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Foreword

It was a great pleasure to have been able to provide assistance to Kenji Ishikawa in creat-
ing this book. I was very thankful for the help I had received when I wrote my own book, 
A Distant 14.6 Billion Light Year Journey, and felt that I wanted to return the favor now. Be 
that as it may, I inspected the manuscript as carefully as possible, and I aimed for complete 
accuracy by requesting corrections or revisions with little thought of any nuisance it might 
be to the author or publisher.

Research related to the universe is progressing steadily now, and even researchers 
find it difficult to sufficiently understand the leading edge of their own fields. Even more, 
it’s next to impossible for anyone to gain a complete understanding of the universe. From 
that perspective, when I first read this book, I was surprised that it discussed major obser-
vational and theoretical results, starting from a view of the solar system and finally arriving 
at cosmology. I was also pleased to find diligent explanations of the basics of astrophysics and 
astronomy. This book, which overflows with the author’s extraordinary care and enthusiasm 
for solving the riddles of the universe, makes an extremely lively, unique, and wholesome 
handbook.

Furthermore, the power of manga as a means of communication is enormous, and it 
goes without saying that it is much more effective than any mere accumulation of words. 
If a new perspective on the universe can be gained with this book, new interest in the 
universe can be generated, or readers can be encouraged to aspire to gaining a better 
understanding of its mysteries, it will be an unexpected delight to me, since I have been 
involved in cosmology for a great many years.

Kiyoshi Kawabata
Supervising Editor
November 2008





Preface

While I was writing the scenario for this book, a cameraman (whom I was working with on 
an entirely different project) unexpectedly said to me, “Recently, I’ve been enjoying thinking 
about the universe.”

I had no idea why he brought up the subject—it just popped up in the middle of an 
ordinary conversation. When I asked him why he mentioned it, the cameraman said, “Well, 
imagining what’s happening in the universe uses my brain in a completely different way 
than my work does, so it’s really refreshing to think about.”

Of course! In our work, we’re constantly worrying about random details so that we 
won’t make mistakes. Our minds get fatigued, just like how certain muscles ache if we do 
a repetitive task for a long time. And just like how we can relieve muscle fatigue by doing 
some light exercise, it’s always good to take a break from work to think about something 
else for a while. A topic such as “What is happening in the universe?” fits the bill perfectly. 
Since I also like thinking about the universe, I came up with a few pearls of wisdom to share 
with the cameraman:

•	 “Since the entire universe is moving and space itself is expanding, there’s no way to 
indicate a specific place using coordinates.”

•	 “We still don’t seem to know what most of the matter and energy that make up the 
galaxy consists of.”

•	 “There may be universes other than our own universe.”

Even though these thoughts are more like hints at mysteries than true knowledge, the 
cameraman was intrigued, so the two of us batted around ideas for a little while. It was just 
a short conversation, but I have extremely fond memories of it.

So why is the universe so interesting? Perhaps it’s because we may not arrive at any 
answers, no matter how much we think about it.

Of course, mankind has compiled a great deal of knowledge about the universe so far. 
The Big Bang theory, which sheds light on the secrets of the creation of matter as well as the 
beginning of the universe, the discovery of the large-scale structure of space, and other 
great discoveries have provided valuable answers in our quest for the full picture of the cos-
mos. However, whenever we gain new knowledge, we only seem to discover more mysteries. 
The history of research about the universe is like climbing up a mountain to see what’s 
beyond it, only to see another mountain, and then another, and another . . .

For example, consider the Moon. The question of whether there is water on the Moon 
has been debated for quite a long time. If there is a large amount of water there, oxygen 
could be created by decomposing it, and since it could also be used as drinking water, it 
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may make it possible to construct a lunar outpost on the surface of the Moon. This is an 
important subject for mankind, and opinions about it have been tossed back and forth for 
some time.

Since the matter constituting the Moon is similar to that of Earth, simple consideration 
would lead us to believe that there should have been water there at some point. However, 
the Moon hardly has any atmosphere, and it seems more like a desert landscape—what is 
left behind after moisture evaporates and is dispersed into space. But if we knew that there 
were craters that were always in a shadow near the north and south poles, then there would 
be a greater possibility that water may be retained in ice in those locations. What would the 
result be?

Unfortunately, according to the reports from the Japanese spacecraft Kaguya, the exis-
tence of ice near the south pole could not be confirmed. The most recent conclusion is that 
although there is a possibility that water may be hidden in the ground, even if there were 
water or ice, it would be an extremely small amount. However, if we are able to explore 
under the surface of the Moon, that “answer” may change again.

Since this kind of mystery still remains about the Moon—our closest neighbor in the 
universe!—when we expand our target to the solar system, galaxy, group of galaxies, and so 
on, we’ll surely be inundated with things we do not understand. Nevertheless, any thought 
experiments we conduct in order to try to make conjectures, while paying our respect to the 
efforts of our predecessors who devoted their utmost efforts to get closer to the truth, will 
not be just mental calisthenics, but they could lead to Nobel Prize–grade discoveries.

Kanna, Gloria, and Yamane, the three high school girls who are the heroines of this 
book, show a light-hearted interest in the universe at first. But as their knowledge grows, 
they gradually become fascinated with its allure. By the end of the story, the girls are learn-
ing about the outer limits of astronomy and astrophysics.

To encourage you to enjoy their story, I wanted to avoid difficult discussions in the com-
ics and text as best as I could. Since I am the type who wants to throw away science books 
the moment numeric formulas appear, I tried my best to keep this in mind. 

The universe is all around us, and we are but a small part of it. It’s only natural that 
we ponder our planet’s place in the universe and dream of exploring our universe’s farthest 
edges. “I’ve been enjoying thinking about the universe.” I will take great pleasure as an author 
if this is your thought after reading this book.

Kenji Ishikawa
October 2008
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Prologue

A Tale That Begins 
on the Moon



O Romeo, 
Romeo!

Wherefore art thou 
Romeo?

There is  
no Romeo!

We don’t have 
anyone to 
play him.

We don't have 
much time left 

before the arts 
festival...

What are we 
going to do?

Kouki High School

* D
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20 days until  

the festival  

begins!

*
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Well, we’d better 
start thinking about 

how we can do 
this with just two 

people.

A whole play, 
with just two 

people?

We could try 
a comedy?

I don’t want to 
do a comedy. 
There’s no 

romance in a 
comedy!

Romance, 
huh?

No!

And I guess 
a musical is 
out of the 
question...

Yamane: 
High 

school 
junior

Kanna: 
High 

school 
junior

Pop!

Falsies

Memoryyyyyy! 
All alone 
in the dog 

pound!



It’s deplorable!

Anyway...

If we can’t put on a 
performance at this 

arts festival....
the school 
is going to 

shut down the 
drama club.

What's that?

I’ve turned down all the 
offers to be on sports 

teams. I’m devoting 
myself to the stage...

...but it seems 
that young men 
nowadays have 

no interest 
in cultural 
activities.

Uh, maybe 
a sports 

team 
would 

have been 
a better 
fit for 

you.

Clatter

20  days!



Hi, Mr. Ishizuka!

I’ve brought a 
new student who 
wants to join the 

drama club!

Really?

Well, 
come 
on in!

HEllo!

Whoa!

This is Gloria! She’s an 
exchange student from 
the United States! She's 
Just arrived from the 

airport.

Huffing and 

Puffing
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How was 
your flight?

Hey! We 
have a job 

to do!
Argh!

Sensei?

I can't believe you're 
the only one who 

showed up!

Gloria wanted to 
join the drama 

club because she 
is interested in 

Japanese culture.

Okay, fine. But 
what plays can 

we do with three 
people?

Some people 
have all the 

Luck...

She can read 
Japanese, right?

we haven’t even 
decided what we’re 

going to do for the 
arts festival, but I 

don’t see how...

That’s 
enough!

*

* 
C
o

s
t
u
m

e
s

Special skill: 

quick-change 
artist



﻿  7

What do 
you think?

Oh, Wow! 
A kimono!

What are you 
doing?

Well...

Tonight...

the moon...

Huh?

...shall be blurred 
by my tears!

She’s a real Japan 
lover, isn’t she?

She really knows 
her manga, anime, 

and ancient 
literature.

Even most 
japanophiles don't 

know the story 
of the Golden 

Demon!

Chills

Special skill: 

quick-change 
artist
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Kanichi-san!

Grovel, 

grovel

No! 
You mustn’t 
approach!

Kanichi 
Kick!

wait... How about 
Kaguya-hime, from 
The Tale of the 
Bamboo Cutter?

Huh?

Isn’t that 
story a little 

childish?
Don’t worry. 
I’ll adapt it!

Let's  
see...

...Kaguya-hime can 
be a princess from 

a faraway land!

Oof



Does that mean 
I'll get to play 
Kaguya‑hime?

What do 
you think, 

Kanna?

Hmmmm...

Okay!

This will be 
Gloria’s welcome 

party!

Thank you 
very much!

A friendship 
seems to have been 
born during that 
Golden Demon  

rendition.

Alright 
already!

You know, The Tale of 
the Bamboo Cutter is 
said to be the oldest 

literature in Japan.

Performing in 
this play will be a 
good opportunity 

for Gloria to 
study Japanese 

culture.

Let’s review 
The Tale of 
the Bamboo 

Cutter.

As you might expect, Mr. Ishizuka is 
the Japanese literature teacher!

Squee
ze

Welcome to the 
Kouki High School 

Drama Club, 
Gloria!
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The Story of Kaguya-hime

Long, long ago, an elderly bamboo cutter was walking 
through a grove when he came upon a mysterious 
glowing stalk of bamboo. When he cut it open, he 
found a tiny girl inside—so tiny that she fit in the palm 
of his hand. Thinking that the gods had taken pity on 
him and his wife, an old childless couple, he decided 
to bring her home so that he and his wife could raise 
her as their own child.

From that day forward, whenever the old man 
cut down a stalk of bamboo, he found a piece of gold 
inside. Little by little, he became very wealthy. The girl 
grew up quickly, and in just three months she grew 
into a kind and loving daughter.

The girl, who was named Kaguya-hime, was 
so exceptionally beautiful that word of her beauty 
reached even the faraway capital. Many suitors called 
on her, but she wasn’t interested in any of them.

However, five of these men were unable to 
ignore her beauty, and they asked for her hand in 
marriage.

As the condition for accepting a marriage pro-
posal, Kaguya-hime asked each of her suitors to 
bring back a rare treasure that was impossible to 
find. Naturally, no one succeeded.

How’d she grow 
up so fast?

It’s a fairy tale, 
duh...

What 
were the 

treasures?

Oh, things like a shining 
multicolored jewel 

from a dragon’s neck, 
you know...
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Kaguya-hime also caught the eye of the emperor—but he 
too was rejected. As the years passed, Kaguya-hime became 
more and more pensive whenever she gazed at the Moon, and 
as the autumnal full Moon approached, she would often burst 
into tears. The old bamboo cutter was very worried. When he 
asked her what was wrong, she replied, “I am not from this 
world! I come from the capital of the Moon, and I must return 
there when the Moon is full.”

Hearing of this, the emperor tried to capture Kaguya-hime 
for himself before she could return to the Moon. He surrounded 
her house with soldiers, but then soldiers from the Moon came 
down and defeated them. 

Before leaving for the Moon, Kaguya-hime gave the old 
bamboo cutter a letter and an elixir of immortality to give to 
the Emperor. Then the Moon’s emissaries put the celestial 
maiden’s feathered robe on her shoulders, and all of her 
memories of Earth disappeared. She returned to the Moon, 
pulled upward by an invisible force.

The Emperor read her letter but decided that he didn’t 
want to live forever if he couldn’t see her again. So he ordered 
his men to burn the elixir on top of the highest mountain in 
the country—the one that was closest to the Moon.

From then on, the mountain where the elixir was burned 
became known as Mt. Fuji, from the Japanese word for immor
tality (fushi).

Prince Otomo was asked to find the dragon's 
jewel, But he knew if he entrusted the task to his 

samurai, one of them would steal it. So he set 
sail himself. But along the way, he encountered a 
terrible storm. This kind of adventure certainly 

makes an interesting story, but let’s move along...

When would 
the Moon be 

full?

By the old calendar, it was 
the 15th night of the 8th 

month. Nowadays it would be 
the full Moon that occurs 
sometime in September—

the harvest Moon.
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Now I see 
what kind of 
story this is!

It’s a romantic 
science fiction 

story set in 
ancient times!!

Japan is so cool!

Yuck, it’s 
embarrassing 
to be admired 

so much.

Well, it’s 
not like she 
admires you...

When did that 
happen?

But Kaguya-
hime is actually 
a space alien 

who came from 
the Moon—it is 
science fiction.

There are many 
similar stories 

from other Asian 
countries, but...

...one in which 
someone comes 

to Earth from the 
Moon is unique to 

Japan.

This story also 
brings to mind 
the otsukimi 

harvest Moon 
festival, 

doesn’t it?
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Hee hee 
hee!

What are you 
doing?!

She must 
have 

learned 
this from 
reading 
manga!

What does 
otsukimi mean?

Hit by 
Yamane

It's a festival 
where you 

eat dumplings 
while you 

look at the 
Moon!

No, no!

That’s not 
all it is!

You 
left out 
all the 

romance!

These days, 
anyone can fly 
into space on a 

rocket.

Kaguya-hime 
coming from the 
Moon isn't science 
fiction anymore!

Grrrrr
Looking 
at you 
in that 

outfit is 
making 

me 
queasy.

The first time mankind 
set foot on the 

surface of the Moon 
was in 1969! It was the 

crew of America’s 
Apollo 11!

Japan sent up a 
satellite that 

orbited the Moon 
in 2007!

Its name was 
Kaguya!



14  Prologue  A Tale That Begins on the Moon

See what I mean? 
Kaguya-hime coming 
from the Moon just 
isn’t that interesting 

nowadays.

Well, what if 
she came from 
a much more 

distant place?

That’s a 
good idea!!

It'll be an 
outer-space 
romance!!

Really, you think it’s a 
good idea? Long ago, 

I actually thought 
about becoming a 

playwright...

Ha 
ha 
ha

Don’t worry! 
Yamane can write a 

good script!
I’m looking 
forward 

to it!
Tickle

Quit it!

Tickle

I get it,  
I get it!
I’m just 
the old, 
invisible 
teacher...

Sigh

Yeah! 
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...

What’s the 
matter?

Well, I just 
realized that I 

don’t know very 
much about the 

universe...

I don’t know 
much about any 

place other than 
the Moon...

No problem!

Huh? But you can’t 
teach me. You don’t 

know anything about 
science either!

Ha ha ha ha!
Trust me on 
this one!!

You’re  
too insecure! 

Where’s 
your self-

confidence?

Ah...

Aha!
that’s right!
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What are you 
talking about? It’s 
not fair if only you 

two understand!

Don’t worry...

You’ll see soon 
enough!

Let’s go!
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On a journey  
through outer space!

But first I’m 
going home. Let’s meet later 

at my house!

Hustle, 
hustle
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Cosmic Myths

How did ancient Japanese people know that the Moon was a celestial body like Earth?
The Tale of the Bamboo Cutter is an ancient Japanese fairy tale known to almost 

everyone in Japan. The Tale of Genji, written approximately 1,000 years ago, mentioned 
that the first fairy tale ever told was about an old bamboo cutter. However, it is rather sur-
prising that the ancient Japanese believed that there was a city on the Moon where people 
lived.

For a long time, mankind believed that the universe was a small amount of space that 
wrapped around the world in which they lived. Maps from ancient times showed celestial 
bodies such as the Sun, Moon, and stars as tiny entities affixed to the surface of a shell 
that surrounded Earth. But in a universe like that, Kaguya-hime’s story doesn’t make sense. 
The people who created her story had a different view of the universe, in which the Moon 
was another world where people lived. Let’s look at some other views of the universe from 
ancient times. 

Ancient India’s View of 
the Universe

In ancient India, people believed in a turtle 
that rode on top of an enormous coiled 
snake and that elephants stood on the 
turtle’s back to support a hemispherical 
Earth. The Sun was thought to appear and 
disappear as it revolved around the highest 
mountain, which stood at the center of the 
world. (This is Mt. Sumeru, which likely rep-
resented the Himalayas.) The Moon, which 
was the lamp belonging to the night watch-
man on this mountain, was thought to wax 
and wane depending on the direction the 
watchman was facing.

Ancient Egypt’s View of 
the Universe

In ancient Egypt, people believed that 
Nut, goddess of the sky, was supported 
by Shu, god of the air. Nut was said to be 
a symbol of the Nile River, and daytime 
and nighttime occurred when the Sun god 
Ra went back and forth across the river by 
boat every day. The Moon and stars were 
though to be suspended from Nut’s body.

Ancient India’s view of the universe

Ancient Egypt’s view of the universe



In China, Where Astronomy Was Originally Developed  19

Ancient Babylonia’s View 
of the Universe

The Babylonians thought that the Moon and 
stars were affixed to an enormous arched 
ceiling called the celestial sphere. The celes-
tial sphere was supported by Mt. Ararat, 
and the Sun moved from east to west 
across its inner surface.

In China, Where Astronomy Was 
Originally Developed

In contrast to these imaginary universes, 
people in ancient China and Greece tried 
to develop models of the universe scien-
tifically. It was in China that astronomy 
was first developed.

In China, several cosmologies were 
conceived approximately 2,000 to 2,400 
years ago, based on observations of the 
heavens. Two such cosmologies were 
called Gai Tian and Hun Tian.

Gai Tian described a dome-shaped 
sky, like a cap, over a hemispherical Earth. 
This was surrounded by water (the ocean) 
and rotated once a day from east to west 
around the north pole. The Sun also traced 
a circle in the sky, and the size of that circle 
varied with the seasons.

Hun Tian, whose name means the  
entire sky, expanded upon the concept 
of Gai Tian to try to more accurately rep-
resent the movements of the celestial 
bodies. The celestial sphere enveloped 
everything like an eggshell rather than 
just capping it like a dome, and the varia-
tion in the constellations according to the 
seasons was explained by the notion that 
the north pole shifted, rather than always 
remaining directly overhead.

Ancient Babylonia’s view of the universe

Gai Tian:  

A cosmology positing a hemispherical dome over Earth

Hun Tian:  

A spherical cosmology
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In Ancient Greece, Where the Size of Earth Was 
Calculated

The ancient Greeks tried to explain the shape of the universe by using the logical thinking 
that permeates modern mathematics and physics. One of their greatest achievements was the 
discovery that Earth is a spherical body floating in space. The ancient Greeks were also the 
first to calculate the size of Earth.

Eratosthenes (who lived from about 276 BC to 195 BC) was a Greek scholar who was 
active in Egypt during the Hellenistic period. He calculated the size of Earth using the fol-
lowing method.

Eratosthenes' Calculation Method

Eratosthenes discovered an account that said that a rod standing vertically at midday on 
the summer solstice in Syene (in the southern part of Egypt) did not cast a shadow. It 
seemed that this phenomenon could only occur south of the Tropic of Cancer, when the 
Sun appeared at the zenith (directly overhead).

The astonished scholar wondered what would happen in Alexandria, in the northern 
part of Egypt, and he immediately performed the experiment under the same conditions. 
The result was that the shadow of the rod remained visible. Eratosthenes concluded from 
this evidence that Earth is a sphere, a theory that was being discussed among some schol-
ars at the time.

Eratosthenes also used his observations to try to measure the size of Earth. First, he 
measured the length of the rod’s shadow. He calculated that in Alexandria at the same time 
on the same day, the Sun’s rays arrived from a direction that was offset from the vertical by 
7.2 degrees.

Next, he had a man walk from Alexandria to Syene and determined from the 
man’s stride that the distance was 5,000 stadia (an ancient unit of measurement), or 

Tropic of Cancer

Tropic of Capricorn

Equator

Syene

Alexandria

The Tropics and the Equator
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approximately 925 km (575 miles). Then he used the following formula to determine the 
circumference of Earth.

575 miles (925 km) 28,750 miles (46,250 km)× °
°

360
7 2.

=

Although we now know that the circumference of Earth is 40,000 km (24,855 miles), 
Eratosthenes’ calculation is remarkably close.

Another version of the story says that Eratosthenes got his idea by seeing the Sun’s 
rays reach the bottom of a well rather than observing the shadow cast by a rod. Neverthe-
less, it is generally accepted that he calculated Earth's circumference as being approximately 
25,000 miles, which is roughly accurate.

If Earth Is Round, the Moon Must be Round Too

It is quite reasonable to suppose that scholars like Eratosthenes were not the only ones 
to realize that Earth was round. Certain phenomena—such as the fact that you cannot 
see beyond the horizon, or that the top of the sail always appears first when a ship is 
approaching—were obvious to people whose lives were closely related to the sea, and these 
occurrences are inconceivable on a flat surface.

Ancient Greece, where Eratosthenes lived, was a maritime nation bordered by the 
Ionian and Aegean Seas and located not far from the Mediterranean Sea. For that reason 
alone, many seafaring Greeks may have sensed that the world might be round.

Syene

Sun

Perpendicular 
to the surface 
of Earth

North pole

South pole

Sun’s rays

Earth

Alexandria

7.2°

7.2°

L

Eratosthenes’ calculation method
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On the other hand, when people 
with good eyesight observe light striking 
the Moon they should easily see that its 
surface is spherical rather than flat. For 
example, if you look at an enlarged pho-
tograph, there are clearly gradations at 
the outer edge and the waxing or waning 
border line. This wouldn't happen if the 
Moon were flat.

Now, let’s return to the story of 
Kaguya-hime.

Japan is an island country, sur-
rounded by the sea. This means that 
even in ancient times, some Japanese 
people probably recognized the existence 
of the curved horizon and from that con-
cluded that Earth was round.

For example, when European 
missionaries traveled to Japan in the 
16th century, they tried to introduce their 
scientific knowledge to the feudal lords 
they found there. One item they presented 
as a display of their knowledge was a 
globe. However, contrary to the expecta-
tions of the Europeans, most Japanese 
people did not show surprise at the sug-
gestion that the world was a sphere.

The fact that Japanese people have 
gazed at and felt affection for the Moon 
since ancient times is also apparent from 
folklore, such as the story of the Moon 
Rabbit. And although Otsukimi (moon-
viewing) festivals seem to have originated 
in China, the custom of appreciating the Moon is said to have existed in Japan since the 
Jō  mon period (approximately 14,000 BC to 400 BC). Most likely, it would have been recog-
nized then that the Moon was a sphere.

If Earth—like the Moon—is round and floats in space, then the idea that people should 
live on both Earth and the Moon is a natural conclusion. Therefore, it’s not surprising that 
this idea appears in the tale of Kaguya-hime.

The Moon has been appreciated by the Japanese since 

ancient times.

The round Earth



1
Is Earth the Center 

of the Universe?



A Mysterious Light Appeared in the Sky

a UFO?

Ouch!!

Pit pat, pit pat

Where are 
you going, 

Kanna?

Clo
nk

!

Kanna! 
Are you 
okay?



It’s 
already 

6:15!

Kanna is 
really late!

I wonder 
where 
she is?

It’s okay if she 
got held up 
somewhere...

But I wish she'd 
just call and 

let us know. It's 
common courtesy!

Yamane is scary...

I just hope 
she's okay.

You know?!

Gloria, are you 
staying with 

Kanna's family?

Yeah!

She's carrying her luggage 
in a rickshaw?!

I'm so lucky to be 
able to do field 

work in an ordinary 
Japanese home. I've 
dreamt of this for 

so long!

Sp
ell

bo
un

d…
I wonder 
what she 
thinks it’s 
going to 
be like...

She thinks 
Kanna's house is 
going to be an 
ordinary home? 

Yeah, right...

D
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Well, a 
Japanophile 
like Gloria 

will probably 
love it, but...

That reminds me. 
what exactly 
were you two 
talking about 

earlier?

You’ll 
see soon 
enough!

You’ll find out 
when we get to 

her house.
Oh, she's 

here!

Hey!

Kanna! Do you 
have any idea 

what time it is?

You waited 
for me! Yikes!

Fidgety Whirl, twirl

26  Chapter 1 I s Earth the Center of the Universe?
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What the heck?

I guess now 
we know why 
you’re late...

I shouldn’t be so 
hard on you!

Kanna! OMG!!!

What 
happened?

I got distracted 
by the UFO and 

ran into a pole...

Um, the UFO?

I swear I 
saw one!

A little while 
ago, before it 

got dark...

...it appeared low 
in the western 

sky and then just 
vanished!!

Are you sure 
it wasn’t 

the moon?

No way! The moon 
is in the East!

So 
annoyed!

What...

btw...

UFO 
stands for  
Unidentified 

Flying 
Object.

Close Encounters
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It's beautiful 
tonight...

Yeah...
isn't it?

Ugh!!

We don't 
have 

time for 
stargazing!

Come on, 
we've got 

to get 
to your 
house!

Oh, right.

Wait for 
me...
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Kanna's house 
is a temple!

A real Japanese 
temple?!

It's kind 
of scary...

That's why we 
wanted to get here 
before it got too 

Dark. But now...

Is Kitaro 
the spirit 
monster 

here?

He may 
be...

AIEEE!!

* Gekkoji: Temple of the Moonlight

Whoa, 
somebody’s 

excited.

* 
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It’s...an alien!

The UFO came back 
to abduct me!

No way!

Stay away, stay away!

Hey...

WHat the...?
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Who you 
callin’ an 

alien?
Kanta!

Don't scare us 
like that!

Well, I knew 
you were late 

coming home, so 
I waited up!

Anyway, 
Kanna...

...what did 
you say 

about a UFO?

I saw 
one...

...with my 
own eyes.

Is there any 
evidence?

Evidence, evidence! 
That's all you ever 
talk about. It's so 

annoying!

Well, evidence 
is essential for 
scientific inquiry.



Uh 
Oh...

Are you 
Kanna's younger 

brother?

I'm her older 
brother. I'm 
just short.

Ha, ha, ha!

Kanta is majoring 
in astronomy at 
the university.

Shut u
p!

I see!

So we should 
have Kanta teach 

us about the 
universe, right?

Sure! I'll help 
you as much as 

I can.

Tee hee 
hee!

Sigh

Oh, sorry!
Yeah, he's 
a college 
student!!!

Grr...

You Shut up!
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But there's no 
romance when you're 
studying astronomy 

in college.

There’s no time 
for romance 
because I’m 

always studying!

Bam!

In a way, 
they're close 

friends...
Sibling 

relationships in 
Japanese culture 
are complicated.

Well, why don't we 
go talk to one of 

my professors 
tomorrow!

Fine! That's exactly 
what I want!

Is that okay with 
both of you?!

Um, yes...!

Pow!
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Does the Sun Revolve Around Earth?

I see...

So Miss Kanna 
thinks that the 

light she saw in the 
western sky last 
evening was a UFO, 

right?

It absolutely 
was a UFO!

flying 
saucers 

don’t exist!

All right, 
calm down!

Let's try to 
figure out what 

happened.

Professor 
Sanuki, 

Astrophysics 
Department



A: A shining light was visible at a low position in the 
western sky at approximately 5:30 in the evening.

B: That shining light is a UFO being flown by aliens.

Statement A is an 
observation, and 
B is an inference 

based on it.

Perhaps that 
inference is correct, 

but it also may be 
incorrect.

Let's try to 
verify it, then!

He's really 
sweet to help us 

like this.

First, 
Miss Kanna...

can you draw a 
diagram showing 

how the Sun, Earth, 
and Moon are 

related?

Yes, 
sir!
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It looks Like this!

Sun

Moon

Earth

Kanna...I 
knew you 

were bad at 
science, but...

Kanna! 
OMG!!!

This is just 
too much!

What a Dolt...

Hey, give me 
a break!

I know that this is 
different from what 

is taught...

And I know I 
can't confirm it 

myself.

But I can only 
believe what I 
can see with my 

own eyes.

chirp, chirp

Moon

Earth
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You're just saying 
that because you 
have no skills to 
check it yourself!

Right, 
Professor?

Well...

Actually, it 
looks the same 

way to me!

the Sun and the Moon 
appear to revolve 

around Earth.
That's ri—

Huh?!

Wow!

What a thing 
for an 

astronomer 
to say!

I can’t 
believe I’m 
taking your 

seminar!

I think you're 
oversimplifying 

this...
I can't help it 
if I see it like 

that!

Professor 
Sanuki...

Swish

Bam!

Pow!
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...we shouldn't 
believe 

everything we 
see, should we?

Yes, not 
everything is 
exactly as it 
seems to be...

...Of course.

That's why 
ancient people 
came to believe 
the geocentric 

model.*

If we consider 
ourselves to be at the 
center of everything, 

then it looks to us like 
the Sun and the Moon 
revolve around us.

As a result, 
ancient people 
thought of the 
universe like 

this...

If we just 
considered the motions 
of the heavenly bodies 
that are visible to the 
naked eye, this diagram 

would explain the 
universe.

See! 
I'm right!

But if this is 
right, then 

why was the 
geocentric 

model 
discredited?

Kanna, 
be quiet!

Moon

Venus
Jupiter

Earth

Mercury

Sun

Mars

Saturn

* a model of our planetary system with earth at its center, like the one kanna drew, is called geocentric.
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Before we 
get into that...

Kanta, which do 
you think is older—

the geocentric 
model or the 
heliocentric  

model?*

It's got to be 
the geocentric 

Model!

In the 16th century, 
Copernicus pointed out 

problems in the geocentric 
theory, which people had 
believed in since before 

the Christian era...

Copernicus (1473–1543)
Astronomer, born in 

Poland, who was also 
a priest and a doctor

...so naturally, the 
geocentric MODEL 

is older than 
the heliocentric 

MODEL.

Beam

I’m not 
sure that’s 
completely 
correct...

Huh?

Although the geocentric 
MODEL was PROPOSED by 

either Aristotle or Ptolemy 
of ancient Greece...

...there actually 
were scholars 

during the 
same period 
who already 
advocated a 
heliocentric 

theory.

Aristotle
(about 384 BC–322 BC)

aN Ancient Greek 
philosopher, WHO 

WAS ALSO AN expert 
in many fields of 

the natural sciences 
such as astronomy, 

meteorology, 
zoology, and botany

You didn’t 
know that? 

Are you really 
an astronomy 

major?

Just like an 
astronomy 

major...
Oh!

* A heliocentric model of our planetary system has the sun at its center.
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A Heliocentric Model Was Proposed 2,300 Years Ago

The Greek scholar Aristarchus, 
who was born in the third century BC 
(the era after Aristole), first tried to 
explain the universe with a geocentric 

theory.

Aristarchus (about 310–230 BC)
Ancient Greek astronomer and 

mathematician

However, as he continued 
to make observations, 
this theory seemed to 

have one problem...

He noticed that the 
waxing and waning of 
the Moon occurred 

because of the angle of 
the light from the Sun.

What do 
you mean?

Like this!!!
Stop it!

For example, when 
there is a half moon, 

the Sun is shining 
from a location that 
is approximately at 
a right angle to 

the moon, relative 
to earth.

Bam!
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It looks 
like this.

Oh!

As long as we know this 
angle, we can determine 
the exact relationship 
between the distances 

from earth to the 
moon and the sun.

cLEVER!

Gloria...that 
was amazing!

Thanks! I’m pretty 
good at math.

Aristarchus had the 
same idea, and he 

determined this angle 
to be 87°.

It is actually  
89.85°, but he did the 

best he could do with 
the observational 

technology of 
those times.

What's 
going 
on?



Okay, but how are 
the positions of 
the Moon and Sun 

related to...

...a geocentric 
or heliocentric 

model?

Let's take it 
one step at 

a time...

How different in 
size do the Sun 

and Moon appear 
to be?

They look 
about the 

same.

You can pretty much 
hide each of them with 

one finger.

That's right. They 
both appear to be 
approximately the 
same size, from 
our perspective.

Based on this 
fact, lets make 

our diagram a bit 
more accurate.

You mean redraw 
the diagram using a 

protractor? Yes, that's 
right.
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Earth

Squeeeeeak

Let’s see, 
this is 
Earth...

And here is 
the Moon.

Since the Sun is 
offset from the 
Moon by 90°, with 
an interior angle 

of 87°...

Squee
eak

Huh?

Ack, there's 
not enough 

paper

Squeak

Yamane! More 
paper!

Will two 
sheets be 
enough?

The lines are still 
almost parallel!

Earth

HaWhat's the 
matter?

Moo
n

Moon
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I always see 
things through, no 

matter what may 
stand in my way!

I'll plot a 
course to the 
Sun by drawing 
this line at the 
speed of light!!

I encountered a 
staircase along 

the way, so I didn't 
make it all the way 
to the sun. Mission 

aborted, sir.

Well, now you 
should clean 
up the marker 

you drew 
everywhere.

You made 
a great 
effort...

But you can use 
trigonometric 

functions to obtain 
a ratio of the 
lengths of the 
triangle’s sides, 

instead of drawing 
a huge diagram.

Did you 
hurt 
your 
head?

What?

Quit it!

Shut up!

Reporting 
in, sir!

Bump Bump BumpCrash!

F 
w 
o 
o 
o 
s 
h 
!



Using the 87° measure obtained 
by Aristarchus, we can determine 

that the distance to the sun is 
approximately 19 times farther than 

the distance to the moon.*

When we use the actual 
89.85° measurement, the 

distance is approximately 
390 times farther.

Approximately 390 
times the distance 
between the Moon 

and Earth

It looks more 
like a straight 

line than a 
triangle!

I believe 
Gloria already 
noticed this...

Ugh!

But there's one 
more thing 

I know...

Even though the Moon 
and the Sun appear 
to be the same size 
from Earth, The fact 
that they are this far 

apart means that...

...their actual sizes 
are completely 

different.

Even with Aristarchus's faulty 
calculation, the diameter of 
the sun must be 19 times that 
of the moon. In reality, there 
is a much larger difference.

19 times

That's 
right!

Jerk! Why 
didn’t you tell 
me about the 

trigonometric 
functions 
earlier?

* The tangent function describes the ratio of opposite-to-adjacent sides of a right triangle (tan87° = 19 ).



Aristarchus also 
noticed that a lunar 

eclipse was caused by 
the Moon entering the 

shadow of Earth.

Then, by examining the 
size of that shadow, 

he concluded that the 
diameter of the Moon 
was approximately 1 /3 the 

diameter of Earth.

As a result, we know 
that the diameter of 
the Sun is more than 

six times the diameter 
of Earth.

So if the Sun and 
EARTH were made of 
the same material, 
how would their 
MASSES differ?

So it’s about 
200 times 
heavier?

We should cube the 
radius, like we do 

when we're obtaining 
the volume...

Actually, 
it's 330,000 

times 
heavier! Earth ×

If the geocentric 
theory were 

correct, it would 
be strange for 
such a large Sun 

to make one circuit 
around Earth 

every day.

That’s the 
part that 

Aristarchus had 
a problem with.

That's 
odd!

It may 
even be 

impossible!

But why did people 
continue to support 

the geocentric theory, 
when they knew the Sun 

was so big?

330,000

But even 200 times heavier is a 
big difference, isn't it?
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Aristarchus 
questioned the 

geocentric model, 
but he didn't create 

a heliocentric 
cosmological 

model to replace it.
He probably 
couldn't get 
everyone to 

agree on one 
model.

That was because it 
appeared to everyone 
that the Sun and Moon 

revolved around 
Earth.

Ha 
ha 
Ha

It wasn't easy 
to overturn 
this concept.

Don't laugh!

A theory that no 
one will accept does 

not catch on very 
well, no matter how 

correct it is.

Well...

Yeah, 
yeah

Ha  
ha

Ha  
ha
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...this often happens 
in the world of 

science.

Professor 
Sanuki!

Cheer 
up!

They’re 
so 

dramatic!

Something has 
happened...

Kanna, you still 
don’t seem 
satisfied.

She just doesn't 
know when to 
admit defeat...

Huh?

Hey!

Even if the sun is big, 
shouldn't it still be 
able to revolve?

Well, can you 
throw someone 

who weighs 
330,000 times 

more than you?

Put me 
down!

Oooh!
Kanna!



It’s 
impossible.

Ouch.

I hate being 
wrong!

Yes, and the 
geocentric theory 

had one more 
fatal error.

Fatal error?

I'll have Kanta 
explain it 

from here.

Huh?

You’re 
my best 
student! 
You can 
do it.

Okay, 
okay!

Gimme a K! 
Gimme an A! 
Gimme an N!

Alright, alright, 
enough already. 

Sit down!

You 
think?

Go 
on!

Ahem

Kan-ta! 
Kan-ta!
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From the Geocentric Theory to the Heliocentric 
Theory

The mysterious behavior of planets puzzled people for a long time, as evi-
denced by the fact that etymologically, the word planet comes from the Greek 
word for wandering star. People thought that the planets wandered around 
and changed their locations, while the other stars—that is, the so-called fixed 
stars*—revolved while maintaining the same positional relationships on the 
celestial sphere.

Oh yeah, I heard 
that explanation 
at the planetar-
ium once.

Yeah, I bet the name planetarium 
comes from the word planet.

You sure know 
a lot of things, 
don’t you?

That’s because I went to 
school in America.

Well, aren’t you 
lucky?

Enough! I don’t want to hear your 
bickering!

In the first geocentric model that Professor Sanuki drew, this kind of planetary 
behavior could not be explained. It failed to account for the fact that the Sun 
and the Moon don’t move in the same way.

So although the geocentric theory 
should have been abandoned at 
this stage...

* The stars do “move”—just not in relation to other stars in the sky.

It didn’t go away. Ptolemy arrived 
on the scene at that point.
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Who? When did he live?

Um...

Claudius Ptolemy  

(about 90–168 AD)

A Greek astronomer and 

geographer; the world maps he 

drew in his book called Geography 

used latitude and longitude for 

the first time and established the 

convention that “North is up” that 

we still use today.

We’re not exactly sure when he lived, 
but we know he was an astronomer and 
geographer in Roman Egypt during the 
second century. The world maps he left 
behind were used until the Middle Ages.

Only a very talented individual 
like Ptolemy could have come up with 
a method to explain the motion of the 
planets using the geocentric theory.

Model of the geocentric theory, proposed by Ptolemy

Moon
Venus

Jupiter

Earth

Mercury
Mars

Saturn

Sun

That’s right, that’s right. 
The model shown here 
is his.
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That’s a clever 
idea, isn’t it?

Why are Mercury, Venus, Earth, and 
the Sun all lined up in a straight line 
in Ptolemy’s model??

This is how Ptolemy explained why 
Mercury and Venus always appear 
closer to the Sun.

Um... What’s the matter?

The retrograde motion of Mars in the night sky, as observed from Earth

Of course. Since they revolve around 
Earth together with the Sun, they 
will always appear closer to the Sun.

The ancient Greeks believed that the Moon, the Sun, and the other planets 
revolved around Earth, and Ptolemy’s geocentric theory didn’t challenge this. 
However, the earlier geocentric theories from ancient Greece were unable to 
explain the retrograde motion of the planets. 

What do we mean by retrograde? Planets appear to move in an eastward 
direction most of the time. However, planets sometimes appear to reverse directions 
in the night sky, which we call retrograde motion. All planets periodically exhibit 
this behavior. Ptolomy's geocentric model explained this motion as a revolution 
around a point in a planet's orbit. (In reality, this apparent backward motion is 
caused by Earth "lapping" the planet in a revolution around the sun.)
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Planet

Earth

Planetary motion, according to Ptolemy's geocentric theory

He certainly didn’t make it believable, 
did he? If his model were true, the 
planets would all revolve like swirl
ing eddies.

It feels like he had to keep fudging the geocentric model—to try to keep it in 
line with new scientific discoveries.

It looks totally fake! It 
wouldn’t fool anybody.

I wonder...I think this model 
is well constructed, but...

Why don’t we try to compare our 
impressions of this model with 
our impressions of Copernicus’s 
model of the heliocentric theory?

Good idea! Ptolemy’s model was accepted as true for nearly 1,400 years. 
But then Copernicus challenged it in 1543 with his heliocentric theory, 
which he presented in his book On the Revolutions of the Celestial Spheres. 
For details, read “Just How Progressive Was Copernicus?” on page 71.

Doesn’t it seem like he went way 
overboard in creating this diagram?
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Galileo Galilei (1564–1642)

Italian physicist, astronomer, and philosopher

MoonVenus

Jupiter

Earth
Mercury Mars

Saturn

Sun

Very straight
forward!

It’s so simple, 
isn’t it?

Personally, I think that 
the way Ptolemy tried 
to explain planetary 
motion within the 
geocentric theory is 
brilliant, but...

Kanta...why are you supporting the geocentric theory so much? Looking at this, 
it’s evident that the heliocentric theory is correct, isn’t it?

What? Isn’t that the opposite of 
what you said before?

Well, we must be open to new 
thinkers and their new ideas!

If everyone were like you, perhaps 
Galileo would have been spared 
from the Roman Inquisition.



From the Geocentric Theory to the Heliocentric Theory  55

Well, just because the heliocentric theory is correct doesn’t mean that it’s the 
absolute truth. It’s just more successful, compared with the geocentric theory. 
We could say that the geocentric theory is correct in that it can explain the 
observed planetary motions from the perspective of Earth.

What? So the geocentric theory 
is also correct? But which one is 
better?

Does everyone know the 
expression Occam’s razor?

Yeah! It’s the concept that says, “If two or more theories can explain the same 
phenomenon, then the simplest one is more likely to be correct.” Is that right?

Exactly! If we consider applying this concept to the geocentric and heliocentric 
theories, the heliocentric theory is more likely to be correct, since it is the 
simpler one. We’re only saying that the heliocentric theory is correct based 
on that fact.

Well, Copernicus’s diagram 
certainly is more straightforward.

Simple is best!



Galileo’s Discoveries—And Trial

Galileo 
Galilei!

The church demands 
you recant your 

heretical theories!

And yet, the earth, 
it moves!

Okay, 
lights up!

Click
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So, why did the 
heliocentric theory 
later become the 

predominant theory, 
even though it was 

repudiated during the 
Inquisition?

The telescope was 
invented toward the 

end of Galileo’s 
lifetime.

The heavenly bodies 
could be observed 

more accurately with 
a telescope. In quick 
succession, facts that 

seemed inconsistent with 
the geocentric theory 

were discovered.

Newtonian 
telescope

Galileo also 
made two major 
discoveries with 

telescopes he had 
built himself.

Galileo’s First Discovery: 
The four satellites of Jupiter

By discovering that a planet 
other than Earth had satellites, 
Galileo shook the foundations 
of the geocentric theory, which 
was based on the idea that Earth 
was unique.

Galileo’s Second Discovery: 
The Phases of Venus

Galileo discovered that Venus 
changed in its apparent size and, 
perhaps more importantly, that 
Venus has phases similar to the 
moon’s phases. That would be 
possible only if both Earth and 
Venus were orbiting around the 
Sun. His observation effectively 
disproved Ptolemy's geocentric 
model. This discovery would 
have been impossible using only 
the naked eye.
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And in 1619, when 
Johannes Kepler 

clarified laws related 
to planetary motion, 

the heliocentric 
theory finally started 

gaining substantial 
support.

Johannes Kepler (1571–1630)
German astronomer who explained 

the motion of heavenly bodies 
using consistent and verifiable 

laws (Kepler’s laws)

And when the 
motion of heavenly 

bodies could be 
explained according 
to physics, everyone 
began to believe it, 

right?

That’s right.  
From that point onward, 

astronomists began to use 
the scientific method—this 

consisted of observations, 
subsequent inquiries, and 

the establishment of 
theories.

Kepler’s laws  
served as a foundation 

for Newtonian mechanics, 
and that in turn helped 

produce a body of 
knowledge that was 

applicable to many areas 
of scholarship.

But Professor 
Sanuki!

What about my UFO?

* The Dullard’s Guide to The Universe

*
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We’ll get back 
to that soon.

Let’s think about 
it later while we 
leisurely walk to 

the Moon.

Huh?

Didn’t he say we 
were going to 

the Moon? This is a 
baseball field.

Kanta...

do you know 
how big a 
baseball 
field is?

Um...

Plee
ease!

Putting things in 
perspective

squeak!
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I'm not very 
good at 
sports...

I know!

It's about 120 
Meters (131 Yards) 

from home plate to 
center field.

Kanna, you were 
the ace little 
league pitcher 
in elementary 
school, right?

I batted 
cleanup, too.

For siblings, 
you two 

couldn’t be 
any more 
different.

Well, Miss 
Cleanup-hitting, 

no-hitter-pitching 
Kanna...

do you know 
the diameter 

of Earth?

I know 
that!

At the equator, 
it's 12,756 km 
(7,926 miles)!

That's 
right!

So a baseball field 
is approximately 

one one-hundred-
thousandth the size 

of Earth.

120 M
(131 yards)

Leave me 
alone.

12,756 km 
(7,926 miles)

1 / 100,000

12,756 km 
(7,926 miles)

120 m 
(131 yards)
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Now, Miss 
Yamane...

If earth were the 
size of a baseball 

field, how far 
away would the 

moon be? Huh?

Uhh, take the 
three. Carry 

the one... It's a little 
difficult, 
isn't it?

Let’s try actually 
walking that far.

Professor 
Sanuki...

Much, 
much 

later...

Do we still have 
to keep walking?

It's just 
a little 
farther.

Two and a half 
miles is really 

far, isn't it?

Two and a 
half miles?!

Me?

Eyes glazed 
over
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The radius of the 
Moon’s orbit is, on 
average, 384,400 km 
(238,855 miles). And 

in our reduced scale, 
it's a little less than 

4 km (2.5 miles). Approximately 
4 km (2.5 miles)

The Apollo 
Program 

was amazing, 
wasn't it? So how big is 

the Moon?

The diameter at the 
Moon’s the equator is 
3,475 km (2,159 miles). In 
our reduced scale, the 

moon’s diameter would be 
about 35 m (38 yards).

That’s almost 
exactly the size 
of the infield!

We're here.
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This is the Moon?

The sunset 
is beautiful, 

isn’t it?

It's nice taking 
a little trip to 

the Moon!

Astronaut 
Kanna has 
arrived! Kanna, be 

careful! That's 
dangerous!!!

So if this is the 
Moon, how far 

away is the Sun?

Leap
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Since it’s about 150,000,000 
km (93,000,000 miles) from 
Earth to the Sun, 1 / 100,000 
of that distance would be 
1,500 km (932 miles). That’s 

about the distance between 
Tokyo and Okinawa. In our 
scale, the Sun’s diameter 
would be approximately  

14 km (9 miles).

Sun: Diameter of approximately 14 km (9 miles), 
located in the middle of the main island of Okinawa

Mercury: Diameter of approximately 
50 m (55 yards), located near the tip 
of the Osumi Peninsula in Kagoshima

Earth: Diameter of 
approximately 127 m (139 yards), 
located at the center of the 

Yamanote Line in Tokyo

Mars: Diameter of 
approximately 70 m 

(77 yards), located at 
Sapporo

Venus: Diameter 
of approximately 
120 m (131 yards), 
located in the 
middle of Awaji 

island

If we added Jupiter, it 
would be in Hawaii, with 

a diameter of 1.4 km 
(0.9 miles).

And since Saturn is 2.5 times 
farther away than that, it 

would be on the east coast 
of the United States.

Uranus or Neptune, which 
are even farther away, 

wouldn’t even appear on 
this map of the world.

I always thought 
that the solar 

system was much 
smaller.

Many people think 
so too, because the 

drawings in textbooks 
are hardly ever drawn 

to scale.

But if you want 
to study the 

solar system, it’s 
important that you 
have an accurate 

understanding of its 
size and the distance 

between planets.

If you don’t 
understand these 
basics about the 
solar system, the 

motion of Venus, which 
is sometimes visible 
in the western sky, 
would be difficult 

to explain.

A diagram of the solar system fit to a map of Japan

Sun

Mercury

Earth

Mars

Sigh

What?

Hey, 
Gloria!

Venus
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The 
western 

sky?  
oh!

So what I saw 
wasn’t a UFO...
it was Venus!

Well, that’s 
kind of a 
shame...

D
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What Is the Approximate Distance to the Horizon?

If Earth was flat and the air was perfectly clear, you could see for an unlimited distance. 
Therefore, the fact that there is a horizon—that is, an apparent line that separates Earth 
from the sky—is evidence that Earth is round.

So approximately how far is it to the horizon?
If we let r represent the radius of Earth and let h represent the height of the observer’s 

viewpoint, then the relationship to the desired distance L will be as follows, according to the 
Pythagorean theorem:

r h r L+( ) = +2 2 2

Therefore,

L r h r

rh h

= +( ) −

= +

2 2

22

Since the radius of Earth (r) is approximately 6,378 km (which is 3,963 miles), if we 
assume that the height of a normal person’s eye (h) is 0.0015 km (equal to 5 feet), then 
we can calculate L as approximately 4.4 km (2.75 miles). In other words, if we gaze at the 
ocean from the beach, we will only be able to see the ocean’s surface out to a little more 
than 4.4 km (2.75 miles).

Incidentally, even when looking out of the window of a plane flying at an altitude of 
approximately 10 km (33,000 feet), the distance to the horizon is approximately 360 km 
(224 miles). Since this is no more than the distance from New York City to Washington, DC, 
we can’t see very far even at that great height.

Lh

r
This is the horizon.

Earth

Distance to the horizon
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Measuring the Size of the Universe: How Far to the Moon?

The Moon is currently moving away from Earth at a rate of approximately 3.8 cm (1.5 inches) 
each year. The mean distance between Earth and the Moon is approximately 385,000 km 
(239,228 miles), so this distance will increase by 1 percent in approximately 100 million 
years, if movement continues at this rate. Isn’t it remarkable that the distances between 
heavenly bodies can be measured in millimeters?

Corner Cube Mirrors

We can make such precise mea-
surements thanks to the Apollo 
space missions that were launched 
beginning in 1969. Apollo 11, 14, 
and 15 placed special mirrors on 
the surface of the Moon to reflect 
laser light emitted from Earth. These 
mirrors, which are different from 
ordinary household ones, are called 
corner cube mirrors. The surface 
of a corner cube mirror is con-
structed so that any light that hits 
it will be accurately reflected back 
to the source in a parallel path, no 
matter what direction it comes from.

Scientists can use this kind of mirror to accurately measure distance by shining a light 
at the mirror and recording the time it takes the light’s reflection to return. Since the speed 
of light is always constant at 299,792,458 meters per second, it is extremely well suited as 
a “ruler” for measuring distance.

How a Corner Cube Mirror 
Works

If we use an easy-to-understand, two-
dimensional model, a corner cube mirror 
would be made up of two mirrors joined at 
a right angle, as shown in the figure. Light 
that hits the mirror will reflect at the same 
angle as the angle of incidence. The working 
principle is the same in three dimensions.

The principle behind the corner cube 
mirror is not unusual—it is the same principle 
used in reflectors on cars or road signs.

The mirror that the Apollo spacecraft 
brought to the Moon uses a prism to reflect 
light, so it is more accurately called a corner 
cube prism.

A mirror for measuring distance, which was placed on the 

surface of the Moon
Li

gh
t r

ay

Light ray

Light ray

Corner cube mirror (two-dimensional)
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Before the Corner Cube Prism

Before the arrival of the Apollo spacecraft, what 
did scientists have to do to find the distance to 
the Moon?

Triangulation is the most general method of 
measuring the distance to a place that you can-
not actually go. This technique involves observing 
an object at a distance from two different places. 
In the figure to the right, the line at the bottom 
(known as the baseline) represents the distance 
between the two observation points A and B, 
and C is the object being observed. In order for 
triangulation to work, one must know the cor-
rect length of line AB. One then uses the angles 
drawn from points A and B to point C in trigo-
nometric functions to determine the distances to 
point C. This practice is said to have already been 
established in ancient Egypt around 3,000 BC. 
It was also actively used in Greece during the 
era in which the sciences of geography and 
astronomy developed rapidly (from 2,500 to 
2,000 years ago). One famous example of the 
successful use of triangulation was Eratosthenes’ 
measurement of the size of Earth (see page 20).

Hipparchus (who lived around 190–120 BC) was a Greek astronomer who measured 
the distance to the Moon a generation after Eratosthenes did. Unfortunately, the method 
he used to do this is no longer known. Scientists speculate that he probably measured the 
angles at which the Moon was visible at the same time of day from two points a known 
distance apart, but since there were no clocks in his day, he must have used a solar or lunar 
eclipse to know to mark the exact same time at two different locations.

Hipparchus concluded that the distance to the Moon was about 59 to 72.3 times 
the radius of Earth. Since we now know that the distance to the Moon is actually about 
60 times the radius of Earth, his calculation was pretty good, all things considered.

Light ray

Exits at the 
same angle

Corner cube prism (three-dimensional)

A B

C

If the length of AB is known, the lengths of AC 

and BC can be determined by finding ∠BAC 

and ∠ABC.
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Until the Apollo spacecraft placed a corner cube prism on the surface of the Moon, 
modern scientists were still using the same method that ancient Greeks had used to cal-
culate the distance to the Moon. This method is easy to understand—just find one location 
(A) from which the center of the Moon’s surface is visible at the zenith and another location 
(B) from which the center of the Moon’s surface is visible at the horizon, at the same time of 
day. If points A and B are at the same longitude, the difference in latitude between them will 
be ∠B0C. Then, you can use the radius of Earth (B0) to calculate the distance to the Moon 
by figuring out BO × tan(difference in latitude), where O is the center of Earth.

Geocentric Theory vs. Heliocentric Theory—
the Outcome of a Battle Royale

We know from many experiences that what we observe with our own eyes is not necessar-
ily the truth. The best example of this is a mirror—when you gaze into it, you see a person 
who is the spitting image of yourself. However, no one would look into a mirror and get all 
excited, saying, “There’s another me over there!”

You immediately understand when you turn over a mirror that there is not another 
world on the other side of it. You can comprehend that it is only your own image reflected, 
even if you don’t think about the physical phenomenon of the reflection of light. However, 
when it’s the universe that is being observed, people have a hard time buying any explana-
tion that is different from what they can see.

The Sun, the Moon, and many stars that shine in the evening sky all certainly seem 
to revolve around our Earth. Therefore, it’s natural that early models of the universe con-
formed to the geocentric theory.

It seems that if Earth were moving, we wouldn’t be able to stand on the ground, would 
we? We’d be thrown off and fly somewhere into space! Before physics was developed, it cer-
tainly wasn’t easy to answer these questions.

Since no one even considered the possibility of a heliocentric theory except some 
thinkers in ancient Greece, the geocentric theory had a monopoly until Nicolaus Copernicus 
(1473–1543) appeared on the scene.

Moon

A

B

C

Earth

0

Difference 
in latitude

One method of measuring the distance from Earth to the Moon
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What Kind of Orbit Did 
a Planet Trace in the 
Geocentric Theory?

The most likely reason that the geocentric the-
ory was the mainstream model of the universe 
for so long was that every time someone made 
an observation of the heavenly bodies that 
might overturn it, someone else made an argu-
ment that explained why the new observation 
was still consistent with the geocentric theory. 
Ptolemy’s map of space, which explained the 
motion of the planets in a way that accounted 
for their apparent position or brightness vary-
ing subtly, is certainly a representative example 
of this.

A part of this map is given here. If this 
is the only theory you look at, it can be per-
suasive. However, if we continue to develop a 
theory of planetary motion based on this dia-
gram, it is apparent that the planet will move 
in an orbit shaped like a stretched-out spring, 
as shown in the next diagram. Why would the 
planets move in a spiral, while the Moon has a 
circular orbit? Upon careful consideration, this 
seems like an awfully contrived and complicated 
explanation.

Even so, people seemed to want to stick 
to the geocentric theory, and even though new 
observation results continued to emerge, people 
did not readily accept the heliocentric theory.

The Tychonic System that 
Embellished the Geocentric 
Theory

What might be called the last gasp of the geocentric theory was the astronomy diagram of 
Tycho Brahe (1549–1601).

Tycho Brahe was a Danish astronomer who lived a little before Galileo Galilei (who lived 
1564–1642). Tycho proposed a model of the universe that was a compromise between the 
geocentric and heliocentric theories. The outer edges of the model looked almost exactly like 
a diagram drawn in accordance with the heliocentric theory, but the model was drawn cen-
tered on Earth, since Tycho firmly believed that Earth was at rest. The result was a rather 
attractive astronomy diagram.

Earth

Planet

Planetary motion according to the 

geocentric theory (Ptolemy)

Earth

Planet

According to this theory, planets swirled 

around Earth.
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Just How Progressive Was Copernicus?

As you have learned, the heliocentric theory did not gain a wide following at first.
There is a saying that the Copernican Revolution turned our way of viewing everything 

upside down. However, there are still questions about how progressive a scholar Copernicus 
actually was.

He did advocate the heliocentric theory in his book On the Revolutions of the Celestial 
Spheres, but it was published the year he died, so Copernicus never endured criticism for his 
view. Furthermore, the heliocentric theory described in his book was still incomplete, so it 
did not generate a great deal of controversy at first.

In the final stages of the geocentric theory, the model of the universe contained correc-
tions on top of corrections, and it could account for all the observed motion of the heavenly 
bodies, except comets. Copernicus seemed to believe that the orbits of the planets were all 
perfect circles—we now know that the orbits are actually ellipses, since they are influenced 
by other planets—and he, too, was completely unable to explain the motion of comets. There
fore, Copernicus’s heliocentric theory didn’t really explain anything that the geocentric theory 
couldn’t already prove.

Fixed stars

Sun

Moon
Earth

Mercury
Venus

Mars
Saturn

Jupiter

Tychonic system
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Kepler Completed the Heliocentric Theory

The person responsible for a mainstream cosmological model that brought about the 
Copernican Revolution in its true sense was the German astronomer Johannes Kepler 
(1571–1630). Kepler showed that the motion of the planets followed a distorted circle 
(or ellipse) and ultimately established three laws that came to be known as Kepler’s Laws. 
These laws showed for the first time that the heliocentric theory was more logical, accurate, 
clear-cut, and easy to understand than any of the previous theories.

First Law: The orbit of every planet is an ellipse with the Sun at one of its foci.

Second Law: A line joining a planet and the Sun sweeps out equal areas during equal 
intervals of time.

Third Law: The square of the orbital period of a planet is directly proportional to the 
cube of the semimajor axis of its orbit.

Kepler’s Laws are described in more detail starting on the next page.
Kepler was able to capture the motion of the planets, which was thought to be very 

complex, in these simple laws because he had been an assistant to Tycho Brahe and was 
able to use the massive amount of observational data left by his teacher. Tycho was an 
extremely diligent scientist, and his observational records are said to be the most accurate 
and precise of any collected before the telescope was invented. The refracting telescope 
known as a Galilean telescope was invented just after Tycho died. If it had been invented 
before his death, Tycho might have been one of the pioneers of the heliocentric theory. 

What Did Galileo Do?

Generally, when it comes to the heliocentric theory, Galileo is more famous than Kepler.
But first, a quick note on Italian language and culture. Since Galileo’s full name is Gali-

leo Galilei, his surname is Galilei. Therefore, by all rights, we should call him Galilei. Why 
then, do we generally call him Galileo? Also, why are his last name and first name so similar?

In the Tuscany region of Italy, where Galileo has born, the first name of the eldest son 
was often a singularized form of his last name. So this naming convention carries a con-
notation like, “Mr. Sato, who represents the Satos.” Therefore, for people in Galileo’s time, 
Galileo was equivalent to oldest son of the Galilei family.

Now, although Galileo was treated by the Inquisition as a representative of the helio-
centric theory faction, he made many blunders—such as believing that the planetary orbits 
were circles, as Copernicus did. In any case, Galileo was a rather stubborn man who contin-
ued to insist that the planets did not move in elliptical orbits, even after Kepler’s Laws were 
published (both men lived at almost the same time).

Nevertheless, there is no doubt that Galileo, who did research in the various fields of 
medicine, mathematics, astronomy, and physics and who created the refracting telescope 
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for observing heavenly bodies, was a genius. In particular, his establishment of the scientific 
methodology in use today—in which we mathematically analyze experimental results to con
struct theories—is surely a worthy achievement for someone referred to as the father of 
modern science.

What Has the Heliocentric Theory Taught Us?

It is generally accepted that the debate over the geocentric versus the heliocentric theory 
finally ended in 1619, when Kepler’s Third Law was published (the first and second were 
published in 1609). However, even today, many people do not seem to understand the true 
significance of the heliocentric theory. 

An example of this is illustrated by time machines that appear in science fiction novels 
and movies. Whether or not a time machine can actually be created is beside the point. In 
a typical story, a person who boards a time machine travels through time without changing 
location—it’s a convention that the person will reappear at the same place, but in a differ-
ent era.

However, in space, there is no true “same place” throughout time. Earth rotates while 
revolving around the Sun. In addition, as you will learn in a later chapter, the solar system 
itself is revolving within the Milky Way galaxy, and the Milky Way also does not stay in one 
fixed place. In other words, no matter what scale we use to view the universe, there is no 
place in it that is ever at rest.

Therefore, we cannot indicate a specific place in space. Since everything is moving and 
there is no reference point, it is impossible to identify even the position of Earth after sev-
eral seconds.

So while the heliocentric theory is said to be the starting point for modern cosmologi-
cal theory (in which the universe is always moving and changing), the theory advocated 
by Copernicus was actually just a Sun-centered theory and not a true heliocentric theory. 
Nevertheless, we’ve become conscious of philosophical concepts beyond science that posit 
that neither Earth nor the Sun is the center of the universe and everything is moving and 
changing in perpetual motion.

A Somewhat Complicated Explanation of Kepler’s Laws

Let’s take a closer look at Kepler’s Laws.

First Law: The Orbit of Every Planet Is an Ellipse with 
the Sun at the Focus

With this law, Kepler clearly indicated that the orbits of the planets are ellipses rather than 
circles. Moreover, the Sun is positioned at one of the two foci rather than at the center of 
the ellipse. This relationship is illustrated in the following figure.
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Although Earth’s orbit is nearly circular, the orbits of other plants, like Mars, are more 
elliptical. As a result, Copernicus’s theory that every planet moves in a circular orbit could 
not accurately explain observational results for Mars. That’s why Kepler introduced this law 
first.

The degree of ellipticality is indicated by the eccentricity. Using the diagram here, we 
can define eccentricity as follows:

eccentricity = 
distance between foci

length of major axis

The major axis, which is the longer axis of the ellipse, is the line connecting the peri
helion and aphelion in the diagram. The semimajor axis is half that length, and it’s also the 
mean (or average) distance of the planet from the Sun.

A true circle has only one focus (at the center of the circle), so its eccentricity is 0. The 
higher the eccentricity of a planet’s orbit, the more elliptical its shape. The following table 
shows the orbital eccentricity of every planet in the solar system.

Eccentricity of Each Planet in the Solar System

Planet Mercury Venus Earth Mars Jupiter Saturn Uranus Neptune

Eccentricity 0.2056 0.0068 0.0167 0.0934 0.0485 0.0555 0.0463 0.0090

Planet

Orbit of planet

Sun
(focus 1)

(focus 2)
Perihelion Aphelion

Major axis

M
in

or
 a

xi
s

Orbit of a planet according to Kepler's First Law
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As a quick but important side note, 
in mathematics, the eccentricity does not 
necessarily represent only the degree of 
ellipticality. We have a true circle or an 
ellipse only when the eccentricity (normally 
represented by e) is greater than or equal 
to 0 and less than 1. For other values, we 
will have a parabola or hyperbola.

Eccentricity (e) = 0	 True circle

0 < Eccentricity (e) < 1	 Ellipse

Eccentricity (e) = 1	 Parabola

1 < Eccentricity (e)	 Hyperbola

Second Law: A Line Joining a Planet and the Sun Sweeps 
Out Equal Areas During Equal Intervals of Time

Or in other words, a planet moving along an elliptical orbit will move faster when it is closer 
to the Sun and slower when it is farther away from the Sun. If we illustrate this, the areas 
of the shaded portions in the following figure are all the same.

This is the same as the conservation of angular momentum in Newtonian mechanics. 
Although it is a little difficult to prove mathematically, it is intuitively similar to the rotation of 
a figure skater—a skater who begins to turn with her arms extended will turn faster as she 
brings her arms closer to her body.

e = 1

e = 2

e = 0

e = 0.5

The relationship between eccentricity and 

geometric shape

Perihelion
Sun

Aphelion

Orbit of a planet according to Kepler’s Second Law
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We can also consider a situation in which we attach a weight to a string and swing 
it around in a circle. When the string is longer, the weight will be harder to rotate, and its 
speed will be slower.

Conceptually, the following explanation may be easier to understand. When no external 
force acts on a body, uniform linear motion will continue, due to the law of conservation of 
momentum. In the diagram here, the body will move as follows: P1 → P2 → P3, where the 
length from P1 to P2 is the same as the length from P2 to P3.

However, a planet does not move with linear motion, since it is affected by the gravity 
of the Sun at point S. Although a planet is continuously pulled toward the Sun and moves 
with circular motion, to make the explanation easier to understand here, we’ll assume that 
gravity continuously pulls the planet toward the Sun when the planet moves from P2 to P3. 
The planet’s motion will be pulled to the left by the force of gravity f to arrive at position 
P3′ (composition of the force of gravity f and the force that tries to continue uniform linear 
motion). Since momentum does not change, the lengths of P2P3 and P2P3′ are the same.

Now, if we compare the triangles that were formed, since P1P2 = P2P3 due to uniform 
linear motion, SP1P2 and SP2P3 will be triangles with equal length sides and equal 
heights, so their areas will also be equal.

Next, since SP2P3 and SP2P3′ share base SP2 and have the same height (since f is 
the force of gravity at P2, the arrow used in the composition of forces will also be parallel to 
SP2), and their areas will be equal. In other words, the following holds true:

SP2P3 = SP2P3′

Since this relationship holds regardless of the positions of the Sun and planet, a line 
joining a planet and the Sun sweeps out equal areas during equal intervals of time.

Sun Planet

S P1

P2

P3
P3′

f

f

Orbit of a planet according to Kepler’s Second Law
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Third Law: The Square of the Orbital Period of a 
Planet Is Directly Proportional to the Cube of the 
Semimajor Axis of Its Orbit

This is the law that may be the most difficult to understand. In short, it means that the 
length of the orbital period depends only on the semimajor axis of the orbit. Since it does 
not depend on the eccentricity of the elliptical orbit, the period will be the same as long as 
the semimajor axis is the same, regardless of whether the motion is circular or elliptical.

Incidentally, the semimajor axis is half of the major axis, which appeared in the descrip-
tion of the first law. In other words, it is the mean distance between the planet and the Sun.

Even before Kepler, scientists observed that planets with larger orbits took longer to 
make one circuit (that is, their orbital period was larger). However, the mathematical rela-
tionship between that period and the semimajor axis of the orbit was not understood until 
Kepler. 

If we assume P is the orbital period in years and a is the semimajor axis (the mean 
distance between a planet and the Sun) in astronomical units (or AUs, with 1 AU defined 
as the distance between Earth and the Sun), then the following equation holds for Earth 
(where a = 1 AU):

 = 1
a3

P2

If we calculate this ratio for any planet in the solar system, we will get the following 
table, which confirms Kepler’s Third Law.

SemiMajor Axis of a Planet’s Orbit and Orbital Period

Planet Semimajor axis 
of orbit a (AUs)

a3 Orbital period relative 
to the fixed star’s P 
(solar years)

P2 a3/P2

Mercury 0.3871 0.05800555 0.2409 0.05803281 0.9995

Venus 0.7233 0.37840372 0.6152 0.37847104 0.9998

Earth 1.0000 1 1.0000 1 1.0000

Mars 1.5237 3.53751592 1.8809 3.53778481 0.9999

Jupiter 5.2026 140.819017 11.8620 150.707044 1.0008

Saturn 9.5549 872.32524 29.4580 867.773764 1.0052

Uranus 19.2184 7098.25644 84.0220 7049.69648 1.0055

Neptune 30.1104 27299.1783 164.7740 27150.4711 1.0055
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Grandfather, 
I am not of 
this world.

Soon I must return 
to my birthplace.

Kaguya-hime, 
where are you 

from?

Surely it isn't 
the Moon!

No!

Mankind has 
already reached 

the Moon in 
the Apollo 

spacecrafts.

My birthplace 
is much 

farther away... Where?

Um...

Kaguya-hime, 
where did you 
come from?

Yamane...
what's my 
next line?

Hold on!

I just need 
a few more 

days!

That’s what 
you’ve been 
saying for 

the last 
week!

What If Kaguya-hime Came from a Planet in our Solar System?

Um...
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Sorry!
I haven't 

decided where 
Kaguya-hime's 

birthplace 
is yet...

Why can’t we 
just make it 

Venus?

Read 
this.

“The Utter 
dolt's Guide to 
Astronomy”?

Let's see...
Venus...

Flip, 
flip

“The surface 
temperature 
of Venus is 

752°F (400°C).”

Kaguya-hime 
would burn 

to a crisp on 
Venus.

So what 
about 
Mars?

Let's see...it has “a 
thin atmosphere of 
carbon dioxide and 

also contains a 
trace of oxygen.”

Ah!

The surface 
temperature of 
Mars can reach 

−81°F (−63°C).char-

broiled

Flip, 
flip

That would 
work, 

wouldn’t it?
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Kaguya-hime and the Solar System

Let’s try to determine which planet should be Kaguya-hime’s birthplace. Can we find a suit-
able birthplace for Kaguya-hime in our solar system?

Earth Sun
Mercury

Mars

Venus

Neptune

Saturn

Jupiter

Uranus

[Pluto]

The orbits of planets in our solar system  

(In August 2006, Pluto was reclassified and removed from the list of planets.)
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Mercury

Size  Approximately 0.38 times the size of Earth (equatorial radius of 1,516 miles, 
or 2,440 km)

Mass  Approximately 0.055 times the mass of Earth

Surface gravity  Approximately 0.38 times the gravity of Earth

Satellites  None

Mean distance from the Sun  The mean distance between Earth and the Sun is 
called an astronomical unit, or 1 AU. Mercury’s mean distance from the Sun is 0.39 AU.

Orbital period (how long it takes to complete one circuit around the Sun)   
Approximately 88 days

Rotation period (how long the planet takes to rotate once on its own axis)   
Approximately 59 days

What’s It Like There?

Since Mercury’s orbit is the closest to the Sun of any planet in the solar system, the amount 
of energy it receives from the Sun is intense—approximately 6.7 times what Earth receives, 
per unit area. Kaguya-hime would definitely need to protect herself from ultraviolet rays on 
Mercury, but actually, she’d probably just burn up first—the maximum surface temperature 
is 800°F (427°C).

Mercury has hardly any atmosphere because of its low gravity, so the environment 
is nearly a vacuum. Unless Kaguya-hime wore a completely airtight spacesuit with a high-
power cooling unit attached, she would be sunburned in an instant. The northern polar 
region is said to contain ice, and it is very likely that the temperature there drops to approxi-
mately -292° F (-180°C).

If it weren’t for Mercury’s extremely hot and inhospitable environment, Kaguya-hime 
might feel quite at home there, as the surface scenery of Mercury consists of deserts and 
craters much like the Moon’s.



84  Chapter 2  From the Solar System to the Milky Way

Venus

Size  Approximately 0.95 times the size of Earth (equatorial radius of 3,761 miles, 
or 6,052 km)

Mass  Approximately 0.82 times the mass of Earth

Surface gravity  Approximately 0.91 times the gravity of Earth

Satellites  None

Mean distance from the Sun  0.72 AU

Orbital period  Approximately 225 days

Rotation period  Approximately 243 days

What’s It Like There?

Venus is the closest planet to Earth, and the two planets have many features in common. 
The gravity on Venus is practically the same as gravity on Earth. Venus has an atmosphere, 
and it also has active volcanic activity that spews out hydrogen sulfide, nitrogen, and sulfu-
rous acid gas. 

Since Venus is covered with thick clouds consisting of concentrated sulfuric acid, and 
the main component of its atmosphere (approximately 96 percent) is carbon dioxide, its 
surface temperature is between 752°F and 932°F (400°C–500°C) because of the intense 
greenhouse effect. Also, the atmospheric pressure at the planet’s surface is approximately 
92 times the pressure at Earth’s surface. 

Although this is a minor point, the direction of Venus’s rotation is opposite to that of 
Earth, so there the Sun rises in the west and sets in the east.
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Mars

Size  Approximately 0.53 times the size of Earth (equatorial radius of 2,110 miles, 
or 3,396 km)

Mass  Approximately 0.11 times the mass of Earth

Surface gravity  Approximately 0.38 times the gravity of Earth

Satellites  2: Phobos and Deimos

Mean distance from the Sun  1.52 AU

Orbital period  Approximately 687 days

Rotation period  Approximately 1 day

What’s It Like There?

The surface of Mars is entirely desert, except for two polar ice caps. The planet has a thin, 
carbon dioxide atmosphere. The existence of water there has been confirmed, and among 
the planets of the solar system, its atmosphere is the most similar to Earth’s. Its highest 
atmospheric temperature is approximately 68°F (20°C), and Kaguya-hime herself could 
easily live there as long as she had an Apollo-type spacesuit.

The geological composition of Mars is also similar to that of Earth, and since the length 
of one Mars day is also about the same as one Earth day, a person’s daily living patterns 
would not be disrupted. However, since one of Mars’s two satellites, Phobos, revolves around 
Mars faster than Mars rotates, it rises and sets twice each night.

Mars is the home of Olympus Mons, which is said to be the largest mountain in the 
solar system. Its height is approximately 82,021 feet (25,000 m), which is approximately 
three times the height of Mount Everest! Mars also has the largest canyon in the solar sys-
tem, and its terrain includes many plains.

Tornado-like whirlwinds sometimes blow across the surface of Mars. One of these was 
photographed by the Mars Pathfinder spacecraft, which was launched by the United States 
in 1996. In 2004, two robotic vehicles called Opportunity and Spirit landed on Mars. These 
NASA rovers have made many important discoveries about Mars and have sent back more 
than 133,000 images of the planet’s surface.*

* Want to see those photographs and hear more about the Mars rovers? Visit http://marsrovers.jpl.nasa.gov/.
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Jupiter

Size  Approximately 11.2 times the size of Earth (equatorial radius of 44,423 miles, 
or 71,492 km)

Mass  Approximately 318 times the mass of Earth

Surface gravity  Approximately 2.37 times the gravity of Earth

Satellites  At least 63

Mean distance from the Sun  5.2 AU

Orbital period  Approximately 12 years

Rotation period  Approximately 9 hours, 50 minutes

What’s It Like There?

While Mercury, Venus, Earth, and Mars, which are composed of rocks or metals, are 
referred to as the terrestrial planets, Jupiter and Saturn, whose primary component is 
gas, are referred to as the Jovian planets (or the gas giants). The density of Jupiter is only 
1/4 that of Earth, and since it is composed primarily of gaseous hydrogen and helium, it 
does not have a “surface” like Earth does. Since the center (approximately 1/11 of the 
radius) is a rocky core and the rest is just a collection of gaseous or liquid materials, Jupi-
ter differs from our ordinary image of a planet. Being on Jupiter would be like being in the 
middle of a cloud. 

Jupiter has a mass of more than 300 times that of Earth, and its gravity is more than 
twice that of Earth. If she lived on Jupiter, Kaguya-hime would feel as if she were always 
carrying around twice her own weight.

Jupiter’s most noticeable feature is the Great Red Spot—a massive, persistent storm on 
the planet’s surface. It was discovered by the astronomer Robert Hooke in 1664 with one 
of the first telescopes. The Great Red Spot has a larger diameter than Earth! Scientists still 
don’t know exactly why the spot is red.

Some scientists believe that Europa, one of Jupiter’s moons, is one of the most likely 
places to find extraterrestrial life in the solar system due to the heat-generating tidal forces 
in the liquid water oceans believed to lie under Europa’s icy mantel. The conditions in Euro-
pa’s subsurface oceans may be similar to those that were the catalyst for life’s beginning on 
Earth. Scientists hope to observe Europa and Jupiter’s other satellites more closely via space 
missions set to launch in 2020.
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Saturn

Size  Approximately 9.45 times the size of Earth (equatorial radius of 37,449 miles, 
or 60,268 km)

Mass  Approximately 95.2 times the mass of Earth

Surface gravity  Approximately 0.94 times the gravity of Earth 

Satellites  Approximately 200 observed and at least 62 with secure orbits

Mean distance from the Sun  9.55 AU

Orbital period  Approximately 29.5 years

Rotation period  Approximately 10 hours, 34 minutes

What’s It Like There?

Saturn is a Jovian planet that is composed primarily of gaseous hydrogen and helium. 
Like Jupiter, it has no true surface. Saturn has a specific gravity of 0.69. Specific gravity is 
the ratio of a substance’s density as compared to another substance’s density—usually water. 
Saturn’s low specific gravity means it is light enough to float in water! But since it’s volume 
is more than 800 times that of Earth, its gravity is nearly the same as Earth’s. 

Saturn is far from the Sun—from Saturn, the Sun would only appear to be 1/10 the size 
that it appears from Earth. Naturally, the temperature on Saturn is low. The mean tempera-
ture is approximately -266°F (-130°C). For some reason, the polar regions have the highest 
temperature, and if Kaguya-hime lived there, she would see the characteristic rings near the 
horizon, rather than farther up in the sky. Since Saturn has the greatest number of satellites 
among the planets of the solar system, Kaguya-hime would be able to have lots of Otsukimi 
moon-viewing parties. However, since each day is only 10.5 hours long, morning would 
come quickly!
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Uranus

Size  Approximately 4.01 times the size of Earth (equatorial radius of 15,882 miles, 
or 25,559 km)

Mass  Approximately 14.5 times the mass of Earth

Surface gravity  Approximately 0.89 times the gravity of Earth

Satellites  At least 27

Mean distance from the Sun  19.2 AU

Orbital period  Approximately 84 years

Rotation period  Approximately 17 hours, 14 minutes

What’s It Like There?

Although Uranus was previously classified as a Jovian planet because of its size and loca-
tion, it is mostly made up of ices of frozen water, methane, and ammonia. Thus, it is more 
accurately categorized as an ice giant. Uranus has a blue color that seems translucent, and 
its surface scenery may be similar to that of the South Pole on Earth. However, it is an 
extremely cold planet with temperatures below -328°F (-200°C).

Uranus has rings that are thinner than Saturn’s. It also has 27 satellites, so the night 
sky must be quite lively.

The most unique thing about Uranus is that its axis of rotation is nearly parallel to the 
ecliptic (that is, the plane of the solar system), whereas the other planets have an axis of 
rotation perpendicular to the ecliptic. In fact, Uranus’s axis actually dips below the ecliptic. 
Therefore, depending on the season, the north or the south pole almost directly faces the 
Sun and is in daylight all day, while the other pole is in darkness.
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Neptune

Size  Approximately 3.88 times the size of Earth (equatorial radius of 15,388 miles, 
or 24,764 km)

Mass  Approximately 17.2 times the mass of Earth

Surface gravity  Approximately 1.11 times the gravity of Earth

Satellites  At least 13

Mean distance from the Sun  30.1 AU

Orbital period  Approximately 165 years

Rotation period  Approximately 16 hours 

What’s It Like There?

The semimajor axis of Neptune’s orbit is approximately 30 times that of Earth’s semimajor 
axis of orbit. Because the amount of energy that reaches an object is inversely proportional 
to the square of the distance between the object and the energy source (in this case, the 
Sun), the energy that Neptune receives from the Sun is only 1/900 as strong as the energy 
that Earth receives.

Neptune has a thick atmosphere with hydrogen as its main constituent, and typhoon-
like storms sometimes occur. Neptune’s Great Dark Spot was discovered when the Voyager 2 
spacecraft went past the planet in 1989. When Neptune was observed years later by the 
Hubble telescope, the storm was gone.
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Pluto

Size  Approximately 0.18 times the size of Earth (equatorial radius of 744 miles, 
or 1,197 km)

Mass  Approximately 0.0023 times the mass of Earth

Surface gravity  Approximately 0.07 times the gravity of Earth 

Satellites  At least 3

Mean distance from the Sun  Approximately 30 to 50 AUs (the distance from the 
Sun varies so widely because Pluto has a very eccentric elliptical orbit)

Orbital period  Approximately 248 years

Rotation period  Approximately 6.4 days 

What’s It Like There?

Although Pluto was formally considered the ninth planet of the solar system after its discov-
ery by Clyde Tombaugh in 1930, it was found not to meet the definition of a planet during 
the 2006 meeting of the International Astronomical Union (IAU). We now call Pluto a dwarf 
planet. Since it has an elliptical orbit that is quite different from those of the other planets, 
and it differs from Uranus and Neptune in size and structure, many astronomers have said 
that this decision was long overdue.

Photographs of Pluto’s atmosphere from the Hubble telescope suggest that the atmo-
sphere of the planet itself changes quickly over time due to sublimation, the process by 
which a solid turns directly into gas vapor without passing through the liquid phase first. 
Pluto does not have much atmosphere because of its intensely cold temperatures (-382°F, 
or -280°C), and it is no doubt a harsh environment for life.

Credit: NASA, ESA, and M. Buie (Southwest Research Institute)
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Earth

Size  Equatorial radius of 3,963 miles, or 6,378 km

Mass  5.976 x 1024 kg 

Surface gravity  9.82 m/s2

Satellites  1 

Mean distance from the Sun  1 AU (approximately 149.6 million km)

Orbital period  1 year (approximately 365.25 Earth days) 

Rotation period  1 Earth day (approximately 24 hours)

What’s It Like There?

Our home planet is often called Mother Earth, but 4.6 billion years ago when it was formed, 
it was not the kind of environment in which living creatures thrived. Its surface was covered 
by molten rock known as magma, and water only existed in gaseous form (water vapor). 
Also, the atmospheric pressure was approximately 300 times greater than it is now. Mars 
today is an environment much more conducive to life than Earth was then.

Earth’s environment became moderate enough to support life as we know it approxi-
mately 550 million years ago. This was around the beginning of the Paleozoic Era, when the 
number of species began to increase rapidly. From the perspective of the history of Earth, 
that’s the very recent past. 
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The Moon

Size  Approximately 0.27 times the size of Earth (equatorial radius of 1,080 miles, 
or 1,738 km)

Mass  Approximately 0.012 times the mass of Earth

Surface gravity  Approximately 0.17 times the gravity of Earth 

Orbital period  Approximately 27.3 days

Rotation period  Approximately 27.3 days 

How Was the Moon Formed?

Earth and its satellite, the Moon, seem to have a parent-child relationship—the Moon is 
composed of materials that are nearly identical to those of Earth’s mantle. As a result, one 
hypothesis presented by astronomers in the past was that the centrifugal force of Earth’s 
rotation caused a chunk of Earth to break off while it was being formed. This chunk formed 
the Moon, and the hole that remained is the Pacific Ocean.

This hypothesis has a certain degree of persuasive power, but it also has several prob-
lems. The rotation speed of Earth today is not fast enough for such a strong centrifugal force 
to have been produced—it is impossible for the amount of material that formed the Moon to 
have been ejected suddenly while Earth rotated slowly enough to maintain its atmosphere 
(air). There is also no evidence that the rotation of Earth slowed down at some point after 
the chunk would have broken off.

If we delve into this a little deeper, we find that its greatest flaw is that the Moon is too 
large. The diameter of the Moon (we will always mean the equatorial diameter throughout 
the following discussion) is approximately 3,474 km (2,159 miles), which is approximately 
1/4 the diameter of Earth. This is disproportionately large for a satellite, and as a result, 
some astronomers claim that the Moon should be considered a double planet with Earth, 
rather than a satellite of it.
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Incidentally, although Ganymede (a satellite of Jupiter) is the largest satellite in the solar 
system, its diameter is only approximately 1/27 the diameter of its host planet. Titan, the 
largest satellite of Saturn, has a diameter that is approximately 1/25 the diameter of its host 
planet. Taking these numbers into consideration, it seems that the Moon is abnormally large. 
The theory that such a large object broke off from Earth due to centrifugal force created by 
the planet’s rotation is implausible. 

Maybe They’re Brother and Sister? Or No Relation at All?

The sister hypothesis posits that Earth became its current size through the collision and 
coalescence of tiny dust particles and gas that existed when the solar system was formed. 
It says that the Moon was created at the same time and became a satellite by chance. 
Unfortunately, Earth and the Moon differ enough in density and composition to throw this 
hypothesis into doubt. If they were created at the same time, in the same area, from the 
same material, it is very unlikely that they would have ended up with differing densities 
and compositions.

The capture hypothesis could easily resolve the problems of the sister hypothesis. It 
claims that the Moon came near to Earth by accident and was captured by Earth’s gravity. 
There are two main counterarguments to this idea. The first is that the Moon is too large 
relative to Earth to have been captured by Earth’s gravity. The second is that although the 
Moon and Earth are significantly different in composition and density, they are still far too 
similar to have formed entirely independent of each other. These material similarities of 
Earth and the Moon have been proven through evidence collected by the Apollo missions 
and many other space exploration projects.

The Giant Impact

Finally, there is the giant impact hypothesis, which is still the most popular one today. This 
hypothesis proposes that a large heavenly body crashed into Earth shortly after our planet 
was formed, approximately 4.6 billion years ago. Reasoning from the amount of energy 
involved, this heavenly body might have been about the size of Mars (with a diameter 
approximately half that of Earth). Scientists call this theoretical planet Theia. This collision 
was truly a major event!

If a body that size had collided with Earth, a large amount of material from Earth would 
naturally have flown off into space, and the body that had collided with our planet would have 
disintegrated. The reasoning behind the giant impact hypothesis is that once this material 
broke off from Earth, it would have coalesced over time to form the Moon.

This hypothesis is able to explain why the materials composing the Moon and Earth are 
similar, why the Moon is a satellite that is “too big” relative to the size of Earth, and why the 
Moon began to revolve around Earth.

Also, volatile elements like water, carbon dioxide, carbon monoxide, and others are 
depleted on the Moon, and one explanation is that they were lost when the collison occurred.

For these reasons, the giant impact hypothesis is currently the dominant view, but con-
clusive proof for it has still not been found. 
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It’s Not Such a Bad Thing That the Moon Is So Large

Let’s put off the question of whether or not a giant impact occurred until we have more data 
from future lunar exploration. Instead, let’s touch upon the effects that the Moon’s great size 
has on Earth.

First, our enjoyment of the graceful appearance of the Moon at an Ostukimi moon-
viewing party is undoubtedly because of its size. All of the other satellites in the solar system, 
including Ganymede, appear no larger than half the size of our Moon when viewed from 
their host planets.

The dramatic natural phenomenon of the ebb and flow of the tides also occurs 
because Earth has such an enormous satellite. The distance between Earth and the Moon 
is approximately 380,000 km (236,121 miles), which is approximately 30 times the diam-
eter of Earth. (This is illustrated to scale below.) 

The tides are mainly caused by the effect of gravity from the Moon. Many cyclical living 
patterns evolved in sea creatures because of these tides, and mankind has used them to 
develop fishing techniques. Gathering shellfish at low tide is one example.

The ebb and flow of tides cause changes in the natural scenery that we have come 
to see as beautiful. If this is the result of a giant impact, we should be thankful for it, 
shouldn’t we?

Approximately 30 times the diameter of Earth

Earth
Moon

Model of the distance between Earth and the Moon
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The Sun

Size  Approximately 109 times the size of Earth (equatorial radius of 432,474 miles, 
or 696,000 km)

Mass  Approximately 332,946 times the mass of Earth 

Surface gravity  Approximately 28.01 times the gravity of Earth

Volume  Approximately 1,300,000 times that of Earth

What’s It Like There?

The Sun that shines brightly in the sky is the heavenly body whose presence we feel the 
most. But how large is it, really?

First, its mass accounts for 99.9 percent of the entire solar system. In other words, the 
planets such as Earth and Jupiter, the satellites revolving around them, and all the various 
small solar system bodies exist almost as an afterthought, constituting a combined mass of 
only 1/1000 that of the Sun.

The Sun is approximately 150,000,000 km (93,205,679 miles) from Earth. Since the 
maximum velocity of a space shuttle is approximately 28,000 km per hour (17,398 miles 
per hour), it would take nearly 7.5 months to reach the Sun at full speed. An ordinary pas-
senger jet would take around 20 years to get to the Sun (but, of course, a jet plane cannot 
fly in space). 

However, it would be terrible for us if the Sun were not this far away. The daytime 
temperature on Mercury, which is less than 1/4 as far from the Sun as is Earth, is greater 
than 752°F (400°C). The energy that reaches Earth from the Sun is equivalent to the amount 
of energy generated by 200 million nuclear power plants (assuming their output is 100 mega-
watts on average).

The Sun Continues to Burn Hydrogen as Fuel

Earlier, we mentioned the diameter of the Sun, but the Sun differs from an Earthlike planet 
in that it actually has no ground surface. It is a star with a rotation period of approximately 
25 days at the equator and approximately 36 days near the poles. The Sun, just like most 
other stars in the universe, is composed of material in a plasma state. That means the gas 
that makes up the Sun and that is held together by the Sun’s massive gravity is ionized 
(missing an electron or having an extra electron) and highly energetic.
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The Sun’s core, which is at the center of its structure, has a high pressure—200 to 
250 billion times Earth’s atmospheric pressure—because of the gravity that is produced 
by the Sun’s mass, which is 330,000 times Earth’s mass. This high pressure is the cata-
lyst for the nuclear fusion reactions, which convert smaller atoms into bigger atoms (for 
example, turning hydrogen into helium). 

In these fusion reactions, six protons interact to eventually create one helium atom, one 
neutrino, two protons, and a large amount of energy in the form of gamma rays. These fusion 
reactions are the Sun’s power source and the 
origin of the 200 million nuclear power plants’ 
worth of solar energy that reaches Earth every 
day. Also, the Sun’s energy creates a radiative 
zone around its core, and gas above that radia-
tive zone produces a convective zone. When 
we look at the Sun, what we really see is a thin 
surface layer that covers the convective zone. 
This opaque layer is called the photosphere. 
Its temperature is approximately 5,577 Kelvin 
(9,579°F or 5,304°C). Sunspots occur in the 
photosphere. (Sunspots look like dark blemishes 
on the Sun. But really, they are just areas of the 
photosphere that are cooler than the surround-
ing area and therefore appear darker.)

Surrounding the photosphere is the 
Sun’s atmosphere, which is made up of the 
temperature-minimum layer, the chromosphere, 
and the corona. The corona is the Sun’s outer
most layer, and for reasons still unknown to 
science, it is millions of degrees hotter than the 
surface of the Sun.

The hydrogen in the core of the Sun is used 
as fuel and will eventually be entirely consumed. 
However, according to theoretical calculations, 
the lifetime of the Sun is approximately 10 billion 
years. Since the Sun was formed approximately 
4.6 billion years ago (at almost the same time 
Earth was formed), it should continue to shine 
like it does today for at least another 5 billion 
years.

Is the Sun Made of Recycled Stars?

The formation of a star like the Sun begins when a cloud of gas, plasma, and dust starts 
to gather in the void of space. This kind of molecular cloud is held together in a state called 
hydrostatic equilibrium, in which the gravitational force of a volume of gas is balanced by 
the “outward” force of pressure. When the gravitational force of the cloud becomes larger, 
due to a collision with another molecular cloud or an increase in pressure from the explo-
sion of a nearby star, the cloud undergoes a gravitational collapse. As the molecular cloud 
collapses, it begins to form into a spinning sphere of gas. The huge increase in the gas’s 

The Sun’s corona

A solar prominence, a large loop of plasma that 

can be as long as 28 times the diameter of Earth
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temperature and pressure due to the gravitational collapse results in a nuclear fusion 
reaction—a highly energetic reaction in which two or more nuclei join together to form a 
heavier nucleus. The fusion of hydrogen within the core of the star produces heavier forms 
of hydrogen, which in turn can fuse and produce isotopes of helium. These fusion reactions 
create energy and the light that you see every day from the Sun.

Since hydrogen and helium are the most basic and abundant elements in the universe, 
it can be surmised that stars should also be made up of these two substances. However, 
spectral analysis of the Sun has verified the existence of heavy elements such as iron, gold, 
and uranium. How is that possible?

The entirety of a star’s lifetime is a battle against gravity. Gravitational forces created by 
the mass of the star are trying to collapse the star, thus creating pressure that causes the 
fusion reactions described above. This in turn creates a radiation pressure that balances out 
the gravitational force, keeps the star at hydrostatic equilibrium, and prevents the star from 
further collapsing. As the hydrogen fuel at the star’s core begins to run out, the star begins 
to burn helium to maintain the internal pressure that keeps it from collapsing. For the rest 
of their lives, stars that have similar masses to our own Sun will only burn hydrogen, peri-
odically shedding their atmospheres until just the core remains. When the fuel runs out, a 
star slowly cools and fades. However, stars more massive than the Sun can continue fusing 
heavier and heavier elements to maintain equilibrium. Eventually, the massive star is similar 
to an onion, with the outermost layer being hydrogen and the innermost layer being iron.

Fusing iron requires more energy than it creates, and soon the equilibrium is disrupted 
and gravity wins, collapsing the core and creating an extremely energetic stellar explosion 
called a supernova. A supernova can radiate as much energy, if not more, than the Sun ever 
will during its entire lifetime and can often outshine the galaxy it is in. The explosion that 
creates a supernova also creates elements heavier than iron and expels those elements, plus 
the star’s atmosphere, into the surrounding space, thus seeding other molecular clouds with 
those heavy elements. 

The Sun is believed to have been created from interstellar matter from just such an 
explosion—the remains of a former star. That explains why those heavy elements (gold, 
uranium, and so on) are found in our own star. In fact, all elements heavier than hydrogen 
and helium anywhere in the universe, including within ourselves, were created within a star 
or by a star’s explosive death. So, not only is the Sun a “recycled” star, but we ourselves are 
made of recycled stardust.

Corona Chromosphere

Photosphereic
Surface

Convective Zone

Radiative Zone

Core, in Which Nuclear 
Fusion Reactions Occur

Internal structure of the Sun
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Well, we’ve  
discovered that 

there’s no place in the 
Solar System other 
than Earth where she 

could live!

Argh!

The setting is 
crucial. But we 

have nowhere to 
put her! Um...

What if she 
came from the 

Milky Way?

Oh, yes! That's 
so romantic!

So...

As the old woman was 
washing clothes in the 

Milky Way, a bamboo 
tube came floating by...

Kaguya-hime 
emerged from the 

bamboo and drove off 
the demons, and the 

old man and old woman 
were forever...

Wait!
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That's the story 
of Momotaro!

What's this 
about the old 
woman washing 
clothes in the 

Milky Way?!

I don't want to 
be a demon!

I should 
never have 

asked Kanna!

Speaking of 
the Milky Way, 

I wonder why it’s 
shaped like that.

Well, 
that's 

because...
um...

Oh! I've got it! It 
must be because 
the stars are all 

concentrated 
there!

It looks like 
a belt.

Flip, 
flip

What am 
I going 
to do?

I went to 
all that 
trouble, 

thinking up 
a story...

a demon...

Arrrgh!
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That's not true!
You're completely 

wrong!

Kanna, you've 
got some 

screwy ideas 
again...

Excuse me! 
What are you 
doing here?

Slam
This is our 

temple's room 
for lodging 

visitors!

It's the room 
where I'm living 
for free during 
my home-stay.

Mom told me 
to bring you 
these snacks.

Wow...
moon pies!

Sigh

What's 
screwy 

about my 
idea?!

Huh?

Here! 
This is 
for 
you!
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The aggregation 
of stars known as 

the Milky Way is also 
called the Milky Way 

galaxy.

Our solar system 
is inside that 

disc-shaped Milky 
Way galaxy.

Therefore, the stars 
in the disc part appear 
denser to us, since we 

are inside it.
This is 

the Milky 
Way.

The Milky Way, 
huh?

Sounds 
yummy!

For a glutton 
like you, even 

the stars look 
good to eat.

My 
pie!

What now?  
nag, nag, nag!  
I'm sick of it! What? You’re a 

glutton!

My pie!
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But isn't what you 
said before a 
little odd? What is it?

But...

Here's 
half.

Give her 
the whole 
thing, you 
greedy...

Sniff

So we're 
inside the 

galaxy, right?

...we'll end up falling 
off Earth, won't we?

You're such 
an idiot!

aaah

Why are we 
talking about 
up and down in 

space?!

And Earth isn't 
in the middle 

of the Galaxy!

I give 
up! You 
idiot!

split

Ah... 
it looks Milky...

But since the Milky 
Way appears directly 

overhead…

Explain that, smartypants!
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There isn't any 
up and down in 

space? No, there 
isn’t!

How do 
you think 
gravity 
works?!

Kanna, you 
got into 

high school, 
didn't you?

Oh, her...?

Hmmm, I 
haven't 
chosen 
"B" in a 
while...She passed the entrance 

exam by just guessing! Well, it was a 
scantron test!

You're relying on 
wild guesses to 
explain scientific 

phenomena...

Therefore, you 
are a total 

doofus!

That's such 
a lie! You're 

so rude! Er...weren’t we 
talking about 
the Milky Way?

Tee 
hee

You're terrible!
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Let me explain 
the galaxy to 
you a little 

better.

Um, is she 
okay?

She's fine. 
This always 

happens.

The diameter of the disc part 
is 100,000 light-years.

100,000 light-
years? What in 
the world are 

you talking 
about?!

It's the distance 
that light travels 
in 100,000 years!

That doesn’t 
help at all. 

I still have no 
idea what that 

means.

Tell me in miles, 
feet, even 

centimeters!!

I refuse to 
respond to 

this flood of 
questions.

1 light-year is 
9.4607309725808 

× 1015 meters = 
9.46 trillion km = 

5.88 trillion miles= 
approximately 

63,240 astronomical 
units (AU)!

So 1 light-year 
is roughly 

6 trillion miles.

Even in 
miles, 
I can't 
wrap 

my head 
around 

it.

The Size of the Milky Way Galaxy

As I said before, the Milky 
Way galaxy is a disc-shaped 
aggregation of stars, which 

bulges at the center.

Don't spit 
on me.

Ding!

6 tri�ion mile
   m

arathon
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Well, you know 
that 1 astronomical 
unit (AU) is the mean 
distance between 
Earth and the Sun.

The orbital radius 
of the outermost 

planet, Neptune, 
is approximately 

30 AU.
This is 

approximately 30 
times the distance 
between the Sun 

and Earth.

It may be easier to 
understand if you 
compare it with 
something else.

Well, then, is the 
diameter of the 
solar system  
30 × 2 = 60 AU?

No. More than 
1 trillion comets are 
floating in the Oort 
cloud, which extends 
to an area 1.6 light-
years from the Sun.

Therefore, the actual 
diameter of the solar 

system is 3.2 light-
years, or approximately 

200,000 AU.

Since the solar 
system is 3.2 light-
years across and 

the galaxy is 100,000 
light-years across...

...the Galaxy is 
approximately 
30,000 times 

larger!

How about that? 
Now you know 
how vast the 

Galaxy is!

Kanna!

So you 
established 
the scale... 
so what?

1 astronomical 
unit (AU) Earth

Sun

Oort 
cloud

Sun and 
planets

Neptune

29
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Enough 
already...I’m 

so tired.

I've had it with how 
enormously huge 

the universe is.

You need to 
learn these 

things. It’s for 
your own good.

Pfft. You just 
like being 
in charge...
Professor.

What part of 
the galaxy 

is the solar 
system in?

Um...well, since 
it’s approximately 
30,000 light-years 
from the center, 
it's pretty close 

to the edge.

Although the  
number of stars in  

our galaxy is said to be 
between 200 billion and 
400 billion, only about 
3,000 can be seen with 

the naked eye.

Wow...

What’s in the Middle of the Galaxy?

There, 
there.

Grr

I've got 
to get 

some air.
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That's a pretty 
imprecise 

number, isn't it?

There are a 
great number of 
mysteries about 

the universe...

Even though science 
has made incredible 
discoveries, we still 

don't know very 
much, do we?

On the 
contrary!

We continue to uncover 
new mysteries because 

our observational 
technologies continue 

to develop.

For example, if we estimated the total mass of the 
galaxy just from the behavior we could observe, that 

is, just the verifiable heavenly bodies, that estimate 
would be far too low. We know something must be 

there because we can observe the way visible matter 
is affected by the gravity of something that seems 
not to be there. Therefore, the galaxy must have 

nonvisible matter. We call it dark matter because it 
emits no light that we can observe.

We present to 
you—the Top five 
Mysteries of the 

Galaxy That Have Not 
Yet Been Explained!

Or, to put it 
differently...

At any rate, the more 
research we do, the 

more mysteries we find. 
This is the beauty of 

astronomy—and why it 
is so fascinating.
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Top Five Mysteries of the Galaxy That Have Not Yet Been 
Explained!

Astronomers and astrophysicists are still exploring our solar system and galaxy. 

What Is the Galaxy’s Shape, and How Did It Form?

Previously, the Milky Way was considered a spiral galaxy. However, American astronomers 
analyzed observational data from the Spitzer Space Telescope, which was launched by NASA 
in 2003, and concluded that a bar structure approximately 27,000 light-years long runs 
through the center of the Milky Way. A barred spiral galaxy is a type of spiral galaxy but one 
that looks as though the spiraling arms have been moved to the end of a bar of stellar and 
interstellar matter that goes right through the center of the galaxy.

Therefore, the theory that the Milky Way is a barred spiral galaxy is now dominant. 
Some research suggests that the barred shape may be an indicator of more mature galax-
ies; however, we still don’t know why or how spiral galaxies and barred spiral galaxies are 
formed. 

What’s at the Center?

Our solar system is an aggregation of heavenly bodies gravitationally collected by the star 
known as the Sun. So what is at the center of the galaxy, the thing that gathered it all 
together? The answer is still not definitively known. The enormous mass of the galaxy, 
which is between 300 billion and 3 trillion times the mass of the Sun, cannot be accounted 
for by normal stars, so the galaxy must contain some kind of extremely heavy but small 
heavenly body at its center. Currently, the only plausible solution is a black hole.

Spiral Galaxies

Barred Spiral Galaxies

Elliptical Galaxies

Types of galaxies
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A black hole is a region in which the force of gravity is so great that even light cannot 
escape from it. Some scientists propose that a supermassive black hole is at the center of 
the galaxy.

How Are Supermassive Black Holes Formed?

Although there are smaller black holes with approximately the same mass as a star, black 
holes like the one hypothesized to be in the center of the galaxy are enormous, having a 
mass from several million to several hundred million times the mass of the Sun. It is still 
not known how or why these supermassive black holes are formed.

A stellar-mass black hole is believed to be formed from the remnants of a star. When 
a supernova explosion of a large star at least 20 times the size of the Sun occurs, the core 
that remains continues to be compressed by gravitational collapse, creating a black hole. It 
seems reasonable that a coalescence of smaller-sized black holes or other heavenly bodies 
would lead to a larger black hole. 

Since such intermediate-sized black holes (ISBH) have not been found so far, scientists 
aren’t sure how they are created. However, an explanation may not be far off, since X-ray 
sources from nearby galaxies seem to be ISBHs. The existence of these ISBHs cannot be 
confirmed, though, until a mass measurement has been made using the gravitational effect 
the ISBH has on surrounding bodies.

What Is the Galaxy Made Of?

Although the mass of the galaxy is thought to be equivalent to 600 billion to 1 trillion Suns 
(based on motion analysis), all of the heavenly bodies that can be observed by telescopes 
and radio telescopes combined do not account for more than 10 percent of it. This is the 
same for other galaxies and galaxy groups, and astronomers currently think that more than 
90 percent of what forms the universe is dark matter that cannot be observed because it 
does not emit or reflect light.

Opinions on what dark matter is made of range from neutrinos (a type of elementary 
particle) or some unknown elementary particle to black holes. The discovery of the composi-
tion of dark matter will surely merit a Nobel Prize.

Incidentally, the actual condition of more than 70 percent of the energy that exists in 
the universe is unknown, and this is referred to as dark energy.

What Will Happen When We Collide with the Andromeda 
Galaxy?

The Andromeda galaxy is close to the Milky Way and is known to be approaching at a 
speed of 100 km per second (62 miles per second). Since its current distance is approxi-
mately 2.52 million light-years away, if it continues approaching at the current rate, the 
two galaxies should collide in 7 to 8 billion years. What will happen at that time is not well 
understood.

Of course, individual heavenly bodies are quite far apart even inside a galaxy,* and 
although it seems unlikely that stars will actually collide, various predictions have been made 
as to what might occur. These include that the two galaxies will combine to form one new 
galaxy and that there will be enormous gravitational effects accompanying the collision.

* The closest nearby star, Proxima Centauri, is 4.2 light-years away from Earth (approximately 25 trillion miles).
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Sigh. I feel a little 
disappointed.

How 
Come?

Well, since the 
center of the galaxy 
is a black hole, our 
dreams and wishes 

are gone...

I was hoping 
that when Kaguya-

hime went into 
space, we were 

going to be able 
to travel with her 
to the center of 

the universe.

I imagined it would be 
like heaven—clouds and 

stars and everyone 
would get along and 

live happily.

But you say there’s 
a black hole at 

the center of the 
galaxy.

Now I’m picturing it 
more like a place 
where we might 
meet the devil.

Um...although 
I've already 
said this...

Let me reiterate: 
The center of the 
Galaxy is not the 

center of the 
universe!

Wait, so there’s 
more to the 

universe than our 
galaxy?

The Milky Way Galaxy Is One of Many Galaxies

That’s not a 
very ladylike 

way to sit!

Shut 
up!

Muahahaha...

I wish you would 
pay closer 
attention.

Tra La la



Huh?!

Even if the last boss 
falls, there will still 
be an even stronger 

enemy to come, right?

Who's the 
final enemy?  

Bring him here!

What in the world 
are you talking 

about?!

Quit joking around! 
Pay attention!

I'm talking about 
the universe!

Yes, there's lots 
more...the universe 
contains lots of 

galaxies.

Many groups 
of stars are 
collected in 

galaxies, these 
are collected 
in groups of 
galaxies, and 
these, in turn, 
are collected 
in clusters and 

superclusters of 
galaxies.



Well, I'm talking 
about our play!

You’re talking 
just to hear 

yourself talk!

Harumph! You're 
talking about the 

old man and Kaguya-
hime going into 

space...that's just 
some dumb thing 

you made up! We’re re-
envisioning the 
story! We can 
say anything 

we want!

They seem to 
be talking 
right past 

each other.

We’re never 
going to 

finish writing 
the script at 

this Rate.

You two...

What?

What 
do you 
want?

Munch 
munch

Gaaaaah!

Gyahhhh!

Rustle

Wha...?

Bam!
Pow!
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I'm thinking about 
the script right 

now, okay?

But since it's so 
noisy around here, 
I can't concentrate. 

That's a real big 
problem, okay?!

Can you please 
be a little more 

quiet?

Smiling 
sweetly

Yes, of course!

Slam!

Yamane is scary 
when she gets 

upset! When Yamane gets 
writer’s block, No 

one is safe!

Huh...? 
oh!

Yikes!
She smiled!

She 
really is.

k-thump

k-thump

kthump
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So what else do you 
have to say about 

the universe...

...dearest 
brother?

Um….well, 
the universe is 
structured kind 

of like a Net.

But that's about as 
much as I know. We’ll 
have to go talk to 

my professor again.

Gloria?

Did you get 
a text?

Yeah! It's from 
Professor 

Tanuki!

Oh...do 
you mean 

Professor 
Sanuki?

It's Sanuki, 
not Tanuki!

Huh?

Huh?

See?
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Well, since we're not 
making much progress 
on our own, I asked 

him if he could give us 
another lesson.

About what?

About the 
galaxy!

Soccer?

Sweet! I’m an all-star 
at soccer!

I was once known as 
the Pele of Kouki Middle 

School! Hi-Yah!

But...someone 
has to interrupt 

Yamane!

Ow!  
I just got a 

charlie horse!

Not 
it!

I'll be happy to 

explain the galaxy. 

Please come to the 

university's soccer field 

tomorrow, and ask Ms. 

Kanna and Gloria to 

wear suitable clothes 

for playing soccer.

Prof. Sanuki
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The Universe Is Steadily Getting Larger

Whether they believed in the geocentric theory or the heliocentric theory, people in the 
16th century thought the universe consisted only of Earth, the Moon, the Sun, planets of 
the solar system, and many other stars. The only things moving independently in the sky 
were the planets—people thought the other stars were just affixed to the celestial sphere 
like lanterns hanging from a wall in the background, forming various constellations. 

However, Galileo Galilei felt there were problems with that view of the universe. He 
used a telescope he had built himself to gaze at the sky every night, and in 1609, he discov-
ered that the Milky Way was an uncountable aggregation of stars.

Before there were telescopes, 
people thought that the Milky Way was 
either a cloud or something that was 
flowing across the celestial sphere. The 
ancient Greek philosopher Democritus 
(about 460 BC–370 BC) advocated the 
theory that the Milky Way was a col-
lection of faraway stars. Although it is 
unclear whether he arrived at this con-
clusion as the result of logical thought 
or whether he had extraordinarily 
good eyesight, we can guess what his 
reasoning must have been: If the Milky 
Way were like a gaseous cloud or river, 
its position or shape would vary with 
time. However, for as long as it has been 
observed, its state has not changed, 
just like the constellations. Therefore, 
it’s natural to believe that it is also a 
collection of stars.

Of course, making an inference 
is no way to prove a scientific theory, 
but Galileo was finally able to observe 
that this was the case, approximately 
1,200 years after Democritus.

Why Can We See the Milky Way?

If the Milky Way were assumed to be an aggregation of many stars, the next obligation of 
scientists should have been to determine its structure. Both Galileo and Kepler must have 
been too busy advocating the heliocentric theory, or else they just never thought much 
about this point. So let’s try to think about it a little bit ourselves. This will, of course, be 
an experiment with no prior knowledge required. 

Here’s what we know: Although the Milky Way is a collection of stars, the individual 
stars that comprise it don’t shine brightly enough for us to be able to pick them out indi-
vidually with the naked eye. So the Milky Way looks like a cloud to us. This means that the 
stars in the Milky Way are either smaller or farther away than the other stars that we can 
see from Earth. 

The Milky Way
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From a common-sense point of view, the theory that small stars are collected together 
in one specific location seems improbable. It is hard to logically explain why stars of a cer-
tain size would be gathered together along a band at a certain location.

Therefore, we should probably consider the theory that the stars constituting the Milky 
Way are farther away from Earth than the other stars are. From there, we can come up 
with some ideas about what the structure of the Milky Way might look like.

We can start by thinking of the solar system as a sphere inside a larger sphere of stars. 
The  Milky Way galaxy surrounds that sphere of stars near our Sun.

A Disc-Shaped Galactic Model Is the Easiest to 
Understand

There were certainly people who believed in this kind of model of the universe, even during 
Galileo’s time. However, if you look carefully, a better idea will reveal itself.

The biggest defect in this model is that the sphere of stars and the Milky Way are sepa-
rated. It is difficult to explain why this would occur.

What happens if we try to attach these two kinds of stars to each other? If we actually 
bring the sphere of stars and the Milky Way together to make a disc-shaped structure, a 
belt-shaped flow of stars should be visible in the celestial sphere—that is, precisely the cur-
rent model of the galaxy.

Although the structure of the galaxy shown in the following figure became clearer in 
the 19th and 20th centuries—nearly 200 years after Galileo lived—it seems that there were 
people who believed that the universe was disc shaped even before that.

Here are a few other hypotheses to consider:

•	 Since Earth and the solar system are revolving, perhaps the universe is also revolving.
•	 If matter spreads out while rotating, it is likely that the universe will become disc 

shaped.

A faulty model of the structure of the Milky way, based only on what we can see from Earth

Sphere of Fixed Stars

Solar System

Milky Way



118  Chapter 2  From the Solar System to the Milky Way

This second hypothesis is actually easy to understand and not unreasonable—it’s 
essentially the same phenomenon you see when someone tosses spinning pizza dough 
into the air.

Results of Scientific Observation Also Prove a 
Disc-Shaped Universe

Until now, we have guessed at the structure of the universe based on the beliefs of people 
from the 17th to 19th centuries. However, one person who attempted to elucidate the 
shape of the galaxy from actual observational results was the German-born astronomer 
Frederick William Herschel (1738–1822).

His method is extremely easy to understand. From the observable sky, he sampled 
areas, which he called “blocks,” each of which was a section of sky equal to the area covered 
by approximately 1/4 of the full moon. He used a telescope to count the number of stars in 
683 “blocks” in various locations around the night sky. Although this was only 0.1 percent 
of the area of the entire sky, this technique is believed to be statistically reliable.

The number of stars that humans can see at night with just the naked eye depends on 
a lot of factors—where you are on the planet, what season it is, whether or not you are in 
a city, whether or not the Moon is out, pollution, and more. Stars are measured on what’s 
called a magnitude scale. Very dim stars have very high magnitudes (the dimmest stars are 
magnitude 20) and really bright stars have very low magnitudes (magnitude -26 being the 
brightest star we can see, our Sun).

Humans cannot see stars dimmer than magnitude 6. The total number of magnitude 
6 or less stars is approximately 8,600. But that is for the entire planet! If you are in New 
York, you can’t see stars that are over Japan! So the average night sky for Kanna, Yamane, 
and Gloria (or for you and your friends) seems to have approximately 2,000 stars visible to 
the naked eye. Herschel was using telescopes that he designed, though. With telescopes, 
we can see stars much dimmer than magnitude 6. Although no record remains of the total 
number of stars Herschel counted, it was certainly more than 10,000. That was an enor-
mous amount of work.

Diameter is approximately 100,000 light-years

Thickness is approximately 
15,000 light-years

Bulge

Galactic disc
Position of the Sun

Length is approximately 
28,000 light-years

Central core of the Milky Way galaxy

Model of the galaxy that is currently accepted



The Universe Is Steadily Getting Larger  119

When we look at the Milky Way, we see that the stars of the universe seem to have 
created a cluster that has some kind of structure. Herschel made a superhuman effort in 
counting stars in an attempt to identify this structure of our galaxy. 

In most cases, the contents of clusters in the natural world are homogeneously scat-
tered. Therefore, Herschel assumed the stars also would exist uniformly with almost the 
same density in the cluster. 

Assuming in addition that all stars had the same brightness and were evenly scattered 
about the galaxy, Herschel postulated that the more stars he counted in a given block of 
space, the farther away those stars had to be. 

Think of it this way: Van Gogh used many small dots to paint his famous self-portrait. If 
you stood really close to that painting and looked at only 1 square inch of it, you would only 
be able to see a few points. But if you backed up a few feet, then looked at 1 square inch of 
the painting, you would see more points. In fact, it would be hard to distinguish the separate 
points from that distance. So for Herschel, the more stars that were in his “1 square inch,” 
the farther away he was from those stars. 

After this enormous effort, Herschel created the model of the universe shown in the 
figure below.

Actually, since parts of the sky that were hidden by dust could not be verified with the 
naked eye, the shape Herschel came up with was somewhat odd. He ended up estimating 
that the size of the galaxy was quite small—less than 1/10 the size of the actual galaxy—but 
he did conclude that the galaxy was disc shaped. His results certainly contributed signifi-
cantly to the development of cosmology.

An Idea from Kant Enlarged the Perceived Universe in 
a Flash

The shape of the galaxy came to be vaguely understood as a result of Herschel’s efforts. 
However, since he believed, without foundation, that the solar system was at the center 
of the galaxy and thought that the stars that could be observed from Earth (which we now 
know are our galaxy) made up the entire universe, he was unable to consider a more exten-
sive universe. But then, since this was the established paradigm for astronomers at the time, 
Herschel alone should not take all the blame.

However, at the same time, someone did come close to the truth of the universe from 
a completely different viewpoint. This was the German-born, world-renowned philosopher 
Immanuel Kant (1728–1804).

Sun

Model of the universe created by Herschel
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Kant brought about a revolution in epistemology by providing a rebuttal to the existing 
assertion of empiricists at that time—that all knowledge and concepts held by mankind arise 
through experience. Kant asserted that cognitive contents provided through experience are 
processed intellectually, enabling people to continue to gain further knowledge or new con-
cepts (this is considered to be a synthesis of rationalism and empiricism). 

Kant also turned his thoughts toward the universe. He became aware of the disc-
shaped model of the galaxy early on and wrote that the reason systems like the Milky Way 
galaxy can be seen is that stars are often organized in a lens-shaped pattern. Incidentally, 
Herschel may have read this and may have begun counting stars to try to scientifically prove 
Kant’s idea, but we don’t know for sure.

Kant’s greatest insight related to understanding the universe is his hypothesis that the 
entire universe contains many “island universes,” which are systems (or collections) of stars 
like the many islands in the ocean. The stars that mankind had observed until then were 
just one island universe called the Milky Way. Kant suggested that there were also countless 
other similar island universes, which together constituted the whole universe.

In the latter half of the 18th century, when Kant was active, many other nonstellar 
heavenly bodies came to be known because of advances in observation technology. These 
were named nebulas because they shone faintly like clouds.

For example, the “Great Andromeda Nebula” and the Large and Small Magellanic 
Clouds, which are classified today as galaxies, exist in ancient records, since they could 
be seen even by the naked eye. However, soon after telescopes were available, it became 
apparent that these objects that were thought to be cosmic clouds were actually uncount-
able collections of stars.

If the Milky Way is considered to be a collection of stars and the galactic structure is 
explained on that basis, then a nebula is also probably a cluster of stars. Kant’s theory was 
really quite insightful.*

How Did Technology for Observing the Universe 
Progress?

Mankind’s conception of the universe has changed and developed over time based on 
observational science as well as logical reasoning. The results of astronomy throughout the 
19th and 20th centuries, after Herschel, are presented in Chapter 3. This section gives a 
simple overview of the technology we use today to generate new observational data.

We’ve already mentioned that telescopes were invented at the beginning of the 17th 
century and that Galileo built one himself and made many discoveries with it. Amazingly, 
given how crude such early telescopes were, Galileo was able to observe some of the faint 
stars composing the Milky Way galaxy and thus prove Democritus‘s theory that the Milky 
Way was an aggregation of stars. In 1612, the German astronomer Simon Marius observed 
the Andromeda galaxy (in those days, the “Great Andromeda Nebula”), which appears next 
to the Milky Way in the night sky, but he still did not recognize that it was an aggregation of 
stars. If he had discovered at that time that Andromeda was the same as the Milky Way, the 
structure of the universe might have become clearer much sooner.

* However, we should note that Kant expanded upon the unique ideas found in Thomas Wright’s An Original Theory or 
New Hypothesis of the Universe (1750). In this work, which precedes Kant’s hypothesis, Wright proposes that we are 
immersed within a “flat layer of stars.”
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Kepler, who lived in the same era as Galileo, invented and used a slightly different kind 
of telescope. The Galilean telescope produces an upright image, but increasing the magni-
fication of the image is fairly difficult. However, the Keplerian telescope has the advantage 
that, although it produces an inverted image (that is, the image is upside down), the amount 
of sky observable through the telescope at one time, the field of view, is not likely to be nar-
rowed, even for high magnifications. Therefore, the Keplerian telescope became the optimal 
type of telescope for viewing the heavens, while the Galilean telescope is better suited to 
viewing terrestrial objects. 

However, regardless of the type of telescope, since a large lens could not be created 
using the technology of those times, the resolution was limited. Resolution, which is the 
capability of the telescope to distinguish two points, is one of the most important performance 
characteristics of an astronomical telescope. Resolution can be increased by increasing the 
telescope’s aperture, that is, increasing the diameter of the opening housing the objective 
lens of the telescope (the lens that gathers incoming light), thereby enabling it to collect 
more light. However, unless the lens is manufactured to extremely precise specifications, 
increasing the telescope’s aperture is useless. This is because lenses, especially very thick 
ones, separate colors like a prism. In an attempt to get rid of this effect, astronomers in the 
17th and 18th century developed extremely long telescopes, some up to 200 feet long, that 
required massive structures to hold them in place.

Therefore, a mirror is a good alternative to a lens. Telescopes using a mirror to collect 
light instead of a wide objective lens are known as Newtonian telescopes. The first New-
tonian telescope was invented in 1688, and while several improvements have been made 
since, the basic concept is still used in astronomical (optical) telescopes today.

Galilean Type

Objective lens
Eyepiece

Objective lens
Eyepiece

Keplerian Type

Two types of telescopes
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Famous Telescopes

Several famous telescopes that aided scientists in making many important discoveries about 
the universe are introduced below.

Mount Wilson Observatory 100-inch (2.54 m) Hooker Telescope
This telescope was used by Edwin Hubble (who will be introduced in Chapter 3) 
to make his great discovery linked to the riddle of the galaxies and the birth of the 
universe, now known as Hubble’s law. It was completed in 1917 and was known as 
the world’s largest telescope for approximately 30 years.

Mount Palomar Observatory 200-inch (5.08 m) Hale Telescope
The Hale telescope snatched the title of “world’s largest telescope” from the Mount 
Wilson Observatory when it was completed in 1948 and retained this distinction for 
27 years. Its high performance helped 20th-century astronomers discover over 100 
asteroids.

Hubble Space Telescope
Launched by the space shuttle Discovery in 1990, this man-made satellite telescope 
orbits Earth at an altitude of approximately 600 km (373 miles). Although its aperture 
of nearly 2.4 m (8 feet) is less than half that of the Mount Palomar Observatory tele-
scope, it can make high-precision astronomical observations, since it is unaffected by 
the atmosphere or weather. It continues to make major discoveries such as proving the 
existence of planets outside the solar system and clarifying the nature of dark matter.

National Astronomical Observatory of Japan Hawaii Observatory Subaru Telescope
This is the world’s largest optical infrared telescope. It was completed by the National 
Astronomical Observatory of Japan in 1999, and the diameter of its primary reflecting 
mirror is 8.2 m (27 feet)! 

When a mirror is this large, it usually ends up being distorted by its own weight. 
However, technology for correcting this distortion was refined by the Mitsubishi Electric 
Corporation, which enabled this telescope to be fully operational. The Subaru telescope 
continues to produce magnificent results, such as discovering an extremely distant 
cluster of galaxies, nearly 12.88 million light-years from Earth.

Eye

Convex
lens

Concave mirror

Mirror

Newtonian telescope
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A galaxy 12.88 billion light-years from Earth

The Hubble Space Telescope (Credit: NASA)
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What Can a Radio Telescope Observe?

A radio telescope is another type of astronomical observation tool. But what in the world 
can radio waves tell us?

Radio waves are electromagnetic waves, just like light rays or infrared rays. However, 
since the wavelength of radio waves is so long, obstacles in their paths don’t cause much 
obstruction. This is why you can use your cell phone indoors, whereas light from outside is 
obstructed by walls.

Space contains various kinds of interstellar matter, and if some of this matter consists 
of heavenly bodies that absorb light such as dark nebulas, it is impossible to use an optical 
telescope to observe what is there. Therefore, radio waves are used instead. 

Radio telescopes, which were developed in the middle of the 20th century, led to 
major advances in astronomy. For example, one of the results that will go down in history 
is the discovery of what is believed to be evidence of the Big Bang (this will be explained 
in Chapter 3). 

A famous radio observatory in the United States is the Very Large Array (VLA), located 
near the town of Soccoro in southern New Mexico. Completed in 1980, it consists of 27 
radio telescopes, each of which has a diameter of 25 meters (82 feet). The telescopes are 
affixed to train tracks, and they can be repositioned and rearranged to act as a single antenna 
with a maximum diameter of 36 km (22.3 miles). Astronomers use the VLA to study objects 
like radio-emitting stars, black holes, and supernova remnants. Observations from the VLA 
have been used to discover water on Mercury and microquasars in the Milky Way galaxy.

The Very Large Array in New Mexico (Credit: NASA)
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Another Way to Measure the Size of the Universe: 
A Triangulation Trick 

The distance to the Moon can be calculated by making a baseline between two spots on 
Earth and using triangulation (see pages 68–69). However, this method cannot be used 
to calculate the distance to the Sun, since that distance is too great. The mean distance to 
the Sun is approximately 150 million km (93 million miles), which is approximately 12,000 
times the diameter of Earth. A slight measurement error will have a significant effect, and 
the length of the baseline that can be taken on Earth is limited. To calculate the distance 
to the Sun, we would need a spot on Earth and a spot somewhere off of Earth to create the 
baseline.

Luckily, we can use the distance to the Moon, which we discovered by triangulating 
from a baseline on Earth, as the baseline for triangulating the distance to the Sun. If this 
were ancient Greece, Aristarchus would help us out here because he already told us the 
Moon-Earth-Sun angle is 87°. But this isn’t ancient Greece. 

Since the angle created by the Moon and Sun was incorrectly measured to be 87°, 
according to the surveying technology available at the time, Aristarchus concluded that the 
distance to the Sun was approximately 20 times farther than the distance to the Moon. With 
the help of current technology, we now know it is approximately 390 times further. Never-
theless, this method thought up by Aristarchus more than 2,300 years ago is really quite 
remarkable.

Earth

87˚ (Actually 89.85˚) Sun

Moon

Mean distance between Earth and the Sun: 150 million km (93 million miles)

Equatorial radius of Earth: 
6,378 km (3,963 miles)

Method of finding the distance between Earth and the Sun
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Triangulation Can Give Us the Distance to Stars Beyond 
the Solar System

Using the Moon to create a baseline is one way of using Aristarchus’s method to calculate 
long distances in space. But there is an even better method that uses Earth’s radius of 
revolution.

It goes without saying that Earth revolves once around the Sun in one year. Therefore, 
if we observe a heavenly body outside of our solar system at some time and then observe 
it six months later, we can see how much the star’s position has changed compared to the 
stars around it. Because measuring the change of position gives us the change in the angle 
(angle of inclination) required to look up at it, we can use that value to determine the dis-
tance to that heavenly body.

Incidentally, half of the difference in those angles is called the annual parallax, and the 
distance to a heavenly body for which this parallax is 1 arc second (1 arc second is 1/3600 
of a degree) is a unit called a parsec (short for parallax per one arc second). This unit is 
related to other units of distance as follows.

1 pc (parsec) = approximately 3.26 light-years = approximately 206,265 AU = approxi-
mately 3.08568 × 1016 m = approximately 31 trillion km = approximately 1.9 × 1013 miles.

For heavenly bodies that can be observed from Earth by this method, the maximum 
parallax is approximately 0.033 arc seconds (approximately 1/100,000 of a degree), and the 
maximum distance is approximately 30 parsecs or 100 light-years. In 1989, the European 
Space Agency launched the Hipparcos High Precision Parallax Collecting Satellite, which can 
accurately measure the distance to stars up to 500 light-years away or up to 1,000 light-
years away within a reasonable margin of error.

Radius of revolution
(1 AU)

Star

Apparent position changes

SunEarth (summer) Earth (winter)

Annual parallax

Triangulation using Earth’s radius of revolution
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How Big Is the Solar System?

Although Pluto was removed from the category of planet in 2006, this did not change the 
fact that it is one of the heavenly bodies that form the solar system. So what indicates the 
extent of the solar system, and how large is it?

First, the distance (semimajor axis) to the outermost planet Neptune in terms of astro-
nomical units is approximately 30 AU. Beyond that, in the range from 30 to 100 AU, is the 
Kuiper Belt, where many comets orbit the Sun. Unlike asteroids, these Kuiper Belt objects 
(KBOs) consist mainly of different types of ices like water, methane, and ammonia. The Kui-
per Belt is believed to contain more than 70,000 objects that have a diameter of at least 
50 km (30 miles), and Pluto is also considered to be part of it.

In addition, there is believed to be a group of heavenly bodies consisting of ice and rock 
in a contiguous area more distant than the Kuiper Belt. This is called the Oort cloud, which 
ranges from 50 AU to 100,000 AU away from the Sun! This is approximately 3,300 times 
the orbital radius of Neptune.

Generally, the solar system is said to extend as far as the Oort cloud, which is the 
gravitational boundary of the Sun (the farthest extent to which heavenly bodies are affected 
by the Sun’s gravity). The radius of this region is approximately 1.6 light-years, so it would 
take that many years to escape from the solar system if your spaceship were traveling at the 
speed of light—and even longer if it were traveling more slowly.

The gravitational effects of the Sun extend 3,300 times the distance of 

the furthest planet!





3
The Universe Was Born 

With a Big Bang
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What is 
going 
on? Allllll 

riiiiiight!!!

Wheeee!

Go Kanna!

Hop

Hop

Atta 
girl!

Go!!!

Professor...

He told me to film this 
soccer game so he could 
use the footage to explain 
the Big Bang theory, but...

I've never seen 
him get so 

excited about 
sports...

Why am I filming a 
match between our 
university’s soccer 

club and Kanna’s 
friends?

Galaxies Are Islands of Light 
in the Void of Space



Gloria!

Ready!

Go!

pass
Watch out!

I got it!

whoosh Huh?



Fomp uhhHHhh...

I got it!

pow!

Woo 
hoo!

What just 
happened?

Nice 
play, 

Gloria!!
Crap! I took 
it easy on 
her since 

she’s a girl.

What a mistake!

Let's go!

Wha???

Pat 
pat 
pat 
pat

We can't 
give them a 

break!

Pant 
Pant

Pant 
Pant
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Professor!

We're headed 
to the locker 

room!

Did you watch 
our game?

I did! And I 
was able to 
get great 

data because 
of you two.

At the expense 
of our soccer 

club’s pride, 
though...

Soccer 
club

weep

We’re so 
pitiful.

But I still don’t 
understand how 

galaxies and 
soccer are 

related!

I'll explain 
that now.

Tap tap 
tap

Kanna’s 
team

Click

The Winning Team 
Learns a Lesson

Are they 
really high 

school 
kids?



134  Chapter 3  The Universe Was Born With a Big Bang

Look at this!

This diagram 
shows the 

movements of 
the players in the 

soccer match.

Kanna

Since you 
have the ball, 
the opposing 

team's players 
are gathering 
around you.

Then I passed the 
ball to Gloria! Because I was 

running toward 
the goal on the 

other end of 
the field.

Gloria

Well then, 
let's start 
following 
Gloria's 

movements.



Once Gloria 
received the pass, 
the other players 
started gathering 

around her. And...
Goooal!

Maybe you two 
should be our 
soccer club's 

coaches!

Professor!

You're still 
talking about 

soccer!

Ack!

Can’t we 
talk about 

galaxies now? 
Professor...?

Yes, yes, of 
course. We will 
now switch to 
our main topic.

You still have 
writer's block, 

don't you?

In a soccer match, the 
players gather where 
the ball is or where 

they expect it will go.
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Of course!

Kanna’s group, who 
controlled the match, 
and the players who 

gathered around 
them are a galaxy, 

right?
That's 
right!

Click

Why don’t I 
explain some 
more about 
galaxies?

Stars and other 
heavenly bodies 

are not uniformly 
spread around 
throughout the 

universe.

Several billion to 
tens of billions of 

stars and interstellar 
matter are collected 

together, creating 
galaxies.

One of these is 
our own Milky Way 

galaxy, right?

Click



They kind of 
seem like 
islands in 
the sea!

That's quite right. 
Galaxies were 
once called 

“island universes.”

Different 
Galaxies also 
have different 
shapes, don't 

they?

Is the shape of 
a galaxy related 

to the way it 
was born?

Unfortunately, scientists 
still don’t completely 

understand how galaxies 
are formed.

Scientists believe the matter 
that was formed just after 

the Big Bang had fluctuations 
in its density, And over time, 

certain spots became denser 
than others. It is in these 
denser areas where gas 

blobs started to form. These 
masses (imagine a tiny galaxy 
with just 10 stars!) began to 

collide and merge with other 
gas blobs, and that is how we 
have the large galaxies that 

we can observe today.

This idea is also helpful 
for understanding the 
large-scale structure 

of space.

If we look at it like a 
soccer game, it's the 

same, isn't it? The players 
gathered together in 

different formations as 
the game developed.

Seems like a 
stretch...
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If we look down 
at the soccer 

field from above, 
clusters of players 

gather at certain 
spots on the field.

Each of these 
clusters is like a 
galaxy, isn't it?

That's right. 
Now, let's try 
zooming out. Click

There are soccer 
fields all over 

the place!

Since there are  
lots of schools and 

sports facilities around 
here, there are many 

soccer fields. Therefore, 
clusters of players  
are coming together  

all around this  
neighborhood.

In the same way, 
lots of galaxies 
gather together 
to create groups, 

clusters, and 
superclusters.

Wow...!!
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But in places where 
sports are not so 

popular, there aren’t 
as many soccer 
fields—or maybe 

even none!

That also 
applies to 
galaxies, 

doesn’t it?

It sure 
does!

In the same way, 
there are places in 
the universe where 

there are many 
heavenly bodies and 
places where there 

are few.

This fact is closely 
related to the birth 

of the universe!

The birth 
of...

...the 
universe!

Somehow or 
other it was 
born, right?

It must 
have been!

My universe 
feels like it’s 

shrinking...

sulking

Jostle

lonesome

Jostle
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What Is the Large-Scale Structure of the Cosmos?

The philosopher Kant and many others reasoned that there must be a hierarchical, large-
scale structure in the universe, just like the hierarchical group structures in the world we 
live in—that is, just as houses make up neighborhoods, neighborhoods make up cities, many 
cities make up states, and states make up a country, so too must the heavenly bodies be 
grouped into patterns. However, this really became clear when the existence of galaxies out-
side of our own galaxy was verified. Later observations and research also made it apparent 
that many galaxies collect together to create a group, and these in turn form aggregations 
at even higher levels of the cosmic hierarchy.

Planetary System

A planetary system is a system like our solar system, in which planets, asteroids, satellites, 
comets, and other matter form a single system orbiting around a star.

Galaxy

A galaxy is a heavenly body that is formed by the gravitational attraction of several tens of 
billions to several hundreds of billions of stars and interstellar matter (including dark matter). 
Since galaxies exist in space like islands in the sea, they used to be referred to as island uni-
verses. The galaxy to which our solar system belongs is called the Milky Way galaxy.

The phrase “island universe” fell out of use once astronomers realized that there were 
many “island universes” (that is, galaxies) besides the Milky Way. 

Group of Galaxies or Cluster of Galaxies

Groups and clusters are multiple galaxies that are gravitationally unified. When the number 
of galaxies is fewer than 50, we call the aggregation a group of galaxies; when the number 
is greater (up to several thousand), we call it a cluster. Our Milky Way galaxy belongs to the 
Local Group, which is made up of 30 to 40 galaxies, including the Andromeda galaxy and 
the Large and Small Magellanic Clouds. The closest cluster of galaxies to the Local Group 
is the Virgo Cluster, which is approximately 60 million light-years away. It appears in the 
constellation Virgo, and it has a diameter of approximately 12 million light-years.

Milky Way 
galaxy

Cluster 
of galaxies

Supercluster 
of galaxies

Solar 
system

Earth

Large-scale structure of the cosmos
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Supercluster of Galaxies

A supercluster is an aggregation of several hundred groups or clusters of galaxies. A super-
cluster has a diameter of several hundred million light-years.

Astronomers formerly thought that since this kind of large-scale structure existed, the 
galaxies would be distributed uniformly throughout the universe. However, in the 1980s, 
regions were discovered in space in which no galaxies could be observed at all. The diam-
eter of each of these regions was more than 100 million light-years. When they were 
further investigated, these voids were found to be lined up like bubbles, with groups of gal-
axies or clusters of galaxies distributed on their surfaces.

In 1989, Margaret Geller and John Huchra of the Harvard-Smithsonian Center for 
Astrophysics named a grouping of galaxies the Great Wall, since it appears to be a long, con-
tinuous entity like the Great Wall of China. The Great Wall is a gigantic structure 500 million 
light-years long and 200 million light-years wide. At the time of its discovery, the Great Wall 
was the largest known structure in the universe.

However, on October 20, 2003, a new Great Wall was found. This structure is approxi-
mately 1 billion light-years from Earth and has a length of 1.4 billion light-years, which is 
approximately three times the scale of the previous discovery. In other words, this structure 
currently holds the record for being the largest thing in the known universe.

These structures are distinguished from each other by calling the one discovered in 
1989 the CfA2 Great Wall and the one discovered in 2003 the Sloan Great Wall.

Great Wall

Galaxies form galactic walls.
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Hubble’s Great Discovery

Do you know 
who Edwin 
Hubble is?

Yes!
He’s the American 
astronomer that 

NASA’s Hubble Space 
Telescope is named 

after.

Edwin Hubble 
was born in the 
United States in 
1889 and had a 

slightly unusual 
history as a 

student.

In his younger days, 
he was an all-around 

athlete who set 
several records in 

various sports. From 
the time he entered 

college, he was very 
active in basketball 

and boxing.

He was a particularly good 
boxer and may even have 
been tempted to compete 

for the world championship.

He’s like me!

Of course, he 
also studied 

hard!

He majored in 
mathematics and 

astronomy at the 
University of Chicago and 

studied jurisprudence 
and earned a master’s 

degree at Oxford 
University.

He was both 
an excellent 

student and An 
outstanding 

athlete.
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But his most 
outstanding quality 
was that he always 
continued to pursue 

new discoveries 
without relying only 

on knowledge or 
experience.

The origins of 
the Universe:  

“Hubble’s Great 
Discovery—Act I”

1923
Mount Wilson 
Observatory

Um...

What...is...the...mat...ter, 
Hub...ble?

Colleague

C'mon! This is 
the first time 
I've ever been 

in a play!

The Mount Wilson Observatory (MWO) in Los Angeles 
County, California, is located on Mount Wilson, 

which has an elevation of 1,742 meters (5,715 feet). 
It is said that Mount Wilson is one of the places in 
North America with the most stable atmosphere. The 

observatory was built in 1902.

Hubble

You’re 
terrible!

Ack! 
Gasp!

In 1919, Hubble became a staff member 
at the Mount Wilson Observatory, 
which had the world’s largest 

telescope at that time. He spent the 
rest of his life working there, making 
careful observations of the universe.

This observatory is 
where he made his 

first great discovery.

Mount Wilson 
Observatory
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Although I've made 
observations about 

the Andromeda nebula 
for some time... ...when I tried to 

calculate its distance 
from earth, I ended up 
with an unbelievable 

number.

How far away 
is it?

Roughly, more 
than 900,000 
light-years.

900,000 
light-

years?!

In the Great Debate* 
three years ago, 

Shapley argued that 
the diameter of the 
Milky Way galaxy is 
150,000 light-years!

900,000 lig
ht-

years

That would put the 
Andromeda Nebula 

outside of our galaxy, 
wouldn’t it?

At that time, 
Andromeda was 

thought to be inside 
our own galaxy.

In fact, all 
observable 

heavenly bodies 
were thought 

to be inside our 
galaxy.

So the Milky 
Way galaxy was 
still thought of 
as being equal 
to the whole 

universe.

* The “Great Debate” was a 1920 debate between the two American astronomers 
Heber Doust Curtis and Harlow Shapley concerning whether or not the 

Andromeda Nebula was outside of our galaxy. At that time, the diameter of the 
Milky way galaxy was thought to be approximately 150,000 light-years.



Even though research 
advanced and our view of 
the solar system, galaxy, 
and universe changed, we 
still wanted to think that 
Earth was at the center 

of the universe. It’s probably just 
human nature to 

believe in something 
like the geocentric 
theory, which puts us 
at the center of the 

known universe.

Why was 
Andromeda 
called a 

nebula? Isn't 
it a galaxy?

Question!

Until about 100 years 
ago, Andromeda was 

thought to be a nebula, 
an interstellar cloud 

of matter in which 
stars form.

That’s why it 
was referred 

to as the 
Andromeda 

Nebula.

Yeah...but 900,000 light-years 
is not the correct number. The 
latest research tells us that 
it is approximately 2.52 million 
light-years away from Earth.

Oh my!!

Determining that 
Andromeda, which had 
been thought to be 
part of our galaxy, 

is actually more than 
900,000 light-years 
away is just amazing!

Ahem!
2.52 mill

ion l
ight-

ye
ar

s
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Back to the play: 
“Hubble’s Great 

Discovery—Act II”

What are you 
investigating 

now?

Well, I’ve been looking 
at observational data 
for the spectra of 

other galaxies that I 
received from Vesto 

Slipher of the Lowell 
Observatory, and...

...it's apparent that 
the wavelength 
of the light is 

shifted in the red 
direction.

bubble pipe

What did 
you say?!

Kanna?

Sorry...

what does 
"shifted in the 
red direction" 

mean?

Disappointed
Now...

Redshift is...
er...um...
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weeeee-oooh!

weeeee-oooh!

The Professor 
has gone nuts! Think of an 

ambulance...

As it approaches, 
the pitch of the 

siren gets higher...

...and then once it passes 
and moves farther away, the 

pitch gets lower, right?

...that’s the 
Doppler 
effect!

Since sound is a wave, when the 
sound source comes closer, 
the wavelength gets shorter, 
causing the sound to become 
higher in pitch. When the sound 
source moves farther way, the 
wavelength gets longer, and 

the sound drops in pitch.
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Since light also 
travels in waves, 
the same kind of 

phenomenon occurs.

When a light source 
approaches, the light coming 
from it shifts toward blue, 
and when the light source 
recedes, the light coming 
from it shifts toward red.

But how is that 
related to 
galaxies?

Wait until 
you see the 

next act.

Did you say that 
the spectra of 

other galaxies are 
shifted in the red 

direction?

Yes...

Isn’t that 
just a simple 
observation 

error? If the shift 
difference were 
the same for all 
galaxies, I would 
have agreed, but...

...there are subtle 
differences in the 
shift, depending on 

the galaxy.

Light spectrum

Red

Yellow

Green

Blue

Redshift occurs for a 
receding object.



Amazing!

...Yes?

Well, it means 
that the galaxies 
are moving away 
from us at a high 

speed!

So the fact that 
the spectra are 

redshifted...

I also examined 
the spectra of 

the galaxies and 
tried to calculate 

a correlation 
between the 

distance and the 
redshift.

When I did this, I found 
that the farther away a 
galaxy was, the greater 
the spectral offset due 

to redshift was.
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Therefore...

...therefore?

The universe is 
expanding even as 

we speak!

Indeed!

The Universe is still 
expanding?!

Yes, I'll explain 
that now.

Huh?!



  151

If the Universe Is Expanding...

Please do!

Have you all done a 
flame reaction test in 
chemistry class?

Hmm, did I do 
that?

This is the phenomenon that occurs when a 
substance is placed in a flame and the color 
varies according to the chemical elements 
that are contained in the substance.

Does the spectrum differ much depending on the star?

Salt is yellow since it contains sodium, 
and copper is blue-green.

Salt is 
yellow

Copper is 
blue-green

That’s right. The chemical elements emit or absorb light with specific 
wavelengths according to their structures. Therefore, if you use a prism 
to separate the light emitted by a heavenly body according to wavelengths, 
the prism creates a rainbow that you can analyze to find out the substances 
that are contained in that heavenly body.

Let me explain 
this in a little 
more detail.

Yes and no. Since most stars are composed of very similar substances,* one 
would assume that they would emit spectra that are also very similar. Stars 
are mainly composed of hydrogen and helium plus smaller amounts of a 
few heavier elements. However, different stars actually emit very different 
spectra, and that is because different stars vary in temperature. 

* The chemical composition of stars in terms of mass ratio is predominantly hydrogen:helium = 3:1 
with a very small percentage of other heavier elements, usually less than 2%. This ratio barely differs 
from star to star.
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Well, then Slipher, who gave the data to Hubble, seems to be the person 
who noticed that the universe is expanding—not Hubble, right?

But Slipher isn't very famous in the United States.

He believed that the redshift meant that many galaxies were receding 
from us, but he thought it was due to the basic motion of heavenly 
bodies. Hubble, however, conducted a thorough investigation of the 
correlation between distance and redshift. He discovered that the 
farther away a galaxy is, the faster it is receding—a fact that sup-
ports the theory of an expanding universe.

You'll understand it if we write three 
letters on a balloon and then inflate it.

If they were receding, table salt would become more 
orange, and copper would become yellowish green.

But why does that mean the 
universe itself is expanding?

Very hot stars emit spectra that have prominent lines for helium and the 
ionized heavy elements (that is, atoms that have gained or lost an electron 
or electrons). On the other hand, very cool stars emit spectra with no visible 
helium lines but with lines for neutral atoms and molecules. Nevertheless, 
if temperature differences cause differences in spectra, then similar stars 
(that is, stars with similar mass and temperature) should have practically 
identical spectra. However, Slipher (see page 146) discovered that a shift 
toward red occurred in the wavelengths.
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Now...

Each letter is 
evenly spaced.

But watch the A-B 
and A-C intervals 

carefully.

As the balloon gets 
larger, the distance 

between any two 
points steadily 

increases.

However, the A-C 
interval increases 

faster than the 
A-B interval.

This is harder 
than it looks!



Ack!

What did 
you do?!

Yuck…
It's all 
dirty.

Sorry, 
I didn't 

mean to!

W
h
iz

z
z
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What's the 
matter, 
Kanna?

Professor, isn't 
it strange for 
this to happen?

What do 
you mean?

Well...if we assume 
that the universe is 
steadily expanding, 

like a balloon...

...then if you steadily go 
back in time, won't there 

be a time when it was 
collapsed, too—like the 

deflated balloon?

Huh?

Wha-what am 
I saying?

Tee 
hee!

That couldn't 
possibly be 

right!

PsS

PsS

PsS
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No, actually, 
you’re exactly 

right!

In theory, the 
universe was 

extremely tiny in 
the beginning.

So what was that, 
just beginner’s 

luck? Or perhaps, 
a flash of 

insight?

After all, 
genius is a 

mysterious...

Um, we’ve 
moved on 

to the next 
explanation 

now...

I see...

What’s this 
cone?

What’s going 
on here?

Why is it flat 
on top?
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The vertical 
axis represents the 

progression of time, 
from bottom to top, 

from the birth of 
the universe to the 

present.

The horizontal 
axis indicates the 
increasing size of 

the universe as 
it expands.

The first kanji in the 
Japanese word for 

universe means space 
and the second kanji 

means time...

I read that once 
in a story...

Um...
Yamane...?

Are you 
feeling 
better?

It's still 
no use...

She’s only 
interested if she 
can relate our 
discussion to 
something she 
already knows 

about.

This is an illustration 
of the history of 

the universe.

Space

T
im

e
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The universe, at its begi�ing

Well...let's 
leave her 

alone.

He said the whole 
universe started 

as a tiny dot!

It seems 
totally 

preposterous—
like the 

geocentric 
model! 

Doesn’t it?

Yes it does.

The theory that a 
tiny dot suddenly 

expanded to become 
the universe is 
an unexpected 
explanation.

Hubble was skeptical of 
the theory—even though 

he devised it himself.

I can see why! Saying 
that the birth of the 
universe was like a 
bomb exploding is 

a little far-fetched, 
isn't it?

What’s 
wrong?

Did I say 
something 

weird?

So if the universe 
has been expanding, 
as in this figure...

...it must have been 
extremely small at 
the beginning, like 

Kanna said.

It must have 
started like a 

tiny dot!

We 
can't 
trust 
you!
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No, not at all! 
You’re exactly 

right!

Again…

The universe expanded 
like an explosion as 
soon as it was born!

That's the 
big bang 
theory!

Oh...I've heard 
of that!

This theory is 
supported by 

most scientists 
today.

Kanna...that's 
amazing!

You know, when 
you compliment 

her, she just gets 
even more full of 

herself.

Why don't 
you just get 

over it?!

Flash!

Hug
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Whether you 
like it or not, 

it's true.

Kanna's instincts 
are important—she 
usually knows the 

right answer!

Hey...

I don’t like 
getting 

compliments 
from you!

wham!

Sibling 
relationships 
in Japanese 

culture sure 
are complicated, 

aren’t they?

Why did 
she hit 

me?
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Everything Started with the Big Bang

So approximately when did the Big Bang occur?

Calculating backward using the velocity at which the universe is expand-
ing, it seems to have been about 13.7 billion years ago—plus or minus 
about 1 billion years.

Wait a minute! What about the location? 
Professor, where did the Big Bang occur?

What are you talking about? Since the “location” called space came into 
being after the Big Bang, there couldn’t be any concept of “where” before 
it occurred.

There was no 
location?

This is hard to understand, isn’t it? An explosive phenomenon did not 
occur somewhere in space...space was created by the Big Bang. Not 
only that, but all substances as well as time originated from the Big 
Bang. Therefore, if it’s a question of where, then everywhere in our 
entire universe is the spot where the Big Bang occurred.

I think I get it. Remember the experiment when we inflated the balloon? 
After the balloon is inflated, there is no way to answer a question like 
“What part of the inflated balloon corresponds to the balloon before we 
inflated it?” It’s the same thing with the universe.
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Hubble’s Theory of the Expansion of the Universe Was 
Imperfect

Although Hubble discovered that the universe is expanding, it seems highly likely that he 
would have encountered fierce opposition from people around him, especially from his fel-
low researchers in the astronomical community. In fact, many accounts say that Hubble very 
prudently kept his ideas to himself.

The value that determines the expansion velocity of the universe is called Hubble’s 
constant, and it is represented by H0. Hubble obtained a value of 500 km/sec/Mpc for this 
velocity; this is approximately seven times the currently accepted value (74 km/sec/Mpc). 
But if Hubble’s value is used to calculate how long ago the birth of the universe (that is, the 
Big Bang) occurred, it would indicate that the universe began 2 billion years ago, at most. 
Since scientists have found the age of Earth to be approximately 4.6 billion years (based on 
observations of rocks and fossils), then if we use Hubble’s initial value, the universe would 
be younger than Earth, which it clearly cannot be.

Even Hubble himself did not obtain the correct value for Hubble’s constant. It would 
take a very long time for the theory of the expansion of the universe to be widely accepted.

Hubble’s experiments indicated that the entire universe was only 2 billion years old...  

but that didn’t make sense, as scientists had estimated that Earth itself was 4.6 billion years old!

‹ 
?



Hubble’s Theory of the Expansion of the Universe Was Imperfect  163

Now—13.7 bi�ion years 
after the big bang

A�roximately 9 bi�ion
years after the Big Bang
Formation of the solar system and 
Earth

Uncertain period

Formation of galaxies, clusters 
of galaxies, superclusters of 
galaxies, and the Great Wall A�roximately 1 bi�ion years

after the Big Bang

Formation of the Milky Way galaxy

A�roximately 200 mi�ion years
after the Big Bang
Stars and galaxies appear, and light begins to 
shine in space.

A�roximately 380,000 years
after the Big Bang

Electrons that had been flying about join 
with nuclei to form atoms. As a result, space, 
which had previously been opaque like a 
cloud, clears up, and visibility gets better.

A�roximately 3 minutes after the Big Bang

Elementary particles (the basis of all matter) come into existence, 
and the universe continues to grow so that protons and neutrons 
form nuclei.

From 10-11 to 10-6 seconds after the Big Bang
The universe continues to expand and cool, and quarks (which 
make up protons and neutrons) are formed.

From 10-35 to 10-32 seconds 
after the Big Bang
The universe cools and expands dramatically,
and the energy created through inflation causes
the creation of particles of matter and antimatter.

From the Big Bang until 10-43 seconds after it

This is called the Planck epoch, a state in which time cannot be defined. 
Some scholars believe that everything, including gravity and time, was 
in a state of flux.

The Big Bang

Chronology of the Universe

Space is born

Look at the following chronology, which shows how 
the universe evolved from the Big Bang to its current 
configuration.
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So there was a history of the universe even before the 
Big Bang?

This part is still not perfectly understood. A particularly mysterious interval 
is the time from when the universe was born until it was 10−43 of a second 
old, which is called the Planck epoch. Since nothing at all existed to measure 
time or gravity, no physics has been created yet for describing what occurred 
and how the universe evolved during this period. Therefore, nothing can be 
said other than that the universe was born and took a certain form by the 
time 10−43 seconds had elapsed.

So there is even something that the Professor doesn’t 
understand very well!

You seem so happy to 
hear that!

There are a great many things I don’t understand. In terms of the balloon 
we talked about earlier, the birth of the universe corresponds to the time 
when the rubber that the balloon is made from was formed. However, 
there are various hypotheses about why that rubber suddenly expanded.

That period of expansion is called inflation, right?
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Yes, you’re right! Many astrophysicists seem to think that inflation occurred 
because of the energy created after the Big Bang.

Although I support parts of the cosmic inflation theory, I have objections 
to a theory that holds that the universe was simply born from a state of 
“emptiness” in which nothing at all existed—and that not only space, but 
also time was born there.

Since the Planck epoch occurred immediately after the universe was born, we 
probably have to say that time was also born there. But I think it’s meaningless 
to say that there was a time when there was no time. However, the universe 
was born into a state before which nothing existed. If we label this kind of activ-
ity “change” and refer to it as “time,” then it seems reasonable to say that the 
time that was born with the birth of the universe is only the time that is specific 
to our universe. I think we can believe this.

That makes sense to me. Boy, I didn’t realize studying the universe would 
bring up these kinds of philosophical problems!

Do you also believe this, 
Professor?

So time was born, too?
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Three Pieces of Evidence for the Big Bang Theory 

At first, most scientists considered the Big Bang theory to be outlandish. But over time, 
observations were made that supported the theory, and more scientists began to endorse it.  

Evidence of the Big Bang, Exhibit A: Cosmic Microwave Background Radiation
In 1964, the US company Bell Laboratories made an accidental discovery while moni-
toring radio waves reflected from radio balloons. It determined that the background 
interference or “noise” in the data was being caused by a microwave signal of a specific 
wavelength that was coming from all directions in space. This signal is now known as 
cosmic microwave background radiation (CMBR). Scholars who advocated the Big Bang 
theory hypothesized that this radiation was caused by the temperature of space (approxi-
mately 3,000 Kelvin (K), a temperature equivalent to almost 5,000ºF) in the era when 
electrons and protons, which had been flying around freely until then, began to com-
bine (approximately 380,000 years after the Big Bang). According to the hypothesis, 
atoms were created, space became transparent to radiation, and the electromagnetic 
waves that were emitted have now reached their current places in space due to the 
subsequent expansion of the universe. They exist with a frequency distribution that 
indicates a constant absolute temperature of 3 K. Observations of a temperature of 
2.725 K support this hypothesis magnificently.

The CMBR, examined carefully by the Cosmic Background Explorer (COBE) 
satellite launched by NASA in 1989, has helped to advance astronomers’ knowledge of 
the early universe. The accidental discoverers of CMBR were awarded the Nobel Prize 
in Physics in 1978.

Evidence of the Big Bang, Exhibit B: WMAP Satellite Measurements
The Wilkinson Microwave Anisotropy Probe (WMAP), which was launched in 2001 and 
operated until 2010, observed cosmic microwave background radiation temperatures 
across the entire sky. When its data were analyzed, it became apparent that more than 
72 percent of the gravitational sources or structures in the universe consist of dark 
energy (energy held by the vacuum between the visible heavenly bodies), and matter 
makes up no more than the remaining approximately 28 percent. Incidentally, most 
of the matter is dark matter, while baryonic matter that we are familiar with (that 
is, “normal” matter consisting of protons, neutrons, and electrons) accounts for only 
approximately 4.6 percent. This result is consistent with the inflation theory, which 
asserts that there was a sudden expansion immediately after the universe was born.

Evidence of the Big Bang, Exhibit C: Chemical Composition of Stars
Various observations have demonstrated that the chemical composition of stars is 
hydrogen:helium = 3:1. The most logical explanation for why hydrogen and helium are 
present in such large quantities and in a specific ratio ties in nicely with the Big Bang 
theory. Hydrogen and helium are the lightest of all the chemical elements. The rela-
tive abundance in stars of the lightest element followed by the next-lightest element is 
consistent with the hypothesis that the universe began with an explosion. An explosion 
would result in high temperatures, which in turn would cause matter to organize in a 
way that would produce many small particles and fewer large ones. 
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I don't 
understand this 

very well... Hmmmm...

What’s 
wrong?

Well, first there 
was a booming 
explosion and 

the universe was 
born, right?

So after that, didn't 
the matter that was 
blown up fly around 

in tiny pieces?

No, that's not 
what happened.

When the  
Universe suddenly 
expanded due to 

inflation, only light 
was generated, not 

matter.

More accurately, 
what exploded were 

light particles called 
photons. Since these are 
indestructible, they were 
not broken into pieces.

Are photons 
one of the 
elementary 
particles?
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Elementary 
particle? What 

language is she 
speaking? Greek? 

Chinese?

We talked about 
elementary 

particles in the 
chronology 

of the universe 
earlier!

In short, how 
does the big 
bang differ 

from a normal 
explosion...

Gloria!

Uhh...I 
have no 

idea!

SWOOSH

Kanta! Pass!

I don't 
know 
either!

It figures...
get ready, 

Professor!

This is a little difficult to explain. 
Elementary particles are the 
smallest indivisible units that 
constitute matter. Formerly, 
scientists thought that atoms 
were elementary particles, but 
currently, quarks or leptons 

have this distinction.

Photons are classified as one 
of the gauge particles, which 
are particles that propagate 
forces between elementary 

particles. Quarks are thought 
to have been generated from 
photons in the early universe.

Molecule

Atom

Quarks and leptons are 
elementary particles classified 
as fermions, and photons are 

elementary particles classified 
as bosons.

Huh?

Quark Photon

Lepton

Elementary particle
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And then matter 
was formed, 

right?

Um...

Well, there’s 
a little bit 

of a mystery 
concerning the 
birth of matter.

Mystery?!

Moreover, a ghost 
comes onto the 

scene.

A ghost?!

Quit it!
if there is matter,  

there must also be 
something called antimatter. 

If we’re talking about 
elementary particle units, for 
every kind of quark, there is 

an antiquark that has the same 
mass but also has a property 
(such as an electrical charge) 

that is completely  
opposite.
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Is this stuff 
called antimatter 

the ghost?

"Opposite" may 
be better than 
ghost...because 
when a quark 

and an antiquark 
collide, they are 
both completely 

annihilated.

It’s not too hard to 
understand, right? 
When a quark is 

created from a photon, 
an antiquark is also 

created. This is called 
pair production, 

And the destruction 
of a pair is called 

annihilation.

Hmm...but if a quark 
and an antiquark are 
generated as a set, 
shouldn’t they also 

immediately disappear 
as a set?

That, my dear, is 
the mystery!

That's 
right!

Even the 
Professor's 
gotten into 

the act...

Take off that 
stupid outfit!

I'm a 

quark!
I'm an 

antiquark!

BAM!
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When pair production occurred 
in the universe, a bias somehow 

occurred in the laws of 
astrophysics, and slightly 

more quarks than antiquarks 
were produced.

Therefore, even though annihilation 
began immediately, quarks that 
could not find a partner were 
left behind, and the matter that 

constitutes the universe was 
created from those quarks.We’re all 

alone...

Well, since we’re 
just hanging out 

anyway, should we 
create something?

Yeah, 
let’s 
do it!

But why were 
more quarks 

than antiquarks 
created?

I don’t 
know why!

Wait, are you 
saying that 
you also 

don’t get it?

Sorry!

There are all 
sorts of things I 
don’t understand!*

But I do generally 
understand the story 

of the universe—
starting after the 

elementary particles 
were created.

That outfit 
suits him 
so well!

* The research of the three 2008 Nobel Prize winners in Physics, Dr. Yoichiro Nambu, 
Dr. Makoto Kobayashi, and Dr. Toshihide Masukawa, surely can provide a hint to solving 
this puzzle. If you’re interested, you should check it out.
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Approximately three minutes after the Big Bang occurred, space expanded 
exponentially at first but less rapidly later, and the temperature dropped to 
approximately 900 million degrees Kelvin.

That is to say, the matter was not spread uniformly 
throughout space. Some areas of space had more 
matter in them, and some had less.

Why did that happen?

We don't know. But when we look at various phenomena in the natural 
world, things almost never end up in a completely homogeneous state. 
Let's try a thought experiment.

Well, since it was 150 billion degrees before that, it’s 
actually quite a large drop!

“Dropped” to 900 million 
degrees?! That’s still 
incredibly hot!

When the temperature dropped to this range, nuclei of hydrogen and 
helium, which are the simplest chemical elements, were formed. In other 
words, this was the birth of matter. However, the distribution was by no 
means homogeneous.

You mean an experiment we perform in our heads 
using our imaginations?
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That's a different story!

No, no...we should also take that into consideration. I think that when 
matter began to form, when the universe was young, the gravitational 
strength in space was likely not the same everywhere—there were prob-
ably variations. Therefore, more matter might have accumulated in places 
where gravity was greater. If this phenomenon occurred, we cannot expect 
a homogeneous distribution.

Exactly! When matter gathers, more matter will gather there according 
to the law of universal gravitation. Galaxies and clusters of galaxies are 
thought to have formed in this way.

Well, they certainly won’t 
be spread out perfectly 
evenly—there will be some 
places where the balls are 
crowded together and other 
places where there are not 
many balls.

That's right. For example, let's assume that we scatter a lot of balls on the 
floor of a large room. What do you suppose will happen?

And if the floor isn’t perfectly flat, the balls will roll 
around and end up collecting in the low spots.

Right, because places that attract small groups will 
eventually attract even bigger groups!
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Kanna’s intuition is really spot on, isn't it?

Tee hee!

What?

If we assume that more matter will gather where other matter has 
gathered before, then why didn’t all the matter eventually gather in the 
same place?

Oh...yeah!

Kanta, what do you think?

When we’re taking about this in depth, I don't understand it either. 
Professor...

It's quite mysterious, isn't it? 
Certainly, if there was a large 
depression in the middle of the 
floor, all of the balls we scattered 
would have gathered there.

But something’s 
strange...
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If that happened, then wouldn't the universe have only one super-large star 
with nothing but empty space around it?

That would sure be a 
terrible universe.

Totally!

That's right. Taking the analogy one step further, we can say that the 
balls did not end up congregating in the same spot because the “floor” 
of our universe was actually dotted with countless shallow indenta-
tions, causing balls to congregate in different places. That would allow 
stars and black holes to coexist at a distance from each other. Then, 
as the universe expanded, more matter would congregate in more 
indentations in the “floor,” thus forming large-scale structures such 
as galaxies, clusters of galaxies, and Great Walls.

There are still lots of mysteries, aren't there?

If all the matter in the universe had 
gathered in one place, the gravity 
of that place would be unbelievably 
strong, and it would have probably 
become an enormous black hole—so 
great that even light couldn’t es-
cape from it. In terms of our earlier 
example, so many balls would con-
gregate in one place that their weight 
would cause the floor to give way, and 
all the balls would fall through!
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So since it's 
expanding, 

we have the 
universe as it 

is today...

There are only 
two weeks 

until the arts 
festival...

And I still 
can’t think of 
any ideas for 

the play.

GLOOMY

Even if....

Those 
guys...

They probably 
forgot that our 
club will be shut 
down if we don't 
put on a play at 

the arts festival.

SQUAWK

It's like 
they don’t 
even care...

Professor!

Since the 
universe is 
expanding...

SQUAWK
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...if we traveled all the 
way across the universe, 
we would eventually get 

to the edge, right?

What’s it like at 
the edge of the 

universe?
Um...

Like this?

Well, the actual 
state of the universe 
is rather different 
from our common 

conception of space.

Therefore, I don’t think 
there would really be 
an “edge” like you are 
thinking of—even if you 
traveled to the end of 

the universe.

Huh.

I pictured it 
like this...

* End of universe
Danger: Cliff

Uh...

*
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Well...if the 
universe 

is steadily 
expanding...

...what’s over 
there?

That’s the end 
of the universe, 

actually...

Wait a minute, 
what?!?!

...

Creeeak

Yamane? You guys...



I've written the 
best play ever!

We can ask the 
Professor for 
more details 

later.

Yes, yes, 
of course!

We have to start 
practicing our lines.

Let's get ready for 
the arts festival!

Now?!

Right?!
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Do Aliens Exist?

In Chapter 4, we will discuss more about what it’s like at the edge of the universe. But first, 
let’s consider one common question about the universe: Do aliens exist?

We’ll tell you the conclusion first. Most 
scientists who study the universe believe 
that other sentient beings like humans exist 
somewhere. This conclusion is based on the 
Cosmological Principle.

The Cosmological Principle is the hypoth-
esis that the universe is homogeneous (the 
same kind) and isotropic (the same from any 
direction) on large scales. What that means is if 
you take a big chunk of universe, and compare 
it to another equally big chunk of universe, they 
wouldn’t differ that much. This does not refer 
specifically to appearance—although they’ll each 
have some areas that have a lot of clusters of 
galaxies, some areas with just a few galaxies, 
and some areas with no galaxies. It means that 
the same physical laws apply everywhere and 
don’t behave differently in different places. 
F = ma always and forever. 

Since we humans, at first, were under the impression that Earth was a unique place in 
the universe, we believed in the geocentric theory. However, as the results of observations 
of the universe began to be explained more logically, a Sun-centered theory and then the 
heliocentric model were developed.

Following this pattern, the theory that life was created only on planet Earth began to 
be questioned. According to the Cosmological Principle, our Earth is by no means a special 
location. Therefore, there must be other planets in the universe that have environments 
similar to Earth’s, and life must have originated there and must be evolving. So according 
to this argument, aliens must exist! 

Calculating the Number of Extraterrestrial 
Civilizations

Although the Cosmological Principle is probably correct as a framework, and space aliens 
may exist somewhere, there is still a question as to how common alien life is.

In 1961, the American astronomer Frank Drake (born in 1930) published an interest-
ing equation known as the Drake equation, which enables us to estimate the approximate 
distribution of extraterrestrial civilizations in our own galaxy and determine whether we can 
communicate with them. 
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Here is the equation:

To use this equation, we must decide the values of its various parameters (variables). 
However, this is very difficult to do, since many of these factors are not known. Therefore, 
if we enter the numbers that Drake used in 1961, N is considerably greater than 1. In other 
words, he concluded that there were many highly advanced (at least having communication 
technology) extraterrestrial civilizations in the galaxy.

Although this equation may seem like a parlor trick, many scholars, including Carl 
Sagan (1934–1996), have generally approved of Drake’s idea and assume there is an 
intriguing probability that extraterrestrials can communicate with us. (However, the various 
values of N obtained by the calculation range from 10 to 1,000,000.) Despite these flaws 
and the variations that can be generated by using differing starting parameters, aliens may 
be closer than we think.

Extraterrestrial Life and a World-Renowned Physicist

Since there are somewhere between 200 billion and 400 billion planetary systems like our 
solar system in the galaxy, it would not seem unusual for there to be planets that have envi-
ronments similar to Earth’s, where life has developed. However, the Italian physicist Enrico 
Fermi (1901–1954) directly challenged this optimistic prediction. Fermi was a Nobel Prize 
winner in physics who worked on developing the first atomic reactor in the world.

One day in 1950, while eating lunch with his fellow scientists, Fermi got into a discus-
sion concerning the existence of aliens. The Drake equation was still 11 years from being 
published, yet astronomers in those days were already confident that the existence of extra-
terrestrial civilizations was highly probable, and scholars in other fields, like Fermi, were also 
interested in this topic. 

Perhaps they had considered the possibility of extraterrestrial life from various param-
eters, as Drake did, but Fermi wanted to look into the idea further—and specifically, to think 
about where aliens might exist.

Although it’s a simple question, it points directly to the heart of the matter.

N = R* × fp × ne × f ℓ × f i × fc × L

N:	 Number of extraterrestrial civilizations in our galaxy with which 
communication might be possible

R*:	 Average rate at which stars are formed in our galaxy per year
fp:	 Fraction of those stars that have planets
ne:	 Average number of planets on which life can potentially exist in 

each star system with planets
f l:	 Fraction of the above star systems where life actually occurs
f i:	 Fraction of the above star systems where the life that occurs has 

evolved to intelligent life
fc:	 Fraction of those intelligent civilizations that develop interstellar 

communication
L:	 Average length of time those civilizations perform interstellar 

communication
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If there are many extraterrestrial civilizations in the 
galaxy, even if it is difficult to encounter their spaceships, we 
should at least detect radio waves used in their communica-
tions. However, these traces have never been found.

Fermi was a “thought and action” person who not only 
had many historical achievements in theoretical physics, but 
also made many contributions in experimental physics. No 
matter how likely it seems that aliens might exist, there is no 
evidence of contact. This is the Fermi paradox.

Although many people have since tried to show the exis-
tence of extraterrestrial civilizations using methods such as 
the Drake equation, all have run up against the question of 
why there is no evidence of their existence. The Fermi para-
dox demands careful consideration.

Has Life Been Created Often? 

Living creatures exist everywhere on Earth—but we have 
come to know this only quite recently. In 1977, scientists who 
had been investigating deep-sea hydrothermal vents in the 
Pacific Ocean discovered strange creatures. One of these was 
the tube worm.

A hydrothermal vent is an opening on the ocean floor 
from which geothermally heated water gushes. Since the sur-
rounding area is often teeming with poisonous substances 
such as hydrogen sulfide, it had previously been believed that 
there were no living creatures there. However, tube worms 
have a symbiotic relationship with chemosynthetic bacteria 
living inside them—the bacteria use hydrogen sulfide as an 
energy source, and they produce organic matter that the 
tube worms use as nutrition. Thus, the tube worms have 
propagated even in the ocean depths. Besides tube worms, 
many living creatures such as fish or crabs that live near 
hydrothermal vents comprise independent ecosystems. Such 
ecosystems were a major discovery.

The study of these kinds of extreme creatures continues 
even today, and many scholars claim that some kind of living 
creature exists almost everywhere on Earth, from the tops of 
the highest mountains to the depths of the oceans and even 
underground. It is even said that microbes that ate lava existed 
3.5 billion years ago.

The fact that living creatures can survive in such an 
extreme environment is surely good news for people who 
believe in the existence of extraterrestrial life. For example, 
the surface of Europa (one of Jupiter’s moons) is covered with 
ice, but since volcanic activity has been verified there, there 
is a good possibility that there are oceans with hydrothermal 
vents under the ice. If this is true, then there may be living 
creatures such as tube worms there. Tube worms

The Arecibo Message was an 

attempt to broadcast news of 

our civilization to aliens. Sent in 

1973 to the Messier 13 cluster, 

and written by Dr. Drake himself, 

the message includes information 

about elements and DNA, as well 

as figures of a human, our solar 

system, and the Arecibo radio 

telescope. 
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Now, this hypothesis naturally has a rebuttal.
If living creatures can continue to propagate even in harsh environments, why didn’t the 

moon rocks brought back by the Apollo spacecraft show any traces of living creatures? Why 
were no living creatures detected on Mars, which is certainly believed to contain water?

Even microbes have not been found, which means that primordial life (the basis of evo-
lution) might not exist on either the Moon or Mars, and might never have existed there. This 
suggests that the probability of the existence of life on any given moon or planet might be 
smaller than we would think. In other words, even if a planet currently has an environment 
that could support living creatures, life might not necessarily exist there.

By the way, some scholars advocate the theory that life on Earth originated from 
organisms that were transported across the universe by meteorites. Thus, to some extent, 
the search for alien life is also research into the origin of life on Earth—not just astronomy.

Which Is the Closest Star System That Could Support  
Extraterrestrial Life?

Although some of the previous discussion may have been somewhat pessimistic, we will 
now try to find a heavenly body where extraterrestrial life may exist, taking into consider-
ation the environmental aspects. 

Inside the solar system, Ganymede (a satellite of Jupiter, just like Europa) and Titan (a 
satellite of Saturn) are promising candidates. This is because there is a high likelihood that 
ice or water exists on both of them. In that light, the possibility of life on Mars where an ice 
lake is reported to have been detected cannot yet be discarded.
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Outside of the solar system, there are two planetary systems that have stars similar to 
our Sun. Tau Ceti, which is approximately 12 light-years away, and Epsilon Eridani, which is 
approximately 10.5 light-years away, might have planets with environments similar to Earth’s. 
Radio telescopes are being used to observe these stars on a continual basis, and the Search 
for Extra-Terrestrial Intelligence (SETI) Institute, founded by Frank Drake, the creator of the 
Drake equation, has projects established in Japan, the United States, and Europe. The day 
when space aliens are detected may not be so far away. 

NASA’s Kepler spacecraft was launched in 2009 with the goal of finding Earth-sized 
(and larger) planets in or near what astronomers call the habitable zone. Planets that orbit 
their star in the habitable zone are the proper distance away from their star to sustain life on 
their surface—that is, these planets are not too hot or too cold. Kepler continually observes 
145,000 stars in a specific field of view for periodic changes in a star’s brightness. This dim-
ming indicates that one or more planets have moved in front of the star temporarily.

The Kepler mission announced in February 2011 that its initial data had found 1,235 
planet candidates, 68 of them Earth sized. Of the total number of new candidates, 54 of 
them were orbiting in the habitable zone, and 5 of those were less than twice the size 
of Earth. From these results, mission scientists estimate that there are at least 50 billion 
planets in the Milky Way and at least 500 million of those planets orbit their stars in the 
habitable zone. Learn more at http://kepler.nasa.gov/.

Can We Contact an Extraterrestrial Civilization?

Let’s consider whether we have a method of contacting an extraterrestrial civilization if we 
were to detect one.

If we were able to verify the existence of aliens who had some kind of advanced 
civilization, detection would most likely occur via radio waves. Since radio waves for broad-
casts or communications clearly differ from naturally emitted electromagnetic waves, if we 
happened to find such radio waves, we could try to contact the civilization producing those 
radio waves by sending a message in its direction. However, the problem is that since even 
stars in the Cetus or Eridanus constellations are more than 10 light-years away from Earth, 
it would take more than 20 years to just exchange simple greetings like “Best wishes!” and 
“Nice to meet you!”

More than 10 light-years
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Earth
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This simple exchange would take more than 20 years.
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Since Alpha Centauri, which is the closest star to our solar system, is 4.22 light-years 
away, an exchange of messages would require a great deal of patience. This seems a little 
like a relationship between friends who only exchange Christmas cards—we’d only be able 
to correspond once every 10 years. 

Mere communication is somewhat limited—isn’t there some method of actually visiting 
in a spaceship?

Because a spaceship that could achieve a speed close to the speed of light theoretically 
could be developed if enough time and effort were committed, some people might volunteer 
to travel to a star approximately 10 light-years away (the round trip would take approxi-
mately 20 years). However, the struggle with gravity would be a problem.

Earthlings can only live in an environment with the 1G gravitational acceleration of 
Earth. As a result, even when traveling into space only for the elapsed time of the space 
shuttle flights, astronauts train every day so that their muscles do not weaken (even so, 
gravity seems intense to them when they return to Earth).

The spaceship that appeared in the movie 2001: A Space Odyssey generated artificial 
gravity by using centrifugal force (this is the force that seems to work on a body that is rotat-
ing about a central point) as it revolved. This would probably be the best method to use, but 
launching such a large spaceship from Earth would be a problem. A sequential procedure 
would probably be needed, in which a base would first be created in space or on the surface 
of the Moon, the large spaceship would be assembled there, and then it would finally set off 
for someplace beyond our solar system.

Tardigrades (Water Bears) Are the Toughest Astronauts

It seems that it will take a little more time for humans to pur-
sue direct contact with extraterrestrial civilizations or to venture 
out into the universe. However, the most promising “astronaut” 
candidate to go in our place is the creature called the tardigrade 
(commonly known as the water bear). 

A tardigrade is a tiny animal with a length of up to 1.5 mm. 
Although it somewhat resembles a bug, it is not really an insect 
at all. It ambles along on four pairs of stocky legs.

The tardigrade is noteworthy because it is a polyextremo-
phile that can survive almost anything. These amazing creatures 
can live in various extreme situations that would kill anything else. 
A tardigrade can stay alive for close to 100 years even when it’s 
extremely dehydrated (anhydrobiosis is the name of this state). In 
addition, water bears can withstand temperatures from −273°C 
to 150°C, pressures from the vacuum of space up to 75,000 times 
atmospheric pressure, and doses of radiation from X-rays of more 
than 1,000 times the lethal dose for humans.

The tardigrade resuscitates its tough body and lives in a variety of environments on 
Earth from the tropics to the North Pole, on the highest mountains and in the ocean depths, 
and even in the boiling water of hot springs. There are large numbers of these common-
place yet amazing creatures. In September 2008, a Swedish and German research team did 
an experiment in which tardigrades were exposed for 10 days in space. The results showed 
that some were able to endure a vacuum, extremely low temperatures, and ultraviolet rays 
from the Sun.

Tardigrade
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Making a voyage into space means engaging in a challenging struggle with a harsh 
environment. Although creating a spaceship on which humans can safely travel is enor-
mously difficult, if the travelers were tardigrades, the planning would be much simpler 
because they would be able to travel while in an anhydrobiotic state and then be resusci-
tated many years later at a distant star. If this were done, then in due course, animals that 
evolved from tardigrades might be active throughout the universe just as they live every-
where here on Earth.

A Third Method of Measuring the Size of the Universe: 
If You Know the Properties of a Star, Can You Figure 
Out How Far away It Is? 

We have already mentioned that the distance to a heavenly body can be calculated via 
triangulation, using annual parallax and the distance between Earth and the Sun. But, 
if you recall, the parallax angles are so small that we can only measure those angles for 
stars 1,000 light-years away. Since the diameter of the Milky Way galaxy is approximately 
100,000 light-years, this distance is less than 2 percent of the distance across our galaxy. 
There are over 100 billion galaxies in the universe! What should we do to learn about the uni-
verse beyond this distance?

One simple method is to compare the physical properties of other stars with those of 
our Sun.

Although stars like the Sun shine by releasing energy due to a nuclear fusion reaction, 
the type of reaction that occurs is determined by the star’s mass (that is, gravity). Therefore, 
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if the color emitted by stars is the same, the basic brightness (absolute magnitude) of those 
stars is also generally the same.

The color of a star is directly related to its surface temperature. This is intuitive if 
you consider a flame: a hotter flame burns blue, while a cooler flame burns orange or red. 
So a hot star burns blue, while a cooler star burns redder. The luminosity of a star, or the 
amount of light a star emits per second, depends on the size of the star but also on the tem-
perature of the star. Therefore, if two stars of the same size appear to be the same color, 
then the luminosity of those stars is also generally the same.

The luminosity of a star is an absolute physical value, independent of its distance from 
an observer. However, if we were to move away from a star, it would appear to dim—and 
the further we moved away from it, the more its brightness would decrease. In fact, if we 
doubled our distance from the star, we’d receive only one-fourth of the original amount of 
light we measured. Because of this relationship, we can determine how far away a star is by 
measuring its apparent brightness and comparing it to the star’s luminosity.

These relationships are shown together in the Hertzsprung-Russell diagram (H-R 
diagram). This diagram, which was independently proposed by the Danish astronomer Ejnar 
Hertzsprung and the American astronomer Henry Norris Russell, is a distribution diagram 
that uses the spectral type (color = surface temperature) of a star for its horizontal axis and 
the star’s absolute magnitude for its vertical axis.

note	 The absolute magnitude of a star is what its apparent magnitude would be if the 
star were placed 10 parsecs away from us.

The energy of the light that arrives in this case is 1.

Earth

Earth

Earth

Since the distance is doubled, the energy of the light 
that arrives in this case is 1/4.

Since the distance is tripled, the energy of the light
that arrives in this case is 1/9.

The light energy measured by the observer is inversely 
proportional to the square of the distance from the observer 
to the light source.
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Light source
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Even if a star does not exceed the 
measurement limit of annual paral-
lax, if it has the same spectrum as the 
Sun, for example, we can determine 
its absolute magnitude and then esti-
mate its distance by using its apparent 
magnitude (its brightness as seen from 
Earth).

To a certain extent, the relation-
ship between absolute magnitude 
and spectrum is not that strict. If any 
interstellar matter or dust blocks the 
light along the way, the brightness of 
a star will not accurately represent its 
absolute magnitude and distance, and 
significant error may occur. So astron-
omers use certain measurements and 
models in their equations to correct 
for this.

Interestingly enough, the spectral 
classifications that Hertzsprung and 
Russell both used for the vertical axis 
were developed in the early 1900s by 
a woman named Annie Jump Cannon. At the time, many female astronomers were work-
ing for their male counterparts collecting observational data and processing these data. The 
“Harvard computers,” as these workers were then called, were often paid very little yet per-
formed much of the work that led to major discoveries by the likes of Shapley and Hubble. 
Cannon was one of these computers. She was the first female astronomer named as an 
officer in the American Astronomical Society, and she catalogued more stellar bodies than 
any other person to date.

Stars with Varying Brightness Are “Lighthouses of 
the Universe”

Isn’t there a more accurate method of measuring distance? The person who found the 
answer to this question and brought about later significant advances in astronomy is the 
American astronomer Harlow Shapley (1885–1972).

What Shapley noticed was the light from variable stars. There are several reasons why 
the light from a star will vary. In some cases, it may be the result of a supernova explosion 
caused by the death of a giant star, and in others, it may be coming from a seemingly vari-
able star that is actually two stars: a bright star and dark star rotating as a pair. However, 
in most cases it is caused by a star whose brightness varies regularly because the surface 
layer is swelling and shrinking periodically. These are called pulsating variable stars.

The pulsations are caused, of course, by the nuclear fusion reaction. For stars called 
Cepheid variable stars, helium nuclei are fused together to form heavier carbon or oxygen 
nuclei, causing the entire star to shrink. Since the outer layer is unstable, the star pulsates. 
Cepheid variable stars with a longer period of light variation also have a greater absolute 
magnitude.
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But it was the astronomer Henrietta Leavitt at the Harvard College Observatory, 
another “computer,” who discovered this period-luminosity relationship. While cataloguing 
the magnitudes of stars, she noticed this pattern in the variable stars: the longer the varia-
tion is, the brighter the star is. She first published her findings in 1908 and confirmed them 
in 1912, long before Cepheid variables were used by Shapley in the Great Debate.

Shapley studied this relationship and concluded that it could be used for distance mea-
surement if one measured the apparent magnitude and light variability period. By observing 
Cepheid variable stars in globular clusters in the Milky Way galaxy, he realized that the solar 
system was not in the center of the galaxy.

After astronomers were able to use Cepheid variable stars to measure distances to 
heavenly bodies, the positions of heavenly bodies at distances of approximately 10 million 
light-years could be accurately determined to a certain extent, and the map of the universe 
was significantly redrawn. Shapley and Leavitt’s work certainly led to discoveries like the fact 
that there are many galaxies outside of the Milky Way and the redshift-based evidence that 
the universe is expanding.

Methods of Measuring Even Greater Distances

By using Cepheid variable stars and subsequent advances in observational techniques, 
astronomers could measure the distance to heavenly bodies to approximately 100 million 
light-years, as long as they resigned themselves to a certain margin of error. However, even 
this distance still covered only approximately 1 percent of the visible universe. Since the area 
of the universe that we can physically observe extends out to a radius of approximately 15 
billion light-years from Earth, enlarging the measurement range to that distance was one of 
the dreams of astronomers.

Some other measurement methods that have already been devised are introduced 
below.

Measurement Based on Supernovas

A Type Ia supernova (an evolved binary star system consisting of a giant or super giant 
and a white dwarf) has the property that its peak absolute magnitude is practically constant. 
Moreover, its brightness is approximately 100,000 times greater than that of a Cepheid vari-
able star! Since it emits as much light as a galaxy, the distance to which it can be measured 
is extremely far. However, a supernova can only be observed at the instant it explodes, 
meaning the moment at which the life of that star ends.

Measurement Based on Redshift

If we consider the fact that more distant heavenly bodies are receding from Earth at a faster 
rate than closer bodies, then redshift due to cosmic expansion increases in proportion to 
distance. Therefore, by observing the shift in the wavelengths of the spectral lines of a gal-
axy, the velocity of that galaxy (and its distance from Earth) can be known.





4
What Is It Like at the 

Edge of the Universe?



Where Is the Universe Going?

Come now. 
Isn’t there 
anyone who 
can answer 

this question?

Only a man who 
knows the secrets 
of the universe can 
marry the princess!

Kouki High School 
Arts Festival

*

* Kaguya-hime, produced and directed by Kanna
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I'm Kaguya-hime. 
How do you do?

Kaguya-hime 
was born in a 

bamboo grove 
and grew up to 
be extremely 

beautiful.

Many clever men 
had been invited 
to demonstrate 
their wisdom, 
but she had a 
question that 
none of them 
could answer!

Will anyone be 
able to answer 
the princess’s 

question?!

Star of 
the play

Wow!

So 
beautiful! It's 

Gloria!



194  Chapter 4

Over there! 
A peasant!

M-me?
Yes or no... 

can you answer 
the question 
posed by the 

princess?

Ishizuka-Sensei has not 
been on the stage in a 

long time.

Well, I can’t 
answer it 

unless you tell 
me what it is.

Kaguya-hime! 
The Question!!!

Very 
well...

If you get in a 
spaceship and ride 
to the edge of the 
universe, what will 

you find?

stage 
fright
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In other words, the 
princess has asked, 
"What is it like at 
the edge of the 

universe?"

The edge 
of the 

universe?!

Well, if you 
could go 

there...

The 
edge...

I know!!!

Oh!

The answer is...

The edge of the universe is a 
bridge. And since it’s the edge 
of the whole universe, it must 

be a bridge to the whole 
Universe too!

Ugh! You fool!  
Who do you think you 
are, Ikkyu-San?! She 

wants a wise man, not 
a court jester!

If I can’t 
cross the 
edge, I’ll 

cross in the 
middle.

Do not 
cross 
this 

bridge

Translator's Note: Ikkyu was a Zen priest 
with a talent for puns. THe Japanese word 

for "bridge" ("hashi") can also mean "edge."
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This is no time 
for jokes!

Get 
off the 
stage!

One by one, each man 
tried, but no one 
could answer the 
question posed by 

Kaguya-hime.

Sensei...thanks! 
That's enough 

for today.
Okay...

Have our two 
important 

guests come?

About that...
the scientific 

conference is still 
dragging on...

Still?!

I got a message 
earlier saying 

that they would 
arrive soon.

We’ll have to  
have Kanna and her 
friends improvise 

until they get here...

Pant
Pant
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This is an 
extremely 
important 
scientific 
problem!

Can't anyone 
answer it?!

This is getting 
scary. we can't 
stall any more.

I wonder if they'll 
really come...

those two guys...

Excuse 
Me...

May I approach? You over there! 
Come closer!
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Kanta, 
come here! Whaaa?

Well then, let 
me ask you a 

question.

Does the 
universe have 

an edge?

YANK!
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What do you 
mean when you 
say “an edge”?

I've heard that the 
universe was born 

with the big bang and 
continues to expand 

even now.

So it must have 
an edge, right?

In other words, 
what is happening at 
the furthest points 
of space, which are 

stretching out?

The expansion of the 
universe is a phenomenon 
like no other. There is no 
“edge” in the sense that 

you are thinking of.

The universe 
is not like a 

pie crust that 
gets bigger 
at the edges 
as you roll 

it out.

But...
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In a certain sense, 
the edge of the 
universe is right 
here. It’s just 

offstage, where 
you can’t see it.

Huh?
It’s 

here?

That's pretty 
hard to fathom.

Yes it is. however, 
verifying this with 
today's scientific 

tools is...

...impossible. I am 
terribly sorry.

Don't worry 
about it!

Giggle



Bring me 
my ship!

Come on!

Th-this is...

This spaceship was 
prepared so that 
Kaguya-hime could 
return to her home 

world!

I'm a lowly 
stagehand...

You're a well-
informed, weird-
looking peasant!

You said...

“The edge of 
the universe is 
right here, just 

offstage.”

Ru
mble

Sparkle

Sparkle

Weird...

Rum
ble



202  Chapter 4

So why don't we 
figure out what’s 
at the edge of the 
universe by riding 
in my spaceship, the 

Kaguya-Go?

While we’re out 
there, can we 
search for my 
home world?

When I landed 
on Earth, I hit 
my head, and 

my memory is a 
little vague...
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The Closest Earthlike Planet
By the way, 

Kaguya-hime..

...why did you 
choose this 
question?

I'm not the 
one who wants 

to know the 
answer...

?

It’s people like 
you who want to 

know, isn't it?

I guess 
it is!

...!

Buckle up!
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The spaceship 
Kaguya-go left 

Earth and shot off 
toward the edge 
of the universe 

without even casting 
a glance toward 

the Moon.

Before long, 
it passed Mars, 

Jupiter, and Saturn, 
and then it left the 

solar system.

We’ve gone 
roughly 

four light-
years!

Peasant...you’re 
the only one who 
looks like you’ve 
gotten older...

It's because 
I was a lot 

older than you 
to begin with!

Excuse me, but 
can’t you go 
any faster?

Are you 
serious?

...

We can’t go faster than the 
speed of light! Haven’t you 

ever heard of Einstein’s 
Theory of Relativity?
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What are those 
three stars?

That's Alpha 
Centauri, isn't 

it? They are the 
closest stars to 
the solar system.

It's a triple-star 
system, and some 

scholars believe that 
it contains planets on 
which living creatures 

may exist.

That may be 
Kaguya-hime’s 
birthplace!

Um...

A place with three 
suns would be awful!

Calm down!

It would be impossible to 
protect yourself from 

ultraviolet rays!!

We have to keep 
searching!

Fooey!

BA-WHOOOOOOM!



Start The Kaguya-go Journey 
Board Game

Goal
Edge of

the universe?

The Milky Way is more clearly visible in the summer 
because the center of the galaxy is in the direction 
of Sagittarius, which is the summer constellation. 
Since Earth is located approximately 28,000 light-
years from the center of the galactic disc (which has a 
diameter of approximately 100,000 light-years), the 
stars in Milky Way appear as a luminous glow in the 
sky when we view them with the naked eye.

The Milky Way

That's why we have the Tanabata 
star festival in the summertime, 
isn't it?

That’s the festival for gazing at the 
center of the galaxy...

Since it was generally believed 
up until the 20th century that the 
galaxy was the entire universe, we 
can even say that Tanabata began 
as a magnificent event for peering 
into the middle of the universe.

Earth

The Solar 
System

The Milky 
Way



Start The Kaguya-go Journey 
Board Game

Goal
Edge of

the universe?

Great Wall and Voids

Although galaxies form clusters and superclusters, when we 
look at all of space as a whole, the galaxies are arranged in a 
netlike pattern. In other words, many bubbles are collected 
together—the surfaces of those bubbles are galaxies, and 
the interiors of the bubbles are voids. Since the galaxies 
seem to create a large wall when observed from Earth, this 
kind of large-scale structure of the universe is called the 
Great Wall.

Nowadays, the mesh formed by the Great 
Wall and voids is said to be the largest 
structure of the universe.

And the same kind of structure continues, 
no matter how far we go, right?

Local Supercluster (Virgo Supercluster)

A supercluster is formed by an aggregation of clusters 
or groups of galaxies and has a diameter of more than 
100 million light-years. This is truly a cluster of super-
large heavenly bodies. The supercluster to which our 
galactic system (that is, the Local Group) belongs is 
called the Local Supercluster. It is also known as the 
Virgo Supercluster.

Since the Local Group that contains 
Earth is located toward the edge of 
the Virgo Supercluster, it is approxi-
mately 60 million light-years to the 
M87 galaxy in the Virgo constellation 
near the center of the Virgo Super
cluster. The diameter of the Virgo 
Supercluster is said to be approxi-
mately 200 million light-years.

Local Group

Galaxies create aggregations called groups or clusters of 
galaxies in space. The group of galaxies to which our galaxy 
(the Milky Way) belongs is called the Local Group. This group 
contains approximately 40 galaxies. The largest of these is 
the Andromeda galaxy; the diameter of its disc is approxi-
mately 130,000 light-years.

According to scientists’ calculations, 
the diameter of the Local Group is 
2.4 to 3.6 Mpc (megaparsecs).

A parsec is the distance to a heavenly body 
for which the annual parallax is 1 second. 
If I remember correctly, 1 pc = 3.26 light-
years...therefore, the diameter is 7.8 to 
11.7 million light-years!

Local Group

Local Supercluster

Great Wall and Voids
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Arrival at the “Edge” of the Universe

What’s 
going on?

It’s just 
what it 

looks like.

Isn’t this 
strange...

If we go to the 
edge of the 

universe...

...we end up 
returning to 

where we 
started from!

The Kaguya-go, which 
had aimed for the 

edge of the universe, 
for some reason 
ended up returning 

to Earth, where it had 
started from.

Let's ask 
this villager 

why this 
happened.
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Professor Sanuki's Soliloquy

Everyone has probably heard how the universe was born with the Big Bang. However, what 
does it mean for the universe to be born?

The universe that we recognize is three-dimensional, and it can be represented by three 
coordinate axes for length, width, and height. Of course, we cannot escape the bounds of it. 
For us, this is everything we know.

However, space with four (or more!) dimensions is called hyperspace, and from the 
perspective of hyperspace, a three-dimensional space is just a single, closed system. (By the 
way, the four-dimensional space I’m talking about here is space represented by four coordi-
nate axes, not three-dimensional space plus time).

Since we cannot make an image of such a four-dimensional space, let’s consider a 
model by looking at two dimensions from a three-dimensional perspective.

I have a balloon here, and its surface is two-dimensional. It is spatially curved and 
forms a three-dimensional sphere.

In the same way, the three-dimensional space in which we live could be four-
dimensionally curved.

Since this hypothetical four-dimensional rocket simply passes beyond the edge of the 
three-dimensional universe, from its viewpoint (that is, if we look at our three-dimensional 
universe from four dimensions), the edge of the universe is everywhere. This is what 
I meant earlier when I said, “The edge of the universe is right here.”

Spacewarp

Return to the original location

Two-dimensional rocket

If the two-dimensional rocket aims for the edge of the balloon, it will return to its original location.
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Incidentally, suppose that we had a spaceship with some sort of “warp drive” that 
allowed us to move by entering four-dimensional space and then re-entering three-dimen-
sional space at a different location. To people observing us, our ship would appear to just 
vanish through a “warp” in space and then appear suddenly elsewhere.

Well, then, what is the shape of three-dimensional space?
Although I will omit the difficult explanation here, according to mathematical calcula-

tions, it is like one of the following three models.

In the first model, where the curvature of space is zero, space continues to extend no 
matter where you go. When illustrated in two dimensions, space is a plane that goes on for-
ever. Although the figure appears to have an edge, since the plane actually continues in all 
directions, you absolutely cannot reach the edge of the universe as long as you move within 
three dimensions. 

In the second model, where the curvature is positive, space is a spherical surface like 
that of a globe when it is represented as a two-dimensional model.

In the third model, where curvature is negative, space is “saddle shaped”—it curves up 
and it curves down.

If we consider the spherical surface with positive curvature as the model of our uni-
verse, a spaceship that travels in three dimensions while aiming for the edge of the universe 
will eventually return to its original location.

If we could build a spaceship that could travel faster than the speed of light, it might 
be able to reach hyperspace at the edge of the universe through a space warp. However, as 
long as we are in three-dimensional space, travel faster than the speed of light cannot occur 
because of the constraint of the theory of relativity. In other words, no matter how far we 
travel, we cannot get to the edge of the universe and, at best, will only return to our original 
point of departure.

2-D Universe Model 1 2-D Universe Model 2 2-D Universe Model 3
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The universe 
is so 

mysterious...

Since I came from 
that universe, I 
will ask humans 
to ponder its 

mysteries so that 
they may learn 
of the universe 
and the universe 

may learn of 
them.

Isn’t that right, 
Mr. Sanuki?

That’s right. As a 
wise man of earth, 
it is my mission to 
seek answers to 
such questions.

Kaguya-hime did 
not return to her 
home planet, but 
she continued to 

live happily on Earth 
while talking about 

the universe with 
this knowledgeable 

villager.

Bravo...
Bravo!!

CLAP
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Your acting 
was great, 

Professor!!!

Have you 
ever acted 
before?

Actually, I was 
in the drama 
club in high 

school.

Wow. I 
never 

expected 
that!

I was in various 
plays, such as Alice in 
Wonderland and Anne 

of Green Gables.

Wow! What part 
did you play, 
Professor?

The leading 
role, of 
course! Oh…

...

Huh?!

I thought you 
would have been 
in the astronomy 

club!

March hare?
Caterpillar?



5
Our Ever-Expanding 

Universe
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We did it!

I’m so glad they 
didn't shut down 
our drama club!

Far from it...
in fact, lots of 
people want to 

join now!

Oh...there 
you are!

What are you 
doing in the 
main temple 
building?

We're 
imitating the 

reclining 
Buddha.

Well, you've 
got a visitor.

Who...?

BONG

BONG

BONG

Errrk
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Huh?!

You want us to 
do the play at 
the university?!

Some of my 
colleagues came 

to see our play, and 
they were extremely 

pleased with it.

So they really  
want to have us 

perform it at the 
University. These days, 
it's even hard to get 

college students 
excited about science!

Did you say the 
Professor wanted 

something?

It's the 
Professor!

The 
Professor...

Hi, everyone! 
Thanks for all 

your hard work!

I brought 
you a cake.

Their 
attitude has 
changed...

Hey!

The Big Show
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What  
do you 

think? Can 
we do it?

Leave it to me!!!

Ugh, I’ve got 
to fix the 

script again!

Huh? That script 
was just fine, 

wasn't it?

It was a  
desperate last 
resort written 

under pressure! I 
only managed to 

scratch it out with 
the Professor’s 

help.

I thought you'd 
want a rewrite...
so I brought 
you some new 

material.

The original 
Tale of the 

Bamboo 
Cutter?

If you read it 
again, you may 
make some new 
discoveries...

It seems that 
Kaguya-hime 

was sent 
down to Earth 
because she 

had committed 
a crime on the 

Moon...

...and her memory was 
erased so she would 
forget about her life 
on the Moon until she 

got older.

In short, it is said 
that at the moment 
she emerged from 
the bamboo stalk, a 
new time and space 
were born for her.

A new time 
and space?

That’s...

* 
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Yes...it’s very 
similar to the 

big bang!

In this tale, the 
Moon and Earth 
are in separate 

universes.

Separate 
universes may 

appear in a story 
or a novel, but...

...are such 
things really 

possible?

Actually, there is a 
hypothesis that there are 
many universes and our 

universe is just one of them.

This is called the 
theory of the 

multiverse.

No scientific 
proof has 
been found 

yet, but...

It's a really 
cool idea!

That would make 
me the princess of 
a whole separate 

universe!

*
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...because in the 
world of legend, 

or of science 
fiction, you can 
travel to any 

universe you can 
imagine!

This time, I don’t 
want to be just 
a stagehand...

Uh, do you 
want to be 

the princess?
No!!!

I think I could 
write something 

really interesting 
based on this!

Professor, 
would you 

teach me more 
details about the 

universe?

Of course! This time 
I’ll include the theory 

of relativity, and... 

That 
would be 
a strange 
universe.

It 
may 
suit 
him...
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The Multiverse Contains Numerous Universes

The theory of the multiverse hypothesizes that there are multiple universes outside of our 
own. Some people hypothesize that hyperspace is a receptacle for the universe (that is, space 
itself), and they believe that many universes are floating within hyperspace. There are many 
different theories about how these so-called parallel universes were formed and how they 
are related to our own universe. As the professor said, though, there is no scientific proof for 
any multiverse theory, so the kinds of relationships that may exist between universes are 
unknown. But many scientists nevertheless entertain the idea that the multiverse may form 
a structure larger than the observable universe. 

The cosmological principle posits that if viewed from a sufficiently large scale, the proper-
ties of the universe are the same for all observers. This means that there is no special place 
in the universe, that the universe will have the same general appearance from any location, 
and that the same laws of physics will apply at any location. If we extend our interpretation 
of this principle, it would seem logical to assume that there could be countless other uni-
verses; the idea that our universe is unique is then illogical. In other words, if there were a 
super-cosmological principle, the idea of the multiverse would not be at all far-fetched. But 
philosophically, isn’t it more than a little strange to believe that other universes must exist? 
Needless to say, this conjecture has its share of critics as well.

The Edge, Birth, and End of the Universe...

The degree that space bends is called curvature. When we say “space,” we mean everything 
we consider to be in our universe: planets, stars, gas, comets, and even energy bends. In the 
last chapter we talked about the potential shapes of our universe—let’s explore that idea a 
bit more, revisiting the idea of positive curvature. 

If the universe has positive curvature, a spaceship that aims for the edge of the universe 
and continues proceeding “forward” will eventually return to its original location. Although 
we can say that this will happen because space is curved, understanding what that really 
means can be tricky. So let’s try to explore this idea.

Why Might Space Be Curved?

Curvature in three-dimensional space can be difficult to comprehend. Let’s begin by con-
sidering two-dimensional space instead. Two-dimensional space is like a world that exists 
entirely on an infinite sheet of paper, as in Figure 5-1. The position of every object in this 
world can be represented by using two coordinate axes.

Since that graph does not give us the feeling of “space,” let’s try to view our two-
dimensional model in three dimensions, as in Figure 5-2.

From this perspective, we can see the two-dimensional plane is a flat world, like a 
board. If we assume that this world has two-dimensional inhabitants, it won’t matter to 
them whether or not their world is bent in three dimensions. If the graph paper is curved, 
folded, or crumpled up into a ball, it will make no difference to them, since the world that 
is indicated by the x- and y-coordinates will remain the same. The inhabitants will not 
notice the bending of that space—or at least they won’t notice without traveling very long 
distances.
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Will You Return to the Same Location in a Plane, 
a Cylinder, and a Sphere?

When the curvature of space is zero (meaning it’s flat, like a sheet of paper), it can be drawn 
with straight lines. But the greater the curvature of space, the more it is bent, meaning it 
must be drawn using more sharply curving lines.

When a perfectly flat world like that represented on the graph paper in Figures 5-1 
and 5-2 is viewed from our perspective in three dimensions, we can see a two-dimensional 
space with zero curvature. But even graph paper is seldom perfectly flat—it would be dif-
ficult to maintain a curvature of exactly zero. 

So let’s assume that the curvature is no longer zero in the x direction. In Figure 5-3, 
the graph paper is bent horizontally. What will happen in this case?

If two-dimensional space extends infinitely but is curved, and if we assume that the 
curvature is constant, then it will curl around and eventually arrive back where it started, 
taking on a cylindrical shape as in Figure 5-3. This cylindrical shape will be created when 
the x-coordinate’s positive and negative directions meet.

The inhabitants of this two-dimensional world will have no idea that it is a cylinder. But 
if they walk in a straight line, looking for the address x = ∞, they will eventually experience 
the oddity of x becoming negative. 

Moreover, a two-dimensional space that bends only in the direction of the x-axis is a 
rather special condition. If the curvature in the direction of the y-axis is also positive, then 
the two-dimensional shape that is derived is a sphere, as in Figure 5-4. Even if the curva-
ture in the direction of the x- or y-axis is not necessarily constant, if two-dimensional space 
continues curving in a fixed direction, it will ultimately intersect in both the x and y direc-
tions to form a closed shape like a sphere.

5

4

3

2

1

x54321

y

Figure 5-1: A simple plane, expanding in all directions—imagine 

that this model does not have an edge

x54321

5

4

3

2

1

y

Figure 5-2: A 2-D plane viewed from a 3-D perspective 



The Edge, Birth, and End of the Universe...  221

We can extend this idea to three-dimensional space and predict similar behavior. If the 
three x-, y-, and z-coordinate axes that we can set are perfectly straight when viewed from 
the fourth dimension, we can keep traveling forever and ever in the universe. But if these 
axes are bent just a little, as in our cylinder or our sphere, we will eventually return to the 
place where we started.

Negative Curvature

But, as we’ve said before, there can be three types of curvature: zero, positive, and nega-
tive. What does it mean for the value representing curvature (that is, the degree to which a 
curved line or curved surface bends) to be negative? First, recall the three diagrams of 2D 
universe models that appeared in the lecture given by Professor Sanuki on page 210. They 
were a spherical surface (positive curvature), a plane (zero curvature), and a shape that 
looked like a saddle (negative curvature).

Just as our flat (zero-curvature) two-dimensional plane wasn’t a rectangle with defined 
edges, we say a universe with negative curvature is “sort of” like a horse’s saddle because it 
doesn’t have a definite edge but instead continues to spread out infinitely both vertically and 
horizontally.

Let’s draw triangles on these three models to show the effects that differently curved 
types of space have on geometry. On the “plane” in model 2, the sum of the triangle’s inte-
rior angles is 180°, as is normal in basic geometry.

But what happens on the sphere in model 1? Here, the sum of the interior angles is 
greater than 180°. And on the saddle-shaped surface in model 3, the sum of the interior 
angles is less than 180°.

Figure 5-3: A cylinder results 

from a positive curvature in the 

x direction. 

Figure 5-4: A sphere results 

from positive curvature in the x 

and y directions. 
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Consider a triangle where the apex is the North Pole of Earth and the base is on the 
equator (like the triangle in model 1 in Figure 5-5). In this case, the angles created by the 
base (equator) and the sides connecting the apex and base (that is, the meridians) are right 
angles (90°). Therefore, just the sum of the two interior angles created by the base is 180°, 
and when the interior angle of the vertex is added, the sum has to exceed 180°. You can 
intuitively see that the opposite is true of a triangle drawn on a plane with negative curva-
ture, as shown in model 3. 

Friedmann’s Dynamic Universe

The three-dimensional universe that we live in could also take any of three types of shapes 
when viewed from the fourth dimension, with positive, zero, or negative curvature. The 
famous Friedmann models of the universe were created from this kind of analysis.

The Russian astrophysicist Alexander Friedmann (1888–1925) hypothesized a dynamic 
universe; that is, a universe that is continuously subjected to forces that cause it to expand 
or contract. He considered what would happen if the curvature of this dynamic space was 
positive, zero, or negative. The results of these three different curvatures are modeled in 
three dimensions in Figure 5-6. Each letter S affixed to the surfaces of the models repre-
sents a galaxy. 

Figure 5-7 shows Friedmann’s predictions about what happens in these three models 
over time. The y-axis represents the average distance between galaxies in the universe, 
while the x-axis represents time elapsed. A scale factor of 1 on the y-axis indicates that the 
distance between galaxies exists as it is now, while 2 indicates that the distance between 
galaxies has doubled. 

Astronomers don’t typically refer to the specific curvature of space but rather to the 
overall geometry of space. A universe with positive curvature, like a sphere, is called a closed 
universe. If you traveled in a straight line in a closed universe, your journey would be a 
closed loop; you’d eventually come back to your original location. As shown in Figure 5-7, 

1. Curvature is positive.

Sum of the interior angles is 
greater than 180˚.

2. Curvature is zero.

Sum of the interior angles is 
equal to 180˚.

3. Curvature is negative.

Sum of the interior angles is 
less than 180˚.

Figure 5-5: Each representation of the universe’s curvature has different implications. 
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a closed universe will eventually collapse in on itself. A universe with a negative curvature 
is called an open universe, and a universe with zero curvature is called a flat universe. 
Figure 5-7 also demonstrates Friedmann’s prediction that while a universe with zero or 
negative curvature would slow down its rate of expansion over time, it would continue to 
expand forever. 

In summary, there are three ways in which space can curve: positively, not at all (zero 
curvature), or negatively. Those three types of curvatures give us three types of universes to 
consider: closed, flat, or open, respectively. For now, that’s all you need to keep in mind.

1. Curvature is positive. 2. Curvature is zero. 3. Curvature is negative.

Galaxy

Expansion

Galaxy

Expansion

Galaxy

Expansion

Figure 5-6: Friedmann’s models of the universe—the S shapes in each model represent galaxies.
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1. Curvature is negative 
(an open universe).

2. Curvature is zero
(a flat universe).

3. Curvature is positive
(a closed universe).

Time

Figure 5-7: Friedmann predicted a change over time for the three models of the universe.
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But Is the Universe Dynamic?

You learned that Hubble deduced that the universe was expanding after discovering the 
redshift of heavenly bodies, confirming Friedmann’s theory of expansion only after his death. 
The person who created the motivation for Friedmann’s theory was Albert Einstein (1879–
1955). But Einstein believed that the universe was static and unchanging, not expanding. As 
a result, he made a huge blunder.

The general theory of relativity published by Einstein in 1915 stated that gravitational 
attraction is a physical phenomenon caused by the distortion of surrounding space produced 
because matter has mass. Therefore, according to Einstein’s theory, gravity is considered to 
be an effect on space itself rather than the mutual attraction of matter postulated by New-
tonian physics.

From a Newtonian perspective, objects with mass mutually attract each other (see 
Figure 5-8). From a perspective informed by Einstein, objects with mass actually cause 
indentations in space (represented by the plane in Figure 5-9).

However, even this way of thinking about gravity could not solve the problem of why 
the universe has its current shape, because if all gravity is caused by matter, then the uni-
verse should be contracting over time (even if it was initially static).

Newton, in contrast, assumed that the universe extends infinitely and is not contract-
ing, since many heavenly bodies are exerting attraction from positions far away from each 
other. Many people doubted whether the universe actually was maintained in such a delicate 
balance. Simple calculations showed that this “balance” was not very stable and that if there 
were a location where matter (in this case, stars) was even a little more concentrated than 
in the surrounding area, matter would aggregate toward that point and increasingly collide.

Therefore, Einstein assumed that there was a mutual attraction between matter and a 
repulsive force causing a mutual repulsion (see Figure 5-10). He also assumed that space is 
static because the attractive force of gravity and the repulsive force balance each other out. 
This was his conclusion around 1915.

But then, cosmologists began to realize that Einstein’s static universe, like the universe 
considered by Newton, would be in an extremely unstable equilibrium. The universe would 
become dynamic if a slight concentration in the density of matter were to occur anywhere, 
and then the universe would very quickly begin to contract or expand. This then led to the 
following cosmology.

Matter Matter

Two objects are pulled together by 
the mutual attraction of gravity.

Figure 5-8: A Newtonian representation of gravity Figure 5-9: Einstein proposed that space itself became 

warped as a result of gravity. 
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More Like Einstein Than Einstein

At first, the equations (called gravitational field equations) that Einstein introduced in the 
general theory of relativity had no factor for a repulsive force. However, when he followed 
his own line of thought, he realized that the gravitational forces would cause the universe 
to collapse. Therefore, in order to maintain the static and unchanging universe he believed 
in, Einstein decided that there was nothing he could do but add a constant. That constant, 
which is now known as the cosmological constant, represented the effect of the repulsive 
force needed to stabilize the universe and prevent it from collapsing or expanding.

Since the repulsive force was simply a hypothetical concept created in Einstein’s head, 
there is no reason it can’t be eliminated. If you believe that the universe is dynamically 
expanding or contracting, the cosmological constant is unnecessary.

Friedmann then derived three solutions shown in his models of the universe (Fig-
ure 5-7). If the total mass of matter in the universe is small, gravity will lose out to the 
force of expansion, and the universe will steadily grow larger. If the total mass of all matter 
in the universe is large, the universe will contract. If, by chance, the mass of matter is at the 
critical borderline between these two cases, then expansion will continue but the rate of 
expansion will eventually decrease. 

Though Einstein initially denied the possibility that the universe was expanding, he 
eventually accepted that he was incorrect and called adding the cosmological constant to his 
equations the greatest blunder of his life. 

Gravity

Repulsive
Force

Repulsive
Force

Repulsive
Force

Gravity

Gravity

Gravity

Gravity

Gravity

Figure 5-10: A conception of the static universe by Einstein, with gravity and a 

mysterious repulsive force in balance
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Dark Matter

Einstein’s theory of general relativity says that mass curves the space around it. Therefore, a 
large mass can cause light traveling by it to alter its course, thus “bending” the light. Astron-
omers proved this in 1919 when, looking at stars near the Sun during a total solar eclipse, 
they observed these stars “out of position” due to their light being bent by the gravity of the 
Sun. Einstein went on to say that it was possible that light could be bent around an astro-
nomical object to the extent that an observer would see multiple images of the same light 
source. These “gravitational lenses” bend light, just as a glass lens would. Therefore, photons 
of light that were originally not heading to Earth get bent toward us, thus giving us multiple 
images of the object that produced the photons. Astronomer Fritz Zwicky theorized that this 
could happen with clusters of galaxies, an idea that was confirmed in 1979, after his death.

Using gravitational lenses, it is possible to calculate the mass of a cluster of galax-
ies and how that mass is distributed around the cluster, because the amount of mass and 
where it is distributed determines how the light is bent and thus what image we perceive. 
After performing this calculation, astronomers were amazed to discover that there was 
much more mass creating the gravitational fields than just the mass from the gases and 
dust that were in the galaxies. Furthermore, the majority of this extra mass wasn’t even 
where the galaxies were; instead it was between the galaxies where no heavenly bodies 
were evident. This mysterious matter, which neither emits nor absorbs light, is invisible to 
us and is therefore called dark matter.

This resolved another problem astronomers had in the late 1960s. They looked at 
how rapidly the stars in spiral galaxies were orbiting around the centers of those galax-
ies. Standard physical models using the mass from the visible matter in a galaxy predicted 
that stars further from the center of the galaxy would orbit around the center of the galaxy 
more slowly than those closer to the center. However, calculations showed that in fact, stars 
move at an almost uniform rate around the galaxy no matter how far from the center of the 
galaxy they are. This implied that there was more of this unseen matter around the outer 
edges of galaxies. 

Some particle physicists believe that dark matter is a type of particle that isn’t made up 
of the same type of subatomic particles that makes up “normal” matter. We call this normal 
matter baryonic matter and it is the matter consisting of the protons and neutrons that 
we, Earth, the Sun, and stars are made of. Calculations have shown that matter of all types 
constitutes 28 percent of the universe, but when astronomers added up the combined mass 
of all the baryonic matter, they discovered that it only makes up 4.6 percent of the universe. 
That means that dark matter makes up the other 23 percent. Dark matter is theorized to 
be a nonbaryonic particle called a WIMP or Weakly Interacting Massive Particle. Attempts 
are being made by scientists to detect WIMPs and understand the true nature of this par-
ticle. Until then, dark matter remains one of the biggest and most important mysteries in 
astronomy.

Einstein’s Blunder Lives On

Einstein was embarrassed that he couldn’t refute the theory of cosmic expansion, but he did 
remove the cosmological constant from his own gravitational field equations. 

Until the 1990s, the standard model of the universe held that the universe was created 
in a Big Bang and then expanded rapidly. It was thought that the universe would continue to 
expand until gravity slowed the expansion and then reversed it, shrinking the universe until 
it collapsed into a supermassive black hole. This idea was called the Big Crunch. However, 
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during the 1980s and 1990s, observations of cosmic background radiation and Type Ia 
supernovas in very distant galaxies (which also means the galaxies were formed relatively 
shortly after the Big Bang) showed cosmologists that not only was the universe expanding, 
but that the expansion was accelerating! This ran counter to the widely accepted belief that 
the expansion was slowing down. Some kind of energy source was required to account for 
this increasingly rapid expansion. As a result, it made sense to reincorporate the cosmologi-
cal constant into the relativistic equations of gravity.

If these observations are correct, then the biggest blunder of Einstein’s life may actually 
have been that he ended up refuting his own cosmological constant. If Einstein had declared 
that the cosmological constant was absolutely necessary, he might be even more renowned 
as a genius.

The Mystery of Dark Energy

So what’s causing the universe to expand faster and faster? It could be that Einstein’s idea 
of the cosmological constant is correct, meaning that some constant repulsive force is accel-
erating the expansion of the universe. One explanation for this is that the very vacuum of 
empty space has some energy that drives the acceleration. Astronomers call this unknown 
energy dark energy. That energy may well be the cosmological constant (denoted with the 
Greek letter lambda, L).

By observing distant supernovas, astronomers have been able to look back in time and 
discover that the universe is acting as predicted in the models in Figure 5-7. In each model, 
the gravity exerted by galaxies slows the universe’s expansion early in its life. This happens 
because the galaxies are close together, so the gravitational pull they exert on each other 
is very strong. This makes it difficult for them to move away from each other, thus slow-
ing the universe’s expansion. The gravitational pull among galaxies is so strong that even 
though dark energy existed in the early universe and was trying to drive the galaxies apart, 
it couldn’t completely overcome the force of their gravity. But eventually, the galaxies moved 
far enough apart that their gravitational pull was weakened to a point at which the effect of 
dark energy began to exceed the gravitational pull. At this point, the dark energy began to 
drive the galaxies even farther apart, thus expanding the universe at an accelerated rate.

What Will Ultimately Become of the Universe?

The universe seems to be changing dynamically, after all. So what will ultimately happen to 
the universe after a great deal of time passes? First, we have to know what kind of universe 
we live in, because the type of universe we live in will tell us its eventual fate.

We will consider the Friedmann-Lemaitre-Robertson-Walker (FLRW) model of the 
universe, in which the theory of the Belgian astrophysicist Georges Lemaitre (1894–1966), 
who was also one of the advocates of the theory of cosmic expansion, is added to Fried-
mann’s three models of the universe that we looked at earlier. However, a little background 
knowledge is required first.

The story is simple—the fate of the universe depends on the curvature of space, and 
that curvature has a one-to-one correspondence with the average density rm of matter that 
currently exists in the universe (the Greek letter rho, r, is used as the symbol for density). 
The average density of matter in the universe that would be needed to halt the expansion of 
the universe at some point in the future is called the critical density, or rc. To determine the 
curvature of space, researchers often use the equation WM = rm / rc, which is the ratio of 
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the average density to the critical density, rather than just rm itself. The symbol used to rep-
resent this mass density ratio is the Greek letter omega, W. Thus, the equation WM = rm / rc 
states that if rm is greater than the critical density rc, WM > 1 and the curvature of space is 
positive; if the density averages are the same, then WM = 1 and the curvature is zero; and 
if r is less than rc , WM < 1, the curvature is negative. If we follow this convention, then the 
curvature of space, represented by the letter k, is positive if WM > 1, zero if WM = 1, and 
negative if WM < 1. 

Using these conventions, we can get one of several outcomes. We can use the informa-
tion we currently have to get an idea of what the universe actually looks like, that is, which 
of the three models that we saw in Figure 5-7 accurately represents our universe.

•	 If WM > 1, then k = +1 (positive curvature), and we have a closed universe that is posi-
tively curved like the surface of a sphere (see model a in Figure 5-11). Because WM > 1, 
the universe has more than the amount of matter needed to stop the expansion of the 
universe; it actually has enough to reverse it! The attractive force of gravity will eventu-
ally collapse the universe into the Big Crunch.

•	 If WM = 1, then k = 0 (zero curvature), and we have a flat universe similar to the so-
called static universe considered by Einstein. This universe begins with the Big Bang 
and expands forever, slowing down until it reaches a fixed size when time reaches 
infinity (see model b in Figure 5-11). 

•	 If WM < 1, then k = –1 (negative curvature), and we have an open universe that is 
negatively curved like a saddle (see model c in Figure 5-11). This universe will expand 
forever with its rate of expansion barely slowing down. Eventually, the universe will 
expand so much that its temperature will drop to the point that it is too cold to sustain 
life, and then it will drop even lower to near absolute zero (0 degrees Kelvin).

•	 If WM = 0, then that means there is no matter in the universe, that it is completely empty 
and void. This model (model d in Figure 5-11) would cause the universe to expand at a 
constant rate because there would be no gravity to slow it down. Of course, this model 
doesn’t fit our universe because we exist in it and it obviously isn’t devoid of all matter. 

However, none of the first four models in Figure 5-11 (models a through d) match our 
observations of our universe. This is because they don’t take into account dark energy, the 
mysterious energy that is accelerating the expansion of our universe.

The FLRW equations can be simplified to:

W = WM + WL 

WM is, again, the ratio of the average density of all matter (which includes the normal 
baryonic matter that makes up stars and galaxies and also nonbaryonic matter like dark 
matter) to the critical density needed to halt the expansion of the Friedmann universe. WL is 
the ratio of the average energy density to the critical density. WL contains the cosmological 
constant L, meaning the dark energy that drives the acceleration of the expansion of the 
universe.

WM and WL added together give W, which is the universe’s density constant. This is the 
true constant that determines the curvature of space. Models a through d in Figure 5-11 
plot the effects of different values of WM, but because these models don’t include the effect 
of dark energy, WL becomes zero and WM is equal to W. But, because dark energy is affect-
ing the expansion of the universe, we must take that into account when plotting the model.

Model e in Figure 5-11 shows the effects of dark energy. We have an open universe 
that was born with the Big Bang, and after decelerating due to gravity as in the Friedmann 
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universes, its expansion began to accelerate due to the effects of the cosmological constant. 
It continues to expand perpetually (see Figure 5-12 for a full timeline).

Astronomers now know that for our universe, W = 1. This means that our universe 
is flat. But how do we know that, and why doesn’t the model for our universe look like 
model b, the flat universe, which shows a slowly decreasing rate of expansion?

WMAP and Our Flat Universe

The majority of the data that we use to verify the curvature of the universe comes from 
images and other information taken from the Wilkinson Microwave Anisotropy Probe, or 
WMAP. WMAP measured differences in the sky’s temperature, as seen in Figure 5-13, via 
cosmic microwave background radiation (CMBR) (refer to Chapter 3). For almost 400,000 
years after the Big Bang, the entire universe was an opaque, hot, and dense fog of photons 
and baryons. Eventually, this fog cooled enough to start forming atoms, thus making the 
fog more transparent (meaning visible light could penetrate it). The CMBR that we observe 
is made of those photons from the early universe, although they have redshifted from vis-
ible wavelengths to microwave wavelengths. Agreeing with the cosmological principle (which 
states that no place in the universe is special and that the universe appears to be the same 
from every direction), the CMBR shows the homogenous nature of the universe in that the 
temperature of the universe is observed to be 2.725 Kelvin from all directions, with only a 
0.003 Kelvin difference between the hottest and coldest parts of the sky. WMAP was able 
to show us those almost indiscernible differences in temperature. By understanding these 
differences, scientists can determine all sorts of information, including how it is that our uni-
verse has very little curvature.
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Open Flat Closed

Figure 5-13: The varying shades in WMAP’s readings represent the varying temperatures across 

the universe—WMAP’s actual measurements are consistent with a flat universe.
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Before WMAP and the precise measurement of cosmic background radiation, astrono-
mers were limited by the horizon problem. Observing a distant heavenly body with a telescope 
will provide us with the latest information about the universe as soon as possible, even if 
that light was emitted, for example, several tens of thousands of years or several hundreds 
of millions of years ago (depending on its distance in light-years from Earth). The speed of 
light creates an effective horizon when observing the universe, just like the horizon we 
encounter when trying to see objects on the surface of Earth. 

The CMBR is uniform across the sky; as far as cosmic background radiation is con-
cerned, one part of the sky looks exactly like another. The only way that two regions of 
space that are now at a great distance from each other could have the same radiological 
conditions is if they were once close enough to each other for a sufficiently long period of 
time to exchange energy (like light, heat, etc.) so that they could equalize. However, accord-
ing to the theory of relativity, energy cannot be conveyed from one location to another faster 
than the speed of light. This is problematic because it is impossible for two different points 
of the sky that are separated by an angle of 1 degree or more to have ever been connected, 
since light from either of those two points could not have reached the other. Thus, there is 
no way that the energy in those two areas of the sky could have equalized. The regions are 
said to be beyond each other’s light horizon. So how could the CMBR in those regions (and 
all other regions of the sky, for that matter) be homogenous?

To correct for this problem, the Big Bang theory was modified. Immediately after the 
Big Bang, the universe was a dense bundle of plasma made of photons and baryons that 
was going through all sorts of random quantum fluctuations. Then the universe expanded 
very quickly in a process called inflation. Initially, the diameter of the universe was 1012 times 
smaller than a proton, but then it suddenly expanded to roughly 1 meter across. This Infla-
tion theory corrects the horizon problem present in the original Big Bang theory by saying 
that before inflation, the universe was small enough that it was all connected and able to 
transfer energy among all its parts to equalize the physical properties of each region. Dur-
ing inflation, the sudden expansion of space essentially froze those properties at all locations 
and smoothed out the largest temperature differences.

The temperature differences we see in the CMBR are due to the random quantum 
fluctuations of density that were happening in the hot dense plasma fog, which was then 
enlarged during inflation to an astronomical size. As the universe cooled, those denser areas 
began to attract matter gravitationally. The addition of that matter increased the density of 
those areas further, which in turn increased their gravitational pull so that they attracted 
more and more matter. Gas gathered and formed stars, stars gathered to make galaxies, 
galaxies gathered to create clusters of galaxies, clusters of galaxies gathered to make super-
clusters, superclusters gathered to form walls and filaments, and so on. Thus, the random 
quantum fluctuations that happened when the universe was miniscule are responsible for 
making the largest structures in the universe.

But how can we use the CMBR to determine the curvature of the universe? Some 
theories hold that areas of major temperature difference would typically measure 1 degree 
across when observed from Earth. These areas were created by sound (pressure) waves 
that moved through the hot gas in the early universe at a known speed (the speed of sound) 
and for a known time (approximately 400,000 years). The distance these waves moved is 
distance = speed × time, so we know how big these areas should be. Because the light from 
these areas is coming from the edge of our horizon limit, we should be able to observe the 
effects of the curvature of space on this light. 
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We have already seen that different curvatures of space cause the geometry of a trian-
gle to change (see Figure 5-5). On a flat surface, parallel lines remain parallel, meaning that 
the edges of a triangle are straight and the angles of the triangle add up to 180 degrees. On 
a closed (spherical) surface, parallel lines converge so that a triangle’s lines bend outward 
and the angles of the triangle add up to something greater than 180 degrees. On an open 
(saddle-shaped) surface, parallel lines bend apart so that a triangle’s lines bend inward and 
the angles of the triangle add up to less than 180 degrees.

The lines of the triangle formed by our observations while looking at an area of tem-
perature fluctuation will conform to the curvature of space and thus determine how the 
area we’re observing appears to us. If the universe is flat (W = 1), the image will appear 
normal, and the area will measure 1 degree across. A closed universe (W > 1) would bend 
the light coming from the area outward, magnifying the image and making the area look 
1.5 degrees wide. An open universe (W < 1) would bend the light inward, demagnifying the 
image and making the area look 0.5 degrees wide. The WMAP calculations showed that our 
universe is indeed flat.

Because we now know that our W = 1, we can determine how much dark energy 
makes up the universe. Early calculations showed that WM = 0.30, meaning that that the 
universe is 30 percent matter. This includes the 5 percent that is normal, baryonic matter 
and the 25 percent made up of dark matter. As for the rest of the makeup of the universe, 
WL gives us how much dark energy makes up the universe. Since W = WM + WL and we 
know that W = 1 and WM = 0.30, simple math allowed astronomers to predict that WL = 
0.70, meaning that 70 percent of the universe is dark energy. This was later proven by 
WMAP when it determined that WL = 0.72.

Since only 5 percent of the total mass-energy density of the universe is the baryonic 
matter with which we are familiar, 95 percent of the universe consists of things we don’t yet 
understand.

Note	 Scientists project that if the rate of expansion continues to accelerate, we will 
eventually enter what’s called a de Sitter universe, one in which everything has been 
stretched out so far that there won’t be matter in the sense that we know it. No more plan-
ets, stars, or even spread-out particles. The only thing left will be the cosmological constant.

The True Age of the Universe

Now we seem to have a better idea of what our universe really looks like and how it seems 
to be changing over time: it is essentially flat and expanding outward. To get a deeper 
understanding of what the universe looks like, though, we should also know how old it is.

We’ve talked a lot about the Big Bang, but when did it happen? The estimated age 
of the universe (that is, the time since the Big Bang) is 13.7 billion years. This number 
has been determined from theoretical calculations and has been verified numerically from 
observations that WMAP provides. Other observations also help to confirm the age of the 
universe. It makes sense that the universe has to be at least as old as the oldest thing in 
it, right? Well, in 2009, the Swift Gamma-Ray Burst Mission observed a gamma-ray burst 
that was 13 billion years old! This gamma-ray burst happened when a star that was roughly 
200 times more massive than our Sun used up all its nuclear fuel and collapsed into a black 
hole. When it collapsed, it created a hypernova, an explosion over 100 times more energetic 
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than a normal supernova. This explosion happened only 600 million years after the Big Bang, 
which told astronomers that the star only lived for about 500 million years. Compare that to 
the 10 billion years that our Sun will live.

By using known facts to make conjectures about things that cannot be known absolutely, 
we can continue to formulate theories and develop them little by little as new observations, 
experimental results, and ideas come to light. This is what science is all about. 

There are still many things that we don’t know about our universe. This is not limited 
to how we describe our universe physically. We can physically describe the universe in the 
same way we could physically describe a person, but humans don’t consist of just their physical 
descriptions. Many small details make each person an individual and different from the next 
person. We cannot absolutely understand what goes on in another person’s mind. Yet we 
happily live our lives, making friends or falling in love with people we can never completely 
understand. Likewise, we will never lose our fascination with the universe—from the familiar 
romance of our own Moon to the infinite possibilities of the multiverse. We will continue to 
observe, explore, and hypothesize as we seek a more perfect understanding.
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atmosphere of, 81
in diagram of solar system, 64
facts about, 85
no life found on, 183
orbit of, 77
surface temperature of, 81

mass density ratio, 228
Masukawa, Toshihide, 171
matter

antimatter, 169–171
average density of, 227–228
baryonic, 166, 226
birth and distribution of, 172–175
dark, 109, 166, 226
elementary particles, 167–168

measuring distances
based on redshift, 189
based on supernovas, 189
by comparing properties of stars 

with Sun, 186–188
using period-luminosity relation-

ship, 188–189
Mercury

in diagram of solar system, 64
facts about, 83
orbit of, 77

Milky Way galaxy
center of, 106–109
collision with Andromeda 

galaxy, 109
composition of, 109
discovery that is not whole 

universe, 144–145
early beliefs about, 116
formation of, 108, 163
number of stars in, 106
shape of, 108, 117–119
size of, 104–105
structure of, 116–119
when most visible, 206
why appears “milky,” 99–101, 

116–117
mirrors, corner cube, 67–68
mirrors in telescopes, 121–122
Mitsubishi Electric Corporation, 122
molecules, 168

Moon (Earth’s)
appearance of rotation around 

Earth, 34–39
distance from Earth

baseball field comparison, 
61–62

as basis for figuring distance to 
Sun, 125

determining using corner cube 
mirrors, 67–69

figuring by triangulation, 
41–45

and Earth’s tides, 94
eclipse of, 46
facts about, 92
formation of, 92–93
harvest moon festival, 11–12
Japanese satellite, 13
mirrors on, 67–68
no life found on, 183
radius of orbit of, 62
size of, 45–49, 62, 94
and story of Kaguya-hime, 10–11
US landing on, 13
waxing and waning of, 40–41

motion, retrograde, 52
Mount Palomar Observatory Hale 

Telescope, 122
Mount Wilson Observatory, 122, 143
Mt. Fuji, 11
multiverse, 217–219
myths about the universe, 18–19
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Nambu, Yoichiro, 171
National Astronomical Observatory 

of Japan Hawaii Observatory 
Subaru Telescope, 122

nebulas, 120, 145
negative curvature of space, 221–222
Neptune, 64, 77, 89
neutrinos, 109
Newton, Isaac, 224
Newtonian mechanics, 58
Newtonian representation of 

gravity, 224
nuclei, 163, 172
Nut (Egyptian Sun god), 18

O
Occam’s razor, 55
Olympus Mons, on Mars, 85
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On the Revolutions of the Celestial 
Spheres (Copernicus), 71

Oort cloud, 127
open universe, 223, 228–230
Opportunity rover, 85
orbits of planets

according to Galileo, 72
according to geocentric model, 70
elliptical, 71–76
and Kepler’s Third Law, 77

Original Theory or New Hypothesis of 
the Universe, An (Wright), 120
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P
pair production, 170
Paleozoic Era, 91
parallel universes. See multiverse
parsec, 126, 207
particles, elementary, 167–168
period-luminosity relationship, 

188–189
photons, 167–168, 170, 229
Planck epoch, 163–165, 230
planetary system, 140
planets. See also geocentric model; 

heliocentric model; names 
of specific planets; orbits of 
planets; solar system

distance between, 64
Greek meaning of word for, 50
motion of, 52, 58, 72

Pluto, 82, 90
positive curvature of space, 219–221
prism, corner cube, 67–68
Proxima Centauri, 109
Ptolemy, Claudius, 39, 51–54, 70
pulsating variable stars, 188
Pythagorean theorem, 66

Q
quarks, 163, 168, 170–171

R
radiation. See cosmic microwave 

background radiation (CMBR)
radiation pressure, 97
radio telescope, 124
radio waves, 124, 184–185
redshift, 146–152, 189

relativity, general theory of, 224–227
repulsive force, 224–225, 227
resolution of telescopes, 121
retrograde motion, 52
Russell, Henry Norris, 187–188

S
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satellite measurements, 166
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in diagram of solar system, 64
facts about, 87
orbit of, 77
Titan, satellite of, 93, 183
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sister hypothesis, 93
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model; heliocentric model; 
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formation of, 163
size of, 127

spaceship travel, 185
specific gravity, 87
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stars. See also Milky Way Galaxy

absolute magnitude of, 187
apparent magnitude of, 187
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color of, 187
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formation of, 163
and gravitational forces, 97
luminosity of, 187
number of in Milky Way, 106
properties of, compared with Sun, 

186–188
variable, 188–189
visibility of, 118

static universe, 224–225

stellar-mass black holes, 109
Subaru Telescope, 122
sublimation, 90
Sun. See also heliocentric model; 

solar system
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Earth, 34–39
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core of, 96
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distance from Earth, 41–45, 

64, 125
facts about, 95
formation of, 96–97
gravitational boundary of, 127
internal structure of, 97
photosphere of, 96
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supermassive black holes, 109
supernovas, 97, 189, 227
Swift Gamma-Ray Burst Mission, 232

T
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10–11
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tardigrades, 185–186
Tau Ceti (planetary system), 184
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early, 120–122
famous, 122–123
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mirrors in, 121–122
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resolution of, 121
support of heliocentric model, 57
visibility of stars using, 118

temperature of universe, 229
Theia (theoretical planet), 93
three-dimensional space, 209–210
tides, 94
time, 165
Titan (satellite of Saturn), 93, 183
Tombaugh, Clyde, 90
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to figure distance to Moon, 68
to figure distance to stars beyond 

solar system, 126
to figure distance to Sun, 125
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age of, 232–233
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closed, 222–223, 228, 230, 232
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whole universe, 144–145
dynamic, 222–227
early beliefs about, 116
“edge” of, 177–178, 199–200, 

209–210
expansion of, 116, 146–165

acceleration of, 227
cone illustration of, 156–158
ongoing, 226–227
redshift as proof of, 146–152
velocity of, 162

flat, 220, 223, 228–232
Friedmann models of, 222–223
Friedmann-Lemaitre-Robertson-

Walker (FLRW) model of, 
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future of, 224–229
large-scale structure of, 140–141
multiple universes, 217–219
open, 223, 228–230
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V
variable stars, 188–189
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in diagram of solar system, 64
facts about, 84
orbit of, 77
phases of, 57
surface temperature of, 81
visibility of in Western sky, 64–65

Very Large Array (VLA) 
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Buzz Aldrin walks 
on the moon. 

Earthrise, as seen by the 
crewmembers of Apollo 8. 
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Gallery of Astronomical Marvels
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A solar prominence flares from our Sun. 
Read more about the Sun on Page 95.

A view of Mercury from the MESSENGER spacecraft. 
Read more about Mercury on Page 83. 
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This view of the surface of Venus was generated via radar 
and colored to highlight surface detail. Venus’s surface 
is not visible to the naked eye, as it is covered in clouds. 

Read more about Venus on page 84.
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A composite view of the surface of 
Mars taken by the Viking spacecraft 

shows a 2,500-mile-long scar 
called Valles Marineris. Read more 

about Mars on page 85.
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A true-color view of Jupiter 
as viewed from the Cassini 

spacecraft. Jupiter's clouds 
are made of ammonia, 

hydrogen sulfide, and water. 
Read more about Jupiter 

on page 86.
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Saturn’s rings are visible in this true-color image 
from Cassini. Read more about Saturn on page 87.

The Voyager 2 
spacecraft showed 
that the surface of 
Uranus is hazy and 

blue. Read more about 
Uranus on Page 88.
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Voyager 2 also captured 
a view of the surface 
of Neptune, including a 

large storm that appears 
as a great dark spot. 

Read more about Neptune 
on Page 89.
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The Apollo 4 unmanned 
mission lifts off. This 
is the first flight for 

the Saturn V rocket that 
would eventually take 
humans to the Moon.

Space Shuttle Columbia 
before its first launch
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A robotic arm aboard 
the International Space 

Station holds onto 
the feet of astronaut 
Stephen K. Robinson.
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The Crab Nebula shows 
astronomers the remnants 

of a supernova. 

This image has been 
colorized—different 

colors represent 
different elements 

expelled by the explosion. 

A laser is pointed toward 
the Milky Way from the 

Very Large Telescope (VLT).

Pointed to a tiny "dark" 
point in the sky, the Hubble 
space telescope was able 

to view the most distant and 
youngest galaxies ever seen.

Ancient astronomers 
recorded the explosion 

of this star nearly 
1,000 years ago.



The Whirlpool Galaxy is 
a classic spiral galaxy. 

One of its arms sweeps in 
front of a second galaxy 

in this image from the 
Hubble Space Telescope.
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This infrared image shows 
a bright blue star hurtling 
through a large cloud of 
interstellar dust and gas.

This image of Andromeda, our 
neighboring galaxy, shows 

infrared (red) and X-rays (blue) 
not visible to the naked eye. We 
once thought Andromeda was a 

nebula (see page 144).
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Astronaut Tracy Caldwell Dyson 
looks out the windows of the 

International Space Station.
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The International Space Station hangs over Earth. A work 
in progress, the ISS has been expanded with additional 

modules and solar panels without leaving orbit.
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