














































































































































































































































































































































156  Chapter 4

Minagi…?
Relativity?

What is this?

Ka-shink!

Whoa! 
There's a 

spotlight!

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

Sis boom 
bah!

I thought that 
you would have 

something to do 
with this!
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What Is General Relativity?  157

Can we get a 
spotlight on the 

man of honor 
please?

Wow...

Miss Uraga, 
Help me!

Everyone is 
cheering and 
you're buying 

yakisoba!

Here 
you go, 
honey. 
On the 
house!

you're too 
generous.

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

Hey! Are you 
planning on 
joining the 

cheerleaders 
now?

Huh?
Is that what 

this is?

No. These are 
just my regular 

clothes.

I don't know 
what this is 

about!

ka-

chunk
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What Is General Relativity?  161

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

y 

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

z 

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

{ 

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

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

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

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

The True Nature of Gravity in General Relativity

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

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

Phenomena Discovered from General Relativity

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

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

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

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

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

Also, when light is coming from a distant galaxy, as shown in Figure 4-5, if a massive 
object (such as a galaxy) lies at an intermediate point, it will bend the light from the distant 
galaxy as though there were a condensing lens at that intermediate point. This bend may 
make the distant galaxy seem distorted. Many instances of this effect have been observed. 
This is another instance of gravitational lensing.
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What Is General Relativity?  163

Earth

Actual direction of star

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

Sun

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

Figure 4-5: Gravitational lensing

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

Earth
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164  Chapter 4

Anomalous Perihelion Precession of Mercury

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

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

Black Holes

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

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

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

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

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

Nearest point to the Sun
(perihelion)

Sun

Mercury
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Global Positioning System and Relativity

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

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

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

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

Earth

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

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

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

And that's 
about it...

are you 
convinced?

The report on 
relativity that I wrote 

as promised...

Of course.

That really 
sounds so 
interesting!

You assigned a topic 
that you don't know 

anything about?!

So? What's 
wrong with that?

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

backtalk?!

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

Grrrr!

Wait!

If you go any 
further...

...it'll be an 
abuse of 

authority...

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

superintendent?! Yes.

This school 
has a 

superintendent?!

I disguised myself 
as a dog to observe 
everyday school life 

in secret.

Even though I 
hadn't achieved 

anything before 
then...

I inherited this 
position from my 

father who passed 
away, but I wanted 

to be free!

Free like  
the wind!

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

I inherited from my 
father.

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

What's this 
letter?

Then I took the form 
of a dog.

For example, 
gravity is...

At certain times, 
I changed into 
other forms.

I freely watched 
over the conditions 

of this school!

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

Which ends 
today!

Uh oh.

yOU'RE OUT, BUDDY.

Headmaster Iyaga 
is hereby relieved 

of his duties!

That... 
that's...!

I will take 
my place 

as rightful 
headmistress!

But...
what will 

happen to me?

can I at 
least be Vice 

Principal?

That's 
perfect...

You'll be 
the janitor.

Are you an 
ogre or...?

clack
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for Vice 
Principal,

Miss Uraga! Will you 
please accept this 

position?

Huh?!

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

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

smile on her face!

I want you to 
stick to that 

student-centered 
attitude!

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

abilities!
This is not a 

student-centered 
attitude! Look 

more closely!

more like 
Superhuman 

abilities! Ouch 
ouch ouch!

And...Minagi! owww...

Yes?

I was very 
impressed by 
your report!

Really?

shock
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It's a wonderful 
report worthy 

of a student body 
president serving 

as a proxy for 
your class.

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

very much!

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

What…
are 
you 

shy?

That's none 
of your 

business...
teacher!

sweep

we should enjoy our last 
day of summer vacation—

Let's go to the beach!

This school is 
so weird...

sweep
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absolute stationary space, 26, 
28–31, 33, 35

acceleration, 14–16, 69–72, 
95–96, 120, 124–132. See 
also equivalence principle

action and reaction, law of, 22, 95
adding velocity, 43, 44–46, 48–49
Alpha Centauri, 80–81
Andromeda galaxy, 81–82
anomalous perihelion, 162, 164
antiparticles, 102–103

B

bending light, 16, 133–142, 
162–163

Big Bang theory, 150–152
black holes, 162, 164

C

centrifugal force, 127–129
centripetal force, 129
conservation of energy, law of, 

97–99
conservation of mass, law of, 

97–98
constructive interference, 41–42
contraction of length, 86–91, 

106–109
calculating, 106–107
and muons, 108–109

coordinate systems, 28–29
and Galilean transformation, 

47–48, 109
space-time, 37
and special relativity theory, 

70–71, 120

cosmic rays, 108–109
curvatures, in space-time, 

140, 162
Cygnus, 164

D

destructive interference, 41–42
diffraction, light, 41–42
dispersion, light, 40–41

E

Earth’s movement, 20–21, 35, 94
Einstein, Albert

on gravity and acceleration, 
120, 131

on Newtonian Mechanics, 
34–36

on speed of light, 34–37
Einstein field equations, 162
electrical energy, 98
electromagnetic radiation, 24–26, 

40, 103
electrons, 43, 102–103
elementary particles, 108–109
E = mc2 (mass-energy equiva-

lence), 99–102, 112–113
energy

conservation of, law of, 97–99
electrical, 98
kinetic, 98, 113, 160
mass-energy equivalence  

(E = mc2), 99–102, 
112–113

pair annihilation, 102–103
equivalence principle, 72, 

120–121, 131
ether, 26–30
ether wind, 31–33

F

F = ma equation, 22, 47, 95, 
109, 111–112

Friedman, Alexander Alexandrov-
ich, 150

G

Galilean principle of relativ-
ity, 17–22, 33, 47–48, 
109–111

Galilean transformation, 47–48, 
109–111

Galilei, Galileo, 17
gamma (g) rays, 40, 102–103
general relativity theory. See rela-

tivity, general theory of
Global Positioning System 

(GPS), 165
gravitational lensing, 162–163
gravitational potential, 158, 

160–162
gravity, 16

acceleration and, 14–16, 
69–72, 95–96, 124–132

elimination of, 131–133
equivalence principle and, 72, 

120–121, 131
light bending, 16, 133–142, 

162–163
moon’s vs. Earth’s, 94
time dilation and, 70–72, 

143–148
warped space-time, 136,  

141–144, 158, 
162, 164

zero-gravity space, 94–95
great circles, 140

Index
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H

Hubble, Edwin, 150–152

I

inertia, law of, 18, 22, 95, 123
inertial forces

centrifugal force, 127–129
centripetal force, 129
examples of, 120–129

inertial reference frames, 15
and Newton’s three laws of 

motion, 18
and the Galilean principle of 

relativity, 19, 22, 47
and space-time, 139
and special relativity theory, 

34, 69–70, 120–122
infrared light, 40
interference, light, 41–42

K

kinetic energy, 98, 113, 160

L

law of action and reaction, New-
ton’s, 22, 95

law of conservation of energy, 
97–99

law of conservation of mass, 
97–98

law of inertia, Newton’s, 18, 22, 
95, 123

laws of motions. See Newton’s 
three laws of motion

length, contraction of, 86–91, 
106–109

calculating, 106–107
muons and, 108–109

lensing, gravitational, 162–163
life spans, muon, 108–109
light

bending of, 16, 133–142, 
162–163

as electromagnetic wave, 
24–26, 40

electrons and, 102
Maxwell’s equations, 40–41

measuring time by, 58, 60–65, 
78–79

properties of
dispersion, 40–41
interference and diffraction, 

41–42
polarization, 42
reflection, 40–41, 58–59
refraction, 40–41
scattering, 42

speed of. See speed of light
types of, 40–42

light clocks, 58, 60–65, 78–80
Lorentz transformation, 48, 

106–107, 111–112

M

mass, 94
conservation of mass, law of, 

97–98
F = ma equation, 22, 47, 95, 

109, 111–112
positron/electron collisions, 

102–103
speed of light and, 92–97, 

109–113
vs. weight, 93–94

mass-energy equivalence  
(E = mc2), 99–102, 
112–113

maximum velocity, 92–93
Maxwell, James Clerk, 24
Maxwell’s equations, 24–26, 40
medium(s), 26–27, 40. See 

also ether
Mercury, anomalous perihelion 

procession of, 162, 164
Michelson, Albert Abraham, 32
Milky Way galaxy, 35, 81–82
Morley, Edward Williams, 32
motion. See also Newtonian 

Mechanics
of Earth, 20–21, 35
laws of,

action and reaction, 22, 95
F = ma equation, 22, 47, 

95, 109, 111–112
inertia, 18, 22, 95, 123

perceived motion, 20–21
uniform linear motion, 18, 69, 

95, 134
muons, 108–109

N

near–light speeds. See also speed 
of light

and length contraction, 86–91
and mass, 92
muons traveling at, 108–109
and time dilation, 54–55, 

57–63, 73–75
and the twin paradox, 65–68

Newtonian Mechanics
basis for, 22
Einstein on, 34–36
Galilean principle of relativity 

and, 47–48
expansion of space, 151
speed of light and, 25, 32, 43, 

112–113
time and space as separate, 37

Newtonian velocity addition, 43, 
44–45, 48–49

Newton’s three laws of motion, 
22, 95

equation of motion (F = ma), 
22, 47, 95, 109, 
111–112

law of action and reaction, 
22, 95

law of inertia, 18, 22, 95, 123
non-inertial reference frames, 15
nonrelatavistic addition of velocity, 

43, 44–45, 48–49

P

pair annihilation, 102–103
parabolas, 134, 137–139
particles, 102–103
perceived motion, 20–21
perihelion, 162, 164
polarization, light, 42
polarizing filters, 42
positrons, 102–103
Pythagorean theorem, 61–63, 

73–75, 78–80
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R

radio waves, 40, 165
reference frames

inertial references frames. See 
inertial reference frames

non-inertial references 
frames, 15

reflection, light, 40–41, 58–59
refraction, light, 40–41
relativistic addition of velocity, 44, 

46, 47
relativity

Galilean principle of, 17–22
general theory of, 14–16

bending light, 16,  
133–142, 162–163

Big Bang theory and, 
150–152

equivalence principle and, 
72, 120–121, 131

time dilation, 70–71, 
158–162

universe, expanding and 
contracting, 150–151

special theory of, 14–15, 34–37
time and space as 

coordinate system, 
37, 91

twin paradox and time 
dilation, 67–73

and the universe, 149–152

S

scattering, light, 42
simultaneity mismatch, 44–46
slowing of time. See time dilation
solar system, 35, 80
space-time, 37, 139–144, 158, 

162, 164
special relativity theory. See rela-

tivity, special theory of

speed of light, 22–24. See also 
near–light speeds

as a constant, 24–26, 30, 33, 
36–37, 43, 57

and Einstein, 34–37
electromagnetic waves and, 

24–26, 40
ether and, 26–30
ether wind and, 31–33
mass-energy equivalence  

(E = mc2), 99–102, 
112–113

maximum velocity, 92–93
Maxwell’s equations and, 

24–26, 40
Newtonian Mechanics and, 25, 

32, 43, 112–113
relativistic addition of velocity, 

44, 46, 47
weight/mass and, 92–97

SPring-8 Lab, 43
stars

Alpha Centauri, 80–81
black holes and, 162, 164

T

time dilation, 53–66
calculating, 80–82
equation for, 88, 90
general relativity theory and, 

70–71, 143–148, 
158–162

measuring with light clocks, 
58, 60–65, 78–80

twin paradox and, 67–73
transformation, Galilean, 47–48, 

109–111
transformation, Lorentz, 48, 

106–107, 111–112
twin paradox, 67–73

U

ultraviolet rays, 40
uniform linear motion, 18, 69, 

95, 134
universe, relativity and, 149–152
Urashima effect. See time dilation

V

velocity,
adding of, 43, 44–46, 48–49
and length, contraction of, 

86–91
mass and, 96–97, 113
maximum, 92–93

visible light, 40

W

wavelengths, 40, 42
weight, 92–94. See also mass
weightlessness, 94–95, 121, 

131–132, 145
white light, 40–41

X

x-rays, 40, 164

Z

zero-gravity space, 94–95
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Ahem!

Today, I will be taking 
over as headmistress... 

Huh...is this thing on?

That dog 
can talk?!
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