Chapter 29
Relativity

Answers to Even-numbered Conceptual Questions

2.

10.

12.

14.

16.

The second postulate of relativity specifically refers to the speed of light in a vacuum.
The speed of light in other mediums will always be less than the speed of light in a
vacuum.

Recall that the proper time is the time between two events that occur at the same location,
as seen by a given observer. (a) Proper time. (b) Proper time. (c¢) Proper time.
(d) Dilated time.

The clock still runs slow. The direction of motion does not matter in time dilation, only
the relative speed between the observer and the clock.

If the speed of light were only 35 mi/h, we would experience relativistic effects everyday.
For example, a commuter would age more slowly than a person who works at home; a
moving car would be noticeably shorter and distorted; you wouldn’t be able to drive faster
than 35 mi/h, no matter how powerful your car was and no matter how long you held the
“pedal to the metal.”

The effects of length contraction — in fact, all relativistic effects — would be less than they
are now if the speed of light were larger. In fact, in the limit of an infinite speed of light,
there would be no relativistic effects at all.

No, in both cases. The theory of relativity imposes no limits on the energy or momentum
an object can have.

In principal, the apple has a greater mass when near the top of its fall. The reason is that
there is more gravitational potential energy in the Earth-apple system when the apple is at
a greater height, and this increased energy is equivalent to an increased mass via the
relation E = mc®. See Conceptual Checkpoint 29-3 for a similar situation.

The warm tea has the greater mass. We can see this by noting that the warm tea has more
internal energy than the cool tea. If the difference in energy is E, the corresponding
difference in mass is £/c*. See Conceptual Checkpoint 29-3 for a similar situation.

Solutions to Problems

1. Since the speed of light in vacuum is ¢, Isaac measures the speed of Albert’s light beam as .
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13. (a) Since the time between each heartbeat will appear longer to the Earth-based observer, the measured heart rate

will be 72 beats per minute.
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=3h 32 min

The Endor clocks read

18. (a) According to the ground-based clocks, the flight will take than 2.00 hours because of time
dilation.
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2
2. L=1I, /1 (64m),}1 0656}
23. (a) L=1L, /1—— (050m),/1 (0880 =024 m

The dimensions are [0.24 mx0.50 mx0.50 m|.
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Your car would have to be moving at more than .
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25. Outgoing trip

SE

26. (a) Due to length contraction, the lab traveled a distance 3.50 cm.

L .
(b) vz—O:Lsonéz 1.75%10° m/s
At 0.200x107 s
2
(© L=I, /1—V—2
C
8 2
1.75x108 m
= (0.0350 m), |1 -| ———=
3.00x10° ™

SEETY

27. (a) You and your friend are moving with the same relative speed to each other. So, from your point of view, your

friend’s ship is also [ 120 m .

(b) In the rest frame of your friend, he measured his ship to be 150 m. Since the ships are identical, you measure
your ship in your rest frame as | 150 m].
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3= ar2-n?
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41, - 1,?
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3
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e -1 [48.00 m)? —(5.00 m?
0 -l [0’ som?

30. (a) The length of the Picard is contracted with respect to the observer on the LaForge. So, since this observer
measures both ships and finds that they have the same length, the Picard must be longer. The length of the
LaForge is contracted with respect to the observer on the Picard. So, since the Picard is longer and the
LaForge is contracted, this observer will find that | (i) the Picard is longer |.
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(b) LaForge’s rest frame:

2
v
Lp = Lpg,|1=— = L1o
C

Picard’s rest frame:
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Calculate the ratio.
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32. v =0.90c
vy =—0.10c
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-
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34. v; =22 mi/h
vy =19 mi/h
v = the speed of the paper relative to the ground
v= V1 + %)
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37. v =04lc
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39. (a) v = the speed of ship B relative to Earth

vy, =0.50c
v=0.80c
_v=vy  0.80c-0.50c
Ty o L]
02 02

(b) The relative speed increases by 0.10c because increases in speed near the speed of light produce
a smaller net increase than would be expected classically.

(¢) v =0.50c
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40. (a) , since the inventor is using simple velocity addition, which is valid only for v << c.

(b) v; =0.80c
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v = the speed of the object relative to the ground
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55. K =myc
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60. K. =K,
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61. (a) W=AK=Kf—Ki

1 5 1 5

=—mvf ——my;
p
1 2 9

=Em("f -v)

= %(0.145 kg)[(35.0 m/s)% —(25.0 m/s)?]
=[4357

(b) Because of the increase in mass at relativistic speeds, the work required is .
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(¢) W=AK=K;-K,

myC
0 - “myc? |- - —m002
1= 1-%
CZ CZ
2 1 1
—moc > - >
1= 1=
Cz 02

=(0.145 kg)(3.00x10® m/s)? ! - !

8 2 8 2
. 2.00000035x10° . 2.00000025x10°
3.00x108 o 3.00x108 o

=[7.00x10% J

62. (a) K —m002 :moc2

(b) Because of the relativistic increase in mass, the speed increases by than a factor of two.

(c) K= —m002 = 2m0(:2

261



Chapter 29: Relativity

63. E =E;
2
m002 = mc?
1=
02
2
m= m02
Ji-5
2(0.240 kg)
1_(0.980
2.4 kg
2] 6.67x1071 Nm” 15 0051030
2GM _ ( x & j( x g)
64. R=

¢ (3 00x108 m)2

2(6.67x10_“ I\gj(Z.OOXIO% kg)

65. R= 2G§” - -
c (3.00><108 g)
GM GM  GM
66. (a) 5 T
(2)
T aom

(3.00x10% m/s)*
4(6.67><10“ Pli'gnfj(s.leo% ke)

=|5.8x10° m/s>

SEzIT

=[2.96x10° km

Physics: An Introduction

(b) Because the Schwarzchild radius doubles as well, and g depends directly on M but inversely on the square of

the distance from the center, g |decreases by a factor of 2|.
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67. (a) K = myc?

Il
=
|

20 2
( 10x10% eV 1)
6
938.28x10° eV

J1-8.8x10723

~1-4.4x1072 ~1.00

M) K =%(15x10_3 kg)(8.8x107> m/s)?

~5.8x1077 J[L\/wj
1.60x10719 7

3.6x10'%2 eV <<1.0x10%° eV

68. h=—gt’
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g
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69.

-2
1.50x10° MeV
—e 1| 22 eV
938 MeV

=0.923¢
=2.77x10% m/s

(1673107 kg)(2.77x10% m)
Tl ey

70. (a) Since E = mocz, an increase in energy results in an | increase | in mass.

=1.20x107"® kg - mvs

® am=2L

> a

AU
02
3
3 nRAT

2
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~3(2.00 mo1)(8.31 ﬁ)%(l 12) K

3 2
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71. (a) K = myc? L
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- 1+——>
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-[o6r]

(9.11x1073! kg)(0.6427)(3.00x10% ™
0 s 22
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1% 1_(0.64270)2

c

(©) pg+pc=p=0
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P
1
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1
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_ C{l my ¢ ]
P

_ (3.00><1o8 3) 1+
S

m_

p
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mgy

P
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2 2
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72. Find v.

2

/ v
L=Ly,[1-—
02

1 V2
—Ly =Ly, [1——
S ko owf 2

vV
62

3

y=—"c
2
Find At.

L
4

At

At =

-[204]

73. (a) %mvzzeV

2elV
\' m

v

2(1.60x107" €)(2.50x10° V)
9.11x1073! kg

=12.96x107 m/s

Physics: An Introduction

(b) Since the energy related to a given speed is greater in relativity theory than in classical theory, the speed
should be that found in part (a).

266



Physics: An Introduction Chapter 29: Relativity

-2

-19 3
~[3.00x108 | [1-| 14 _(L60x10" 7 ©)2.50x10" V)
S -31 8 m\2
(9.11x10 kg)(3.00><10 ?)

=12.95%107 m/s
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Find va.
v; =0.65¢

v, = the speed of the shuttle craft relative to the starship.

v = the speed of the shuttle craft relative to Earth.
v+ Vv
po itV

V2

1+
C2

451
V+—2V2 =V +V

oy (1.673x107%7 kg)(0.99)(3.00><108

qB (1.60x107" €)(0.20 T)

) R= mv _

(1.673x107%7 kg)(0.99)(3.00>< 108 %)

> 2
qB@ (1.60x107"% €)(0.20 T)\/@

76. (a) v; =0.75¢
vy =-0.40c
v = the speed of the shuttle craft relative to Earth.

L 0.75¢-0.40c¢
21+ (0.756)(2—0.400)

C

=(13m) |I-
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(b) Since the shuttle would have a greater speed relative to Earth, the length contraction of the shuttle craft
would be greater, so the length as measured by an observer on Earth would be that found in part
(a).

1| 0.75¢+0.40c
© L=03m),[1-~| o | =[61m]
2
C

V2 ’ 2
77. @) L=|| Lyy[l-=5 | +(Lsin®)
C

2
2
(cosd 1—V—2J +(/sin @)

c

r 2
2
(2.5 m)cos45° 1—(0'95"j +[(2.5 m)sin 45°]

78. (a) %mvzzeV
2elV
V= f—
m
2(1.60x107" €)(256,000 V)
9.11x107>! kg

=13.00x10% m/s
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(1.60x 1071 C)(256,000 V)
31 8 m)?
9.11x10 kg)(3.00x10 g)

=(3.00x10% @) 1-|1+
S

=|2.24x10% m/s

(pe)? =K% [(105 MeV/e)e]* —(35.0 MeV)?
79. moc? = = =[ 140 Mev

2K 2(35.0 MeV)

GMm mv?

(2R)2 " 2R
GM

V=, ,[—

2R

80. (a)
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81. (a) Since momentum is conserved, and the total relativistic mass will be less after the collision than before, the
final speed must be than the average of the two initial speeds.

2 .
(b) mo"2 +0= (@2mg )Zf by conservation of momentum,
b=

F
:2—4(:1 : U

(0.650¢)?
4- 36726

82. (a) The y component of length remains L sin&,. The x component is relativistically contracted to

, 2
Ly cos b l—v—z.
c
2

Total length = L = \/(LO c0s6y)? (1 —V—zJ +(Ly sin @)

c

2
L= \/L(z) (cos2 G + sin’ 6y) - L% cos? & v_2
c
2
= L(2) 1—v—20082 &
c
2
=Ly, |1-| — |cos 490
c

(b) wng oy Losinfp
L Locosﬁo\/g
tan 6,
tan @ = % _
-2
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83. Let /= the pulse frequency observed at Earth. Find £, =the (proper) pulse frequency at the pulsar.

At
At 0 :
-z
1 1
2
I g 1-75
C
S
Jo= -
1=
C2
Find v,.
v; =0.950c
v, = the speed of the pulsar relative to the Endeavor
v =0.800c
v V| +Vy
V-
1+ ;—22
VV]

+— vy =V +
14 02 V) 141 Vo

145%]
V—Vl = ——2 V2
c

V-V
Vo) = 1
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Find /' = the pulse frequency relative to the Endeavor.

At
At' = 0
2

2
1 —_L | 0.800¢=0.950c
! 2 1_(048000)(049506)
uises 2
:(153 P J <
S 1_(0.8000)
4

=199 pulses/s
moc

84. FE= -
e
m204

g2 =0 ¢
1=

c
3 m0204 + mozvzc2 —m02v202

= p2? 4 mp2t

E2 = p2c? + (myc?)?
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2
v1(1+v—2) Vl[“'vl;zczj vl(l+%)
85 _V1+V2 _ ) _ oy c

V= = = > =V
1+2 1412 1+12 1+
C C C C
So, v>v.
V) w2 n,
sy a(ie) (19 (1)
v= : VV2 = VV2 = ViV : > VVc :V2
1+-5% 1+-5% 1+ 1+
C C C C
So, v>v,.
Now,
v v V
—1(1——2j< 1--2 forv; <c
c c c
v Wy %
A2 -2
c c c
Vv v
_1+_2<1+¥
C C cz
v+ v
MEReA VV2 <c
1+-L2
C2
v<c

Therefore, vy <v<c and v, <v<ec.

mgyv
86. p=—F—=
h_L
-2
5 m02v2
p = )
1=
2
2 P2 2 2.2
P ——2V =mgy v
C
2 2 2 2
po=|my” +—|v
2
2_ P
V= 2
I’}’loz"t‘pf2
[«
~ p202
m 202+p2
- 22
mozc +1
p
C
v:
2
1+(M)
p
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87. Lab frame
Ly =3.0 cm =vA¢
Y~ frame
L =vAty =v(0.15 ns)
Find v.

’ 2
\4
L=LO 1——2=VAIO
C
2
2 v 2 2
LO {1—6—2]=V Ato

3 00x10° = m (0 15x107 s)?
(0 030 m)2
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