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Die Menschen stirken, die Sachen kliren.



PREFACE

Primum movere, deinde docere.*
Antiquity

This book is written for anybody who is curious about nature and motion. Curiosity
about how bodies, images and empty space move leads to many adventures. This volume
presents the best adventures about the motion inside people and animals, as well as about
the motion inside matter — from the largest stars to the smallest nuclei.

Motion inside bodies — dead or alive - is described by quantum theory. Quantum the-
ory is the description of motion based on a smallest action, or better, a smallest change.
With this basic idea, the text shows how to describe life, death and pleasure. The smallest
change also explains the observations of chemistry, geology, material science and astro-
physics. In the structure of physics, these topics correspond to the three ‘quantum’ points
in Figure 1. The topics form applied quantum physics; they are introduced in this text. The
text arose from a threefold aim that I have pursued since 1990: to present the basics of
motion in a way that is simple, up to date and captivating.

In order to be simple, the text focuses on concepts, while keeping mathematics to the
necessary minimum. Understanding the concepts of physics is given precedence over
using formulae in calculations. The whole text is within the reach of an undergraduate.

In order to be up to date, the text is enriched by the many gems — both theoretical and
empirical - that are scattered throughout the scientific literature.

In order to be captivating, the text tries to startle the reader as much as possible. Read-
ing a book on general physics should be like going to a magic show. We watch, we are
astonished, we do not believe our eyes, we think, and finally we understand the trick.
When we look at nature, we often have the same experience. Indeed, every page presents
at least one surprise or provocation for the reader to think about. Numerous interesting
challenges are proposed.

The motto of the text, die Menschen stirken, die Sachen kliren, a famous statement by
Hartmut von Hentig on pedagogy, translates as: “To fortify people, to clarify things’ Clar-
ifying things requires courage, as changing habits of thought produces fear, often hidden
by anger. But by overcoming our fears we grow in strength. And we experience intense
and beautiful emotions. All great adventures in life allow this, and exploring motion is
one of them.

Munich, 1 January 2011.

* ‘First move, then teach! In modern languages, the mentioned type of moving (the heart) is called motivat-
ing; both terms go back to the same Latin root.
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PHYSICS:

Describing motion with action.

General relativity
Adventures: the
night sky, measu-
ring curved space,
exploring black
holes and the
universe, space
and time.

Classical gravity @
Adventures:
climbing, skiing,
space travel,

the wonders of
astronomy and

geology.

How do
everyday,
fast and large
things move?

Unified description of motion
Adventures: understanding
. motion, intense joy with
thinking, catching a
glimpse of bliss,
calculating
masses and
couplings.

PREFACE

Why does motion
occur? What are
space, time and
quantum particles?

Quantum
theory with gravity

Quantum field theory

.Adventures: bouncing . Adventures: building

neutrons, under-

standing tree
growth.

@ Special relativity
Adventures: light,
magnetism, length
contraction, time

dilation and
Ep=mc2.
c h, e k

accelerators, under-
standing quarks, stars,
bombs and the basis of
life, matter, radiation.

How do small
things move?
What are things?

Quantum theory
Adventures: death,
sexuality, biology,
enjoying art and
colours, all high-tech
business, medicine,
chemistry, evolution.

. Galilean physics, heat and electricity
Adventures: sport, music, sailing, cooking,
describing beauty and understanding its origin,
using electricity and computers,
understanding the brain and people.

FIGURE 1 A complete map of physics: the connections are defined by the speed of light ¢, the
gravitational constant G, the Planck constant h, the Boltzmann constant k and the elementary charge e.

ADVICE FOR LEARNERS

In my experience as a teacher, there was one learning method that never failed to trans-
form unsuccessful pupils into successful ones: if you read a book for study, summarize
every section you read, in your own words, aloud. If you are unable to do so, read the
section again. Repeat this until you can clearly summarize what you read in your own
words, aloud. You can do this alone in a room, or with friends, or while walking. If you
do this with everything you read, you will reduce your learning and reading time signif-
icantly. In addition, you will enjoy learning from good texts much more and hate bad
texts much less. Masters of the method can use it even while listening to a lecture, in a
low voice, thus avoiding to ever take notes.
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USING THIS BOOK

Text in green, as found in many marginal notes, marks a link that can be clicked in a pdf
reader. Such green links are either bibliographic references, footnotes, cross references
to other pages, challenge solutions, or pointers to websites.

Solutions and hints for challenges are given in the appendix. Challenges are classified
as research level (r), difficult (d), standard student level (s) and easy (e). Challenges of
type r, d or s for which no solution has yet been included in the book are marked (ny).

A REQUEST

The text is and will remain free to download from the internet. In exchange, I would
be delighted to receive an email from you at fb@motionmountain.net, especially on the
following issues:

— What was unclear and should be improved?
— What story, topic, riddle, picture or movie did you miss?
— What should be corrected?

Alternatively, you can provide feedback online, on www.motionmountain.net/wiki. The
feedback will be used to improve the next edition. On behalf of all readers, thank you in
advance for your input. For a particularly useful contribution you will be mentioned - if
you want — in the acknowledgements, receive a reward, or both. But above all, enjoy the
reading!
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PLEASURE, TECHNOLOGY AND STARS

In our quest to understand how things move

as a result of a minimal change in nature, we discover

why a smallest change is necessary to make pleasure possible,
why the floor does not fall but keeps on carrying us,

that interactions are exchanges of radiation particles,

that matter is not permanent,

why empty space pulls mirrors together,

why the stars shine,

how the atoms formed that make us up,

and why swimming and flying is not so easy.
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CHAPTER 1

MOTION FOR ENJOYING LIFE

Homo sum, humani nil a me alienum puto.*
Terence

INCE we are able to explore quantum effects without ideological baggage, let us have
ome serious fun in the world of quantum physics. The quantum of action # has
ignificant consequences for medicine, biology, chemistry, material science, engi-

neering and the light emitted by stars. Also art, the colours and materials it uses, and
the creative process in the artist, are based on the quantum of action.** From a physics
standpoint, all these domains study small motions of quantum particles; thus the under-
standing and the precise description requires quantum physics. We will only explore a
cross-section of these topics, but it will be worth it.

We start with three special forms of motion of charged particles that are of special im-
portance to humans: life, reproduction and death. We mentioned at the start of quantum
physics that none of them can be described by classical physics. Indeed, life, sexuality and
death are quantum effects. And in the domain of life, every perception and every sense,
and thus every kind of pleasure, are due to quantum effects. The same is true for all our
actions. Let us find out why.

FROM BIOLOGICAL MACHINES TO MINIATURIZATION

Living beings are physical systems that show metabolism, information processing, infor-
mation exchange, reproduction and motion. Obviously, all these properties follow from
a single one, to which the others are enabling means:

> Living beings are objects able to self-reproduce.

From your biology lessons in secondary school you might remember the main properties
of reproduction*** and heredity. Reproduction is characterized by random changes from

* T am a man and nothing human is alien to me’ Terence is Publius Terentius Afer (c.190-159 BCE), the
important roman poet. He writes this in his play Heauton Timorumenos, verse 77.

** The photograph on page 14 shows a soap bubble, the motion of the fluid in it, and the interference colours;
it was taken and is copyright by Jason Tozer for Creative Review/Sony.

*** However, there are examples of objects which reproduce and which nobody would call living. Can you
find some examples, together with a sharper definition? To avoid misunderstandings, whenever we say ‘re-
production’ in the following, we mean ‘self-reproduction’
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one generation to the next. The statistics of mutations, for example Mendel’s ‘laws™ of
heredity, and the lack of intermediate states, are direct consequences of quantum theory.
In other words, reproduction and growth are quantum effects.

In order to reproduce, living beings must be able to move in self-directed ways. An ob-
ject able to perform self-directed motion is called a machine. All self-reproducing beings
are machines.

Reproduction and growth are simpler the smaller the adult system is. Therefore, most
living beings are extremely small machines for the tasks they perform. This is especially
clear when they are compared to human-made machines. This smallness of living beings
is often surprising, because the design of human-made machines has considerably fewer
requirements: human-made machines do not need to be able to reproduce; as a result,
they do not need to be made of a single piece of matter, as all living beings have to. But
despite all the strong restrictions life is subjected to, living beings hold many miniatur-
ization world records for machines:

— The brain has the highest processing power per volume of any calculating device so
far. Just look at the size of chess champion Gary Kasparov and the size of the computer
against which he played. Or look at the size of any computer that attempts to speak.

— The brain has the densest and fastest memory of any device so far. The set of com-
pact discs (CDs) or digital versatile discs (DVDs) that compare with the brain is many
thousand times larger.

— Motors in living beings are many orders of magnitude smaller than human-built ones.
Just think about the muscles in the legs of an ant.

— The motion of living beings beats the acceleration of any human-built machine by
orders of magnitude. No machine moves like a grasshopper.

— Living being’s sensor performance, such as that of the eye or the ear, has been sur-
passed by human machines only recently. For the nose, this feat is still far in the fu-
ture. Nevertheless, the sensor sizes developed by evolution - think also about the ears
or eyes of a common fly — are still unbeaten.

— Living beings that fly, swim or crawl - such as fruit flies, plankton or amoebas — are
still thousands of times smaller than anything comparable that is built by humans.
In particular, already the navigation systems built by nature are far smaller than any-
thing built by human technology.

— Can you spot more examples?

The superior miniaturization of living beings — compared to human-built machines - is
due to their continuous strife for efficient construction. In the structure of living beings,
everything is connected to everything: each part influences many others. Indeed, the
four basic processes in life, namely metabolic, mechanical, hormonal and electrical, are
intertwined in space and time. For example, in humans, breathing helps digestion; head
movements pump liquid through the spine; a single hormone influences many chemical
processes. In addition, all parts in living systems have more than one function. For exam-
ple, bones provide structure and produce blood; fingernails are tools and shed chemical
waste. Living systems use many such optimizations.

When is a machine well miniaturized? When it makes efficient use of quantum effects.
In short, miniaturization, reproduction, growth and functioning of living beings all rely
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on the quantum of action. Let us see how.

REPRODUCTION

Life is a sexually transmitted disease.
Anonymous

All the astonishing complexity of life is geared towards reproduction. Reproduction is the
ability of an object to build other objects similar to itself. Quantum theory told us that
only a similar object is possible, as an exact copy would contradict the quantum of action,
as we found out earlier on. But this is not a disadvantage: a similar, thus imperfect copy
is all that is required for life and is essential for evolution.

Since reproduction requires mass increase, reproducing objects show both
metabolism and growth. In order that growth can lead to an object similar to the
original, a construction plan is necessary. This plan must be similar to the plan used by
the previous generation. Organizing growth with a construction plan is only possible if
nature is made of smallest entities which can be assembled following that plan.

We can thus deduce that reproduction implies that matter is made of smallest entities.
If matter were not made of smallest entities, there would be no way to realize repro-
duction. The observation of reproduction thus implies the existence of atoms and the
necessity of quantum theory! Indeed, without the quantum of action there would be no
DNA molecules and there would be no way to inherit our own properties — our own con-
struction plan - to children.

Passing on a plan from generation to generation requires that living beings have ways
to store information. Living beings must have some built-in memory storage. We know
already that a system with memory must be made of many particles. There is no other
way to store information. The large number of particles is mainly necessary to protect
the information from the influences of the outside world.

Our own construction plan, composed of what biologists call genes, is stored in DNA
molecules. Reproduction is thus first of all a transfer of parent’s genes to the next gen-
eration. We will come back to the details below. We first have a look on how our body
moves itself and its genes around.

QUANTUM MACHINES

Living beings move. Living beings are machines. How do these machines work? From a
physical point of view, we need only a few sections of our walk so far to describe them: we
need universal gravity and QED. Simply stated, life is an electromagnetic process taking
place in weak gravity.* But the details of this statement are tricky and interesting. Table 1
gives an overview of motion processes in living beings. The table shows that all motion

* In fact, also the nuclear interactions play some role for life: cosmic radiation is one source for random
mutations, which are so important in evolution. Plant growers often use radioactive sources to increase
mutation rates. Radioactivity can also terminate life or be of use in medicine.

The nuclear interactions are also implicitly involved in life in several other ways. The nuclear interactions
were necessary to form the atoms - carbon, oxygen, etc. - required for life. Nuclear interactions are behind
the main mechanism for the burning of the Sun, which provides the energy for plants, for humans and for
all other living beings (except a few bacteria in inaccessible places).
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TABLE 1 Motion and motors found in living beings

MOTION FOR ENJOYING LIFE

MoOoTION TYPE EXAMPLES

Growth

Construction

Functioning

Defence

Sensing

Reproduction

collective molecular processes in
cell growth

gene turn-on and turn-off
ageing

material types and properties
(polysaccharides, lipids, proteins,
nucleic acids, others)

forces and interactions between
biomolecules

muscle working

metabolism (respiration,
digestion)

thermodynamics of whole living
system and of its parts

nerve signalling

brain working, thinking
memory: long-term potentiation
hormone production

illnesses

viral infection of a cell

the immune system

blood clotting
bronchial cleaning

eye
ear

smell
touch

information storage and retrieval

cell division

sperm motion
courting

evolution

INVOLVED MOTORS

ion pumps

linear molecular motors

linear molecular motors

material transport through muscles

cell membrane pumps

linear molecular motors, ion
pumps
muscles, ion pumps

muscles

ion motion, ion pumps

ion motion, ion pumps
chemical pumps

chemical pumps

cell motility, chemical pumps

rotational molecular motors for
RNA transport

cell motility, linear molecular
motors

chemical pumps

hair motors

chemical pumps, ion pumps
hair motion sensors, ion pumps
ion pumps

ion pumps

linear molecular motors inside

cells, sometimes rotational motors,
as in viruses

linear molecular motors inside
cells

rotational molecular motors

muscles, brain, linear molecular
motors

muscles, linear molecular motors
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FIGURE 2 A quantum machine (© Elmar
Bartel)

in living beings can be summarized in a few classes that are defined by the underlying
motor.

Nature only needs a few small but powerful devices to realize all the motion types used
by humans and by all other living beings: pumps and motors. Given the long time that liv-
ing systems have been around, these devices are extremely efficient. In fact, ion pumps,
chemical pumps, rotational and linear molecular motors are all specialized molecular
machines. Ion and chemical pumps are found in membranes and transport matter. Ro-
tational and linear motor move structures against membranes. In short, all motion in
living beings is due to molecular machines. Even though there is still a lot to be learned
about them, what is known already is spectacular enough.

How Do WE MOVE? — MOLECULAR MOTORS

How do our muscles work? What is the underlying motor? One of the beautiful re-
sults of modern biology is the elucidation of this issue. It turns out that muscles work
because they contain molecules which change shape when supplied with energy. This
shape change is repeatable. A clever combination and repetition of these molecular shape
changes is then used to generate macroscopic motion. There are three basic classes of
molecular motors: linear motors, rotational motors and pumps.

1. Linear motors are at the basis of muscle motion; other linear motors separate genes
during cell division. They also move organelles inside cells and displace cells through the
body during embryo growth, when wounds heal, or in other examples of cell motility. A
typical molecular motor consumes around 100 to 1000 ATP molecules per second, thus
about 10 to 100 aW. The numbers are small; however, we have to take into account that
the power due to the white noise of the surrounding water is 10 nW. In other words,
in every molecular motor, the power of the environmental noise is eight to nine orders
of magnitude higher than the power consumed by the motor. The ratio shows what a
fantastic piece of machinery such a motor is.

2. We encountered rotational motors already above; nature uses them to rotate the cilia

Summing up, the nuclear interactions play a role in the appearance and in the destruction of life; but
they usually play no role for the actions or functioning of particular living beings.
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FIGURE 3 Myosin and actin: the building bricks and the working of a linear molecular motor (image
and QuickTime film © San Diego State University, Jeff Sale and Roger Sabbadini)

of many bacteria as well as sperm tails. Researchers have also discovered that evolution
produced molecular motors which turn around DNA helices like a motorized bolt would
turn around a screw. Such motors are attached at the end of some viruses and insert the
DNA into virus bodies when they are being built by infected cells, or extract the DNA from
the virus after it has infected a cell. Another rotational motor, the smallest known so far
- 10nm across and 8 nm high - is ATP synthase, a protein that synthesizes most ATP in
cells.

3. Molecular pumps are essential to life. They pump chemicals, such as ions or specific
molecules, into every cell or out of it, using energy, even if the concentration gradient
tries to do the opposite. Molecular pumps are thus essential in ensuring that life is a
process far from equilibrium. Malfunctioning molecular pumps are responsible for many
problems, for example the water loss in cholera.

In the following, we concentrate on linear motors. The ways molecules produce move-
ment in linear motors was uncovered during the 1990s. The results started a wave of
research on all other molecular motors found in nature. All molecular motors share sev-
eral characteristic properties: molecular motors do not involve temperature gradients
involved, as car engines do, they do not involve electrical currents, as electrical motors
do, and they do not rely on concentration gradients, as chemically induced motion, such
as the rising of a cake, does.

LINEAR MOLECULAR MOTORS

The central element of the most important linear molecular motor is a combination of
two protein molecules, namely myosin and actin. Myosin changes between two shapes
and literally walks along actin. It moves in regular small steps, as shown in Figure 3. The
motion step size has been measured with beautiful experiments to always be an integer
multiple of 5.5 nm. A step, usually forward, but sometimes backwards, results whenever
an ATP (adenosine triphosphate) molecule, the standard biological fuel, hydrolyses to
ADP (adenosine diphosphate), thus releasing its energy. The force generated is about 3
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FIGURE 4 A sea urchin egg surrounded by sperm, or molecular motors in action: molecular motors
make sperm move, make fecundation happen, and make cell division occur (photo by Kristina Yu,
© Exploratorium www.exploratorium.edu)

to 4 pN; the steps can be repeated several times a second. Muscle motion is the result of
thousand of millions of such elementary steps taking place in concert.

How do molecular motors work? Molecular motors are so small that the noise due to
the Brownian motion of the molecules of the liquid around them is not negligible. But
evolution is smart: with two tricks it takes advantage of Brownian motion and transforms
it into macroscopic molecular motion. Molecular motors are therefore also called Brow-
nian motors. The transformation of disordered molecular motion into ordered macro-
scopic motion is one of the great wonders of nature. The first trick of evolution is the
use of an asymmetric, but periodic potential, a so-called ratchet.* The second trick of
evolution is a temporal variation of the potential, together with an energy input to make
it happen. The most important realizations are shown in Figure 5.

The periodic potential variation in a molecular motor ensures that for a short, recur-
ring time interval the free Brownian motion of the moving molecule - typically 1 um/s
- affects its position. Subsequently, the molecule is fixed again. In most of the short time
intervals of free Brownian motion, the position will not change. But if the position does
change, the intrinsic asymmetry of the ratchet shape ensures that with high probability
the molecule advances in the preferred direction. (The animation of Figure 3 lacks this
irregularity.) Then the molecule is fixed again, waiting for the next potential change. On
average, the myosin molecule will thus move in one direction. Nowadays the motion

* It was named by Walt Disney after Ratchet Gearloose, the famous inventor from Duckburg.


http://www.exploratorium.edu
http://www.motionmountain.net

22 MOTION FOR ENJOYING LIFE

Fixed position
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can take place

Most probable next fixed position
if particle moved

FIGURE 5 Two types of Brownian motors: switching potential (left) and tilting potential (right)

of single molecules can be followed in special experimental set-ups. These experiments
confirm that muscles use such a ratchet mechanism. The ATP molecule adds energy to
the system and triggers the potential variation through the shape change it induces in
the myosin molecule. That is how our muscles work.

Another well-studied linear molecular motor is the kinesin-microtubule system that
carries organelles from one place to the other within a cell. As in the previous example,
also in this case chemical energy is converted into unidirectional motion. Researchers
were able to attach small silica beads to single molecules and to follow their motion.
Using laser beams, they could even apply forces to these single molecules. Kinesin was
found to move with around 800 nm/s, in steps lengths which are multiples of 8 nm, using
one ATP molecule at a time, and exerting a force of about 6 pN.

Quantum ratchet motors do not exist only in living systems; they also exist as human-
built systems. Examples are electrical ratchets that move single electrons and optical
ratchets that drive small particles. Extensive experimental research is going on in these
fields.

Classical ratchets exist in many forms. For example, many piezoelectric actuators work
as ratchets. All atomic force microscopes and scanning electron microscopes use such
actuators.

CURIOSITIES AND FUN CHALLENGES ABOUT BIOLOGY

Una pelliccia ¢ una pelle che ha cambiato
bestia.*
Girolamo Borgogelli Avveduti

* ‘A fur is a skin that has changed beast’
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Discuss the following argument: If nature were classical instead of quantum, there would
not be just two sexes — or any other discrete number of them, as in some lower animals
— but there would be a continuous range of them. In a sense, there would be an infinite
number of sexes. True?

* 3k
Biological evolution can be summarized in three statements:

1. All living beings are different — also in a species.
2. All living beings have a tough life - due to competition.
3. Living beings with an advantage will survive and reproduce.

As aresult of these three points, with each generation, species and living beings can change.
The result of accumulated generational change is called biological evolution. The last
point is often called the ‘survival of the fittest.

These three points explain, among others, the change from unicellular to multicellular
life, from fish to land animals, and from animals to people.

We note that quantum physics enters in every point that makes up evolution. For
example, the differences mentioned in the first point are due to quantum physics: perfect
copies of macroscopic systems are impossible. And of course, life and metabolism are
quantum effects. The second point mentions competition; that is a type of measurement,
which, as we saw, is only possible due to the existence of a quantum of action. The third
point mentions reproduction: that is again a quantum effect, based on the copying of
genes, which are quantum structures. In short, both life and its evolution are quantum
effects.

* 3k
How would you determine which of two identical twins is the father of a baby?
* 3k

Can you give at least five arguments to show that a human clone, if there will ever be one,
is a completely different person than the original?

It is well known that the first cloned cat, copycat, born in 2002, looked completely dif-
ferent from the ‘original’ (in fact, its mother). The fur colour and its patch pattern were
completely different from that of the mother. Analogously, identical human twins have
different finger prints, iris scans, blood vessel networks and intrauterine experiences,
among others.

* %k

A famous unanswered question on evolution: how did the first kefir grains form? Kefir
grains produce the kefir drink when covered with milk for about 8 to 12 hours. The grains
consist of a balanced mixture of about 40 types of bacteria and yeasts. All kefir grains in
the world are related. But how did the first ones form, about 1000 years ago?

* %k

Many molecules found in living beings, such as sugar, have mirror molecules. However,
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in all living beings only one of the two sorts is found. Life is intrinsically asymmetric.
How can this be?

* 3k

How is it possible that the genetic difference between man and chimpanzee is regularly
given as about 1%, whereas the difference between man and woman is one chromosome
in 46, in other words, about 2.2 %?

* %

What is the longest time a single bacterium has survived? It is more than the 5000 years of
the bacteria found in Egyptian mummies. For many years, the time was estimated to lie
at over 25 million years, a value claimed for the bacteria spores resurrected from the in-
testines in insects enclosed in amber. Then it was claimed to lie at over 250 million years,
the time estimated that certain bacteria discovered in the 1960s by Heinz Dombrowski
in (low-radioactivity) salt deposits in Fulda, in Germany, have hibernated there before
being brought back to life in thelaboratory. A similar result has been recently claimed
by the discovery of another bacterium in a North-American salt deposit in the Salado
formation.

However, these values are now disputed, as DNA sequencing has shown that these
bacteria were probably due to sample contamination in the laboratory, and were not part
of the original sample. So the question is still open.

* 3k

Molecular motors are quite capable. The molecular motors in the sooty shearwater (Puffi-
nus griseus), a 45 cm long bird, allow it to fly 74 000 km in a year, with a measured record
of 1094 km a day.

* 3k

In 1967, a TV camera was deposited on the Moon. Unknown to everybody, it contained
a small patch of Streptococcus mitis. Three years later, the camera was brought back to
Earth. The bacteria were still alive. They had survived for three years without food, water
or air. Life can be resilient indeed.

* 3k

In biology, classifications are extremely useful. (This is similar to the situation in astro-
physics, but in full contrast to the situation in physics.) Table 2 gives an overview of the
magnitude of the task. This wealth of material can be summarized in one graph, shown
in Figure 6. Newer research seems to suggest some slight changes to the picture. So far
however, there still is only a single root to the tree.

* %k

Muscles produce motion through electrical stimulation. Can technical systems do the
same? There is a candidate. So-called electroactive polymers change shape when they are
activated with electrical current or with chemicals. They are lightweight, quiet and simple
to manufacture. However, the first arm wrestling contest between human and artificial
muscles held in 2005 was won by a teenage girl. The race to do better is ongoing.
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TABLE 2 Approximate number of living species
LiFe GROUP DESCRIBED SPECIES ESTIMATED SPECIES
MIN. MAX.
Viruses 4000 50 - 10° 1-10°
Prokaryotes (‘bacteria’) 4000 50 - 10° 3-10°
Fungi 72000 200 -10° 2.7-10°
Protozoa 40000 60 -10° 200 - 10°
Algae 40000 150 - 10° 1-10°
Plants 270 000 300-10° 500 - 10°
Nematodes 25000 100 - 10° 1-10°
Crustaceans 40000 75-10° 200 - 10°
Arachnids 75000 300-10° 1-10°
Insects 950 000 2-10° 100 - 10°
Molluscs 70000 100 - 10° 200 - 10°
Vertebrates 45000 50 - 10° 55.10°
Others 115 000 200-10° 800 - 10°
Total 1.75 - 10° 3.6-10° 112 -10°
Bacteria Archaea Eucarya

Green .

non-sulfur Animals  cjjiates

bacteria Methano- Green plants

Gram-positive Methano- Microbiales S Fungi
bacteria bacteriales Flagellates

Halophiles

Purple bacteria Thermo-

Cyanobacteria
Flavobacteria

Microsporidia

and relatives

Thermotogales

FIGURE 6 A modern version of the evolutionary tree

* %k

Life is not a clearly defined concept. The definition used above, the ability to reproduce,
has its limits when applied to old animals, to a hand cut off by mistake, to sperm or to
ovules. It also gives problems when trying to apply it to single cells. Is the definition of
life as ‘self-determined motion in the service of reproduction’ more appropriate? Or is
the definition of living beings as ‘what is made of cells’ more precise?
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* 3k

Also growth is a type of motion. Some is extremely complex. Take the growth of acne.
It requires a lack of zinc, a weak immune system, several bacteria, as well as the help of
Demodex brevis, a mite (a small insect) that lives in skin pores. With a size of 0.3 mm,
somewhat smaller than the full stop at the end of this sentence, this and other animals
living on the human face can be observed with the help of a strong magnifying glass.

* %k

Humans have many living beings on board. For example, humans need bacteria to live. It
is estimated that 90% of the bacteria in the human mouth alone are not known yet; only
about 500 species have been isolated so far. These useful bacteria help us as a defence
against the more dangerous species.

Bacteria are essential for human life: they help us to digest and they defend us against
illnesses. In fact, the number of bacteria in a human body is estimated to be 104, whereas
the number of cells in a human body is estimated to lie between 10" and 5-10". In short,
a human body contains more bacteria than own cells! Nevertheless, the combined mass
of all bacteria is estimated to be only about 1 kg, because bacteria are much smaller than
human cells, on average.

* 3k

How do trees grow? When a tree — a monopodal phanerophyte — grows and produces
leaves, between 40% and 60% of the mass it consists of, namely the water and the min-
erals, has to be lifted upwards from the ground. (The rest of the mass comes from the
CO, in the air.) How does this happen? The materials are pulled upwards by the water
columns inside the tree; the pull is due to the negative pressure that is created when
the top of the column evaporates. This is called the transpiration-cohesion-tension model.
(This summary is the result of many experiments.) In other words, no energy is needed
for the tree to pump its materials upwards.

Trees do not need energy to transport water. As a consequence, a tree grows purely
by adding material to its surface. This implies that when a tree grows, a branch that is
formed at a given height is also found at that same height during the rest of the life of
that tree. Just check this observation with the trees in your garden.

* %k

Mammals have a narrow operating temperature. In contrast to machines, humans func-
tion only if the internal temperature is within a narrow range. Why? And does this re-
quirement also apply to extraterrestrials — provided they exist?

* Kk

How did the first cell arise? This question is still open. However, researchers have found
several substances that spontaneously form closed membranes in water. Such substances
also form foams. It might well be that life formed in foam. Other options discussed are
that life formed underwater, at the places where magma rises into the ocean. Elucidating
the question is one of the great open riddles of biology.
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% %k
Could life have arrived to Earth from outer space?
% %k

Is there life elsewhere in the universe? The answer is clear. First of all, there might be
life elsewhere, though the probability is extremely small, due to the long times involved
and the requirements for a stable stellar system, a stable planetary system, and a stable
geological system. In addition, all statements that claim to have detected an example were
lies.

* %k

What could holistic medicine mean to a scientist, i.e., avoiding bullshit and beliefs? Holis-

tic medicine means treating illness with view on the whole person. That translates to four

domains:

— physical support, to aid mechanical or thermal healing processes in the body;

— chemical support, with nutrients or vitamins;

— signalling support, with electrical or chemical means, to support the signalling system
of the body;

— psychologic support, to help all above processes.

When all theses aspects are taken care of, healing is as rapid and complete as possible.

However, one main rule remains: medicus curat, natura sanat.*

* 3k

Life is, above all, beautiful. For example, go to www.thedeepbook.org to enjoy the beauty
of life deep in the ocean.

* 3k

What are the effects of environmental pollution on life? Answering this question is an
intense topic of modern research. Here are some famous stories.

— Herbicides and many genetically altered organisms kill bees. For this reason, bees are
dying (since 2007) in the United States; as a result, many crops - such as almonds
and oranges — are endangered there. In countries where the worst herbicides and
genetically modified crops have been banned, bees have no problems.

— Chemical pollution leads to malformed babies. In mainland China, one out of 16 chil-
dren is malformed for this reason (in 2007). In Japan, malformations have been much
reduced - though not completely - since strict anti-pollution laws have been passed.

— Radioactive pollution kills. In Russia, the famous Lake Karachay had to be covered
by concrete because its high radioactivity killed anybody that walked along it for half
an hour.

— Smoking kills - though slowly. Countries that have lower smoking rates or that have
curbed smoking have reduced rates for cancer and several other illnesses.

— Eating tuna is dangerous for your health, because of the heavy metals it contains.

— Cork trees are disappearing. The wine industry has started large research programs
to cope with this problem.

* The physician helps, but nature heals
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— Even arctic and antarctic animals have livers full of human-produced chemical poi-
sons.

— Burning fuels rises the CO, level of the atmosphere. This leads to many effects for the
Earth’s climate, including a slow rise of average temperature and sea level.

Ecological research is uncovering many additional connections. Let us hope that the
awareness for these issues increases across the world.

THE PHYSICS OF PLEASURE

What is mind but motion in the intellectual
sphere?
Oscar Wilde (1854-1900) The Critic as Artist.

Pleasure is a quantum effect. The reason is simple. Pleasure comes from the senses. All
senses measure. And all measurements rely on quantum theory. The human body, like
an expensive car, is full of sensors. Evolution has build these sensors in such a way that
they trigger pleasure sensations whenever we do with our body what we are made for.

Of course, no researcher will admit that he studies pleasure. Therefore the researcher
will say that he or she studies the senses, and that he or she is doing perception research.
But pleasure, and with it, all human sensors, exist to let life continue. Pleasure is high-
est when life is made to continue. In the distant past, the appearance of new sensors
in living systems has always had important effects of evolution, for example during the
Cambrian explosion. Researching pleasure and sensors is indeed a fascinating field that
is still evolving; here we can only have a quick tour of the present knowledge.

Among the most astonishing aspects of our body sensors is their sensitivity. The ear
is so sensitive and at the same time so robust against large signals that the experts are
still studying how it works. No known sound sensor can cover an energy range of 10;
indeed, the detected sound intensities range from lpW/m2 (some say 50 pW/mz) to
10 W/m?, the corresponding air pressure variations from 20 yPa to 60 Pa. The lowest
intensity that can be heard is that of a 20 W sound source heard at a distance of 10 000 km,
if no sound is lost in between.

Audible sound wavelengths span from 17 m (20 Hz) to 17 mm (20 kHz). In this range,
the ear, with its 16 000 to 20 000 hair cells, is able to distinguish at least 1500 pitches.
But the ear is also able to distinguish 400 from 401 Hz using a special pitch sharpening
mechanism.

The eye is a position dependent photon detector. Each eye contains around 126 million
separate detectors on the retina. Their spatial density is the highest possible that makes
sense, given the diameter of the lens of the eye. They give the eye a resolving power of
1" and the capacity to consciously detect down to 60 incident photons in 0.15s, or 4
absorbed photons in the same time interval.

The eye contains 120 million highly sensitive general light intensity detectors, the rods.
They are responsible for the mentioned high sensitivity. Rods cannot distinguish colours.
Before the late twentieth century, human built light sensors with the same sensitivity as
rods had to be helium cooled, because technology was not able to build sensors at room
temperature that were as sensitive as the human eye.
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FIGURE 7 The
different speed of the
eye’s colour sensors,
the cones, lead to a
strange effect when
this picture (in colour
version) is shaken right
to left in weak light

The human eye contains about 6 million not so sensitive colour detectors, the cones,
whose distribution we have seen earlier on. The different chemicals in the three cone
types (red, green, blue) lead to different sensor speeds; this can be checked with the sim-
ple test shown in Figure 7. The sensitivity difference between the colour-detecting cones
and the colour-blind rods is the reason that at night all cats are grey.

The images of the eye are only sharp if the eye constantly moves in small random
motions. If this motion is stopped, for example with chemicals, the images produced by
the eye become unsharp.

The touch sensors are distributed over the skin, with a surface density which varies
from one region to the other. It is lowest on the back and highest in the face and on
the tongue. There are separate sensors for pressure, for deformation, for vibration, and
for tickling; there are separate sensors for heat, for coldness, and for pain. Some react
proportionally to the stimulus intensity, some differentially, giving signals only when the
stimulus changes. Many of these sensors are also found inside the body - for example on
the tongue. The sensors are triggered when external pressure deforms them; this leads
to release of Na* and K" ions through their membranes, which then leads to an electric
signal that is sent via nerves to the brain.

The taste mechanisms of tongue are only partially known. The tongue is known to pro-
duce six taste signals* — sweet, salty, bitter, sour, proteic and fatty — and the mechanisms
are just being unravelled. The sense for proteic, also called umami, has been discovered in
1907, by Ikeda Kikunae; the sense for ‘fat’ has been discovered only in 2005. Democritus
imagined that taste depends on the shape of atoms. Today it is known that sweet taste
is connected with certain shape of molecules. Modern research is still unravelling the
various taste receptors in the tongue. At least three different sweetness receptors, dozens
of bitterness receptors, and one proteic and one fattiness receptor are known. In contrast,
the sour and salty taste sensation are known to be due to ion channels. Despite all this
knowledge, no sensor with a distinguishing ability of the same degree as the tongue has
yet been built by humans. A good taste sensor would have great commercial value for the

* Taste sensitivity is not separated on the tongue into distinct regions; this is an incorrect idea that has been
copied from book to book for over a hundred years. You can perform a falsification by yourself, using sugar
or salt grains.
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FIGURE 8 The five sensors of touch in humans: hair receptors, Meissner’s corpuscules, Merkel cells,
Ruffini corpuscules, and Pacinian corpuscules

food industry. Research is also ongoing to find substances to block taste receptors, with
the aim to reduce the bitterness of medicines or of food.

The nose has about 350 different smell receptors; through combinations it is estimated
that the nose can detect about 10 000 different smells.” Together with the five signals that
the sense of taste can produce, the nose also produces a vast range of taste sensations. It
protects against chemical poisons, such as smoke, and against biological poisons, such as
faecal matter. In contrast, artificial gas sensors exist only for a small range of gases. Good
artificial taste and smell sensors would allow to check wine or cheese during their pro-
duction, thus making its inventor extremely rich. At the moment, humans are not even
capable of producing sensors as good as those of a bacterium; it is known that Escherichia
coli can sense at least 30 substances in its environment.

The human body also contains orientation sensors in the ear, extension sensors in each
muscle, and pain sensors distributed with varying density over the skin and inside the
body.

Other animals feature additional types of sensors. Sharks can feel electrical fields,
many snakes have sensors for infrared light, such as the pit viper. These sensors are used
to locate prey. Pigeons, trout and sharks can feel magnetic fields, and use this sense for
navigation. Many birds and certain insects can see UV light. Bats and dolphins are able to

* Linda Buck and Richard Axel received the 2004 Nobel Prize for medicine and physiology for their unrav-
elling of the working of the sense of smell.
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hear ultrasound up to 100 kHz and more. Whales and elephants can detect and localize
infrasound signals.

In summary, the sensors with which nature provides us are state of the art; their sen-
sitivity and ease of use is the highest possible. Since all sensors trigger pleasure or help
to avoid pain, nature obviously wants us to enjoy life with the most intense pleasure
possible. Studying physics is one way to do this.

There are two things that make life worth living:
Mozart and quantum mechanics.
Victor Weisskopf*

THE NERVES AND THE BRAIN

There is no such thing as perpetual tranquillity
of mind while we live here; because life itself is
but motion, and can never be without desire,
nor without fear, no more than without sense.
Thomas Hobbes (1588-1679) Leviathan.

The main unit processing all the signals arriving from the sensors, the brain, is essential
for all feelings of pleasure. The human brain has the highest complexity of all brains
known.** In addition, the processing power and speed of the human brain is still larger
than any device build by man.

We saw already earlier on how electrical signals from the sensors are transported into
the brain. In the brain itself, the arriving signals are classified and stored, sometimes for
a short time, sometimes for a long time. The various storage mechanisms, essentially
taking place in the structure and the connection strength between brain cells, were eluci-
dated by modern neuroscience. The remaining issue is the process of classification. For
certain low level classifications, such as geometrical shapes for the eye or sound har-
monies for the ear, the mechanisms are known. But for high-level classifications, such
as the ones used in conceptual thinking, the aim is not yet achieved. It is not yet known
how to describe the processes of reading, understanding and talking in terms of signal
motions. Research is still in full swing and will probably remain so for a large part of the
twenty-first century.

In the following we look at a few abilities of our brain, of our body and of other bodies
that are important for the types of pleasure that we experience when we study of motion.

* Victor Friedrich Weisskopf (b. 1908 Vienna, d. 2002 Cambridge), acclaimed theoretical physicist who
worked with Einstein, Born, Bohr, Schrédinger and Pauli. He catalysed the development of quantum electro-
dynamics and nuclear physics. He worked on the Manhattan project but later in life intensely campaigned
against the use of nuclear weapons. During the cold war he accepted the membership in the Soviet Academy
of Sciences. He was professor at MIT and for many years director of CERN, in Geneva. He wrote several suc-
cessful physics textbooks. I heard him making the above statement at CERN, in 1981, during one of his
lectures.

** This is not in contrast with the fact that one or two whale species have brains with a slightly larger mass.
The larger mass is due to the protection these brains require against the high pressures which appear when
whales dive (some dive to depths of 1 km). The number of neurons in whale brains is considerably smaller
than in human brains.
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LIVING CLOCKS

Lhorologe fait de la réclame pour le temps.*
Georges Perros

We have given an overview of living clocks already at the beginning of our adventure.
They are common in bacteria, plants and animals. As Table 3 shows, without biological
clocks, life and pleasure would not exist.

When we sing a musical note that we just heard we are able to reproduce the original
frequency with high accuracy. We also know from everyday experience that humans are
able to keep the beat to within a few per cent for a long time. When doing sport or when
dancing, we are able to keep the timing to high accuracy. (For shorter or longer times,
the internal clocks are not so precise.) All these clocks are located in the brain.

Brains process information. Also computers do this, and like computers, all brains
need a clock to work well. Every clock is made up of the same components. It needs an
oscillator determining the rhythm and a mechanism to feed the oscillator with energy.
In addition, every clock needs an oscillation counter, i.e., a mechanism that reads out
the clock signal, and a means of signal distribution throughout the system is required,
synchronizing the processes attached to it. Finally, a clock needs a reset mechanism. If the
clock has to cover many time scales, it needs several oscillators with different oscillation
frequencies and a way to reset their relative phases.

Even though physicists know fairly well how to build good clocks, we still do not know
many aspects of biological clocks. Most biological oscillators are chemical systems; some,
like the heart muscle or the timers in the brain, are electrical systems. The general eluci-
dation of chemical oscillators is due to Ilya Prigogine; it has earned him a Nobel Prize
for chemistry in 1977. But not all the chemical oscillators in the human body are known
yet, not to speak of the counter mechanisms. For example, a 24-minute cycle inside each
human cell has been discovered only in 2003, and the oscillation mechanism is not yet
fully clear. (It is known that a cell fed with heavy water ticks with 27-minute instead of
24-minute rhythm.) It might be that the daily rhythm, the circadian clock, is made up
of or reset by 60 of these 24-minute cycles, triggered by some master cells in the human
body. The clock reset mechanism for the circadian clock is also known to be triggered by
daylight; the cells in the eye who perform this resetting action have been pinpointed only
in 2002. The light signal from these cells is processed by the superchiasmatic nuclei, two
dedicated structures in the brain’s hypothalamus. The various cells in the human body
act differently depending on the phase of this clock.

The clocks with the longest cycle in the human body control ageing. One of the more
famous ageing clock limits the number of division that a cell can undergo. The number
of cell divisions, typically between 50 and 200, is finite for most cell types of the human
body. (An exception are reproductory cells - we would not exist if they would not be
able to divide endlessly.) The cell division counter has been identified; it is embodied in
the telomeres, special structures of DNA and proteins found at both ends of each chromo-
some. (This work won the Nobel Prize in Medicine in 2009.) These structures are reduced
by a small amount during each cell division. When the structures are too short, cell di-
vision stops. The purely theoretical prediction of this mechanism by Alexei Olovnikov

* ‘Clocks are ads for time’
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TABLE 3 Examples of biological rhythms and clocks
LIVING BEING OSCILLATING SYSTEM PERrRIOD
Sand hopper (Talitrus saltator) knows in which direction to flee from circadian
the position of the Sun or Moon
Human (Homo sapiens) gamma waves in the brain 0.023t0 0.03s
alpha waves in the brain 0.08t0 0.13 s
heart beat 03to1.5s
delta waves in the brain 0.3t0 10s
blood circulation 30s
cellular circahoral rhythms 1to 2ks
rapid-eye-movement sleep period 5.4ks
nasal cycle 4to 14 ks
growth hormone cycle 11ks
suprachiasmatic nuclei (SCN), circadian ~ 90ks
hormone concentration, temperature,
etc.; leads to jet lag
monthly period 2.4(4) Ms
built-in aging 3.2(3) Gs
Common fly (Musca domestica) wing beat 30 ms
Fruit fly (Drosophila wing beat for courting 34 ms
melanogaster)
Most insects (e.g. wasps, fruit winter approach detection (diapause) by  yearly
flies) length of day measurement; triggers
metabolism changes
Algae (Acetabularia) Adenosinetriphosphate (ATP)
concentration
Moulds (e.g. Neurospora crassa) conidia formation circadian
Many flowering plants flower opening and closing circadian
Tobacco plant flower opening clock; triggered by annual
length of days, discovered in 1920 by
Garner and Allard
Arabidopsis circumnutation circadian
growth a few hours
Telegraph plant (Desmodium side leaf rotation 200
gyrans)
Forsythia europaea, E. suspensa, Flower petal oscillation, discovered by 5.1ks

E viridissima, F. spectabilis

Van Gooch in 2002

in 1971 was later proven by a number of researchers. (Only the latter received the Nobel
Prize in medicine, in 2009, for this confirmation.) Research into the mechanisms and the
exceptions to this process, such as cancer and sexual cells, is ongoing.

Not all clocks in human bodies have been identified, and not all mechanisms are
known. For example, basis of the monthly period in women is both interesting and com-
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plex.

Other fascinating clocks are those at the basis of conscious time. Of these, the brain’s
stopwatch or interval timer, has been most intensely studied. Only recently was its mech-
anism uncovered by combining data on human illnesses, human lesions, magnetic reso-
nance studies, and effects of specific drugs. The basic interval timing mechanism takes
place in the striatum in the basal ganglia of the brain. The striatum contains thousands
of timer cells with different periods. They can be triggered by a ‘start’ signal. Due to their
large number, for small times of the order of one second, every time interval has a differ-
ent pattern across these cells. The brain can read these patterns and learn them. In this
way we can time music or specific tasks to be performed, for example, one second after
a signal.

Even though not all the clock mechanisms in humans are known, natural clocks share
a property with human-built clocks: they are limited by quantum mechanics. Even the
simple pendulum is limited by quantum theory. Let us explore the topic.

WHEN DO CLOCKS EXIST?

Die Zukunft war frither auch besser.*
Karl Valentin.

In general relativity, we found out that purely gravitational clocks do not exist, because
there is no unit of time that can be formed using the constants ¢ and G. Clocks, like any
measurement standard, need matter and non-gravitational interactions to work. This is
the domain of quantum theory. Let us see what the situation is in this case.

First of all, in quantum theory, the time is not an observable. Indeed, the time oper-
ator is not Hermitean. In other words, quantum theory states that there is no physical
observable whose value is proportional to time. On the other hand, clocks are quite com-
mon; for example, the Sun or Big Ben work to most people’s satisfaction. Observations
thus encourages us to look for an operator describing the position of the hands of a clock.
However, if we look for such an operator we find a strange result. Any quantum system
having a Hamiltonian bounded from below - having a lowest energy — lacks a Hermitean
operator whose expectation value increases monotonically with time. This result can be
proven rigorously. In other words, quantum theory states that time cannot be measured.

That time cannot be measured is not really a surprise. The meaning of this statement is
that every clock needs to be wound up after a while. Take a mechanical pendulum clock.
Only if the weight driving it can fall forever, without reaching a bottom position, can the
clock go on working. However, in all clocks the weight has to stop when the chain end is
reached or when the battery is empty. In other words, in all real clocks the Hamiltonian
is bounded from below.

In short, quantum theory shows that exact clocks do not exist in nature. Quantum the-
ory states that any clock can only be approximate. Obviously, this result is of importance
for high precision clocks. What happens if we try to increase the precision of a clock as
much as possible?

<

* ‘Also the future used to be better in the past’ Karl Valentin (b. 1882 Munich, d. 1948 Planegg), German
author and comedian.
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High precision implies high sensitivity to fluctuations. Now, all clocks have a motor
inside that makes them work. A high precision clock thus needs a high precision motor.
In all clocks, the position of the motor is read out and shown on the dial. The quantum
of action implies that a precise clock motor has a position indeterminacy. The clock pre-
cision is thus limited. Worse, like any quantum system, the motor has a small, but finite
probability to stop or to run backwards for a while.

You can check this prediction yourself. Just have a look at a clock when its battery is
almost empty, or when the weight driving the pendulum has almost reached the bottom
position. It will start doing funny things, like going backwards a bit or jumping back and
forward. When the clock works normally, this behaviour is strongly suppressed; however,
it is still possible, though with low probability. This is true even for a sundial.

In other words, clocks necessarily have to be macroscopic in order to work properly.
A clock must be as large as possible, in order to average out its fluctuations. Astronomical
systems are good examples. A good clock must also be well-isolated from the environ-
ment, such as a freely flying object whose coordinate is used as time variable, as is done
in certain optical clocks.

THE PRECISION OF CLOCKS

Given the limitations due to quantum theory, what is the ultimate precision of a clock?
To start with, the indeterminacy relation provides the limit on the mass of a clock. The
mass M must be larger than

h

which is obviously always fulfilled in everyday life. But we can do better. Like for a pen-
dulum, we can relate the accuracy 7 of the clock to its maximum reading time T. The
idea was first published by Salecker and Wigner. They argued that

M > % T (2)
crr
where T is the time to be measured. You might check that this condition directly requires
that any clock must be macroscopic.

Let us play with the formula by Salecker and Wigner. It can be rephrased in the fol-
lowing way. For a clock that can measure a time ¢, the size [ is connected to the mass m
by

ht

I>A\— . (3)
m

How close can this limit be achieved? It turns out that the smallest clocks known, as well
as the clocks with most closely approach this limit, are bacteria. The smallest bacteria,
the mycoplasmas, have a mass of about 8 - 107V kg, and reproduce every 100 min, with a
precision of about 1 min. The size predicted from expression (3) is between 0.09 um and
0.009 pm. The observed size of the smallest mycoplasmas is 0.3 um. The fact that bacteria
can come so close to the clock limit shows us again what a good engineer evolution has
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been.

Note that the requirement by Salecker and Wigner is not in contrast with the possibil-
ity to make the oscillator of the clock very small; researchers have built oscillators made
of a single atom. In fact, such oscillations promise to be the most precise human built
clocks. But the oscillator is only one part of any clock, as explained above.

In the real world, the clock limit can be tightened even more. The whole mass M
cannot be used in the above limit. For clocks made of atoms, only the binding energy
between atoms can be used. This leads to the so-called standard quantum limit for clocks;
it limits the accuracy of their frequency v by

ov_ [AE "
v Eiot

where AE = h/T is the energy indeterminacy stemming from the finite measuring time
T and E,, = NE,, 4 is the total binding energy of the atoms in the metre bar. So far,
the quantum limit has not yet been achieved for any clock, even though experiments are
getting close to it.

In summary, clocks exist only in the limit of # being negligible. In practice, the errors
made by using clocks and metre bars can be made as small as required; it suffices to make
the clocks large enough. Clock built into human brains comply with this requirement.
We can thus continue our investigation into the details of matter without much worry, at
least for a while. Only in the last part of our mountain ascent, where the requirements
for precision will be even higher and where general relativity will limit the size of physi-
cal systems, trouble will appear again: the impossibility to build precise clocks will then
become a central issue.

WHY ARE PREDICTIONS SO DIFFICULT, ESPECIALLY OF THE FUTURE?

Future: that period of time in which our affairs
prosper, our friends are true, and our happiness
is assured.

Ambrose Bierce

We have found in our adventure that predictions of the future are made difficult by non-
linearities and by the divergence from similar conditions; we have seen that many par-
ticles make it difficult to predict the future due to the statistical nature of their initial
conditions; we have seen that quantum theory makes it hard to fully determine initial
states; we have seen that a non-trivial space-time topology can limit predictability; fi-
nally, we will discover that black hole and similar horizons can limit predictability due
to their one-way transmission of energy, mass and signals.

Predictability and time measurements are thus limited. The main reason for this limit
is the quantum of action. If due to the quantum of action perfect clocks do not exist, is
determinism still the correct description of nature? Yes and no. We learned that all the
mentioned limitations of clocks can be overcome for limited time intervals; in practice,
these time intervals can be made so large that the limitations do not play a role in every-
day life. As a result, in quantum systems both determinism and time remain applicable,
as long as we do not extend it to infinite space and time. However, when extremely large
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dimensions and intervals need to be taken into account, quantum theory cannot be ap-
plied alone; in those cases, general relativity needs to be taken into account.

DECAY AND THE GOLDEN RULE

I prefer most of all to remember the future.
Salvador Dali

The decoherence of superposition of macroscopically distinct states plays an important
role in another common process: the decay of unstable systems or particles. Decay is any
spontaneous change. Like the wave aspect of matter, decay is a process with no classi-
cal counterpart. It is true that decay, including the ageing of humans, can be observed
classically; however, its origin is a pure quantum effect.

Experiments show that the prediction of decay, like that of scattering of particles, is
only possible on average, for a large number of particles or systems, never for a single
one. These results confirm the quantum origin of the process. In every decay process,
the superposition of macroscopically distinct states - in this case those of a decayed and
an undecayed particle — is made to decohere rapidly by the interaction with the envi-
ronment. Usually the ‘environment’ vacuum, with its fluctuations of the electromagnetic,
weak and strong fields, is sufficient to induce decoherence. As usual, the details of the
involved environment states are unknown for a single system and make any prediction
for a specific system impossible.

Decay, including that of radioactive nuclei, is influenced by the environment, even
in the case that it is ‘only’ the vacuum. The statement can be confirmed by experiment.
By enclosing a part of space between two conducting plates, one can change the degrees
of freedom of the vacuum electromagnetic field contained between them. Putting an
electromagnetically unstable particle, such as an excited atom, between the plates, indeed
changes the lifetime of the particle. Can you explain why this method is not useful to
lengthen the lifespan of humans?

What is the origin of decay? Decay is always due to tunnelling. With the language of
quantum electrodynamics, we can say that decay is motion induced by the vacuum fluc-
tuations. Vacuum fluctuations are random. The experiment between the plates confirms
the importance of the environment fluctuations for the decay process.

Quantum theory gives a simple description of decay. For a system consisting of a large
number N of decaying identical particles, any decay is described by

. N 1 2m 2
N = _7 where ; = ? |<l//initial|Hint|1//ﬁnal>| : (5)
This result was named the golden rule by Fermi,* because it works so well despite being
an approximation whose domain of applicability is not easy to specify.

The golden rule leads to

N(t) = Nye /7. (6)

* Originally, the golden rule is a statement from the christian bible, namely the sentence ‘Do to others what
you want them to do to you
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Decay is thus predicted to follow an exponential law, independently of the details of the
physical process. In addition, the decay time 7 depends on the interaction and on the
square modulus of the transition matrix element. For over half a century, all experiments
confirmed that decay is exponential.

On the other hand, when quantum theory is used to derive the golden rule, it is found
that decay is exponential only in certain special systems. A calculation that takes into ac-
count higher order terms predicts two deviations from exponential decay for completely
isolated systems: for short times, the decay rate should vanish; for long times, the de-
cay rate should follow an algebraic — not an exponential — dependence on time, in some
cases even with superimposed oscillations. After an intense experimental search, devia-
tions for short times have been observed. The observation of deviations at long times are
rendered impossible by the ubiquity of thermal noise. In summary, it turns out that decay
is exponential only when the environment is noisy, the system made of many weakly in-
teracting particles, or both. Since this is usually the case, the mathematically exceptional
exponential decrease becomes the (golden) rule in the description of decay.

Can you explain why human life, despite being a quantum effect, is not observed to
follow an exponential decay?

THE PRESENT IN QUANTUM THEORY

Utere tempore.”
Ovidius

Many thinkers advise to enjoy the present. As shown by perception research, what hu-
mans call ‘present’ has a duration of between 20 and 70 milliseconds. This leads us to ask
whether the physical present might have a duration as well.

In everyday life, we are used to imagine that shortening the time taken to measure the
position of a point object as much as possible will approach the ideal of a particle fixed
at a given point in space. When Zeno discussed flight of an arrow, he assumed that this
is possible. However, quantum theory changes the situation.

We know that the quantum of action makes rest an impossibility. However, the issue
here is different: we are asking whether we can say that a moving system is at a given
spot at a given time. In order to determine this, we could use a photographic camera
whose shutter time can be reduced at will. What would we find? When the shutter time
approaches the oscillation period of light, the sharpness of the image would decrease;
in addition, the colour of the light would be influenced by the shutter motion. We can
increase the energy of the light used, but the smaller wavelengths only shift the problem,
they do not solve it. Worse, at extremely small wavelengths, matter becomes transparent,
and shutters cannot be realized any more. Whenever we reduce shutter times as much
as possible, observations become unsharp. Quantum theory thus does not confirm the
naive expectation that shorter shutter times lead to sharper images. In contrast, the quan-
tum aspects of nature show us that there is no way in principle to approach the limit that
Zeno was discussing.

This counter-intuitive result is due to the quantum of action: through the indetermi-
nacy relation, the smallest action prevents that moving objects are at a fixed position at a

* ‘Use your time! Tristia 4, 3, 83
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given time. Zeno’s discussion was based on an extrapolation of classical physics into do-
mains where it is not valid any more. Every observation, like every photograph, implies
a time average: observations average interactions over a given time.* For a photograph,
the duration is given by the shutter time; for a measurement, the average is defined by
the details of the set-up. Whatever this set-up might be, the averaging time is never zero.
There is no ‘point-like” instant of time that describes the present. The observed present
is always an average over a non-vanishing interval of time. In nature, the present has a
duration.

WHY CAN WE OBSERVE MOTION?

Zeno of Elea was thus wrong in assuming that motion is a sequence of specific positions
in space. Quantum theory implies that motion is not the change of position with time.
The investigation of the issue showed that this statement is only an approximation for
low energies or for long observation times.

Why then can we describe motion in quantum theory? Quantum theory shows that
motion is the low energy approximation of quantum evolution. Quantum evolution as-
sumes that space and time measurements of sufficient precision can be performed. We
know that for any given observation energy, we can build clocks and metre bars with
much higher accuracy than required, so that quantum evolution is applicable in all cases.
This is the case in everyday life.

Obviously, this pragmatic description of motion rests on the assumption that for any
observation energy we can find a still higher energy used by the measurement instru-
ments to define space and time. We deduce that if a highest energy would exist in nature,
we would get into big trouble, as quantum theory would then break down. As long as en-
ergy has no limits, all problems are avoided, and motion remains a sequence of quantum
observables or quantum states, whichever you prefer.

The assumption of energy without limit works extremely well; it lies at the basis of
quantum theory, even though it is rather hidden. In the final part of our ascent, we will
discover that there indeed is a maximum energy in nature, so that we will need to change
our approach. However, this energy value is so huge that it does not bother us at all at
this point of our exploration. But it will do so later on.

REST AND THE QUANTUM ZENO EFFECT

The quantum of action implies that there is no rest in nature. Rest is always either an
approximation or a time average. For example, if an electron is bound in an atom, not
freely moving, the probability cloud, or density distribution, is stationary in time.

There is another apparent case of rest in quantum theory, the quantum Zeno effect.
Usually, observation changes the system. However, for certain systems, observation can
have the opposite effect.

Quantum mechanics predicts that an unstable particle can prevented from decaying,
if it is continuously observed. The reason is that an observation, i.e., the interaction with
the observing device, yields a non-zero probability that the system does not evolve. If the
frequency of observations is increased, the probability that the system does not decay at

* The discussion of the quantum Zeno effect does not change the conclusions of this section.
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all approaches 1. Three research groups — Alan Turing by himself in 1954, the group of A.
Degasperis, L. Fonda and G.C. Ghirardi in 1974, and George Sudarshan and Baidyanath
Misra in 1977 - have independently predicted this effect, today called the quantum Zeno
effect. In sloppy words, the quantum Zeno effect states: if you look at a system all the
time, nothing happens.

The quantum Zeno effect is a natural consequence of quantum theory; nevertheless,
its strange circumstances make it especially fascinating. After the prediction, the race
for the first observation began. The effect was partially observed by David Wineland
and his group in 1990, and definitively observed by Mark Raizen and his group in 2001.
Quantum theory has been confirmed also in this aspect. The effect is also connected to
the deviations from exponential decay - due to the golden rule - that are predicted by
quantum theory. These issues are research topics to this day.

In a fascinating twist, Saverio Pascazio and his team have predicted that the quantum
Zeno effect can be used to realize X-ray tomography of objects with the lowest radiation
levels imaginable.

CONSCIOUSNESS — A RESULT OF THE QUANTUM OF ACTION

In the pleasures of life, consciousness plays an essential role. Consciousness is our ability
to observe what is going on in our mind. This activity, like any type of change, can itself
be observed and studied. Obviously, consciousness takes place in the brain. If it were not,
there would be no way to keep it connected with a given person. Simply said, we know
that each brain moves with over one million kilometres per hour through the cosmic
background radiation; we also observe that consciousness moves along with it.

The brain is a quantum system: it is based on molecules and electrical currents. The
changes in consciousness that appear when matter is taken away from the brain - in
operations or accidents — or when currents are injected into the brain - in accidents, ex-
periments or misguided treatments — have been described in great detail by the medical
profession. Also the observed influence of chemicals on the brain — from alcohol to hard
drugs — makes the same point. The brain is a quantum system.

Magnetic resonance imaging can detect which parts of the brain work when sensing,
remembering or thinking. Not only is sight, noise and thought processed in the brain;
we can follow these processes with measurement apparatus. The best systems allowing
this are magnetic resonance imaging machines, described below. The other, more ques-
tionable experimental method, positron tomography, works by letting people swallow
radioactive sugar. It confirms the findings on the location of thought and on its depen-
dence on chemical fuel. In addition, we already know that memory depends on the par-
ticle nature of matter. All these observations depend on the quantum of action.

Not only the consciousness of others, also your own consciousness is a quantum pro-
cess. Can you give some arguments?

In short, we know that thought and consciousness are examples of motion. We are
thus in the same situation as material scientists were before quantum theory: they knew
that electromagnetic fields influence matter, but they could not say how electromag-
netism was involved in the build-up of matter. We know that consciousness is made from
the signal propagation and signal processing in the brain; we know that consciousness is
an electrochemical process. But we do not know yet the details of how the signals make
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up consciousness. Unravelling the workings of this fascinating quantum system is the
aim of neurological science. This is one of the great challenges of twenty-first century
science.

It is sometimes claimed that consciousness is not a physical process. Every expert of
motion should be able to convincingly show the opposite, even though the details of
consciousness are not clear yet. Can you add a few arguments to the ones given here?

WHY CAN WE OBSERVE MOTION? — AGAIN

Studying nature can be one of the most intense pleasures of life. All pleasures are based
on the ability to observe motion. Our human condition is central to this ability. In our
adventure so far we found that we experience motion only because we are of finite size,
only because we are made of a large but finite number of atoms, only because we have
a finite but moderate temperature, only because we are a mixture of liquids and solids,
only because we are electrically neutral, only because we are large compared to a black
hole of our same mass, only because we are large compared to our quantum mechanical
wavelength, only because we have a limited memory, only because our brain forces us to
approximate space and time by continuous entities, and only because our brain cannot
avoid describing nature as made of different parts. If any of these conditions were not
fulfilled we would not observe motion; we would have no fun studying physics.

In addition, we saw that we have these abilities only because our forefathers lived on
Earth, only because life evolved here, only because we live in a relatively quiet region of
our galaxy, and only because the human species evolved long after than the big bang. If
any of these conditions were not fulfilled, or if we were not animals, motion would not
exist. In many ways motion is thus an illusion, as Zeno of Elea had claimed a long time
ago. To say the least, the observation of motion is a result of the limitations of the human
condition. A complete description of motion and nature must take this connection into
account. Before we do that, we explore a few details of this connection.

CURIOSITIES AND FUN CHALLENGES ABOUT QUANTUM EXPERIENCE

Most clocks used in everyday life, those built inside the human body and those made by
humans, are electromagnetic. Any clock on the wall, be it mechanical, quartz controlled,
radio or solar controlled, is based on electromagnetic effects. Do you know an exception?

* 3k

The sense of smell is quite complex. For example, the substance that smells most badly to
humans is skatole, also called 3-methylindole. This is the molecule to which the human
nose is most sensitive. Skatole makes faeces smell bad; it is a result of haemoglobin en-
tering the digestive tract through the bile. (In contrast to humans, skatole attracts flies; it
is also used by some plants for the same reason.)

On the other hand, small levels of skatole do not smell bad to humans. It is also used
by the food industry in small quantities to give smell and taste to vanilla ice cream.

* %

It is worth noting that human senses detect energies of quite different magnitudes. The
eyes can detect light energies of about 1 aJ, whereas the sense of touch can detect only
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energies as large as about 10 yJ. Is one of the two systems relativistic?
* 3k

Compared to all primates, the human eye is special: it is white, thus allowing others to
see the direction in which one looks. Comparison with primates shows that the white
colour has evolved to allow more communication between individuals.

* %k

Even at perfect darkness, the eye does not yield a black impression, but a slightly brighter
one, called eigengrau. This is a result of noise created inside the eye, probably triggered by
spontaneous decay of rhodopsin, or alternatively, by spontaneous release of neurotrans-
mitters.

* 3k

The high sensitivity of the ear can be used to hear light. To do this, take an empty 750 ml
jam glass. Keeping its axis horizontal, blacken the upper half of the inside with a candle.
The lower half should remain transparent. After doing this, close the jam glass with its
lid, and drill a 2 to 3 mm hole into it. If you now hold the closed jam glass with the hole
to your ear, keeping the black side up, and shining into it from below with a 50 W light
bulb, something strange happens: you hear a 100 Hz sound. Why?

* 3k

Most senses work already before birth. It is well-known since many centuries that playing
the violin to a pregnant mother every day during the pregnancy has an interesting effect.
Even if nothing is told about it to the child, it will become a violin player later on. In fact,
most musicians are ‘made’ in this way.

* 3k

There is ample evidence that not using the senses is damaging. People have studied what
happens when in the first years of life the vestibular sense - the one used for motion
detection and balance restoration - is not used enough. Lack of rocking is extremely
hard to compensate later in life. Equally dangerous is the lack of use of the sense of touch.
Babies, like all small mammals, that are generally and systematically deprived of these
experiences tend to violent behaviour during the rest of their life.

* %k
It is still unknown why people yawn. This is still a topic of research.
* %

Nature has invented the senses to increase pleasure and avoid pain. But neurologists
have found out that nature has gone even further; there is a dedicated pleasure system
in the brain, whose function is to decide which experiences are pleasurable and which
not. The main parts of the pleasure system are the ventral tegmental area in the midbrain
and the nucleus accumbens in the forebrain. The two parts regulate each other mainly
through dopamine and GABA, two important neurotransmitters. Research has shown
that dopamine is produced whenever pleasure exceeds expectations. Nature has thus de-


http://www.motionmountain.net

Ref. 31

Ref. 32

THE PHYSICS OF PLEASURE 43
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FIGURE 9 The 'neurochemical mobile’ model of well-being, with one of the way it can get out of
balance

veloped a special signal for this situation.

In fact, well-being and pleasure are controlled by a large number of neurotransmitters
and by many additional regulation circuits. Researchers are trying to model the pleasure
system with hundreds of coupled differential equations, with the distant aim being to un-
derstand addiction and depression, for example. On the other side, also simple models
are possible. One, shown in Figure 9, is the ‘neurochemical mobile’ model of the brain.
In this model, well-being is achieved whenever the six most important neurotransmit-
ters are in relative equilibrium. The different possible departures from equilibrium, at
each joint of the mobile, can be used to describe depression, schizophrenia, psychosis,
the effect of nicotine or alcohol intake, alcohol dependency, delirium, drug addiction,
detoxication, epilepsy and more.

* Kk

The pleasure system is not only responsible for addiction. It is also responsible, as Helen
Fisher showed through MRI brain scans, for romantic love. Romantic love, directed to
one single other person, is a state that is created in the ventral tegmental area and in the
nucleus accumbens. Romantic love is thus a part of the reptilian brain; indeed, romantic


http://www.motionmountain.net

44 MOTION FOR ENJOYING LIFE

love is found in many animal species. Romantic love is an addiction, and works like
cocaine. In short, in life, we can all chose between addiction and love.

SUMMARY ON PLEASURE

To increase pleasure and avoid pain, evolution has supplied the human body with nu-
merous sensors, sensor mechanisms, and a pleasure system deep inside the brain.

In short, nature has invented pleasure as a guide for human behaviour. Neurologists
have thus proven what Epicurus* said 25 centuries ago and Sigmund Freud said one cen-
tury ago: pleasure controls human life. Now, all biological pleasure sensors and systems
are based on chemistry and materials science. We therefore explore both fields.

* Though it is often forgotten that Epicurus also said: “It is impossible to live a pleasant life without living
wisely and honourably and justly, and it is impossible to live wisely and honorably and justly without living
pleasantly”
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CHAPTER 2

CHANGING THE WORLD WITH
QUANTUM THEORY

HE discovery of quantum theory has changed everyday life. It has allowed

he distribution of speech, music and films. The numerous possibilities of

elecommunications and of the internet, the progress in chemistry, material
science, medicine and electronics would not have been possible without quantum the-
ory. Many improvements of our everyday life are due to quantum theory, and many are
still expected. In the following, we give a short overview.

CHEMISTRY — FROM ATOMS TO DNA

Bier macht dumm.*
Albert Einstein

It is an old truth that Schrédinger’s equation contains all of chemistry.** With quantum
theory, for the first time people were able to calculate the strengths of chemical bonds,
and what is more important, the angle between them. Quantum theory thus explains the
shape of molecules and thus indirectly, the shape of all matter.

To understand molecules, the first step is to understand atoms. The early quantum
theorists, lead by Niels Bohr, dedicated their life to understanding their structure. The
main result of their efforts is what you learn in high school: in atoms with more than
one electron, the various electron clouds form spherical layers around the nucleus. The
layers can be grouped into groups of related clouds, called shells. For electrons outside a
given shell, the nucleus and the inner shells, the atomic core, can often be approximated
as a single charged entity.

Shells are numbered from the inside out. This principal quantum number, usually writ-
ten #, is deduced and related to the quantum number that identifies the states in the
hydrogen atom.

Quantum theory shows that the first shell has room for two electrons, the second for
8, the third for 18, and the general n-th shell for 21* electrons. A way to picture this con-
nection is shown in Figure 11. It is called the periodic table of the elements. The standard
way to show the table is shown in Appendix B.

* ‘Beer makes stupid’

** The correct statement is: the Dirac equation contains all of chemistry. The relativistic effects that
distinguish the two equations are necessary, for example, to understand why gold is yellow and does not
rust or why mercury is liquid.
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Continuum of

Energy ionized states

A n =0

nonrelativistic
(Bohr) levels FIGURE 10 The principal quantum numbers in hydrogen

Experiments show that different atoms that share the same number of electrons in
their outermost shell show similar chemical behaviour. Chemical behaviour is decided
by the ability of atoms to bond. For example, the elements with one electron in their
out s shell, are the alkali metals lithium, sodium, potassium, rubidium, caesium and
francium; hydrogen, the exception, is conjectured to be metallic at high pressures. The
elements with filled outermost shells are the noble gases helium, neon, argon, krypton,
xenon, radon and ununoctium.

BonNDs

When two atoms approach each other, their electron clouds are deformed and mixed.
The reason for these changes is the combined influence of the two nuclei. These cloud
changes are highest for the outermost electrons: they form chemical bonds.

Bonds can be pictured, in the simplest approximation, as cloud overlaps that fill the
outermost shell of both atoms. These overlaps lead to a gain in energy. The energy gain is
the reason that fire is hot. In wood fire, chemical reactions between carbon and oxygen
atoms lead to a large release of energy. After the energy has been released, the atomic
bond produces a fixed distance between the atoms, as shown in Figure 12. This distance
is due to an energy minimum: a lower distance would lead to electrostatic repulsion
between the atomic cores, a higher distance would increase the electron cloud energy.

Many atoms can bind to several neighbours. In this case, energy minimization also
leads to specific bond angles. Do you remember those funny pictures of school chemistry
about orbitals and dangling bonds? Well, dangling bonds can now be measured and seen.
Several groups were able to image them using scanning force or scanning tunnelling
microscopes.
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FIGURE 11 An unusual form of the periodic table of the elements

The repulsion between the clouds of each bond explains why angle values near that of
tetrahedral skeletons (2 arctan/2" = 109.47°) are so common in molecules. For example,
the H-O-H angle in water molecules is 107°.

By the way, it is now known that the uranium U, molecule has a quintuple bond, and
that the tungsten W, molecule has a hextuple bond.
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FIGURE 12 The forming of a chemical bond between two atoms, and the related energy minimum

RIBONUCLEIC ACID AND DEOXYRIBONUCLEIC ACID

Probably the most fascinating molecule of all is human deoxyribonucleic acid, better
known with its abbreviation DNA. The nucleic acids where discovered in 1869 by the Swiss
physician Friedrich Miescher (1844-1895) in white blood cells. In 1874 he published an
important study showing that the molecule is contained in spermatozoa, and discussed
the question if this substance could be related to heredity. With his work, Miescher paved
the way to a research field that earned many colleagues Nobel Prizes (though not for
himself).

DNA is, as shown in Figure 13, a polymer. A polymer is a molecule built of many similar
units. In fact, DNA is among the longest molecules known. Human DNA molecules, for
example, can be up to 5 cm in length. Inside each human cell there are 46 chromosomes.
In other words, inside each human cell there are molecules with a total length of 2 m. The
way nature keeps them without tangling up and knotting is a fascinating topic in itself.
All DNA molecules consist of a double helix of sugar derivates, to which four nuclei acids
are attached in irregular order. Nowadays, it is possible to make images of single DNA
molecules; an example is shown in Figure 14.

At the start of the twentieth century it became clear that Desoxyribonukleinsaure
(DNS) - translated as deoxyribonucleic acid (DNA) into English — was precisely what
Erwin Schrodinger had predicted to exist in his book What Is Life? As central part of
the chromosomes contained the cell nuclei, DNA is responsible for the storage and re-
production of the information on the construction and functioning of Eukaryotes. The
information is coded in the ordering of the four nucleic acids. DNA is the carrier of hered-
itary information. DNA determines in great part how the single cell we all once have been
grows into the complex human machine we are as adults. For example, DNA determines
the hair colour, predisposes for certain illnesses, determines the maximum size one can


http://www.motionmountain.net

CHEMISTRY — FROM ATOMS TO DNA 49
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T a— - picture B-DNA, all in false
colours (© David Deerfield)

FIGURE 13 Several ways to

grow to, and much more. Of all known molecules, human DNA is thus most intimately
related to human existence. The large size of the molecules is the reason that understand-
ing its full structure and its full contents is a task that will occupy scientists for several
generations to come.

CURIOSITIES AND FUN CHALLENGES ABOUT CHEMISTRY

One of the most fascinating topics of chemistry is that of poisons. Over 50 000 poisons
are known, starting with water (usually kills when drunk in amounts larger than about
101) and table salt (can kill when 100 g are ingested) up to polonium 210 (kills in doses
as low as 5ng, much less than a spec of dust). Most countries have publicly accessible
poison databases; see for example www.gsbl.de.

Can you imagine why ‘toxicology, the science of poisons, actually means ‘bow science’
in Greek?

However, not all poisons are chemical. Paraffin and oil for lamps, for example, regu-
larly kill children because the oil enters the lung and forms a thin film over the alveoles,
preventing oxygen intake. This so-called lipoid pneumonia can be deadly even when only
a single drop of oil is in the mouth and then inhaled by a child.

* %k
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FIGURE 14 Two ways to image single DNA molecules: by holography with electrons emitted from
atomically sharp tips (top) and by fluorescence microscopy, with a commercial optical microscope
(bottom) (© Hans-Werner Fink/Wiley VCH)

A cube of sugar does not burn. However, if you put some cigarette ash on top of it, it
burns. Why?

* 3k

When one mixes 50 ml of distilled water and 50 ml of ethanol (alcohol), the volume of
the mixture has less than 100 ml. Why?

* %k
Why do organic materials burn at much lower temperature than inorganic materials?
* %k

An important aspect of life is death. When we die, conserved quantities like our energy,
momentum, angular momentum and several other quantum numbers are redistributed.
They are redistributed because conservation means that nothing is lost. What does all
this imply for what happens after death?
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* 3k

Chemical reactions can be slow but still dangerous. Spilling mercury on aluminium will
lead to an amalgam that reduces the strength of the aluminium part after some time. That
is the reason that bringing mercury thermometers on aeroplanes is strictly forbidden.

* 3k

What happens if you take the white power potassium iodide () and the white power lead
nitrate (Pb(NO;),) and mix them with a masher?(This needs to be done with proper
protection and supervision.)

* %k

Writing on paper with a pen filled with lemon juice instead of ink produces invisible
writing. Later on, the secret writing can be made visible by carefully heating the paper
on top of a candle flame.

* %k

In 2008, it was shown that perispinal infusion of a single substance, etanercept, reduced
Alzheimer’s symptoms in a patient with late-onset Alzheimer’s disease, within a few
minutes. Curing Alzheimer’s disease is one of the great open challenges for modern
medicine.

MATERIALS SCIENCE

Did you know that one cannot use a boiled egg
as a toothpick?
Karl Valentin

We mentioned several times that the quantum of action explains all properties of matter.
Many researchers in physics, chemistry, metallurgy, engineering, mathematics and biol-
ogy have cooperated in the proof of this statement. In our mountain ascent we have only
a little time to explore this vast but fascinating topic. Let us walk through a selection.

WHY DOES THE FLOOR NOT FALL?

We do not fall through the mountain we are walking on. Some interaction keeps us from
falling through. In turn, the continents keep the mountains from falling through them.
Also the liquid magma in the Earth’s interior keeps the continents from sinking. All these
statements can be summarized in two ideas: First, atoms do not penetrate each other: de-
spite being mostly empty clouds, atoms keep a distance. Secondly, atoms cannot be com-
pressed in size. Both properties are due to Pauli’s exclusion principle between electrons.
The fermion character of electrons avoids that atoms shrink or interpenetrate — on Earth.

In fact, not all floors keep up due to the fermion character of electrons. Atoms are
not impenetrable at all pressures. At sufficiently large pressures, atoms can collapse, and
form new types of floors. Such floors do not exist on Earth. These floors are so exciting
to study that people have spent their whole life to understand why they do not fall, or
when they do, how it happens: the surfaces of stars.
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In usual stars, such as in the Sun, the gas pressure takes the role which the incompress-
ibility of solids and liquids has for planets. The pressure is due to the heat produced by
the nuclear reactions.

In most stars, the radiation pressure of the light plays only a minor role. Light pressure
does play a role in determining the size of red giants, such as Betelgeuse; but for average
stars, light pressure is negligible.

The next star type appears whenever light pressure, gas pressure and the electronic
Pauli pressure cannot keep atoms from interpenetrating. In that case, atoms are com-
pressed until all electrons are pushed into the protons. Protons then become neu-
trons, and the whole star has the same mass density of atomic nuclei, namely about
2.3-10" kg/m”>. A drop weighs about 200 000 tons. In these so-called neutron stars, the
floor - or better, the size - is also determined by Pauli pressure; however, it is the Pauli
pressure between neutrons, triggered by the nuclear interactions. These neutron stars are
all around 10 km in radius.

If the pressure increases still further, the star becomes a black hole, and never stops
collapsing. Black holes have no floor at all; they still have a constant size though, deter-
mined by the horizon curvature.

The question whether other star types exist in nature, with other floor forming mech-
anisms - such as quark stars - is still a topic of research.

ROCKS AND STONES

If a geologist takes a stone in his hands, he is usually able to give, within an error of a
few per cent, the age of the stone simply by looking at it. The full story behind this ability
forms a large part of geology, but the general lines should be known to every physicist.

Every stone arrives in your hand through the rock cycle. The rock cycle is a process
that transforms magma from the interior of the Earth into igneous (or magmatic) rocks
through cooling and crystallization. Igneous rocks, such as basalt, can transform through
erosion, transport and deposition into sedimentary rocks. Either of these two rock types
can be transformed through high pressures or temperatures into metamorphic rocks, such
as marble. Finally, most rocks are generally — but not always - transformed back into
magma.

The full rock cycle takes around 110 to 170 million years. For this reason, rocks that are
older than this age are much less common on Earth. Any stone is the product of erosion
of one of the rock types. A geologist can usually tell, simply by looking at it, the type of
rock it belongs to; if he sees the original environment, he can also give the age, without
any laboratory.

For a physicist, most rocks are mixtures of crystals. Crystals are solids with a regular
arrangement of atoms. They form a fascinating topic by themselves.

SOME INTERESTING CRYSTALS

Every crystal, like every structure in nature, is the result of growth. Every crystal is thus
the result of motion. To form a crystal whose regularity is as high as possible and whose
shape is as symmetric as possible, the required motion is a slow growth of facets from
the liquid (or gaseous) basic ingredients. The growth requires a certain pressure, temper-
ature and temperature gradient for a certain time. For the most impressive crystals, the


http://www.motionmountain.net

Page 52

MATERIALS SCIENCE 53

TABLE 4 The types of rocks and stones

TYPE PROPERTIES SUBTYPE EXAMPLE

Igneous rocks formed from volcanic or extrusive  basalt (ocean floors,

(magmatites) magma, 95% of all Giant’s Causeway),
rocks andesite, obsidian

plutonic or intrusive  granite, gabbro

Sedimentary rocks often with fossils clastic shale, siltstone,
(sedimentites) sandstone
biogenic limestone, chalk,
dolostone
precipitate halite, gypsum
Metamorphic rocks  transformed by foliated slate, schist, gneiss
(metamorphites) heat and pressure (Himalayas)
non-foliated marble, skarn, quartzite
(grandoblastic or
hornfelsic)
Meteorites from the solar rock meteorites
system

iron meteorites

gemstones, the conditions are usually quite extreme; this is the reason for their durabil-
ity. The conditions are realized in specific rocks deep inside the Earth, where the growth
process can take thousands of years. Mineral crystals can form in all three types of rocks:
igneous (magmatic), metamorphic, and sedimentary. Other crystals can be made in the
laboratory in minutes, hours or days and have led to a dedicated industry. Only a few
crystals grow from liquids at standard conditions; examples are gypsum and several other
sulfates, which can be crystallized at home, potassium bitartrate, which appears in the
making of wine, and the crystals grown inside plants or animals, such as teeth, bones or
magnetosensitive crystallites.

Growing, cutting, treating and polishing crystals is an important industry. Especially
the growth of crystals is a science in itself. Can you show with pencil and paper that
only the slowest growing facets are found in crystals? In the following, a few important
crystals are presented.

* %k

Quartz, amethyst (whose colour is due to radiation and iron Fe't impurities), citrine
(whose colour is due to Fe** impurities), smoky quartz (with colour centres induced by
radioactivity), agate and onyx are all forms of crystalline silicon dioxide or SiO,. Quartz
forms in igneous and in magmatic rocks; crystals are also found in many sedimentary
rocks. Quartz crystals can be larger than human. By the way, most amethysts lose their
colour with time, so do not waste money buying them.

Quartz is the most common crystal on Earth’s crust and is also grown synthetically
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for many high-purity applications. The structure is rombohedral, and the ideal shape
is a six-sided prism with six-sided pyramids at its ends. Quartz melts at 1986 K and is
piezo- and pyroelectric. Its piezoelectricity makes it useful as electric oscillator and filter.
A film of an oscillating clock quartz is part of the first volume. Quartz is also used for
glass production, in communication fibres, for coating of polymers, in gas lighters, as
source of silicon and for many other applications.

FIGURE 15 Quartz found FIGURE 16 Citrine FIGURE 17 Amethystine and orange

at St. Gotthard, Switzerland, found on quartz found in the Orange River,
picture size 12cm (© Rob Magaliesberg, Namibia, picture size 6cm (© Rob
Lavinsky) South Africa, Lavinsky)

crystal height 9cm
(© Rob Lavinsky)

* 3k

Corundum, ruby and sapphire are crystalline variations of alumina. Corundum is pure
and colourless Al,O;, ruby is Cr doped and blue sapphire is Ti or Fe doped. They have
trigonal crystal structure and melt at 2320 K. Natural gems are formed in metamorphic
rocks. Yellow, green, purple, pink, brown, grey and salmon-coloured sapphires also exist,
when doped with other impurities. The colours of natural sapphires, like that of many
other gemstones, are often changed by baking and other treatments.

Corundum, ruby and sapphire are used in jewellery, as heat sink and growth substrate,
and for lasers. Corundum is also used as scratch-resistant ‘glass’ in watches. Ruby was the
first gemstone that was grown synthetically in gem quality, in 1892 by Auguste Verneuil
(1856-1913), who made his fortune in this way.

* %k

Tourmaline is a frequently found mineral and can be red, blue, green, orange, yellow,
pink or black, depending on its composition. The chemical formula is astonishingly com-
plex and varies from type to type. Tourmaline has trigonal structure and usually forms
columnar crystals that have triangular cross-section. It is only used in jewellery. Paraiba
tourmalines, a very rare type of green or blue tourmaline, are among the most beautiful
gemstones and can be, if untreated, more expensive than diamonds.
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FIGURE 18 Corundum found in FIGURE 19 Ruby

Laacher See, Germany, picture size found in Jagdalak,

4mm (© Stephan Wolfsried) Afghanistan, picture
height 2cm (© Rob
Lavinsky)
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FIGURE 20
Sapphire
found in
Ratnapura, Sri
Lanka, crystal
size 1.6cm
(© Rob
Lavinsky)

FIGURE 21 Natural FIGURE 22 Cut Paraiba tourmaline from
bicoloured Brazil, picture size 3cm (© Manfred Fuchs)

tourmaline found in
Paprok, Afghanistan,
picture size 9cm
(© Rob Lavinsky)

* %k

Garnets are a family of compounds of the type X,Y;(SiO,);. They have cubic crystal
structure. They can have any colour, depending on composition. They show no cleavage
and their common shape is a rhombic dodecahedron. Some rare garnets differ in colour
when looked at in daylight or in incandescent light. Natural garnets form in metamor-
phic rocks and are used in jewellery, as abrasive and for water filtration. Synthetic garnets
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are used in many important laser types.

FIGURE 23 Red garnet with FIGURE 24 Green FIGURE 25 Synthetic Cr,Tm,Ho:YAG, a
smoky quartz found in demantoid, a garnet doped yttrium aluminium garnet, picture
Lechang, China, picture size owing its colour to size 25 cm (© Northrop Grumman)

9cm (© Rob Lavinsky) chromium doping,

found in Tubussis,
Namibia, picture size
5cm (© Rob Lavinsky)

* ¥

Alexandrite, a chromium-doped variety of chrysoberyl, is used in jewellery and in lasers.
Its composition is BeAl,O,; the crystal structure is orthorhombic. Chrysoberyl melts at
2140 K. Alexandrite is famous for its colour-changing property: it is green in daylight or
fluorescent light but amethystine in incandescent light, as shown in Figure 23. The effect
is due to its chromium content: the ligand field is just between that of chromium in red
ruby and that in green emerald. A few other gems also show this effect, in particular the
rare blue garnet and some Paraiba tourmalines.

FIGURE 26 Alexandrite found in the Setubal river, FIGURE 27 Synthetic alexandrite, picture size
Brazil, crystal height 1.4 cm, illuminated with 20cm (© Northrop Grumman)

daylight (left) and with incandescent light (right)

(© Trinity Mineral)

* %k

Perovskites are a large class of cubic crystals used in jewellery and in tunable lasers. Their
general composition is XYO;, XYF; or XYCl,.

* %k

Diamond is a metastable variety of graphite, thus pure carbon. Theory says that graphite
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to be added

FIGURE 28 Perovskite found in FIGURE 29 Synthetic perovskite,
Hillesheim, Germany, picture width  picture size c..cm (© Aa Bb)
3mm (© Stephan Wolfsried)

is the stable form; practice says that diamond is still more expensive. In contrast to
graphite, diamond has face-centred cubic structure, is a large band gap semiconductor
and typically has octahedral shape. Diamond burns at 1070 K; in the absence of oxygen
it converts to graphite at around 1950 K. Diamond can be formed in magmatic and in
metamorphic rocks. Diamonds can be synthesized in reasonable quality, though gem-
stones of large size and highest quality are not yet possible. Diamond can be coloured
and be doped to achieve electrical conductivity in a variety of ways. Diamond is mainly
used in jewellery, for hardness measurements and as abrasive.

to be added to be added
FIGURE 30 Natural diamond from FIGURE 31 Synthetic FIGURE 32 Ophtalmic
Saha republic, Russia, picture size 4cm  diamond, picture size diamond knife, picture
(© Rob Lavinsky) C..cm (© Aa Bb) size c..cm (© Aa Bb)

* %

Silicon, Si, is not found in nature in pure form; all crystals are synthetic. The structure is
face-centred cubic, thus diamond-like. It is moderately brittle, and can be cut in thin
wafers which can be further thinned by grinding or chemical etching, even down to
a thickness of 10 um. Being a semiconductor, the band structure determines its black
colour, its metallic shine and its brittleness. Silicon is widely used for silicon chips and
electronic semiconductors. Today, human-sized silicon crystals can be grown free of dis-
locations and other line defects. (They will still contain some point defects.)

* ¥

Teeth are the structures that allowed animals to be so successful in populating the Earth.
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FIGURE 33 Silicon crystal growing machine, and two resulting crystals, with a length of c.2m (© www.
PVATePla.com)

They are composed of several materials; the outer layer, the enamel, is 97% hydroxyla-
patite, mixed with a small percentage of two proteins groups, the amelogenins and the
enamelins. The growth of teeth is still not fully understood; neither the molecular level
nor the shape-forming mechanisms are completely clarified. Hydroxylapatite is soluble
in acids; addition of fluorine ions changes the hydroxylapatite to fluorapatite and greatly
reduces the solubility. This is the reason for the use of fluorine in tooth paste.
Hydroxylapatite (or hydroxyapatite) has the chemical formula Ca,,(PO,)(OH),, pos-
sesses hexagonal crystal structure, is hard (more than steel) but relatively brittle. It occurs
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as mineral in sedimentary rocks (see Figure 34), in bones, renal stones, bladders tones,
bile stones, atheromatic plaque, cartilage arthritis and teeth. Hydroxylapatite is mined
as a phosphorus ore for the chemical industry, is used in genetics to separate single and
double-stranded DNA, and is used to coat implants in bones.

FIGURE 34 Hydroxylapatite found in FIGURE 35 The main and the reserve
Snarum, Norway, picture size 5cm (© Rob  teeth on the jaw bone of a shark, all
Lavinsky) covered in hydroxylapatite, picture size

15cm (© Peter Doe)

* %k

Pure metals, such as gold, silver and even copper, are found in nature, usually in mag-
matic rocks. But only a few metallic compounds form crystals, such as pyrite. Monocrys-
talline pure metal crystals are all synthetic. Monocrystalline metals, for example iron,
aluminium, gold or copper, are extremely soft and ductile. Either bending them repeat-
edly — a process called cold working - or adding impurities, or forming alloys makes
them hard and strong. Stainless steel, a carbon-rich iron alloy, is an example that uses all
three processes.

FIGURE 36 Pyrite, found in ~ FIGURE 37 Silver from FIGURE 38 Synthetic copper

Navajun, Spain, picture width  Colquechaca, Bolivia, picture single crystal, picture width

5.7cm (© Rob Lavinsky) width 2.5cm (© Rob Lavinsky) 30cm (© Lachlan Cranswick)
* *

In 2009, Luca Bindi of the Museum of Natural History in Florence, Italy, made headlines
Ref.39 across the world with his discovery of the first natural quasicrysal. Quasicrystals are ma-
terials that show non-crstallographic symmetries. Until 2009, only synthetic materials
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FIGURE 39 The specimen, found in the Koryak Mountains in Russia, is part of a triassic mineral, about
220 million years old; the black material is mostly khatyrkite (CuAl,) and cupalite (CuAl,) but also
contains quasicrystal grains with composition Alg;Cu,,Fe,; that have fivefold symmetry, as clearly
shown in the X-ray diffraction pattern and in the transmission electron image. (© Luca Bindi)

were known. Then, in 2009, after years of searching, Bindi discovered a specimen in his
collection whose grains clearly show fivefold symmetry.

* %k

There are about 4000 known mineral types. On the other hand, there are ten times as
many obsolete mineral names, namely around 40 000. An official list can be found in
various places on the internet, including www.mindat.org or www.minieralienatlas.de.
To explore the world of crystal shapes, see the www.smorf.nl website. Around new 40
minerals are discovered each year. Searching for minerals and collecting them is a fasci-
nating pastime.

How CAN WE LOOK THROUGH MATTER?

Quantum theory showed us that all obstacles have only finite potential heights. That leads
to a question: Is it possible to look through matter? For example, can we see what is hid-
den inside a mountain? To be able to do this, we need a signal which fulfils two condi-
tions: it must be able to penetrate the mountain, and it must be scattered in a material-
dependent way. Table 5 gives an overview of the possibilities.

TABLE 5 Signals penetrating mountains and other matter

SigNAL PENE- ACHIE- MATE- USE
TRATION VED RIAL
DEPTH RESOLU- DEPEN-
IN STONE TION DENCE
Matter
Diffusion of water  ¢.5km ¢.100m medium  mapping hydrosystems
or liquid chemicals
Diffusion of gases  ¢. 5km ¢.100m medium  studying vacuum systems
Electromagnetism
Infrasound and 100000km 100 km high mapping of Earth crust and

earthquakes mantle
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TABLE 5 (Continued) Signals penetrating mountains and other matter

SIGNAL PENE- ACHIE-
TRATION VED
DEPTH RESOLU -

IN STONE TION

Sound, explosions, 0.1-10m ¢ A/100
seismic waves

Ultrasound 1 mm

Static magnetic field
variation

Electrical currents

Electromagnetic
sounding,
0.2-5Hz

Radio waves 10m 30m to 1 mm

Ultra-wide band 10cm 1 mm
radio

Mm and THz waves below 1 mm 1 mm

Infrared c.lm 0.Im
Visible light c.lcm 0.1 um
X-rays a few metres 5um
y-rays a few metres 1 mm
Neutrons from a uptoc.1lm 1mm
reactor

Muons created by  up to 0.1m
cosmic radiation  ¢.300m

Positrons uptoc.lm 2mm
Electrons up to c. 1 pm 10 nm

Weak interactions
Neutrino beams light years  zero

Strong interactions
Radioactivity Immto lm

MATE -
RIAL

DEPEN -
DENCE

high

high

medium

small

sufficient

medium
medium
high

high

medium

small

high
small

very weak

UsE

oil and ore search, structure
mapping in rocks, searching for
underwater treasures in sunken
ship with sub-bottom-profilers

medical imaging, acoustic
microscopy

cable search, cable fault
localization, search for structures
and metal inside soil, rocks and
seabed

soil and rock investigations,
search for tooth decay

soil and rock investigations in
deep water and on land

soil radar (up to 10 MW),
magnetic imaging, research into
solar interior

searching for wires and tubes in
walls, breast cancer detection

see through clothes, envelopes
and teeth Ref. 40

mapping of soil over 100 m
imaging of many sorts
medicine, material analysis,
airports, food production check
medicine

tomography of metal structures,
e.g., archeological statues or
engines

finding caves in pyramids,
imaging interior of trucks

used in medicine for tomography

used in transmission electron
microscopes

studies of Sun

airport security checks
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TABLE 5 (Continued) Signals penetrating mountains and other matter

SIGNAL PENE- ACHIE- MATE- USE
TRATION VED RIAL
DEPTH RESOLU- DEPEN-
IN STONE TION DENCE

Gravitation

Variation of g 50 m low oil and ore search

We see that many signals are able to penetrate a mountain. However, only sound or
radio waves provide the possibility to distinguish different materials, or to distinguish
solids from liquids and from air. In addition, any useful method requires a large number
of signal sources and of signal receptors, and thus a large amount of cash. Will there ever
be a simple method allowing to look into mountains as precisely as X-rays allow to study
human bodies? For example, will it ever be possible to map the interior of the pyramids?
A motion expert like the reader should be able to give a definite answer.

One of the high points of twentieth century physics was the development of the best
method so far to look into matter with dimensions of about a metre or less: magnetic
resonance imaging. We will discuss it later on.

The other modern imaging technique, ultrasound imaging, is useful in medicine.
However, its use for prenatal diagnostics of embryos is not recommended. Studies have
found that ultrasound produces extremely high levels of audible sound to the baby, es-
pecially when the ultrasound is repeatedly switched on and off, and that babies react
negatively to this loud noise.

WHAT IS NECESSARY TO MAKE MATTER INVISIBLE?

You might have already imagined what adventures would be possible if you could be
invisible for a while. In 1996, a team of Dutch scientists found a material that can be
switched from mirror mode to transparent mode using an electrical signal. This seems a
first step to realize the dream to become invisible and visible at will.

In 2006, and repeatedly since then, researchers made the headlines in the popular
press by claiming that they could build a cloak of invisibility. This is a blatant lie. This
lie is frequently used to get funding from gullible people, such as buyers of bad science
fiction books or the military. It is claimed that objects can be made invisible by covering
them with metamaterials. The impossibility of this aim has been already shown earlier
on. But we now can say more.

Nature shows us how to be invisible. An object is invisible if it has no surface, no
absorption and small size. In short, invisible objects are either small clouds or composed
of them. Most atoms and molecules are examples. Homogeneous non-absorbing gases
also realize these conditions. That is the reason that air is (usually) invisible. When air is
not homogeneous, it can be visible, e.g. above hot surfaces.

In contrast to gases, solids or liquids do have surfaces. Surfaces are usually visible,
even if the body is transparent, because the refractive index changes there. For example,
quartz can be made so transparent that one can look through 1 000 km of it; pure quartz
is thus more transparent than usual air. Still, objects made of pure quartz are visible to
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TABLE 6 Matter at lowest temperatures

PHASE TYPE Low TEMPERATURE BE - EXAMPLE
HAVIOUR

Solid conductor superconductivity lead, MgB, (40 K)
antiferromagnet chromium, MnO
ferromagnet iron

insulator diamagnet
Liquid bosonic Bose-Einstein condensation, i.e., *‘He
superfluidity
fermionic pairing, then BEG, i.e., superfluidity *He
Gas bosonic Bose-Einstein condensation 87Rb, "Li, **Na, H, *He, *'K
fermionic pairing, then Bose-Einstein con- 40K, 014
densation

the eye, due to their refractive index. Quartz can be invisible only when submerged in
liquids with the same refractive index.

In short, anything that has a shape cannot be invisible. If we want to become invisible,
we must transform ourselves into a diffuse gas cloud of non-absorbing atoms. On the
way to become invisible, we would lose all memory and all genes, in short, we would lose
all our individuality. But an individual cannot be made of gas. An individual is defined
through its boundary. There is no way that we can be invisible and alive at the same time;
a way to switch back to visibility is even less impossible. In summary, quantum theory
shows that only the dead can be invisible. Quantum theory is thus reassuring. We saw
already that quantum theory forbids ghosts; we now find that it also forbids any invisible
beings.

How DOES MATTER BEHAVE AT THE LOWEST TEMPERATURES?

The low-temperature behaviour of matter has numerous experimental and theoretical
aspects. The first issue is whether matter is always solid at low temperatures. The answer
is no: all phases exist at low temperatures, as shown in Table 6.

Concerning the electric properties of matter at lowest temperatures, the present sta-
tus is that matter is either insulating or superconducting. Finally, one can ask about the
magnetic properties of matter at low temperatures. We know already that matter can
not be paramagnetic at lowest temperatures. It seems that matter is either ferromagnetic,
diamagnetic or antiferromagnetic at lowest temperatures.

More about superfluidity and superconductivity will be told below.

CURIOSITIES AND FUN CHALLENGES ABOUT MATERIALS SCIENCE

What is the maximum height of a mountain? This question is of course of interest to all
climbers. Many effects limit the height. The most important is the fact that under heavy
pressure, solids become liquid. For example, on Earth this happens at about 27 km. This
is quite a bit more than the highest mountain known, which is the volcano Mauna Kea
in Hawaii, whose top is about 9.45km above the base. On Mars gravity is weaker, so
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that mountains can be higher. Indeed the highest mountain on Mars, Olympus mons, is
80 km high. Can you find a few other effects limiting mountain height?

* 3k

Do you want to become rich? Just invent something that can be produced in the factory,
is cheap and can substitute duck feathers in bed covers, sleeping bags or in badminton
shuttlecocks. Another industrial challenge is to find an artificial substitute for latex, and a
third one is to find a substitute for a material that is rapidly disappearing due to pollution:
cork.

* %k

How much does the Eiffel tower change in height over a year due to thermal expansion
and contraction?

* %k
What is the difference between solids, liquids and gases?
* %k

What is the difference between the makers of bronze age knifes and the builders of the
Eiffel tower? Only their control of defect distributions. The main defects in metals are
disclinations and dislocations. Disclinations are crystal defects in form of surfaces; they
are the microscopic aspect of grain boundaries. Dislocations are crystal defects in form
of curved lines; above all, their distribution and their motion in a metal determines the
stiffness. For a picture of dislocations, see below.

* 3k
Quantum theory shows that tight walls do not exist. Every material is penetrable. Why?
* 3k

Quantum theory shows that even if tight walls would exist, the lid of a box made of such
walls can never be tightly shut. Can you provide the argument?

* 3k

Quantum theory predicts that heat transport at a given temperature is quantized. Can
you guess the unit of thermal conductance?

* %

Robert Full has shown that van der Waals forces are responsible for the way that geckos
walk on walls and ceilings. The gecko, a small reptile with a mass of about 100 g, uses an
elaborate structure on its feet to perform the trick. Each foot has 500 000 hairs each split
in up to 1000 small spatulae, and each spatula uses the van der Waals force (or alterna-
tively, capillary forces) to stick to the surface. As a result, the gecko can walk on vertical
glass walls or even on glass ceilings; the sticking force can be as high as 100 N per foot.
The same mechanism is used by jumping spiders (Salticidae). For example, Evarcha
arcuata have hairs at their feet which are covered by hundred of thousands of setules.
Again, the van der Waals force in each setule helps the spider to stick on surfaces.
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Researchers have copied these mechanisms for the first time in 2003, using mi-
crolithography on polyimide, and hope to make durable sticky materials in the near fu-
ture.

* 3k

One of the most fascinating material in nature are bones. Bones are light, stiff, and can
heal after fractures. If you are interested in composite materials, read more about bones:
their structure is incredibly complex.

* %k

Millimetre waves or terahertz waves are emitted by all bodies at room temperature. Mod-
ern camera systems allow to image them. In this way, it is possible to see through clothes.
This ability could be used in future to detect hidden weapons in airports. But the develop-
ment of a practical and affordable detector which can be handled as easily as a binocular
is still under way. The waves can also be used to see through paper, thus making it unnec-
essary to open letters in order to read them. Secret services are exploiting this technique.
A third application of terahertz waves might be in medical diagnostic, for example for the
search of tooth decay. Terahertz waves are almost without side effects, and thus superior
to X-rays. The lack of low-priced quality sources is still an obstacle to their application.

* %k

Does the melting point of water depend on the magnetic field? This surprising claim was
made in 2004 by Inaba Hideaki and colleagues. They found a change of 0.9 mK/T. It is
known that the refractive index and the near infrared spectrum of water is affected by
magnetic fields. Indeed, not everything about water might be known yet.

* 3k

Plasmas, or ionized gases, are useful for many applications. Not only can they be used
for heating or cooking and generated by chemical means (such plasmas are variously
called fire or flames) but they can also be generated electrically and used for lighting
or deposition of materials. Electrically generated plasmas are even being studied for the
disinfection of dental cavities.

* 3k

It is known that the concentration of CO, in the atmosphere between 1800 and 2005 has
increased from 280 to 380 parts per million, as shown in Figure 40. (How would you
measure this?) It is known without doubt that this increase is due to human burning of
fossil fuels, and not to natural sources such as the oceans or volcanoes. There are three
arguments. First of all, there was a parallel decline of the 14C/12C ratio. Second, there was
a parallel decline of the '>C/'*C ratio. Finally, there was a parallel decline of the oxygen
concentration. All three measurements independently imply that the CO, increase is due
to the burning of fuels, which are low in 4C and in *C, and at the same time decrease
the oxygen ratio. Natural sources do not have these three effects. Since CO, is a major
greenhouse gas, the data implies that humans are also responsible for a large part of the
temperature increase during the same period. Global warming exists and is mainly due
to humans. The size of the effect, however, is still a matter of heated dispute.
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FIGURE 40 The concentration of CO, and the change of average atmospheric temperature in the past
0.8 million years (© Dieter Luthi)

* 3k

Making crystals can make one rich. The first man who did so, the Frenchman Auguste
Verneuil (1856-1913), sold rubies grown in his laboratory for many years without telling
anybody. Many companies now produce synthetic gems.

Synthetic diamonds have now displaced natural diamonds in almost all applications.
In the last years, methods to produce large, white, jewel-quality diamonds of ten carats
and more are being developed. These advances will lead to a big change in all the domains
that depend on these stones, such as the production of the special surgical knives used
in eye lens operation.

* 3k

The technologies to produce perfect crystals, without grain boundaries or dislocations,
are an important part of modern industry. Perfectly regular crystals are at the basis of the
integrated circuits used in electronic appliances, are central to many laser and telecom-
munication systems and are used to produce synthetic jewels.

* %k
How can a small plant pierce through tarmac?
* %k

If you like abstract colour images, do not miss looking at liquid crystals through a mi-
croscope. You will discover a wonderful world. The best introduction is the text by Ingo
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Lorentz deflection of probe
current (if due to positive
carriers, as in certain
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Dierking.
* %k

The Lorentz force leads to an interesting effect inside materials. If a current flows along
a conducting strip that is in a (non-parallel) magnetic field, a voltage builds up between
two edges of the conductor, because the charge carriers are deflected in their flow. This ef-
fect is called the (classical) Hall effect after the US-American physicist Edwin Hall (1855-
1938), who discovered it in 1879, during his PhD. The effect, shown in Figure 41, is regu-
larly used, in so-called Hall probes, to measure magnetic fields; the effect is also used to
read data from magnetic storage media or to measure electric currents (of the order of
1 A or more) in a wire without cutting it. Typical Hall probes have sizes of around 1 cm
down to 1 um and less. The Hall voltage V turns out to be given by

IB
V=—", 7
ned @

where 7 is the electron number density, e the electron charge, and d is the thickness of
the probe, as shown in Figure 41. Deducing the equation is a secondary school exercise.
The Hall effect is a material effect, and the material parameter n determines the Hall
voltage. The sign of the voltage also tells whether the material has positive or negative
charge carriers; indeed, for metal strips the voltage polarity is opposite to the one shown
in the figure.

Many variations of the Hall effect have been studied. For example, the quantum Hall
effect will be explored below.

In 1998, Geert Rikken and his coworkers found that in certain materials photons can
also be deflected by a magnetic field; this is the photonic Hall effect.

In 2005, again Geert Rikken and his coworkers found a material, a terbium gallium
garnet, in which a flow of phonons in a magnetic field leads to temperature difference on
the two sides. They called this the phonon Hall effect.

* %k
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FIGURE 42 Single atom sheets,
mapped by atomic force microscopy,
of NbSe, (a) and of graphite or
graphene (b), a single atom sheet of
MoS, imaged by optical microscopy
(d), and a single atom sheet of
Bi,Sr,CaCu,O, on a holey carbon
film imaged by scanning electron
microscopy (c) (from Ref. 53, © 2005
National Academy of Sciences)

Do magnetic fields influence the crystallization of calcium carbonate in water? This issue
is topic of intense debates. It might be, or it might not be, that magnetic fields change the
crystallization seeds from calcite to aragonite, thus influencing whether water tubes are
covered on the inside with carbonates or not. The industrial consequences of reduction
in scaling, as this process is called, would be enormous. But the issue is still open, as are
convincing data sets.

* 3k

It has recently become possible to make the thinnest possible sheets of graphite and other
materials (such as BN, MoS,, NbSe,, Bi,Sr,CaCu,0O,): these crystal sheets are precisely
one atom thick! The production of graphene — that is the name of a monoatomic graphite
layer - is extremely complicated: you need graphite from a pencil and a roll of adhesive
tape. That is probably why it was necessary to wait until 2004 for the development of the
technique. (In fact, the stability of monoatomic sheets was questioned for many years
before that. Some issues in physics cannot be decided with paper and pencil; sometimes
you need adhesive tape as well.) Graphene and the other so-called two-dimensional crys-
tals (this is, of course, a tabloid-style exaggeration) are studied for their electronic and
mechanical properties; in future, they might even have applications in high-performance
batteries.

* %k

Gold absorbs light. Therefore it is used, in expensive books, to colour the edges of pages.
Apart from protecting the book from dust, it also prevents that sunlight lets the pages
turn yellow near the edges.
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FIGURE 43 The beauty of materials science: the surface of a lotus leaf leads to almost spherical water
droplets; plasma-deposited PTFE, or teflon, on cotton leads to the same effect for the coloured water
droplets on it (© tapperboy, Diener Electronics)

FIGURE 44 A piece of aerogel, a solid that is so
porous that it is translucent (courtesy NASA)

* 3k

Like trees, crystals can have growth rings. Smoke quartz is known for these so-called
phantoms, but also fluorite and calcite.

* 3k

The science and art of surface treatment is still in full swing, as Figure 43 shows. Mak-
ing hydrophobic surfaces is an important part of modern material science, that copies
what the lotus, Nelumbo nucifera, does in nature. Hydrophobic surfaces allow that wa-

Vol. |, page 38 ter droplets bounce on them, like table tennis balls on a table. The lotus surface uses
this property to clean itself, hence the name lotus effect. This is also the reason that lotus
plants have become a symbol of purity.

* %k

Sometimes research produces bizarre materials. An example are the so-called aerogels,
highly porous solids, shown in Figure 44. Aerogels have a density of a few g/l, thus a
few hundred times lower than water and only a few times that of air. Like any porous
material, aerogels are good insulators; however, they are easily destroyed and therefore
have not found important applications up to now.
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QUANTUM TECHNOLOGY

I were better to be eaten to death with a rust
than to be scoured to nothing with perpetual
motion.
William Shakespeare (1564-1616) King Henry
IV.

Quantum effects do not appear only in microscopic systems. Several quantum effects are
important in modern life: transistors, lasers, superconductivity and a few other effects
and systems have shaped modern life in many ways.

MOTION WITHOUT FRICTION — SUPERCONDUCTIVITY AND SUPERFLUIDITY

We are used to thinking that friction is inevitable. We even learned that friction was an
inevitable result of the particle structure of matter. It should come to the surprise of every
physicist that motion without friction is possible.

In 1911 Gilles Holst and Heike Kamerlingh Onnes discovered that at low temperatures,
electric currents can flow with no resistance, i.e., with no friction, through lead. The
observation is called superconductivity. In the century after that, many metals, alloys and
ceramics have been found to show the same behaviour.

The condition for the observation of motion without friction is that quantum effects
play an essential role. That is the reason for the requirement of low temperature in such
experiments. Nevertheless, it took over 50 years to reach a full understanding of the ef-
fect. This happened in 1957, when Bardeen, Cooper and Schrieffer published their results.
At low temperatures, electron behaviour is dominated by an attractive interaction that
makes them form pairs — today called Cooper pairs — that are effective bosons. And
bosons can all be in the same state, thus effectively moving without friction.

For superconductivity, the attractive interaction between electrons is due to the de-
formation of the lattice. Two electrons attract each other in the same way as two masses
attract each other due to deformation of the space-time mattress. However, in the case of
solids, the deformations are quantized. With this approach, Bardeen, Cooper and Schrief-
fer explained the lack of electric resistance of superconducting materials, their complete
diamagnetism (¢, = 0), the existence of an energy gap, the second-order transition to
normal conductivity at a specific temperature, and the dependence of this temperature
on the mass of the isotopes. Last but not least, they received the Nobel Prize in 1972.%

Another type of motion without friction is superfluidity. Already in 1937, Pyotr Kapitsa
had predicted that normal helium (*He), below a transition observed at the temperature
of 2.17 K, would be a superfluid. In this domain, the fluid moves without friction through

* For John Bardeen (1908-1991), this was his second, after he had got the first Nobel Prize in Physics in
1956, shared with William Shockley and Walter Brattain, for the discovery of the transistor. The first Nobel
Prize was a problem for Bardeen, as he needed time to work on superconductivity. In an example to many,
he reduced the tam-tam around himself to a minimum, so that he could work as much as possible on
the problem of superconductivity. By the way, Bardeen is topped by Frederick Sanger and by Marie Curie.
Sanger first won a Nobel Prize in Chemistry in 1958 by himself and then won a second one shared with
Walter Gilbert in 1980; Marie Curie first won one with her husband and a second one by herself, though in
two different fields.
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tubes. (In fact, the fluid remains a mixture of a superfluid component and a normal com-
ponent.) Helium is even able, after an initial kick, to flow over obstacles, such as glass
walls, or to flow out of bottles. “He is a boson, so no pairing is necessary for it to flow
without friction. This research earned Kapitsa a Nobel Prize in 1978.

The explanation of superconductivity also helped for fermionic superfluidity. In 1972,
Richardson, Lee, and Osheroff found that even *He is superfluid, if temperatures are
lowered below 2.7 mK. *He is a fermion, and requires pairing to become superfluid. In
fact, below 2.2 mK, *He is even superfluid in two different ways; one speaks of phase A
and phase B.*

In the case of *He, the theoreticians had been faster than the experimentalists. The
theory for superconductivity through pairing had been adapted to superfluids already in
1958 - before any data were available — by Bohr, Mottelson and Pines. This theory was
then adapted and expanded by Anthony Leggett.** The attractive interaction between
?He atoms, the basic mechanism that leads to superfluidity, turns out to be the spin-spin
interaction.

In superfluids, like in ordinary fluids, one can distinguish between laminar and tur-
bulent flow. The transition between the two regimes is mediated by the behaviour of
vortices. But in superfluids, vortices have properties that do not appear in normal flu-
ids. In the superfluid *He-B phase, vortices are quantized: vortices only exist in integer
multiples of the elementary circulation h/2msy,. Present research is studying how these
vortices behave and how they induce the transition form laminar to turbulent flows.

In recent years, studying the behaviour of gases at lowest temperatures has become
very popular. When the temperature is so low that the de Broglie wavelength is compa-
rable to the atom-atom distance, bosonic gases form a Bose-Einstein condensate. The
first one were realized in 1995 by several groups; the group around Eric Cornell and Carl
Wieman used * Rb, Rand Hulet and his group used ’Li and Wolfgang Ketterle and his
group used **Na. For fermionic gases, the first degenerate gas, *°K, was observed in 1999
by the group around Deborah Jin. In 2004, the same group observed the first gaseous
Fermi condensate, after the potassium atoms paired up.

THE FRACTIONAL QUANTUM HALL EFFECT

The fractional quantum Hall effect is one of the most intriguing discoveries of materials
science. The effect concerns the flow of electrons in a two-dimensional surface. In 1982,
Robert Laughlin predicted that in this system one should be able to observe objects with
electrical charge e/3. This strange and fascinating prediction was indeed verified in 1997.

The story begins with the discovery by Klaus von Klitzing of the quantum Hall effect.
In 1980, Klitzing and his collaborators found that in two-dimensional systems at low
temperatures — about 1 K - the electrical conductance S is quantized in multiples of the
quantum of conductance

2

e
S=n< . 8
n— (8)

* They received the Nobel Prize in 1996 for this discovery.
** Aage Bohr, son of Niels Bohr, and Ben Mottelson received the Nobel Prize in 1975, Anthony Leggett in
2003.
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The explanation is straightforward: it is the quantum analogue of the classical Hall effect,
which describes how conductance varies with applied magnetic field. The corresponding

resistance values are

1h 1
R=—-—==-25 812,807557(18) Q) . (9)
ne n

The values are independent of material, temperature, or magnetic field. They are con-
stants of nature. Von Klitzing received the Nobel Prize for physics for the discovery, be-
cause the effect was unexpected, allows a highly precise measurement of the fine struc-
ture constant, and also allows one to build detectors for the smallest voltage variations
measurable so far. His discovery started a large wave of subsequent research.

Only two years later, it was found that in extremely strong magnetic fields and at ex-
tremely low temperatures, the conductance could vary in steps one third that size. Shortly
afterwards, even stranger numerical fractions were also found. In fact, all fractions of the
form m/(2m + 1) or of the form (m + 1)/(2m + 1), m being an integer, are possible. This
is the fractional quantum Hall effect. In a landmark paper, Robert Laughlin explained
all these results by assuming that the electron gas could form collective states showing
quasiparticle excitations with a charge e/3. This was confirmed experimentally 15 years
later and earned him a Nobel Prize as well. We have seen in several occasions that quan-
tization is best discovered through noise measurements; also in this case, the clearest
confirmation came from electrical current noise measurements.

Subsequent experiments confirmed Laughlin’s deduction. He had predicted the ap-
pearance of a new form of a composite quasi-particle, built of electrons and of one or
several magnetic flux quanta. If an electron bonds with an even number of quanta, the
composite is a fermion, and leads to Klitzing’s integral quantum Hall effect. If the electron
bonds with an odd number of quanta, the composite is a boson, and the fractional quan-
tum Hall effect appears. The experimental and theoretical details of these quasi-particles
might well be the most complex and fascinating aspects of solid state physics, but explor-
ing them would lead us too far from the aim of our adventure.

In 2007, a new chapter in the story was opened by Andre Geim and his own and a sec-
ond team, when they discovered a new type of quantum Hall effect at room temperature.
They used graphene, i.e., single-atom layers of graphite, and found a relativistic analogue
of the quantum Hall effect. This effect was even more unexpected than the previous ones,
is equally interesting, and can be performed on a table top. The groups are good candi-
dates for a trip to Stockholm.*

What do we learn from these results? Systems in two dimensions have states which
follow different rules than systems in three dimensions. The fractional charges in super-
conductors have no relation to quarks. Quarks, the constituents of protons and neutrons,
have charges e/3 and 2e/3. Might the quarks have something to do with superconductiv-
ity? At this point we need to stand the suspense, as no answer is possible; we come back
to this issue in the last part of this adventure.

* This prediction from December 2008 became reality in December 2010.
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LASERS AND OTHER SPIN-ONE VECTOR BOSON LAUNCHERS

Photons are vector bosons; a lamp is thus a vector boson launcher. All lamps fall into
one of three classes. Incandescent lamps use emission from a hot solid, gas discharge
lamps use excitation of atoms, ions or molecules through collision, and solid state lamps

generate (cold) light through recombination of charges in semiconductors.

TABLE 7 A selection of lamps and lasers

LAMP TYPE, APPLICATION WAVE - BRIGHT-
LENGTH NESS OR
POWER

Incandescent lamps

Tungsten wire light bulbs, halogen 300 to 800 nm 5 to 25Im/W
lamps, for illumination

Stars, for production of heavy full spectrum
elements

Gas discharge lamps

Oil lamps, candles, for illumination white up to 500 Im

Neon lamps, for advertising red

Mercury lamps, for illumination UV plus 45 to
spectrum 1101lm/W

Metal halogenide lamps (ScI; or white 1101lm/W

‘xenon light, Nal, Dyl;, Hol;, TmlI;)

for car headlights and illumination

Sodium low pressure lamps for 589 nm yellow 200Im/W
street illumination

Sodium high pressure lamps for broad yellow  1201m/W
street illumination

Xenon arc lamps, for cinemas white 30 to
150 lm/W, up
to 15 kW
Stars, for production of heavy many lines
elements

Recombination lamps

Foxfire in forests, e.g. due to green just visible
Armillaria mellea and other

bioluminescent fungi in rotting

wood

Firefly, to attract mates green-yellow

CosT

0.1 cent/Im

1cent/lm

0.05 cent/Im

1 cent/Im

0.2 cent/lm

0.2 cent/Im

LIiFE-
TIME

700 h

thou-
sands of
millions
of years

5h

up to
30kh
3000 to
24000 h
up to
20kh

up to
18 kh
up to
24 kh
100 to
2500 h

thou-
sands of
millions
of years

years

c.10h
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TABLE 7 A selection of lamps and lasers (continued)

LAMP TYPE, APPLICATION WAVE -

Large deep sea squid, Taningia

danae, producing light flashes, to

confuse prey

Deep-sea fish, such as angler fish, to

attract prey or find mates

Deep-sea medusae, to produce
attention so that predators of
predators are attracted

Light emitting diodes, for

measurement, illumination and

communication
Synchroton radiation sources

Electron synchroton source

Possibly some stars

Ideal white lamp or laser
Ideal coloured lamp or laser

Gas lasers

He-Ne laser (obsolete), for school

experiments

Argon laser, for pumping and laser

shows

Krypton laser, for pumping and

laser shows
Xenon laser

Nitrogen (or ‘air’) laser, for pumping 337.1 nm

of other lasers, for hobby

Water vapour laser, for research

BRIGHT-
LENGTH NESS OR
POWER
red
white
blue and all
other colours
red, green, up to
blue, UV 100 Im/W

X-rays to radio pulsed
waves

broad

spectrum

visible ¢.300lm/W
green 683 Im/W
632.8 nm 550 1lm/W
several blue  upto 100W

and green lines

several blue, 50W

green, red lines

many linesin 20 W
the IR, visible
and near UV
pulsed up to
1MW
many lines CWO0.5W,

between 7 and pulsed much
220 um, often  higher
118 um

LIiFE-
TIME

CosT

years

years

years

15k to
100 kh

10 cent/Ilm

many MEuro

thou-
sands of
years
n.a. n.a.
n.a. n.a.

2000 cent/Im 300h

10 kEuro

down to a few limited

hundred Euro by metal
elec-
trode
lifetime

a few kEuro
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TABLE 7 A selection of lamps and lasers (continued)
LAMP TYPE, APPLICATION WAVE- BrigHT- CosT L1iFE-
LENGTH NESS OR TIME
POWER
CO, laser, for cutting, welding, glass 10.6 um CW up to 1500 h
welding and surgery 100 kW,
pulsed up to
10TW
Excimer laser, for lithography in 193 nm (ArF), 100W
silicon chip manufacturing, eye 248 nm (KrF),
surgery, pumping, psoriasis 308 nm (XeCl),
treatment, laser deposition 353 nm (XeF)
Metal vapour lasers (Cu, Cd, Se, Ca,
Ag, Au, Mn, T, In, Hg)
Copper vapour laser, for pumping, 248 nm, pulses up to
photography, dermatology, laser 511nmand 5MW
cutting, hobby constructions and 578 nm
explorative research
Cadmium vapour laser, for printing, 325nmand  up to 200mW 12 kEuro 10kh
typesetting and recognition of 442 nm
forged US dollar notes
Gold vapour laser, for explorative ~ 627 nm pulsesup to  from a few
research, dermatology 1MW hundred Euro
upwards
Chemical gas lasers
HE, DF and oxygen-iodine laser, 13to42um uptoMWin over un-
used as weapons, pumped by CW mode 10 MEuro known
chemical reactions
Liquid Dye lasers
Rhodamine, stilbene, coumarin tunable, range upto 10W 10 kEuro dye-
etc. lasers, for spectroscopy and depends on dependent
medical uses dye in 300 to
1100 nm range
Beer, vodka, whiskey and many IR, visible
other liquids work as laser material
Solid state lasers
Ruby laser (obsolete), for 694 nm 1kEuro
holography and tattoo removal
Nd:YAG (neodym-YAG) laser, for =~ 1064 nm CW 10kWw, 50to 1000 h
material processing, surgery, pulsed 500 kEuro
pumping, rangefinding, velocimetry 300 MW
Er:YAG laser, for dermatology 2940 nm
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TABLE 7 A selection of lamps and lasers (continued)

LAMP TYPE, APPLICATION WAVE- BricHT- CosT LirE-
LENGTH NESS OR TIME

POWER

Ti:sapphire laser, for ultrashort 650 to 1200nm CW 1'W, from 5 kEuro

pulses for spectroscopy, LIDAR, and pulsed upwards

research 300 TW

Alexandrite laser, for laser 700 to 840 nm

machining, dermatology, LIDAR

Cr:LiSAF laser pulsed 10 TW,
down to 30 fs

Cr:YAG laser 1.35to 1.6um pulsed, down
to 100 fs

Cr:Forsterite laser, optical 1200 to pulsed, below

tomography 1300 nm 100 fs

Erbium doped glass laser, used in ~ 1.53 to 1.56 um years

optical communications (undersea
cables) and optical amplifiers

Perovskite laser, such as Co:KZnF;, NIR tunable, 100 mW 2kEuro
for research 1650 to

2070 nm
F-centre laser, for spectroscopy tuning ranges 100 mW 20 kEuro
(NaCl:OH-, KI:Li, LiF) between 1.2

and 6 ym

Semiconductor lasers

GaN laser diode, for optical 400 to 500nm 10 mW afew Euro  afew
recording 100h
AlGaAs laser diode, for optical 620to 900nm upto1W below 1 Euro

recording, pointers, data to 100 Euro  ¢.10000h

communication, laser fences, bar
code readers (normal or vertical

cavity)

InGaAsP laser diode, for fiberoptic 1to 2.5 um up to 100W  below 1 Euro up to
communication, laser pumping, uptoafewk 20000h
material processing, medial uses Euro

(normal and vertical cavity or

VCSEL)

Lead salt (PbS/PbSe) laser diode, for 3 to 25 um 0.1W a few 100

spectroscopy and gas detection Euro

Quantum cascade laser, for research 2.7 to 350um CW achieved
and spectroscopy

Hybrid silicon lasers, for research IR nW 0.1 MEuro

Free electron lasers
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TABLE 7 A selection of lamps and lasers (continued)

LAMP TYPE, APPLICATION WAVE - BrigHT- CosT LiFE-
LENGTH NESS OR TIME
POWER
Used for material science 5nmtolmm CW 20kW, 10 MEuro years
pulsed in GW
range

Nuclear-reaction pumped lasers

Have uses only in science fiction and for getting money from gullible military

Most solid state lamps are light emitting diodes. The large progress in brightness of
light emitting diodes could lead to a drastic reduction in future energy consumption, if
their cost is lowered sufficiently. Many engineers are working on this task. Since the cost
is a good estimate for the energy needed for production, can you estimate which lamp is
the most friendly to the environment?

Nobody thought much about lamps, until Albert Einstein and a few other great
physicists came along, such as Theodore Maiman and Hermann Haken. Many other re-
searchers later received Nobel Prizes by building on their work. In 1916, Einstein showed
that there are two types of sources of light — or of electromagnetic radiation in gen-
eral - both of which actually ‘create’ light. He showed that every lamp whose brightness
is turned up high enough will change behaviour when a certain intensity threshold is
passed. The main mechanism of light emission then changes from spontaneous emission
to stimulated emission. Nowadays such a special lamp is called a laser. (The letters ‘s’ in
laser are an abbreviation of ‘stimulated emission’) After a passionate worldwide research
race, in 1960 Maiman was the first to build a laser emitting visible light. (So-called masers
emitting microwaves were already known for several decades.) In summary, Einstein and
the other physicists showed that lasers are lamps which are sufficiently turned up. Lasers
consist of some light producing and amplifying material together with a mechanism to
pump energy into it. The material can be a gas, a liquid or a solid; the pumping pro-
cess can use electrical current or light. Usually, the material is put between two mirrors,
in order to improve the efficiency of the light production. Common lasers are semicon-
ductor lasers (essentially strongly pumped LEDs or light emitting diodes), He-Ne lasers
(strongly pumped neon lamps), liquid lasers (essentially strongly pumped fire flies) and
ruby lasers (strongly pumped luminescent crystals).

Lasers produce radiation in the range from microwaves and extreme ultraviolet. They
have the special property of emitting coherent light, usually in a collimated beam. There-
fore lasers achieve much higher light intensities than lamps, allowing their use as tools.
In modern lasers, the coherence length, i.e., the length over which interference can be
observed, can be thousands of kilometres. Such high quality light is used e.g. in gravita-
tional wave detectors.

People have become pretty good at building lasers. Lasers are used to cut metal sheets
up to 10 cm thickness, others are used instead of knives in surgery, others increase surface
hardness of metals or clean stones from car exhaust pollution. Other lasers drill holes in
teeth, measure distances, image biological tissue or grab living cells. Most materials can
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be used to make lasers, including water, beer and vodka.

Some materials amplify light so much that end mirrors are not necessary. This is the
case for nitrogen lasers, in which nitrogen, or simply air, is used to produce a UV beam.
Even a laser made of a single atom (and two mirrors) has been built; in this example,
only eleven photons on average were moving between the two mirrors. Quite a small
lamp. Also lasers emitting light in two dimensions have been built. They produce a light
plane instead of a light beam.

Lasers have endless applications. Lasers read out data from compact discs (CDs), are
used in the production of silicon integrated circuits, and transport telephone signals; we
already encountered lasers that work as loudspeakers. The biggest advances in recent
years came from the applications of femtosecond laser pulses. Femtosecond pulses gen-
erate high-temperature plasmas in the materials they propagate, even in air. Such short
pulses can be used to cut material without heating it, for example to cut bones in heart
operations. Femtosecond lasers have been used to make high resolution hologram of hu-
man heads within a single flash. Recently such lasers have been used to guide lightning
along a predetermined path and seem promising candidates for laser ligtning rods. A
curious application is to store information in fingernails (up to 5 Mbit for a few months)
using such lasers, in a way not unlike that used in recordable compact discs (CD-R).

CAN TWO PHOTONS INTERFERE?

In 1930, Dirac made the famous statement already mentioned above:

Each photon interferes only with itself. Interference between two different photons
never occurs.

Often this statement is misinterpreted as implying that two separate photon sources can-
not interfere. It is almost unbelievable how this false interpretation has spread through
the literature. Everybody can check that this statement is incorrect with a radio: two dis-
tant radio stations transmitting on the same frequency lead to beats in amplitude, i.e.,
to wave interference. (This should not to be confused with the more common radio in-
terference, with usually is simply a superposition of intensities.) Radio transmitters are
coherent sources of photons, and any radio receiver shows that two such sources can
indeed interfere.

In 1949, interference of two different sources has been demonstrated with microwave
beams. Numerous experiments with two lasers and even with two thermal light sources
have shown light interference from the fifties onwards. In 1963, Magyar and Mandel used
two ruby lasers emitting light pulses and a rapid shutter camera to produce spatial inter-
ference fringes.

However, all these experimental results do not contradict the statement by Dirac. In-
deed, two photons cannot interfere for several reasons.

— Interference is a result of space-time propagation of waves; photons appear only when
the energy-momentum picture is used, mainly when interaction with matter takes
place. The description of space-time propagation and the particle picture are mutually
exclusive - this is one aspect of the complementary principle. Why does Dirac seem
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Figure yet to be included

FIGURE 45 An electron hologram

to mix the two in his statement? Dirac employs the term ‘photon’ in a very general
sense, as quantized state of the electromagnetic field. When two coherent beams are
superposed, the quantized entities, the photons, cannot be ascribed to either of the
sources. Interference results from superposition of two coherent states, not of two
particles.

— Interference is only possible if one cannot know where the detected photon comes
from. The quantum mechanical description of the field in a situation of interference
never allows to ascribe photons of the superposed field to one of the sources. In other
words, if you can say from which source a detected photon comes from, you cannot
observe interference.

— Interference between two beams requires a fixed phase between them, i.e., an un-
certain particle number; in other words, interference is only possible if the photon
number for each of the two beams is unknown.

A better choice of words is to say that interference is always between two (indistinguish-
able) states, or if one prefers, between two possible (indistinguishable) histories, but
never between two particles. In summary, two different electromagnetic beams can in-
terfere, but not two different photons.

CAN TWO ELECTRON BEAMS INTERFERE?

Do coherent electron sources exist? Yes, as it is possible to make holograms with electron
beams.” However, electron coherence is only transversal, not longitudinal. Transversal
coherence is given by the possible size of wavefronts with fixed phase. The limit of this
size is given by the interactions such a state has with its environment; if the interactions
are weak, matter wave packets of several metres of size can be produced, e.g. in particle
colliders, where energies are high and interaction with matter is low.

Actually, the term transversal coherence is a fake. The ability to interfere with oneself
is not the definition of coherence. Transversal coherence only expresses that the source
size is small. Both small lamps (and lasers) can show interference when the beam is split
and recombined; this is not a proof of coherence. Similarly, monochromaticity is not a
proof for coherence either.

A state is called coherent if it possesses a well-defined phase throughout a given do-
main of space or time. The size of that region or of that time interval defines the de-
gree of coherence. This definition yields coherence lengths of the order of the source size

* In 2002, the first holograms have been produced that made use of neutron beams.
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FIGURE 46 Imaging isolated
electrons: single electrons
surrounded by bubbles that
explode in liquid helium under
negative pressure produce white
spots (mpg film © Humphrey
Maris)

for small ‘incoherent’ sources. Nevertheless, the size of an interference pattern, or the
distance d between its maxima, can be much larger than the coherence length [ or the
source size s.

In summary, even though an electron can interfere with itself, it cannot interfere with
a second one. Uncertain electron numbers are needed to see a macroscopic interference
pattern. That is impossible, as electrons (at usual energies) carry a conserved charge.

CHALLENGES, DREAMS AND CURIOSITIES ABOUT QUANTUM TECHNOLOGY

Nowadays, we carry many electronic devices in our jacket or trousers. Almost all use bat-
teries. In the future, there is a high chance that some of these devices will extract energy
from the human body. There are several options. One can extract thermal energy with
thermoelements, or one can extract vibrational energy with piezoelectric, electrostatic or
electromagnetic transducers. The challenge is to make these elements small and cheap.
It will be interesting to find out which technology will arrive to the market first.

* 3k

In 2007, Humphrey Maris and his student Wei Guo performed an astonishing experi-
ment: they filmed single electrons with a video camera. Well, the truth is a bit more
complicated, but it is not a lie to summarize it in this way.

Maris is an expert on superfluid helium. For many years he knew that free electrons
in superfluid helium repel helium atoms, and can move, surrounded by a small vacuum
bubble, about 2 nm across, through the fluid. He also discovered that under negative
pressure, these bubbles can grow and finally explode. When they explode, they are able
to scatter light. With his student Wei Guo, he then injected electrons into superfluid
helium through a tungsten needle under negative voltage, produced negative pressure
by focussing waves from two piezoelectric transducers in the bulk of the helium, and
shone light through the helium. When the pressure became negative enough they saw
the explosions of the bubbles. Figure 46 shows the video. If the experiment is confirmed,
it is one of the highlights of experimental physics in the last decade.
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* 3k
Is it possible to make A4-size, thin and flexible colour displays for an affordable price?
* 3k
Will there ever be desktop laser engravers for 1000 euro?
* 3k
Will there ever be room-temperature superconductivity?
* %k
Will there ever be teleportation of everyday objects?
* %k

One process that quantum physics does not allow is telephathy. An unnamed space
agency found this out during the Apollo 14 mission, when, during the flight to the moon,
cosmonaut Edgar Mitchell tested telepathy as communication means. Unsurprisingly, he
found that it was useless. It is unclear why the unnamed space agency spent so much
money for a useless experiment — an experiment that could have been performed, at a
cost of a phone call, also down here on earth.

* 3k
Will there ever be applied quantum cryptology?
% %k

Will there ever be printable polymer electronic circuits, instead of lithographically pat-
terned silicon electronics as is common now?

* 3k

Will there ever be radio-controlled flying toys in the size of insects?
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CHAPTER 3

QUANTUM ELECTRODYNAMICS
— THE ORIGIN OF VIRTUAL REALITY

HE central concept that quantum theory introduces in the description of nature is

he idea of virtual particles. Virtual particles are short-lived particles; they owe

heir existence exclusively to the quantum of action. Because of the quantum of ac-
tion, they do not need to follow the energy-mass relation that special relativity requires
of normal, real particles. Virtual particles can move faster than light and can move back-
ward in time. Despite these strange properties, they have many observable effects.

SHIPS, MIRRORS AND THE CASIMIR EFFECT

When two parallel ships roll in a big swell, without even the slightest wind blowing, they
will attract each other. It might be that this effect was known before the nineteenth cen-
tury, when many places still lacked harbours.”

Waves induce oscillations of ships because a ship absorbs energy from the waves.
When oscillating, the ship also emits waves. This happens mainly towards the two sides
of the ship. As a result, for a single ship, the wave emission has no net effect on its pos-
ition. Now imagine that two parallel ships oscillate in a long swell, with a wavelength
much larger than the distance between the ships. Due to the long wavelength, the two
ships will oscillate in phase. The ships will thus not be able to absorb energy from each
other. As a result, the energy they radiate towards the outside will push them towards
each other.

The effect is not difficult to calculate. The energy of a rolling ship is

E = mgh «*/2 (10)

where « is the roll angle amplitude, 7 the mass of the ship and g = 9, 8 m/s” the accelera-
tion due to gravity. The metacentric height h is the main parameter characterizing a ship,
especially a sailing ship; it tells with what torque the ship returns to the vertical when
inclined by an angle a. Typically, one has & =1.5m.

When a ship is inclined, it will return to the vertical by a damped oscillation. A
damped oscillation is characterized by a period T and a quality factor Q. The quality
factor is the number of oscillations the system takes to reduce its amplitude by a factor
e = 2.718. If the quality factor Q of an oscillating ship and its oscillation period T are

* Sipko Boersma published a paper in which he gave his reading of shipping manuals, advising captains to
let the ships be pulled apart using a well-manned rowing boat. This reading has been put into question by
subsequent research, however.
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given, the radiated power W is
E
W=2n— . 1)
QT
We saw above that radiation force (radiation pressure times area) is W/c, where c is the
wave propagation velocity. For water waves, we have the famous relation

_ 9T

o (12)

c

Assuming that for two nearby ships each one completely absorbs the power emitted from
the other, we find that the two ships are attracted towards each other following

]’l 2
ma = ;7127'[2i . (13)

Qr?

Inserting typical values such as Q = 2.5, T =10s, a =0.14rad and a ship mass of 700
tons, we get about 1.9 kN. Long swells thus make ships attract each other. The strength
of the attraction is comparatively small and could be overcome with a rowing boat. On
the other hand, even the slightest wind will damp the oscillation amplitude and have
other effects that will hide or overshadow this attraction.

Sound waves or noise in air show the same effect. It is sufficient to suspend two metal
plates in air and surround them by loudspeakers. The sound will induce attraction (or
repulsion) of the plates, depending on whether the sound wavelength cannot (or can) be
taken up by the other plate.

In 1948, the Dutch physicist Hendrik Casimir made one of the most spectacular pre-
dictions of quantum theory: he predicted a similar effect for metal plates in vacuum.
Casimir, who worked at the Dutch Electronics company Philips, wanted to understand
why it was so difficult to build television tubes. The light-emitting surface of a television
tube is made by deposing small neutral, but conductive particles on glass. Casimir ob-
served that the particles somehow attracted each other. Casimir got interested in under-
standing how neutral particles interact. During these theoretical studies he discovered
that two neutral metal plates (or metal mirrors) would attract each other even in com-
plete vacuum. This is the famous Casimir effect. Casimir also determined the attraction
strength between a sphere and a plate, and between two spheres. In fact, all conducting
neutral bodies attract each other in vacuum, with a force depending on their geometry.

In all these situations, the role of the sea is taken by the zero-point fluctuations of
the electromagnetic field, the role of the ships by the conducting bodies. Casimir under-
stood that the space between two parallel conducting mirrors, due to the geometrical
constraints, had different zero-point fluctuations than the free vacuum. Like in the case
of two ships, the result would be the attraction of the two mirrors.

Casimir predicted that the attraction for two mirrors of mass m and surface A is given
by

—_— = . (14)
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The effect is a pure quantum effect; in classical electrodynamics, two neutral bodies do
not attract. The effect is small; it takes some dexterity to detect it. The first experimental
confirmation was by Derjaguin, Abrikosova and Lifshitz in 1956; the second experimen-
tal confirmation was by Marcus Sparnaay, Casimir’s colleague at Philips, in 1958. Two
beautiful high-precision measurements of the Casimir effect were performed in 1997 by
Lamoreaux and in 1998 by Mohideen and Roy; they confirmed Casimir’s prediction with
a precision of 5 % and 1 % respectively. (Note that at very small distances, the dependence
is not 1/d*, but 1/d°.) In summary, uncharged bodies attract through electromagnetic
field fluctuations.

In a cavity, spontaneous emission is suppressed, if it is smaller than the wavelength
of the emitted light! This effect has also been observed. It confirms the old saying that
spontaneous emission is emission stimulated by the zero point fluctuations.

The Casimir effect thus confirms the existence of the zero-point fluctuations of the
electromagnetic field. It confirms that quantum theory is valid also for electromagnetism.

The Casimir effect between two spheres is proportional to 1/’ and thus is much
weaker than between two parallel plates. Despite this strange dependence, the fascina-
tion of the Casimir effect led many amateur scientists to speculate that a mechanism
similar to the Casimir effect might explain gravitational attraction. Can you give at least
three arguments why this is impossible, even if the effect had the correct distance depen-
dence?

Like the case of sound, the Casimir effect can also produce repulsion instead of at-
traction. It is sufficient that one of the two materials be perfectly permeable, the other a
perfect conductor. Such combinations repel each other, as Timothy Boyer discovered in
1974.

The Casimir effect bears another surprise: between two metal plates, the speed of light
changes and can be larger than c¢. Can you imagine what exactly is meant by ‘speed of
light’ in this context?

In 2006, the Casimir effect provided another surprise. The ship story just presented
is beautiful, interesting and helps understanding the effect; but it seems that the story
is based on a misunderstanding. Alas, the interpretation of the old naval text given by
Sipko Boersma seems to be wishful thinking. There might be such an effect for ships, but
it has never been observed nor put into writing by seamen, as Fabrizio Pinto has pointed
out after carefully researching naval sources. As analogy, it remains valid.

THE LAMB SHIFT

It is not frequent that a person receives the Nobel Prize in Physics for observing the
colour of a lamp. But it happens. In 1947, Willis Lamb performed a careful measurement
of the spectrum of hydrogen. He found the first effect due to virtual particles. More pre-
cisely, he found that the 25, /, energy level in atomic hydrogen lies slightly above the
2P, level. This is in contrast to the calculation performed above, where the two lev-
els are predicted to have the same energy. In reality, they have an energy difference of
1057.864 MHz, or 4.3 peV. This discovery had important consequences for the descrip-
tion of quantum theory and yielded Lamb a share of the 1955 Nobel Prize in Physics.
Why?

The reason for the level difference is an unnoticed approximation performed in the
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simple relativistic calculation of the hydrogen levels. There are two equivalent ways to
explain it. One is to say that the calculation neglects the coupling terms between the
Dirac equation and the Maxwell equations. This explanation lead to the first calculations
of the Lamb shift, around the year 1950. The other, equivalent explanation is to say that
the calculation neglects virtual particles. In particular, the calculation neglects the virtual
photons emitted and absorbed during the motion of the electron around the nucleus.
This is the explanation in line with the modern vocabulary of quantum electrodynamics.
QED is the perturbative approach to solve the coupled Dirac and Maxwell equations.

THE QED LAGRANGIAN AND ITS SYMMETRIES

In simple terms, quantum electrodynamics is the description of electron motion. This
implies that the description is fixed by the effects of mass and charge, and by the quantum
of action. The QED Lagrangian density is given by:

Lew = v(id—mpy } the matter term
1 v the electromagnetic field
4u, F /WF }

—-quyyA,

(15)
term L.
} the eelectromagnetic in-

teraction term

We know the matter term from the Dirac equation for free particles; it describes the
kinetic energy of free electrons. We know the term of the electromagnetic field from the
Maxwell’s equations; it describes the kinetic energy of photons. The interaction term is
the term that encodes the gauge symmetry of electromagnetism, also called ‘minimal
coupling’; it encodes the potential energy. In other words, the Lagrangian describes the
motion of electrons and photons.

All experiments ever performed agree with the prediction by this Lagrangian. In other
words, this Lagrangian is the final and correct description of the motion of electrons and
photons. In particular, the Lagrangian describes the size, shape and colour of atoms, the
size, shape and colour of molecules, as well as all interactions of molecules. In short, the
Lagrangian describes all of materials science, all of chemistry, and all of biology. Exag-
gerating a bit, this is the Lagrangian that describes life. (In fact, the description of atomic
nuclei must be added; we will explore it below.)

All electromagnetic effects, including the growth of the coloured spots on butterfly
wings, the functioning of the transistor or the cutting of paper with scissors, are com-
pletely described by the QED Lagrangian. Since the Lagrangian is part of the final de-
scription of motion, it is worth thinking about it in more detail.

Which requirements are necessary to deduce the QED Lagrangian? This issue has been
explored in great detail. The answer is given by the following list:

— compliance with the observer-invariant quantum of action for the motion of elec-
trons and photons,

— symmetry under the permutation group among many electrons, i.e., fermion be-
haviour of electrons,

— compliance with the invariance of the speed of light, i.e., symmetry under transfor-
mations of special relativity,
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— symmetry under U(l) gauge transformations for the motion of photons and of
charged electrons,

— symmetry under renormalization group,

— low-energy interaction strength described by the fine structure constant a =
1/137.036.

The last two points require some comments.

As in all cases of motion, the action is the time-volume integral of the Lagrangian den-
sity. All fields, be they matter and radiation, move in such a way that this action remains
minimal. In fact there are no known differences between the prediction of the least ac-
tion principle based on the QED Lagrangian density and observations. Even though the
Lagrangian density is known since 1926, it took another twenty years to learn how to
calculate with it. Only in the years around 1947 it became clear, through the method of
renormalization, that the Lagrangian density of QED is the final description of all motion
of matter due to electromagnetic interaction in flat space-time. The details were shown
independently by Julian Schwinger, Freeman Dyson, Richard Feynman and Tomonaga
Shin-Itiro.*

The QED Lagrangian density contains the strength of the electromagnetic interaction
in the form of the fine structure constant . This number is part of the Lagrangian; no
explanation for its value is given. The explanation was still unknown in the year 2000.
Also the U(1) gauge group is specific to electromagnetism. All others requirements are
valid for every type of interaction. Indeed, the search for the Lagrangians of the two
nuclear interactions became really focused and finally successful only when the necessary
requirements were clearly spelled out, as we will discover in the chapters on the nucleus
and on the interactions that describe its behaviour.

The Lagrangian density retains all symmetries that we know from classical physics.
Motion is continuous, it conserves energy—-momentum and angular momentum, it is rel-
ative, it is right-left symmetric, it is reversible, i.e., symmetric under change of velocity
sign, and it is lazy, i.e., it minimizes action. In short, within the limits given by the quan-
tum of action, also motion due to QED remains predictable.

INTERACTIONS AND VIRTUAL PARTICLES

The electromagnetic interaction is exchange of virtual photons. So how can the interac-
tion be attractive? At first sight, any exchange of virtual photons should drive the elec-
trons from each other. However, this is not correct. The momentum of virtual photons
does not have to be in the direction of its energy flow; it can also be in opposite direc-
tion.** Obviously, this is only possible within the limits provided by the indeterminacy
principle.

But virtual particles have also other surprising properties: virtual photons cannot be
counted.

* Tomonaga Shin-Itiro (1906-1979) Japanese developer of quantum electrodynamics, winner of the 1965
Nobel Prize for physics together with Feynman and Schwinger. Later he became an important figure of
science politics; together with his class mate from secondary school and fellow physics Nobel Prize winner,
Yukawa Hidei, he was an example to many scientists in Japan.

** One of the most beautiful booklets on quantum electrodynamics which makes this point remains the
text by RICHARD FEYNMAN, QED: the Strange Theory of Light and Matter, Penguin Books, 1990.
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VACUUM ENERGY: INFINITE OR ZERO?

The strangest result of quantum field theory is the energy density of the vacuum. On one
side, the vacuum has, to an excellent approximation, no mass and no energy content. The
vacuum energy of vacuum is thus measured and expected to be zero (or at least extremely
small).*

On the other side, the energy density of the zero-point fluctuations of the electromag-

netic field is given by
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The result of this integration is infinite. Quantum field theory thus predicts an infinite
energy density of the vacuum.

We can try to moderate the problem in the following way. As we will discover in the
last part of our adventure, there are good arguments that a smallest measurable distance
exists in nature; this smallest length appears when gravity is taken into account. The
minimal distance is of the order of the Planck length
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A minimal distance leads to a maximum cut-off frequency. But even in this case the
vacuum density that follows is still a huge number, and is much larger than observed
by over 100 orders of magnitude. In other words, QED seems to predict an infinite, or,
when gravity is taken into account, a huge vacuum energy. But measurements show a
tiny vale. What exactly is wrong in this simple calculation? The answer cannot be given
at this point; it will become clear in the last volume of our adventure.

MOVING MIRRORS

Mirrors also work when they or the light source is in motion. In contrast, walls, i.e.,
sound mirrors, do not produce echoes for all sound sources or for all wall speeds. For
example, experiments show that walls do not produce echoes if the wall or the sound
source moves faster than sound. On the other hand, light mirrors always produce an
image, whatever the involved speeds. These observations confirm that the speed of light
is the same for all observers: it is invariant. (Can you detail the argument?) In contrast,
the speed of sound in air depends on the observer; it is not invariant.

Light mirrors also differ from tennis rackets. (Rackets are tennis ball mirrors, to con-
tinue the previous analogy.) We have seen that light mirrors cannot be used to change
the speed of the light they hit, in contrast to what tennis rackets can do with balls. This
observation shows that the speed of light is a limit speed. In short, the simple existence
and observation of mirrors is sufficient to derive special relativity.

But there are more interesting things to be learned from mirrors. We only have to
ask whether mirrors work when they undergo accelerated motion. This issue yields a

* In 1998, this side of the issue was confused even further. Astrophysical measurements, confirmed in the
subsequent years, have found that the vacuum energy has a small, but non-zero value, of the order of
0.5nJ/m’. The reason for this value is not yet understood, and is one of the open issues of modern physics.
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surprising result.

In the 1970s, quite a number of researchers independently found that there is no vac-
uum for accelerated observers. This effect is called Fulling-Davies-Unruh effect. (The in-
correct and rarely used term dynamical Casimir effect has been abandoned.) For an ac-
celerated observer, the vacuum is full of heat radiation. We will discuss this below. This
fact has an interesting consequence for accelerated mirrors: a mirror in accelerated mo-
tion reflects the heat radiation it encounters. In short, an accelerated mirror emits light!
Unfortunately, the intensity of this so-called Unruh radiation is so weak that it has not
been measured directly, up to now. We will explore the issue in more detail below. (Can
you explain why accelerated mirrors emit light, but not matter?)

PHOTONS HITTING PHOTONS

When virtual particles are taken into account, light beams can ‘bang’ onto each other.
This result is in full contrast to classical electrodynamics. Indeed, QED shows that the
appearance of virtual electron-positron pairs allow photons to hit each other. And such
pairs are found in any light beam.

However, the cross-section for photons banging onto each other is small. In fact, the
bang is extremely weak. When two light beams cross, most photons will pass undisturbed.
The cross-section A is approximately

2 6
A~ 23 cx4<i) < hw ) (18)
101257 m,c mec?
for the everyday case that the energy /iw of the photon is much smaller than the rest en-
ergy m,c” of the electron. This low-energy value is about 18 orders of magnitude smaller
than what was measurable in 1999; the future will show whether the effect can be ob-
served for visible light. However, for high energy photons these effects are observed daily
in particle accelerators. In these settings one observes not only interaction through vir-
tual electron-antielectron pairs, but also through virtual muon-antimuon pairs, virtual
quark-antiquark pairs, and much more.

Everybody who consumes science fiction knows that matter and antimatter annihilate
and transform into pure light. More precisely, a matter particle and an antimatter parti-
cle annihilate into two or more photons. Interestingly, quantum theory predicts that the
opposite process is also possible: photons hitting photons can produce matter! In 1997,
this prediction was also confirmed experimentally.

At the Stanford particle accelerator, photons from a high energy laser pulse were
bounced off very fast electrons. In this way, the reflected photons acquired a large energy,
when seen in the inertial frame of the experimenter. The green laser pulse, of 527 nm
wavelength or 2.4 eV photon energy, had a peak power density of 10> W/m?, about the
highest achievable so far. That is a photon density of 10°* /m® and an electric field of
10" V/m, both of which were record values at the time. When this green laser pulse was
reflected off a 46.6 GeV electron beam, the returning photons had an energy of 29.2 GeV
and thus had become high-energy gamma rays. These gamma rays then collided with
other, still incoming green photons and produced electron-positron pairs through the
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for which both final particles were detected by special apparatuses. The experiment thus
showed that light can hit light in nature, and above all, that doing so can produce matter.
This is the nearest we can get to the science fiction fantasy of light swords or of laser
swords banging onto each other.

Is THE VACUUM A BATH?

If the vacuum is a sea of virtual photons and particle-antiparticle pairs, vacuum could
be suspected to act as a bath. In general, the answer is negative. Quantum field theory
works because the vacuum is not a bath for single particles. However, there is always an
exception. For dissipative systems made of many particles, such as electrical conductors,
the vacuum can act as a viscous fluid. Irregularly shaped, neutral, but conducting bodies
can emit photons when accelerated, thus damping such type of motion. This is due to
the Fulling-Davies-Unruh effect, also called the dynamical Casimir effect, as described
above. The damping depends on the shape and thus also on the direction of the body’s
motion.

In 1998, Gour and Sriramkumar even predicted that Brownian motion should also
appear for an imperfect, i.e., partly absorbing mirror placed in vacuum. The fluctuations
of the vacuum should produce a mean square displacement

(d*) = h/mt (20)

that increases linearly with time; however, the extremely small displacement produced
in this way is out of experimental reach so far. But the result is not a surprise. Are you
able to give another, less complicated explanation for it?

RENORMALIZATION — WHY IS AN ELECTRON SO LIGHT?

In classical physics, the field energy of a point-like charged particle, and hence its mass,
was predicted to be infinite. QED effectively smears out the charge of the electron over its
Compton wavelength; as a result, the field energy contributes only a small correction to
its total mass. Can you confirm this?

However, in QED, many intermediate results in the perturbation expansion are diver-
gent integrals, i.e., integrals with infinite value. The divergence is due to the assumption
that infinitely small distances are possible in nature. The divergences thus are artefacts
that can be eliminated; the elimination procedure is called renormalization.

Sometimes it is claimed that the infinities appearing in quantum electrodynamics in
the intermediate steps of the calculation show that the theory is incomplete or wrong.
However, this type of statement would imply that classical physics is also incomplete or
wrong, on the ground that in the definition of the velocity v with space x and time t,
namely

4 im 2% lim ax L (1)
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one gets an infinity as intermediate step. Indeed, d¢ being vanishingly small, one could
argue that one is dividing by zero. Both arguments show the difficulty to accept that the
result of a limit process can be a finite quantity even if infinite quantities appear in the
calculation. The parallel between electron mass and velocity is closer than it seems; both
intermediate ‘infinities’ stem from the assumption that space-time is continuous, i.e., in-
finitely divisible. The infinities necessary in limit processes for the definition of differen-
tiation, integration or for renormalization appear only when space-time is approximated,
as physicists say, as a ‘continuous’ set, or as mathematicians say, as a ‘complete’ set.

On the other hand, the conviction that the appearance of an infinity might be a sign
of incompleteness of a theory was an interesting development in physics. It shows how
uncomfortable many physicists had become with the use of infinity in our description
of nature. Notably, this was the case for Paul Dirac himself, who, after having laid in his
youth the basis of quantum electrodynamics, has tried for the rest of his life to find a way,
without success, to change the theory so that intermediate infinities are avoided.

Renormalization is a procedure that follows from the requirement that continuous
space-time and gauge theories must work together. In particular, renormalization fol-
lows form the requirement that the particle concept is consistent, i.e., that perturbation
expansions are possible. Intermediate infinities are not an issue. In a bizarre twist, a few
decades after Dirac’s death, his wish has been fulfilled after all, although in a different
manner than he envisaged. The final part of this mountain ascent will show the way out
of the issue.

CURIOSITIES AND FUN CHALLENGES OF QUANTUM ELECTRODYNAMICS

Motion is an interesting topic, and when a curious person asks a question about it, most
of the time quantum electrodynamics is needed for the answer. Together with gravity,
quantum electrodynamics explains almost all of our everyday experience, including nu-
merous surprises. Let us have a look at some of them.

* %k

There is a famous riddle asking how far the last card (or the last brick) of a stack can hang
over the edge of a table. Of course, only gravity, no glue or any other means is allowed to
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keep the cards on the table. After you solved the riddle, can you give the solution in case
that the quantum of action is taken into account?

* 3k

Quantum electrodynamics explains why there are only a finite number of different
atom types. In fact, it takes only two lines to prove that pair production of electron-
antielectron pairs make it impossible that a nucleus has more than about 137 protons.
Can you show this? The effect at the basis of this limit, the polarization of the vacuum,
also plays a role in much larger systems, such as charged black holes, as we will see shortly.

* %

Taking 91 of the 92 electrons off an uranium atom allows researchers to check whether
the innermost electron still is described by QED. The electric field near the uranium nu-
cleus, 1 EV/m is near the threshold for spontaneous pair production. The field is the
highest constant field producible in the lab