o3

%R

3%

C/la/;:l'er 2

o _pecial Relativity (I)

The Galilean zf‘ron& formattior

7%6 Mz‘cﬁel.roxz - Mor ée/y e.x/pere'/ne/?f

7he Zorenfj z‘mn& formation

Selativity of simultanity
7 7

/’ﬁaio wa./oﬁs
-/ 7

__'_L&q}t_/z__@zicaaﬂo_ﬂ_,_ sent ekl

Time  D/lation

Minkowshr d [fa/aram

J/'pace ~ Jime  etnterval.

- Lorent; velocity transformatior:.
7 7 574

- Doppler effect
77 J/

The red shift of distanl gGalaxis
-/ 4 -

Twin 7bar'aa’o,t:

7he lbo/e and barn /baraa/o,z{

BUREABRYER AT MRESLK



o
%
3%
.J;Dec[fal /?e/a?f[w.'lf/v
. 04;.15&)_79 . 3/ Z’/fa/péér 2 " ( Introduction)
Galilean L‘ran& formaltion
2 =4 - T
4
Ve[oa.'éy addition
 Galilean invariance and tmomentum conservation
Galclean principle of relativity
/ / J 7
Moax weell e/oua,zfian
{
_ = i s valid ¢n the rest system of ether
VE, 4y 4 ol /
¥
lbefmeafed

all .s}pace

Michelson and Mar(gy c,\;ber[Menf

BIREABRNER FIMEEZLE



TOPIC

RELEVANT EQUATIONS AND REMARKS

1. Classical relativity
Galilean transformation

Newtonian relativity

o

Einstein’s postulates
3. Relativity of simultaneity

4. Lorentz transformation

5. Time dilation

6. Length contraction

7. Spacetime interval

8. Doppler effect

Source/observer approaching

Source/observer receding

!

x'=x— vt y =y 7=z

Newton’s laws are invariant in all systems connected by a Galilean
transformation.

The laws of physics are the same in all inertial reference frames. The speed
of light is ¢, independent of the motion of the source.

Events simultaneous in one reference frame are not simultaneous in any
other inertial frame.

l

xl:’Y(x—‘Vf) y,:y 7=z
t =yt — vx/c?) withy = (1 —v¥c?)~"

Proper time is the time interval T between two events that occur at the same
space point. If that interval is Ar’ = 7, then the time interval in S is

At = yAt' = y1, where y = (1 — v¥/c?)~ 172

The proper length of a rod is the length L, measured in the rest system of the
rod. In S, moving at speed v with respect to the rod, the length measured is

L=L,/y

All observers in inertial frames measure the same interval As between pairs
of events in spacetime, where

(As)* = (c An)® — (Ax)?

A1+ B
F= Nk
1B

f= fo

1= B
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Newtons  three laws

Lorst law  ( the Zawg/ inertia )

No  external force . S isr an inerlia frome of reference
-y 4 4 g
= a - = constant
J
8 = constant

,Jecond Zaw_;

F = ma in  J J/rame

F=F

define forces by their effect on a standard calibrated
~ S 7 S

Sphring  balance
/ A

JSince observers in the ,J\ , S ’//fOﬂ?PJ w[/[ gree on
the readc‘n_/a 3/ 2Ahe  balance.
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g’ = a
0 g I S g 0 g . =7 < 7 -3 q
F = ma = F = mG’

Jhird law .cl'earév remains.  valid wnder S — .S

Newton's laws are (nvariant under a  (Galilean

trans formation from S lo S’
wy 4

Momentum conservation

B —_ e = =¥
In J. m d, + mpl, = m U tm, U,
jl wuncer—Cr c’(}ll.l. Zf ant—Lr ‘ﬂyfh"m &ti\afz

Acain . 2he momentum. conservalion (s  invarieant wunder

./ :
Galilean fran&/orma.t lon

=  ANbo experiments obeying classical mechanics can

S )
ever tell wus whether we , in frame S are moving
and frame S i ab  rest, or viece versa , or frame S

and J,J” are  both moving at different bu.i-/com'fanf
4 A7

velocity
7

Jo ash Am [ moving ?  is .rL‘n'cL‘l/v .f/pea/{?z‘_n/a {mu‘te
meam‘r_rja(e;f , because nature /p.»eclude; ever /dec‘nj an

answer.
J

Galilean principle of relativity
/ / 4 e

Max well eguaiion_ = C’Zecfrom?/oneﬂc wave fran/e[(in-ji
' A in vacuum ) )

with J}beedw cC = -7'L—

VE, g
) g . L) - -* .
If pulse (s travelling with velocily U n JS _
- \ ! . ;—/ i -/ A > ,
ct o owill be l‘“fave/l;ﬂ_/a with veloct Ly ' =a-tr in.g
= 7 R J/j 2 e .)"/u“ A ,Jr
i s —witl—be —belween—C—- U —aGand €+
according tothe direction of propagalior.
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ether (s introduced to be the carrier 3/ flfclfra/nﬁmeﬁc

wave, (L /Dermeafed all J/pace.

/
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d tivo possible options
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o
& tnconsistent with the observalion

3/ stellar aberration
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Jun.
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we can  fend the relative velocity

beltween the earth and elher rest .&vﬂ‘em.

/

| 4
Michelson = MorZe/ y éa;per[menf

cC ~ 3 - /08M/Jec

JThe orbiting speed of the ecarth —~ 30 fmlec
B 4 / S
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"

greal accuracy Us

needed.
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() Schematic diagram of the @
Michelson interferometer. M is a < §
half-silvered mirror, M, and M, are \
mirrors. The vector v indicates the ! M Observer
earth’s velocity relative to the
supposed ether frame. (b) The
vector-addition diagram that gives <%
the light’s velocity u, relative to the >< Light
earth, as it travels from M to M, <71\ source
The velocity ¢ relative to the ether '
is the vector sum of v and u. (a)

Albert A. Michelson made the first accurate measurement of
own handwriting, is the value as recorded on

xperiment. (Below) Michelson in his
Niels Bohr Library.]

the speed of light. Above, in his
page 107 of his laboratory records of the 1878
laboratory. [Courtesy of American Institute of Physics,

(®)
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L =im . A=5570"m C(yellow light)
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The displacement to be expected was ©.4 / |
7/2:. acth:L displacement MIZU certacnly less f/lj;n a lwenlielh

, /baré 9/ his , and /b,ro,é,aébz les: than a j(a,r,ﬁ'e.t/L /Darf.,,, X

Half-silvered I

R glass plate  ypgjlvered

Mirrots glass plate

Mirrors
Light .
source

Telescope

Cast-iron trough

Adjustable
mirror

Wooden
float

Mercury

Centering

pin
(b)
(a)
. Mirrors
Mirrors
</
Light £ \ ,

\ “"

Half-silvered \‘\0‘:’:’0

glass plate "Wa 000’0’0‘0’0

Telescope

) 0.0’0

SR

$ Unsilvere
glass plate

A
/,@ > Adjustable

Mirrors N\ mirror

:;Q%

Mirrors

(c)

¥ Drawing of the apparatus used by Michelson and Morley in 1887. (a) The
light source, mirrors, and telescope are all mounted on a 5-ft square stone slab, which
floats on a pool of mercury (b). This permits slow rotation of the entire apparatus
without introducing strains. (c) A top view of the apparatus shows the additional
mirrors used by Michelson and Morley to increase the optical path length.
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Fig, 1-3 Fizeau measured the speed of light in 1849 by aiming 2 beamn of light at a distant mir- i
ror through the gap between two teeth in a wheel, in effect changing the light beam into pulses.
A light pulse traveling at speed ¢ would take 2L/c seconds to go from the wheel to the mirror
and back to the wheel, If, during that time, rotation of the whee!l moved a tooth into the light’s ———es
path, the observer could not see the light. But if the angular velocity w were such that the pulse o
arrived back at the wheel coincident with the arrival of the next gap, the observer saw the light.
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| of both. Although he did not dis-
cover the telescope, he improved —

| Galileo Galilei

(1564-1642, Italian)

Considered by many the father of
modern science, Galileo under-

| stood the importance of experi-|

ment and theory and was a master

it and was the first to use it as a

mountains on the moon, phases of

| Venus, moons of Jupiter, stars of
the Milky Way, and sunspots and

rotation of the sun. Among his

he established the law of inertia

| and proved that gravity accelerates
all bodies equally and that the peri-|

od of a small-amplitude pendulum

He understood clearly that the

| laws of mechanics hold in all unac-|

celerated frames, arguing that in-
side an enclosed cabin it would be

motion of a ship. This argument

| appeared in his Dialogue on the Two

Chief World Systems and was used

| to show that the earth could per-
| fectly well be moving in orbit|

around the sun without our being

{ aware of it in everyday life. For

publishing this book, he was found

| guilty of heresy by the Holy Office

of the Inquisition, and his book
was placed on the Index of Prohib-

Nleferences,

| ited Books — from which it was

' not removed until 1835.

tool of astronomy, discovering the

many contributions to mechanics, |

is independent of the amplitude. |-

| impossible to detect the uniform |—

 Taylor ., Zafiratas, and Dubson
" Modern Physics for Scientists “and-

1 (1852-1931, American)

| Michelson devoted much of his ca- |

| Prize in physics for his contribu-
_j tions to optics. His failure to de-

Albert Michelson

reer to increasingly accurate mea-
surements of the speed of light, |
and in 1907 he won the Nobel |

tect the earth's motion relative to
the supposed ether is probably the
most famous “unsuccessful”’ ex-

| periment in the history of science.

——— ]

Zrginecs

~THendrik Lorentz

— (1853~1928, Dutch)

 Lorentz was the first to write
down the equations we now call
 the Lorentz transformation, al-

| terpret them correctly. He also
7 preceded Einstein with the length

contraction formula (though, again,
he did not interpret it correctly)

that electrons are present in

in physics.

though Einstein was the first to in-

He was one of the first to suggest

atoms, and his theory of electrons |
| earned him the 1902 Nobel Prize

" Jeconad Laition




—_— Figure 1.6 Albert A. Micheison,
Albert Einstein, and Robert A. ® i

Millikan at the California Institute el
of Technology in 1931. (APIWide

d  Worid Photos.) L =R




B Jules Henri Poincaré, . e
. 1854-1912. Known for his contribu- e
—p tions to many branches of pure
N mathematics, Poincaré devoted the ma- T
jority of his efforts to mathematical -
— - dynamics. Among the first to acgept L L
= the fact that the classical analytical
methods of FEuler and Lagrange hafi e d =
= | serious limitations, he revived geometri-
N cal methods. The results were r;volu— i
s tionary for dynamics, and gave birth to S
topology and global analysis as well. -
i s These branches of pure mathematics are
— very active yet. ——
= I | photo courtesy of the Library of Congress, Washingion, -
D.C. US.A. e
Albert Einstein | . -
- o (1879-1955, i
— e ————— German-Swiss—American) _—
- ) Like all scientific theories, relativiey .~
e was the work of many people.
e Nevertheless, Einstein’'s contribu- - — = = e
tions outweigh those of anyone
T o else by so much that the theoryis A o ==
quite properly regarded as his. As
s - . - we will see in Chapter 4, he also
s made fundamental contributions —— N ; S e nn s B
to quantum theory, and it was for
S SSS S S e ES S s - these that he was awarded the T o - - R
1921 Nobel Prize in physics. The ) - e = _ .
JcHN o - exotic ideas of relativity and the |
L S— gentle, unpretentious persona of I — S VRN~ 5.0
its creator excited the imagination
= e ———— of the press and public, and Ein- - - R
stein became the most famous sci- B B
= . . - - entist who ever lived. Asked what | o
T TR - : . his profession was, the aged Ein- , e ot Ml W
stein once answered, photograph-
=== e - er's model.” v ——




The relativity theory arose from necessity, from serious and deep L
contradictions in the old theory from which there seemed no escape.
The strength of the new theory lies in the consistency and simplicity
= with: whic‘/}_{l solves all these difficulties, using only a few very ] T
convincing assumptions.

Albert Einstein and Leopold Infeld, The Evolution of Physics (1938)

——— (a) ' ( (c) o 1 —_—

- ———
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|

—Relativity of simudtaneit,

,._,m_,/»_‘l_gg.afd_[g, to Newlonian mechanics , two szmu.[éﬂz?ﬁaaip
— _events that occur at ,_,szm,,.,_d%{c.cmé_,,-lamtcfam_, o .ALT,V, Y
will also be simullancous 5 a reference frame S~ e
e _,,zzz_Qszzﬂ,,,_. ‘lxyaiééﬁ_,,,l/_céacz‘f/v U relative o S~

— (In Galilean lransformation . £=2)

*_vym .Z_'aﬁ_;.:/p;ﬁ@L”i’Agm)f_ y . ce[,q,ﬁdzizf)zﬁ,ﬁ_; ‘wo _events that are
— Jimullaneous (n’ oné inertral reference Sframe are ‘pot

— Jimullaneous in another reference )rﬁqmemﬁat_a_g_mgugzﬂ )
mﬁ_ﬁ,,ﬁ&,,,__,,,w,a‘,t/z,,A,,,/:,e.z/qcctf z‘;z_.,,f/zc,j‘m;}i% — - =
_ The reason ;ae:,_u.tén;z.,__dc/am_denca.._,._g_V_.-‘.._;42214441.4_»9&‘94__.Qz,,z_f/,mu_
L _,_,r,_c/(ﬁre_zz_c_c,m Frames s that the iriformation that an event
__ Aas taken ‘_/Q_lac,& s _Ilranumilled Fo lhe Zwo observers at
_a fraite, albeil ver a /7_[/::/2 .,9b¢ad N R
— Jhe “situation (s ¢f__l!._u.zﬁ:@ted< wn the Ag(lawmj j@@unﬁ : N
I N ;,c,tr;sn;g/(mmg,_.J:,,JZLQ_I&Q_“[&A - f!a.cézaiA,%bia,cgz:,,;zmaZz‘aa,cm
— lo"the obierver al rest ,,m[d_m%z_,_ﬁﬁtwgeﬁ. A and 8.
— The observer in .5~ @f?ﬁm_acﬁ&x._, B and recedes J%mm A
— at speed w. Jhe si _ﬂa,Lj(ztam B3 reaches this” observer
by __bg(af,c ,,,L/zg_.,é'__zf}ng.L, rom A

T (a)
lllustration of the B — |
- . relativity of simultaneity. Light
o - flashes strike at 4 and B. To NS . —
observer O, the two flashes appear
S simultaneous. Observer 0, in a P —
reference frame moving to the
S right with velocity u, records the S
flash from B before recording the (b)
- flash from A; in this observer's
— reference frame, the two events are CNCE
not simultaneous. \/
— — e y - —
Ii*A 20 "B'l u
,,,,,,,,,,,,,,, - () L
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wHh: 2-/0g

8 3k .
AN Lwo  eyvents A and B occur at
- . . 5 0 . 0 . L2 g 1
xn = .X y) I’:” - X
A A PR
CA - 05 el /
Vd
In 5
£+ e (T i RS v T v/ U ) v
LA = g v Cz a4 J/TJ(C—E//\
) 7 J\' 7" ”y( U \/\\/
tB C? /
. / L) LD 4N P PN L
= ({'U LJ'IliE 01556/‘1/"/‘ 7722 (’f/l'é‘ Lo v.,vv..né are //o("f
V ol PV W WY o oY 3, Py .l Py Py ) 258 J
_)L/nu(lfuncuw =4 /Z o) befo g 7L /4
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Simultaneity e IS szyf:lChron'iziaf.ie?;ivitv we have been discussing isthe = T
An i ‘ consequence oi the special rel 3 a, . : v
1 :fesfiloio:r}tlaonvz d(:)qtbwg observers in different inertial framej s.y'nd;r‘or:ize fh:éraigc&sl';
—— RN T The process of clock synchronization requires some sort of f:gnz? being ;?PIOCkS e
o : 0 : signal can, at most, travel at the speed of hght.‘ By sync‘i ro:llzanfon r; We, e
i are not referring to the time dilation of times observed by two observe d e e
discussing the following issue: Suppose two clocksi, se;‘)araned by sorn‘e“ is ; f(), - =
have been synchronized by observer O. Do the clocks also appear synchronized t
observer O’ moving at a velocity u with respect .to O\? g ]
A Fig. 9.7 demounstrates a simple mechamsm_ th:at an obser\;ef, “cou o S
to synchronize two clocks. O places a light source in the middle of the two ¢

g - that are separated by a distance L. The two clocks start when they receive a pﬁﬂs:
3] — I v : ]vﬁ 1 ) ) o 1 -
A e of light. Since the light pulse takes the same time to reach the clocks, they wi
S synchronized. . ' o L e e i,
- e Let us consider an observer O’ moving with a velocity u along the cnsnal,nc:
. . 4 ~ 5 C c' — S— — — e
= between the clocks. In frame O the coordinate and time of the pulse reaching clo
- Clock 1 Observer O Clock 2
S — — //.\‘ - m ) B i
L3 )X r—-! [ _
- » v B v 12“ \&‘\_4_)// - - S
- Light e
—_——— Source
S . e | ] ‘ -
x =0 X =L/2 X =L i
Figure 9.7: Observer O uses = -ght source placed at the middle of two clocks to synchire. o o
T e nize the two clocks. Observer 5’ sees that clock 2 starts earlier than clock 1. e
A SO, 1 1s _—
S _ 2y =
R S L === —
b= (9.31) o o
The coordinate and time for -lock 2 starting is e L
0 D zo = 4 — e e
L _ . e
I ty = % (9.32)
o . . Using the Lorentz transformmzzion, the signal is received at clock 1 at a time . -
g blw/ez L/ (9.33) -l
A - /1= u2/02 1= u2/’c2 ' o T
The time the second clock sz=rts (for observer 0 is o ~
T o T - (U/CE)JTQ B L/Qc _ (_u/cz)[/ - 34) =
i , 2 - 'I—UZ/CE v/l_uz/cz LT - B .
e We see that ty is less than 't?:; so that observer O’ sees clock 2 as starting earlier e ——
than clock 1. The clocks ar= 2us not synchronized for O’. The time difference is o C
2 —— e —
e A= -t = IUL/Cq/ - (9.35)
Vi—-wuz/c? e W
— - We see from this exercise thzz two events which occur simultaneously in one . S —

are not simultaneous in anor==- frame, unless they occur at the same point in space.
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(a) ct’ (m)
ct(m)
3 =
X (m)
=1 ,‘ 1 2 3 4 x (m)

(@) Spacetime diagram of S showing S" moving at speed v = 0.5¢ in the +x direc-
tion. The diagram is drawn with ¢ = ¢’ = O when the origins of S and S’ coincided. The dashed
line shows the worldline of a light flash that passed through the point x = 0 at ¢ = 0 heading in
the +x direction. Its slope equals 1 in both S and §’. The c#’ and x' axes of §" have slopes of
I/B =2 and B = 0.5, respectively. (b) Calibrating the axes of S’ as described in the text allows
the grid of coordinates to be drawn on S’. Interpretation is facilitated by remembering that
(b) shows the system S’ as it is observed in the spacetime diagram of S.
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/ eng th  Contraction.

__Cauéim_tﬁe,mmzmwt_gﬁlﬁgﬂ__

The length o/ an obmct ls defined as the C/L//CI'E/?CC
beltween the coordinates of ot two ends

,%/_Z‘_/U:_Qé e LLL‘M_QZL%J/_LLL y_MMm&gLM__
the roarc/cna,ta of the endpomz‘.r be  measyred at the
Same_ instant.

Assume a  rod /'e;lf.r alona the x axis n S
X, - L,
J
X, . X, gre coordinater of its
& i ) . 4
end/pomzir N J

Going to S5’
7

= r(x +ut,’)
= (X~ +ut’)

2 L= oxgmx, =il (xS -xl)ruct- )]

(<]

e

lo  measure /e/_vj)fﬁ in S 3 re/aa[re z‘zl-f ¢’
‘/ .
then L= ALY i

> [, =L

[ lcca}t/L n S
Vi
L = == r2l
= L s [,

=

Moving ab‘/iecf.r are contracled a/a/_yja the
dérecﬁon 3/ molion

J

/ eng th contraction.
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LB
lime dilation
In S . the time interval  is
oy &, at the same I,bo.r[z‘[on , nameév,
X, = X,
. the particle (s atl rest
/
In S A, #x,” .
U
2, = Y (t, -~ & x,)
g L e}
/ / c? /
= L= = r(-1)
AT, = ¥y AT > a7
&y g 4 ,0 = A
/

¥
time dilation
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dilation and /e:wjf/). contraction.

Lridence o/ time

/4 beam af /«f- o unﬂ‘aéle bc;rfc’c'lc.r, Wé‘f/) » éa.‘lf-"[h/é
4 -6 , / -
=2.2 / Sec
( Ahalf o/ bartcc[ﬁ will decay in the rest sysilem
of /4} - d
If the beani’ s accelerated to O.99C  in the Lok

..r/yJL‘em J.

Without time dilation . after o distance

4 .r = z/L‘u

= 0.99¢ 2.2 10"% sec

= G50 m

half of lhe ¢ (n the beam would have decaved
A 4 7 S

With  time dilation |, /7@[}5 of the S beam

would _have decayed after travélling a  Jistarnce
y 7 7

A;t'—‘l/'/tu ll

= ﬁﬁ‘O m - ]
FF={E-1T)"

= 462 km

It s easy to accelerale gy to 0©0.99cC

4

the observalion swupporlt the
validity 3/ time dilation

Although muons
are created high above Earth,

and their mean lifetime is

only about 2 s when at rest,
many appear at Earth’s gur-

face. (a) In Earth’s reference

frame, a typical muon moy-

ing at 0.998¢ has 4 mean

lifetime of 30 Ms and travels

9000 m in this time. (b) In the

Muon 6 ]
reference frame of the muon,

the distance traveled by Earth

is only 600 m in the ‘muon’s

hfenme of 2 .

EUREABYMBER (FT)MESHH



upper atmosphere. These
muons travel distances on the
order of 15 km to detectors on
Earth’s surface, which means
that they live very much longer
than expected from a calcula-
tion of their proper lifetime.

. — High-energy
muons are decay products of
- ~—————— _ particles produced in high-en- ~ ———
. - ergy collisions of cosmic rays
with molecules of Earth’s T —

50
PP =
- o s 1.0
g
L
S— SIS o
=
Q
. =
el g .
& 0.5
9]
S — S o
2
=
N o
S g
i
=

at rest,

Decay curv

at 0.9994,¢

50 1

Muon moving

00 150

L(1S) e

es for muons traveling

at a speed of (0.9994¢

and for muons

E 3R EABMER () A= A28k

o8
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A ,p_7g¢ap’ X
(

J/bacc ~ Lime dz.‘_ajram. Minkowsh( c/[f/aram)

é - : : : g

®

a Simple way to display evenls
/ 7 / 7

Zimif our atlention to one space and to f[ma

( Zwo 3/ lhe space dimensions ( y and } ) are JLfb/ph?J'Jf‘d,

ct (m)

| I e I I |

| [ [ | | 1

| | B | | 1A |
e s [T e S I

| | | | | |

| | | | | |
G sl T & S s e M

| | | | ip |
—3f| —2; -1 0y 1: 2y 3Y x(m)

| | | | | l
e e e b e

| 6 | | | |

| | | l 1 |

- Spacetime diagram for an inertial reference frame S. Two of the space dimensions

( yﬂand z) are suppressed. The units on both the space and time axes are the same, meters. A

meter of time means the time required for light to travel 1 meter, i.e., 3.3 X 1077 .

Larticles (n Space time

Porticles mowvinag in Space trace ouwl a line in the

.f/pace - time dc’fz/araﬂ/? = worldline 3/ Lhe /Dgrf[c/&

HUREABMER FIHMRELE
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Ana //"j ‘ng evenls in inertial Systems thal are in relative
sotich can_be _accomplished “mare calily in Spacetins

dlagrams.
J

ct’ axis = x’'=o0

= x’ = y(x-wut)=0

2 x =ut = pct =¢ct=f7}f‘x

/ /
the slope of the ct’ axis
LS
L5 ﬁ
¥ axiy = ct'=o0
N 27 » ) UX )
= = —— (@)
CZ
= é:%f.‘ > :é—aﬁ;c_/@;c
4
the J‘/o/D& of the X’ axis as
measwured é/v an observer is /A’_
Note . x and 2 s still /,bara[(e[ (N Space

Heore we are plotting the Space - lime diagram.
/ vy / -

EUYAEARYMER FIMRESBRKE



@ @ @— @
T\ g 22 3 x(m)
(b)
# #1 #3 #4
—_——————— ——— —— — - — - —f————— — —_—
3
ol "’
D P )
Y o/ 3~ x (m)

o)
1 0
(a) The space trajectories of four particles with various constant speeds. Note that
particle 1 has a speed of zero and particle 2 moves in the —x direction. The worldlines of the
particles are straight lines. (b) The worldline of particle 1 is also the ct axis, since that particle
remains at x = 0. The constant slopes are a consequence of the constant speeds. (¢) For accel-
erating particles 5 and 6 [not shown in (a)], the worldlines are curved, the slope at any point
yielding the instantaneous speed.

2N D -
00

T

The speed-of-light limit to the spe
for particles that move through x = O atct = )
< —1and > +1. The dashed lines are worldline  in
4+ x directions. The curved worldline of the particle shown has the same limits at eve

Notice that the particle’s speed = 1/slope.

eds of particles limits the slopes of worldlines
0 to the shaded area of spacetime, i.e., to slopes

s of light flashes moving in the —x and
ry instant.

2-21
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s

Lvent can be rc/bre.renied é/y a /bmhi‘ (x, ) the

cpace ~ Lime  diagram
/ 4

A bo(:”é bal‘tf"CZC A1 w3800 07007
/ 7 APy Clioer €

At rest

Movchj n the X -7 /p/ane wilh constant Ve/acz'év

With acceleration

Worla line
The .r/pace - Zime  interval
. Fd
@ .[nvan‘cmf wunder L a;-pnzf;
z‘m@érma,ﬂon

@

The  coordinales

Lorents welocity transformation
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455,
o Uwustration o) [ time dilation
\\
i
y’ (b) 4 e
Mirror :
o || Mirror
— ‘ At S
| 2 D
'.
‘ At =
| '3
I 2

Xy

. (a) Observer A’ and the mirror are in a spaceship at rest in fra
mirror and return is measured by A’ to be 2D/c. (b) In frame S, the spaceship is mo
of light is the same in both frames, the ti
the distance traveled is greater than 2D. (c) A right triangle for computing

me S'. The time it takes for the light pulse to reach the
ving to the right with speed v. If the speed
ime it takes for the light to reach the mirror and return is longer than 2D/c in S because
the time At in frame S.

- Spacetime diagram
illustrating time dilation. The

dashed line is the worldline of

a light flash emitted at x'=0
and reflected back to that

point by a mirtor at x'=1m

£ =05

B REANBWER FIHMRESILE
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% 3K 2-2‘5'

B 3%

T/lustration in /endaf/z contraclion. in .J;,Oarﬂ ~ Zime a’[a_/orzwz

A measuring rod, a meterstick in this case, lies at rest in S’ between x5 =2 m and

x} = 1 m. System S’ moves with B = 0.62 relative to S. Since the rod is in motion, § must
measure the locations of the ends of the rod x; and x, simultaneously in order to have made
a valid length measurement. L is obviously shorter than L,. By direct measurement from the
diagram (use a millimeter scale) LiL, = 0.78 = 1/y.

BUREARYER FIMRESLE
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2 HA

43K

5%

The J‘/bace time interval.

T (as)t = (cat)?-[ax)r (ay)ra3)]

4 space - time interval.

Tt is invarient wunder Zore/z‘z."} z’mnj/berédm

(as)? >0 lime lifke

(a.5)* <o J;pace lufe

(a5)’ =so jgﬁt like.

ct ct’

Absolute

CtB_

Absolute

. ‘past
Worldlineof |  Worldiine of
“ light movingin | light moving in
+x direction —x direction R

The relative temporal order of events for pairs characterized by timelike intervals,

such as A and B, is the same for all inertial observers. Events in the upper shaded area will all

occur in the future of A; those in the lower shaded area occurred in A’s past. Events whose

intervals are spacelike, such as A and C, can be measured as occurring in either order, depend-
ing on the relative motion of the frames. Thus, C occurs after A in S, but before A in S

s » . ° . o . o
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L
/ orent: wvelocity transformalion.
o p 4
x’ = y(x-ut)
y' = Y
4, 9
A S
A =yt - 5 Xx)
7 adx’ —ay’ — i i
Uy ) M,/ - :Tg ’ Z/)l - :.T-Ié—
% P 1< i J Gt
L. A .
— ememe— U‘ e —
Vs dt ’ ] —at ’ % at
d«t, — dl"‘ ua!t “’I,yl— s p ﬁ,,/: q/j
7= ﬁ.)
! (7
At = adf = C’%’ dx
/7 iy
V71—
v o= dx dx~ Udt
2 , =
c:
= _Ya~ U
/- Uxd
C&
) 3 il Vu
‘/y —t &
y Ly Ul ]
LA —— ol
c*
.7,3/ = }
r f/... U:v U'
L 4
CJ.
When U?s , U are  both <5< C = e denominalor
approaches ity PO B T LN
/7 ¢ ¢ 71040 'hccmyumu
2 ya _— L a i [L'MLZ‘
o= G- u

COrreJ’/Dai?d.r lto the
Cralilean V&[Ocﬁé y trunj/o;-/naﬂan

When YV = C
‘)/'n / _— C i U =
,f Alu Af -u;c;‘ ‘,.? N(‘, ‘,‘dc//hc;;de’b’!é
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43,

obposite direc tiorns

e J'bace.J'Al:lb A and B are moving N 04y
'o/'/) .fo‘be_

An__bbserver on fLarth measures the speed

0.75 C _and the Jspeed of 83 to be/ 0.354(.'

find _the yelocét/v 2 B suith reJ/bect to A

g rame.  —r  ODSErver ’ .

S frame —* altach Lo Spacecrafl A
7 / 2

5 o— S u = o0.75¢
Uy =-0.85C
Yy =t
= b:tl = ;—_Z’}—r
\l C&
Veloc[l/v &/ AR pelative Lo A
——=of5C - o-75€¢
- » [ = QE A~V O 75 ~)
/= =g G/UYY /I0T
Cl
=2 « 0977 C

The n_c/aaﬁvp sign = the spaceship B s moing in

the ‘negative X cirectliof:

Note the result is less Zhdn C.

= a  body whase speed in less than C _in onct

S .
of reference %u.rf Aave a J)Deed lers Than C wn

Lrame

any oOLner /}ame..
e 4

[ TL the (Galilean velecily Frans formalion were used,

e would fend L{..’.é Uy “u =-0.48%5C-0.75C

= ~ /. bc which s jreater than C]

s
e
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R

Doppler £ffect
/7 e

1

Jowurce of rhe wave and the observer tnay be in

relative motion wilh  respect to the medium . inHech

/
the iwvave b/‘opfz/oafﬂf , the freauenc,v of the mwave observed
(s c/L//erent o tflﬂjﬁ'ﬂ?ueﬂcy of The source

/
Doppler effect
/1 9 i
—- I %
— O
A(—- AI/(: _é
v, = )/elocdf/y 3/ the observer relative to the medium.
7 ?Wm@r—gp%—f&mwe{a:éwe—ée—éﬁe—mwm—w—-“ﬁ
z =0 Jource at A , observer at B
AB = 4
thal reaches the observer at I

SOUrce ﬂ/m‘f Qa waye

Lt = 4+ oyt ir = Vc[acz‘év 3/ Zhe xvave
wilth /-e_r/pect lo the mediwume
N M A
= T
2o

At time T ., the source s alt A ., the wave reaches

the observer at time t
Point of emission A, poinl of receiving B °

~ / ’
Distance Lravelled A - UZ‘ + U, t
ittt — Sl
=> é/ o /(;‘f'.( U‘?-J}‘
=1,
Jource lime cnterval T  number 3/ wave emitled = VT
Qbserver time interval T =1'-t , sumber a/ Wa ve
- recet ved —”-' y'r’
vr’. = pt¢ = p’- > Y
34 ) =y
7 —AFCU=Y)T U=
C'= '~ 2 i LY M. 5 7
v % ) -0,
- .
‘ -
=) y' = o= Ly
[ V" U
P = -/r.oauencv emu‘f’ed év Me Jaousce

PR NN aég,;cgm. ég the observer
o s/
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4835,
N " i 3 A
Y & - L’/, - F AR (= vy
y - 3 . Y U = 2 on L
L “s VA a7y
0 0 O O V. O é/’ . ¥ ° . . 0 v . Y 0 0
> (/- =) (1 )y ( assuming A <)
¢/ & 1 CJ ¢
r© . ; <Y pa 1 .
— [ /] = Ve 'JJ = (/- 144/)/
- 7l 17
ya‘_, = U -.Zé'.

s >0 observer [s imoving away Lrom LHE Source
L A 7/

Y <y
V. Lo ohserver s approaching Lhe Source
# P /7 / vy
pYAR I %4
For the case U, =0 (receiver is al rest )
U 20
d / y 32— A_A/ l il - 3 P i o /
=Y = o= relalive J/ue: a7
/~ “/U L / P P
J WNW] y P CCECLVEYr
recerLyver LS Jtatc’ona/}v
and
the source ab}aroaa/mr the
recelver
For  the case Y =0 , the reciever s a/gproacﬁ the
Jouree ., Y, <0

= y’z(/v"-f})y

The a-b/bo,rﬂnt lach  of symmetry between these Lwo

caualions => they cannot be valid for electromaqnrelic
IAI/QVC - ~ e

Nowps e Jtu'a/lv the relativistic case

Source at

time
|

Space-time

diagram to illustrate

the processes of emis-

sion and reception of

light signals when

source and receiver are

X

in relatice motioi.

——— T v'i;\%’ruéim'ﬁﬁ)éﬁ?‘ig%aﬁi
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3R
Emitter (s localed at lhe orf'ja[/z. of reéreﬂce_/framp S
Observer. moves relalive lo 75 a l/f’/oc_dév @

['/' R 3

at rest in S~

Lach em:itted Ibu.[.rc travels to S with J‘bt‘fn; C

First bu[..r& is sent owut at =0 where the cbserver is al X=X,
(/7+I)

Ipul.re i J‘ejnf oul at t=2T

this will have converéd 2 /ber[odf of pibralion

A
measured /reomwcv of the source n S
ZJ 1/ 4 7
(x,, t,) intersections of the weorld line of the observer
(X, , t;) wWith the world lbine 5/ ZAe /2{::[‘ , () th
/bu.&c re_f/pecteyeéy ( Jg)”

x': = Ctll = /ra ff‘;‘;é’
X, = dt,- nr) =Xx,+ Ul
_nt
i L2~ & T Cc-U
A, = XK = (:-CC{’.Z
- = A
Measured in 5’
b=t =Lt~ (-]
/" by the Lor ‘r"if) a‘r'f‘)fo‘hmm*'bf?
nit
/ /[ car U uUcnt )
/ =7 =5 y,
C~ U C C—- U
Jence  this time interval covers 7 /bert.oa’
7 ycio . L* Y (7 R32)
L — L4 - . == (74 L O EU s r
C-U Cc? /- {A
)
=—f- (1B} —= [ 1+ )3 7
=
4 .
y' = (12 £)Z ),
St 8
Jhis is the rela,twuz‘m .Dapper 5f/eazf‘
//3 >0 receding YV < v 2 A5X reclshift
B <O approaehing V' >V P A'<A bluej};/[/t.
/ 77 -/ ~

BUREASYMER FIHMAELR



nH: 26
35 Z-—j’]

o3k

Actronomers  define. the redshift of light from astronomical
ot v 4 wl 4
SouUrces. .b/v_ the .f,\}p_rm:r_mn.

: S Yy —»

&

Y

V. = freouency measured. in the frame of the star or
o——_J 74y —7 £
aa.lax/)/

Y z'{/fregaeﬂex measured  at the recelver on Larth.

Lxercise . Jhow

a
B = Jr) =1

(aj-l*/)‘ +/

[xam/ple. Quaser  2000-300  has a measured j=3. 75

s

‘b s recedc'f.zja /{mm Larth at 0.9/cC

A more  detailed discussion of the red.r/:ﬁ/z" 3/ distaont

galaxies Lf ji Ven i(n I/.?Ipendl.}\’.

—

In  Apprendix we  derirve

/7
’ 2 (1= 8 cos0)

P
I//.. f,gl

j L4

ineluding the Lreatment of fransverse.

"..{)app ler effecl
77 .74
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48 3%,
Alblbendiz
.)/,.::. )/({-’-/Jm/\ = - 0 : - - T
y/fa P"E
S 19 ¢
-——-} u

L Y £
7 A
o o’

Consider a Lrain o/ Jplane monochromalic Zm/;z‘ Waye

3/ wnil amalz.éua/e_ emitted —/rom_ a mmm_@LéﬁL____

oriain 015 Lhe S’ !immg
‘J V4

cor 2 L = c:”,a *vy'mw - y't’] (A)

In the .S me/mz» . the wayc)/mmf; will still be /pZaﬂe

X cos@ F ¢Sl
cos 27 L o | (B)

[ for the [orents fran:yc’armmw_&ﬁmc‘_a_ﬁlaac_&a@émm
Lorents lransformaltion a  wplanel
7 4 e /

L VI v‘r Ut ) 2 t - =3 A ‘/,:*q
P = c 77
V /= 22 ’ L A2 i =3
[ 4 'I V rd /U [7 4 [Z4
Jubstitute inte (A) ]
o coszr [l (XYY ot Gsind 0LE-zx Xl
A V1~ B3 A .//- 44 4

He arm:?jap ferms

cos@ B pysin® (g cos®O+1)r'L]
cos 27T [ A ey A’ Y
NNTTP v+ (87
c ompare with (B)
i —a cos@ cos@ + i
o =
A Al R
Yy l"’P
Jinc ” 'G
A A
T /6(:* s67)
= (c)
Vi-g%

BEUBEXBMER (FMMAEEHLE



3 : 285
wH:_P-3G
L
on o ) ) »
. V k ( - /|J \'M} ° . . . g . . L]
V7= B
/
zm..r tJ’ eyu—ai‘wﬂ—éf—‘—}?)—-——'—
j the Lextboont
riant e
t

EIREABRNER (I MAEELE



N7 d Ffont oaiav
AL ALl el i Ly
S

A. EVIDENCE OF AN EXPANDING UNIVERSE?2

It is extremely difficult to photograph the spectra of distant galaxies. They
e : are so faint that they cannot be observed visually, even with the largest tele-
scopes. The correct aim of the telescope must therefore be calculated from the
nebula’s position in a photograph. Then the telescope has to be kept directed
at the object for hours to photograph its spectrum which, in the end, may only
measure 2 by 1 mm. The spectrum obtained is like that of an average star
(spectral type G)—continuous, with absorption lines. But the absorption lines
are very indistinct, forming as they do the average for all objects in the entire
galaxy. By 1917 Slipher had managed to photograph the spectra of 15 spiral
nebulae. He was surprised to find that the absorption lines in 13 of these spectra
were displaced toward the red. This would suggest that the galaxies were moting
— away from us. From the shift observed it was possible to calculate that they o =
were receding at 400 miles/sec (640 km/sec), on the average. In 1919 Hubble
discovered that all external galaxies whose spectra had been photographed —
and distances determined are moting away from us at velocities proportional
B to their distances from us. This was once more very amply proved within the
next few years by the observational material which Humason amassed using
the Hooker and Hale telescopes. (Photographs from the Mount Wilson and

e aComments from Ernst and De Vries, Atlas of the Unicerse, Thomas Nelson,
London, 1961,
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B. HUBBLE'S LAW

The distances in the
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Ursa Major
Corona Borealis
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1.40 5.0 X 108
2.14 7.0 X 108
3.90 1.3 x 10°
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The Twin loa}ac/az

7 Homer and Ulysses are identical twins. Ulysses
travels at a constant high speed to a star beyond our solar system and returns to
Earth while his twin Homer remains at home. When the traveler Ulysses returns
home, he finds his twin brother much aged compared to himself —in agreement, we
shall see, with the prediction of relativity. The paradox arises out of the contention
that the motion is relative and either twin could regard the other as the traveler, in
which case each twin should find the other to be younger than he and we have a log-
ical contradiction—a paradox. Let’s illustrate the paradox with a specific example.
Let Earth and the destination star be in the same inertial frame S. Two other frames
s’ and S" move relative to S at v = +0.8c and v = —0.8¢, respectively. Thus vy =
5/3 in both cases. The spaceship carrying Ulysses accelerates quickly from S to §',
then coasts with S’ to the star, again accelerates quickly from S’ to §”, coasts with S”
back to Earth, and brakes to a stop alongside Homer.

It is easy to analyze the problem from Homer’s point of view on Earth. Sup-
pose, according to Homer’s clock, Ulysses coasts in S’ for a time interval At =5y
and in S” for an equal time. Thus Homer is 10 y older when Ulysses returns. The
time interval in S’ between the events of Ulysses’ leaving Earth and arriving at the
star is shorter because it is proper time. The time it takes to reach the star by
Ulysses’ clock is

Since the same time is required for the return trip, Ulysses will have recorded 6y for
the round trip and will be 4 y younger than Homer upon his return.

The difficulty in this situation seems to be for Ulysses to understand why his
twin aged 10 y during his absence. If we consider Ulysses as being at rest and Homer
as moving away, Homer’s clock should run slow and measure only 3/y = 1.8y, and
it appears that Ulysses should expect Homer to have aged only 3.6y during the
round trip. This is, of course, the paradox. Both predictions can’t be right. However,
this approach makes the incorrect assumption that the twins’ situations are symmetri-
cal and interchangeable. They are not. Homer remains in a single inertial frame,
whereas Ulysses changes inertial frames, as illustrated in Figure 1-35a, the space-
time diagram for Ulysses’ trip. While the turnaround may take only a minute fraction
of the total time, it is absolutely essential if the twins’ clocks are to come together
again so that we can compare their ages (readings).

A correct analysis can be made using the invariant interval As from Equation

1-33 rewritten as
& -]
C c

where the left side is constant and equal to (7)?, the proper time interval squared, and
the right side refers to measurements made in any inertial frame. Thus Ulysses, along
each of his worldlines in Figure 1-354, has Ax = 0 and, of course, measures At=T1=
3y, or 6y for the round trip. Homer, on the other hand, measures

5

, Ax
(AP = (12 + <——>
é
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Fig. 1-35 (@) The spacetime diagram of Ulysses’ journey to a distant star in the inertial frame in
which Homer and the star are at rest. (b) Divisions on the ¢t axis correspond to years on Homer’s
clock. The broken lines show the paths (worldlines) of light flashes transmitted by each twin with
a frequency of one/year on his clock. Note the markedly different frequencies at the receivers.

and since (Ax/c)* is always positive, he always measures Af > 7. In this situation
Ax = 0.8c¢At, so

(AP = (3 y) + (0.8cAH0)’

or
(AD*(0.36) = (3)?

3
At=—=295
06 7

or 10 y for the round trip, as we saw earlier. The reason that the twins’ situations can-
not be treated symmetrically is because the special theory of relativity can predict the
behavior of accelerated systems, such as Ulysses at the turnaround, provided that in
the formulation of the physical laws we take the view of an inertial, i.e., unacceler-
ated, observer such as Homer. That's what we have done. Thus, we cannot do the
same analysis in the rest frame of Ulysses’ spaceship because it does not remain in an
inertial frame during the round trip; hence, it falls outside of the special theory, and no
paradox arises. The laws of physics can be reformulated so as to be invariant for
accelerated observers, which is the role of general relativity (see Chapter 2), but the

result is the same: Ulysses returns younger that Homer by just the amount calculated.
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The Pole and Barn Paradox

An interesting problem involving length contraction developed by E. E. Taylor and
J. A. Wheeler?? involves putting a long pole into a short barn. One version goes as
follows. A runner carries a pole 10 m long toward the open front door of a small barn
5 m long. A farmer stands near the barn so that he can see both the front and the back
doors of the barn, the latter being a closed swinging door, as shown in Figure 1-37a.
The runner carrying the pole at speed v enters the barn and at some instant the farmer
sees the pole completely contained in the barn and closes the front door, thus putting
a 10-m pole into a 5-m barn. The minimum speed of the runner v that is necessary for
the farmer to accomplish this feat may be computed from Equation 1-30, giving the
relativistic length contraction L = L, /v, where L, = proper length of the pole (10 m)
and L = length of the pole measured by the farmer, to be equal to the length of the
barn (5 m). Therefore, we have

o~

10
5

_ 1 _Lp
RN [
1 — v?/c? = (5/10)
Vet =1 — (5/10)2 = 0.75

v = 0.866¢ or B = 0.866

A paradox seems to arise when this situation is viewed in the rest system of the run-
ner. For him the pole, being at rest in the same inertial system, has its proper length
of 10 m. However, the runner measures the length of the barn to be

L=Ly=51-8

L=25m

How can he possibly fit the 10-m pole into the length-contracted 2.5-m barn? The
answer is that he can’t, and the paradox vanishes, but how can that be? To understand
the answer, we need to examine two events—the coincidences of both the front
and back ends of the pole, respectively, with the rear and front doors of the barn—in
the inertial frame of the farmer and in that of the runner.

These are illustrated by the spacetime diagrams of the inertial frame S of the
farmer and barn (Figure 1-37b) and that of the runner S’ (Figure 1-37¢). Both dia-
grams are drawn with the front end of the pole coinciding with the front door of the
barn at the instant the clocks are started. In Figure 1-37b the worldlines of the barn
doors are, of course, vertical, while those of the two ends of the pole make an angle
6 = tan~}(1/B) = 49.1° with the x axis. Note that in S the front of the pole reaches
the rear door of the barn at ¢t =5 1/0.866 = 5.8 m simultaneously with the arrival
of the back end of the pole at the front door; i.e., at that instant in S the pole is
entirely contained in the barn.

In the runner’s rest system §” it is the worldlines of the ends of the pole that are
vertical, while those of the front and rear doors of the barn make angles of 49.1° with
the —x' axis (since the barn moves in the —x' direction at v). Now we see that the
rear door passes the front of the pole at cf' = 2.5m/0.866 = 2.9 m, but the front door
of the barn doesn’t reach the rear of the pole until ¢t = 10 m/0.866 = 11.5 m. Thus
the first of those two events occurs before the second, and the runner never sees the
pole entirely contained in the barn. Once again, the relativity of simultaneity is the
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