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Chapter 2 
 
 

1. Your air speed in still air is (750 km)/(3.14 h) = 238.8 km/h.  With the nose of the plane 
pointed 22° west of north, you would be traveling at this speed in that direction if there 
were no wind.  With the wind blowing, you are actually traveling due north at an 
effective speed of (750 km)/(4.32 h) = 173.6 km/h.  The wind must therefore have a 
north-south component of (238.8 km/h)(cos 22°) − 173.6 km/h = 47.8 km/h (toward the 
south) and an east-west component of (238.8 km/h)(sin 22°) = 89.5 km/h (toward the 
east).  The wind speed is thus 
 
 2 2(47.8 km/h) (89.5 km/h) 101 km/hv = + =  
 
in a direction that makes an angle of 
 

 1 89.5 km/htan 62 east of south
47.8 km/h

θ −= = °  

 

2. (a)   95 m 179 s
0.53 m/s

=  

 

(b)  95 m 54 s
1.24 m/s + 0.53 m/s

=  

 

(c)  95 m 49 s
2.48 m/s 0.53 m/s

=
−

 

 

3. up down across 2 2 2 2

2 1 12
1 / 1 /

Lt t t t
c u c u c

 
∆ = + − = − − − 

 

 
Assuming u c , 
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2 2 2

2 2 3
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4
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1 / 21 /
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2
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11 m

u u
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c c c c
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L

−

≅ + ≅ +
− −

  
∆ ≅ + − + =  

  

∆ × ×
= = = ×
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4. (a) u = 100 km/h = 28 m/s  c 
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This is less than the wavelength of light. 
 

(b) 150 0
0152 2
(1 4.3 10 )

1 4.3 101 /
t tt t

u c
−

−

∆ ∆
∆ = ≅ ≅ ∆ + ×

− ×−
 

 
 15 15 10

0 0(4.3 10 ) (4.3 10 )(40 h)(3600 s/h) 6.2 10 st t t− − −∆ − ∆ = × ∆ = × = ×  
 

5. With 1
02L L= , the length contraction formula gives 2 21

0 02 1 /L L u c= − , so 
 
 83 / 4 2.6 10 m/su c= = ×  
 

6. The astronaut must travel 600 light-years at a speed close to the speed of light and must 
age only 12 years.  To an Earth-bound observer, the trip takes about Δt = 600 years, but 
this is a dilated time interval; in the astronaut’s frame of reference, the elapsed time is the 

proper time interval Δt0 of 12 years.  Thus, with 
2 2

0 / 1 /t t u c∆ = ∆ − , 

 

22

22 2

2

12 years 12600 years or 1
6001 /

1 (12 / 600) 0.9998

u
cu c

u c c

 = − =  
 −

= − =  
 

7. (a) 0
2 2 2

120.0 ns 384 ns
1 / 1 (0.950)

tt
u c
∆

∆ = = =
− −

 

  
(b) 8 90.950(3.00 10 m/s)(384 10 s) 109 md v t −= ∆ = × × =  
 
(c) 8 9

0 0 0.950(3.00 10 m/s)(120.0 10 s) 34.2 md v t −= ∆ = × × =  
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8. In the laboratory reference frame, the lifetime is 
 

 11
8

1.15 mm 0.386 10 s
0.993(3.00 10 m/s)

dt
u

−∆ = = = ×
×

 

 
 2 2 11 2 13

0 1 / (0.386 10 s) 1 (0.993) 4.56 10 st t u c − −∆ = ∆ − = × − = ×  
 
 

9. From Equation 2.15, 1 /( )t L v u∆ = − , and from Equation 2.16, 2 /( )t L c u∆ = + . 
 

 0
1 2 2 21 /

tL Lt t t
v u c u u c

∆
∆ = ∆ + ∆ = + =

− + −
 

  
With 2 2

0 0 0 0/ / and 1 /t L v L c L L u c′∆ = + = − , this becomes 
   

 2 2

1 1 1 1 1
1 /v u c u u c v c

 + = + ′− + −  
 

  
Solving for v, we obtain 
  

 21 /
v uv
v u c
′ +

=
′+

 

 
10. Let ship A represent observer O, and let observer O′ be on Earth.  Then v′ = 0.831c and u 

= −0.743c, and so 
  

 2

0.831 0.743 0.973
1 / 1 (0.831)(0.743)

v u c cv c
v u c
′ + +

= = =
′+ +

 

  
If now ship B represents observer O, then v′ = −0.743c and u = −0.831c. 
  

 2

0.743 0.831 0.973
1 / 1 ( 0.743)( 0.831)

v u c cv c
v u c
′ + − −

= = = −
′+ + − −

 

 
11. Let O′ be the observer on the space station, and let O be the observer on ship B.  Then v′ 

= 0.811c and u = −0.665c. 
  

 2

0.811 0.665 0.317
1 / 1 (0.811)( 0.665)

v u c cv c
v u c
′ + −

= = =
′+ + −
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12. (a) With (1 / ) /(1 / )f f u c u c′ = − +  and /c fλ = , we obtain 
  

 1 / 1 /or 366 nm 122 nm
1 / 1 /

u c u c
u c u c

λ λ + +′ = =
− −

 

 
Solving, we get u/c = 0.800 or u = 2.40 × 108 m/s. 
 

(b) 1 / 1 0.800122 nm 40.7 nm
1 / 1 0.800

u c
u c

λ λ − −′ = = =
+ +

 

 
 

13. With (1 / ) /(1 / )f f u c u c′ = − +  and /c fλ = , we obtain 
   

22 21 / 650 nm 1.397
1 / 550 nm

u c f
u c f

λ
λ

′   −  = = = =    ′+     
 

 
Solving, u/c = 0.166 or u = 5. 0 × 107 m/s. 
 

14. According to O, the rest length L0 of the hypotenuse is shortened to 
 
 2 2 2

0 0 01 / 1 (0.92) 0.392L L u c L L= − = − =   
 
The height of the triangle, which is 0.5L0, is not affected by the length contraction. The 
base angles of the triangle are then 
 

 1 10
1

02

0.5tan tan (2.55) 68.6
0.392

L
L

θ − − 
= = = ° × 

  

 
The apex angle is then 180° − 2(68.6°) = 42.8°. 
 

15. In the direction of motion, the radius of the gold nucleus is reduced to  
 
 2(7.0 fm) 1 (0.99995) 0.070 fm− =   
 
At this speed the formerly spherical gold nucleus looks like a pancake whose thickness is 
only 1% that of the original sphere and thus whose density has been increased by a factor 
of 100. The collision of two such compressed, high-energy nuclei is thought to create for 
a fraction of a second the conditions of density and temperature that occurred in the very 
early universe. 
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16.    
2

2 2 2 2

/and
1 / 1 /
dx u dt dt u dx cdx dt

u c u c
− −′ ′= =
− −

 

   

2 2 2

/
/ 1 ( / ) / 1 /

x
x

x

v udx dx u dt dx dt uv
dt dt u dx c u dx dt c uv c
′ −− −′ = = = =
′ − − −

 

 
With dz dz′ = , we obtain 
  

 
2 22 2

2 22 2 2

1 /( / ) 1 /
1 / 1 /( / ) / 1 /

z
z

x x

v u cdz dz dz dt u cv
dt uv c uv cdt u dx c u c

′ −−′ = = = =
′ − −− −

 

 
 

17. For the light beam, observer O measures vx = 0, vy = c.  Observer O′ measures 
  

 
2 2

2 2
2 2

1 /
0 and 1 /

1 / 1 /
yx

x y
x x

v u cv uv u u v c u c
uv c uv c

−−′ ′= = − = − = = −
− −

 

  
According to O′, the speed of the light beam is 
  
 2 2 2 2 2 2( ) ( ) (1 / )x yv v v u c u c c′ ′ ′= + = + − =  
 

18. O measures times t1 and t2 for the beginning and end of the interval, while O′ measures 

1t′  and 2t′ .  Using Equation 2.23d, 
   

 
2 2

1 2
1 22 2 2 2

/ /and
1 / 1 /

t ux c t ux ct t
u c u c

− −′ ′= =
− −

 

  
The same coordinate x appears in both expressions, because the bulb is at rest according 
to O (so ∆t is the proper time interval).  Subtracting these two equations, we obtain 
 

 
2 1

2 1 2 2 2 2
or

1 / 1 /
t t tt t t

u c u c
− ∆′ ′ ′− = ∆ =

− −  
 

19. Suppose observer O is moving with the K meson; to this observer, the K meson appears 
to be at rest, and so O measures v1 = +0.815c and v2 = −0.815c for the two p mesons.  
Observer O′ is moving relative to O with a velocity u = −0.453c; in the reference frame 
of O′, observer O and the K meson are moving in the positive x direction with a velocity 
of 0.453c.  We can use the Lorentz velocity transformation (Equation 2.28a) to find the 
velocities of the two p mesons according to O′: 
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26. (a) 
 

 
   
(b) 16 years 
   
(c) 4 years 
 

27. (a) To an Earth-bound observer Alice’s round trip takes 20 years each way (20 years × 
0.6c = 12 light-years) for a total time of 40 years. Bob’s travel time is 15 years each way 
(15 years × 0.8c = 12 light-years) for a total travel time of 30 years. With Bob’s 10-year 
delay in departing, the two arrive on Earth simultaneously. 
(b) To Alice, the distance to the star is contracted to 
 
 2 2 2

0 1 / 12 light-years 1 (0.6) 9.6 light-yearsL L v c= - = - =   
 
So in Alice’s frame of reference the trip takes a time of (9.6 light years)/0.6c = 16 years 
each way. To Bob, the distance to the star is 
 

2 2 2
0 1 / 12 light-years 1 (0.8) 7.2 light-yearsL L v c= - = - =  

0 5 10 

Distance (light-years) 

5 

10 

15 

20 

 Time  
(years) 

Amelia’s worldline Casper’s 
worldline 
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and in Bob’s frame the travel time is (7.2 light-years)/0.8c = 9 years each way. Relative 
to Alice’s original departure time, Alice has aged 32 years while Bob has aged 10 + 18 = 
28 years. So Bob is younger by 4 years. 

 
28. (a) Suppose Agnes travels at speed v. Then in her reference frame the distance to the star 

is shortened to 2 2
0 1 /L L v c= − , so the time for her one-way trip is L/v and thus 

 

 
2 2 2

2

16 light-years 1 / 1010 y or 1
16

v c c
v v

-
= - =   

 
Solving, we find v = 0.848c. 
(b) According to Bert, Agnes traveled on a journey of 32 light-years at a speed of 0.848c 
which corresponds to a time of (32 light-years)/0.848c = 37.7 years. 

 
29. (a) 

   

2 2
2 21 2

i 1i 2i 1 22 2 2 2
1i 2i1 / 1 /

m c m cK K K m c m c
v c v c

′ ′ ′= + = − + −
′ ′− −  

  
2 2

2 2 2

2 2

(2 ) (2 ) 0.512
1 0 1 (0.750)
m c mcm c mc mc= − + − =
− −

 

 

2 2
2 21 2

f 1f 2f 1 22 2 2 2
1f 2f

2 2
2 2 2

2 2

1 / 1 /
(2 ) (2 ) 0.512

1 ( 0.585) 1 (0.294)

m c m cK K K m c m c
v c v c

m c mcm c mc mc

′ ′ ′= + = − + −
′ ′− −

= − + − =
− − −

 

  
(b)   

   

2 2
2 21 2

i 1i 2i 1 22 2 2 2
1i 2i1 / 1 /

m c m cK K K m c m c
v c v c

= + = − + −
− −  

2 2
2 2 2

2 2

(2 ) (2 ) 0.458
1 (0.550) 1 ( 0.340)

m c mcm c mc mc= − + − =
− − −

 

2 2
2 21 2

f 1f 2f 1 22 2 2 2
1f 2f

2 2
2 2 2

2 2

1 / 1 /
(2 ) (2 ) 0.458

1 ( 0.051) 1 (0.727)

m c m cK K K m c m c
v c v c

m c mcm c mc mc

= + = − + −
− −

= − + − =
− − −

 

 

30.  
2

2 2 2 2 2

1 ( )( / ) 1 (938.3 MeV)(0.835) 1424 MeV/
1 / 1 / 1 (0.835)

mv mc v cp c
c cv c v c

= = = =
− − −

 

  




