
Physi
s 123 se
tion 2 CIDHomework 37 S
ore / 301. (6 pts) A 
ar of mass m1 = 1000 kg is sliding without fri
tion on i
e at a velo
ity u1 = 20 m/s when it strikesanother 
ar of mass m2 = 1200 kg whi
h was standing still. The two 
ars lo
k together and slide together withoutfri
tion after the 
ollision. (a) Use the prin
iple of momentum 
onservation to �nd the velo
ity of the two 
arsafter the 
ollision. (b) An observer riding on a bi
y
le in the same dire
tion as the 
ars wat
hes the 
ollisionwhile traveling at a velo
ity v = 10 m/s. Find the initial and �nal velo
ities of the two 
ars as measured in aninertial referen
e frame whi
h is at rest with the bi
y
le rider using the Galilean transformations. (
) Show thatthe velo
ities that you found in (b) satisfy momentum 
onservation in the bi
y
le rider's referen
e frame.2. (5 pts) Now 
onsider the same 
ar 
rash as viewed by a bi
y
le rider who is moving at a speed v = 10 m/s ata dire
tion whi
h is orthogonal to the dire
tion that the 
ars are moving. Let the bike rider be moving in the
x dire
tion and the 
ars moving in the y dire
tion. (a) Use the Galilean transformations to �nd the x and y
omponents of the 
ars' velo
ities be before and after the 
ollision. (b) Show that momentum is 
onserved in thereferen
e frame of the bike rider.3. (5 pts) If we assume that Newton's se
ond law (~F = m~a) is true in a parti
ular inertial referen
e frame, show thatit is also true in the frame of an observer whi
h is moving at a velo
ity v in the x dire
tion.4. (5 pts) If we assume that Newton's se
ond law (~F = m~a) is true in a parti
ular inertial referen
e frame, show thatit is not true in the frame of an observer whi
h is a

elerating at a 
onstant rate a0 in the x dire
tion.5. (3 pts) An observer in a train and an observer standing next to the tra
ks see di�erent obje
ts moving around (adog running, a bi
y
le riding past, et
.) and measure ea
h velo
ity in their referen
e frame. At the end of theday they 
ompare notes and �nd that in most 
ases they disagree in the magnitude of the velo
ities that theymeasured. Whi
h two will the observers always agree on?6. (3 pts) There are two postulates from whi
h all of spe
ial relativity is derived. Write these postulates down in yourown words.7. (3 pts) (a) What important fa
t did the results of the Mi
helson-Morley experiment suggest? (b) How did this helplead to Einstein's spe
ial theory of relativity?Extra problems I re
ommend you work (not to be turned in)- An observer at rest with respe
t to the Earth �nds that obje
ts falling under gravity a

elerate at a 
onstant rate of9.8 m/s. A

ording to Galilean relativity, will an observer on a train moving at 10 m/s see that obje
ts fallingunder gravity a

elerate at a 
onstant rate in their frame? If so, what is that rate?- An observer at rest with respe
t to the Earth �nds that obje
ts falling under gravity a

elerate at a 
onstant rate of9.8 m/s. A

ording to Galilean relativity, will an observer on a ro
ket moving verti
ally away from the surfa
eof the earth at 10 m/s see that obje
ts falling under gravity a

elerate at a 
onstant rate in their frame? If so,what is that rate?- An observer at rest with respe
t to the Earth �nds that obje
ts falling under gravity a

elerate at a 
onstant rateof 9.8 m/s. A

ording to Galilean relativity, will an observer on a ro
ket a

elerating verti
ally away from thesurfa
e of the earth at 10 m/s2 see that obje
ts falling under gravity a

elerate at a 
onstant rate in their frame?If so, what is that rate?- I throw a ball into the air. An observer at rest with respe
t to the Earth sees the ball �y in a paraboli
 path. ByGalilean relativity, will an observer on a train see the ball move in a paraboli
 path?- If I measure the momentum of a ball in two di�erent inertial referen
e frames, will I get the same measurement inboth frames? Why or why not?



Physi
s 123 se
tion 2 CIDHomework 38 S
ore / 301. (4 pts) Deriving the time-dilation equation: Imagine that your good friend Albert is �ying past you in a spa
eshipat velo
ity v (relative to you) while you are �oating out in deep spa
e. Albert has a mirror glued to the roofof the bridge of his spa
eship, a distan
e L above him. He pulls out a laser pistol and shoots a burst of lightupward at the mirror, it re�e
ts ba
k, and burns a bald spot in his hair. (a) How long does it take the lightto travel from the pistol to Albert's hair? We'll 
all that time ∆tp. (b) In your referen
e frame, the mirror ismoving at a velo
ity v. If you observe that the light took a time ∆t to go up and ba
k to Albert, how far didthe mirror move in this time? (
) Your answer to part (b) implies that the light traveled a path whi
h looks liketwo sides of a triangle. How long is that path (in terms of ∆t, L, v, and c)? (d) Knowing that the speed of lightis 
onstant, �nd the time it takes to travel this path, ∆t, in terms of L, v, and c. (e) How does ∆tp 
ompare to
∆t? In other words, �nd the time dilation equation!2. (4 pts) Imagine that you lived in a universe where the speed of light was 10 m/s. You hold one end of a metersti
k and put your eye right at the 10 
m mark. A friend named Jane holds up the other end and puts her eyeright at the 90 
m mark. You and Jane both have wrist wat
hes that are syn
hronized to ea
h other. A thirdfriend Bill throws a se
ond meter sti
k like a spear right past the meter sti
k you are holding. At exa
tly 10:38and 1.0200212 se
onds you note that the very ba
k of the thrown meter sti
k passes just in front of your eye. Atpre
isely the same time Jane notes that the very front of the thrown meter sti
k passes just in front of her eye.How fast was the thrown meter sti
k moving?3. (4 pts) Bill likes to throw things (living in a universe in whi
h c = 10 m/s tends to make people 
ranky). While youand Jane are still standing at the 10 and 90 
m marks of a meter sti
k, the two of you syn
hronize your in�nitea

ura
y atomi
 wrist wat
hes. Then Bill pi
ks up your battery powered travel alarm 
lo
k and throws it pastyou. Like your wrist wat
h, the alarm 
lo
k is very pre
ise and never looses or gains a se
ond. It is not, however,syn
hronized to your and Jane's wrist wat
hes. As it passes your eye you note that the time on the 
lo
k �yingpast is 10:40 and 14.8894 se
onds. At that moment your wrist wat
h reads 10:40 and 10.4533 se
onds. Whenthe 
lo
k passes Jane's eye, her wrist wat
h reads 10.40 and 10.5922 se
onds. What time does the 
lo
k �yingpast Jane read as it passes her eye? Give your answer to 1/100 of a se
ond.4. (4 pts) Now for something a little more realisti
. A Λ0 parti
le is an unstable parti
le that 
an be 
reated in aparti
le 
ollider. If you make a bun
h of Λ0 parti
les at rest, they will de
ay with an average de
ay time of 0.260ns. (a) If I make a stream of Λ0 parti
les whi
h are traveling at a speed of 0.955 
, what average parti
le de
aytime will I measure? (b) If they travel very 
lose to the speed of light we 
ould measure an average de
ay timeof 1 hour. How far from the speed of light are they when this is true (i.e. what is c − v when we measure ade
ay time of 1 hour)? You will need to use the approximation (1 + ǫ)x

≃ 1 + xǫ for small ǫ unless you have a
al
ulator with 30 digits of pre
ision.5. (4 pts) Martha travels on a spa
eship at a 
onstant velo
ity from the Earth to mars. Jim stays at home on Earth.Both of them note the time and lo
ation of the two events: Martha passing the Moon and Martha rea
hing Mars.(a) Whi
h of the two will measure the proper length between the two events? (b) Whi
h of the two will measurethe proper time between the two events? Assume that the Moon and Mars don't move appre
iably with respe
tto the Earth during the time of Martha's journey.6. (6 pts) A deep spa
e probe is laun
hed from the Earth and passes a deep spa
e station on its way into the unknown.It rea
hes it's �nal speed of 0.811 
 relative to the station just before it passes the spa
e station. After passingthe station it travels in a straight line at a 
onstant speed. The probe has an on-board atomi
 
lo
k and isprogrammed to send a mi
rowave signal ba
k to the station every year (as measured by the 
lo
k on board theprobe). It sends it's �rst signal right as it passes the station. Right as the probe's 
lo
k tells it to send its se
ondsignal ba
k to the station it is passing a 
omet. (a) From the referen
e frame of someone on the spa
e station,how mu
h time elapses from the time that the probe sends its �rst pulse to the time that it sends its se
ondpulse (give the time that it sends the pulse, in years, not the time that the pulse is re
eived ba
k at the station).



(b) From the referen
e frame of the probe, how far away is the station when it sends its se
ond pulse? (
) Fromthe referen
e frame of someone on the station, how far away is the 
omet? (d) If someone on the spa
e stationmeasures the time between the �rst pulse arriving at the station and the se
ond pulse arriving at the station,what length of time will they measure (in years)?7. (4 pts) Ever sin
e the big bang di�erent parts of the universe have been �ying away from ea
h other. Astronomers
an �gure out how fast a star is moving away from us by looking at atomi
 emission lines and measuring howmu
h the lines have been Doppler shifted from the wavelength of the lines whi
h we measure in experimentson Earth. They often use a parameter known as the �red-shift.� This parameter is usually represented as zand is de�ned to be the wavelength they measure for the light 
oming from the star, λm, minus the wavelengthmeasured in an experiment in whi
h the atoms emitting the light are at rest, λ0, all divided by λ0. In otherwords z ≡ (λm − λ0)/λ0. Imagine that astronomers look at a parti
ular emission line from hydrogen atoms in aparti
ular star and �nd that the red-shift of the line is 0.7. How fast is that star moving relative to the Earth?Extra problems I re
ommend you work (not to be turned in)- Read the book, �Mr. Tompkins in Wonderland� by George Gamow (also sold under the name �Mr. Tompkins inPaperba
k�). You will enjoy it, and you will better understand relativity (and quantum me
hani
s)! The HBLLlibrary has several 
opies under the following 
all numbers: QC 71 .S775 1999, QC 71 .G25 1965, QC 173.5.G36x, and QC 6 .G23 1940.- Why isn't the �twin paradox� a problem? How would you solve the problem 
orre
tly?- Just be
ause I 
an't travel faster than the speed of light, it doesn't mean that I 
an't travel any further than about100 light years from Earth before I die (where 100 years is about the longest someone might live). Why not?



Physi
s 123 se
tion 2 CIDHomework 39 S
ore / 301. (5 pts) Two lights atta
hed to a spa
e ship moving at half the speed of light (relative to the earth) �ash onmomentarily. An observer on the spa
e ship notes that the �ashes o

ur simultaneously. What 
onditions mustbe met for the �ashes to o

ur simultaneously a

ording to an observer on the earth?2. (2 pts) Bill is on a ro
ket ship traveling at a speed of 0.91c relative to the Earth. Jane is on another ship travelingat 0.95c relative to the Earth but in the opposite dire
tion. How fast does Bill measure Jane moving relative tohim?3. (8 pts) Jimmy Neutron is Chasing Finbar Calamitous in a ro
ket ship. Carl, a friend of Jimmy who is wat
hingfrom Earth, measures the velo
ity of Finbar's ship as 0.851
 and the velo
ity of Jimmy's ship as 0.899
. At somemoment in time (lets 
all it t = 0) Carl uses an ACME distometer to 
orre
tly measure that the two ships are
1.89 × 109 meters apart.(a) A

ording to Carl, how long will it take for Jimmy to 
at
h Finbar?(b) How fast is Finbar traveling as measured by Jimmy?(
) A

ording to Jimmy, how mu
h time will pass between Carl making his measurement and him overtakingFinbar? Assume that Jimmy is just passing the Earth when Carl makes his measurement. (Hint: thedistan
e between Jimmy and Finbar depends on the referen
e frame � it is not the same as measured byJimmy and Carl. And you will probably make a mistake if you try to use length 
ontra
tion, be
ause thereis no frame in whi
h both Jimmy and Finbar are stationary. You 
an either use the Lorentz transformationsto transform the two spa
e-time events � Jimmy passing Earth and Jimmy 
at
hing up with Finbar �and �nd the time between them, or you 
an note that both events happen at the same pla
e in Jimmy'sframe and use time dilation.)(d) If we now assume that Jimmy's pursuit has him traveling nearly dire
tly toward the Earth but he is still

9.10 × 109 meters from the Earth when Carl makes his measurement, how mu
h time will Jimmy measurebetween the time Carl makes his measurement and the time that Jimmy overtakes Finbar. (Hint - timedilation won't work on this one, so you'd better use Lorentz transformations).4. (8 pts) Jimmy Neutron is returning from a trip to the 
enter of the galaxy, traveling at a speed of 0.871
 relativeto the Earth. Right as Jimmy �ies past the Earth he veri�es that his wat
h is syn
hronize with Carl's. Carlis standing still on the surfa
e of the Earth. In both Carl's and Jimmy's frames the Earth is at a lo
ation
x = 0, y = 0, and z = 0 at time t′ = t = 0. Carl sets up his 
oordinate system su
h that Jimmy is movingin the +x dire
tion, and Jimmy sets his up su
h that his y and z dire
tions are the same as Carl's and su
hthat Carl is moving in the −x dire
tion. After Jimmy has passed Earth, Carl observes a supernova lookingthrough a teles
ope. Taking into a

ount the time that it took for light to rea
h him he determines that thesupernova o

urred at a time t = −1.45 × 109 se
onds at a lo
ation of x = 3.29 × 1017m, y = 1.53 × 1017m,and z = 1.69× 1017m. (a) As measured in Carl's referen
e frame, how far is Jimmy from the supernova when ito

urs. (b) As measured in Jimmy's referen
e frame, how far is Jimmy from the supernova when it o

urs?5. (7 pts) Imagine that you are on a ro
ket ship bound for mars. Before it laun
hes, you measure the distan
e fromyou to mars to be 7.8 × 1010 m (78 million kilometers). Then, in a period of 1 nanose
ond you a

elerate up toa speed of 0.995 
 going straight toward mars. (a) How far does mars appear to be from you now? (b) Abouthow fast did mars �appear� to be moving toward you as you a

elerated? (
) Why doesn't this violate the rulethat nothing 
an travel faster than the speed of light?Extra problems I re
ommend you work (not to be turned in)- A meter sti
k is pla
ed at an angle of 20◦ from the x axis. A ro
ket �ies by at a speed of 0.9
 in the +x dire
tion.How long, and at what angle to the x axis will the meter sti
k be as measured by someone in the ro
ket ship?



- If you were traveling in a ro
ket at 0.9
 relative to the Earth, what would you see if you held up a mirror in frontof your fa
e?- You run a red light. You are pulled over. You explain to the tra�
 o�
er that you didn't know that the light wasred � be
ause you were moving the red light (at 660 nm) was Doppler shifted to appear green (at 520 nm).How fast were you going?



Physi
s 123 se
tion 2 CIDHomework 40 S
ore / 301. (5 pts) Explain why 
ommuni
ation or travel faster than the speed of light violates 
ausality.2. (5 pts) At what speed is a parti
le's momentum twi
e that given by the 
lassi
al momentum relation?3. (5 Pts) A parti
le with a rest mass of m, traveling at a speed of 0.98 
 has a head-on 
ollision with a parti
le ofmass 3m whi
h is initially at rest. If the larger mass moves away with a velo
ity of 0.89 
, what is the �nalvelo
ity of the smaller mass?4. (5 pts) Two grams of hydrogen burn, 
ombining with 15.9 grams of oxygen to produ
e water. In the pro
ess,
5.72 × 105 Joules of energy are released. How mu
h mass is lost in this pro
ess (i.e. how mu
h less mass doesthe water have 
ompared to the sum of the mass of the hydrogen and the oxygen we started with)?5. (5 pts) The largest power rea
tor in the world is the RBMK-1500 rea
tor at the Ignalina nu
lear power plant inItaly. The nu
lear rea
tions in the fuel rods generates 4.80 GW (4.80 × 109 Watts) of heat. This heat 
reatessteam whi
h drives turbines to generate 1.50 GW of ele
tri
ity. If a new set of fuel rods is pla
ed in the rea
tor,and then the rea
tor runs at full power for a year, how mu
h less will the fuel rods weigh at the end of the year?6. (5 pts) A 1 kg blo
k of 
opper is heated from a temperature of 25◦C to a temperature of 150◦C. How mu
h doesthe mass of the 
opper 
hange?Extra problems I re
ommend you work (not to be turned in)- At what speed u does the 
lassi
al momentum equation (p = mu) di�er from the relativisti
 form (p = γmu) by lessthan 0.1 per
ent?- At what speed u does the 
lassi
al kineti
 energy equation di�er from the relativisti
 form by less than 0.1 per
ent?- If an obje
t with a rest mass of 10 kg is a

elerated with a 
onstant for
e of 10 N, how long will it take before theobje
t rea
hes (a) half the speed of light, (b) the speed of light?- An ele
tron has a mass of 9.1093897× 10−31 kg. A proton has a mass of 1.67262171× 10−27 kg. A hydrogen atomis made of an ele
tron bound to a proton. It takes 2.1790 × 10−18 J of energy to separate the ele
tron and theproton of a hydrogen atom. To 9 de
imal pla
es, how mu
h does a hydrogen atom weigh?- A photon has no rest mass. Can a photon have momentum? Why or why not?- A 1 gram meteor strikes the moon and makes a huge 
rater. From the size of the 
rater you determine that theenergy released in the 
ollision was equivalent to detonating 1 million tons of TNT. How fast was the meteorgoing before it hit the moon?



Physi
s 123 se
tion 2 CIDHomework 41 S
ore / 301. (7 pts) An obje
t with mass m = 1 kg is moving with a velo
ity whi
h has an x 
omponent ux = −0.4 
, a
y 
omponent uy = 0.5 
 and a z 
omponent uz = 0. (a) What are the three 
omponents of the obje
t'smomentum? (b) What is the kineti
 energy of the parti
le? (
) What is the total energy of the obje
t (in
ludingits rest energy)? Give all answers in S.I. units.2. (8 pts) Now 
onsider the same obje
t as seen by an observer in a referen
e frame moving at a velo
ity v = 0.7 
 inthe x dire
tion relative to the frame used in problem 1. (a) Find the three 
omponents of the obje
t's momentumand the total energy (in
luding the rest energy) in the new frame by �rst transforming the three 
omponents ofthe parti
le's velo
ity and then plugging these transformed values into the same equations you used above. (b)Now use the momentum/energy transformation equations below and show that you get the same values:

p′
x

= γ(px − vE/c2)

p′
y

= py

p′
z

= pz

E ′ = γ(E − vpx)3. (8 pts) I pla
e a perfe
t 
lo
k whi
h never looses or gains time and has a display whi
h reads out to 1/100,000,000of a se
ond on top of a 100 meter tall building. I pla
e an identi
al 
lo
k on the ground. Both 
lo
ks aresyn
hronized at time t=0. (a) After ten years, a physi
ist named Liz standing next to the lower 
lo
k 
omparesthe times on the two 
lo
ks. If she assumes that the lower 
lo
k is 
orre
t, will she 
on
lude that the upper
lo
k is running fast or running slow? (b) By how mu
h will she per
eive the upper 
lo
k's time to di�er fromthe lower 
lo
k's time? (
) If a physi
ist named Bill is standing next to the upper 
lo
k, will he 
on
lude thatthe lower 
lo
k is running fast or slow? (d) By how mu
h will Bill per
eive the lower 
lo
k's time to di�er fromthe upper 
lo
k's time? Assume that the a

eleration due to gravity near the Earth is 9.80 m/s2 and that theobservers take into a

ount and subtra
t the time that it takes for light from the fa
es of the 
lo
ks to rea
htheir eyes when they are measuring the time. Remember, relativity is NOT about things seeming to be delayedbe
ause it takes light time to rea
h your eye. This is a separate e�e
t. Remember my illustration of a whole teamof people making measurements dire
tly in front of them...4. (7 pts) (a) If I 
ompress a 1 kg bri
k into a non-rotating bla
k hole, what will be the radius of its event horizon(also known as the S
hwarzs
hild radius)? (b) Classi
ally an obje
t undergoing a 
ir
ular orbit of radius r witha velo
ity v undergoes an inward radial a

eleration equal to a = v2/r. Sin
e light travels at the speed of light(v = c), what does r need to be for a photon of light to make a 
ir
ular orbit around an in�nitesimally big spe
kwith a mass of 1 kg? The gravitational 
onstant G = 6.6726× 10−11N m2kg−2, and the for
e from a point massof mass M on a se
ond point of mass m a distan
e r away is given by F = mMG/r2.Extra problems I re
ommend you work (not to be turned in)- In 
lass we derived an equation for the gravitational redshift assuming the a

eleration due to gravity is 
onstant.This works well when we are 
omparing two 
lo
ks near the surfa
e of the Earth, but not for 
lo
ks far awayfrom the Earth. Derive an equation for the fra
tional shift in the frequen
y of two 
lo
ks (∆f/f) if the two
lo
ks are a distan
e r1 and r2 from the 
enter of a spheri
ally symmetri
 planet with a mass m. Assume both
lo
ks are above the surfa
e of the planet.- Imagine a photon is 
reated a distan
e r away from the 1 kg in�nitesimal spe
k and travels radially away from thespe
k. As it travels away it gets red-shifted. How big must r be in order for the photon to not get red-shifteddown to zero frequen
y before it gets in�nitely far away from the spe
k?- Use the velo
ity transformation equations to derive the energy/momentum transform equations.



- (a) What makes up the missing mass of the universe? (b) What is the fundamental me
hanism whi
h 
auses the
ollapse of a quantum wave fun
tion? (
) What general method 
an be used to 
ombine relativity with quantumme
hani
s? (d) Why is the universe made of matter instead of antimatter? (e) What is the analyti
al form ofthe nu
lear weak for
e? (f) Can CPT be violated? ... Aaaahhh! So many unanswered questions! This may bethe last homework, but there are still so many problems to solve! Why are you still reading this... get busy!There are great dis
overies to be made!!!


