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What is “special relativity”?

There is nothing in the world that can claim that
"I am absolutely stationary”.
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"Modern Physics”, M. Oh-e
"Absolute space" in electromagnetism

About the end of the 19th century, physicists were aware
that there was no "absolute space" in mechanics, but in
electromagnetism people thought that there might be
"absolute space". An indicator of the absolute space was
"ether" which was a medium of light. It was discovered by
Maxwell that light is electric and magnetic waves called
electromagnetic waves. In the case of waves, there should
be a medium, and it is natural to think that the speed of
the wave would change if the medium moves.

However, attempts to detect "ether’'s wind" failed, and
electromagnetism also found that there is no "absolute
space" (or even if there is it) it can not be detected.

Make a theory that absolutely has no absolute space.
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From any frame of reference
physical laws are the same??

Example O 1 v O

! "I

As the electrons move downward in | An induced electric field that swirls
the magnetic field, the electrons are | due to the change in magnetic flux
moved by the Lorentz force. density is generated.

What is the theory that absolute space does
not exist mechanically and electromagnetically?
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Framework of Relativity

The theory should be the one that electric and magnetic fields look like
mixed, which makes electric fields seen as magnetic fields while you are
moving, and vice versa. But the final result is more than that.

If we modify the theory so that there is no absolute space from
electromagnetics, mechanics will also be modified as a result. On the
contrary, it turns out that the scale measuring the length of the objects
has to change depending on the states of the observer.

Specifically, "When looking while moving (or when the object moves) the
object shrinks". Furthermore, the theory of relativity will deny not only
"absolute space" but also "absolute time". It turns out that even if the
position is different, tfime is not the same thing. There is also a result
that "time goes late when moving", and that "happening at the same time
for one person is not simultaneous for another person" occurs.
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Covariance of equations

Equations representing physical laws are expressed
in the same form for the observers.
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Inertial frame of reference
Newton's law of inertia:

An object not subjected to external force is stationary
or moves at a constant linear motion.

Where is the inertial system?

[N

The inertial system is the product of thought, not reality.

The reason to come up with an inertial system is that
there are cases where it can be regarded as an inertial

i imited e.
SYSTem nalimite rang Acceleration frame

N z A zl A Zl
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Galilean transform

The coordinate system that is moving at a constant
linear velocity with respect to the inertial system is an

inertial system. 'y

X
X'=x-tV y' =y |-tV
Z
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Covariance to Galilean Transform

o O, by, b d
dt dt  dt dt

d°x" d°x d%y' d°y d’z’ d’z
dt?  dt? " dt?  dt?  dt?  dt?

0 _®o yo @o o o_0 8 _0
ox oxox oxoy oxaor ox oy oy oz o1

0> 0% o° 9> 9% 9§
A= RN N AN R R, =A
ox= oy° oz° ox*° oy“: oz

v Newton's equation of motion

v Newton's gravity equation

Ag(x)=41Gp(x) — A'g(x')=47Gp(x)
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Relativity in electromagnetics

Can you see electrostatic fields and static magnetic fields
shaped like waves when flying at the speed of light?

E
FE.=FE.=0,E,= Eysink(x —ct),B, =B, =0,B, = 9 sin k(x — ct)

i

/
N

N=x—ct,T =1

E
Ex =Ez =0,Fy = EysinkX,By = By =0, By = —sinkX

C

rotE 7 OxBy = kEycoskX 9B _
o1

rotk # _8_B
ot
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How about Maxwell's wave equation?

88t88x88y'88288 0

S

V. —
ot otaot ot ox otoy otor ot tox

e _ o o0

ox X X ox oy’

d'Alembertian (Wave operator):

0%  0° az

8x oz’ ax
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Galilean Transform of Maxwell egs.

A

divB=0 divE=0 : No change in x and x' systems
oo 9B OE, OE. _ 9B. : Maxwell egs.
ot or' Oy " in the x' system
0E, 0B, _ 0B. 0B,  0B. 0B
Ox dy Ot Y Ox %y Dy 0z _
0B. 0B. 0B. 0B, 0B,
_ 5 LC‘"W — Vy—F— e + v, Ox + v, oy
dB. 9B. 0B, 0B. 0B,
Y “or T or Y dy e Ay
iiy - djj :—déjif’ Ej—;(-fxé)y—%(a?xﬁ)x rotE——%B’Hot(fxB)
— In the universe there is a special
divB = 0 rotE = —‘j)—f + rot(7 x B) coordinate system in which the
Maxwell equation holds, and the
I D _ ot(7 x D)+ F + o7 Hertz equation is established in the
Ot coordinate system that is moving

Hertz egs.

with respect to the special
coordinate system??
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Ether: presence of absolute frame of

reference?

Two coordinate systems that can be converted with Galilean
transform to each other. X' = Xx—vt

x': Maxwell's equations hold. X: Hertz's equations

K Maxwell drifting in the wind of ether

1 Is it only in this coordinate
r? system that my equation is
® <% established?
0

x . OB
rotll = —(,—
_ ot

Light source >
X

stationary in x

v
>

wind of “Ether"”

_ 0 - _
rotEl = ——B +rot(v x B)
ot
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The electromagnetism based on Maxwell's
equation has weak point that it can not be
applied by Galilean transform, in other
words, "it can only be applied with special
coordinate system (ether stationary
system) ".

Then, is the Earth moving against ether?
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Michelson-Morley experiment

The simplest way would be to "fire light at point A and receive at
point B. Divide by the time it ook the distance between point A and
point B". In modern times where you can precisely measure time using
atomic clocks, you can do exactly this experiment. However, we can
not do such measurements at the time. Let's detect speed change by
using interference

Y | 1 | | ''''' r - ‘:::|::_" |

Experimental equipment is  North-South light with experimental  East-West light with experimental
stationary against ether. equipment moving relative to ether.  equipment moving relative to ether.

Considering that the Earth will move greatly in the east-west direction
from the north-south direction (assuming the sun is stationary and
thinking that we are watching the movement of the Earth from the sun,
this is plausible) It seems that the difference seems to come out.
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Michelson-Morley experiment

From the viewpoint where ether is stationary,

(ct)* = (vt)” + L lagle = —5——
Vo — v
L + vty = ctq L L 2cL
Taipg = + = 5
L — vty = cty c—v ctv ¢ —v

From the viewpoint where the experimental apparatus is stationary,

_

The speed of light
when there was no ether wind.

uunnn
Wind of ether

I . h‘
The speed of light in
the wind of ether
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Light propagation and Galilean transformation

A

@A L @B
T )
Motion of 1
Light-cone a particle
While running to the left, ...
/
oc ! With the idea of Galilean transformation,

A it seems unlikely to explain the fact that
1 light is the same speed no matter who

The speed of light does not change upon looking
while moving, even though the movement of the
substance is changing.
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So far, we have learned that the Maxwell equation is not invariant with
Galilean transformation.

v Maxwell's equations can be thought of as equations that can be
established only in a specific coordinate system.
v It can be considered that the Galilean transformation is incorrect.

However, the former was denied by experiment,
so we need to think about the latter.

As a result of Michelson Morley and other experiments, there is the fact
that “the light velocity is ¢, regardless of how it is moved.” In other
words, Maxwell's equation should be considered to be established in all
inertial systems. That is, we must make a theory to match it. Therefore,
it is necessary to correct the Galilean transformation. Einstein called it
special relativity that "every law of physics is the same in all inertial
systems". If the Maxwell equation is also included in this physical law, this
should include the principle that the light velocity is invariance. And in
order for this principle to be established, coordinate transform which is
not Galilean transformation must be made.
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Special relativity

Principle of invariant light speed

The speed of light is absolute and does not change.

The value of the light speed is actually derived from the law of
electromagnetism. Therefore, assuming the special relativity
principle, the principle of the light speed invariance is conversely
required. Since the speed of light is a value automatically determined
from the law of electromagnetics, if the speed of light changes
depending on the observers, the law of electromagnetism will also be
changed by the observers. If the law of electromagnetism is
changed depending on the observers, it contradicts the special
relativity principle that "every physical law does not depend on the
observers".
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Lorentz transformation

ct’ = y(ct - px) t' =
X' = y(—,B(ct)+ x) X' =x-Vt
y'=y y'=y
2'=12 7! —
where y = L ”3:!
1 Ve :
o2
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What can be deduced from the invariance of
the speed of light. - Lorentz transform -
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Relative simultaneity

The only way
to understand: (oot 2 [oa)
Time forward and
backward do not — .~ ¢ 1 A
synchronize. Q (U The concept of

equal-time does
depend on observers.

In Galilean transformation,

r—| K- -y (tfime: absolute). But,
/O () Relativity does not allow thi
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Charts of spacetime

ct, ct’
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Another derivation of Lorentz transform
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ct
(x=0)
A
‘
V
cL
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cL !
E i /i
c+V i L i
6 o :
c E © N A E >
L D ! x (T
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A stick AB traveling V together with the x axis.
The length of the stick looks shrunk in the tx.

ct ct’ A Iy
A L=a(V)
Another stick IJ is located in GH in the tx.
(=alV) ZCZL :
c” -V
Stick AB  Stick IJ
S coord. L 22ch2
) g ¢ -V )a
R S’ coord. 20 2/
22Lch > V)= 1-%

¢t -V? C
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. - 2¢°L 2ctalV )
CT/cT =20 o7 =20
2¢2a(V )l
=al(V) cz{?(vz)} —aV):1
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How (x, ct) is expressed by (x', ct')?

Scale on x b/w AB : Scaleonx' b/wOC=a:1

x’=i(x—Vt): = (x—Vt)= L (x—!ctj
A a(V) V2 AN
o et 1_(;—2 1_(;_2

-
-
-
-
-
-
-
-
.
-
-

Scale on ct b/w AD : Scaleonct' b/wOE=za: 1

O
<
>
XV

Lorentz transform ||
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Equality of Lorentz contraction

= y(ct— ) TTTTTTTTTTTTTTTTTR
x'=y(- Blet)+x) L X'=0: -1 e
y'=y A X
2'=1 < - x
ety = ylct, - Bx) cty = ylct, - Bxy)
where y = 1 2 ,3=! 0=y(-Blcty)+x,) 0:7(—,B(ct2)+x2) l
1 V" “1 et = (et - plpet,)) = ( )ct1 = —ct1 oty = =ct,
c? y
i- :__ ) Y, = ?/(tz _tl) L _tl
|
| S "X o=l - pO)=sct, oty = (et~ 50)= ot
o X xq=rEpet)r0) X =p(-Blety)+0)
S
x=0: 15-1; =t -t =y(t,-t)

"The time of the inertial system S’ seen from S slowly advances.”

“The time of the inertial system S seen from S’ slowly advances.”
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Velocity addition

ct’
Ct‘ 1 ' = ut’
o—u ¢
Y(r —vt) = uy(t — 0—2:1,
’ | E IL\ g
v —— X r—ouvt = u —0—21
> X uv “
v+ —r= ut+uvt
C
u—+v
r = ..
| VU, -+ ;
= Uu T 94 URD
Yy c? 14 57
) _ ) 72
Cugv ;_2 1 - E_Q
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Doppler effect

Waves emitted How it looks as you move?

from a stationary object

S
Sound
P . / |

Light blown by the wind.
cf. } 4

\VV = Change when the observers move.

Sound V = —
A = Change when the sauce moves.

/
¢ The interval between waves is shorter.

. C >
Light y = v Due to the Rip Van Winkle effect, the
@ interval between the light source and Sauce moves

the next wave is extended.
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Doppler effect of light

. 1
Frequency of light: Vg Time interval: —
Vo
NC NnC NC
(Ct" X’1 y’1 Z'): _101 010 (Ct7 X’ y’ Z): 7/_’7/18_’0’0
Vo Vo Vo
Observer: (7.7y,2) = (L.0.,0)
n L — ~ 32 L n
n /o _ on
— 4 0 =2yl
f/(] C C .’./D
N~ "-—-.v.-_/
Time it takes for light to reach. a1 ot

Time when the mountain is emitted.
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More generally

Observer: (L cos#, Lsin#,0)

n 1 2 | |
1ot \/(LCO“’Q - "‘5m) + (Lsin®)? ~ y— + =12 — 2L cos 6y 3—
Vg C Vo vy c Vo
1
= "}ﬁ + — (L — COS 9’\5”()
0 C Vo

v(1 — Fcosh)

0

cos6=0
- The light source moves in a transverse direction.

Change of 1 of n:

UV =1

1 — 5 cos 6
Transverse Doppler effect !

Relativistic effect |l
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Consequences from the principle of light
velocity invariance

v A moving clock ticks more slowly than a clock at rest.

v The length of what is moving relative to the observer
shrinks in the direction of movement.

v Doppler effect.

v Velocity addition.

.. etc.
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Minkowski space

In the special theory of relativity the speed of light is an
absolute quantity and time and length (scale of space) is
not an absolute quantity.

How to reflect the principle of light velocity invariance?

How to define "length?

For light, the length of anything is O.

L
t== @) =\/le* — (ct)’]

|7 = VI + 7+ 2= ()]

Euclidean space
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Lorentz transform

Coordinate transform in Minkowski space

ct’ = y(ct - )

X' = y(- Blct)+x)
y'=y

2'=1
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Minkowski's length is invariant
by Lorentz transformation

' — (ct')? = 2% — (ct)?

2 _ 2 v °
(z —vt)* —c (——2:1? + t)
c

¢ ¢ ¢ 3_1 ¢ 3_1
2 — vt + V32— 2 ( n 2 — 2—2:1?t + tg) }
c

2% — (ct')? =2

!

2

ﬁrl.-'
!

C

2

ﬁrl.-'
!

92
¢ i z_* P, F
2 — Quat + V22 — —2:1?2 + Qvaxt — cztg}
c

=~

)2
. | |
B v? {(1 2 Ja? 4 (v? — cz)tg)}
1 — - '
2
2 c? s o
e (¢? —v?)t

— 72 — (C?E)2
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Relativity & geometry

Euclidean space: Space where the length and angle
that we normally use are fixed.

Minkowski's space: length is invariant by Lorentz transform.

Relativity theory is a physical theory that unifies time,
space and matter.

Minkowski space <:\> Relativity

Special relativity theory is a physical interpretation of
the Minkowski space theory as geometry.



