, v phase plane. Physically we do not have a “patch of electrons,” as the patch
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is really in a phase plane. However, what this means is that for fixed-position x, the
electron-density function f is constant for a range of velocities v € [v_(x), v4(x)]
and otherwise zero.

Dziurzynski (1987) showed that the particle paths, defined as solutions of the ODE

ax VX

ar (X, 1),
where V(x, v, 1) = [v, —E(x, t)], are Lipschitz continuous in space. He used this to
show that an electron patch with an initially Lipschitz continuous boundary would
evolve to retain a Lipschitz continuous boundary for all time.

By analogy with CDE (8.56) in Chap. 8, we can derive a contour dynamics for-
mulation of the boundary of an electron patch. In fact, it was the contour dynam-
ics formulation, presented in Berkand Roberts (1970), of the single-component V-P
system that motivated the derivation, in Zabusky et al. (1979), of the CDE for the
motion of a vortex-patch boundary.

In his Ph.D. dissertation, Dziurzynski shows that an electron-patch layer with an
initially C* boundary can develop into a curve that loses C* smoothness at a finite
time. This is in direct contrast to the vortex patch, which retains all higher-order
smoothness for all time (see Subsection 8.3.3).

The focus of this chapter is on weak solutions to the V-P system with electron-sheet
initial data (described below — the analogous case to vortex-sheet initial data for the
2D Euler equation). For a detailed discussion of the theory of electron patches, the
reader is referred to Dziurzynski (1987).

13.1.3. Vortex Sheets and Electron Sheets

In Chap. 8 we introduced the classical vortex sheet Birkhoff (1962), a more singular
kind of weak solution to the 2D Euler equation than the vortex patch, in which the
vorticity is concentrated as a measure (delta function) along a curve C. We analyzed
the evolution from initial data

w0 = wp = y§(|x — CJ), (13.23)

where y (C) is a given density chosen so that wy has finite total mass and also induces a
velocity with locally finite kinetic energy. The vortex-sheet initial data are nonnegative
provided that the surface density, y (C), satisfies y (C) > 0.

There is a natural analog of nonnegative vortex-sheet initial data for the single-
component V-P equations. Consider an initial electron density f defined by a surface
measure supported on a smooth curve C in the (x, v) plane:

f @, v, 0li=0 = folx,v) = yd(Ix = C), (13.24)

with x = (x, v) and the density y (C) > 0 arranged so that

1 L 00
7/ / dfo(x,v) = 1. (13.25)
L 0 —00

By analogy, we refer to Eq. (13.24) as electron-sheet initial data.
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We showed in Section 9.3 that for the 2D Euler equations, planar vortex sheets
with nonnegative vorticity quickly develop a rich structure that is due to the Kelvin—
Helmbholtz instability in which the kth Fourier mode of a perturbed flat sheet has a
component that grows like e'I"/2. This instability makes even single-sign vortex sheets
a classical ill-posed problem (Caflisch and Orellana, 1989). Nevertheless, when the
vorticity is nonnegative, numerical computations (Figs. 9.2 and 9.3) and actual exper-
iments (Van Dyke, 1982) develop a complex but significantly more regular structure
compared with vortex sheets of mixed sign (see, e.g., Figs. 9.4 and 9.5). As we dis-
cussed in detail in Chap. 9, asymptotic analysis and careful numerical simulations
predict that singularities form in finite time for vortex sheets with nonnegative vor-
ticity. What we do not know, however, is whether there are nonunique continuations
of the sheet past the singularity time.

The single-component 1D V-P equations with electron-sheet initial data (13.24)
have a simpler behavior. Dziurzynski (1987) found explicit electron-sheet solutions
to V-P system (13.5). Unlike vortex sheets for a 2D fluid flow, these explicit solutions
do not exhibit catastrophic linearized instability and hence lend themselves much
better to high-resolution numerical computation of electron sheets. Simple examples
of electron-sheet motion are known to develop singularities in finite time (Dziurzynski,
1987) and suitable weak solutions have recently been constructed rigorously for all
time (Zheng and Majda, 1994). In Section 13.2 we discuss these issues as well as
the spontaneous formation of concentrations for the electron-sheet initial data in the
single-component case.

13.1.4. Point Vortices for 2D Fluid Flow and Concentrated Electron Densities
Recall from Subsection 9.4.1 that the first attempts at understanding weak solutions

to the 2D Euler equations with vortex-sheet initial data considered a superposition of
point vortices (Rosenhead, 1932; Chorin and Bernard, 1973):

N
w=Y T;8[z—x;1] (13.26)
j=1

where x;(f), 1 < j < N satisfy ODEs (9.18). The vortex distribution in Eq. (13.26)
is nonnegative provided that the constants I"; satisfy

r;>0. (13.27)

Despite all the qualitative insight that can be gained from such formal point-vortex
solutions, as we discussed in Subsection 9.4.1, their theoretical significance as weak
solutions to the 2D Euler equations is an unresolved issue because they have infinite
local kinetic energy.

In analogy with point vortices, we can consider concentrated electron densities
with the form

N N
fv =) ablx—x;0,  «;>0, Y a;j=1, (1328
j=1

j=1
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and x = (x, v) as candidates for weak solutions of one-component V-P equations
(13.5) provided that the x;(z) evolve according to the particle-trajectory equations
(dx/dt) = wu, where u is defined by Eq. (13.13). Once again there is simpler but
parallel behavior for the analogous solutions in Eq. (13.28) for single-component
1D V-P equations (13.5) compared with the 2D Euler equations with nonnegative
vorticity. Concentrated electron densities (13.28) induce rigorous weak solutions of
the single-component V-P equations according to the recent theory developed by
Zheng and Majda (1994). Furthermore, these weak solutions, in contrast to the point-
vortex examples from fluid flow, have locally finite kinetic energy, i.e.,

L 00 1 1
/ / — v f(x, v, 0)dv+ —E*(x,1)|dx < oco.
o L Joao?2 2

o]

Later in the next Section 13.2, a specific superposition of concentrated electron
densities demonstrates explicitly the nonuniqueness of weak solutions.

13.1.5. Concentration, Approximate-Solution Sequences,
and the Analogy in Nonlinear Structure

The study (either empirically or analytically) of vortex sheets always involves some
kind of smooth approximation because of the very singular nature of the problem. In
Chap. 10 we first introduced the notion of an approximate-solution sequence for the
2D Euler equation.

Definition 10.2. Approximate Solution Sequence for the Euler Equation. A sequence
of functions v¢ € C{[0, T1, L3, (R?)} is an approximate-solution sequence for the
2D Euler equation if

(i) Forall R, T > 0, maxo</<r f\x|<R [v¢(x, 1)|>dx < C(R), independent of €,
(ii) div v¢ = 0 in the sense of distributions,
(iii) (weak consistency with the Euler equation):

T
lim/ WD, + VO : v @ v)dxdt =0
0 JRr?

e—0

for all test function ® € C§°[(0, T) x Rz] with div ® = 0,
(iv) L' vorticity control maxoS,STf o (x,)|ldx < C(T), o = curl v¢ and a
technical condition necessary for assuming the initial data

love(t) — pv<(t)|l-L < Clti — 1o,
0<t;, H<T VL>0, VpeCPMRY) (13.29)

i.e., {v¢} is uniformly bounded in Lip{[0, T1, H;X (R")}.

Primary examples of approximate-solution sequences for 2D Euler are given by
(1) smoothing the initial data (Example 10.1), (2) the zero diffusion limit of Navier—
Stokes solutions (Example 10.2), and (3) computational vortex methods (Liu and Xin,
1995). The first two cases were discussed in detail in Chaps. 10 and 11.
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Analogously, a sequence of smooth electron densities f(x, v, ) > 0 together with
the corresponding electric fields E.(x, v, t) satisfying

i(EE) =1- /oo fe(x, v, 1)dv, (13.30)
ox oo

define an approximate-solution sequence for the single-component 1D V-P equation
provided that the f(x, v, ) > 0 satisfy the uniform bounds

L e
/ / fe(x, v, )dvdx =1,
0 —00

L 00
max / / vzfe(x, v, t)dvdx < Cyp forany 7 >0 (13.31)
0 —00

0<t<T

and weak consistency with 1D V-P equations (13.5) in the limit as € — 0,

T L e}
/ / / o1 (x, v. 1) f. + @evfe — @oE. f.1dvdxdi — 0, (1332)
0 0 —00

for all smooth test functions ¢ with compact support. Note that in the case of
V-P equations, we use the transport equation (analogous to the vorticity equation
for the 2D Euler equtaion) for f to define weak consistency, whereas in the case of
an approximate-solution sequence for the 2D Euler equation, we use the primitive-
variable form of the equation for weak consistency.

Similarly we can define an approximate-solution sequence for the two-component
case. We discuss this in more detail in Section 13.3 (see in particular Definition 13.1).

A natural candidate for an approximate-solution sequence for the single-component
V-P equations is the zero noise limit as € — 0 of Fokker—Planck regularization (13.8).
The Fokker—Planck regularization of the single-component V-P equation converges
to suitable weak solutions of system (13.5) (Zheng and Majda, 1994). This result
is analogous to Theorem 11.4 recently established for Navier—Stokes solutions with
nonnegative vorticity and vortex-sheet initial data.

Another type of approximate-solution sequence for the 1D V-P equations uses
computational particle methods (see Subsection 13.1.7). In Sections 13.2 and 13.3
we summarize recent computational results for the one-component and the two-
component systems, respectively, as empirical evidence for the behavior of approxi-
mate-solution sequences of the V-P problem. This is in the same spirit as that of
the use of vortex methods for the study of very weak solutions of the 2D Euler
equations.

13.1.6. Concentration Effects

Recall from Subsection 11.4.1 that in the proof of existence of weak solutions to the
2D Euler equation with vortex-sheet initial data of distinguished sign, in order for
an approximate-solution sequence to converge to a weak solution of the 2D Euler
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equations, besides the uniform kinetic-energy bound, it is necessary that the off-
diagonal terms of the tensor product v¢ ® v¢ converge weakly to the appropriate
limiting values v ® v. In Section 11.2 we showed some explicit examples of steady
exact-solution sequences for the 2D fluid equations in which concentration occurs
in the limit as ¢ — 0 and a finite amount of kinetic energy concentrates on a set of
measure zero. They included Example 11.1 (Concentration of Phantom Vortices) and
Example 11.2 (Concentration in Positive Vorticity).

There is a simple analog of concentration for the single-component V-P equations.
From Egs. (13.30) and (13.31) and the fact that f. > 0, it follows immediately that
E.(x, t) satisfies the a priori estimate,

L
max |Ec(x, 1) <1+ —. (13.33)
0<r<+o0 2

0=<x<L
O<e=<eqy

This estimate and relation (13.31) guarantee that E, f, is uniformly bounded in L':

L 00
[max / / |Ee| fe(t)dvdx < C. (13.34)
== Jo —00

O<e<eq

Formula (13.32) suggests that the weak convergence of E. f to the correct limiting
value Ef would define the pair (E, f) as a weak solution for the 1D V-P equation.
As long as the limiting value E' is continuous then the limit is well defined. Charge
concentration occurs for the single-component 1D V-P equations precisely when E.
converges to a discontinuous function,

IOE(x’t) =1- /oo fE(-xﬂ U,t)dv
as e— 0, (13.35)
pex.1) = p = pacx.0)+ Yy ¢;dlx —x;(1)]

with ¢; # 0 for some j. In the third line of relation (13.35), pac(x, t) is a function
which is absolutely continuous with respect to Lebesgue measure so that the corre-
sponding contribution to p is continuous. In this situation with charge concentration,
because c¢; # 0, it is unclear if

Ecfe — Ef

for a suitable definition of E because E is discontinuous and f contains singular
delta functions at exactly the same spatial x locations. This charge-concentration phe-
nomenon for the one-component V-P equations is the analog of the fluid-concentration
effect for the 2D Euler equation. The role of the nonlinear product E f corresponds
to the nonlinear terms v ® v, and the duality of L' and L* with estimates (13.33)
and (13.34) for Ef corresponds to the duality of L? and L? with uniform local
kinetic-energy bound for v. Charge concentration (13.35) leads to similar subtle issues
regarding weak solutions as do the concentration effects for 2D Euler. In Section 13.2
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we give explicit examples of the spontaneous development of charge concentration
in evolving electron sheets for the single-component V-P equations.

13.1.7. Computational Particle Methods for the 1D Vlasov-Poisson
and Fokker-Planck Equations

Recall from Chap. 6 the vortex method for computing solutions to the Euler and the
Navier—Stokes equations. This method exploits the transport structure of vorticity
equation (13.9) by representing the vorticity as a finite collection of blobs.

The computational particle method was first analyzed by Cottet and Raviart (1984)
as an analogy to computational vortex methods for the Euler and the Navier—Stokes
equations (Beale and Majda, 1982a, 1982b).

The particle approximation of the V-P equations assumes that the electron density
is a superposition of a finite number of particles as in electron densities (13.28):

N N
fv =) ablx—x;0],  «;>0, Y a;=1. (1336
— =

The weights «; are determined from the initial data and the phase-space coordinates

x; satisfy the approximate particle-trajectory equations
dx; ~ ;
7;=u]=[v]7_E(x]7t)]t7 ,]=1""7Na

with approximate electric field

"
E@.0)=C> Ks(x.x] )—ZajK,g[x x;(0)].

j=1 j=l1

Here C = lev ,@;/N* is a constant chosen so that the discrete version of the
constraint E (x,t)dx = 0 is always satisfied. The kernel Ks(x, y) = K(x,y) *
&s(y) = f_oo K(x,y — n)¢s(n)dn is a mollified kernel, where n; is an appropriate
mollifier, chosen so that K is smooth. One such choice is

¢= 8§(8) with ¢ = {O, else ’

which yields the mollified kernel

T y—x<-%
Ks(x,y)=¢ -1 00" <y _x<i (13.37)
-1 1=y—x

The points x7, j = 1, N* are uniformly spaced on [0, L] and represent fixed particles
(ions) of positive charge.
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For the two-component case, we approximate the electron and positive-ion densities
by superpositions of a finite number of particles:

Nt

froev, 0 =) afslx—x; (1),

j=1
V-

foovn) =) ey dlx —x; (0],
j=1

X = (x,v).

The weights af satisfy a;—L > 0 and the condition of zero total charge:
N* N-
+ _ —
Do =D o
j=1 j=1

. + . . . . .
The phase-space coordinates X satisfy the approximate particle-trajectory equations

dxf + £ g t . +
W:ujz[vj,:l:E(xj,t)], j=1,...,N™,

with initial data x;—L 0) = (Oxji,O vji) and where E is approximate to the electric field:

Nt N_

E(x,t) = ZO{}FK,s(X, x;’) — Zaj_K,;(x, xj_).

J=1 J=1

One possible choice of K is the above mollified kernel for the one-component case.

To approximate (pseudo-) Fokker-Planck equations (13.8) we use a random-
particle method that combines a first-order operator splitting procedure with arandom-
walk solution of the diffusion equation in regularization (13.8). The general idea is
identical to that of the random-vortex method discussed in detail in Chap. 6. For
details on the implementation of these methods, the reader is referred to Majda et al.
(1994a, 1994b).

13.1.8. Summary of Analogy between Vlasov-Poisson and 2D Euler Equations

We finish this section on the analogy between the V-P system and the 2D Euler
equations by summarizing the connections in Table 13.1.

13.2. The Single-Component 1D Vlasov-Poisson Equation

Recall from V-P system (13.5) that the one-component 1D V-P system for an electron-
density function f satisfying

1 L
—/ f(x,v,t)dxdv = 1.
L Jy
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Table 13.1. Connections between the V-P system and 2D Euler equations

Property V-P System 2D Euler Equations
Nonlinear af/ot +u-Vf =0 dw/dt+v-Vo =0
transport divau=0,u=(v,—FE) divv=0
curlu:ff:0 fx,v,t)dv—2 curlv = w
Stream d=1v+¢ AV =w
function u=-Vio v=Viod
Mixed ofr/ot+uy -V =0 dwy /ot +v-Vwr =0
sign uy = (v, £E) w=w; —w_
Biot—Savart E = fOL ff:o Kx, W(fy — fo)y,v,t)dvdy v=K xw
K(x,y)=y/L(y <x <L), y/L—1(lse) K(x)=3-V"'(loglx|)
L solution Electron patch Vortex patch
8- fn solution Electron sheet Vortex sheet
Numerical method Particle method Vortex method
Dual E-f VRV
pairing L® < L! L? < L?
is
a 0 a
W g n® 2o,
at ax av
82g0 oo
—=p=1 —/ f(x,v, t)dv, (13.38)
dx2 oo
d
E="22
0x

The existence of suitable weak solutions to V-P system (13.38) has recently been
established by Zheng and Majda (1994).

Recall that the electron density f(x, v, ) is a nonnegative probability measure
with

L o)
%/ / f(x, v, Hdvdx = 1. (13.39)
0 —00

When charge concentration occurs, the nonlinear product E f can have an ambiguous
interpretation because E (x, t) might be discontinuous precisely where the measure
f(x,v,t) is singular. For a weak solution of V-P system (13.38), the electric field
satisfies

e8] L
E.=1 —/ fdv, / Edx =0. (13.40)
—00 0

Because f is a nonnegative measure, the first equation in conditions (13.40) together
with estimate (13.33) guarantees that E (x, t) is a bounded function of bounded varia-
tion in space—time (see Zheng and Majda, 1994),i.e., E € (BVNL®)1,.([0, L]xR™).
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The weak form of the first equation in system (13.38) is

—+00 L 00
/ / / (00 f + prof)dvdxdi
0 0 —00

+00 L e’}
—/ / E(x,1) [/ gz)uf(dv)] dxdt =0 (13.41)
0 0 —00

for all test functions ¢ € C°(S} x R x R). Although the weak form of the linear
terms f0+°° fOL ffooo(@f + @ vf)dvdxdt in Eq. (13.41) is obvious, the meaning of

the term
+o0 L o0
/ / E(x,t)[/ wvf(dv)} dxdt (13.42)
0 0 —00

requires further interpretation because this involves the nonlinear product E f. Zheng
and Majda (1974) prove that the velocity average

/ o0 f (dv)

for any test function p is the partial derivative with respect to x of a function g, (x, t)
with finite space—time bounded variation. Thus we interpret Ef as a measure E f,
where E(t, x) is Volpert’s symmetric average (Volpert, 1967; Volpert and Hudjaev,
1985):

E(x,1), if E is approximately continuous at (x, )

Elx. 1) = { NE/(x, 1) + E(x,0)], if E has a jump at (x, 1)

(13.43)

Here E;(x, t) and E, (x, t) denote respectively the left and the right limits of E (x, ¢)
atadiscontinuity line — such limits are automatically guaranteed by Volpert’s bounded-
variation calculus (Volpert, 1967; Volpert and Hudjaev, 1985). The existence of weak
solutions of system (13.38) satisfying Eqs. (13.40) and (13.41) in this precise sense
for an arbitrary nonnegative initial measure f satisfying Eq. (13.39) is shown in
Zheng and Majda (1994). Later in this section we apply this theory of weak solu-
tions for arbitrary measures to the construction of explicit weak solutions defined by
concentrated electron densities as described in Egs. (13.28).

13.2.1. Singularity Formation in Regular Electron Sheets

In this section we present some simple explicit electron-sheet solutions of system
(13.38) that can be derived through an exact-solution formula of Dziurzynski (1987).
These solutions correspond to velocity perturbations of uniform electron sheets. These
solutions demonstrate that even though the initial electron sheet is smooth and per-
turbed electron sheets do not undergo a Kelvin—Helmholtz instability, smooth electron
sheets can still form singularities in a finite time. It is even possible to develop charge
concentration [see Eq. (13.35)] in finite time from these weak solutions. We use the
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computational particle method described in the previous section to examine properties
of the solutions past their singularity time.

A uniformly flat electron sheet, the analog of the flat vortex sheet in Eq. (9.12), is
a flat curve C in the x, v plane:

C(a) = [x(a), v(@)] = (@, 0),
f(x) =d[x — C(e)l], for 0<a <1, (13.44)
E[x(a)] = 0.

We note that, like the flat vortex sheet in Chap. 8, this elementary weak solution is
steady.

Perturbing the velocity field in the uniform electron sheet at time # = 0 produces an
electron sheet with more interesting dynamics. The initial conditions for this perturbed
uniform electron sheet are

C(a,0) = [x(er, 0), v(a, 0)] = [er, g(e)],

-1
f(x,0) = ’dC((;e,O) S[lx— C(, 0)[], for O0<a<1. (13.45)
o

These initial conditions are the direct analog of a perturbed uniform vortex sheet,
Eq. (9.13), which can evolve to form complex structures (see, e.g., Fig. 9.3). The
remarkable fact discovered by Dziurzynski (1987) is that problem (13.38) with initial
conditions (13.45) has an explicit solution. The derivation of the solution uses a
nonlinear differential-integral equation for the curve C (¢, t), the analog of Birkhoff—
Rott equation (9.11) for vortex sheets. The equation for C(«, ) is linear as long as
C(a, t) is the graph of a function in x — v space. The resulting linear equation can be
easily solved by Fourier series to obtain the following result.

Theorem 13.1. (Dziurzynski, 1987.) Exact Weak Solutions for Perturbed Uniform
Electron Sheets. Consider electron-sheet initial data (13.45), where g(o) is smooth,
g(0)=g(1) =0, andfol g(@)da = 0.Thenfor0 <t < fsuchthatdx(a, t)/da > 0,
there is an exact weak solution of problem (13.38) defined by

C(a,0)[x(a, 0), v(e, 0)] = [er, g()],

~1
f(X’t):‘dC;a,t) 8[|x — C(a, D], for 0<a <1,
o
Elx(a,t)] = g(o) sint. (13.46)

Explicit formulas (13.46) demonstrate that the one-component V-P equation with
electron-sheet initial data does not suffer a Kelvin—-Helmholtz instability. If | g’ («)| <
1 for all @ € [0, 1], then 7 = +o00, i.e., dx(o, t)/da > 0 for all time, and solution
(13.46) is a global weak solution. Also, a simple calculation shows that

[x(a, 1) — x(a, 0)1> + [v(e, D] = [g(e)]%

which implies that the particles on the electron sheet are confined to circles in the
x—v plane. Thus the perturbed uniform electron sheets are stable with respect to
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finite-amplitude velocity perturbations g(w), as long as g(«) satisfies |g’(«)| < 1 for
a € [0, 1], so perturbed electron sheets do not undergo a Kelvin—Helmbholtz instability
and the V-P electron-sheet equation is linear well posed.

One might believe that the lack of a Kelvin—-Helmholtz instability would imply
that solution (13.46) cannot develop spontaneous singularities. However, for larger-
amplitude perturbations, these weak solutions can spontaneously develop singularities
in the charge at some time 7 > 0. A simple calculation shows that on electron-sheet
solution (13.46), the charge is given by

dx(@, t)]_] (13.47)

plx(a, )] =1— [ T

Consequently, if there exists a time 7 and a value of «, & such that dx(a, 7) /da then
the charge becomes singular.

We consider two particular choices of g(«) to illustrate ways the charge can become
singular. Example 13.1 shows that the charge can form an algebraic singularity as time
evolves. Example 13.2 shows that the charge can form an even stronger singularity in
time, namely, a Dirac delta distribution that corresponds to the charge-concentration
effect described in Eq.(13.35).

Example 13.1. Algebraic Singularity in the Charge. Consider an electron sheet with
data (13.45) consisting of a sinusoidally perturbed uniform electron sheet in which

g(a) = esin2mja), €e>0, jeN, (13.48)

where € > 0 and j is a positive integer. If |277j€| < 1, then the solution of V-P system
(13.38), defined for all ¢t > 0, is

C(a,t) = [a + esin(2rja) sint, € sin(2wjo) cos t],
3[1x — C(a, 1)]]
f(X, t) = X K . 5 X . 2
[142mjecos(2mja)sint]” + [2mje cos(2mja) cos t]7,
Elx(a,t)] = esin(2mja)sint (13.49)

for0 < o < 1.However, if |2mje| > 1,then {[dx(a, t)]/da} = 142w je cosmjo)
sinf = 0 when o = & = 1/2j and t = 7 with sinf = [1/(27j¢)]. In this case,
solution (13.49) is defined for 0 < ¢ < 7. Furthermore, if we do a Taylor expansion
of cos(2r ja) about ¢ = @&, we find that

dx(o, 7)
da

= Q) (@ — @)*sin? 4+ Of(a — @)?],
so charge (13.47) forms an algebraic singularity at « = & and t = 7.

In Example 13.1, at time 7 we have dx/da = 0 at an isolated point &. This leads
to an algebraic singularity in the charge. If we can construct an example such that
dx/da = 0 for an interval @ = [«], orp] with nonzero measure, then it is possible that
the charge could form an even stronger singularity. We show that this is possible in
the next example.
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Example 13.2. Dirac Delta Distribution in the Charge. Consider perturbed electron-
sheet initial data (13.45) with g(«) defined in the following way:
For some «; € (0, 1/4) and constant ¢ > 1, set

ca, O0<a<wm
cay, o <a<j—a
_ 1 1 1
gy=<c(3—a), 3—a<a=<j+a.
—cay, o <a<i-o

cla—1), 1l—a<a

IA

The function g(«) satisfies g(0) = g(1) = O and fol g(a)da = 0. We can use formula
(13.46) to write the solution on each subinterval in piecewise fashion:
Onl0 <o <a,
C(a,t) = (@ + casint, ca cost),
1) = [(1+esinn)? + (ccos)?] ™ 8[1x — C(a, )],
E(x(a,t)) = casint.

Onoj <o <1i—a,

C(a,t) = (@ + cay sint, cay cost),
f(xv t) = 8[|X - C(a9 t)|]7

E(x(a,t)) = coysint.

On%_al 5055%4-061,
c . 1 ) 1
(a,t) = {a +c<2 —oz) smt,c<2 —oz> cost],
fx 1) =[1—csint)’ + (c cost)z]*lanx — C(a, )],
E(x(a, 1) = c<; — Ol) sint.

Oni+o<a<i-a,

o=

C(a,t) = (¢ — cay sint, coq COSt),
fx, 1) =é[1x — Cla, 0],
E(x(a,t)) = —caysint.

Onl —o; <a<l,

C(a,t) =[a+c(a — 1)sint, c(a — 1) cost],
fx, 1) =[(1+csint)? + (ccost)?]718[|x — C(a, D)1,
E(x(a,t)) = c(a — 1)sint.
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Consider the middle segment where x(o, ) = o + c(% — @) sint or % —a <
a < % + «y. By assumption, ¢ > 1, so dx/da = 1 — ¢sint = 0 has a solution 7
with 7 > 0. Furthermore, for all o € [% — o, % + o]

- 1 1 -
Cla,t) = [z,c(z —a) cost},
. 1. 1 -
Ex(a, 1)) = E(Z’ t> = c<2 —a) cosf’.

Thus in this middle segment, the graphs of the curve C (e, 7) in the x — v plane and the
electric field E («, t*) versus « are vertical line segments. Because the charge p(x, )
is given by E,, as t — 7, p(x, ) becomes a Dirac delta distribution at x = % with

strength
E 1+ E ! = —2ca; sinf
) (03] 3 o1 = cop SInt.

Thus charge-concentration phenomenon (13.35) occurs explicitly in this example.

The obvious next question regarding Examples 13.1 and 13.2 is the behavior of the
weak solutions past the time of initial singularity. The paper by Majda et al. (1994a)
addresses this problem by means of numerical simulations of weak solutions by the
particle method (Subsection 13.1.7). In one computation, they took initial conditions
(13.48) describing the sinusoidally perturbed electron sheet in Example 13.1 with
€ = 2 and j = 1 and found the singularity time to be 0.079. Using the computational
particle method of Subsection 13.1.7, they were able to compute past the singularity
time to find that the analytic formula for the solution in Example 13.1 does not describe
the solution past the singularity time; the singularity time is precisely the time when
the curve C(w, ) ceases to be the graph of a single-valued function, and the graph of
C(a, t) is multivalued past the singularity time. They showed that the electric field
loses smoothness past the singularity time.

They also computed the perturbed electron sheet in Example 13.2 with dynamic
charge concentration for the parameters « = 0.15 and ¢ = 2. For this solution the
singularity time is 7 = 0.523. Again, their results show that the analytic formula
in Example 13.2 does not describe the solution past the singularity time and the
graph of the curve C(«, t) is multivalued past the singularity time. Moreover, it loses
smoothness and forms a cusp past the singularity time. Furthermore, at the singularity
time the electric field has a vertical section at x = %, so the charge is a Dirac delta
distribution. For details of the numerical simulations, the interested reader is referred
to Majda et al. (1994a).

Once again we emphasize the strong analogy between perturbed vortex sheets and
perturbed electron sheets. Numerical computations show that initially smooth vortex
sheets remain smooth until the formation of a curvature singularity in the vortex-
sheet strength. This singularity occurs just before the vortex sheet starts to roll up.
Initially smooth electron sheets remain smooth until the formation of a singularity
in the charge. The electron sheet starts to fold (becomes multivalued) just after the
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singularity time. The folded, multivalued electron sheet is the analog of a rolled-up
vortex sheet.

13.2.2. Nonuniqueness of Weak Solutions and the Fission Phenomena

In the previous subsection we showed that initially smooth electron sheets could
develop finite-time singularities in which the charge exhibits an algebraic or even
Dirac delta function at the singularity time. In this subsection we discuss ways in
which to continue the solution past singularity time. In order to do this, we must
formulate a weak form of the equation that makes sense for such rough initial data.

We consider a special class of initial conditions for the 1D one-component V-P
system

0 0 0

—f—l—v—f—E(x,t)—f:O, xeS, veR!, >0,

ot v v
oE o0
—(x, 1) =1 —/ f(x, v, t)dv, (13.50)
ax oo

consisting of a single particle with total charge 1:

folx,v) = 8(x - ;)8(1)), (x,v) € S x RL. (13.51)

Here we take the spatial period to be L = 1 for simplicity. Different weak solutions of
problems (13.50) and (13.51) correspond to various ways initial particle (13.51) can
undergo fission. We present several different examples of weak solutions to problems
(13.50) and (13.51). In the first example, the particle does not undergo fission. The
second class of solutions corresponds to a discrete fission process in which the initial
particle splits into two or three smaller particles at time ¢+ = 0. The discrete fission
process can also occur at any later time with the smaller particles splitting into two or
more additional particles. Finally, the initial particle can undergo continuous fission,
that is, single particle (13.51) spreads into an interval of uniform charge. In this
subsection we give an explicit construction of the first two types of solutions. The
continuous-fission solution is constructed in the next section.

We recall the definition of a weak solution from Eq. (13.41), introduced at the
beginning of this section, which used the symmetric average for the electric field
(13.43). Denoting Q7 = S' x (0, T), a pair {E, f} of a function E(x, ) and a
nonnegative measure f(x, v, t) is called a weak solution to problems (13.50) and
(13.51) if {E, f}is 1-periodic in x and for some 7' > 0,

(1) E(x,t)is bounded and has a bounded total 2D variation in Q7, i.e.,
E € L*¥(Qr) N BV(Qr).

(2) f(x,v,1) is aprobability measure for each r > 0:

1 0
/ / f(x, v, t)dvdx = 1.
0 —00
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(3) f(x,v,?t)satisfies the special property that its velocity average with a test function
@ is a special measure, which is the partial derivative with respect to x of a
bounded-variation function g, i.e.,

/ e, v, 1) f(x,v,1)dv = 0,8y

—00

as measures for some function g, (x, t) € BV (Qr) for all compactly supported
infinitely differentiable test functions ¢ € Cg° [Rz x (0, T)].

(4) {E, f} satisfies the Poisson equation in the distributional sense, E, = 1 —
i _Oooo fdv, and the normalizing condition compatible with (2), fol Edx =0.
(5) {E, f} satisfies the Vlasov equation in the weak form,

T T
/ / (ot; f + orvf)dvdxdt — / / E</ o f dv)dxdt =0, (13.52)
0 JR? 0 JRr? R

for all test functions ¢ € C{)’"[}R2 x (0, T)].
(6) f isLipschitz continuous from [0, 7] to the local negative Sobolev space HIQCL (]Rz)
for some L > 0, and f(x,v,0) = fo(x, v) in HyX(R?).

We recall that special condition (3) is included in the weak solution because we need
it to define the product term E f. Second, we use test functions ¢ € C° [R% x (0, T)]
instead of ¢ € C$°[S! x R x (0, T)] only for technical notational reasons. Finally, a
function or distribution g belongs to the space Hgf (R?) iff x g belongs to the space
H ‘L(Rz) for all cutoff functions x € Cg° (Rz). Condition (6) provides a weak sense
in which the initial data are achieved.

We now present the first example of a weak solution.

Example 13.3. The Steady-State Solution without Fission. This steady solution

corresponds to isolated particle (13.51), that remains at x = 5, v = 0, for all time:

1
2

f(-x’ U»t) = fO(-xv v)v

X, Ofxfé
E(x,1) = Eo(x) = ¢ 0, x=3 (13.53)
x—1, %<x§1

Intuitively this steady solution is a particle sitting at position x = % with no velocity
and having unit charge. Verification of the definition of weak solutions for Egs. (13.53)
is left for the reader and can be found as the special case @ = 0 in the next class of
solutions.

Example 13.4. The Discrete-Fission Solutions. Consider an initial condition corres-
ponding to solution (13.53) above. Pick a € (0, %]. Imagine that the initial particle
splits into three particles, each with charge «, 1 — 2¢, and «. We send the first particle
with charge o toward the left and the third particle with equal charge toward the right.
As we shall see, the second particle with charge 1 — 2« can actually remain stationary.
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Formally the particle-trajectory equation for the first particle is

dx

dx _
dt

D B = —rr4x—a) 13.54
—=—E(x,)=—(x+x —a), )
dt 2 ( )

oo (39
, =0 — 5’ ’

where the symmetric mean E is used, because the moving charge o > 0 induces a
discontinuity in E. As the particle moves toward the left, it reduces the electric field
E = x by the amount « to E = x — . We therefore find that E (x, t) = %(x +x—a)
for the first particle. The solution of Eq. (13.54) is

l—« o l—«
cost + —, V] = —

= 2

sint. (13.55)

The solution for the third particle is obtained from solution (13.55) by symmetry
v3 = —v; and periodicity x3 = 1 — xy, i.e.,

l—« o l—«
cost+1—5, V3 =

X3 = —

sint. (13.56)

We assume that there is no motion for the second particle (because of symmetry). So
we have

fx,v, 1) = Z ad(x —x;)6(v—v;)+ (1 —2a)é )c—l s(v), (13.57)
(R J J 2 ’ ‘

j=1,3
X, 0<x<x(t)
X —a, x1<x<%
E(x,t) = | . (13.58)
x—1l+a, 3<x<x()
x =1, x<x<l
On jumps of E, we use the symmetric mean
X, 0<x <x(t)
x =7, x =x1(t)
X —a, x1<x<;
Ex,1)=10, x=1 : (13.59)
x—1+4a, %<x<x3(t)
x—=1+73, x=x3
x—1, x<x<l

We can verify rigorously that the above construction gives a true weak solution
and takes on the correct initial data. For details, the reader is referred to Zheng and
Majda (1994).
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We can construct a third class of discrete-fission solutions by further splitting the
previous three particles at a later time. Here we describe briefly how to generate these
solutions without actually calculating them.

Take a solution from the second class with 0 < @ < 1. Let the solution evolve for
a short time #;, then force the particle with charge o moving to the left to split further
into two particles with charge 8 and o« — B > 0. The particle with charge 8 will
continue to move to the left with a bigger acceleration. The particle with charge o — B
will continue to move to the left also, but with a smaller acceleration. To preserve
fol Edx = 0, we also make the particle with charge o moving to the right split at the
same time ¢, into two particles with charge 0 and o — .

Finally, the initial particle can spread into an interval of uniform charge to form
a weak solution with a continuous electric field. We discuss this case in Subsec-
tion 13.2.3.

13.2.3. The Collapse of an Electron Sheet into a Point

Here we construct yet another solution to problem (13.50), with simple initial data
(13.51), which are significantly different from the solutions constructed in the previous
section. This solution corresponds to a uniform spreading of initial particle (13.51)
into a maximal interval in the x direction. It evolves from a point into a rotating and
stretching electron sheet for # > 0, and the corresponding electric field is Lipschitz
continuous in space and time ¢+ > 0. The location of the sheet v = V(x,7) is a
straight segment in the (x, v) plane for each fixed small # > 0. The sheet has length
1 — cost and strength 1/(1 — cost). When t+ — 0+, the sheet shrinks to the point
(%, 0) and its strength goes to infinity, but with total charge remaining unity. Note that
the V-P system is time reversible; thus by reversing time, this example demonstrates
that an electron sheet can in general collapse dynamically into concentrated point
densities [see Eqgs. (13.28)]. This weak solution exhibits the property that electron
sheets and concentrated point densities can evolve dynamically into each other in finite
time. Hence the evolution of electron sheets is not in general more regular than the
seemingly more singular concentrated-point-density solutions. It is also interesting to
note that although transport equations are known to preserve full-dimensional areas,
this example shows that they may not in general preserve lower dimensions.

We now construct the solution formally. Suppose that the initial particle spreads
in the x direction uniformly into a maximally possible interval [Xmin, Xmax] C (0, 1)
attime ¢ > 0. This interval [Xmin, Xmax] contains (and is symmetric about) x = % To
find Xpin OF Xmax, €xamine Eq. (13.54) for the particle moving left. The smaller the
particle is, the larger the acceleration it has. Hence the fastest particle must correspond
to o = 0. Taking « — 0+ in the solutions from Eqgs. (13.55) and (13.56) yields

1
Xmin = Ecost, Xmax = 1 — Ecost. (13.60)

To ensure the unit-charge condition, the density of electrons in this interval must be
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1/(1 — cost). Solving the Poisson equation for E gives

X, X € [07 xmin]
E=q- liocsotst (x - %)’ X € [Xmins Xmax]- (13.61)
x =1 X € [Xmax, 1]

The particle trajectories satisfy the following equations:

dx
dr
dv
dr

(x, v)|i=0 = (1 0>
s t=0 = 57 >

where E(x,t) is given in Eq. (13.61). We do not need the symmetric mean as E is
continuous.

- —E, (13.62)

Because xp,i, and xp,x are special solutions, all the solutions of Egs. (13.62) are in
the form

1 1 1
X — 3 =a(l —cost), Ya € {—2, 2} v = asint, (13.63)

ie.,

sin ¢ 1
v=V@Et,x)=——(x—3 ], X € (Xmins Xmax)- (13.64)
1 —cost 2

Combining the density and the position gives f(x, v, t) in the nonzero region:

1
f,v,t)=—8v -V, X € (Xmin,» Xmax).  (13.65)
1 —cost

By means of a series of computations and estimates, Zheng and Majda (1994) verify
there that {E, f} given by Egs. (13.61) and (13.65) is indeed a weak solution for
problems (13.50) and (13.51) for a short time T > O.

13.2.4. Different Regularizations Select Different Weak Solutions

Now that we have demonstrated the existence of multiple distinct weak solutions to
the one-component V-P system with Dirac delta function initial data, it is interesting
to ask when the different solutions will be realized.

In Majda et al. (1994a), the authors do a numerical study and show that solutions
of different regularizations of the V-P system with electron-sheet initial data can
converge to different solutions in the limit of vanishing regularization. As in the case
of vortex sheets, it is natural to ask if there is a “selection principle” that always
chooses a unique solution and whether this selection principle is stable with respect
to small changes in the initial data.

Motivated by the vanishing-viscosity—Navier—Stokes regularization of the Euler
equation, the authors considered the vanishing-viscosity (¢ — 0) limit from the
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(pseudo-) Fokker—Planck regularization,

afe afs afe 82fe

— E¢(x,t =

ar T Vx D =€
aZwe
0x?

=p-=1 —/ f(x, v, t)dv, (13.66)

as a candidate for a selection principle.

They performed two different regularizations, the computational particle method
described in Subsection 13.1.7 and Fokker—Planck regularization (13.66).

They found that the § — O limit of vanishing kernel regularization of the compu-
tational particle method yields a weak solution corresponding to that of steady-state
solution (13.53).

For Fokker—Planck regularization (13.66), the numerics indicate that the vanishing-
viscosity limit gives the continuous-fission solution from Subsection 13.2.3.

These numerical computations show that the solutions of different regularizations
can converge to different solutions of the V-P equation in the limit of vanishing
regularization.

Their numerical computations suggest that although the vanishing-viscosity limit
is a selection principle for weak solutions with Dirac delta initial data, it is an unstable
selection principle for the single-component V-P system. To see this, they showed
that there is sensitive order one change in the behavior of the regularized solutions
for appropriate perturbations of the initial data. The three-particle discrete-fission
solution (from Example 13.4) provides the starting point for this study. They took a
perturbed initial condition

f(x,v,0) = as [x — (; - d0>]8(v +0%) + (1 - 2a)8<x — ;)8(11)

1
+ b {x - (2 + doﬂ S(v— 1Y), (13.67)
where o € (0, 1] and d°, v° > 0 satisfy the relations
1— 1-—
d° = — acost*+1—%, W0 = Zasint*, (13.68)

for some t*. We solve equations (13.68) by taking d° to be a specified small number and
computing the appropriate value of *, and then recovering v°. Initial condition (13.67)
becomes an increasingly smaller perturbation of single-particle initial data (13.53) as
d® = 0in two ways. The location of the three particles tends to x = % v =0, and
the L' norm of the difference between the electric field for condition (13.67) and the
single-particle steady-state field (13.53) tend to zero.

With condition (13.67) as an initial condition, the numerical solution as com-
puted by the particle method closely approximates the three-particle fission solution.
Consider now solutions of the Fokker—Planck regularization with perturbed initial
condition (13.67). The numerical calculations in Majda et al. (1994a) show that the
simultaneous limit of vanishing viscosity and @’ — 0 in perturbed initial data (13.67)
depend on the relationship between € and d°. For example, if the viscosity is large
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compared with the particle separation distance for the initial condition then the solu-
tions converge to the continuous-fission solution. However, if the viscosity € is small
compared with the separation distance, then the solutions converge to a continuous
piecewise linear function with six interior breakpoints as € — 0.

The interaction of the viscosity with the particles is more easily explained at the
level of the electric field. The solution with € = 0 approximates the large-scale motion
of particles and viscosity provides a local correction to this solution near the particles.
In this local correction, viscosity treats each particle as an individual particle and alters
the electric field in the same way it alters the electric field for initial data for a single
particle, that is, it produces a local counterclockwise rotation of the electric field.
Thus, depending on the size of the perturbation and the strength of the viscosity, it
is possible to compute weak solutions that exhibit O(1) deviations from each other
in the limit of small perturbations of the initial data and vanishing viscosity. In this
sense, the viscosity selection criterion is not a stable principle.

13.3. The Two-Component Vlasov—Poisson System

In this section we consider the two-component case of the V-P equations in one-
space dimension. In the previous sections, we studied the one-component case as an
analogy to the 2D vorticity equation for incompressible inviscid fluid flow when the
vorticity has distinguished sign. Here we consider the 2D component V-P system as an
analogy to the case in which the vorticity has mixed sign. As we saw in Chaps. 8-11,
numerical experiments and existing theory suggest that a much more rich behavior
can occur in the limiting process for vortex-sheet formation with mixed-sign vorticity.
For example, in the case of single-sign vorticity, we showed at the end of Chap. 10 that
the zero-viscosity limit of smooth solutions produces a true weak solution to the Euler
equation with vortex-sheet initial data. Such a result is not known for the mixed-sign
case. Here we are able to show for the simpler analog V-P problem that for the two-
component case there is an explicit example with a singular charge concentration.
We introduce the concepts of measure-valued and weak solutions and show by these
explicit examples that some situations necessarily lead to behavior that is so singular
it satisfies the equations in only a measure-valued sense instead of a weak sense.
Also we present examples that lead to nonunique weak solutions. We also show that
different computational regularizations can lead to different behavior in situations
with measure-valued and/or nonunique weak solutions.

The two-component 1D V-P equations for a collisionless plasma of electrons and
positively charged ions are

A af af_

i - _E A

ar T Vay EeDgr =0

9 9 9

e L L pa ¥ 2, (13.69)
at dIx Jv

JIE °
I = p(x,1) =/ (f+ — f2)(x, v, Ddv.
X —00

In V-P equations (13.69), fi(x,v,t), f-(x,v,t) with fi > 0 denote the density
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of positively charged ions and electrons, respectively, at location x with velocity v,
E(x,1t) is the electric field generated by these particles, and p(x, ¢) is the charge
density. We consider the initial value problem for Eqgs. (13.69) with initial data
felimo = f2, where £9 > 0 are both nonnegative measures satisfying

/ / £, v)dxdv = / / 90, v)dxdv,

The last condition in system (13.6) implies that the plasma has zero net charge:

/,o(x, Hdx = 0. (13.70)

For the two-component case, we take fi(x, v, t) periodic in x with period L for the
purpose of numerical computations, in which case the field £ has mean zero over
one spatial period. However, for the purpose of the analysis, it is simpler to consider
the case in which f (x, v, t) is a function of x € R, where the last condition means
that E — 0 as |x| — oo.

We now develop concepts of weak solutions and measure-valued solution for
Egs. (13.69) as well as the limiting behavior for certain approximate-solution se-
quences. A measure-valued solution is a more general concept than weak solution
and involves an ensemble average over weak solutions.

As in the case of the single-component V-P equations, we consider two examples
of approximate-solution sequences: the zero diffusion limit of the (pseudo-Fokker—
Planck ) regularization and the high-resolution limit of computational particle methods
for system (13.6).

The Fokker—Planck regularization procedure involves the zero diffusion limit v —
0, v{ > 0 of solutions of the parabolic (in v) equations

afi afe fe 32fe
— — E(x,t = ,
R P T I
off | Of% afi 0°f
- E€ — = , 13.71
or T Vx TE DI =eTa (13.71)
IE* € > € €
oy — P = _oo(f+ — fOdv.

As in the single-component case, we build explicit weak solutions of system (13.6)
through superpositions of concentrated point charges:

N
fr(x, v, 1) = Zafﬁ[x —x3(1)]

j=1
N N

with o >0 and Z Za;. (13.72)
j=1 j=1

In Eq. (13.72) we use the notation x = (x, v) and the locations of the concentrated
point-charge solutions; {xf () }?’:1 satisfy nonlinear ODEs analogous to point-vortex
equations (9.18) for 2D Euler equations (13.1).
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The explicit weak solutions establish the following facts:

(1) There are limits of explicit weak solutions that converge to an explicit measure-
valued solution of Egs. (13.69) rather than a conventional weak solution with the same
initial data. In the language of Chap. 11 for the 2D Euler equation, we say that, in this
case, there is no concentration—cancellation.

(2) For a large class of examples, there are several nonunique weak solutions
arising from the same initial data.

(3) High-resolution numerical simulations of Egs. (13.69) and (13.71) by means of
computational particle methods demonstrate explicitly that, in some cases, different
computational regularizations converge to either measure-valued solutions or different
weak solutions as the regularization parameters tend to zero.

The behavior of limiting processes for vortex sheets for the 2D Euler equation,
as observed in computational vortex methods reveals much more complex behavior
when vorticity does not have a distinguished sign in contrast to the more regular but
singular behavior occurring with nonnegative vorticity. Intuitively, when vorticity has
two signs, nearby vortices can screen each other by canceling out their effect to high
order on more distant velocities, which can drive even further, stronger concentration
of vorticity with continued screening effects, as an unstable process. Such a physical
mechanism is present in the calculations shown in Figs. 9.4 and 9.5 in Chap. 9.

Recall from Chap. 11 that we introduced several examples of approximate-solution
sequences for the 2D Euler equation involving vorticity that changes sign. One such
example (Example 11.1) was the sequence of steady-state solutions of “phantom vor-
tices.” In this case, we showed that a finite amount of kinetic energy concentrates
as a delta function at the origin. Despite this fact, however, the weak limit is still a
weak solution to the 2D Euler equation. We called this phenomenon concentration—
cancellation. Another such example was due to Greengard and Thomann (Theo-
rem 11.2) and showed that one could use the phantom vorticies to construct a
family of solutions whose weak limit has an associated reduced defect measure that
is the Lebesgue measure on the unit square. Chapter 12 proved the remarkable re-
sult (DiPerna and Majda, 1988) that any steady approximate-solution sequences with
L! vorticity control has concentration—cancellation in the limit, even in the case of
mixed-sign vorticity. It is not at all clear that the same result holds true for general
approximate-solution sequences with mixed-sign vorticity. Indeed, Majda conjec-
tured that measure-valued solutions are needed to describe the limit with a mixed
sign (Majda, 1988).

The exact solutions and computations discussed in this section for the two-compon-
ent V-P system provide unambiguous evidence of the kinds of screening effects that
might cause weak solutions to break down for the 2D Euler equation with mixed-sign
vorticity. In this section we demonstrate that, for the analogy problem of the 1D V-P
system, in the two-component case we can construct approximate-solution sequences
that do not converge to a weak solution. A more general class of solution is needed
to describe the limit, that of a measure-valued solution. In the two-component V-P
equations there is a simple analog of the screening effect in the 2D Euler equation.
Simple concentrated point-charge densities

fr=ad(x — x0) ® 8(v) (13.73)



13.3 The Two-Component Viasov—Poisson System 527

illustrate this screening effect dramatically for solutions of system (13.6). Densities
(13.73) define a steady weak solution of system (13.6) with perfect screening because
E vanishes identically, i.e., E = 0. Later in this section we show by means of
explicit examples of time-dependent measure-valued and nonunique weak solutions
that screening plays a prominent role in these phenomena.

13.3.1. Weak and Measure-Valued Solutions in the Two-Component Case

In this section we develop three different concepts of solutions to two-component
V-P system (13.6): weak, generalized weak, and measure-valued solutions. We show
that all three definitions are needed to describe accurately the complex phenomena
that can occur in the limiting process of valid approximate-solution sequences for this
problem.

For data as general as f. a measure, ordinary classical weak solutions are not well
defined because of the ambiguity of the product Ef, in that E can be discontinuous
whereas f has Dirac delta concentration. Zheng and Majda (1994) overcame this for
one-component system (13.5) by introducing the concept of weak solutions by means
of the symmetric mean E of the electric field E and establishing certain regularity
properties of E and f (e.g., E € BV) so that the product £ f has unambiguous
meaning. Unfortunately, the newly defined product E f is not weakly continuous with
respect to sequences of weak or smooth solutions. Example 13.9 of the next section
shows that the limit of a weakly convergent sequence of weak solutions may not be
a weak solution; the symmetric mean E is too restricitive. Giving up the symmetric
mean but requiring E to be only weakly defined and integrable with respect to the
measures fi, we introduce the concept of generalized weak solutions. In fact, the
generalized weak solution is also not sufficient to describe all possible cases that can
occur from limits of sequences of weak or smooth solutions. Example 13.10 of the
next section shows that the limit of a weakly convergent sequence of weak solutions
may be double valued on some set of space-time and not be a generalized weak
solution. This creates the need for an even more general concept of a solution called
a measure-valued solution.

First we define appropriate approximate-solution sequences in a manner that is
parallel to that in Chaps. 11-12 for vortex-sheet initial data. Recall that, for the
two-component case, we choose to consider solutions on the line x € R. Let R
denote (0, c0), Ri = R x R4, and Ri = R? x R, . To simplify notation, in the
following discussion, a sequence of functions indexed by € may in fact indicate a
sequence indexed by €y > € > 0 for some small positive €y or a countable number
of those € € (0, ¢y) with e — 0.

Definition 13.1. A sequence of smooth functions {f{, E}c~¢ is an approximate-
solution sequence for two-component V-P system (13.6) provided that the following
conditions hold:

(i) Conservation of charge: fi > 0, ffRz fiddv = ffRz féddv < M for all
€e>01>0;
(ii) |1E€(, )|~ < K, E€(£o0,t) =0foralle > 0,0 <t <T;
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(iii) Finite energy and decay at infinity: foralle > 0,0 <t < T,andall T > 0,

// (1 4+ x>+ ) (f€ + fdxdv + /(Ef)zdx < My;
R? R

(iv) weak consistency with the equations: for all infinitely smooth test functions
@ € C(?O(Ri), v(t,x) € CSO(R%F) with compact support,

lirr(l)///2 (o fi + v, fi £ @, E€ f£)dvdxdt = 0,

lim// [wfo +w/(fj - ff)dv]dxdr =0;
e—0 ]Ri R

(v) The functions f{ are Lipschitz continuous uniformly in € > 0 from [0, T) to a
negative Sobolev pace ngCL (R?) for some L > 0, forall T > 0; and f£@0, x,v)
converge to f2(x, v) in Hy X (R?).

As in the one-component case, approximate-solution sequences can be generated
in various ways. The easiest is by mollifying the initial data f2:

7500, x, v) = [Xe fL(x, V)] % pe + g5 (x, V). (13.74)

Here . is a cutoff function and x. = 1 for x2 4+ v> < 1/€2, zero otherwise. The
standard mollifier p, , introduced in Chap. 3, Eq. (3.35), scales as p. = 6% p(x/e, ve),
p € CEMRY, p >0, [ [pdxdv = 1, and the nonnegative compactly supported
smooth functions g§ are chosen such that f{ (0, x, v) satisfy the neutrality condition
with [ [5> g5 dxdv — 0as € — 0. The functions g§ are needed because the cutoff
function . may destroy the neutrality condition of £, and the cutoff function x.
is needed because f£(0, x, v) then have decay O(v?) as |v| — oo uniformly with
respecttox € R sothat we can apply the existence and uniqueness theory of lordanskii
(1961) to f£(0, x, v).

A physically relevant way to generate an approximate-solution sequence is to use
pseudo-Fokker—Planck system (13.71). Smooth solutions of system (13.71) satisfy
Definition 13.1 provided they exist. Another way to generate an approximate-solution
sequence is by means of a computational particle method.

It is clear that we need to study the limits of products {E€, f1}.. Note that these
nonlinear terms can be rewritten as

Eﬁ—(Eﬁ+ﬁ(ﬁ+fx
€ re __ € fi € €
Ef_<Eﬁ+ﬁ%ﬁ+f’

Thus both E* f}{ fall into the class of limits

e Y
E°, ) ), 13.75
g( e e it g (ff + 19 ( )
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where g(A1, Az, A3) € C([—K, K] x V) is continuous. Here K is the constant in (ii)
of Definition 13.1 and V is a line segment from the point (1, 0) to the point (0, 1)
in R%:

V ={(A, *3) € RIAa+ A3 = 1,42 > 0, A3 > 0}.

We introduce some new notation. Let Q7 = (0,7) x R? for T > 0. Define
BM™(Q27) as the space of nonnegative finite measures on Q7 for T > 0, and
PM([—K, K] x V) as the space of probability measures. We use the symbol p.—*u
for weak* convergence of a sequence of bounded measures {4} C BM*(Qr), i.e.,
fﬂr pdus — | o ¢ dp for all bounded continuous test functions ¢ on Q7. The sym-
bol h€—h represents weak convergence in L?, 1 < p < o0, i.e., f(phE — f(ph for
allp € L9,(1/p)+(1/q) = 1. Both weak and weak* convergence imply convergence
in the sense of distributions for which the test functions are restricted to compactly
supported and infinitely differentiable functions. The following lemma identifies the
limiting behavior of all continuous functions of the form of class (13.75).

Lemma 13.1. For every approximate-solution sequence {f5, E€}e~o there exists a
bounded function E(t, x) satisfying

lim |E(x,t)| =0, (13.76)
[x]—>o00

a scalar measure 0 € BM™(Q7) for all T > 0, and a 0 —measurable map
y = vy
from Ri to PM([—K, K] x V) such that (pass to a subsequence if necessary)
E‘ > E (13.77)
in the weak topology of L*[(0, T) x R] forall T > 0,
(ff + fHdy ~* (13.78)
in the weak* topology of BM™(Qr) for all T > 0, and

. P 1< > ¢ e _/
!E%/Ri <p(y)g<E N (ff+ fOdy = ” P(y)(vy, g)do
(13.79)

forall g € C([—K,K] x V)andall ¢ € Co(Ri). Here the angles in Eq. (13.79)
denote the expected value,

(v_\’ﬂ g> = / g()\l,)\%)\3)d‘)y-
[—k,k]xV

Lemma 13.1 is similar to that of Generalized Young Measure Theorem 12.11 for
approximate-solution sequences of the 3D Euler equation. The triple {E, o, v} is
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called the generalized Young measure associated wtih the sequence { f{, E€}. For a
proof of Lemma 13.1 see Majda et al. (1994b).

Definition 13.2. Measure-Valued Solutions. A triplet {E,o,v} of a function
E(t,x) € Lw(Ri), a scalar measure 0 € BM™Y(Qr) for all T > 0, and a
o —measurable map v, € PM([—K, K] x V) is a measure-valued solution to
V-P system (13.69) in Ri provided that E satisfies limit (13.76) and

(i) for all test functions ¢(y) € CS°(R3), and ¥ (t, x) € C§°(R3),
/]R3 (0 - (vy, A3) + dx@u(vy, A3) — 0y (vy, A1A3))do =0,
/Rs (0 - (vy, A2) + 0V (vy, A2) — dy@(vy, A1A2))do =0,
/ U E(t, x)dxdt +/ Y (vy, Ay)do —/ Y (vy, As)do = 0;
R% R} R

(ii) both (vy, Ar)o and (v,, A3)o belong to the space of Lipschitz continuous
functions from [0, T) to ngcL (R?) for some L > 0 for all T > 0, and both
take on the initial data f?(x, v) in that space.

Lemma 13.1 combined with the existence of an approximate-solution sequence
yields Theorem 13.2.

Theorem 13.2. For any initial data consisting of measures f(x, v) satisfying decay
conditions (13.76) there exists a measure-valued solution {E, o, v} to the V-P system.
Furthermore, every approximate-solution sequence has a subsequence that converges
to a measure-valued solution of V-P system (13.69).

The proof of Theorem 13.2 follows that of Theorem 12.12. The details can be found
in Majda et al. (1994b).

Some measure-valued solutions have enough smoothness to fit the standard def-
inition of a weak solution. Hence we now describe several formulations of a weak
solution. The difficulty is to define the nonlinear product Efy in a distributional
setting, where E is typically discontinuous and f. are finite measures. Because of
energy assumption (iii) in Definition 13.1, approximate-solution sequences gener-
ated by mollifying the initial data or from Fokker—Planck —Poisson system (13.71)
(provided smooth solutions exist) actually satisfy two additional estimates:

[E€(-, )lBv(0,71xR) < Cr vT >0, (13.80)

X o0
‘/ / 0(1, v, v) f£(t, y, v)dvdy = Crxe, (1381)
—o0 J—x0 BV([0,T]x[—X,X])

forall T > 0, ¢ € C§°(2), and finite X > 0. To verify estimate (13.80) note that



13.3 The Two-Component Viasov—Poisson System 531

from system (13.6)

£ = [ vt s
R

Thus both E¥ and E; are bounded measures in (0, 7') x R and hence estimate (13.80)
holds. To confirm estimate (13.81), note that

0 U /qu)(t, Y, 0) fit, y, v)dvdy]

= —/vwfifv+/ /(goz+v<pyiE‘<pv)fidvdy
R —o0 JR

+v;/ /wvuf;dvdy (13.82)
—o0 JR

from Fokker—Planck system (13.71). For V-P system (13.6) simply let v{ = 0 in
Eq. (13.82). The first term in Eq. (13.82) is a bounded measure in (0, 7) x R. The
remaining terms are all bounded functions. This confirms estimate (13.81).

Additional estimates (13.80) and (13.81) provide sufficient regularity to define
weak and generalized weak solutions. Passing to a subsequence ¢ — 0, we obtain by
Helly’s selection principle a triplet { f1, f—, E} such that

fiG, v, )=~" fu(x,v,t) € BM™,
(13.83)
E€(t,x) — E(t,x) € BV almost everywhere,

and {f,, f_, E} satisfy estimates of the form of (i), (ii), and (iv) in Definition 13.1
and estimates (13.80) and (13.81). In particular

E € L*[(0,T) x RTUBV[(0, T) x R], (13.84)

/ / @f+(t, y, v)dvdy € BVio[(0, T) x R]
—o0 JR

which guarantees a consistent, measure-theoretic interpretation of the products E f.
in a distributional sense. We can define the product of a bounded BV, (R") function
u(x) with a partial derivative of an arbitrary BV ,.(R") function w(x) by Volpert’s
symmetric mean (Majda et al., 1994b; Volpert, 1967; Volpert and Hudjaev, 1985).
That is, the product u(dw/dx;) can be defined as a bounded measure i (dw/dx;),
which means that i is integrable with respect to the finite measure dw/dx; on any
Borel set of R". Here the symmetric mean of u is defined as in average (13.43):

(x.1) = { th(x, 1) if u is approximately continuous at (x, ) .
’ slui(x, 1) +u,(x, )] if u has a jump at (x, 1)

(13.85)

Note that in the 2D case, the symmetric mean is not necessarily defined everywhere

but only almost everywhere defined on any Lipschitz curve in R*. On the other hand,

a partial derivative of a BV, function is a measure that cannot concentrate on any

point in two dimensions. Therefore # is almost everywhere well defined with respect
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to dw/dx;, and #(dw/dx;) makes sense as a measure multiplied by a “continuous”
function.

The only nonlinear terms in system (13.69) involve 9,(E fy). Using relations
(13.84) and the symmetric mean, we define them in a weak sense as follows:

<8v(Ef:|:)1 ‘P) =_/ / Eax|:/ / (pv(tv }’7 U)f:l:(tv yv U)dvdy dth
0 —00 —00 J —00
(13.86)

for all test functions ¢ € Co(Ri). We can therefore define weak solutions as in the
one-component case.

Definition 13.3. Weak Solutions. A triplet { f, f_, E} of two measures, fi and a
function E, is called a weak solution to two-component V-P system (13.6) if

(i) it satisfies the basic regularity conditions in (i)—(iii) of Definition 13.1 and BV
control (13.84);

(ii) it satisfies system (13.6) in the following sense: Yo € Cgo(]Ri), Y(t,x) €
C§(RY);

///3 (@ f+ + v, f)dvdxdt + / E/ @y fdvdxdt =0, (13.87)
R} rR2  JR

/ — Y E dxdt =// w/(er—f_)dvdxdt (13.88)
R2 R? R

where E denotes the symmetric mean of E;

(iii) for some L > 0 and for all T > 0, both fi belong to the space of Lipschitz
continuous functions from [0, T) to ngCL (R?) and both fy satisfy the initial
condition in that space.

Unfortunately the procedure of taking € — 0 for the one-component case does not
work here. In fact, the nonlinear terms E€ f{ are not necessarily weakly continuous.
Therefore, determining conditions under which a weak solution exists for the Cauchy
problem is an open problem.

The symmetric mean arises naturally in the one-component case. Because the
product E€ f€ is weakly continuous E f¢—*E f for a sequence of exact solutions, a
sequence of solutions of mollified data, or a sequence of the Fokker—Planck—Poisson
system with vanishing noise level, existence of weak solutions can be established in
the one-component case. The present two-component case is more complex. There is
no reason that we should be restricted to the symmetric mean to define the products
Efy.InExample 13.9 in the next section, we show that this definition is too restrictive.
Itis more natural to generalize E. In fact, Eq. (13.87) is well defined simply because of
the key fact that E is integrable with respect to all the measures [ ¢, f+ dv. Therefore,
instead of requiring a number of conditions, such as a symmetric mean, which then
guarantee the conditions needed to pass to the limit to a weak solution, we instead
construct a version of E, denoted by E for now, that is integrable with respect to all
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the measures ¢, f+ dv. More precisely, we can replace the symmetric mean E and
the BV conditions of relations (13.84) with E, any function satisfying the following
conditions:

(1) E(t,x) = E(t, x) almost everywhere with respect to the 2D Lebesgue measure;
(2) E(t, x) is defined almost everywhere and integrable with respect to all measures
[ @y f for all test functions ¢ € C§° (Ri).

A trivial example for E is E. Another example is to assign zero to E wherever E
has a jump. A third example is to assign zero toE also, but on points where [ oufrdv
concentrate. In general it is quite arbitrary to assign values of E on jumps of E or on
a countable number of points where [ ¢, fi dv concentrate. The only requirement
is that E be integrable with respect to | @u fx dv. In general we have the following
definition.

Definition 13.4. Generalized Weak Solutions. A triplet { {1, f—, E} of two measures
and a Lebesgue measurable function is called a generalized weak solution to the
two-component V-P system if the following conditions are met.

(i) It satisfies basic regularity conditions (i)—(iii) in Definition 13.1.
(ii) E(t,x) is defined almost everywhere and integrable with respect to both
[ @u fadv for all test functions ¢ € C§°(R3).
(iii) It satiSJZ’ies system (13.6) in the following sense: For all ¢ € C§° (Ri), Y(t,x) €
Gy (RY),

/// ((p,fi—l—v(pri)dvdxdt:t// E/gavfidvdxdt:O, (13.89)
RY R R

/ —%dedt:// W/(er—f,)dvdxdt; (13.90)
R R R

(iv) For some L > 0 for all T > 0, both fi belong to the space of Lipschitz
continuous functions from [0, T) to ngcL (R?) and both fy take on the initial
data fj[0 (x, v) in that space.

Although true generalized weak solutions do arise from sequences of exact weak
solutions, there are more complex solutions, arising from the limit of certain solution
sequences, that can be described only as measure-valued solutions. The notion of
a generalized weak solution serves as an intermediate concept between weak and
measure-valued solutions.

There is another framework within which to connect the three different types of
less smooth solutions. Note that { E€ f{ }.. are also bounded sequences of measures
[from (i) and (ii) in Definition 13.1]. In addition to convergences (13.83), by Helly’s
selection principle

E€fi(x,v,t)=~"us € BM (13.91)

for some measures . Because the sequence { E€ £ }c~0 is uniformly dominated by
the sequence { f{}c-o for any Borel set S C R?, it follows that W+ are absolutely
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continuous with respect to f. By the Radon—-Nikodym theorem (Rudin, 1987), there
exist two functions E1 measurable with respect to f so that

M+ = Eq fy.

If both £ and E_ are equal to E, we have a weak solution. If £, and E_ are equal
but not equal to £, we can let £ = E, = E_ and we have a generalized weak
solution. In general, however, E is not equal to E_. Therefore the E field is double
valued for a measure-valued solution.

13.3.2. Examples of Weak Solutions for the Two-Component
Vlasov-Poisson System

In this subsection we introduce concrete examples of exact weak solutions to two-
component V-P system (13.69). Sequences of these exact weak solutions illustrate
the kinds of concentrations that can occur in the limit. In particular, Examples 13.9
and 13.10 in this section show successively the necessity for generalized weak and
measure-valued solutions. We also present an example to illustrate the nonuniqueness
of weak solutions. To reemphasize, the standard classical concept of a distribution
solution does not hold for system (13.6) with measures as initial data. Following
the one-component theory, we introduced a definition of weak solution that uses
the symmetric mean E. Viewing this definition as a starting point, we now show that
sequences of solutions in this class can have weak limits that are nontrivial generalized
weak solutions or even measure-valued solutions.

Example 13.5. Simple Screening Solutions. Consider the initial data
J=(0,x,v) = ad(v)8(x — xo), J+0,x,v) = ad(v)8(x — x0), (13.92)

where xy € R and « is a positive constant. From the Poisson equation, the correspond-
ing initial E field is identically zero. The two particles screen each other completely.
Atalater time, the particles remain in the same place and we have a stationary solution

f-(x,v, 1) = ad()§(x — xp), fi(x,v,t) = ad(v)5(x —xp), (13.93)

with E (¢, x) = 0. Alternatively we can have a translating simple screening solution
by considering the initial data

=0, x,v) = p(x)8(v — vo), J+0,x,v) = p(x)8(v — vo) (13.94)

where v) € R, p(x) > 0 and [pdx < oo. The corresponding E field is also
identically zero. We have a translating weak solution

f-(x, v, 1) = p(x —vot)d(v — vo),
fr(x,v, 1) = p(x —vot)d(v — vp), (13.95)
E(,0) = 0.
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Except for degenerate cases such as p(x) = a§(x — x) solution (13.95) represents
apair of overlapping electron/ion sheets moving with velocity v = vy. More generally,
there is a class of screening weak solutions of the form

fe(x,v, 1) = g(x —vt, v), E(t,x) =0, (13.96)
where g is any nonnegative finite measure.
Example 13.6. Simple Rotating-Charge Solutions. Consider the initial data
f-(0,x,v) =ad(w)d(x + a), f+(0,x,v) =ad(w)é(x —a) (13.97)

where a and « are positive numbers. The corresponding £ field is

—u, |x|<a
E(, x) = -2, Ixl=a, (13.98)
0, x| > a

where we use the symmetric mean of E.
The negatively charged particle «© moves according to

Pv oo cla= (a0
ar ~ " a4 T T T =il

The solution is

o, o
= — —t°, = —1. 13.99
x a+ 1 v= ( )
The positively charged o satisfies
Lo =% (13.100)
xX=-a— —t°, = ——t. .
4 2

Solutions (13.99) and (13.100) for the negative and the positive particles «© and o ®
are valid before the particles “meet” at the origin x = 0 at time ¢* = 2./a/«. Shortly
after ¢*, the particles move apart in time interval ¢ € (t*, 2¢*) and move toward each
other when ¢ € (2t*, 3t*). They then switch positions and move apart until they return
to the initial position at # = 4¢*. The solution then continues periodically in time. The
E field has compact support so the two particles also screen each other completely.
The full solution (Majda et al., 1994b) is,on 0 < ¢ < t¥,

1 1,
f- a8<v—2at>8(x+a—4at),
1 1,
f+:a8<v+2at>8(x—a+4at),

0, |x] >a— %atz

—la, |x|=a-tar?, (13.101)

—a, x| <a— %on‘2

o
I
\
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whereas at t = t*
1
fr(x,v, ") =ad (v + 2at*>8(x), E(x,t*) =0, (13.102)

and for t* <t < 3t*,

fr(x,v, 1) = ad[v £ X' ()]8[x £ X ()],

0, x| > X (¢)
a, |x|=X(@@), (13.103)
, x| < X(¢)

Ex,nn=<1
o

where X () = %at*(r — 1) — ia(t — t*)? is the position of the particle ©. We can

verify (Majda et al., 1994a, 1994b; Zheng and Majda, 1994) that this solution does
indeed satisfy Definition 13.3.

Example 13.7. Elementary Weak Solutions. Combining the particle solutions of Ex-
amples 13.5 and 13.6 we form more general weak solutions. Consider the initial
data

=0, x,v) = (@ + B)S(v)8(x) + ad(v)8(x +a),

[0, x,v) = (@ + B)S(v)d(x) +ad(v)d(x — a), (13.104)
where S is a positive constant. The corresponding E field is the same as that of field
(13.98). The a© particle at x = —a attracts the a@ particle at the origin to form
a rotating-charge pair around x = —a/2, and the positive ion at x = a attracts the
electron at the origin to form another pair around x = a/2. What are left at the origin

are the B© and B particles, which do not move because of the complete screening
effect of the « particles. The solution is

fo(x, v, 1) = B3(x)8(v) + b (v - Zt)é(x ta-— Zrz)

o o
Slv—=t)8(x—=1%),
+a<v 2) <x : )

Fox, v, 1) = BS(X)S(v) + ab (v n Zt)g (x n Zﬂ)

(24 o
+ad (v + 2t>8 (x —a+ 4z2), (13.105)
0, |xl>a—5%* or |x|<§
E@t,x)=4{ =%, Ixl=a—%* or |x|=¢%
o gl < g g or gl <g-gn

Example 13.8. Nonuniqueness of Weak Solutions. We construct another weak solu-
tion for the same initial data (13.104) of Example 13.7 for 0 < 8 < «. This example
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has all the positively charged particles (« + 8)@ at the origin respond to the attraction
of the particle «© at x = —a and all the negatively charged particles (« + 8)© at the
origin to the attraction of the particle «® at x = a.

The trajectory of the particle «@® to the far right is the same as that of solution
(13.100) in Example 13.6. The trajectory of the particle (« + B)© is

dx
dt

dv _ 1
P _E:_E(ﬁ_a)’ (13.106)

(x, V)]i=0 = (0,0),

:1)’

where E denotes symmetric mean (13.43). The solution of particle trajectory (13.106)
is

X = %(a - B,
u=%m—ﬂ» (13.107)

The motions of & and (o + B)® are similar. The charge densities and the electric
field are, respectively,

1 1
fo(x,v,t) =ad (v — 2ott)8(x +a— 4at2)

+m+ﬁmﬁ—lm—ﬂﬂak—lm—ﬂwy
2 4

B 1 1,
fi(x,v,t) = ad (v + 2ozt)8(x —a+ Zat )

+ (e + B)8 {v + %(a - ﬂ)t}S [x - i(a - ﬂ)tz],

0, x| >a— %atz
—la, x| =a— tat'
_ —a, x| <a— %atz
E(x,1) = . (13.108)

and |x| > H(a — B)*
—a—pB), |x|=1(—pr
B, x| < %(oz — B)t?

The a® particle and the (o 4+ §)© particle collide at a time

o _ 4a
N\ 2a-8’

where in particular £** < %t*. This means that in the time interval 0 < ¢t < t* there are
two different weak solutions (13.105) and (13.108) corresponding to the same initial
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data (13.104). Numerical simulations presented in Majda et al. (1994b) indicate that
fora =1, 8 = 0.5, and a = 5, solution (13.108), in which all the delta functions
move, is achieved in the limit when the particle method is used to approximate the
weak solution. However, with these same parameters, the vanishing-viscosity limit of
the pseudo-Fokker—Planck regularization selects solution (13.105). The viscous limit
converges to a completely different limit than that of weak solution (13.108), which
arises from a time-reversible computational method without viscosity.

Example 13.9. Generalized Weak Solutions. Consider again initial data (13.104) with
B = «. We now construct generalized weak solutions satisfying Definition 13.4,
by means of two different limiting processes.

First, we let { ff JE A } denote the solution from Example 13.8 and take the limit
of { ff, EP } as B — o~. The weak* convergence ff —* f., almost everywhere
convergent for E P> E , combined with symmetric mean (13.43) of E, gives for
0 <t < t* that

fo(x,v, 1) = 2a8(x)8(v) + b <v — ;m)é (x +a— iaﬂ),

fi(x,v,t) = 2a8(x)8(v) + aé <v + ;m)& (x —a-+ iat2>,

0, x| > a — at?
Ex,n)=% —ia, |x|=a— jar®. (13.109)
—a, x| <a— %atz

Note that Eqgs. (13.109) do not satisfy system (13.6) in a sense of distributions, and
hence cannot be a true weak solution. The reader can verify (or see Majda et al.,
1994b) that, in this example, the particles 2a@® and 2a© at the origin have no motion
even though the electric field E = —o is not zero there. However, this limit can
be modified to yield a generalized weak solution by defining E(x, t) to be zero at
x = 0 and otherwise equal to E. We can easily verify (Majda et al., 1994b) that this
modification of E produces a generalized weak solution satisfying Definition 13.4.
A second sequence of perturbed initial data is

fE(x,v,0) =208(W)8(x —€) + ad(v)8(x + a),
ffr(x, v,0) =206(v)d(x +€) + ad(v)d(x — a), (13.110)

where € — 0+. Note that all the particles at x = ¢ may remain motionless because
E€ is zero there. We can show that passing to the limit as ¢ — 0 yields exactly the
same generalized weak solution (13.109).

Numerical computations in Majda et al. (1994b) show that for initial data (13.104)
with 8 = « =1, the computational particle method converges to generalized weak
solution (13.109). However, a second set of computations, simulating the pseudo-
Fokker—Planck regularization, reveals that the vanishing-viscosity limit is in fact weak
solution (13.105). Thus generalized weak solutions can both be derived analytically
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and computed numerically. However, they will not typically arise in the zero diffusion

limit.

Example 13.10. Measure-Valued Solutions. The initial data
f=(x,v,0) =85(v)8(x) + ()8 (x +a),
fir(x,v,0) =45()6(x) +56(v)s(x — a).

(13.111)

yield a nontrivial, bona fide measure-valued solution as well as a weak and a gener-

alized weak solution.
The weak solution is

fo(x,v,t) =38(x)5(v) + 8(

5
+55(v— 2t>8<x

fr=38(x)8(v) +6 (v + ;z>3 <x + izz)

+58 +5z b +5r2
v+ — X—a—+ — R
2 4

0,

The generalized weak solution is

fo(x, v, 1) = 48(x)8(v) + (v -

5 5,
fe = 45(03) +58<v+ zt)é(x —at )

+46(v — 31)$ (x —

l\)\'—*

2),

1

x < —a—i—itz,—ztz <x < %tz

_ 542
x>a—;t
—a+lt2<x<—%t2

5.2 _ 5.2
T <x<a-—3t
_ 1.2 1.2
X = a+4t, 7t
X

22 a— 312

W N =

t2) ,

x<—a—|—%t2,x>a—%t2

3,2
5t

—a+%t2<x<%t2,x7§0

<x<a-231*

_ 1.2
X a+4t

3.2
X 2t

_ 542
x=a—3;t

t25<x+a_2>

t)8 x + 1t2
X a 4

(13.112)
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Here £(0, t) = 0 instead of the natural value —1. This solution is motivated by the
solution of Example 13.9; it is not constructed as a limiting process.
To construct the nontrivial measure-valued solution, we perturb the initial data by

fE(x,v,0) =8W)8(x +a) + 83(v)S(x —¢),
fi(x,v,0) =56w)d(x —a) +45(v)d(x — €),

All the particles at x = ¢ move with the same speed and acceleration because the
E° fields at x = e are F1, respectively. It takes some time independent of € > 0
for the particles © and 5@ at x = *a to collide with the particles at +¢. So for short
times, there exists a sequence of solutions

(v a3
1,
+85(v —1)56| x — E_Et ,
€ 5 52
fi(x,v, 1) =58 U+§ft 1) x—a—i—zt
1,
+46(v —1)é x+e—§t , (13.113)
0, x<—a+%t2
—%, x:—a—}—%tz
—1, —a+it2<x<—e+%t2
1, x=—€+ 31
ES(x,1) =< 3, —e+%t2<x<e+%t2
-1, x =€+ 312
-5, e—i—lt2<x<a—%t2
-2.5, x_a—fl‘2
0, x>a—1t2
Passing to the limit in € gives
12
f-(x,v,t) =36 v—ft Slx+a— Z
85(v —1)é —
+85(v )(x 5 )
5
fr(x,v,1) =56 v+2ft 8 x—a+
+46(v —1)é <x — ft ) (13.114)
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0, x<—a+it2
1 _ 1,2
—3 X = a+4t
1,2 1,2
—1, —a—i—Zt <x<§t
_ 1.2
1, x = 5t
E(x,t) =< 3, it <x < 3r?
— 1.2
-1, x =5t
1.2 5.2
-5, T <x<a-—j3t
-25, x=a %tz
0, x>a—212

We use here the weak* limit for f, almost everywhere convergent for £ and the
symmetric mean on E at positions x = —a + > and x = a — 3%,

The omission of E on the curve x = %tz is intentional; in fact there is no value
that can be assigned there to give a generalized weak solution. So we have a sequence
of exact weak solutions whose weak limit is not any generalized weak solution.
One can check that the limit is a measure-valued solution (Majda et al., 1994b).
In another set of computations in Majda et al. (1994b) by use of initial condition
(13.111), the computational particle method was shown to converge to measure-valued
solution (13.114). Thus measure-valued solutions of the two-component V-P system
can be produced analytically and computed numerically. However, the Fokker—Planck
vanishing-viscosity limit was shown to converge, for moderate times 0.1 < ¢t < 0.4
to weak solution (13.112). For longer times, they observed substantial departure from
this solution.

Throughout these examples, screening effects play an important role. Example 13.5
has perfect microscreening so that £ = 0. In Examples 13.6 and 13.7 each electron—
ion pair forms a perfect screen, outside of which the E field is identically zero. In
Example 13.9 we find that the concept of a weak solution is insufficient because
of a strong local change in concentration of charges; however, the electric field far
from the charges remains unaffected because of the microscreening of the particles.
Concentration with screening is the mechanism that creates islands or even layers
of alternatively charged particles within a microscopic scale in a flow. Finally, in
Example 13.10, the same mechanism exhibits itself fully in a dynamical process,
resulting in a true measure-valued solution. All three kinds of solutions exist as
analytic solutions but also are observed to result from numerical simulations by use
of computational particle methods.

Note for Chapter 13
Helly’s selection principle can be found in Billingsley (1986, Section 25).
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along a straight-line filament, 261
Lions—Aubin compactness lemma, 394
Lions—Aubin lemma, 394, 428
Lipschitz continuity
on Banach space, 139

Melnikov method, 309
Mollifier, 98

Navier—Stokes equations, 2
Neu’s unsteady elliptical columnar vortex in
an imposed strain flow, 307
Newtonian potential, 30
Nonlinear Schrddinger equation
cubic, 260

Oscillations
in solutions sequences of the Euler equation, 375

Particle-trajectory map, 4
Picard theorem on a Banach space, 100, 139, 336
Point vortex
interacting filaments, 278
Point-vortex approximation, 370
round-off error, 371
Point-vortex method, 191
Point vorticies, conserved quantities, 279
Potential theory, 71, 365
Pressure, 2
Propagation of regularity
for vortex patches, 326
Pseudoenergy
2D fluids, 426

Quasi-geostrophic active scalar
two-dimensional, 177

Radial eddies, 47
Radial-energy decomposition, 93
Rate-of-strain matrix, 6
Regularization

by mollifiers, 98
Rellich compactness lemma, 394
Reynolds number, 2
Riesz representation theorem, 393
Rosenhead, 191
Rotating jet, 11

Schwartz space, 393
Schwarz inequality, 89
Self-induction approximation, 258
Self-induction equation for an isolated vortex
filament, 258
Serret—Frenet formulas, 258
Shear layer
basic, 14
Burgers, 18
inviscid strained, 17

Index

viscous, 15

viscous strained, 18
Singular integral operator (SIO), 76
Singularities

3D axisymmetric flows, 185
Singularities in 3D Euler

numerical studies, 180
Singularity

finite-time

3D Euler, 168

Sobolev inequality, 97
Sobolev norm, 97
Sobolev space, 97, 393
Sobolev’s lemma, 394
Stochastic differential equation (SDE), 194
Strain flow, 9
Strang’s algorithm, 120

Taylor—Green vortex, 172

Viscosity, 2
Viscous rotating eddy, 67
Viscous-splitting algorithm, 119
consistency of, 124
stability of, 124
Viscous strained shear layers
vortex methods, 192
Vlasov-Poisson equations, 498
approximate-solution sequences, 507
computational particle methods, 510
nonlinear transport equations, 502
nonuniqueness of weak solutions in the
one-component case, 518
pseudo-Fokker—Plank regularization, 501
single-component case, 499
two-component case, 500, 524
Vortex cores, 191
Vortex filaments
asymptotic theory of, 256, 383
equations for N interacting exactly
parallel, 279
kinks, folds, and hairpins, 274
simplified equations for the interaction of nearly
parallel, 281
Vortex line, 21
Vortex methods, 190
3D inviscid, 211
Chorin, 191
consistency error, 221
convergence of inviscid, 216
point vorticies, 191
random vortex method (2D), 232
stability error, 225
Vortex patches, 329
Vortex patches, global regularity of the boundary,
345
Vortex sheet, 363
analytic initial data, 370
Vortex sheet, viscous regularization of, 374
Vortex sheet, vortex-patch regularization of, 373
Vortex-blob regularization of a vortex sheet, 372
Vortex-line-stretching factor
singularities in 3D Euler, 171
Vortex-sheet initial data, 405
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Vortex-sheet, surface tension regularization Weak solution
of, 374 2D, vorticity in L, 403

Vorticity, 6 existence in two dimensions with vorticity in
Vorticity amplification LPN L', 399

1D model for, 173 in primitive-variable form, 390
Vorticity equation, 12 with initial vorticity in L>°, 303
Vorticity rotation matrix, 6 Weak vorticity-stream formulation of
Vorticity-stream formulation the Euler equations, 309

2D flows, 44 Wiener process, 197

periodic flows, 49
Vorticity-transport formula, 20 Young measure, 377
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Weak formulation of the Euler equation
primitive-variable form, 361 Zero diffusion limit of Navier—Stokes, 392



