Relativity

36.1 Relativity: What’s It All About?
36.2 Galilean Relativity

1. In which reference frame, S or §’, does the ball move faster? 10 /s

The ball moves faster in S —s
l 4mfsin §
W=y-v=H4H %-10%=-6 % :

S5

2. Frame §" moves relative to frame S as shown.

a. A ball is at rest in frame S’. What are the speed ‘ -5 m/s
and direction of the ball in frame S?

U= u'+v | |
U= O+(5 ™)= =5m  leld

b. A ball is at rest in frame S. What are the speed and
direction of the ball in frame S§"?

‘= M"*_V, u'=+5 “s  right
O we= 1L + (—5 M/&)

3. Frame S” moves parallel to the x-axis of frame S. smis M Velocity
a. Is there a value of v for which the ball is at rest - /’i 4 inS

in S8”? If so, what is v? If not, why not? A/ﬂ -3

i "
Pecause Uy = Uy, + lf), and \/y = 0. s
! h
= - y - /
771614 b{y - (*{)/ = L/ /5 TA@V‘@ W/// 579// éz a y_ c,pM/M,,gu;L 0‘7€ L{
b. Is there a value of v for which the ball has a minimum

speed in 82 If so, what is v? If not, why not? y
€S.

To minimize U', we can only minimize (Fs  X-Comp ment:
Uy = (/{xlﬂ” V
3 = Uy +V |
Chovse V= 35 and Fhew Ux =€
My' will stl] be efom// fo H M.
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4. Anjay can swim at a steady speed of 2 mph.
He needs to cross a river that flows west to east
at 4 mph. Anjay jumps in at point A and swims
due north (i.e., his head always points due north)
until reaching the opposite shore. Where does
Anjay land?

de)f X=Vt
at X = (4 MPIA (O;A)

. waph = /_ém: +=05 4 Ve 2wt dowmstren L. &

5. a. What are the speed and direction of each ball in a
reference frame that moves with ball 17

U= 6 "5 Ui = -3 "5  v= 6™
L(:l/: L{u',“V= E"s— ¢ Mis = 0 ms
U= Uz =V = =3 "h—C s = =9 Mo b He [eff

b. What are the speed and direction of each ball in a reference frame that moves with ball 27
Ui =6 s Uz = =3 M5 V=-3 "s
Ve
Ui = l/(n‘-V= E™s — (=3 ™s) = 9 ™5 4o fhe right
’
Ut = U=V = =3 "5 = L3%4) = O "

6. What are the speed and direction of each ball in a reference frame
that moves to the right at 2 m/s?

Ui==4"5 U =H"s V=2

6 m/is 3mfs

> -

SIS g e
iy I 5

Ui = Uy =V = = "5 = 2% = =4 s o Hhe lefF
UV Y =2 = 2 Ao the right
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36.3 Einstein’s Principle of Relativity

7. A lighthouse beacon alerts ships to the danger of a rocky coastline.
a. According to the lighthouse keeper, with what speed does the light leave the lighthouse?

A—/— Speea( C.

b. A boat is approaching the coastline at speed 0.5¢. According to the captain, with what speed
is the light from the beacon approaching her boat?

At speeﬂ[ ¢ .

8. As a rocket passes the earth at 0.75¢, it fires a laser
perpendicular to its direction of travel.

a. What is the speed of the laser beam relative to the rocket?

Speea\ c.

b. What is the speed of the laser beam relative to the earth?
5;06@9{ ¢.

9. Teenagers Sam and Tom are playing chicken in their
rockets. As seen from the earth, each is traveling at
0.95¢ as he approaches the other. Sam fires a laser
beam toward Tom.

a. What is the speed of the laser beam relative to Sam?

§peeﬂﬁ C-

l Lasger beam

b. What is the speed of the laser beam relative to Tom?

Speaol C.
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36.4 Events and Measurements

10. It is a bitter cold day at the South Pole, so cold that the speed of sound is only 300 m/s. The
speed of light, as always, is 300 m/us. A firecracker explodes 600 m away from you.

a. How long after the explosion until you see the flash of light? L /ﬁ5

b. How long after the explosion until you see hear the sound? A J

c. Suppose you see the flash at ¢ = 2.000002 s. At what time was the explosion? _g_S_

d. What are the spacetime coordinates for the event “firecracker explodes”? Assume that you
are at the origin and that the explosion takes place at a position on the positive x-axis.

(400 M)OTH.IOM/ OS)

11. Firecracker 1 is 300 m from you. Firecracker 2 is 600 m from you in the same direction. You
see both explode at the same time. Define event 1 to be “firecracker 1 explodes™ and event 2 to
be “firecracker 2 explodes.” Does event 1 occur before, after, or at the same time as event 27

Explain. Event | occurs atter eveat X.

The Flasl of /fjH’ frim eveant of has to Frave! fwiée as
far as -/’ﬁe 78/454 d')[ /!jﬁTL ﬁam erem‘/ 4%0/ W;// 7‘41('6
'fw:éa as /Mj o Frave] +that éfycr Aistance .

12. Firecrackers 1 and 2 are 600 m apart. You are standing exactly halfway between them. Your
lab partner is 300 m on the other side of firecracker 1. You see two flashes of light, from the
two explosions, at exactly the same instant of time. Define event 1 to be “firecracker 1
explodes” and event 2 to be “firecracker 2 explodes.” According to your lab partner, based
on measurements he or she makes, does event 1 occur before, after, or at the same time as
event 2?7 Explain. —

/o your lab /mrz'“nc@ event | occeurs &74/‘5 eveurs oZ.

y"“ se€ ‘7/%6 ‘;Wo cvents af Hhe Same Fme and Fhe 7[}454
-;from eact ‘/7“49‘&/5 ‘7%(? Same. aLzs--/—ﬂ,;-rCe 1Lo You 3o vy er/&«;y[.!

6CCur at +he Same fme. Your (2 partner sees eveat—! Hirrs
because the Hash foom [ has fess distunce Ao rave/ o get- # your

13. Your clocks and calendars are synchronized with the clocks and calendars in a star system /¢ 4 partuer:
exactly 10 light years from earth that is at rest relative to the earth. You receive a TV
transmission from the star system that shows a date and time display. The date it shows is
June 17, 20350.

When you glance over at your own wall calendar, the date it shows is June | '7, 2060
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14. Two trees are 600 m apart. You are standing exactly halfway between them and your lab
partner is at the base of tree 1. Lightning strikes both trees.

a. Your lab partner, based on measurements he or she makes, determines that the two lightning
strikes were simultaneous. What did you see? Did you see the lightning hit tree 1 first, hit
tree 2 first, or hit them both at the same instant of time? Explain.

You see lightning Wit both 4rees af the same instaql
because +he stnikes are Simulpaneous au+d +He //;l‘n"

has he Same dis fance 4o fravel 4 get # you.

b. Lightning strikes again. This time your lab partner sees both flashes of light at the same
instant of time. What did you see? Did you see the lightning hit tree 1 first, hit tree 2 first,
or hit them both at the same instant of time? Explain.

You see /céhﬁu‘:ﬁ Strike Hree 2 first

To  arpwve at your lab part ner at The same Fime, Fhe
Flash &f /;ghq" would have 4 Jeave +ree X First The two
Flashes have +he Same distance 4o Frave/ +o get fo you-

c. In the scenario of part b, were the lightning strikes simultaneous? Explain.

No. The lghtnng actually strikes free 2 Lors

15. You are at the origin of a coordinate system containing clocks, but you're not sure if the
clocks have been synchronized. The clocks have reflective faces, allowing you to read them
by shining light on them. You flash a bright light at the origin at the instant your clock reads
t=2.000000 s.

a. At what time will you see the reflection of the light from a clock at x = 3000 m?

At = ~)—<-r:: ,--—-————-'6000 "o L0 ¢
Arip vV 300 m/,q;

‘= J1,000040 s

b. When you see the clock-at x = 3000 m, it reads 2.000020 s. Is the clock synchronized with
your clock at the origin? Explain.

/l/a. L!}é‘f '%Fave/_s 740,7; ‘/’ée M—zjz;q ‘é ﬂe, c/ack 2000 m
O.Wﬂ)/ am{ '!//umu;q;#&f Fhe 'rl/rhe, shown ou +he C'//ac,k
aﬂ!’ ‘Pflax‘lL fl;i.S'l["ﬂ.n‘/.
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36.5 The Relativity of Simultaneity

16. Two supernovas, labeled L and R, occur on opposite sides of a
galaxy, at equal distances from the center. The supernovas are seen
at the same instant on a planet at rest in the center of the galaxy.

A spaceship is entering the galaxy from the left at a speed of
0.999¢ relative to the galaxy.

7
Planst Galaxy

a. According to astronomers on the planet, were the two explosions simultaneous? Explain why.

Yes. ﬂley Were Seen at +he same instant and Hhe /caa‘.éf'
—1‘7’&0‘6(6# %e SAam €. aﬂfﬁﬁwco 7G‘om L 4!’!&{ A‘am K) +a reach Hc /a/a,haﬂL.

b. Which supernova, L or R, does the spaceship crew see first? L

c. Did the supernova that was seen first necessarily kappen first in the rocket’s frame? Explain.

No. Becanse +he rocket 1s caloser o Hhe fefF Suprer nova
e [,jé% from the et supernovn has a shorter distance

A Frave] 4o reach +he rocket

d. Is “two light flashes reach the planet at the same instant” an event? To help you decide,
could you arrange for something to happen only if two light flashes from opposite directions

arrive at the same time? Explain.
Yes. You cowld have a detector o

each side 01[ a box aud a /1:7&1% oy 752: of e box

Fhat would Flash th,// IF both detfectirs detect light
af +he SAme Fime -

If you answered Yes to part d, then the crew on the spaceship will also determine, from their

measurements, that the light flashes reach the planet at the same instant. (Experimenters in

different reference frames may disagree about when and where an event occurs, but they all

agree that it does occur.)

e. The figure below shows the supernovas in the spaceship’s reference frame with the
assumption that the supernovas are simultaneous. The second half of the figure is a short
time after the explosions. Draw two circular wave fronts to show the light from each
supernova. Neither wave front has yet reached the planet. Be sure to consider:

» The points on which the wave fronts are centered.
» The wave speeds of each wave front.

/ Planet

Py
=0 fr“ O

~ilff— ~ffferv—

3 1

1

t

Rocket’s frame | . X

N ] H

I 1

A I 1

Later ¢ — ' & j

~f— |

|

|

|

Supernova
remnant
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f. According to your diagram, are the two wave fronts going to reach the planet at the same

instant of time? Wh hy not? ‘ :
instant of time y or why not? y¢ ﬁem@%'{’hﬂﬁla”@% s moving

“toward +he W%V&Fr‘on‘/’ on the [eft and away AT
the wavetront on Fhe mj/z-}--

¢. Does your answer to part f conflict with your answer to part d? yf >

If so, what different assumption could you make about the supernovas in the rocket’s frame
that would bring your wave-front diagram into agreement with your answer to part d?

T+ +the Supernovas  are not Simulfaneows 1 Fhe

rocket’s frame they e liaht Lrom each can
Peoch +he planet at the  same Frme .

h. So according to the spaceship crew, are the two supernovas simultaneous? If not, which

happens first? NO- 7/16 r(_?hJ— one must Aaf/&(ﬂ ﬁ”%
because he //jé?” from +he mj?lfn‘ She.  muSt Have/ a

Further distane 4o the planet +o reach [+ arb- fHe Same

+rime 45 the //j/ﬁ" -;C%u the JfefF Supernoss -

17. Peggy is standing at the center of her railroad car as it o E}—»
passes Ryan on the ground. Firecrackers attached to
the ends of the car explode. A short time later, the
flashes from the two explosions arrive at Peggy at the
same time.

a. Were the explosions simultaneous in Peggy’s reference frame? If not, which exploded first?

Explain.
YﬁS’ -/'he,y are sipy [tfanescus. Ty /aejj)’/é
l"eqﬁemnce Frame she and +#he ﬁi{eamckaﬁ are art
rest relative o wme another

b. Were the explosions simultaneous in Ryan’s reference frame? If not, which exploded first?

e Mo. The [ledt ome had + occur Frrst
pecause |F had a 741/”7%% dstance for 1H

19t Flash +o frave| +o reach Ffeq7y,
Jince &jj)’ wdas mc7V}[:lf Foward +H€ /“fjﬁ?‘

and Ay fmm She let:

I

e GRS R RN R R R e e e

]
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18. A rocket is traveling from left to right. At the
instant it is halfway between two trees, lightning
simultaneously (in the rocket’s frame) hits
both trees. e
a. Do the light flashes reach the rocket pilot I AN 1

simultaneously? If not, which reaches him — e

first? Explain. MNo. Dum'ﬂ the time fhe Flashes o;fﬁoq'ﬁrf are
‘[LV‘AV&{!;'lj) +he pocket /s Maf//;:zj fo +A¢, r?[l{—‘ S the /)/asé
From the right /[ﬁéﬁvLm}aj strike has less distance 4 Frave!/

+o ?"”’L fo the tocket and theretowe reaches Hhe rochedt
/of/o;l ;[}f‘S?L

b. A student was sitting on the ground halfway between the trees as the rocket passed
overhead. According to the student, were the lightning strikes simultaneous? If not, which
tree was hit first? Explain.

No. Two eyents occuring Simulbaneously in one
reference Lrame Sare ot Stmul+aneous in any
reference frame M‘ww}g relatwe to S
The student sees +he dree on Hhe et At

-;En'rsi'. He (s moving 1Lo. the lebt relative o
Lo Loome of reference of He rocket
where +the Shrikes were Simulraneotss:
So he moyes Jo wanrd ﬂ%ﬁ wm/a#m% on
he left and away Lo Hhe owe on e

o ﬁé(\«\%'
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36.6 Time Dilation

19. Clocks C; and C; in frame S are synchronized. Clock C”
moves at speed v relative to frame S. Clocks C" and C; read
exactly the same as C” goes past. As C” passes C,, 1s the
time shown on C” earlier than, later than, or the same as the

time shown on C,7 Explain. Eaplie than:  TIn the
S! frame +he & events are meas ured
bq +the same clock so dhat 15 the proper Fme AT,

Ih -Q"a.me, 8, A"é >4€/f

20. Your friend flies from Los Angeles to New York. She carries an accurate stopwatch with her to
measure the flight time. You and your assistants on the ground also measure the flight time.

a. Identify the two events associated with this measurement.

Event | 1s the +ime she leaves Los Angeles
Event X I1s +he Fime She ar‘ml}&g v New YOP/(-

(=

b. Who, if anyone, measures the proper time? \/Our\ ‘1C r I-eVIO’ .

c. Who, if anyone, measures the shorter flight time? \_/Dur -p r lenal :

d. Who, if anyone, measures the longer flight time? \/0 ur assistan +s.

21. You're passing a car on the highway. You want to know how much time is required to
completely pass the car, from no overlap between the cars to no overlap between the cars.

Call your car A and the car you are passing B.
a. Specify two events that can be given spacetime coordinates. In describing the events, refer
to cars A and B and to their front bumpers and rear bumpers.

Event | occurs when +he Lront bumper of car A

and +he vrear bwwp—er» of car B are at Hhe same ,oo,r'»#-
Event (s w}46ﬂ +he vrear bum,pf;r- o-f? car A and
“+he —Cmmb ’Ou,m}g-gy\ oﬁ car B are at the samepoinff

b. In either reference frame, is there one clock that is present at both events? A/D-

c. Who, if anyone, measures the proper time between the events? A/ 0_ONe. -
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36.7 Length Contraction

22. Your friend flies from Los Angeles to New York. He determines the distance using the tried-
and-true d = vz. You and your assistants on the ground also measure the distance, using meter
sticks and surveying equipment.

a. Who, if anyone, measures the proper length? YO u_Aa.

b. Who, if anyone, measures the shorter distance? YDM r- —_fr{emal :

23. Experimenters in B’s reference frame measure L, = Lg. Do
experimenters in A’s reference frame agree that A and B are
the same length? If not, which do they find to be longer?

be $he same l@(’lﬂ‘*\(’h- Each sees fhe ofhers as Aﬂ//;j /-&’Zj%

Condracted +he same amount becouse €aeh is mow}y relative. Fo
+he other the Same amoumt

24. As a meter stick flies past you, you simultaneously measure
the positions of both ends and determine that L <1 m.

v

a. To an experimenter in frame S’, the meter stick’s frame,
did you make your two measurements simultaneously?
If not, which end did you measure first? Explain.

Hint: Review the reasoning about simultaneity that you
used in Exercises 16-18. '

No.  You Ma,surf,d +he ledt end wff)r‘nL

b. Can experimenters in frame S’ give an explanation for why your measurement is < 1 m?
Xes . Experl;nm-fer:s m S are at rest relative o the meter
stick. so ‘J’fae\f axe meas uminj +he proper /@Mﬁ% and Hie
proper +Hime .

25. A 100-m-long train is heading for an 80-m-long tunnel. If the train moves sufficiently fast, is it
possible, according to experimenters on the ground, for the entire train to be inside the tunnel

ot one insant of Ume? BRI \oo  Tho ave & evewts. Event | 15 the
Lront of the Hrain s at fhe entrance Yo +he Funnef and everit
(s that the feont of $he rain (s af the funnel et /M
Cperimenter on the ground wi (| measure Hhe rear of the fraim

0c od the Funnel entrance gf the Same Fme as eveur L dae

+ lenath Contraction .
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36.8 The Lorentz Transformations

26. A rocket travels at speed 0.5¢ relative to the earth.

a. The rocket shoots a bullet in the forward direction at
speed 0.5¢ relative to the rocket. Is the bullet’s speed
relative to the earth less than, greater than, or equal to ¢7

L&‘SS %M C. V=0,5¢ “’:;O,S'c

W= __.“_"_P_Z__ - +o,95¢ +60.5¢ - O, ¥e
{ + u'Ple* [ # (o:5¢)/c®

b. The rocket shoots a second bullet in the backward direction at speed 0.5¢ relative to the
rocket. In the earth’s frame, 1s the bullet moving right, moving left, or at rest?

A"]L }’QS‘IL. V=0 5S¢ u'=_o.5c
U= w'+¥Y _ _ —o.5c £0,5¢

[+ uv/e®  Jg Gosc se )i?
27. The rocket speeds are shown relative to the earth. Is the speed
of A relative to B greater than, less than, or equal to 0.8¢?

Less +han 0.5c. V=20.5c Uz-0:3c
' s

= -y - 3 - ’ C
bz U2 "3z = 0.7¢

[— wY/er [ (o3d(e-sg
36.9 Relativistic Momentum

28. Particle A has half the mass and twice the speed of particle B. Is pa less than, greater than, or

o .
equal to pg”? EXPlaln- Eg ua,/. MA’ = :?j: MB % = 07 LG

fu= Mtk = (4 ms) (24 )= M Vs = g

29. Particle A has one-third the mass of particle B. The two particles have equal momenta. Is
less than, greater than, or equal to 3ug? Explain.
g q B¢ EXp Equa /

MA: -éMB /Oﬁ:/_’%
Malp = Mg Up
/émﬁ)%s Mg Yy
%4:30{5
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30. Event A occurs at spacetime coordinates (300 m, 2 us).
a. Event B occurs at spacetime coordinates (1200 m, 6 us). Could A possibly be the cause of B?

Explain. )/85. AX= XB"‘XA:/ZOOM" B00m = 900 m

Af:'ég"'&A:‘é,off—-X/f}:ﬁcy5 V= 44 - ?c%’m 2975/ L
/57-'7 4 A5
b. Event C occurs at spacetime coordinates (2400 m, 8 us). Could A possibly be the cause of C?
EXplain Alp. AKXz 2400 m — 300 m = 2[00 Mm

At= f/qg-—o?/c/fz .5/45 = i{oo M _ 35—&%5
A5

31. Event B occurs at tg = 10.0 us. An earlier event A, at 4 = 5.0 s, is the cause of B. What is the
maximurm possible distance that A can be from B?

AX = C at :[200 »//45)(/0.0/45’ o /6/)’) = /500 m

36.10 Relativistic Energy
32. Can a particle of mass m have total energy less than mc?? Explain.

No.  The Hptal enerqy s eju.a_/ 7o the rest energy me >
When +he kineti energy k=0 and Here is ne motton.
Whenever #heve 15 wotion K will M}fadf&r than Zere and E>MC

33. Consider these 4 particles: Particle Rest energy Total energy
1 A A
2 B 2B
3 2C 4C
4 3D 5D

Rank in order, from largest to smallest, the particles’ speeds u to uy.

Order: Uz = %3> M'f >MI

Ex;a“;i"zoz; /Pc) z: (g—/zEz @C)z_ (26)2: (é{_g) 2(6‘6)2
A;L*"Aa:O Uy = O U, =/z:3—’_c
(&ZB);‘_ (6)1___ @%}3[2@)2 (ED){[BD)Q: é{i) 1(59)2

Us = :;2 & %:5@c



