CHAPTER 26: The Special Theory of Relativity

Answersto Questions

1.

10.

No. Since the windowless car in an exceptionally smooth train moving at a constant velocity isan
inertial reference frame and all of the laws of physics are the same in any inertial frame, there is no way
for you to tell if you are moving or not.

Thereisno way for you to tell the difference between absolute and relative motion. Y ou always think
that you are at rest and that other things around you are moving, but you really can't tell if maybe you
are moving and everything elseis at rest.

The ball will land on the roof of the railroad car (ignoring air resistance and assuming that the velocity
of thetrain is constant). Both the ball and the car are aready moving forward, so when the ball is
thrown straight up into the air with respect to the car, it will continue to move forward at the same rate
asthe car and fall back down to land on the roof.

Whether you say the Earth goes around the Sun or the Sun goes around the Earth depends on your
reference frame. It isvalid to say either one, depending on which frame you choose. The laws of
physics, though, won'’t be the same in each of these reference frames, since the Earth is accelerating asit
goes around the Sun. The Sunis nearly an inertial reference frame, but the Earth is not.

If you were in a spaceship traveling at 0.5c away from a star, its starlight would pass you at a speed of c.
The speed of light is a constant in any reference frame, according to the 2™ postulate of special
relativity.

The clocks are not at fault and they are functioning properly. Timeitself is actually measured to pass
more slowly in moving reference frames when compared to arest frame.

Time actually passes more slowly in the moving reference frame. Itisnot just that it seems thisway, it
has actually been measured to pass more slowly, as predicted by special relativity.

If the young-looking astronaut has been traveling at extremely high speeds (relative to Earth) for many
Earth years, since her clock will run slow compared to the clocks at rest on Earth, it is possible that her
son could now be much older than she is after her trip. Thisisatwist on the twin paradox.

Y ou would not notice a change in your own heartbeat, mass, height or waistline. No matter how fast
you are moving relative to Earth, you are at rest in your own reference frame. Thus, you would not
notice any changes in your own characteristics. To observers on Earth, you are moving away at 0.5c,
which gives y =0.87. To these observers, it would appear that your heartbeat has slowed by a factor of
0.87, that your mass has increased by afactor of 1/0.87 = 1.15, and that your waistline has decreased by
afactor of 0.87 (all dueto the relativity equations for time dilation, mass increase, and length
contraction), but that your height would be unchanged (since there is no relative motion between you
and Earth in that direction).

Time dilation and length contraction do occur at 90 km/h, but the effects are so small that they are not
measurable.
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11.

12.

13.

14.

15.

16.

17.

18.

20.

If the speed of light was infinite, then time dilation and length contraction would not occur. The factor

found in these equations, /1—V? / ¢’ , would always be equal to zero at any speed v.

If the speed of light was 25 m/s, then we would see relativistic effects al the time, something like the
opening Chapter figure or Figure 26-11 with question 14. Everything moving would look Iength
contracted and time dilation and mass increase would have to be taken into account in all experiments.
One of the most unusual changes for today’ s modern inhabitants of Earth would be that nothing would
be able to move faster than 25 m/s, which is only about 56 mi/h.

Asv gets very closeto ¢, an outside observer should be able to show that L = L /1-V?/c? isgetting

smaller and smaller and that thelimitas v — C isthat L — 0. Thiswould show that cisalimiting
speed, since nothing can get smaller than having alength of 0. Also, asv getsvery close to ¢, an outside

At : : -
observer should be able to show that At = ﬁ is getting longer and longer and that the limit as
1-vi/c
V - Cisthat At - c. Thiswould show that c isalimiting speed, since the slowest that time can pass
isthat it comesto a stop.

Mr. Tompkins and his bike would look very thin to the people standing on the sidewalk if ¢ = 20 mi/h,
due to the extreme length contraction that would occur. He would be the same height, though, since
there is no relative motion in that direction between Mr. Tompkins and the people on the sidewal k.

No, the speed limit of ¢ for an electron does not put an upper limit on the electron’s momentum. As

v
Y then p — o, which can be attributed to the fact that m=L goes
1-v?/c? 1-v¥/c?

towas V - C (therelativistic massincrease).

V-cCinp=

No, it is not possible for a non-zero rest mass particle to attain a speed of ¢. Thisisbecauseits
relativistic mass would increaseto « as vV — C, which meansit would take an infinite amount of energy
to increase the speed of thisinfinite mass particleto c.

No, E = mc? does not conflict with the conservation of energy, it actually completesit. Sincethis
equation shows us that mass and energy are interconvertible, it saysit is now necessary to include mass
asaform of energy in the analysis of physical processes.

Yes. Oneway to describe the energy stored in the compressed spring isto say it isamassincrease
(athough it would be so small that it could not be measured). This masswill convert back to energy
when the spring is uncompressed.

Matter and energy are interconvertible (matter can be converted into energy and energy can be converted
into matter), thus we should say “energy can neither be created nor destroyed.”

No, our intuitive notion that velocities simply add is not completely wrong. Our intuition is based on
our everyday experiences and at these everyday speeds our intuition is correct regarding how velocities
add. Our intuition does break down, though, at very high speeds, where we have to take into account
relativistic effects. Relativity does not contradict classical mechanics, but it is amore general theory
where classical mechanicsis alimiting case.
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Solutions to Problems

Y ou measure the contracted length. We find the rest length from

1
\' 22
L=Ly|1-[ 2] | ;
L{ (CH ,
1
28.2m =1, 1~ (0.750)° |?, which gives L, =[42.6m]

2. Wefind thelifetime at rest from

At
At :—01;
2\ 72
(2]
476x10°s= Ay , which gives At, =|2.07 x10°s.

NI

. {(2.70 x10° mys) ]2

3.00x10°m/s
( )

1
_ . 2)3
3 (@ |1- \é _ 1_[ (20,000m/s) ] o0]

(3.00x10° mys)

273 1

(b) [1- =|1-(0.020)" [* =[0.9998]

273 1

(@ [1- =[1-(0%)" | =[0312]

N
Nl

1

=[1- (0s8)' | =[010]

() |1-

J
J
I ooy e
J
J

|
|
o
|
|

1

1~ (0.000)"|* =[0.0447]

(f)

I 1
=
I
7\
ol<
N—
N
L
N
1]

4. You measure the contracted length:
1
272
v
L=Lg|1-|—
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(2.50x 10° m/s)

1
2)3
=(125ly)<1 - =|55.3ly.

5. We determine the speed from the time dilation:
At,

Ats——
VA2
at

(260x10%s)
410%x10°s=~————=, which gives v=|0.773c.

T

(o
c

6. We determine the speed from the length contraction:

b (YY)
T
35Iy=(82|y){1—(\—(3 }2, which gives v =0.90c/

7. We determine the speed from the length contraction:
1
272
v
L= 1-|— ;
il
1
vY 2
25ly = (85Iy){1 - [—j } , which gives v =0.956c.
c
We then find the time from the speed and distance:

_d _(25y)c _
'=7 T 09560 _

\Y

8. We determine the speed from the length contraction:
1
272
v
L=L,|1-|— ;
\' 22
0.900m =(1.00 m){l - [—j } , which gives v =|0.436c.
c

40,000kmy/h)

9. We convert the speed: ( =1.11x10* m/s.
® (3.6ks/h) /
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The length contraction is given by

el

1-L=og- 1—[sz
L, c

(111x10°mys) |
=1- [1-
(3.00x10°mys)

10. For a 1.00 percent change, the factor in the expressions for time dilation and length contraction must
equal 1-0.0100=0.9900:

2Tz
{1 - (Yj } =0.9900, which gives v =[0.141c.
C

In the Earth frame, the clock on the Enterprise will run slower.
(a) Wefind the elapsed time on the ship from

At = _ A, ;

1
Ve |2
(%)
5.0yr =¢1, which gives At, =
[1-(084) [
(b) Wefind the elapsed time on the Earth from
At = At

1
Ve |2
(&)
5.0yr
-5 g
[1-(084)°]?
12. (a) To an observer on Earth, 10.6 ly isthe rest length, so the time will be

_ L, _(106ly) _
tern = =" 09600 =[tLoyr]

%
(b) Wefind the dilated time on the spacecraft from
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11.0yr =¢11 which gives At, =[3.09yr]
|1~ (0.960)" [
(c) To the spacecraft observer, the distance to the star is contracted:
1
\ 2 2 3
L=L,|1-|— =(10.6ly)| 1 -(0.960)" |* =|2.97ly.
1 (2] | =faoom)[a (o0

(d) To the spacecraft observer, the speed of the spacecraft is

v=k =(297Y) 5600 as expected.

At~ 3.00yr

13. (a) You measure the contracted length. We find the rest length from

S|

1
480m=L,|1-(0.660)" |, which gives L, =[6.39m]

Distances perpendicular to the motion do not change, so the rest height is
(b) Wefind the dilated time in the spacecraft from
At

20.03=L1, which gives At, =

|1~ (0.660)° |

(c) Toyour friend, you moved at the same relative speed: | 0.660c.
(d) Shewould measure the same time dilation: | 15.0 s.

14. In the Earth frame, the average lifetime of the pion will be dilated:
At,

The speed as afraction of the speed of light is

1
2 2
()
SN A P R
C

At =

v
c c >
V) 2
. (15m){1 - (CZH
¢ (300x10°m/s)(2.60 x10°s)’

which gives v =|0.887c = 2.66 x10° m/s,|

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.
261



Chapter 26 Soecial Theory of Relativity

The momentum of the proton is

—27
e My (1.67 x10™ kg)(0.85)(3.00 x10° m/s) =[81x10 kg ms]

{1_ (\C/E H; 1- (0.85)1;

16. Wefind the speed from
m

v :

()
- m, i -
2m, = which gives v =|0.866c.
Ve |2
(%)
17. Theinitial momentum of the particleis

mv .

-
_m (0.20c)

1- (0.20)2}; |

We now find v which doubl es the momentum:

m=

p:

NI

m o, m, (0.20c)

2 }3 [1- (020)']

2

o

V2

2
:%, which gives v =|0.38c.

V
1-5
c

18. (a) The momentum of the particleis

\"
p= il >
v
s
0.10c
= L)Z =0.10050cmy,.
1-(0.10)
The classical formulagives p =myv =0.10cm,.
Theerror is

0.10cm, — 0.10050cm,
=-0.0050 =|-0.50%.
0.10050cm,
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(b) The momentum of the particleis
_ m,(0.50c)
1-(0.50)*
The classical formulagives 0.50cm,.
Theerror is

0.50cm, — 0.57735cm,
=-0.13 =| -13%.
0.57735cm,

=0.57735cm,.

19. The proton’s momenta are found using

p=—
v
CZ
b= _m(045¢) _ 0.5039cm,:
o, = M(0%%) _, oesem.:
p, = (0.98c) = 4.925cm,
1-(0.98)°
p, - p, _ 2.065cm, —0.503%m, ..
- =3.10 =[310%)]
@ = 0.5039cm, :
(b) P — P, = 4925(:”]3 _ 20650”]3 =1.40 =|140%.
P, 2.065cm,

20. Wefind the increase in mass from

4.82x10*J
am=2E - ( ) =|5.36 x10 2 kg

¢ (300x10°m/s)’
Note that thisis so small, most chemical reactions are considered to have mass conserved.

21. Wefind thelossin mass from
_AE_(200MeV)(1.60x 107 J/MeV)

=|3.56 x10 % kg

2

c (3.00x10°nys)’

22. Therest energy of the electron is

E =m,c? =(9.11x10"* kg)(3.00 x10° my’s)” =[8.20 x10™* |
-14
_ (820x10™) ) - [o5timeV]

~ (1.60x10% JMev
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23. Therest mass of the protonis
E _(L67x107kg)(29979x10°m/s) _g3amev

- (1.60x 107 J/Mev ) c? c?

24. We find the necessary mass conversion from

(3.00x10°mys)

25. Wefind the energy equivalent of the mass from

E =mc” =(1.0 x10°kg)(3.00 x10°m/s)" =[9.0 x10°J]

If this energy increases the gravitational energy, we have
E =mgh;

9.0 x10° 3 =m(9.80m/s?)(0.25 x10° m), which gives m=[3.7 x10° kg]

26. If the kinetic energy is equal to the rest energy, we have
KE=(m-m,)c* =mc?, or m=2m,.
We find the speed from

m=—rrb o
V2 2
{1‘ (H
_ m, : : _
2m, =———, which gives v =0.866c.

e
Vi) |2
(%)
27. If the kinetic energy is 25% of the rest energy, we have
ke =(m-m,)c® =0.25m,c?, or m=1.25m,.
We find the speed from
m

m= ;

1.25m, = ™ which gives v=

e
C
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28. (a) Wefind the work required from

W =Ake =(m-my)c® =mc?| { ————¢ -1

1

=(938MeV) —~1[=112 x10°MeV =[11.2GeV (2.23 x10°°J).

1

[1-(0997)" |

(b) The momentum of the proton is
myv
1

p=mv=

(1.67 x 10 kg)(0.997) (3.00 x10° m/s)
1

[1-(0997)" |

=6.46 x10™ kgem/s|

29. The speed of the proton is
_(260x10°mys)

v= =0.867c.
(3.00x10°mys)
Thekinetic energy is
2 2 1
ke=(m-m,)c* =mc?| { —— -1
\ 22
=
Cc
=(938Mev)|— 1 13 =|942MeV (151 x10™J).

1- (0.867)2];

The momentum of the proton is

p=mv=myVv
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=(1.67 x 107 kg)(2.60 x10° m/s) 1 l-lg70x10™ kg-m/s(

1

|1~ (0867)" |

1.63x10° MeVJ
—

30. Thetotal energy of the proton is
E =ke + mc’ =750MeV +938MeV =1688MeV.
The relation between the momentum and energy is

(pe)’ =E° - (me?)’s
p*(3.00x10°m/s)” = (1688MeV)" - (938MeV)” |(1.60 x10™ /Mev)

2
’

which gives p = |7.48 x107" kg-m/s.|

31. Thekinetic energy acquired by the protonis
KE =qV =(1e) (105MV) =105MeV.
The mass of the proton is
B KE _938MeV  (105MeV) _1043MeV
m=m, +—= 2 + 2 2 :
c c c c
We find the speed from

m

938MeV
1043MeV _ C2

c? 2 2

e

32. The mass of the electron is
B ke _0.511MeV  (1.00MeV) _1.51MeV
m=m * @ ¥ c? ¢z

We find the speed from
m

0.511MeV

—
1.51'\2/|eV — c —, which gives v =|0.941c.

)
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33. Thekinetic energy acquired by the electronis
KE=qV =(1€)(0.025MV) =0.025MeV.

The mass of the electron is

B ke _0.511MeV  (0.025MeV) _0.536MeV
m=m * s * c? ¢t

We find the speed from
m

=
0'53(;'\"6\/ =S whichgives v=
Vi) 2
(%)
34. If M, istherest mass of the new particle, for conservation of energy we have
2 2”1)

_2MCE e, which gives M, =|—2T |
Ve V2 |2
et (%)
Becauise energy is conserved, there was
Thefinal particleis at rest, so the kinetic energy lossis the initial kinetic energy of the two colliding
particles:

m=

2mc? =

KEs = 2(M—my)c? =[2mc?| - —————F —1]|.

(a) Thetotal energy of the protonis
E =mc? =ke + mc® =imc® +myc?, which gives m=2m,.
We find the speed from
m

1

v |2
P‘(&ﬂ

2m, =Ll, which gives v =|0.866¢/

=E)

(b) E =ke+m,c® =imc® +m,c?, which gives m=23m,.

m=
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We find the speed from
am=—" _ whichgives v=[0.745¢]
Ve
et
36. Thetotal energy of the electronis
E=mc® =ke + mc® =m,c® +m,c® =2m,c?, which gives m=2m,.

We find the speed from
m

—1;
v 2
(&)
m, VP
2m, =——2—, which gives 1—(—2j =1 so v=|0.866¢|

(&) C

The momentum of the electroniis
myv

- T
2
()
_ (9.121x107kg)(0.866)(3.00 x10° m/s) =[473%10% kgenys]

(2)

m=

1

p=nv=

37. (a) Thekinetic energy is

ke=(m-m,)c® =m,c? - —0 -1
{ vY |?
1_£j }
c
- (27,000kg)(3.00 x10° m/s)*| i—— L | _1|=[55 x10°3
1

[1-(022)°]?
(b) When we use the classical expression, we get
e, =1myv? =1(27,000kg)[ (0.21)(3.00 x10° m/s) | =5.36 x10°J

Theerror is
(5.36 - 5.5)

59 =-0.033 :
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38. The speed of the proton is

_(7:35x10"mys)

s (3.00x10°ms)
Thekinetic energy is

0.245c.

2 2 1

ke=(m=-m,)c* =mc —0 -1
|
(3]
C
= (938Mev)| | —+ 11 =|29.5MeV (4.7 x1072 ).
|1 (0.245)" 7
The momentum of the proton is
p:w:L
2|2
]
C
1

=(1.67 x10?" kg)(7.35 x10" mys) =1.3 10 kgem/s|

[

[1-(0245)° |2
From the classical expressions, we get
ke, =3mv? =1(L67 x10% kg)(7.35 x10" m/s)” =4.51 x10°2J, with an error of
(451-4.7)

=-0.05 =|-5%.
(4.7) 005
p=mv= (1.67 x107 kg)(7.35 x10’ m/s) =1.2 x10™*° kg-m/s, with an error of
(1.2-13)

W =-0.03 :

39. If weignore the recoil of the neptunium nucleus, the increase in kinetic energy is the kinetic energy of
the alpha particle;

KE, =[ My = (M +m, ) ]

55MeV =| 241.05682u — (m,, + 4.00260u)]c2(

which gives m, =|237.04832u.

931.5M er

uc?
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The increase in kinetic energy comes from the decrease in potential energy:

ke=(m-m,)c® =m,? _

6.60 x 10 J=(9.11 x10°*kg)(3.00 x10° m/s)*| {——=——+ -1/, which gives v=[0.833c.

41. (a) (b)

KE KE

KE = pC — MqC?

KE = pC

42. Thetotal energy of the protonis

E =mc® =ke +m,c® =998GeV +0.938GeV =999GeV, sothe massis 9990&.
We find the speed from
ne—
-E)

[o.gaseevj :
2z 21 |2
996V L ¢ J \whichgives {1 - %H =9.39 x10°*, s0 v=1.00c.

)

The magnetic force provides the radial acceleration:
2

quzmv , or

_m_ myv

1
ar 2 [2
gril- v
c?
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(1.67 10 kg)(3.00 x 10° my/’s)

- (1.6x10™° C)(1.0x10°m)(9.39 x10°*) :

Note that the massis constant during the revolution.

We find the speed in the frame of the Earth from
_ (v+u) _ (0.50c +0.50c)

_(1+ u j ~[1+(050)(0.50)]

=/0.80c.

44. (a) Inthe reference frame of the second spaceship, the Earth is moving at 0.50c, and the first
spaceship is moving at 0.50c relative to the Earth. Thus the speed of the first spaceship
relative to the second is

_ (v+u) _ (0.50c +0.50c)

= (“ \2;) ~[1+(050)(0.50)]

(b) Inthe reference frame of the first spaceship, the Earth ismoving at —0.50c, and the second
spaceship ismoving at —0.50c relative to the Earth. Thus the speed of the second spaceship
relativeto thefirstis

(v+u) _[-050c +(-0.50c)|

u:(h j REEY 050 050] =[-080c] as expected.
C

=[0.80c,

45. Wetake the positive direction in the direction of the first spaceship.
(@) Inthereference frame of the Earth, the first spaceship ismoving at +0.71c, and the second

spaceshipismoving at +0.87¢ relativeto the first. Thus the speed of the second spaceship
relative to the Earth is
- (v+u') _ (+0.71c +0.87c)

_(1+ u j ~[1+(0.72)(0.87)]

(b) Inthe reference frame of the Earth, the first spaceship ismoving at +0.71c, and the second
spaceshipismoving at —0.87c relativeto the first. Thus the speed of the second spaceship
relative to the Earth is

(v+u) _[+0.71c +(-0.87c)]

U:(“Vuj [1+(0.71)(-087)] (o]

c?

=[0.98c,

46. Wetake the positive direction in the direction of the Enterprise. In the reference frame of the alien
vessel, the Earth ismoving at —0.60c, and the Enterpriseis moving at +0.90c relative to the Earth.

Thus the speed of the Enterprise relative to the alien vessel is
(v+u) _ (-0.60c +0.90c)

(1+ Cj ~[1+(-0.60)(+0.90)]

Note that the relative speed of the two vessels as seen on Earth is 0.90¢c — 0.60c =0.30c.

u= =10.65c.
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47. From the first pod’s point of view, the spaceship and the second pod are moving in the same direction.
Thus the speed of the second pod relative to thefirst is

u:V+U _ 0.60c + 0.70c :

[

1+ W "1+ (0.60)(0.70)

C

48. The speed of rocket B relative to Earth can be written as
_v+u

[}

wu
C2

where v is the speed of Rocket A relative to Earth and U’ is the speed of Rocket B relative to Rocket A.

With the given values, then,

1+

0.95c= 27U hich gives u' =[0.70c]
0.754
1+
C

49. (a) To travelerson the spacecraft, the distance to the star is contracted:

oo (] (]

Because the star is moving toward the spacecraft, to cover this distance in 4.0 yr, the speed of the
star must be

1 1
27, 272
_L_[A3ly 1 —(Xj =(1.075¢)| 1 —(Xj , which gives v=0.73c.
t 4.0yr c c

Thus relative to the Earth-star system, the speed of the spacecraft is
(b) According to observers on Earth, clocks on the spacecraft run slow:

4.0
to = =) o]

{% ﬂ [1-(079)']

Note that this agrees with the time found from distance and speed:

50. The electrostatic force provides the radial acceleration:
ke’ _ mv?
2o
Thus we find the speed from
. (2.0%x10°Nem2/C?)(16 x10™ C)°
(9.11x10kg)(0.5x10™° m)

which gives v =2 x10°m/s.
Because thisis less than 0.1c, the electron is| not relativistic. |
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51. (a) Wefind the speed from
m

1
Vi) |2
{1‘ (czﬂ
2
14,000m,c® = me __ m,c?, which gives

V2
Ve
1
V2 |2 vY’
1-1= =7.14 x10°, or [—j =1-5.10x107°.
C c

When we take the square root, we get

%z (1-5.10 x10‘9)% ~1-4(5.10 x10°) =1 -2.55 x10™.

m=

Thus the speed is |0.77m/s less than c|
(b) The contracted length of the tubeis
1

=
L= L{l - G) T =(3.0km)(7.14 x10°®) =2.1 x10* km =[2Lcm]

52. We find the mass change from the required energy:
E=Pt=mc%

(100W)(3.16 x10"s) =m, (3.00 x10°m/s)”, which gives m, =

53. The minimum energy is required to produce the pair at rest:
E =2m,c® =2(0.511MeV ) =[1.02MeV (1.64 x10°J).

54. The magnetic force provides the radial acceleration:

2

qvB = v

. Hﬂ

_ (9.11x10kg)(0.92)(3.00 x 10° m/s)

, or

1

(16x10™C)(18T) 1~ (0.92)" [

=22x10°m =
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55. Because the total energy of the muons becomes electromagnetic energy, we have
m + m

3] ]

£105.7|v|evj(c2) (105.7|v|ev
+

E=mc* +mc® =

2 2

50 i S P
[1 - (0.33)2}5 [1 - (0.50)2]E

56. The kinetic energy comes from the decrease in rest mass:
KEz[m —(mp +m, +rrL)]c2

=[1.008665u - (1.00728u + 0.000549u +0) |c? [9315%) =|0.78MeV.
u
57. (a) Wefind the rate of masslossfrom
AE
am_ ot
At c?
(4x10® W)
=4 =44 x10°kg/s.
(3x10°mys)
(b) Wefind the time from
5.98 x 10* k
At =2 ( 9) =[4.3 x10" yr.

rate (4.4x10°kg/s)(3.16 x10"s/yr)
(c) Wefind thetime for the Sun to lose all of its mass at this rate from

Am (20x10"kg)
= =14 x10%yr.
)

at=2"1 =
rate  (4.4x10°kg/s)(3.16 10" s/yr

58. The speed of the particleis

(2.24 %107 mys)
= =0.747c.
(3.00x10°my/s)
We use the momentum to find the rest mass:
V
p =NV :—rno T ’
272
(]
c
0.747)(3.00 x 108 m/s
3.0x10%kgem/s = m( )( T / )

1~ (0747)"
which gives m, =9.11x10"* kg.

Because the particle has a negative charge, it is
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59. The binding energy is the energy required to provide the increase in rest mass:
ke=[(2m, +2m) -m, |c*

=[2(1.00783u) + 2(1.00867u) - 4.00260u |c? (wj =

uc?

(110km/h)
(3.6ks/h)
Because thisis much smaller than c, the mass of the car is

wmo“j }

The fractional changein massis

) fof2] ()

2
(30.6m/s) s —
=519 x10 =[5.19 x10%.
[

60. We convert the speed: =30.6m/s.

N

61. (&) The magnitudes of the momenta are equal:

pomy=—

(1.67 x 107 kg) (0.935)(3.00 x 10° ms) ~[132 x10 " kgrrys]

1
[1-(0938)°|?
(b) Because the protons are moving in opposite directions, the sum of the momentais
(c) Inthereference frame of one proton, the laboratory is moving at 0.935c. The other
proton ismoving at +0.935c relative to the laboratory. Thus the speed of the other proton
relative to thefirstis
(v+u) _[+0.935¢ +(+0.935c) ]

u= J_ = =0.998c.
(“ w j [1+(+0.935)(+0.935) ]
c
The magnitude of the momentum of the other proton is

p:n‘w:&

_ (1.67x120 kg)(0.998)(3.00 x10° m/s)

1- (0.998)2}2

7.45 x 107 kgemy/s.
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62. The relation between energy and momentum is
1 1
E= (m)zc4 + pzcz)* =C(m)202 + pz)E.
For the momentum, we have
Ev
p=mv=—-, or
c

2

(mazcz + pz )5
63. The kinetic energy that must be supplied is
2
ke=—10¢ m,c’

V2

o

2
= —mc’ =0.00504mc?.
1-(0.10)

Thisisthe amount of energy that would be liberated by converting 0.00504m, of mass into energy, or

0.00504(5 x 10° kg) =[2.5 x 10" kg]

64. (a) If the kinetic energy is5.00 times as great as the rest energy, we have
ke =(m - m,)c? =5.00m,c?, or m=6.00m,.
We find the speed from

m= ;

6.00m, = il = which gives v =|0.986c.
v
Ve
(b) If the kinetic energy is 999 times as great as the rest energy,
ke =(m-m,)c? =999m,c?, or m=1000m,.
Then

——

1000m, = T gives v= 1—5><10‘7)c.

2
V

1--
C

65. To an observer in the barn reference frame, if the boy runs fast enough, the measured contracted length
will belessthan 12.0 m, so the observer can say that the two ends of the pole were simultaneously inside
the barn. We find the necessary speed from

il
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66.

67.

68.

69.

273
12.0m= (15.0m){1 - (Xj } , Which gives v = 0.60c.
c

To the boy, the barn is moving and thus the length of the barn as he would measure it is less than the
length of the pole:

1

L= L{l - Gﬂ; =(12.0m)[1-(0.60)° " =7.68m.

However, simultaneity isrelative. Thus when the two ends are simultaneously inside the barn to the barn
observer, those two events are not simultaneous to the boy. Thus he would claim that the observer in the
barn determined that the ends of the pole were inside the barn at different times, which is also what the
boy would say. It is[not possible]in the boy’s frame to have both ends of the pole inside the barn
simultaneoudly.

We find the loss in mass from
3
am=2E - #8410 e 10% kg
¢ (3.00x10°m/s)
One mole of hydrogen weighs 1g = 0.001 kg.
One mole of oxygen weighs 16g = 0.016 kg.

So the total mass of the reactantsis 0.018 kg, and Am as a percentage of that is

5.38x 10 kg 10 =
= Y -30x10 :-_3.0 x107° %.
0.018 kg -

From one particle’ s point of view, the laboratory and the other particle are moving in the same direction.
Thus the speed of one particle relative to the other is

(v+u') _ (0.75¢ +0.75¢) _[5:960

(1 s ﬂz j [1+(0.75)(0.75)]

u=

c

(a) Earth observers see the ship as contracted, as given by the equation

— _V_Z: - 2:
L=loyf1-3 (25m),/1 -(0.75)

(b) Earth observers see the launch as dilated (Iengthened) in time, as given by the equation

At = Ato - 23min :
\/ _V 1-(078)
2

c

Every observer will measure the speed of abeam of light to be
Check: In the reference frame of the Earth, you are moving at +0.85¢ and the beam istraveling at —c

relative to you. Thus the beam’s speed relative to Earthis

U= v+u _ O.850+(—C) _
1+w' 1+(085)(-1)

The beam’ s speed as a positive value, relative to Earth, isc.
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70. The kinetic energy that must be supplied is

2
ke=—1C _ _ m,c?
V2
s
2
=L2 - m,c?® =0.25m,c’.
1-(0.60)

Thisisthe amount that would be liberated by converting 0.25m, of mass into energy, or

0.25(150,000kg) =[37,500kg]

From Earth’s point of view the trip will take

25y)c
n=9 _(2y)e =41.7y.
v 0.60c
According to the astronauts, it will take lesstime:
At = At =
Vv
s
A, L _
41.7y = —, which gives At, =
1-(0.60)

71. Thekinetic energy is
2
mec  _ m,c?
V2
1-—

C2

12,500kg)(3.00 x 10° m/s)’
( )

- (12,500kg)(3.00 x10° m/s = 6.8 x107 J.

We compare this with annual U.S. energy consumption:

6.8x107J
10°J

The spaceship’ s kinetic energy is about 68 times as great.

KE =

=68.

72. The passengers will see the trip distance shrunken as given by
2

v
L=1L, 1—?,
and they will measure their speed to be

\Y; :L, which means that

6.0 [V
=—( y)c 1—V—2, which gives v =0.986c¢.
1.0 c
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The work required to supply the necessary kinetic energy is

2
c

ke =110 -mc’
v

CZ
(42,000kg)(3.00x 10 mys)’

- (42,000kg)(3.00 x10° mys) =[1.82 x107J.

1-(0.986)°
73. (a) Becausethe springisat rest on the spaceship, itsperiod is
1

T= 2”{%]; = ZH{%T =[117s

(b) Theoscillating massisaclock. According to observers on Earth, clocks on the spacecraft run slow:

_ N O
e _{1_6\/3}; _[1—(10.19700)2]; =

74. The neutrino has no rest mass, so we have

1
E, = ( p,’c® + m,zc“)E =p,C.
Because the pi meson decays at rest, momentum conservation tells us that the muon and neutrino have
equal and opposite momenta:
P. =P =P
For energy conservation, we have
E,=E,+E,;

1 1
m,c’ =(pfc2 + m/fc“)2 +p,C =(pzc2 +mfc“)2 +pc.
If we rearrange and square, we get
(m,,ZCZ _ mfcz)

2m

m

(m,,c2 - pc)2 =m,c* -2mc?pc + p°c’ =p’c® +mZc*, or pc=
The kinetic energy of the muon is
(mnzcz _ myzcz)

2m

Us

— _ 2 _ 2 _ _ 2 _ 2 _ 2 _
KE,=E, —-m_cC —(m,,c pc) mc® =m,c” —-m ¢

(2m,,2 -2mm, -m? +m/f)c2 (m,f —2m);n,,+mf,)c2 (m,, - mﬂ)zc2

2m_ 2m 2m

T s
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