PHY 251 Fall 2009: homework problem set 1, due PHY 251 dropibezom A-129 by noon on
Friday, Sep. 11.

Some general comments: you'll see that | always work out gelahic solution first and then
plug in the numbers at the end. Also, if you put mks (meta@logram- second) units in, you get
an answer in mks units out. Therefore | tend to be lazy aboitingrthe units in the numerical
calculations.

1. Show that if one uses the Galilean relativity transfororabf

Ty = T1— VU
Y1 = Yo
21 = Z9
1 = 1o 1)
and the relationships for expansion of light spheres of
x%+yf+z%—02t% = 0 (2)
T3+ ys+ 2z — s = 0. 3)

that you get a non-general and inconsistent-with-clakgicgsics result.
Answer: Let’s do the substitutions in the second equation:

(z1 —vt)’ +y;+ 25— = 0

o]+ Y7+ 27— P+ = 2umt;, = 0
But i+ yi 42—t =0 SO vt — 2zt = 0
- T
giving v = 224
th

which implies that Galilean relativity works only at a pattiar relationship between distance
and time which differs by a factor of 2 from the uswak Ax/At.

2. Show how classical relativity affects speed in an airpléiight with either headwinds and
tailwinds, or crosswinds. Let’s say that the wind is bloweast west at a velocity of = 10
m/s, and that you're in an airplane that travels at a speed-0250 m/s. Consider a round-
trip journey where you fly 300 km out and back as measured ogrthénd, going east then
west. Then consider the case where you go straight southntbréim as measured from the
ground (what compass heading should you fly the plane at tinguicsh this?). What'’s the
time difference between the two trips? Work out an algelaagwer approximated to lowest
order ing = v/c before you plug in numbers.

Answer: Here’s a diagram:

Cc-v

i

Wind speed v <




When the airplane is flying against and with the wind, its reateél timet =distance/velocity

is

R N R Y S N

"Te—v T e+v c\1=8"1+8
with 3 = v/c. Now for smallz the binomial expansion say$ + )" ~ 1 + rz + 3r(r —
1)z% + ... so we have

b= %((1—ﬁ)‘1+(1+ﬁ)—1)
~ % <1 + (=1)(=B) + %(—1)(—1 — (=B +...+1+(-1)(B)+ %(_1)(_1 (B2 +...

L L

~ (148484 +1-8+8+.. ) =2=(1+4).

C C

When the plane is traveling across the wind, it has to fly alngmpass bearing ¢in 6 =

v/c (or @ = tan~1(10/250) = 2.3° in this case) to travel due north or south as seen on
ground. Its speed along the straight line distance from start to destinatfofound from

c? = ¢* + v? which gives
d=vc2—1v2=c\/1- 3
This applies the same way to both cases. The travel timeris the

Lo L( 1 1
> - ?<x/1—62+x/1—ﬁ2>

_ 2% (1+ %62 +0(3")

=22 (157"

whereO(3*) means that the next additional terms are of orgéfewhich are very small if3
is small. We can then subtract the two times:

L L 1 L1 L
At =t —ty = 2= (1+ﬁ2)—2— <1+—ﬁ2) _olgr o 22
c c 2 c 2 c

With L = 300 km, ¢ = 250 m/s, andv = 10 m/s, we have

At

300 x 10°m ( 10 m/s

2
= 1. n
250 m/s > 9 seconds

250 m/s

. How fast must a meter stick be moving past you for it to appegou to be only 0.6 m
long?
Answer: In ¢’ = ¢, /~, we solve fory:



We then want to fings from ~:

1
LRV 2
1 2
7 =

1
=1

B = V1= 1= G i-%-V5 -3

so we have = (.8c.

4. Itis said that “time flies when you’re having fun.” Some pkohaving fun go past you at
v = 3 x 10° m/s. You see one of them laugh for 20 seconds straight aswaukar your
frame. How much different is the duration of their laugh ieittframe?

Answer: We see time dilated by relative to the moving frame; we see= 20 seconds
while those who are having fun see a timeof= ¢/~ which, sincey > 1, is less thart'.
The time difference is then

/

At = t—ty=t— % =t[1—- (1= =t1—(1- %ﬁQ)]

1 1 3 x10%ml/s
'=3% = (20seq—(—/—————
26 ( c>2(3><108 m/s

12

1
)* = (20 €910 = 0.001 sec

5. While staring out the window, you are somewhat astonisbexke a spear go flying past,
and you snap a photograph. From your photo you see that it istérifong and tilted up
at an angle of 20from thex direction, and it goes flying past at = 1 x 10® m/sec and
v, = 0. What is length, and tilt angle, of the spear in its own ir@meference frame?
Answer: Because of relative motion in thedirection, we see a contracted version of the
spear’s length. There’s no motion in thelirection, so we see the true length in that direc-
tion. That is, we see’ = z,/v andy’ = y, and from that we can say = /2> + y”? and
tan(f') = y'/2’. Note that

7_1/\/1—52_1/\/ 1X1822— 1/4/1= ()2 = 1/,/8/9 = 3/v8 = 1.061.

We can relate these to dimensions in the spear’s frame akrefe as follows:

ro = \Jad+ud = /2292 +
= /[1cos(20°)]2(1.061)2 + [1sin(20°)]2 = 1.054 meters
/
tanf, = 9 _ y_/ = —tan®’
Lo YT 7
orfy = tan '[tan(¢)/v] = tan"'[tan(20°)/(1.061)] = 18.9°.
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That is, the meter stick is longer than 1 meter, and is rotayemismaller angle when viewed
in its own frame.

. A cop pulls you over for running a red lighk (= 650 nm). Thinking that you're a clever
physics student, you go to court and point out that due to ehagivistic Doppler shift it
looked like a greenX = 550 nm) light to you, smiling smugly at the judge. However, the
judge immediately slams you with a speeding ticket instédmly fast does the judge know
you were going?

Answer: For a source moving straight towards the observer, theiviskidt Doppler shift is
(Serway Eq. 1.15),

Vo= 1y 1+75

1-p
c  cy1+p
N AVI-B

M\, 1+
<Y> 15

If we defined = (\/\)?, we have

1+8
A = q
A— AB 1483

A-1 = (A+1)p
A—1 (N =XY)/N\?

MG = T T e
A2 A2
o= N

Since)\, = 650 nm (it's really a red light) and’ = 550 nm (we think it's a green light), we
come up with3 = 0.166 orv = B¢ = 4.95 x 10" m/s or
Linch 1 foot 1 mile 5 miles
0.0254 m) ‘ <12 inches> ' (5280 feet) = 307> 10 hour
A bit too fast, don't you think?

au
(4.9 % 107-) - (

. Forv <« ¢, show that the relativistic Doppler shift leads to relafreguency and wavelength
shifts of
Av v AN v
e and — ~—.
v c A c
Apply this to find the velocity at which a galaxy must be recgdi we see a spectral feature
at A = 400 nm redshifted by 15 nm.

Answer: From Serway Eq. 1.15, we have

L-p)

gy = vl = A 8V 2 (1= 58)(1 = 58) = (1 - )

/
vV =1
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We can then find

g:V/—VOIVo(l—ﬁ)—VO:—51/0:_6_

f ) ) Vo

Since\ = ¢/v, we have

- d(f) _ W

v Iz
Vo =
C 1%
A dv
A v

50 AN A
14

T——T——(—ﬁ)—ﬂ
Now if AX = 15 nm and)\ = 400 nm, we have
A 15

/B—T—M—O.OB%

orv = 0.0375¢ = 1.13 x 107 m/sec.

. A radar speed gun works by sending out a radar wave at aeinegju;. A moving object
sees this frequency shifted tg, and reflects that radar signal back to the radar gun. From
the radar gun’s point of view, we have a moving emitter atdegyr, which leads to a
frequencyrs; seen by the radar gun. We then get a beat frequeney 3 — 14 from the
superposition of the emitted frequengyand received frequenay at the radar gun:

\ I\VAAI\H | f\/\vv/\\//\” n/\v/
uv huuv |

Show that, to lowest order ifv/c), the beat frequency is given by = 2(v/c)vy, and cal-
culate the beat frequency the radar gun sees when measuarwigject moving ab = 30
m/sec using a radar frequency of 10.0 GHz.

Answer: There ar@awo Doppler shifts here! The radar transmitter puts out a sighalfre-
guencyr,, but the object which is moving towards the transmittee< ) sees a Doppler-
shifted frequency, of

_ 1 _ V1= VI-BVI+B _ VI+P
v (14 Bceos(m)) Y1-p5 1-p3 S /I-F

Vo
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The object then reflects this signal so that it is a signal temét frequency,. Since it’s
moving towards the radar gun, the radar gun sees a frequemdyich is the Doppler-shifted
version ofy, for which we have the same form of Doppler shift to 7

1+ﬁ_ymm_yl+ﬁ_yv+c
-3 "VI-pBJVI-5 ‘"1-8 Ttv—c

In this case, the beat frequengyis

V3 = V3

ES R

~ (1+08)1+08)—v ~uy(1+206) — 1y =201

Vp = Vs—l =1

where we have assumgdk 1. For an object with a speed of= 30.0 m/s and a microwave
frequency of; = 10.0 GHz, the beat frequency is

30.0

Ve D, et
vy =200 = 2550= 705

10.0 x 10%) = 2.00 x 10°

or 2 kHz which is easily measured by cheap, low frequencytercs. If the measurement

of the beat frequency is good #65 Hz, then we have measured the speed to an accuracy of
(5/2000) = 0.0025 or 0.25% and).0025 - 30.0 = 0.075 miles per hour. You're not likely to
argue your way out of a speeding ticket by claiming that tlargun is highly inaccurate!

. As a still-lurid 80-year old in 2061, Paris Hilton drivesHammer H34 spaceship which is
15 m long. Al Gore, long since retired but still kicking aralnirives a Honda CivicsLesson
spaceship which is only 3 m long. Paris and Al both fly past ybilewou’re standing on
earth, and it looks to you like they’re both driving spaceshof the same length. You know
that Al drives at, but not even a smidgen above, the posteedsipait of v = 0.55¢. How
fast is Paris going relative to you on earth? Relative to Al?

Answer: In their respective frames, Paris’ Hummer has a proper keoBt, o = 15 m while
Al's CivicsLesson has proper length 6f ; = 3 m. We also see a speed/@f = 0.55 for Al
(giving v2 = 1.20). For both vehicles, we see the same length in our frame, or

. L L
L, = L giving =L ==L
71 V2
/71 L27OFY2 3

Now from~ = 1//1 — 32 we can find3 = /1 — 1/~2 so Paris’ speed relative to us is

B = /1 - 1/(6.0)% = 0.986

as viewed by us on the ground. We now need to shift by a velotity55¢ from our frame
to Al's frame to see how Al perceives the speed of Paris’ HumH®4, so that we have
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10.

v = 0.986¢ (what we see for Paris) and= 0.55¢ (the velocity needed to shift into Al's
frame), or
vp—v  0.986c — 0.55¢

- - — 0.953c.
1—wu /2 1—0.55-0.986 ¢

V2

The nearest star to earth is Proxima Centauri, at 4.2\iggrs distance. If you were instan-
taneously able to accelerateo= 0.1, how long would the journey appear to take to you
in your spaceship? Next, using classical physics, estilmatelong it would take for you to
accelerate t@ = 0.1 if your acceleration was limited to 250

Answer: To an observer stationary on earth, your travel time would be(4.2 light speed
years) /(0.1 light speed = 42 years. But the stationary observer sees a tinddated com-
pared to what you see in the spacecraft; youtgeet' /-y or

42
to = _foyears 41.8 years
1/4/1—(0.1)2
In classical physicsiv = a(At) or
A 1 108 m/ .
A = 20 0L SIS e 08 sec

a 2.9.8m/s

. 1 year
— (153 x 10° seq - Y

3600 - 24 - 365 sec

= 0.05 years

That is, you have to suffer 0.05 years or 2.5 weeks of hardexat®n to have a relativistic
gain of 0.2 years during the journey. But even with relagnatcounted for it would take
an enormous length of time to get there. In the next probleénwve#l estimate the mass of
rocket fuel we would need to make the trip



