=) v 6 ¢ ¢
UIT1Y 18 mﬂﬂgﬁﬂWﬂﬁﬂ’lWﬂ@ﬁi@uﬂlmu
SCPY152, Hand-anInd-niina, malaly 2564-65

203 J9UADY

30 AW1AN 2565



Juimsmwzesmaale

(YY)

> n

a
e s o o ¢ < o 9]
NHANHIITNNND v TNNULASNY

o

/
x=x"+ut, X' =x—ut
/
t=t, v=v+u VvV =v-u
a=a

14 14 < 3| é’ 4 d‘ a o
> UDLUNLLIN - Lﬂuwugmmmgmm 1 299uIah

'3

> founused - NMUUATEULATENANNEITHINS U

nduimiaw Benlosiioyamsiadeuiissninasinsauiien

ey
2
3)



Juiingmwnolotialas

> AvuaneaneIaNMITNTIMEAaNIE N v < ¢ (Tag
139 aUMA fdumahsanudumitonas wagbiana
ﬁ’ﬁmey,ﬁuvlﬁ) QNBuNIN MmAaan (tachyon) )
> aundguzeslovala
1. ngpavibiiuduiluase
2. {HAUNQNNYNNTOVRABY ARLAIAUNIGIBANNETY ¢ inin
(c =1/\/hoco)
> wanssnunnduiinsmuneclettlan @Gnsannmanaaes
Gl,umw NAA (though experiment))

> M5UAENMITBNITELIA (time dilation)
> MINATWUDITLYLNI (Iength contraction)



<
> NMIYAVYIYUDNTTYSLIMN

PN
sensor  SOUMCe

(a)

O'(rest) At = — = Aty 4)
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O~ (t,x,y,2) 0w (t',x,y, 7) 9)
ct = y(ct’ + Bx) ct’ = y(ct — Bx) (10)
x=7(x"+ Bet’) X' =(x — Bet) (11)

b w1
y=y,z=2z f=_-7= 7 (12)

Msdauggreana:

At = At Ax') ——— 5 ~c Aty
¢ v(e +BAX) Ax'=0,At'=Aty reak

MINATWUOIILYLNN:

Ax' = y(Ax — BcAt A
x ’Y( x BC ) At=0,Ax#Axp,Ax'=Axp Tax



» (10) = Lorentz boost, (11) = Lorentz translation, (10+11) =

Lorentz rotation (complex angle)

P FEinstein addition of velocity
/
cAt = F(cAt' + BAX) = ycAtl <1 + ﬁ?) (13)

Ax = ~(AX + BcAt') = ycAt (? + B) (14)

Vx V>I</C+ﬁ /

D T Tt pvjc a0 wleth (15
V>/< _ VX/C_/B .

S = e e We b (16)
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Space-Time geometry

» Euclidean space E3 = (x, y, z), distance square is defined to
be
d? = x2 4 y? 4 22

x-y plane rotation

s
x=dcos¢p, y =dsing a7)

x' = dcos(¢ — ) = xcos + ysinf (18)
y' = dsin(¢ — 0) = —xsinf + y cos (19)

z=Z7 —d?=4d° (20)



» Euclidean space E3 (cont.)

Matrix form of xy-rotation

x' cosf sinf X
= ) 2n
(y’) (—sm@ cosG)(y)

» Minkowski space M* = (x% x1,x%,x3) = x*, u = 0,1,2,3,

the distance square is defined to be
d2 — (X0)2 o (X1)2 _ (X2)2 . (X3)2
Rotation on 01-plane, with complex angle i@

x"0 _ co.sh ¢ —sinhyp x0 )
X' —sinhyp  coshy x!

X?=xxP=x* = d?=d (23)



» Minkowski space M* (cont.)

# g X0=x1
1 P

%0
» M* as underline space-time geometry for special relativity

M* = (ct,x,y,z), v = coshp, v8 =sinhp — 3 = tanh  (24)

ct’ _ co.sh @ —sinhyp ct 25)
x' —sinhp  coshy bs

y' =y, 2 =2(26)



» M* as underline geometry (cont.)

The distance square is invariant

d/2 — (ct’)2 o (X/)2 _ (y/)2 o (Z/)2
= (ct cosh ¢ — xsinh 90)2 — (x cosh ¢ — ctsinh 90)2 —y? -2

= (ct)?(cosh? ¢ — sinh? ¢) — x?(cosh? ¢ — sinh? ) — y? — 22
= (ct)? = x> —y?> - 22 =d?(27)

xX'=0,y=0,7Z=0—t =7(28)

» The proper time 7 is invariant quantity under Lorentz
transformation
» Rotation on 01-plane = Lorentz boost



» Equip space with metric tensor to learn its geometry
> £3=(x,y,z) = {x'},i =1,2,3, its meric tensor is defined to
be

o = O

0 3
0 | —d*= Z g,-jx"xj
1

ij=1

1
gj = diag.(+1,+1,+1)=1| 0
0

Geometry of space — curvature + torsion, all are calculate
from gj; by some differentiation (differential geometry)
Curvature = 0 — flat space, i.e., E3 is flat

> M*=(ct,x,y,z) = x*,u=0,1,2,3, its metric tensor is
defined to be

guy = diag.(+1,-1,-1,-1) — d? = ng,x“x

v

M* is also flat
» Curved space will equipped with gag(x) — non-zero curvature,
A,B=0,1,2,...D — 1, a Riemannian space with dimension D



» Riemannian space of dimensions D = 2

> How do we observe curve space under acceleration, it is

Under gravity at rest

equivalence principle underlying general theory of relativity

a=g
Without gravity under
acceleration




» It is the underline geometry for general theory of relativity
(GR)

R~ Lpgw  —em_grc T
2 ~—
—— mass—energy tensor

Riemannian curvature tensor

» Gravity when viewed from GR




» Unimaginable spaces
» Mobius strip

» Klein bottle




