
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

Find more Manga Guides at www.edumanga.me

$19.95 ($22.95 CDN) SHELvE IN: SCIENCE/PhySICS/RElaTIvITy

T
H
E
 M

A
N
G

A
 G

U
I
D
E

™ T
O

 R
E
L
A
T
I
v
IT

Y
N
Itt

a
, 

y
a
M

a
M

o
To

, Ta
k
aTS

u, 
TR

E
N
d
-P

R
o

RelativityRelativity
Hideo Nitta 
Masafumi Yamamoto 
Keita Takatsu 
Trend-Pro Co., Ltd

The Manga Guide™ to Comics 

    inside!

TH E  F I N EST  I N  G E E K  E NTE RTA I N M E NT™
www.nostarch.com

      “ I  L I E  F LAT .”

Th is book uses a lay-f la t b ind ing that won't snap shut.

44055_COV.indd   1 11-03-17   9:41 AM

.

11-03-23  21:29:52  Cyan, Magenta, Yellow, Black
44055                         cov1  



The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



Praise for the Manga Guide series

“Highly recommended.”
—choice magazine on the manga guide to databases

“Stimulus for the next generation of scientists.”
—scientific computing on the manga guide to molecular biology

“A great fit of form and subject. Recommended.”
—otaku usa magazine on the manga guide to physics

“The art is charming and the humor engaging. A fun and fairly painless lesson on what 
many consider to be a less-than-thrilling subject.”
—school library journal on the manga guide to statistics

“This is really what a good math text should be like. Unlike the majority of books on  
subjects like statistics, it doesn’t just present the material as a dry series of pointless- 
seeming formulas. It presents statistics as something fun, and something enlightening.”
—good math, bad math on the manga guide to statistics

“I found the cartoon approach of this book so compelling 
and its story so endearing that I recommend that every 
teacher of introductory physics, in both high school and 
college, consider using it.”
—american journal of physics on the manga guide to physics

“A single tortured cry will escape the lips of every thirty-
something biochem major who sees The Manga Guide to 
Molecular Biology: ‘Why, oh why couldn’t this have been 
written when I was in college?’”
—the san francisco examiner

“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

Wow!
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“This is a solid book and I wish there were more like it in the IT world.”
—slashdot on the manga guide to databases

“The Manga Guide to Electricity makes accessible a very intimidating subject, letting the 
reader have fun while still delivering the goods.”
—geekdad blog, wired.com

“If you want to introduce a subject that kids wouldn’t normally be very interested in, give it 
an amusing storyline and wrap it in cartoons.”
—make on the manga guide to statistics

“This book does exactly what it is supposed to: offer a fun, interesting way to learn calculus 
concepts that would otherwise be extremely bland to memorize.”
—daily tech on the manga guide to calculus

“The art is fantastic, and the teaching method is both fun and educational.”
—active anime on the manga guide to physics

“An awfully fun, highly educational read.”
—frazzleddad on the manga guide to physics

“Makes it possible for a 10-year-old to develop a decent working knowledge of a subject 
that sends most college students running for the hills.”
—skepticblog on the manga guide to molecular biology

“This book is by far the best book I have read on the subject. I think this book absolutely 
rocks and recommend it to anyone working with or just interested in databases.”
—geek at large on the manga guide to databases

“The book purposefully departs from a traditional physics textbook and it does it very well.”
—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.”
—geek book on the manga guide to statistics

“The Manga Guide to Statistics offers a visualization of statistics that can’t be found in any 
mere textbook.”
—anime 3000

“A great introduction for readers of any age, and an exemplar of technical communication.”
—linux users of victoria on the manga guide to electricity

RELATIVITY_03.indb   2 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



The Manga Guide™ to Relativity

RELATIVITY_03.indb   3 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



RELATIVITY_03.indb   4 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



The Manga Guide™ to

RELATIVITY

Hideo Nitta 
Masafumi Yamamoto 

Keita Takatsu 
Trend-pro Co., Ltd.

RELATIVITY_03.indb   5 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



The Manga Guide to Relativity. Copyright © 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.

The Manga Guide to Relativity is a translation of the Japanese original, Manga de wakaru soutaiseiriron, published by 
Ohmsha, Ltd. of Tokyo, Japan, © 2009 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.

This English edition is co-published by No Starch Press, Inc. and Ohmsha, Ltd.

All rights reserved. No part of this work may be reproduced or transmitted in any form or by any means, electronic 
or mechanical, including photocopying, recording, or by any information storage or retrieval system, without the prior 
written permission of the copyright owner and the publisher. 

15 14 13 12 11    1 2 3 4 5 6 7 8 9

ISBN-10: 1-59327-272-3
ISBN-13: 978-1-59327-272-2

Publisher: William Pollock
Supervising Editor: Hideo Nitta
Author: Masafumi Yamamoto
Illustrator: Keita Takatsu
Producer: TREND-PRO Co., Ltd.
Production Editor: Serena Yang
Developmental Editor: Tyler Ortman
Translator: Arnie Rusoff
Technical Reviewers: David Issadore and John Roeder
Compositor: Riley Hoffman
Copyeditor: Paula L. Fleming
Proofreader: Serena Yang
Indexer: Sarah Schott

For information on book distributors or translations, please contact No Starch Press, Inc. directly:
No Starch Press, Inc.
38 Ringold Street, San Francisco, CA 94103
phone: 415.863.9900; fax: 415.863.9950; info@nostarch.com; http://www.nostarch.com/

Library of Congress Cataloging-in-Publication Data

Nitta, Hideo, 1957-

 [Manga de wakaru soutaiseiriron. English]

 The manga guide to relativity / Hideo Nitta, Masafumi Yamamoto,  Keita Takatsu ; Trend-pro Co., Ltd. -- English ed.

      p. cm.

 Includes index.

 ISBN-13: 978-1-59327-272-2

 ISBN-10: 1-59327-272-3

 1.  Relativity (Physics)--Comic books, strips, etc. 2.  Graphic novels.  I. Yamamoto, Masafumi, 1947- II. Takatsu, 

Keita. III. Trend-pro Co. IV. Title.

 QC173.57.N5813 2010

 530.11--dc22

                                                           2010038111

No Starch Press and the No Starch Press logo are registered trademarks of No Starch Press, Inc. Other product and 
company names mentioned herein may be the trademarks of their respective owners. Rather than use a trademark 
symbol with every occurrence of a trademarked name, we are using the names only in an editorial fashion and to the 
benefit of the trademark owner, with no intention of infringement of the trademark.

The information in this book is distributed on an “As Is” basis, without warranty. While every precaution has been 
taken in the preparation of this work, neither the author nor No Starch Press, Inc. shall have any liability to any person 
or entity with respect to any loss or damage caused or alleged to be caused directly or indirectly by the information 
contained in it.

All characters in this publication are fictitious, and any resemblance to real persons, living or dead, is purely coincidental.

RELATIVITY_03.indb   6 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



Table of Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                    ix

Prologue: Outrageous closing ceremony . . . . . . . . . . . . . . . . . . . . . . . . .                           1

1 
What Is Relativity?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       9

1. What Is Relativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                           14
2. Galilean Principle of Relativity and Newtonian Mechanics  . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            17
3. Mystery of the Speed of Light . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                  23
4. Einstein Discarded Newtonian Mechanics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        34
What Is Light? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                40
Light Is Constant (and They Prove It Every Day in a Lab Called SPring-8)  . . . . . . . . . . . . . . . . .                 43
What’s Simultaneous Depends on Whom You Ask! (Simultaneity Mismatch) . . . . . . . . . . . . . . . .                44

Case of Newtonian Velocity Addition (Nonrelativistic Addition)  . . . . . . . . . . . . . . . . . . . . . . .                       44
Case in Which the Speed of Light Is Constant (Relativistic Addition of Velocity) . . . . . . . . . .          46

Galilean Principle of Relativity and Galilean Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                             47
Differences Between the Galilean Principle of Relativity and Einstein’s Special Principle of 
Relativity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                    48
Wait a Second—What Happens with the Addition of Velocities? . . . . . . . . . . . . . . . . . . . . . . . . . .                          48

2 
What Do You Mean, Time Slows Down?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               51

1. Urashima Effect (Time Dilation)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                54
2. Why Does Time Slow Down? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56
3. The Slowing of Time Mutually Affects Each Party Equally  . . . . . . . . . . . . . . . . . . . . . . . . . . . .                            64
4. Looking at the Slowing of Time Using an Equation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                 73
Using the Pythagorean Theorem to Prove Time Dilation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                               78
How Much Does Time Slow Down?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               80

3 
The Faster an Object moves, the Shorter and Heavier It Becomes?  . . . .    83

1. Does Length Contract When You Go Faster?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                      86
2. Do You Get Heavier When You Go Faster?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                        92
Using an Equation to Understand Length Contraction (Lorentz Contraction) . . . . . . . . . . . . . . .               106
Muons with Extended Life Spans  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                108
Mass When Moving . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                           109

Galilean Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    109
Newton’s Second Law of Motion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                             109
Lorentz Transformation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    111

Relationship Between Energy and Mass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           112
Does Light Have Zero Mass? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                    113

RELATIVITY_03.indb   7 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



viii  Table of Contents

4 
What Is General Relativity  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                           115

1. Equivalence Principle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                       120
2. Light Is Bent by Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                      133
3. Time Is Slowed Down by Gravity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                               143
4. Relativity and the Universe . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                   149
The Slowing of Time in General Relativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                         158
The True Nature of Gravity in General Relativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     162
Phenomena Discovered from General Relativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                     162

Bending of Light (Gravitation Lensing) Near a Large Mass (Such as the Sun) . . . . . . . . . .          162
Anomalous Perihelion Precession of Mercury . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                   164
Black Holes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                             164

Global Positioning System and Relativity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                          165

Epilogue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                167

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .                                                                    175

RELATIVITY_03.indb   8 3/15/2011   3:25:43 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



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.
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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
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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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16  Chapter 1

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....
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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?

RELATIVITY_03.indb   17 3/15/2011   3:26:01 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



18  Chapter 1

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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20  Chapter 1

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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22  Chapter 1

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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24  Chapter 1

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

RELATIVITY_03.indb   25 3/15/2011   3:26:10 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



26  Chapter 1

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!
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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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28  Chapter 1

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?

RELATIVITY_03.indb   31 3/15/2011   3:26:16 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.
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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!

RELATIVITY_03.indb   36 3/15/2011   3:26:21 PM

The Manga Guide to Relativity
© 2011 by Hideo Nitta, Masafumi Yamamoto, and TREND-PRO Co., Ltd.



What Is Relativity?  37

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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38  Chapter 1

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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42  Chapter 1

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
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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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