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Praise for the Manga Guide series

“Highly recommended.”
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“Stimulus for the next generation of scientists.”
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“A great fit of form and subject. Recommended.”
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“The art is charming and the humor engaging. A fun and fairly painless lesson on what 
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“A lot of fun to read. The interactions between the char-
acters are lighthearted, and the whole setting has a sort 
of quirkiness about it that makes you keep reading just for 
the joy of it.”
—hack a day on the manga guide to electricity

“The Manga Guide to Databases was the most enjoyable 
tech book I’ve ever read.”
—rikki kite, linux pro magazine

“For parents trying to give their kids an edge or just 
for kids with a curiosity about their electronics, The 
Manga Guide to Electricity should definitely be on their 
bookshelves.”
—sacramento book review
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—slashdot on the manga guide to databases
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—frazzleddad on the manga guide to physics

“Makes it possible for a 10-year-old to develop a decent working knowledge of a subject 
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—skepticblog on the manga guide to molecular biology
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—geek at large on the manga guide to databases
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—dr. marina milner-bolotin, ryerson university on the manga guide to physics

“Kids would be, I think, much more likely to actually pick this up and find out if they are 
interested in statistics as opposed to a regular textbook.”
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mere textbook.”
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Preface

Welcome to the world of relativity!
Everyone wonders what relativity is all about. Because the theory of relativity predicts 

phenomena that seem unbelievable in our everyday lives (such as the slowing of time and 
the contraction of the length of an object), it can seem like mysterious magic.

Despite its surprising, counterintuitive predictions, Einstein’s theory of relativity has been 
confirmed many times over with countless experiments by modern physicists. Relativity and 
the equally unintuitive quantum mechanics are indispensable tools for understanding the 
physical world. 

In Newton’s time, when physicists considered velocities much smaller than the speed 
of light, it was not a problem to think that the measurement of motion, that is, space and 
time, were independent, permanent, and indestructible absolutes. However, by the end of 
the 19th century, precise measurements of the speed of light combined with developments 
in the study of electromagnetism had set the stage for the discovery of relativity. As a result, 
time and space, which had always been considered to be independent and absolute, had to 
be reconsidered.

That’s when Einstein arrived on the scene. Einstein proposed that time and space were 
in fact relative. He discarded the idea that space and time were absolute and considered that 
they vary together, so that the speed of light is always constant.

This radical insight created a controversy just as Galileo’s claim that Earth orbited the 
Sun (and not vice versa) shocked his peers. However, once we ventured into space, it was 
obvious that Earth was indeed moving. 

In a similar way, relativity has given us a more accurate understanding of concepts 
regarding the space-time in which we are living. In other words, relativity is the result of 
asking what is actually happening in our world rather than saying our world should be a 
particular way.

Although this preface may seem a little difficult, I hope you will enjoy the mysteries of 
relativity in a manga world together with Minagi and his teacher, Miss Uraga. Finally, I’d like 
to express my deep gratitude to everyone in the development bureau at Ohmsha; re_akino, 
who toiled over the scenario; and Mr. Keita Takatsu, who converted it into such an interest-
ing manga.

Well, then. Let’s jump into the world of relativity.

Masafumi Yamamoto
June 2009
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outrageous closing 
ceremony

PROLOGUE
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2 prologue

Taigai Academy, 
the last day 
of school 

before 
summer

The school is  
brimming with antici-

pation of swimming at 
the beach...camping...

and summer  
love.

I realize that 
your summer 

vacation is about 
to begin...

Therefore!

Headmaster
Rase Iyaga

I'm giving this year's 
junior class a special 
present so that you 

can enjoy your summer 
break even more.

What's he trying to 
pull? The headmaster 

is such a creep!
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outrageous closing ceremony 3

And here 
it is!

Your fate is now 
in my hands!

M
a
th

English
F
r
ee

 

r
e
s
e
a
r
c
h

Relativity

none

WHAT?!

This summer, you'll 
have the opportunity 
to study whichever 

subject the dart hits. 
Do you understand?

He's got to be 
kidding! N-no way! Wait!

If Yashiki throws, 
he'll surely hit 

"None" since he's 
the star pitcher.

That's right! Surely, 
if "Windmill Yashiki" 

does it...

heh 
heh

Okay.
Here we go!

Oh no!  
Headmaster Iyaga  
will be doing it!

The Wheel of Destiny!

w
h
i
r
r
R
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4 prologue

That's devious, 
headmaster!
It's tyranny!

And What the heck 
is relativity?

......!!

Relativity
What the...?!

the worst one! 
What is that?!

What's 
this...

the Vice 
Principal is 

here!

Is he messing 
with us?!

Vice Principal
Koromaru

Woof!

Woof!

M
ath

English

Relativity
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What? 
Vice Principal, you've 
already told them 
about this, right?

We can't understand 
the vice principal, But 
he looks angry at the 

headmaster!

Grrrr

Why is a dog the vice 
principal around 

here, anyway?

Hey, you can't just 
spring this on us!

Good gracious! It's 
You, student body 

president so-and-so.

The wheel of destiny 
is a farce! You're just 

tormenting us.

Everyone has made 
their plans for summer 

vacation already!

Student body 
president

Ruka Minagi
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6 prologue

Oh really? Well, 
shall I have you 

study relativity as 
a representative of 

all students?

Wha-what?!

If you do that, then 
the other students 

will be exempt.

Bu-but what is 
relativity?!

Hey, if we leave it up to 
Minagi, we'll be able to 
enjoy summer vacation, 

won't we?

Can we really do 
such a terrible 
thing to him?

It seems like you've 
got a head start!

Er...Um...

If it's okay  
with you, I could 
teach you about 

relativity.

Ack!

Ack!
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outrageous closing ceremony 7

You probably 
wouldn't want 
me to teach 
him, would 

you...?

Physics teacher
Alisa Uraga

We can discuss 
that later!

Well, What will 
it be, Minagi?

Come 
on man! 

Save 
us!

We 
beg 
you, 
man.

do 
it!

Okay, I 
accept your 
challenge!!!

Bleh.

RELATIVITY_03.indb   7 3/15/2011   3:25:51 PM



All right then. When 
summer vacation is 

over, submit a report 
on relativity.

Okay!

I don't care 
if Miss Uraga 
teaches you, 

but you have to 
write the report 

yourself!

And if you can't 
do it...

If I can't do it...?

You'll spend 
your senior 
year as my...

personal 
secretary!

No freaking 
way!

This is crazy! 
I'll do it!

WooF!

tee 
hee

RELATIVITY_03.indb   8 3/15/2011   3:25:52 PM



What Is Relativity?
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Ah, I was a big 
braggart, but now 
I've got to do it...

At least I'll be 
getting private 

lessons from the 
intriguing Miss Uraga!

Physics 
Room Hmmm...

Oh, here it is.

You're 

late!!!

WHAM!

chirp

chirp
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What is relativity? 11

mi. na. gi.

It's outrageous 
that you arrived 
later than I did.
Do you have the 
flexible hours 

of an executive?

Miss Uraga...?!

It's probably 
normal, but your 

eyes...are they  
black holes?

wh-wh- 
what?

psh, I'm sorry, I didn't 
mean to be so severe.

she's kidding?! Seriously, though, 
Please don't come 

late again.

SLAP

SLAP
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12 Chapter 1

That was my 
disciplinarian face! 
Adults must use it 
every so often.

Our image of you...

That freak of a 
headmaster gave me an 

impossible task.

This is awful.
it's summer 
vacation...

now, don't be so 
pessimistic.

Honestly, when he 
started talking about 
relativity, I thought 
that this was my big 

opportunity!

What do you mean by 
opportunity?
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What Is Relativity? 13

It's my field of 
specialty. I thought 

I could use this 
situation to rack 
up points with the 

headmaster.

I'm just your 
stepping 

stone, huh?

And if I got a high evaluation 
for being "Miss Uraga who 
enthusiastically provides 
guidance to students," I'd 

eventually become the next 
headmistress.

That's a bit 
far-fetched, 

isn't it?

Well, let's get started!
First, since you've asked 

what relativity is...

Okay.
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14 Chapter 1

1. What is relativity?

Special General

There are two types of 
relativity. One is special 

relativity, and the other is 
general relativity.

General relativity 
extended special 

relativity.

Shouldn't a 
general theory 
come before a 

specialized one?

Special relativity is "special" 
because it is a simplification of 

General Relativity and is only true in 
the special cases when the effects 
of gravity and acceleration can be 

safely ignored.

General relativity

Special relativity

Observer

Observer

General relativity is a broader 
theory of relativity that 

accounts for the effects of 
both acceleration and gravity.

Is it simpler 
when gravity or 

acceleration is not 
considered?

Well,  
sure it is.

The theory of  
relativity says that the  

passage of time, distance, and 
mass depend on the motion of 

whoever makes the observation. In 
special relativity, we only consider 
observers at rest or who move at 
a constant velocity. We call this 

vantage point an inertial 
reference frame.
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The theory of  
relativity says that the  

passage of time, distance, and 
mass depend on the motion of 

whoever makes the observation. In 
special relativity, we only consider 
observers at rest or who move at 
a constant velocity. We call this 

vantage point an inertial 
reference frame.

When observations  
are made by an observer 
undergoing acceleration,  

that is called making 
observations from a non-
inertial reference frame, 
and we must use general 
relativity. Let me explain  

what these theories  
broadly mean.

time slows down, 
length contracts, and 

mass increases.

Slows down, 
contracts?!

Do those things 
really occur?!

Contract!

Increase!

Transmorphers, GO!!

...It's not like you are 
imagining it.

The effects of 
relativity only 

become noticeable 
at speeds close to 
the speed of light.

These speeds are 
extremely fast, and so 

we very rarely observe 
relativistic effects on 

earth.

What 
the 

heck?

special relativity 
says that for 

objects in motion...
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General relativity says 
that an object with 

mass creates gravity by 
affecting time and space.

What is gravity?

Relativity 
flash!

I see.  
for example, light...

Stars have so much mass that 
they distort space and time 
enough that we can observe 
light bend as it passes by.

The observation of light 
bending as it passes by a 
large star was actually 

the first confirmation of 
the theory of general 

relativity.

B
zz

p
!

Now, since general 
relativity is more 

advanced and 
difficult...

let's proceed 
by focusing our 

discussion on special 
relativity. You should 

appreciate this.

Okaaaay…

Because if I don't 
understand, I'll 
really be in hot 

water....

RELATIVITY_03.indb   16 3/15/2011   3:26:00 PM



What Is Relativity? 17

2. Galilean principle of relativity and 
Newtonian mechanics

Let's begin with some 
historical background 
so you can understand 

relativity a little better.

Historical 
background?

It will probably be easier 
for you to understand if 
I tell you how the theory 
of relativity originated.

by the way, since I'll gloss 
over some details, I hope 
you'll forgive me if my 

explanation lacks a little 
scientific precision.

well, I guess 
it's okay as 

long as I get 
the general 

idea.

First, more than 300 
years before Einstein 
made his appearance…

…there was the Galilean 
Principle of Relativity 

discovered by Galileo Galilei.

Relativity...
principle?
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Minagi, you know 
what uniform 

linear motion is, 
don't you?

A mysterious 
creature 
appeared!

Um, it means that 
something is 
moving with a 

fixed speed and 
direction?

Ah...

State of rest

State of 
moving with a 
fixed speed 

and direction

Huh?!

Relativ
ity 

kick

The law of inertia 
tells us that in an inertial 

reference frame, an object 
at rest will stay at  

rest and...

...An object that is moving at a 
constant velocity will continue 
moving, until acted upon by an 

outside force.

Help Meeeeeee!

If there is no 
external force, an 
object at rest will 

remain at rest.
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Ah...

The Galilean Principle of 
Relativity tells us that Newton's 
laws are the same in any inertial 
reference frame that we might 

choose. In other words, no 
matter where an observer is in 
the universe or how fast she is 

moving, the laws of physics  
will never change.

I sort of 
understand it...

For example, if I toss 
a ball straight up in a 
place that is at rest, it 
will come back to my 

hand, right?

In the same way, if I toss 
a ball straight up in a 

train that is moving at a 
constant speed, it will 
also return to my hand.

In other words, it does 
not matter if you are at 

rest or if you are moving, 
the laws of physics behave 

exactly the same.
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But if earth itself is in 
motion through our 

galaxy, does that mean 
that earth is a moving 

reference frame?

That’s right! Because in 
relativity, no reference 

frame is preferable to any 
other reference frame, 

even Earth itself cannot be 
considered an “absolute” 

frame of reference.

What do you 
mean?

Don't you feel this 
when you're riding 

a train? clackity 

clack

For example, when train A, 
which is moving at 50 km/h, 
passes by train B, which is 
moving at 50 km/h in the 

opposite direction...

I see. That's just 
the way it seems.

a person on the other 
train seems to you to 
be moving at 100 km/h.

clackity 

clack

clack

clack
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This perceived 
motion is the 
result of the 
relationship 
between you 

and the other 
party.

It is a way 
of thinking 

referred to 
as "relative."

The earth and every 
other object in 
the universe are 

continuously moving 
relative to each other.

It is only in 
our frame of 

reference that we 
are considered to 

be at rest.

You consider 
the movement of 
the object with 
yourself as the 
reference point, 

right?

Mmmhmmm.
You assume that you are 
at rest and perceive the 

motion relatively.

Therefore, principles 
or laws that hold here 
also apply anywhere in 

the universe.

Thinking relatively is 
important, isn't it?

You are the 
reference point

Confidence!
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And in the 17th century, 
Newton consolidated 
various laws related 
to motion into "Three 

Laws of Motion."

These formed the 
basis for Newtonian 

mechanics.

Newton's Three Laws of Motion

First Law: Law of inertia

Second Law: Equation of motion (F=ma)

Third Law: Law of action and reaction

The fact that Newton's 
three laws of motion 

hold in all inertial 
frames is the Galilean 
principle of relativity.

Although these rules 
were formulated long 
ago, we can still use 
them today in most 

circumstances.

Huh?

What do you mean by 
most circumstances?

That's a good 
question, 

Minagi.

There is a 
phenomenon that 

cannot be explained 
by Newtonian 
mechanics.

It's the 
speed of 

light!

First

Newton's Three La

First Law: Law o

Second Law: Eq

Third Law: Law o
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3. Mystery of the speed of 
light

It can't be explained 
since it's like the 

rules created by our 
crazy headmaster…

1. Honor the Headmaster.

2. Try to perform one 
nice deed a day for the 
Headmaster.

3. Do not blame the 
Headmaster.

4. Do not recklessly give 
food to the Vice Principal.

Ha ha ha!
Those rules would 
even bring Newton 

to his knees!

Those are 
school 

regulations!

I'm talking 
about the 

speed of light!

What's the big idea?

Don't try to 
change the 

subject!

but are the speed of 
light and relativity 

related?

Very much 
so!

It wouldn't be an 
exaggeration to say 
that the theory of 

relativity grew from 
the mystery of the 

speed of light!

Ouch!
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Around the time when 
Einstein was born in 1879, 
the speed of light was 

known to be approximately 
300,000 kilometers per 
second from various 

experiments.

Approximately 380,000 km 
from the Earth  

to the Moon

At the speed of 
light, it will arrive 
in approximately 

1.3 seconds

Although we have 
the impression that 
light is transmitted 
in an instant, it has a 

precise speed.

Even though that was 
all people knew, it was 

revolutionary at the time. 
but there was an even more 

astonishing discovery.

ta da!

ahem

In 1864, a man named 
Maxwell formulated 

what is known as 
Maxwell's equations, 

which enable electricity 
and magnetism to be 
considered unified.

Did you say he 
unified electricity 
and magnetism?

Hi there!
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I’m going to omit the 
equations since they  

are difficult, but 
Maxwell’s equations, 

which perfectly 
described both 
electricity and 

magnetism...

 predicted that 
light was an 

electromagnetic 
wave with a speed 
that was constant.

Incidentally, 
this is the 
equation.

These facts are 
known from this 

equation?

Because Maxwell’s Equations 
predicted the same speed 

of light that was measured 
in experiments, people took 
its prediction that the speed 
of light was constant very 

seriously.

That was a 
very important 

concept.

Thank 
you...

...very 
much.

I see. but if the 
speed of light is 
constant, is there 

some kind of 
problem?

In Newtonian mechanics, 
which had been thought 
to be able to explain 

all laws of physics, the 
speed of a moving object 

had been assumed to 
differ depending on the 

observer.

However, here's 
where the problem 

arises. If the 
speed of light 

is constant, then 
what is it constant 

relative to?

Newtonian mechanics Observed from the rocket 
flying at 10 km/s, the missile is 

going 10 km/s

Rocket 
flying at 
10 km/s

When observed by 
a person at rest, 
the 10 km/s of the 

rocket is added so 
that the missile is 

going 20 km/s

Missile that was 
fired at 10 km/s

For the speed of light Observed from a rocket flying at 
90% of the speed of light, light is 

moving at 300,000 km/s?!

Rocket flying 
at 90% of the 
speed of light

Even when 
observed by a 
person at rest, 

light is moving at 
300,000 km/s?!

Light emitted 
from the rocket
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The concept that was 
proposed to resolve this 
problem was an absolute, 
stationary ether, in which 
the speed of light was 
constant, that filled the 

universe.

Ether?
I think I have heard 
about something 

like this...

Earlier, I told you 
that we know from 
Maxwell's equations 

that light is an 
electromagnetic wave.

Since it's an 
electromagnetic wave, 
light was considered 
to be a wave just like 

sound.

But if it's a wave, 
some "medium" 

for transmitting 
it was thought to 

be required.

Medium?

Oh! 
Hawaii!

A medium is the substance 
that transmits the waves. 
for example, the medium 
for sound is the air, and 

for ocean waves, it's 
seawater.

Sound is 
transmitted 

with air as the 
medium

Ocean waves are 
transmitted with 
seawater as the 

medium

Aloha!

RELATIVITY_03.indb   26 3/15/2011   3:26:11 PM



What Is Relativity? 27

Of course, Since 
there certainly is no 
air in space, sound 
is not transmitted, 

but...

...light 
somehow 

reaches Earth.

Well, then it's natural 
to think that space 

contains a medium for 
transmitting light!

Therefore, scientists 
proposed the idea that 

an unknown medium ether 
filled the vacuum of 

space.

They thought that 
there was ether in 

space just like there 
is air on Earth.

However, ether 
only existed 

conceptually and 
could not actually 
be proven to exist.
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Next, I will talk about 
absolute stationary 

space, but first, I 
want to explain a 

coordinate system.
What's that?

It's a reference for 
measuring the position 
or time of an object 

that is moving or at rest. 
Very simply speaking, it's 
a map for understanding 

space and time.

Are they coordinates 
like the X- or Y-axis 

coordinates?

Well, they are those kinds 
of coordinates, but the 
coordinate system also 
contains time, not just 

space.

Time too?

And the ether was thought to 
be contained in a coordinate 
system that was not moving 
like the XYZ coordinates that 

are used in 3D software.

Imagine that this is 
absolute stationary 

space and the 
galaxies or stars 
are floating in it.

In other words, 
they thought that 
the ether was not 

moving.
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That’s right. Scientists were 
looking for a coordinate 
system in which the ether 

was at rest, and this would 
be the absolute stationary 
coordinate system for the 

entire universe.

Ether is 
rather 

mysterious, 
isn't it?

Think of space as a fish 
tank filled with water 

known as "ether," which is 
invisible, does not move, 

and even has no resistance.

The edge of the fish 
tank has coordinates 

that do not move.

It's like the stars 
are moving inside 

that fish tank.
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Er, How is this related to 
saying that the speed of 

light is constant?

Hmmm.
It's based on 

the following...

Light moves at 
300,000 km/s for 
a person at rest 
in the absolute 

stationary space.

In other words, 
the speed of light 

was thought to 
be the constant 

value of precisely 
299,792,458 m/s only 
when observed from 
absolute stationary 

space.

light moves at 
300,000 km/s.

Well, what happens to 
the speed of light if 
it is observed from 

somewhere other than 
absolute stationary 
space, that is, from 
something moving?

That's an 
important 
question.

If light were to 
be observed from 
something moving 
through absolute 

stationary space, they 
thought the speed of 
light would appear 

to change.

Is the speed 
of light still 
300,000 km/s?

It will no longer 
be constant, 

right?

Well, that's 
right.

Observer at rest

Light

Light

Observer in motion
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Well, that's 
right.

earth is not at rest in 
absolute stationary space, 

since it is constantly 
changing its motion as it 

orbits the sun.

In other words, since Earth 
is moving relative to the 
ether, the speed of light 
measured on Earth should 

change, shouldn't it?

For example, when you 
ride a bicycle, you feel 
a wind even if the wind is 

not blowing.

In the same way, you can 
imagine that Earth moving 
relative to the ether will 
experience an "ether wind."

Of course.

Therefore, if Earth 
is subject to an 

ether wind...

 shouldn't the 
speed of light 

on Earth deviate 
from 300,000 km/s 

because of its 
Effect?
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Er, does that mean that if 
there were a "headwind" 

relative to the ether,  
for example...

Ether wind

Ether wind

speed of Light 
measured on Earth

...the light observed 
from Earth would be 

"300,000 km/s + an ether 
wind push" according to 

Newtonian mechanics?

Speed of light 
(300,000 km/s)

Part due to 
effect of 
ether wind

That's right.

Two physicists named 
Michelson and Morley 

actually tried to measure 
the "ether wind push" by 

using a device for detecting 
the precise speed of light.

That was a magnificent 
experiment, wasn't it?

Light
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If this could be confirmed, 
Earth's speed relative to 

absolute stationary space 
would be obtained.

It was a major experiment 
that could prove the 

existence of both ether and 
absolute stationary space.

So what was 
the result?

Somehow, they could 
not measure the 
"ether wind push"!

The result of Michelson 
and Morley’s experiment 

was very confusing 
because it suggested that 
even though the motion of 
the earth was constantly 

changing,  

Huh?!

So was it apparent 
that the speed of light 
was constant and did 
not change even when 

observed from a 
moving object?

The speed of light is 
300,000 km/s when 

observed from a state 
of rest.

The speed of light 
is 300,000 km/s even 

when observed from a 
moving state.

Mmmhmmm.
The constant speed 

of light was a 
serious matter, 
and it could not 

be explained by the 
Galilean principle of 

relativity.

our observation  
of the speed of  
light on earth  

remained constant.  
This finding was 

inconsistent with the 
very idea of an ether 
and seemed to violate 
the Galilean theory of 

relativity.
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4. Einstein discarded Newtonian 
mechanics

Then, the famous 
Einstein arrived on 

the scene!

Oh!
Finally!

Einstein 
incorporated the 

fact that the speed 
of light is constant 

into a theory.

In other words, he 
discarded the Newtonian 

mechanical concepts 
based on the Galilean 
principle of relativity...

and postulated that 
the speed of light was 
constant regardless 
of who was viewing it.

Constant
That's a 

unique way of 
looking at it!

In addition, he proposed a 
new principle of relativity 

to be substituted for 
the Galilean principle of 

relativity. This new principle 
of relativity said that all 
physical laws, including 
those related to light, 

hold in exactly the same 
way regardless of the 

inertial frame.

This is Einstein's 
Special Theory of 

Relativity !
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In other words, 
was he saying that 
we shouldn't be 

treating only light 
in a special way?

That's right.

He said that since 
both the universe 

and Earth are always 
moving, no place in 
the universe can be 
determined to be 

completely at rest...

and since no such 
place can be 

determined, there's 
no need for us to 

think about it.

Earth is 
moving.

The Solar 
System, which 

contains 
Earth, is also 

moving.

The Milky Way Galaxy, 
which contains the 
Solar System, is 

also moving.

…and so on 
for whatever 
contains the 

Milky Way 
Galaxy.

He assumed that the speed 
of light was 300,000 km/s 

regardless of who 
observes it, rather than only 

when it's measured from 
absolute stationary space.
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In Newtonian 
mechanics, length 
and time had been 
considered to be 

absolute concepts.
Even now, they 
feel that way in 
everyday life.

If they weren't, then 
we couldn't determine 
appointment times or 
measure lengths with 

rulers, right?

Nevertheless, Einstein 
overturned those 

concepts!

Based on the principle 
that the speed of light 
is constant, he assumed 
that the concept that 
was absolute was the 

speed of light.

That is the Special 
Theory of Relativity.

I see!
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Speed is distance 
traveled ÷ time, right?

Therefore, since the speed 
of light is constant in any 

reference frame, distance and 
time vary depending on the 
motion of the observer.  
This is a major premise of 

special relativity!

Even though you say 
this, it feels strange, 

but this really 
happens, right?

"Time" and "space," 
which had been 
thought to be 

separate things in 
Newtonian mechanics...

...were now considered 
together in the form 

of a new, amazing 
coordinate system 
called space-time.

When you say that, 
it sounds kind of 

amazing.

It really is amazing!
Now I'll tell you what 

special relativity is 
all about.

Okay!
Please do!

I'm suddenly 
overflowing with 

ambition!

He's getting 
a little too 

excited...
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What's this? 
a rhythmic 

gymnastics ball?!

Argh, it's  
bouncing around! 
My briefcase is in 

danger!

hey, shouldn't you 
worry about your 

student first?

Excuse me,  
my ball...

Is everything 
okay?

Yes.
My briefcase 

wasn't damaged 
at all.

Oh, that's 
good.

EXcuse me! This 
wasn't some 
victimless 

crime!
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It came from outside.
Where were you 

practicing?

Sorry.
Thank you.

Minagi, you should 
also stick to the 

topic, right?

Huh? what do 
you know...

...Omigosh, 
She knows my 

name!

You did speak up in 
front of the entire 

student body.

...Ah
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What Is Light?

Maxwell’s equations tell us that light is an electromagnetic wave. The color of light is 
determined by the wavelength of the electromagnetic wave. Red light has a wavelength 
of 630 nm, and blue light has a shorter wavelength of approximately 400 nm, where 
one nanometer (1 nm) = one billionth of a meter (10–9 m). Electromagnetic radiation at 
 different wavelengths takes many forms, such as radio waves, X-rays, and gamma (γ) rays 
(see Figure 1-1).

Although light may seem common enough—it is all around us, after all—it is fun-
damental to both relativity and quantum theory, the cornerstones of modern physics.

But before we delve into light’s true nature, let’s introduce the properties of light that 
have been known for a long time.

First, you know that light is reflected by a mirror or the surface of water. You also 
know about the refraction of light—you only need to look at your feet the next time you 
take a bath or see how your straw “bends” when you put it in a glass of water. Any change 
in medium changes a wave’s direction, due to a change in the wave’s speed through that 
medium.

Some mediums refract light of different wavelengths different amounts. In other words, 
light of different colors is bent to different degrees, a property known as dispersion. This 
causes white light, which consists of light of all colors, to be spread out into a spectrum of 
light from red to violet. We can see the seven colors of a rainbow because of dispersion.

These properties of reflection, refraction, and dispersion have been used to create 
precision camera lenses and telescopes. Figure 1-2 shows what happens to light when it 
is reflected, refracted, or dispersed.

Figure 1-1: Light is an electromagnetic wave.

Light is just one small section of the spectrum of electromagnetic radiation. 

gamma (γ) ray X-ray
Ultraviolet ray

Infrared ray
Radio wave

Light (visible light)
Violet Red

Electromagnetic waves, which are propagated while electric and magnetic fields oscillate, are 
classified as radio waves, infrared light, visible light, ultraviolet light, X-rays, and gamma (γ) rays 
according to their wavelength (length from crest to crest or from trough to trough).
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Next, more subtle phenomena called interference and diffraction can be observed. 
These phenomena stem from the fact that light is a wave. Interference describes what hap-
pens when two light waves come together. When the two waves come together, the result 
is either constructive interference, where the waves’ amplitudes are added together, or 
destructive interference, where one wave’s amplitude is subtracted from the other’s. Fig-
ure 1-3 shows the different kinds of interference.

Dispersion: The angle of refraction differs
according to the wavelength of light.

White light Red

Incident light

Refracted light

Violet

Reflected light

Figure 1-2: Dispersion, reflection, and refraction

Interference between light waves

If a crest is superimposed upon a crest, there will be a larger crest.

If a crest is superimposed upon a trough, they will cancel each other out and become flat.

Figure 1-3: Interference can make waves stronger or weaker.
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Diffraction can be observed when light passes through a tiny hole about the same size 
as the wavelength of the light. Due to the constructive and destructive interference of differ-
ent parts of the light wave with itself, passing through a tiny aperture can cause the light to 
spread out or bend, as shown in Figure 1-4. Diffraction is often what limits the resolution of 
microscopes.

Another property of light is called polarization, a property that describes the orientation 
of the transverse electric and magnetic components of the electromagnetic wave. This prop-
erty is very useful; it allows special filters to be made (called polarizing filters) that allow only 
light with a specific polarization to pass (see Figure 1-5).

In scattering, light collides with dust and other particles in the air, thereby changing 
direction (see Figure 1-6). Since blue light (with shorter wavelengths) is scattered by water 
molecules in the air more than red light (with longer wavelengths), the sky appears blue.

Figure 1-4: Diffraction comes about from interference.

Polarizing filter
Only the vertical 
component emerges.

Figure 1-5: Polarization

Incident light

Scattering light

Figure 1-6: Scattering

Diffraction: Light passes through a small hole (aperture) and bends and spreads out.

Light
Small hole

A diffraction 
pattern appears
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Light Is Constant (and They Prove It Every Day in a  
Lab Called SPring-8)

Various tests have been conducted to verify that the speed of light is truly constant. This is 
important because it is one of the fundamental premises of relativity.

One way that we can test this property is to measure the speed of light coming from 
an object that is moving very fast. If the speed of light is not constant, the Newtonian notion 
of “adding” relative velocities predicts that light coming from an object moving towards the 
observer will be the speed of light plus the speed of the moving object; for example, if the 
object is moving near the speed of light, then the light from the object should be moving 
nearly twice the speed of light. If the speed of light is constant, on the other hand, than the 
light coming from the fast-moving object will just be the speed of light. Measurements con-
firm that the speed of light is always the same, regardless of the speed of the object from 
which it comes (see Figure 1-7).

Moving objects near the speed of light for these experiments is extremely difficult, 
and these experiments are performed at very specialized scientific facilities. SPring-8 is 
a synchotron radiation facility in Japan’s Hyogo Prefecture that performs experiments by 
smashing together electrons traveling at extremely fast speeds (99.9999998 percent of the 
speed of light). Besides verifying that the speed of light is constant, these experiments help 
scientists uncover the basic building blocks of matter.

Light emitted from electrons that are traveling at nearly the speed of 
light is observed to be moving at the speed of light.

Electron traveling at 
nearly the speed of 
light emits light.

The light emitted by the electron is 
at the speed of light rather than the 
“speed of the electron + speed of light.”

Figure 1-7: Verification that the speed of light is constant at SPring-8
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What’s Simultaneous Depends on Whom You Ask! 
(Simultaneity Mismatch)

If we consider the principle that “the speed of light is constant,” various phenomena appear 
strange. One of these is the phenomenon called the simultaneity mismatch, which means 
that what is simultaneous for me is not the same as what is simultaneous for you. 

I can imagine that you are thinking, “What in the world are you saying?” So let’s con-
sider the concept of “simultaneous” again. We will compare the case of Newtonian velocity 
addition (nonrelativistic addition of velocity) with the case in which the speed of light is con-
stant (relativistic addition of velocity).

Consider Mr. A, who is riding on a rocket flying at a constant velocity, and Mr. B, who 
is observing Mr. A from a stationary space station. Assume that Mr. A is in the middle of the 
rocket. Sensors have been placed at the front and back of the rocket. Mr. A throws balls (or 
emits light) toward the front and back of the rocket. We will observe how those balls (or light 
beams) hit the sensors at the front and back of the rocket.

Case of Newtonian Velocity Addition  
(Nonrelativistic Addition)

First, we will use the motion of the balls to consider the case in which velocities are added in 
a Newtonian mechanical manner (before considering relativity).

First, let’s look at Mr. A as shown in Figure 1-8. Since from Mr. A’s perspective the rocket 
is not moving, the balls, which are moving at the same velocity from the center toward the 
sensors at the front and back of the rocket, arrive at the sensors “simultaneously.”

Next, when observed by Mr. B from the space station, the rocket advances in the 
direction of travel. In other words, using the point of departure of the balls (dotted line) as 
a reference, the front of the ship moves away from the dotted line, and the back of the ship 
approaches the dotted line. However, since the velocity of the rocket is added to the velocity 
of the ball in the forward direction, according to normal addition, the ball’s velocity increases 
and it catches up with the front of the ship. On the other hand, the velocity of the ball toward 
the back of the ship is reduced by the velocity of the rocket (indicated by the short arrow 
in the figure), and the back of the ship catches up to the ball. Therefore, Mr. B also observes 
that the balls arrive at the front and back of the ship “simultaneously.”
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Nonrelativistic addition: 

Mr. A observes the motion of the balls 
inside the rocket.

Nonrelativistic addition: 

Mr. B observes the motion of the 
balls inside the rocket from his space 
station. Since the balls are moving to-
gether with the rocket, the velocity of the 
ball is increased by the velocity of the 
rocket toward the front of the rocket 
and decreased by the velocity of the 
rocket toward the back of the rocket. 
Therefore, the balls arrive “simulta-
neously” (the lengths of the arrows 
indicate the difference in the velocities 
of the balls).

The balls arrived “simulta-
neously” at the front and 
back of the rocket!

Rocket velocity

Mr. B

Mr. A Sensor

Throws balls

The balls arrived simulta-
neously at the front and 
back of the rocket!

Figure 1-8: Newtonian velocity addition
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Case in Which the Speed of Light Is Constant  
(Relativistic Addition of Velocity)

Now let’s consider the case in which the speed of light is constant. Instead of throwing balls, 
Mr. A will emit light while traveling at nearly the speed of light (see Figure 1-9).

You may have already realized what is at issue: Mr. B’s observation will differ from that 
of Mr. A.

For Mr. A, even when the speed of light is constant, the light will arrive “simultaneously” 
at the front and back of the rocket.

However, when observed by Mr. B, the light moving towards the front of the ship does 
not arrive for a long time. It has to overtake the ship, which is moving away at nearly the 
speed of the light. Therefore, the light arrives at the back of the ship before it reaches the 
front of the ship.

That’s right; when observed by Mr. B, the light does not arrive “simultaneously” at the 
front and back of the ship.

The simultaneity property of light differs in this way depending on the standpoint of the 
observer. This is called simultaneity mismatch.

When the speed of light is constant: Mr. A 
observes the motion of the light inside the 
rocket.

When the speed of light is constant: Mr. B 
observes the motion of the light from the 
space station. Since the light is moving at a 
constant speed, it will arrive first at the back 
of the ship and not arrive at the front of the 
ship for a long time.

Mr. A Sensor

Emits light

The light arrived simulta-
neously at the front and 
back of the rocket!

Rocket velocity

Mr. B on space station

The light arrived at the back of 
the rocket first! Since it still hasn’t 
arrived at the front of the rocket, 
its arrival was not “simultaneous”!

Figure 1-9: Case in which the speed of light is constant (relativistic addition of velocity)
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Galilean Principle of Relativity and Galilean 
Transformation

The Galilean principle of relativity says that “the laws of physics are the same regardless of 
whether the coordinate system from which the observation is made is at rest or moving at 
a constant velocity.” In other words, Newtonian mechanics (the physical laws that govern 
motion) are always the same, regardless of whether observations are made in a reference 
frame that is at rest or one that is moving at a constant velocity. This principle was derived 
from an experiment in which an iron ball was dropped from the mast of a ship, as shown 
in Figure 1-10. The iron ball fell directly under the mast whether the ship was moving or 
at rest.

Since the laws of physics are the same in any reference frame, Galileo arrived at a 
straightforward way to describe how observations look different depending on which refer-
ence frame you are in. Today we use algebraic equations called the Galilean transformation 
to help understand the notion of “adding” relative velocities.

Let’s take two coordinate systems, one with the coordinates (x, t) and the other with 
coordinates (x′, t′), where x and x′ describe position and t and t′ describe time. One can go 
from one coordinate system to the other, by considering the relative velocity between the 
two coordinate systems v.

The above equations show the relationship between coordinates from a coordinate 
system at rest and a coordinate system moving at a constant velocity v relative to the 
coordinate system at rest. Inertial frames are mutually linked in this way by the Galilean 
transformation. If we compare them using Newton’s equation of motion, we can prove that 
Newton’s equation of motion takes the same form in each inertial frame. In other words, 
when the Galilean principle of relativity holds, Newtonian mechanics will hold.

Since the ball is moving together with the ship, it falls 
directly under the mast

Figure 1-10: Galilean principle of relativity

x x vt
t t
′
′

= −
=
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Differences Between the Galilean Principle of Relativity 
and Einstein’s Special Principle of Relativity

As just described, the Galilean principle of relativity indicates that Newtonian mechanics 
apply across inertial frames when linked with the Galilean transformation.

On the other hand, the assumption that the speed of light is constant in any reference 
frame forced scientists to reformulate the Galilean transformation to be consistent with rela-
tivity. This new transformation is called the Lorentz transformation.

The Lorentz transformation is shown by the equations below, which show the relation-
ship between coordinates from a coordinate system at rest and a coordinate system moving 
at a constant velocity v relative to the coordinate system at rest. The variables with the prime 
symbol (′) attached represent coordinates observed from the coordinate system at rest; 
the variables without the prime symbol represent coordinates observed from the system 
in motion. Note that the speed of light c appears in the equations here. Another point to 
notice is that time t is transformed in a manner similar to that of length; time does not 
exist independently but must be considered to be unified with space.

Wait a Second—What Happens with the Addition of 
Velocities?

When we assume that the speed of light is constant, what happens when velocities are 
added to the mix?

According to the principle of relativity, when calculated based on the Lorentz transfor-
mation, the addition of velocities is indicated by the following equation.

This equation describes the resulting addition of velocities of a missile w when the 
velocity of a rocket is v and the velocity (observed from the rocket) of the missile shot from 
the rocket is u, as shown in Figure 1-11. The difference is apparent when this equation is 
compared with the normal addition (nonrelativistic) equation               .

If we enter specific velocities in the above equations, we’ll obtain some interesting 
results.

w u v
vu
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For example, when the rocket velocity v is 50 percent of the speed of light (0.5c) and 
the missile velocity u observed from the rocket is 50 percent of the speed of light (also 0.5c), 
then the missile velocity w observed by Mr. B will be 80 percent of the speed of light (0.8c).

This equation also yields an interesting result when v and u are their maximum val-
ues. If the rocket velocity v is 100 percent of the speed of light (practically speaking, v = c 
is impossible for an object with mass, like a rocket) and the missile velocity u observed from 
the rocket is 100 percent of the speed of light, then the missile velocity w observed by Mr. B 
will be the speed of light.

The speed of light cannot be exceeded under any circumstances!

In the nonrelativistic case, when Mr. B on the 
space station observes the missile that was 
fired from the rocket, if v denotes the velocity 
of the rocket and u denotes the velocity of the 
missile observed from the rocket, then the 
addition of velocities is indicated by w = u + v.

The missile has 
velocity u.

Mr. A Rocket velocity v

Mr. A's rocket has velocity v.

Mr. B on space station

With the principle of 
relativity, the addition 
of velocities is given by

w = u + v
1 + vu

c 2

Figure 1-11: Addition of velocities
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What Do You Mean,  
Time Slows Down?
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Whew,
It's hot...

You're a real piece of 
work, using a student 
as a personal servant 
to go and buy you a 

popsicle.

Whew

hey, You also 
bought yourself 
monaka with my 

money, didn't you!

anyway, don't complain 
when I'm teaching you free 
of charge! And you took 

your time, Mr. Turtle!

How can YOU talk 
that way to your 

student...

I guess it's OKay 
since I was able to 
get my own snack...
It's getting hotter 

outside.

That's right.
Speaking of turtles, 
you know the story 
of Urishama Taro, 

don't you?

Huh?
I know that...

Urashima Taro is a guy 
who rescued a turtle 

and went to the Palace 
of the Dragon God 

under the sea.

When he returned 
home after playing 

there for a few days, 
he found that several 

hundred years had 
passed on land, right?

Stop!
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Do you realize 
that there is an 

explanation

for what happened 
to Urashima Taro 

that involves 
actual space 

travel?

wha-?

In the theory of relativity, 
when something is moving 
at a speed close to the 

speed of light, time is said 
to slow down.

sorry…I thought 
you had a fever 
because of the 

heat.

If you touch me 
again, I'll hit you 
with my right fist 

instead.

Now that you 
mention it, it seems 
that I heard about 

time dilation in 
the overview of 

relativity theory...

...I think.

toss *

Thank 
you for 
rescuing 

me...

* failure  
translator's note: In japan, popsicle 
sticks have fortunes on them.
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1. Urashima effect (time dilation)

Let's imagine The turtle that 
Urashima Taro rescued was 
an extraterrestrial who 

was traveling at near–light 
speed to another star.

We must find an 
explanation for the 
difference between 

Urashima Taro's time and 
the time on land.

That seems like 
a plausible 
scenario.

This kind of warping 
of time is called the 
Urashima effect or 

time dilation.

The Urashima effect 
actually occurs 

for travel at near–
light speed. This is kind of 

an amazing 
story, isn't it?
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Assume, for example, that a 
10-ton spaceship with a total 

length of 100 meters is flying 
at 99.6% of the speed of light.

An observer will perceive 
the length contracting 

to 9 meters and the mass 
increasing to 110 tons.

space explorer on a rocket moving 
at 99.6% of the speed of light

The Space Explorer's rocket, 
which is moving at 99.6% the 
speed of light away from 
the Homebody's rocket, is 
observed by the Homebody 
to have a length of 9 m and 

a mass of 110 T.

That rocket over 
there is moving at 
99.6% of the speed 

of light.

As observed by the 
Homebody, his own 

rocket has a length of 
100 m and a Mass of 10 T.

homebody on a rocket at rest

And if it takes off from Earth, 
travels for 1 year, and then 

returns, approximately 10 years 
will have passed on Earth.

the same 
age

In other words, 
there is a 9-year age 
difference because 

of the Urashima 
effect.

space 
explorer

homebody 1 year older 10 years older
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However, we don't 
really understand 
Princess Otohime, 

right?

She gives him a 
treasure box as a 
souvenir and tells 

him that it must 
never be opened.

Okay, Minagi, you 
remember well...

a man who does 
not keep a promise 
made to a woman 

is the worst!

Ha ha,
That was just 

a test?!

*sigh*
I'll only do 
this for you 

one time!

Ah!
…returns to 
his proper 

age….

Whew

That's good.

In reality,  
you can't get 

older and then 
younger, can you!!

Grrr!

2. Why does time slow down?

At any rate, what 
causes this to 

happen?

It's mysterious, 
and I don't really 

understand it.

Well, shall I explain 
why time slows down?

Yes! Please do!

Now, 
now
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To think about time 
slowing down, let's 

assume that you, 
Minagi, are in a space 
station that is not 

accelerating,

and the rocket in which 
I am flying at near–
light speed passes 

in front of it. We can 
illustrate it like this.

Ah...a near–light 
speed rocket!
It's an exciting 

setting brimming with 
possibility!

What are 
you talking 

about?

Miss Uraga in a 
rocket flying at 
near–light speed

Minagi at rest in  
the space station

In this setting, we 
will measure their 
respective times.

To measure time here, we 
will use a special device 
that makes use of the 

principle that the speed 
of light is constant.

However!

Special 
device?
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Is this the device 
you were talking 

about?
It's a cylindrical 

device 30 centimeters 
long for measuring 

time using light...

Really, it's just an 
imaginary device that 
is used to facilitate 

the explanation!

It's called a 
light clock !

Somehow this 
thing doesn't look 

like a clock.

You're right, 
but it's really 
important and 

indispensible for 
our subsequent 

experiments.

It works as follows. 
Light, which emerges 
from the bottom of 

the device, is reflected 
by a mirror at the top 
and then returns to 

the bottom.

ok...

plonk
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Since the length of the tube 
is 30 centimeters...it takes 1 ns 

(nanosecond) for the light that 
was emitted to reach the top... and when it is reflected 

and returns to the bottom, 
another 1 ns is also counted. 

By the way, 1 ns means 
1 billionth of a second.

Flow of time

Reflection

Emitted light Received light

Time is being 
measured by the 

movement of light, 
right?

Minagi (in the space 
station) and I (riding in 
the rocket) each have 

one of these clocks, and 
we will try checking how 
time is progressing for 

each of us.

I see.
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Minagi, when you 
observe the device in 
the space station, the 
light simply goes up 

and down.

That's what seems 
to be happening.

Well, what happens 
when you observe 
the light clock in 

the moving rocket in 
which I'm riding?

Um...er...

Direction of travel

Path of light observed by Miss Uraga inside the rocket

Path of light observed by Minagi in the space station

Because the 
rocket is 
moving…

…the path 
of the light 
is observed 

along an angle, 
isn't it?

That's right.
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minagi observes light in 
his clock move directly 
upwards and downwards, 
but minagi observes the 

light in my clock proceed 
at a longer path, at an 

angle.

Let's consider 
this using the 
Pythagorean 

Theorem.

Pythagorean 
Theorem

The Pythagorean Theorem 
states that "the square 
of the length of the 

hypotenuse is equal to the 
sum of the squares of the 
other two sides"...that is...

It's the theorem that 
says for this right 
triangle ABC, the 

relationship c 2 = a2 + b2 
holds, right?
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If we apply the Pythagorean 
Theorem to the observations 
of the light clocks, we find 

that the light moving along the 
hypoteneuse travels a longer 
distance than the height of the 

light clock, right?

Yeah, that's 
right!

If we consider the principle that 
the speed of light is constant 

here, which states that "the speed 
of light is constant regardless 

of who is making  
the observation,"

Light is emitted 
simultaneously!

Even when Minagi observes the 
light clock on the space station 

and determines that 1 ns has 
elapsed, the light still will not 
have reached the top in the light 

clock on the rocket.

Huh?

The light still 
hasn't reached 
the top for the 
light clock on 
the rocket?!

Ping!

We can illustrate 
it like this.

does this 
really work?!

Distance 
rocket's light 

traveled

After 1 ns

Distance space 
station's light 

traveled

Still 
has not 
arrived

Even though 
it has already 

reached it here!

Distance Miss Uraga traveled
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when the light in the 
rocket's clock is observed 
by minagi to have returned 
to the bottom, more than 
2 ns will have elapsed on 

minagi's clock.

In other words, time 
advances slower 

for the rocket I'm 
riding on.

Although this still 
sounds strange, 
it's what actually 

happens.

When a 3:4:5 right 
triangle is used 
as an example

Time elapsed (and light 
movement) observed from 
Minagi on the space station

Light on the 
space station 
(observed by 

Minagi)

The path of 
light inside 
the rocket, 

as observed 
by the space 

station

The path of light inside the 
space station, as observed 

by the space station

Light on the rocket  
(observed by Minagi)
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3. The slowing of time mutually affects each party equally

On the other hand...what 
do you think it will look 
like when I look at the 
space station's light 

clock while riding by in 
the rocket?

What...will 
that be...

Ha ha! 

It will 

appear 

to be at 

rest!

Shouldn't the 
passage of time on 

the rocket...

...be faster as 
observed by those 
on the rocket as 

well?

It's 

t-too 

fast!

Did you forget 
already?

If you consider the 
principle of relativity, 

it's not related to which 
one is at rest and which 

one is moving!

Tha-that's what 
I thought you 

said...

S l o w

Zip!

KO
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It's because when observed 
from the rocket, the space 
station passed by at near–

light speed.

Mmmhmmm...and the light 
traveled along an angle 
for the space station's 

light clock when viewed by 
Miss Uraga...

In other words, the 
space station's time was 

the one that slowed 
down, wasn't it?

Still has 
not arrived

Arrived!

That's 
right!

this analysis suggests that the 
observer on the space ship 

and the observer on the space 
station will both think that 

the other observer's clock is 
moving slower than their own.

from my point 
of view, you're 
moving away 

from me!

Zoo
m!
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Huh?

Just wait a second!
...what was that?

What's the 
matter?

When observed from the space station, the rocket is moving.

Cannot distinguish according to relativity

When observed from the rocket, the space station is moving.

This means the 
Urashima effect does 
not occur, doesn't it?!
It's a lie! It's a fraud!!

when the observer on the space 
station and the observer on 

the rocket ship meet after the 
rocket ship returns, both of 

them can't think that the other 
person has aged slower.  
one of them must be right  

and the other wrong.

Fraud?!
That's right!

It's strange, isn't it?!
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This is the famous 
thought experiment 
known as the twin 

paradox.

Twin...?

Twins

For example, assume 
there are twin sisters, 
and the younger sister 

(by a few minutes) 
remains on Earth...

while the older 
sister travels 

through space at 
near–light speed.

Bring 
me a 

souvenir!

Be 
careful, 

OK?

Don't 
worry 

about me!

According to the 
special theory of 

relativity, time flows 
more slowly for the 

older sister who moves 
at near-light speed...

and when she 
returns to Earth, 

the younger sister 
has become older.

I'm back!

I brought you Venusian 
canned crab and also 

a space bear wood 
carving.

Wow...You've 
really grown up, 

haven't you?

My dear older 
sister...you've 

stayed so 
young!

Do you have 
anything else? 

those souvenirs 
sound awful!

This is the 
Urashima effect, 

right?

Older 
sister

Younger 
sister
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But from the older sister's 
standpoint, Earth, where the 
younger sister is, seems to 

move away at near–light speed. 
the younger sister's time slows 

down. there seems to be a 
contradiction.

I see what 
you're saying...

The younger 
sister claims, "My 

older sister's 
time slows down" 
since the rocket 

is moving.

Both of them mutually 
claim that the other 

twin's "time slows down." 
This is a paradox.

According to the theory, 
time slows down for 
the older sister, who 

had ridden in the rocket, 
and when she returns to 
Earth, the younger sister 

will be older.

The older sister 
claims, "My younger 
sister's time slows 
down" since Earth 

is moving.

this crab is 
unexpectedly 

delicious.

It sure is, 
isn't it?

Can I 
have 

some?

RELATIVITY_03.indb   68 3/15/2011   3:26:46 PM



What Do You Mean, Time Slows Down? 69

Why does this 
happen?

Haven't we covered this 
before? Recall that the 

special theory of relativity 
can only be used for an 

inertial frame with uniform 
linear motion (a constant 

velocity).

now that you 
mention it...

you had said that 
the thing that was 

"special" about 
special relativity...

was the special 
setting in which "the 

observer is not 
subject to gravity or 

acceleration."

Special th
eory of relat

ivit
y

To return to Earth, 
the rocket must 

turn around.

When it turns 
around, it cannot 

proceed at a fixed 
speed but must 
decelerate and 

accelerate.

Observer

s
c
r
ee

e
c
h
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Ah... 
It's coming 

back!

In other words, when the 
rocket turns around, the 
coordinate system of the 
older sister who is riding 

in it no longer is an inertial 
frame, and special relativity 

cannot be applied.

If special relativity 
cannot be applied to 
the older sister's 
coordinate system, 

what happens?

In that case, the 
general theory 
of relativity will 

be used.

I briefly mentioned 
at first that with 

general relativity, 
time slows down if 
strong gravity is 

applied, right?

Gravity

Time

That rings 
a bell...

Why did you 
do that...?

I just 
like to.
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To make it easier 
to understand, let's 
prepare this kind of 

rocket.
It's perfectly 
round and has 
engines facing 
both forward 
and backward.

Coordinate system in which Earth is at rest

Velocity

rocket moves at a fixed velocity

Acceleration

Velocity 
decreases

rocket blasts its engines to 
decelerate and reverse direction.

Velocity 
becomes 

zero

Velocity briefly becomes zero as 
rocket reverses direction.

Now velocity 
increases in 
the return 
direction.

rocket stops blasting its engines 
when it reaches a fixed velocity 

back toward earth.

When the rocket 
turns around to 
return to Earth...

The older sister inside feels 
as if she is being subjected 
to strong gravity rather 
than thinking that she is 
being decelerated and 

accelerated.

But The rocket 
actually decelerates 
and accelerates to 

turn around.

The older sister 
observes that Earth 
changes direction 

because of that gravity. 
In other words, she 

observes it falling in 
her direction.

From the older 
sister's viewpoint, 
it's Earth that is 

falling.

G 
r 
a 
v 
i 
t 
y

G 
r 
a 
v 
i 
t 
y
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She observes Earth's clock 
advancing faster than her own 

clock at this time.

Slow

S
l
u
gg

is
h

Fast

t
ic

k

The "speeding up" of Earth's 
clock is greater than the 
"slowing down" that she 

observed while Earth was 
advancing at a fixed speed.

Welcome 
back!

The rocket's 
acceleration is also 

gravity?
Although I'm going 
to omit a difficult 
explanation about 

that now...

...the equivalence principle 
states that the apparent 

force that a person in the 
rocket is subjected to due 

to the rocket's acceleration 
is considered to be the  

same as gravity.

That was a foundational 
principle Einstein used 
when he created the 
general theory of 

relativity.
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Therefore, the older 
sister's time ultimately 

slowed down.
In other words... ...the Urashima effect 

(time dilation) 
occurred.

4. Looking at the slowing of time 
using an equation

Time slows down

for an object moving 
at near-light speed, 

and...

fwip!

...the equation for 
obtaining how much it 

will slow down appeared 
briefly earlier. We can 
prove this equation by 
using the Pythagorean 

theorem.

Huh? Is that 
right?

In fact,  
here it is.

time of 
moving 
object

time of 
object 
at rest

1

velocity 
of moving 

object

speed of 
light

2

click clack
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Somehow, it's 
a surprisingly 

simple equation, 
isn't it?

Yes, it is.

For example, the 
space shuttle flies 

at 8 km/s. If we enter 
this for the "velocity 
of moving object" in 

the equation

and perform the 
calculation, the quotient 
inside the square root 

will practically be zero, 
so the square root will 

practically be one.

In other words, the 
slowing of time will 
hardly occur at all.

But if we do the 
calculation using 90% 
of the speed of light, 
or 270,000 km/s, the 
square root itself...

here, you do it 
Minagi.

What... 
um...er...

Therefore...

Good, good.

You understand 
it pretty well, 

don't you?

They're not all 
significant digits…

but you did fine.
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One year is 
60 seconds × 

60 minutes × 24 
hours × 365 days 

= 31,536,000 
seconds...

and calculating 
31,536,000 

× 0.4358898943, we 
find that the time of 
the object at rest is 
13,746,223 seconds.

If we convert 
this to days...

...it's approximately 
159 days.

Proportionally, it's 
more than 2.29 times 

slower.

Is a year for a 
person at rest less 

than half as much 
time for a person 

moving at near-light 
speed?

Ah.

Oh?
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W
h
a
t
's

 t
h
is

?

I'm sorry!
My arrow flew in 

here...

Oh dear? Aren't 
you that rhythmic 
gymnast? Do you 
belong to more 
than one club?

Didn't you say 
something like "time 
flies like an arrow"?

I was worried...

No, we were talking 
about light.

Ha ha ha!

Will you please 
focus!

The arrow is a 
play on words!

How did you mishear 
what we were 

talking about?!
Miss Uraga 

also switched 
her focus!

Now I'm being 
ignored!

Damn, I can't 
even follow 
what's going 

on!

Y
o

w

*

* failure

b
iff

Thunk!
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If that's so...
that's great.

Here, take this!

It's something for 
you, Minagi, since 
you're working  

so hard.

But...

...you must 
never open 

it!

Okay?

um...er...

You can if 
you want to.

Why can't you 
decide what to 

do?

Well, I should be 
happy to take the 
present, but when 
she said not to 

open it...

I thought she 
was kidding.

shake 
shake

It appears to be a 
small jewel box.

Stop!

You will 
regret it!

i'll just 
peek...

Listen to the 
person with 
experience!

poke

huh?
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Using the Pythagorean Theorem to Prove Time Dilation

We learned that according to the theory of relativity, time slows down for an object that is 
moving at a velocity close to the speed of light. But how much does time slow? When we 
used the Pythagorean theorem earlier, we considered this question using a triangle. Now we 
can consider it using a formula.

Let t denote the amount of time that has passed according to Space-Station Man look-
ing at the rocket’s light clock and t′ denote the amount of time that has passed according to 
Rocket Man looking at his own clock (see Figure 2-1).

t: Time observed by Space-Station Man
t′: Time observed by Rocket Man

When Rocket Man observes his own light clock, the light just goes up and down 
because the light clock is moving together with Rocket Man. Therefore, if c denotes the 
speed of light, when the light advances by the height of the light clock, it will have moved 
a distance of ct′.

Now if Space-Station Man observes the movement of the light in the rocket’s light clock, 
the light, of course, moves at the speed of light c along an upward slanted path accompa-
nying the movement of the rocket. That slanted line points towards the mirror (at the top) 
of the rocket’s light clock. Measured using Space-Station Man’s time t, that distance is ct. 
Similarly, since Space-Station Man sees the bottom of the rocket’s light clock (from where 
the light was emitted) moving horizontally at the rocket’s velocity v, the bottom will move by 
a distance of vt to the right in the time t that the light takes to reach the top.

This determines the three sides of a triangle (see Figure 2-2).

Rocket Man

Space-station-man

Space-Station Man

Velocity of rocket
relative to space station

Path of light on space 
station as viewed by 
space station

Path of light on rocket 

as viewed by space station

Figure 2-1: Rocket Man and Space-Station Man
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Therefore, from the Pythagorean theorem, we have                          .
Move the v2 term to the left side of the equation:

And switch the left and right sides:

Dividing by c2, we now have this:

Now take the square root of both sides and use the positive solution:

This is the relationship between Rocket Man’s time t′ and Space-Station Man’s time t.

Note that          since                    .

A second (1 s) measured on the Rocket Man’s light clock thus corresponds to a longer 
time measured by the Space-Station Man. So Space-Station Man sees the Rocket Man’s 
clock tick off seconds at a slower rate than his own. In other words, time advances more 
slowly for Rocket Man than for Space-Station Man.

Time in the rocket

Time in the space station

t′

t :

:

ct

vt

ct′

Figure 2-2: Distances moved by light as viewed on rocket and space station, expressed as sides of a 

right triangle
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It is also apparent by considering the term  

that this time-slowing effect is greater the closer v is to c.
With this formula, we can calculate the time dilation effect for an object moving at any 

relative speed.

How Much Does Time Slow Down?

We have learned that time slows down for a moving object. Let’s now determine exactly 
how much it slows down. We will use space travel as an example for this calculation.

As we saw above, the slowing of time is related to the velocity of the moving object. 
Recall that the closer the velocity of the moving object is to the speed of light, the greater 
the time-slowing effect becomes.

As a destination for our space travel, let’s pick the star that is closest to our Sun— 
Alpha Centauri (see Figure 2-3). If we chose a destination inside our solar system, we 
wouldn’t put the theory of relativity to the test because we can go to Mars or Venus in  
just a few years even with current technology, going nowhere near the speed of light.

If we went on the Shinkansen bullet train (300 km/h),
it would take 15,840,000 years.

4.4 light-years

Earth Sun

If we go in a rocket at 90 percent of the 
speed of light, the time on Earth would be 
4.4 light-years ÷ 0.9 speed of light = 4.9 years, 
and the time in the rocket would be 2.1 years.

Alpha Centauri, α star of 
the Centaurus constellation

In the rocket,

= 2.1 years

= −
( )

1
0 9

2

2

. c
c

t v
c

′ 1 × 4.9 years
2

2−=

= × 4.9 years

Figure 2-3: Traveling to Alpha Centauri

1
2

2-
v
c
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Alpha Centauri (the α star of the Centaurus constellation) is 4.4 light-years away 
from Earth. A light-year, which is the distance that light travels in one year, is approxi-
mately 9,460,800,000,000 km.* Traveling 4.4 light-years on the Shinkansen bullet train (at 
300 km/h) would take approximately 15,840,000 years. But if we fly that distance to Alpha 
Centauri at 90 percent of the speed of light, the journey will take us only 2.1 years. This is 
despite the fact that 4.9 years will pass on Earth!

If astronauts were sent out from Earth to Alpha Centauri, even if they returned as soon 
as they got there, news reports on Earth would follow them for approximately 10 years, but 
when their families welcomed them home, they would have aged only 4.2 years.

This relativistic time slowing effect is even greater if you move faster.
To understand this relationship, let’s consider traveling from the Milky Way galaxy, 

which contains our Sun, to the Andromeda galaxy (M31), which is near the Milky Way. The 
Andromeda galaxy is visible in a dark, clear winter sky as a faint smudge in the Andromeda 
constellation. It is approximately 2,500,000 light-years away. Because light from the galaxy 
takes 2,500,000 years to reach us, the Andromeda galaxy that we see now is actually the 
galaxy 2,500,000 years ago. Even if an explosion occurred in the Andromeda Galaxy today, 
we wouldn’t see it until 2,500,000 years later; the light would still take that long to reach us.

If astronauts travel to the Andromeda galaxy at 99.999999999 percent of the speed 
of light, 11.2 years will pass for the one-way trip in the spaceship, but nearly 2,500,000 
years will pass on Earth! Therefore, when the spaceship returns, although the astronauts 
will have aged 22.4 years, the people on Earth who will greet them will be from a time 
5,000,000 years later.

Let’s do the math: If a spaceship traveled to the Andromeda galaxy at 99.999999999 
percent of the speed of light, people on Earth will have to wait 2,500,000 years for the space-
ship to reach Andromeda and another 2,500,000 years for the spaceship to return. In all, 
5 million years will pass before the spaceship returns to Earth. The amount of time that 
passes for the astronauts on the spaceship during this journey t′ can be calculated using 
the time dilation formula that we derived above, using the time that it takes for the space-
ship to travel to Andromeda as measured on earth (t = 2,500,000 years) and the velocity 
of the spaceship (v = 0.99999999999c).

* Let’s do the math: 
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v
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= 9,460,800,000 km!
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For the astronauts on the spaceship, the round-trip to Andromeda will take 22.4 years, 
as shown in Figure 2-4. For the people on Earth, the astronauts will return only 22.4 years 
older than when they left 5 million years earlier!

Milky Way Galaxy

2,500,000 light-years

Andromeda Galaxy

A round trip in a rocket at 99.999999999 percent
of the speed of light would take 5,000,000 years 
on Earth and 22.4 years on the rocket.

Figure 2-4: Traveling to the Andromeda galaxy
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The Faster an Object 
Moves, the Shorter and 

Heavier It Becomes?
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Look now.

Can't you fan me 
more steadily?

Whew

when did I become 
the expert?

Why are we at 
the pool? What's 

going on?

Well...

Since you opened the 
present that girl 

brought you, we CAN'T 
use the Physics LAB 

for a while.

I opened that BOX?!
What happened...?

Should 
we call 

for 
help?

It's better that 
you don't know!

Yikes...
what is 
this?

slurp

BeeP

SMOKE

BeeP BeeP

RELATIVITY_03.indb   84 3/15/2011   3:27:00 PM



The Faster an Object Moves, the Shorter and Heavier It Becomes? 85

Therefore, thE 
PooL will be our 
classroom today.

You're actually 
probably pretty 
happy about that, 

aren't you?

Am I?

You can look at 
YOUR beautiful 
teacher in her 
bathing suit.

That's 
ridiculous!

Relativity isn't so 
boring, is it?

gAH!

Get on with 
the lesson 

already, okay?

AlL right, 
alL right.

In special relativity, 
time slows down for a 
moving object, length 
contracts, and mass 

increases, right?

Since we've already 
talked about time 

dilation, today let's 
talk about length 

and weight.

clink
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1. Does Length Contract 
When You Go Faster?

The bottom line is that an 
object moving at near–
light speed is observed 

to contract in the 
direction of motion.

That means an object 
contracts because of 

the resistance of air or 
something, doesn't it?

nO!
That's not 

what happens!

Space itself contracts, 
and as a result, space itself 
is observed to contract by 

a person at rest.

I sort of understand 
and sort of don't 

understand... To make it easier 
to understand, I'll 
tell you a story. 

Come here.

OKay, what the...

Kick! Slam!

SQUEAK

SQUEAK
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Let's say there's a 
bomb on board...

set to explode in 
10 seconds.

Let me out!!!

However!
Disaster can be averted 
if you arrive at my space 

station, 4,000,000 km away 
from the rocket.

Isn't that 
great, Minagi?

This is not good at 
all! Or should I say, 
this is absolutely a 

setup!

Why does your 
voice sound so 

happy!

It's OKay, don't worry...
this rocket flies at 

270,000 km/s.

Ah, what's that?
If I'm going so 

quickly, I may get 
there in time...

relieved

Distance rocket 
travels in 10 seconds
270,000 km/s × 10 s = 

2,700,000 km

4,000,000 km

OH NO!
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I WON't get 
there in time...

Goodbye...

Is that really 
true?

If you're going at 
near-light speed at 
270,000 km/s, the 

flow of time relative 
to where I am at rest 
changes, doesn't it?

Oh. that's 
right.

If you consider applying this 
velocity in the "equation for 
calculating the slowing of 
time" that we talked about 

earlier...

the rocket's time flows at 
approximately 0.44 times that 
of the space station, which is 

at rest. Of course...

When observed by me in 
the space station,

it will take  
4,000,000 km ÷ 270,000 km/s 

or approximately 14.8 seconds 
for the rocket to arrive.

However, for you, Minagi, 
in the rocket, it will take 

14.8 seconds × 0.44 or 
approximately 6.5 seconds 
to reach the space station.

Minagi riding in the rocket 
flying at 270,000 km/s

Miss Uraga in the 
space station

Distance between space station and 
rocket is 4,000,000 km

4,000,000 km ÷ 270,000 km/s = 14.8 s Oh good, I got 
there in time...

sniff

time of 
moving 
object

time of 
object 
at rest

1

2
velocity 

of moving 
object

speed 
of light
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but I'm not really happy 
with that explanation.

I made it!
I got here 

in time!

That was just the 
story of time inside 
the rocket, right?

If I arrived within 
10 seconds to a 

location 4,000,000 km 
away, even though 
I was traveling at 

270,000 km/s...

Too late.

Kaboom

Hmmm...that means 
that length 
contracts.

What the...?!

First, when the  
rocket that is flying at 

270,000 km/s is observed 
by someone at rest 

outside of it, the rocket's 
length is observed to be 

contracted.

That's what you said.

Scrunc
h
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The contraction of 
length is obtained by 
using this equation.

Because length is  
proportional to velocity,  

L = v × t . The proportion that 
length contracts must be the 
same that time dilates in order 

for velocity to remain the same.

Right...that's the 
important point.

Meaning?

When viewed from 
the rocket,

the surrounding 
space can be thought 

of as moving and 
the space station as 

coming closer.

That's because 
according to 

relativity, the rocket 
CAN BE considered 

to be at rest, right?

This equation looks 
like the equation 
for time dilation.

length 
when 

moving

length 
when 

at rest
1

2moving 
velocity

speed of 
light
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the space 
surrounding the 

rocket contracted!

What?!

The distance of 4,000,000 km 
to the space station contracts 
to approximately 1,740,000 km 

according to the previous 
equation.

1,740,000 km

Therefore, you can go 
there in 1,740,000 km 

÷ 270,000 km/s 
or approximately 

6.5 seconds.

In the theory 
of relativity, the 

contraction of length 
is just as important as 
the slowing of time. I see...

And time and space, 
which normally are 

considered separately, 
must be considered 

together.

Time

Time

Spa
ce

Spa
ce

This is a 
revolutionary 

part of relativity 
theory.
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2. Do You Get Heavier When You Go 
Faster?

next we'll talk about 
getting heavier when 

you go faster.

You also get 
heavier?

That doesn't really 
seem real...

Look, as usual, 
this effect is not 

noticeable if you're 
not moving at near-

light speed.

I didn't mean 
anything by that 
glance! Honest!

Light moves at 
300,000 km/s, and this 

is the maximum velocity 
in the natural world.

In other words, 
it's the upper limit 
of velocity, which 

cannot be exceeded 
no matter how hard 

you try.
That's strange, 

isn't it?
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Why can't anything go 
faster than that?

the faster you go, 
the heavier you 

become.

Heavier...what happens?

You steadily get 
heavier, and your 
speed becomes 

harder to increase.

As you get closer to 
the speed of light, 

your weight increases 
without limit. Therefore, 

the speed of light 
cannot be exceeded.

Wow!

Ah...of course!

Now, although we've 
been using the familiar 
word weight, strictly 

speaking, the mass 
increases.

I thought 
weight and 

mass were the 
same. what's the 

difference?

*

* mass

*

* weight

cromp
stomp
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If we're only talking 
about everyday life on 
Earth, weight and mass 

are both the same...

...but since weight is 
the magnitude of the 

gravitational force acting 
on an object, weight will 

differ on Earth and on the 
surface of the Moon.

Minagi on 
the surface 
of the Moon 

weighs 25 lbs.

Minagi on 
Earth weighs 

150 lbs.

The Moon's 
gravity is 1/6 

that of Earth's.
I see...

but mass?

In zero-gravity 
space, although the 

weight is zero, a 
force is required 

to set something in 
motion, right?

That's right, 
but...?

Mass is a measure of an 
object's inertia—that is, 
the inherent difficulty 
of setting that object  

in motion.
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In zero-gravity space 
like outer space, objects 
are weightless but still 

have mass.

That's right.

I think you can tell 
intuitively that something 
with great mass will be 
harder to accelerate.

In Newton's equation of motion, 
the mass of an object is inversely 
proportional to the acceleration, 

which is the rate at which its 
velocity increases.

Now that you mention 
it, I remember that 

one...

to restate the 
second law...

lift-o
ff

click

Newton's Three Laws of Motion

1st Law: Law of inertia An object not subjected to a force remains at rest or continues in uniform linear motion.
2nd Law: Equation of 
motion

The acceleration of an object is directly proportional to an applied force and inversely 
proportional to its mass.

3rd Law: Law of action 
and reaction

If a force is exerted on an object, the object on which that force was exerted will exert a 
force of the same size in the opposite direction.
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if the propulsive force 
does not change for 

a rocket flying with an 
acceleration of 10 m/s2

but if its mass doubles, 
the acceleration will 

become 5 m/s2.

You're saying that when 
the mass increases, it 
will be accordingly 

harder to accelerate.

The closer the rocket 
gets to the speed of 
light, the greater its 

mass becomes...

and if you try to 
further accelerate 

the rocket by exerting 
additional force...

...the mass will also 
increase further, and 
it will become more 
and more difficult to 

accelerate.

If you continue in this way, 
the mass will increase 

without limit as the rocket's 
velocity gets closer to the 

speed of light.

Relationship between velocity and mass

If we assume for 
argument's sake that 
the rocket's velocity 
reached the speed of 

light...
its mass would 

become infinitely 
large. Therefore, the 
speed of light cannot 

be exceeded.

Velocity ratio (velocity/speed of light)

ungh

s 
p 
l 
a 
s 
h

m
a
ss

RELATIVITY_03.indb   96 3/15/2011   3:27:12 PM



But doesn't it really seem 
odd that for something that 

would normally increase 
steadily in velocity as 
energy is continuously 

provided to it...

...ends up having its 
mass increase rather 

than its velocity?

That's right.

Actually, there are also two 
important laws known as 
the law of conservation 
of mass and the law of 
conservation of energy.

I'm sorry...what did 
you just say?

There's absolutely 
nothing more I can do 

with that inner tube.

The law of conservation 
of mass says that the total 

mass of substances will 
not change regardless of 
any chemical reactions that 

occur among them.

Mmmmhmmm...

catch

psh

psh

psh

sweat

sweat

s 
p 
l 
a 
s 
h
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For example, if steel wool 
is burned in a sealed flask 

filled with oxygen, the 
oxygen and iron combine to 

form iron oxide.

However, the total mass 
inside the flask before 
and after the reaction 

does not change.

that makes sense!

Oxygen

Oxygen

...and what about the 
law of conservation 
of energy? What's 

that? The law of conservation  
of energy says that although 

energy may change form 
in various ways, the total 
amount does not change.

Although a pedal-
powered bicycle light 
changes kinetic energy 

to electrical energy, the 
total amount of energy 

does not change.
Of course!

When I pedal my bicycle as hard 
as I can, that kinetic energy is 
changed to electrical energy 

by the dynamo.

That electrical energy 
is then transformed into 

light (and heat) by the 
bicycle's headlight.

I'm late for 
my club 
meeting!
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In other words, mass 
can change form, but 

it cannot truly be 
created or destroyed. 
And we can't change 
mass into energy...

...and energy is 
conserved in the 

same way.

That's right.

However, the 
theory of relativity 

overturned this 
notion.

Are you saying that 
energy changes 

to mass?

That's right.

The famous equation in 
the theory of relativity, 

that represents the 
relationship between mass 

and energy is E = mc2.

*
*

* mass * energy

Transform!
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What in the world 
are E , m , and c ?

E is energy.
m  is mass.

c is the speed of 
light.

The equation says that 
"energy equals mass 

multiplied by the speed 
of light squared."

Energy

Squared

Mass
Speed of light

Of course!
It's the belt of 

transmogrification!

We're not talking 
about a belt!

It's apparent from this 
equation that even a mere 

1 gram of mass can be 
converted to an enormous 

amount of energy— 
90 trillion joules.

90 trillion 
joules?!
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1 gram is about the 
weight of a 1 yen 

coin,* isn't it?

But even I don't 
really have clue 
what 90 trillion 

joules is.

my 
enemy!

Ha ha ha! you 
seem to be one 

step behind!

I've frozen 
them 

completely!

That's right. 
for example, assume  
that there are 705 

25-meter pools filled 
with ice at -10°C...

...it's the amount of 
energy needed to heat 
this ice and turn it into 

water in an instant.

It takes a 
tremendous amount 
of energy to melt 

all that ice.

But what do you 
actually need to do 
to change matter 

into energy?

Changing 1 gram 
of matter entirely 

into energy is 
unrealistic...

but in the subatomic world, 
matter is annihilated and 
becomes energy as an 
everyday occurrence.

The 
End

Is that so?

* A US Penny weighs about 2 .5 grams.

power 

blast!
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For example, when an electron 
and positron collide, they are 
annihilated and become light.

But What is a 
positron?

A positron is the 
antiparticle of an 

electron.

Gamma Ray Photon 
(E = 8.19 × 10-14 J)

Gamma Ray Photon 
(E = 8.19 × 10-14 J)

Annihilation!

Positron 
(mc2

 = 8.19 × 10-14 J)

Electron 
(mc2

 = 8.19 × 10-14 J)

Its mass and other 
properties are the 

same as those of an 
electron...

but it carries positive 
charge while the 
electron carries 
negative charge.

Huh...
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When a particle and 
antiparticle such as an 
electron and positron 

collide, they are 
annihilated.

This phenomenon 
is called pair 
annihilation.

When a particle and 
antiparticle collide, 

they completely 
vanish?

Antiparticle

Particle

They don't just 
"vanish." they are 
changed into the 
equivalent amount 

of energy.

The mass of the 
annihilated electron and 
positron is converted 

to energy according to 
E = mc2 to produce...

...high energy 
electromagnetic 

radiation called gamma 
rays having exactly the 

same energy.

Particle

Antiparticle

I see!
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Hmmm...I feel like 
I understand it 

more now.
pant pant pant

Hey! Isn't that the 
Vice Principal?

He went over 
there.

He looked really 
hot, didn't he?

Miss 
Uraga...?

Is he gone yet?

Omigod! You 
look crazy 

hiding like that.

If he saw us, it would 
be awful since we're 
studying at the pool!

I don't really 
care...

pant
pant

pinch

pant pant 

pant

splish
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Arrggh?!

Aahhhhhhh...

Huh? We meet again...
I was just about 

to say that...

why are you in 
the pool?

Um...

I'm...in the 
swimming 

club...

Ah...

If that's the 
case...what the...!

Don't lie with a 
smiling face!

Is she one of 
our students?

splash

yikes!
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Using an Equation to Understand Length Contraction 
(Lorentz Contraction)

Let’s use an equation to see how length contracts. 
In this case, let’s assume that a rocket is flying at a constant velocity v (see Figure 3-1).

When the person riding in the rocket measures the positions of the front and back ends 
of the rocket, he finds the front end is at position x ¢2, and the back end is at position x ¢1. 
Therefore, the rocket’s length is                  .

Now what happens if this situation is observed from outside the rocket, for example, 
from a space station as in Figure 3-2?

To calculate the contraction in the length of a rocket as it moves past an observer at 
close to the speed of light, let’s consider two points in the rocket’s frame of reference: x ¢1 at 
the front of the ship and x ¢2 at the back of the ship. Using the Lorentz transformation, intro-
duced in “Wait a Second—What Happens with the Addition of Velocities?” on page 48, we can 
calculate how an observer who watches the ship pass measures the points at the front x1 
and back of the ship x2, in his reference frame. The length that the observer on the outside 
of the ship measures will be shorter than length that the astronaut measures. This effect, 
relativistic length contraction, comes from the contraction of space at speeds close to the 
speed of light.

Mr. A in the rocket thinks he’s at rest.

Figure 3-1: A person riding in the rocket measures the positions of the front and 

back ends of the rocket.

l x x0 2 1= ′ − ′

Figure 3-2: The rocket viewed from a space station

Mr. B in the 
space station

Direction of motion

Velocity v

l0x 1́ x 2́
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Using the Lorentz transformation                          , we calculate the following positions: 

If we let                 represent the rocket’s length as observed from outside the rocket, 
then since

is measured at the same time,                 because          , so l0 is calculated as  follows:

The length of the spaceship measured from outside the spaceship,

is therefore less than the length l0 of the same spaceship measured from inside the ship. 
We know this to be true because the coefficient 

due to the fact that the speed of the spaceship must be slower than the speed of light  
(v < c). 
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Muons with Extended Life Spans

Our discussion of time slowing down and length contracting is not just a theoretical proposi-
tion. The slowing of time is observed every day.

High-energy elementary particles called cosmic rays are raining down on Earth all 
day, every day. When those cosmic rays collide with molecules in Earth’s upper atmosphere, 
muons are generated with a certain probability. A muon is a type of elementary particle that 
is similar to an electron. The life span of a muon is approximately 2 millionths of a second 
in a laboratory on the ground at rest. Therefore, when a muon is produced in the upper 
atmosphere, several tens to several hundreds of kilometers from the ground, it would fly 
only 300,000 km/s ´ 2/1,000,000 s = 0.6 km, even if it were flying at a velocity extremely 
close to the speed of light. Based on these calculations, it should not reach the surface of 
Earth. But muons are observed on the surface of Earth! This seemingly impossible event 
occurs because the muon’s life span is extended according to the special theory of relativity 
(see Figure 3-3). The extension of the lifetime of muons by time dilation has been verified 
in the laboratory by accelerating muons to near the speed of light.

Let’s now apply the concept of length contraction to the example of the muon. In the 
reference frame of the muon, the muon’s lifetime is not extended—it is still 2 millionths of a 
second. From the reference frame of the muon, Earth is rushing toward the particle at close 
to the speed of light. The length between Earth and the muon contracts, however, as shown 
in Figure 3-4. And because the distance between Earth and the muon contracts, the muon 
reaches the planet’s surface within its lifetime

Both the dilation of time from Earth’s perspective and the contraction of length from 
the muon’s perspective are consistent. In this way, the dilation of time and the contraction of 
length change together according to the theory of relativity.

Figure 3-3: Muon life span

Several 10s to several 100s km

Muons are produced when elementary particles
(cosmic rays) at velocities near the speed of light
collide with moledcules in Earth’s upper atmosphere.

The life span of a muon is approximately 
2/1,000,000 seconds.

Even if a muon were flying at near–light speed, it
would fly only 300,000 km/s × 2/1,000,000 s =
0.6 km.

But muons are observed on the surface of Earth.

The life span of the muon is extended (time slows 
down in accordance with relativity).

Earth Muon

Upper
Atmosphere
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Mass When Moving

Now let’s consider how the mass of an object is related to its velocity according to relativity. 
Let’s start by reviewing the laws of motion. Before relativity was understood, the Galilean 
transformation and Newton’s law of motion were used to describe motion.

Galilean Transformation

The Galilean transformation describes the relationship between coordinate systems 
moving at velocity v:

where x ¢ and t ¢ represent position and time, respectively, in one system and x, v, and t rep-
resent position, velocity, and time, respectively, in the other system.

Newton’s Second Law of Motion

Newton’s second law of motion is represented as follows:

where f represents force, m represents mass, a represents acceleration, and acceleration can 
be considered the second derivative of displacement with respect to time:

Several 
10s km

When viewed from the 
perspective of a muon at 
rest, the distance to the 
surface of Earth is several 
10s km.

When viewed from the per-
spective of a muon traveling at 
near–light speed, the distance to 
the surface of Earth contracts 
to less than 0.6 km.

Earth

Upper
Atmosphere

Contracts to 0.6 km

To the muon, Earth appears to be approaching at 
a velocity close to the speed of light.

Figure 3-4: Distance contracts as well as time.

f ma m
d x
dt

= =
2

2

a
d x
dt

=
2

2

,

′ = −x x vt ′ =t tand
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According to Galileo’s principle of relativity, the laws of physics operate exactly the same 
way, whether measured while at rest or while moving. In other words, whether you toss a 
ball in the air inside an elevator that is at rest or inside an elevator that is moving at a con-
stant velocity, the ball will move up and down and return to your hand in the same way.

Now, let’s look at the laws of motion in two different reference frames and verify that 
the laws of physics do not change when we don’t take into account relativity. We’ll look at the 
laws of motion in a reference frame that is at rest, in which the position of the ball is mea-
sured x, and in the reference frame of the moving elevator, in which the position of the ball 
is measured x ¢ (see Figure 3-5).

In this case, the velocity of the ball, which is moving in the x ¢ direction inside the eleva-
tor, is given by

If we substitute the Galilean transformation                 here, we obtain the following:

We used the relationship             here, because             .

Elevator rising at a constant velocity

Gravity is always acting.

Tossing a ball near an elevator that is 
at rest at the bottom of its shaft

Figure 3-5: Elevator moving at a constant velocity
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dt
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If we differentiate again, we obtain the following:

Since the only force acting on the ball here is gravity, if we let g denote gravity, we 
have this:

Note that g is a force, not accleration due to gravity in this equation. Now, if we let a′ 
denote the acceleration inside the elevator, which is moving at a constant velocity, and let f ¢ 
denote force, we have

and the form of the equation of motion is unchanged. Since the form of the equation of 
motion does not change, the laws of physics remain the same.

Let’s consider how the situation described above changes when we consider relativity 
and replace the Galilean transformation with the Lorentz transformation.

Lorentz Transformation

As we have shown in this chapter, time and space become intermixed within the frame-
work of relativity. Therefore, when describing the coordinates of an object, it is not sufficient 
to give its position in three-dimensional space (x, y, z)—we must also consider its time (t). 
Because the units of position and time are different (meters and seconds, respectively), we 
multiply time by the speed of light so that we can describe the coordinate position of an 
object with four dimensions that all have the same unit: length. The following shows that 
two reference frames are mutually transformed; note that time and space are transformed 
together.
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If we use this thinking to extend the equation of motion so that its form does not 
change even when a Lorentz transformation is used, it is apparent that mass, which had 
been considered constant in Newtonian mechanics, is represented in a form similar to the 
Lorentz transformation:

Here, m0, which is called the rest mass or invariant mass, is the mass measured in a 
coordinate system at rest (v = 0).

Relationship Between Energy and Mass

In the same way, if we consider energy in a form that matches the Lorentz transformation, it 
is represented as follows:

If we substitute the earlier relationship, 

we derive the famous relationship between energy and mass: E = mc2.
Now when           , if we use the approximation                            under the condition 

(velocity v is sufficiently small compared with the speed of light), we obtain the following:
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The total energy of an object is the sum of its kinetic energy 

and its rest energy (E = mc2). This means that even when an object is not moving, it has 
energy associated with its mass. Rest energy E = mc2 is similar in form to the kinetic energy 
in Newtonian mechanics, where 

and m0c
2 is called the rest energy.

Does Light Have Zero Mass?

The equation that we derived above for the mass of an object in motion,

tells us that as the velocity of an object approaches the speed of light, its energy approaches 
infinity (see Figure 3-6). Therefore, the only way that light can exist (without having infinite 
energy) is if its mass is 0.

E m vk =
1
2 0

2

E m vk =
1
2 0

2

m
m

v
c

=

−










0

2

1

Figure 3-6: Relationship between mass and velocity
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What Is General 
Relativity?
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How's it going, 
Minagi?

Are you studying 
relativity again 

today?

Yep! How about 
you guys?

It's so hot, we 
really don't want 

to do anything  
at all!

It's no picnic for us 
either, minagi. we've 
got club activities 

and tons of our own 
homework!

Ha ha!

The student body 
president fighting 
for all students! 
Aren't I inspiring?

Not really. 
but thanks 
to you...

Excuse me

...our summer 
vacation was 
saved, so...

Let's 
go

?

woosh!
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you may think I'm 
crazy, but just 

listen to me for 
a second.

I just saw the Vice 
Principal flying 
through the sky!

um, You're 
probably crazy.

Dogs can't fly!
Are you delusional from 
the heat? Is it from the 
stress of your task?

No, it's...You're 
right, he wasn't 

flying...

You probably 
ought to 

change your 
mood a little!

There's going to 
be a big fireworks 

display tonight...
Why don't you invite 

her to go!

Okay... 
Okay...

Wait!

Minagi!
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You are crazy!

Clearly!

Even in relativity 
theory, dogs don't fly 

through the sky!

Ha ha…

It wasn't related 
to relativity theory, 

but...

I probably mistook 
what I saw after all...
It felt like the girl 
from the examples 

was there, but...

Hmmmm

At any rate, today is 
my last lecture. If you 

listen carefully...

can you write 
a report that 

will satisfy the 
headmaster?

we'll be talking about 
general relativity, 
but this is a little 

difficult...

Di-difficult?
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That's right. General 
relativity is mathematically 
more difficult than special 

relativity.

General relativity

Observer

Special relativity

I said this even in 
my first lecture, 

remember?

Therefore, I'll just 
superficially explain what 
general relativity is about.

General relativity says that 
light will bend and the 

passage of time will slow 
down in the vicinity of a 

massive star that has large 
gravitational pull.

I'll do 
whatever I can 
to be able to 
understand 

this!

Let's talk 
about that!

Observer
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1. Equivalence principle

Special relativity is a 
theory that holds in 
a coordinate system 
with no gravity or 

acceleration—a system 
that is called an  
inertial frame.

However, this kind 
of ideal state does 

not really exist.

That's certainly 
true!

Therefore, Einstein 
thought he would 

incorporate gravity 
or acceleration into 

relativity... and came up with the 
important idea called 

the equivalence 
principle, which is the 
foundation of general 

relativity.

This says that "the inertial 
force accompanying 

accelerated motion is 
indistinguishable from 
gravity, and therefore, 

they are the same."

Equivalence
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I don't really 
understand inertial 

force...

I'll explain what 
it is.

First, assume that you, 
Minagi, are riding in a 

rocket that is floating 
in outer space.

There's 
nothing 
here…

This rocket has no 
windows, and you don't 
know what's going on 

outside of it.

When gravity is 
not acting, you're 

in a state of 
weightlessness...

so you are 
floating.

That's right.

However, if 
the rocket 

accelerates...

your body will 
be pushed in the 

opposite direction 
to the rocket's 

direction of 
motion.

ErrRGH!

float

float
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It's the same feeling 
as the backward force 

your body receives when 
a train starts to move, 

isn't it?

Chug-A-Lug

Oh oh

That's right. 
That force is called the 
inertial force. Since you 

already brought it up, let's 
consider a train for an 

example.

When a train departs, 
it accelerates in the 

direction of motion to 
move forward.

In the reference frame 
of the train, your body 
experiences an inertial 
force in the direction 
opposite the train’s 

acceleration.

Newton’s First Law states that 
objects at rest will stay at 
rest until acted upon by an 

outside force. When the train 
accelerates, you experience 

a force from the train’s seat 
onto your back. 

Movement of train
I see!

Chug-A-Lug
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In other words, this 
happens because your 
body obeys the law of 

inertia.

The force you 
feel at that time is 
called the inertial 

force.

Inertial fo
rce

This inertial force 
is felt only by 
people who are 
inside the train.

Ohhhhmigosh...

This inertial force is 
not felt by a person 

on the platform 
outside of the train.

Similarly, when the train 
decelerates, the inertial 

force is felt in the 
direction opposite to the 
direction of deceleration.

You know this since your 
body tumbles forward as it 
tries to maintain its velocity.

creeeak

screeech!
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When the train accelerates 
or decelerates, the inertial 

force acts in this way with the 
same magnitude in the opposite 

direction.

Train at rest

Train that is accelerating

Inertial 
force

Force that 
accelerates train

Train that is running 
at constant velocity

Decelerating 
force

Train that is decelerating Inertial force

Train at rest

Next, let's take an 
elevator as an example 
to consider the case 
when gravity is also 

acting.

An elevator?
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Going 
up?

When the elevator is 
stopped at the bottom, 
only gravity is acting 
on the people inside.

Therefore, the 
people inside feel 
their normal body 

weight.

When the elevator 
begins to ascend, it 
accelerates upward.

At this time, the people 
inside feel a force in the 
direction opposite to the 
elevator's direction of 

acceleration in addition to 
gravity.

This is the 
inertial 
force.

Of course!

Due to Newton’s First 
Law, when the elevator 
accelerates upward, 
the people inside the 
elevator experience 

an inertial force 
downward.

an inertial force 
is applied to the 

people inside.

ding!
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That's what 
happens! The people inside feel as if 

their own bodies get heavier 
since they feel the additional 

inertial force in the same 
direction as gravity!

And while the elevator  
is rising at a constant 

velocity, they feel their 
normal body weight.

Since the velocity 
is constant at this 
time, no inertial 
force is acting.

Ohhhhhh

The inertial force reverses 
direction as the elevator 
begins to stop. Since the 
elevator is decelerating, 
inertial force acts in the 

opposite direction.

Ding
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The inertial force 
offsets a portion of 

gravity's force.

Therefore, you 
feel as if you get 
lighter, don't you?

Do you understand  
that this Elevator 

example demonstrates 
the same effect as our 

train? We've simply added 
gravity (that is, another 

force) to the mix.

Elevator at 
rest at the 

bottom

Elevator 
starting to 

rise u

Elevator 
rising at a 
constant 

velocity v

Elevator 
ending its 
ascent w

Elevator 
at rest at 
the top

Now let's consider 
centrifugal force as 
one more example of 

an inertial force.

We've seen that an inertial 
force appears when 

acceleration (change in 
velocity) occurs.

float

w When the elevator decelerates, 
Minagi feels an inertial force in 
the opposite direction. Because 
it offsets the force of gravity, 
the resultant force is smaller. 
Minagi feels lighter and gets 
butterflies in his stomach.

u When the elevator accelerates, Minagi feels an 
inertial force (white arrow) that has the same 
direction as the force of gravity (black arrow).  
The resultant force is pictured to the left of both.  
As a result of his acceleration, Minagi feels heavier!

v When traveling at constant velocity, Minagi 
feels exactly as he had when he was at rest. 
The force of gravity is constant.
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You've ridden on 
the swings at an 
amusement park 
before, right?

We're 
here!

You sit in a chair and 
fly around and around. 

you feel a force 
exerted on you that 
pushes you outward. 
This is a centrifugal 
force, a specific kind 
of intertial force.

Is that so?

The person on the swing 
has a velocity that is 
constantly changing 
direction, such that 
the person travels 

in a circle.

Why do you suppose that's 
so? the person on the 
swing is accelerating...

...toward the center of 
the swing’s rotation.

RELATIVITY_03.indb   128 3/15/2011   3:27:41 PM



What Is General Relativity? 129

If we think about 
the space shuttle...

Gravity from Earth acts 
on a person inside the 
shuttle, and the shuttle 
undergoes rotational 
motion around Earth.

Essentially, although the person 
should move directly straight ahead, 
he receives a force in the direction 

toward the center of rotation, 
which changes his velocity.

Amusement park swing ride

Inside the space shuttle, there is a 
state of weightlessness because 
gravity and the centrifugal force 

are in balance.

Centripetal 
force

Direction of 
velocity

Centrifugal 
force

Gravity from 
Earth provides the 
centripetal force.

For a spaceship in  
a stable orbit around  
earth, gravity and the 

centrifugal force from the 
spaceship’s rotation around 
earth exactly cancel each 

other. This creates a feeling 
of weightlessness for  

the astronauts.

Centrifugal 
force
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Now, let's return to 
our discussion of 

the rocket.

If a rocket in zero 
gravity accelerates with 
the same acceleration 

that gravity causes 
objects to fall at  

on earth...
Upward

Am I flying?!

...an inertial force 
that is exactly the 
same as gravity on 
the ground will be 
applied to Minagi.

Acceleration of 
rocket, 9.8 m/s2

The inertial 
force makes it 

feel as if gravity 
were acting.

If you couldn't see 
outside the rocket, you'd 

think you never left Earth. 
That's because the force 
of this acceleration is 
equal to the force of 

Earth's gravity. Yes, I suppose that 
makes sense.

Zero Gravity
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Inside the rocket, it is 
impossible to distinguish 
between the effect of 
gravity and the effect 

of the rocket ship 
accelerating.

Einstein made this observation 
and proposed the Equivalence 

Principle, which says that 
gravity and acceleration are 

actually the same thing.

If we consider 
this in reverse, 

gravity can also 
be eliminated.

Poof

Gravity

what do you 
mean?

Let's assume that 
the rocket we were 

talking about earlier 
arrived at Earth.

When it flew into Earth's 
gravitational field, gravity 

would naturally affect 
Minagi, who is riding in it.

That's right.
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But if the 
rocket's engines 

are stopped 
and the rocket 
begins to fall...

it would be the 
same as a state of 

weightlessness 
to Minagi in the 

rocket.

Even when you drop in 
a free-fall ride at an 
amusement park, your 
body feels like it's 

gotten lighter.

Inertial force corresponding to the 
gravitational acceleration from Earth

Gravity from 
Earth

Gravity from Earth always 
affects both the rocket 

and person inside.

Coordinate system for 
observing free-falling 

rocket from the outside 

Falling toward Earth

Coordinate system of 
free-falling rocket 

Minagi feels weightless 
since gravity from Earth 
and inertial force are 

in balance.

Earth

In the coordinate system 
of the person who is 
in free fall, gravity is 

negated. Ouch. 
I see.

putt

putt

gasp
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2. Light Is Bent By Gravity

Gravity is negated by 
the inertial force 
inside the free-
falling rocket.

In other 
words...

...the interior of the 
rocket is considered 

to be an inertial frame 
unaffected by gravity.

Okay.

Therefore, if you lightly poke 
the side of a ball, the ball 

will fly with a fixed velocity.

That's right.

However, what will 
happen when this 

situation is observed by 
a person on Earth?
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You mean a person on 
Earth is observing 

the ball flying in the 
rocket?

Yes, that's 
right.

When observed inside the 
free-falling rocket, the 
ball moves with uniform 

linear motion.

When this situation is 
observed by a person 

on the ground, the ball 
moves as if it were 
tracing a parabola.

Although the scenario is a 
bit far-fetched, if we assume 

for the moment that this 
happened, the trajectory 
of the ball would appear 
from the ground to trace 

a parabola.

This is because when the 
rocket and I are viewed 
from the ground, we are 
falling straight down, 

but the ball is traveling 
sideways.
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But what happens 
if you emit light 

instead of 
pushing a ball?

If this were observed 
by a person on the 

ground, its path would 
appear to bend in the 
same way as the path 

of the ball.

in other words, 
That means...!

Right! This means 
that light is bent 

by gravity.

Um, but...

Hearing your explanation, 
I think that this surely 
would happen, but I'm 

not really happy with my 
understanding of this.

The important 
point here...

is that the light, which 
is proceeding straight 
ahead inside the rocket, 

bends as observed 
from the ground.

mmHmmm?
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It is observed to do this 
because space is warped 

by Earth's gravity.

Yuga Yuga 
Yuga…Welcome 
to my warped 

space! That voice...it's 
Baron Yugami! 
Is this your 

doing?

It's not so well 
known that gravity 
also warps space…

Let me explain this 
step by step.

First, if you shine a 
laser pointer during 

free fall inside a 
rocket...

...since special relativity 
holds in the reference 

frame of the rocket, the 
light travels straight ahead 

at the speed of light.
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If the movement of the 
leading edge of the light 

inside the free-falling 
rocket is observed from 
the ground, it will appear 

to move in a parabola.

The light moves in the 
horizontal direction 
at the constant speed 
of light according to 

special relativity.

Since it falls in the 
vertical direction 

according to constant 
gravity, it traces a 
parabola when the 

movements in the two 
directions are combined.

If the movement of the leading edge 
of the light inside the free-falling 

rocket is observed from the ground, 
it will appear to move in a parabola.

Since light is much 
faster than the ball, 
this diagram is not 

to scale.

It seems the same 
as for the ball!

toss
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Inside the free-falling 
rocket, the light travels 

the shortest distance 
in space in the inertial 

frame...or, in other 
words, in a straight line.

And when the interior of 
the free-falling rocket is 

observed from the ground...
the light bends.

It certainly appears 
to be a roundabout 

path that is not 
traveling along the 
shortest distance.

Doesn't the way in which 
the light travels appear to 
differ when it is observed 
from inside the rocket and 
when it is observed from 

the ground?
Yes, it does, 

but...

General relativity 
assumes that physical 

phenomena such as light 
traveling along the 
shortest distance in 

space-time…

should not differ 
according to the 
observation point.

Isn't this a 
contradiction?!
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Calm down.

Since space-time is flat in 
an inertial frame, light is 
observed to proceed in a 
straight line...This is what 

happened, isn't it?

um...

When the path of light  
inside the accelerating rocket 
is observed from the ground, 

light must be observed to take 
the shortest path through space. 

However, because the rocket 
is accelerating relative to the 
observers on earth, space-time 

becomes bent...

...such that the 
shortest path for the 
light appears to them 

to be a parabola. 
That's how Einstein 
conceptualized it.

What?!

what an outrageous 
concept.

It sure is.
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And Einstein wondered 
whether that curvature 

of space-time was 
gravity itself.

It's really hard 
to imagine curved 

space-time.

Yes, it is. For example, 
Earth has a curved 

surface, right?

Although it is hard to 
imagine that space-time 
is curved, the shortest 
distance along a curved 

surface like the Earth's is 
a part of a great circle.*

The shortest distance 
along its surface is 

a curve.

Mumble 
mumble.

To simplify the 
discussion, let's 
consider a two-

dimensional 
surface—that is, a 

flat surface.

The rough 
sketch 

collapses.

Yes...Let's!

* A great circle is one that evenly divides a sphere into two 
equal halves. The shortest distance between two points on a 
sphere is always a portion (or a minor arc) of great circle.
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What's this?

It's a rubber sheet 
stretched flat like a 

trampoline. Assume that 
it represents space-time.

Now, let's 
place a 
bowling 

ball here.

When we do this, won't 
the spot where the ball 
was placed naturally be 

indented because of 
the weight?

Yeah, sure.

This indentation is a 
metaphor for the 
warping of space.

What?!

plo
p
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Now let's also place 
another ball there.

When we do that, the 
size of the indentation 
will increase, and the 

two balls will approach 
each other.

The bending of the 
trampoline brings the two 
balls together in the same 

way that the bending of 
space by gravity causes 
objects to be attracted 

to one another.

Of course!

Where some 
matter exists, the 

surrounding space 
is warped like the 
sheet is indented 

by the ball.

And the phenomenon 
called gravity is 

produced inside that 
warped space.

Click

I think I get it now.
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Light that is proceeding 
along this kind of warp 
in space appears to be 
curved when observed 
by a person far away.

Hmmm!

3. Time Is Slowed Down By Gravity

Next...

let's consider 
time.

Oh!

Time is also slowed 
down in a place 

affected by strong 
gravity, right?

Right! 
I remember that!

Well, I'll also explain 
this with an example.
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Assume that there 
is an extremely 

tall tower.

Megumi (Ms. A) is 
at the top of that 

tower, Sayaka (ms. B) 
is at the bottom...

...and Ryota (Mr. C) is 
inside an elevator 
that was erected 

next to the tower.

All three people have 
the same type of 

single-hand clock.

However, since space-time is 
warped by gravity, we don't 

know whether the time of each 
and the rate at which each one 

passes are the same.

A C

B

tower Elevator
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We will visually compare the 
three people's clocks when 
the elevator is in free fall 

to check how gravity affects 
the rate at which time passes. 

Now, keep the following 
points in mind:

1. Inside the free-
falling elevator, 

there is a state of 
weightlessness.

2. Special relativity 
holds there.

Light goes 
straight ahead.

3. Therefore, the 
clock inside the 

elevator advances 
with constant time 

intervals.

Let's look at this 
methodically 
step-by-step.

Since Ms. A and Mr. C are 
at the same height at 

first, they are subject 
to the same gravity.

Therefore, the time and 
rate at which time passes 
match for Ms. A and Mr. C.

Right.

Hey 
Megu!
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Now let's assume 
that the cable that is 
holding the elevator 

is cut...

...and the elevator 
starts to free-fall.

What?!

Hey!

Wait a minute…

Now comes the 
important part, so 
listen carefully…

she's looking 
excited.

s 
n 
i 
p

Eeeeeee!

The falling velocity 
immediately after 

the cable was cut is 
zero, and the tempos 
of Ms. A's and Mr. C's 
clocks at that time 

are the same.

Ms. A's clock Mr. C's clock

That's because the 
elevator hasn't 

started falling yet.

s 
n 
i 
p
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The elevator is 
pulled by gravity, 
and its velocity 

increases.

And the 
elevator...

...passes 
alongside Ms. B 

at a certain 
velocity.

Wait, What about 
Mr. C?! Is he safe?!

Yes, if we drew a 
picture, it would 
look like this.

Answer me!
Ms. B

Mr. C

E
 E

 E
 E

 Y
 A A A A A A A
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If MS. B were viewed at 
that time by Mr. C from 
inside the elevator, he 

would observe her to be 
moving from the bottom 

towards the top...

which is the 
reverse of his 
own motion of 

falling from the 
top of the tower 

to the bottom.

According to special 
relativity, at the instant 
that Mr. C passes Ms. B,  
Mr. C observes Ms. B’s 
time slow down due to 

time dilation. Since Mr. C is free 
falling, he is in a perfect 

inertial reference 
frame; therefore, the 

rate at which his clock 
advances is constant.

Let's organize all 
this using Mr. C as the 
reference. When the 
elevator started to 

fall, the tempos of Ms. 
A's and Mr. C's clocks 

were the same.

And because Mr. C's and Ms. A’s 
clocks started at the same 

tempo, Ms. B’s clock has gone 
slower than Ms. A’s.

The flow of time is slower at 
a location affected by strong 

gravity, isn't it!

That's right. Time goes slower 
in reference frames close 
to sources of gravity, such 
as earth, than at distances 

further away.

Ms. A

Ms. A

Ms. A

Mr. C

Mr. C

Mr. C

Ms. B

Ms. B

Ms. B

From Mr. C's 
perspective, the 

ground appears to 
be rising toward him.

The tempo of Ms. B's 
clock is slower than 
the tempo of Mr. C's 

clock.

When Mr. C finally hits 
the ground, we take a 

look at all three of the 
clocks. Ms. B’s clock 
has gone slower than 

Mr. C's because of 
time dilation.

To say it more precisely, 
the lower the gravitational 

potential is, the more slowly 
time passes.
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Since Mr. C is free 
falling, he is in a perfect 

inertial reference 
frame; therefore, the 

rate at which his clock 
advances is constant.

And because Mr. C's and Ms. A’s 
clocks started at the same 

tempo, Ms. B’s clock has gone 
slower than Ms. A’s.

4. Relativity And The Universe

Time and space or, 
in other words, 

space-time,  

which had been 
considered 

to simply be a 
receptacle for 

matter...

...must be considered 
together with matter. 
Mutually interactive 

relationships among them 
have been revealed.

Even if you understand 
the theory, it still seems 

strange.

But This concept 
has a significant 

effect on how we 
perceive the space 

surrounding us.

In fact, modern 
cosmology is 

entirely dependent 
on general 
relativity.

Huh!
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The Russian 
physicist Alexander 

Alexandrovich 
Friedman...

derived the theory that 
the universe may be 

expanding or contracting 
from general relativity.

What! I can't 
imagine what this 

means.

creeak The American 
astronomer Edwin 
Hubble observed 

that the universe is 
actually expanding.

Relativity, which 
overturned the 

previously long-held 
conventional wisdom 

of physics...

...has succeeded as an 
important theory to better 
understand the mystery of 
how our universe started 
and what the future of the 

universe will look like.

That's amazing...!

Big Bang!
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Although there are 
various models of the 

universe, the theory 
derived from general 

relativity...

...which says that 
"the universe may be 

expanding"...

has become the 
predominant model 

of the universe.

It is known that the universe may be expanding or contracting as space-time.

Space is not simply a 
receptacle. Its size can 
change while it interacts 

with matter.

Although Newtonian mechanics considered matter to be spread out in "space," which 
had an infinite expanse, it did not assume that space itself was spreading out.

stretch
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From Hubble, we 
clearly understand 
that the universe is 

expanding.

As a result, the 
Big Bang theory 
was proposed. 

It states...

Hubble observed that the universe is 
expanding and that the distance between 

galaxies in the universe is growing.

"the universe 
began with a giant 
explosion from a 
single point, which 
is called the Big 

Bang."

From these observations, the Big Bang theory was 
proposed, which states that the universe began with a 

giant explosion from a single point.

I've heard 
that name! Big 

Bang...!

It's a word 
brimming with 

some kind 
of magical 

power! You're such 
a child.
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Well...

somehow, our 
discussion has 
wandered, but...

...my lecture 
on relativity 
ends here.

Ah...well thank 
you very much!

Later you'll get 
the better of the 

headmaster because of 
your effort! For my 

sake!

I hope so...

But...

Did you know there 
is a fireworks 

display tonight?

I was talking 
about it this 

morning...

How about it? 
Shall we go 
together?

Huh?!

You can treat me to 
grilled octopus.

Ooooh...you 
sure are an 
unpleasant 

adult!

fine, I'll go.
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It's a proper 
reward since you 
worked very hard.

Don't be late for 
our rendezvous!

huh...

At least I'll get a 
taste of summer 

vacation.

Sorry to 
have kept you 

waiting...
ha ha!

Miss Uraga 
is late even 
though she 
told me not 
to be late.

take one.

Listen!

What's up?

...

murmur

Oh, you're 
here!
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You know, 
Miss Uraga, you're 
pretty cool when 
you're outside of 
the classroom.

Ouch!
Sorry! I'm sorry! 

I can hear my bones 
breaking.

Wow...
aren't they 
beautiful?

It's nice you 
are enjoying 
it so much.

silence

Huh?

Is it over 
already?

Oh! there 
goes 

another 
one!
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Minagi…?
Relativity?

What is this?

Ka-shink!

Whoa! 
There's a 
spotlight!

Go, fight, win! 
Mi! Na! Gi!

Sis boom 
bah!

I thought that 
you would have 
something to do 

with this!
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Can we get a 
spotlight on the 

man of honor 
please?

Wow...

Miss Uraga, 
Help me!

Everyone is 
cheering and 
you're buying 

yakisoba!

Here 
you go, 
honey. 
On the 
house!

you're too 
generous.

Oh, ahem. well...
ahem, cough.

Hey! Are you 
planning on 
joining the 

cheerleaders 
now?

Huh?
Is that what 

this is?

No. These are 
just my regular 

clothes.

I don't know 
what this is 

about!

ka-

chunk
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The Slowing of Time in General Relativity

Let’s use some equations to look at the “slowing of time” in general relativity based on the 
explanation in the manga.

As in the manga, we assume that Ms. A is at the top of a tall tower, Ms. B is at the bot-
tom of the tower, and Mr. C is inside the elevator next to the tower, as shown in Figure 4-1.

We also assume that each of the three people has the same clock. However, since 
space-time is warped by gravity, we don’t know whether the time of each and the rate at 
which each one passes (tempo) are the same.

Therefore, we will check the rate at which time passes due to gravity under the follow-
ing three conditions:

1.	 Inside the free-falling elevator, there is a state of weightlessness.
2.	 Since special relativity holds there, the clock inside the elevator advances with constant 

time intervals.
3. Ms. A’s clock at the top of the tower and Ms. B’s clock at the bottom of the tower each 

advance with different constant time intervals.

In addition, we will use the following procedure to check the rate at which time passes 
due to gravity.

1. Align the rates at which time passes for Mr. C’s clock inside the elevator and Ms. A’s clock 
at the beginning of the descent.

2. Compare the rates at which time passes for Mr. C’s clock inside the elevator and Ms. B’s 
clock at the end of the descent.

At first, since Ms. A and Mr. C are at the same height, they are affected by the same 
gravity.

Let z denote the height direction at that location, and let f1 denote the gravitational 
potential. The gravitational potential is the quotient of the potential energy divided by the 
mass of an object. For example, the potential energy of gravity near the surface of the Earth 
is mgh, and the gravitational potential is gh.

Therefore, we will align Ms. A’s and Mr. C’s times and the rates at which time passes.
Let Dt1 denote the time that passes at Ms. A’s location, and let Dt2 denote the time 

that passes at Ms. B’s location.
Now let’s assume that the cable that is holding the elevator is cut and the elevator starts 

to free-fall. Since the falling velocity immediately after the cable is cut (the velocity at which 
Ms. A is flying upward when viewed from Mr. C’s perspective) is v = 0, the tempos of Ms. A’s 
and Mr. C’s clocks are the same.

u 

The elevator is pulled by gravity, and its velocity gradually increases. The elevator 
passes alongside Ms. B at a certain velocity (v).

If Ms. B were viewed at that time by Mr. C inside the elevator, he would observe her to 
be moving upward toward himself, which is the reverse of his own motion (falling from the 
top of the tower toward the bottom) viewed from his surroundings (see Figure 4-2).

∆ ∆τ τ1 3=
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Figure 4-1: Aligning the rates at which time passes for Mr. C’s clock inside the elevator and Ms. A’s clock at the 

beginning of the descent

Let φ1 denote Ms. A’s
gravitation potential.

∆τ1 of Ms. A’s clock
∆τ3 of Mr. C’s clock
inside the elevator

Elevator

Ms. A’s and Mr. C’s time intervals (tempos)
are the same.

Let φ2 denote Ms. B’s
gravitation potential.

∆τ2 of Ms. B’s clock

Figure 4-2: Comparing the rates at which time passes for the clocks of Mr. C inside the elevator and Ms. B at the 

end of the descent

∆τ2 of Ms. B’s clock

When observed by Mr. C, 
Ms. A, Ms. B, and the 
tower appear to be
moving upward.

∆τ1 of Ms. A’s clock

Ms. A’s and Mr. C’s time intervals (tempos) differ.

Let φ2 denote Ms. B’s
gravitation potential.

∆τ3 of Mr. C’s clock
inside the free-falling
elevator
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160 Chapter 4

According to special relativity, at the instant that Mr. C passed Ms. B, we have

v                                         , 

and from equations u and v, we eliminate ∆t3 to obtain

w                                           .

This shows that the tempo of Ms. B’s clock becomes slower than the tempo of Mr. C’s 
clock. The rate at which time passes for Ms. B’s clock, where the gravitational potential is low 
(f2, close to the source of gravity), is slower than the rate at which time passes for Ms. A’s 
clock, where the gravitational potential is high (f1, far from the source of gravity).

In other words, the lower the gravitational potential is, the slower time will pass.
Let’s assume that the velocity v is low and that we can use Newtonian mechanics (if we 

let          , then          ). 

Therefore, when f1 denotes the gravitational potential at Ms. A’s location and f2 denotes 
the gravitational potential at Ms. B’s location, we have f1 > f2.

Due to the conservation of energy, at the instant before the elevator hits the ground, all 
of its potential energy has been converted to kinetic energy, and its velocity v is given by this 
expression:

We obtain the following:

x 

When          , we can use the following approximation formula:

Since            because          , we have the following:
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If we use this together with equation w, we obtain the following equation:

y 

If we substitute                      from equation x into equation y, we obtain the follow-
ing equation:

z 

Also, if we rearrange the above equation slightly, since  
holds, we have the following:

{ 

In other words, gravitational potential is related to the slowing of time (time dilation), as 
shown in equation {.

As shown in Figure 4-3, the difference in gravitational potential            between the 
ground and an object at a height h is given by the gravitational potential gh. 
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Figure 4-3: State of relatively weak gravity on the ground
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162 Chapter 4

If we let f2 = 0, h denote the height up to f1, and g denote the gravitational accelera-
tion near the ground and then substitute f1 = gh and f2 = 0 into equation {, we obtain the 
following:

The clock at the higher altitude measures a time Dt1 that is ahead of the clock below, 
which reads Dt2. We know this to be true, because in the equation above, gh/c2 and Dt1 
are both greater than zero, and therefore                         ; hence,                  .

The True Nature of Gravity in General Relativity

Space-time surrounding the existence of matter is warped, as explained in the manga. It is 
apparent that this warping of space-time has the same effect as gravity in attracting sur-
rounding matter.

Einstein unified these effects in a set of equations called the Einstein field equations.  
The Einstein field equations showed that time and space (space-time), which were previously 
thought to exist as a framework for measuring the motion of matter, were fundamentally 
connected with matter itself.

Phenomena Discovered from General Relativity

This section introduces the following phenomena, which were discovered from general 
 relativity:

• Gravitational lensing
• Anomalous perihelion precession of Mercury
• Black holes

Bending of Light (Gravitational Lensing) Near a Large 
Mass (Such as the Sun)

Gravitational lensing is the phenomenon that when light passes in the vicinity of the Sun, 
the path of that light bends.

Space is bent in the vicinity of the Sun because of the large mass of the Sun, as shown 
in Figure 4-4. Since light advances along that curvature, the light from a distant star bends, 
and the direction of the star is observed with a slight shift. This effect was verified during a 
total solar eclipse. It is noted as the first proof discovered of general relativity.

Also, when light is coming from a distant galaxy, as shown in Figure 4-5, if a massive 
object (such as a galaxy) lies at an intermediate point, it will bend the light from the distant 
galaxy as though there were a condensing lens at that intermediate point. This bend may 
make the distant galaxy seem distorted. Many instances of this effect have been observed. 
This is another instance of gravitational lensing.
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Earth

Actual direction of star

Apparent star
(The star appears in
this direction since
its light is bent.)

Sun

Figure 4-4: Bending of light near a large mass

Figure 4-5: Gravitational lensing

Light from the distant galaxy is 
bent by an object with a large
mass, as if a condensing lens 
were there.

Earth
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164 Chapter 4

Anomalous Perihelion Precession of Mercury

The perihelion is the point in the orbit of a planet that is closest to the Sun, as shown in 
Figure 4-6. We know that the perihelion of Mercury moves by approximately 574 arc sec-
onds per century. Note that the “seconds” mentioned here are angular units rather than 
units of time. A minute of an arc is 1/60 of 1 degree, and a second is 1/60 of that. In other 
words, an arc second is 1/3600 of a degree. If the shift revolves by approximately 547 arc 
seconds per century, it is a shift of only approximately 0.16 degree per century.

Various causes of this shift, such as the effects of gravity of other planets, were inves-
tigated using Newtonian mechanics. However, none of these investigations were able to 
account for 43 arc seconds of perihelion movement. But when general relativity was used 
to check the shift in the perihelion of Mercury by calculating the Sun’s warping of space-
time, it was found to be shifted by exactly 43 arc seconds.

Black Holes

A black hole is a condition in which mass is extremely concentrated and gravity becomes so 
strong that not even light can escape from it.

A supernova stellar explosion occurs at the end of the life of a star having a mass sev-
eral times that of the Sun. This event forms a region in space in which mass is extremely 
concentrated and gravity becomes stronger. Gravity becomes so strong that even light may 
not be able to escape. That region is a black hole. 

Since light cannot escape from it, a black hole cannot be directly observed. However, 
if other stars exist in the vicinity of the black hole, gas from those stars will stream toward 
the black hole and form an accretion disk, that is, a cloud of diffuse matter around the black 
hole. When gas streams into the black hole from that accretion disk, X-rays and gamma rays 
are emitted.

A black hole candidate was discovered in 1971 in the constellation Cygnus, and cur-
rently, supermassive black holes are believed to exist at the center of galactic systems.

Figure 4-6: The anomalous shift in the perihelion of Mercury

Nearest point to the Sun
(perihelion)

Sun

Mercury

RELATIVITY_03.indb   164 3/15/2011   3:28:16 PM



What Is General Relativity? 165

Global Positioning System and Relativity

The Global Positioning System (GPS) uses 24 satellites orbiting the Earth to determine  
position. Each satellite broadcasts a signal toward Earth that includes the radio broadcast 
time. A receiver on the ground (such as a car navigation system) receives those signals. 
The radio waves of the signals reach the receiver at the speed of light (approximately 
300,000,000 m/s).

When the time the signal was received is compared with the broadcast time, and that 
time difference is multiplied by the speed of light, the distance to the satellite is known. In 
other words, if we assume that the distance between the satellite and receiver is 20,000 km, 
then the radio waves reach the receiver in 20,000,000 m ÷ 300,000,000 m/s = 0.067 sec-
onds. That calculation is performed using radio waves from three satellites to accurately 
determine the position on the ground.

However, if there is an error in that time difference, an error will also occur in the 
calculation of the distance between the satellite and receiver. For example, if the satel-
lite broadcast time is offset by 1 microsecond (10–6 second), the distance will be offset by 
300 meters (300,000,000 m/s ´ 0.000001 s = 300 m).

A GPS satellite orbits the Earth at an altitude of 20,000 km and a velocity that causes 
it to make 1 revolution in approximately 12 hours. At that velocity, the effect of special 
relativity causes its time to slow by 7.1 microseconds per day. However, since it is located 
high above the surface of the Earth, the effect of general relativity causes its time to pass 
faster than time on the surface of the Earth by 46.3 microseconds per day (the effect of 
general relativity is represented by equation { on page 161). As a result, the time broad-
cast from the GPS is slowed by 39.2 microseconds per day (see Figure 4-7). The design of 
the GPS system takes into consideration the effects of both special and general relativity 
with extreme precision.

Earth

Since it is moving at a high velocity, its time is
slower than time on the surface of the Earth by
7.1 microseconds per day due to the effect of
special relativity.

Since it is located high above the surface of the Earth,
gravity is weaker and its time passes faster than time
on the surface of the Earth by 46.3 microseconds per
day due to the effect of general relativity.

Figure 4-7: The Global Positioning System compensates for the effects of relativity.
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Epilogue 167

And that's 
about it...

are you 
convinced?

The report on 
relativity that I wrote 

as promised...

Of course.

That really 
sounds so 
interesting!

You assigned a topic 
that you don't know 

anything about?!

So? What's 
wrong with that?

You jerk! You 
stupid nut job!
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What! Are you 
giving me 
backtalk?!

with my authority, 
I can do anything 
I want! I own you!

Grrrr!

Wait!

If you go any 
further...

...it'll be an 
abuse of 

authority...

I won't 
permit it!poof!Zip!
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You...you are...
the school 

superintendent?! Yes.

This school 
has a 

superintendent?!

I disguised myself 
as a dog to observe 
everyday school life 

in secret.

Even though I 
hadn't achieved 
anything before 

then...

I inherited this 
position from my 

father who passed 
away, but I wanted 

to be free!

Free like  
the wind!

What in the heck is 
she talking about?!
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But I couldn't neglect 
this school, which 
I inherited from my 

father.

So I left behind a 
letter and pretended 
to leave the school.

What's this 
letter?

Then I took the form 
of a dog.

For example, 
gravity is...

At certain times, 
I changed into 
other forms.

I freely watched 
over the conditions 

of this school!

That was also you 
all the time!
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I also overlooked the 
outrageous behavior  
of Headmaster Iyaga...

Which ends 
today!

Uh oh.

yOU'RE OUT, BUddY.

Headmaster Iyaga 
is hereby relieved 

of his duties!

That... 
that's...!

I will take 
my place 

as rightful 
headmistress!

But...
what will 

happen to me?

can I at 
least be Vice 

Principal?

That's 
perfect...

You'll be 
the janitor.

Are you an 
ogre or...?

clack
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for Vice 
Principal,

Miss Uraga! Will you 
please accept this 

position?

Huh?!

Little old me 
for such an 
essential...
powerful...
position?

She's acting 
modest, but she 
sure has a big 

smile on her face!

I want you to 
stick to that 

student-centered 
attitude!

Yes, okay! I'll do 
the best I can 
with my limited 

abilities!
This is not a 

student-centered 
attitude! Look 
more closely!

more like 
Superhuman 

abilities! Ouch 
ouch ouch!

And...Minagi! owww...

Yes?

I was very 
impressed by 
your report!

Really?

shock
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It's a wonderful 
report worthy 

of a student body 
president serving 
as a proxy for 

your class.

You really 
were able to 
understand a 
lot in such a 
short time! Tha-thank you 

very much!

Well, now that 
we're all friends...

What…
are 
you 
shy?

That's none 
of your 

business...
teacher!

sweep

we should enjoy our last 
day of summer vacation—

Let's go to the beach!

This school is 
so weird...

sweep
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Ahem!

Today, I will be taking 
over as headmistress... 
Huh...is this thing on?

That dog 
can talk?!
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A Charming Cartoon Guide to 
The Theory of Relativity 

Everything’s gone screwy at Takai Academy. 

When the crazy headmaster forces Minagi’s 

entire class to study Einstein’s theory 

of relativity over summer school, Minagi 

volunteers to go in their place. There’s 

just one problem: He’s never even heard 

of relativity before! Luckily, Minagi has the 

plucky Miss Uraga to teach him.

follow along with The Manga Guide 
to Relativity as Minagi learns about the 

non-intuitive laws that shape our universe. 

Before you know it, you’ll master difficult 

concepts like inertial frames of refer-

ence, unified space-time, and the equivalence 

principle. You’ll even see how relativity 

affects modern astronomy and discover 

why GPS systems and other everyday tech-

nologies depend on Einstein’s extraordinary 

discovery.

The Manga Guide to Relativity also 

teaches you how to:

 Understand and use E = mc², the world’s 

most famous equation

 Calculate the effects of time dilation 

using the Pythagorean theorem

 Understand classic thought experiments 

like the Twin Paradox, and see why 

length contracts and mass increases 

at relativistic speeds

 Grasp the underpinnings of Einstein’s 

special and general theories of relativity

If the idea of bending space and time really 

warps your brain, The Manga Guide to 
Relativity will straighten things out.

PRaise for the manga guide series

“Highly Recommended.” — Choice Magazine

“Stimulus for the next generation of scientists.” — Scientific computing

“A great fit of FOrm and subject. Recommended.” — Otaku USA Magazine
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