Chapter 37. Relativity

Topics:

*Relativity: What'’s It All About?
*Galilean Relativity
*Einstein’s Principle of Relativity
*Events and Measurements
*The Relativity of Simultaneity
*Time Dilation
eLength Contraction
*The Lorentz Transformations
*Relativistic Momentum
*Relativistic Energy
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Two inertial reference frames, one traveling at - i
constant velocity with respect to the other.

“special relativity” --- frames do not accelerate
w.r.t. each other. 3. The origins of S and S’ coincide at f = 0.
This is our definition of t = 0.
All experimenters that are at rest with one v W
another share the same reference frame. " "
N

4. Alternatively, frame S moves
) o o o with velocity —v relative to
A reference frame extends infinitely far in all directions. 10 57

The experimenters are af rest in the reference frame.
The number of experimenters and the guality of their equipmient are sufficient to
measure positions and velocities to any level of accuracy needed.



The Galilean Transformations

At time ¢, the origin of 8" has moved
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The Galilean Transformations

. FIGURE 37.5 Experimenters in both
Chapter 4: reference frames test Newton's second
law by measuring the force on a particle

Xx=x"+v X'=x—-w and its acceleration.
b I \'F \'F I E]
y=Y or Yy =% Experimenters in both frames
— o = = measure the same force.
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Experimenters in both frames
measure the same acceleration.

Galilean principle of relativity The laws of mechanics are the same in all iner-
tial reference frames.



Using Galilean Transformations

Chapter 10:

Elastic collisions and conservation of
momentum

momentum conservation: my(ve) + my(ve )y = my(vy )y

] 2 ] 2 ] 3
Eml('v’f.[)l T omy(ve )y = Eml("'u)l

energy conservation: 2

mp; — my
Ve )1 = — /(")) : . .
my + my (perfectly elastic collision
2m with ball 2 initially at rest)
(Vee)o = ————— (i
m; + m,

FIGURE 10.2a A perfectly elastic collision.
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During: 1X2
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Transform velocity to where one object is at rest w.r.t. other,
solve collision problem, and then transform back



Einstein’s Principle of Relativity

Principle of relativity All the laws of physics are the same in all inertial refer-
ence frames.

e Maxwell’s equations are true in all inertial reference
frames.
e Maxwell’s equations predict that electromagnetic
waves, including light, travel at speed ¢ = 3.00 x 10% m/s.
e Therefore, light travels at speed c in all inertial
reference frames.

Phenomenological Proof:

1. Thorndike and Kennedy: Interferometer (similar to Michelson-Morley Expt); No relative
fringe shift when earth moves in orbit 6 months apart 2 Av ~ 60 km/s



FIGURE 37.9 Light travels at speed c in all
inertial reference frames, regardless of
how the reference frames are moving
with respect to the light source.

This light wave leaves Amy at
speed ¢ relative to Amy. It approaches
Cathy at speed c relative to Cathy.

Amy q Bill
This light wave leaves Bill at
speed c relative to Bill. It approaches
Cathy at speed ¢ relative to Cathy.
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Relativity: Analysis of time

It was always assumed that time is the same in all reference frames

The implications of the speed of light being the same in all reference frames is that space
and time MUST change in different reference frames.

To analyze the situation, we make some definition and set up our reference frames and
clocks.

Event: Physical activity that takes place at a definite point in space and time

Space time coordinates: (x,y,z,t)
An event has spacetime coordinates (x, v, z, 1)

i frame 5 and different spacetime coordinales

(20 v 2 " in frame 8°, !
i
. r '.r
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The spacetime coordinates of this event Reference frame $° has its osen
are mesasured by he nearest meler stick mefer sticks and its own gloeks,
mnierseetion and the newest clogk,

Reference frame §

_ ‘ Re‘fe-re_ne% frame &
® The (x, v, z) coordinates of an event are determined by the intersection of the meter
sticks closest to the event.

B The event’s time ¢ 1s the time displayed on the clock nearest the event.

1. The clocks and meter sticks in each reference frame are imaginary, so they have
no difficulty passing through each other.

2. Measurements of position and time made in one reference frame must use only
the clocks and meter sticks in that reference frame.

3. There’s nothing special about the sticks being 1 m long and the clocks 1 m apart.
The lattice spacing can be altered to achieve whatever level of measurement
accuracy is desired.

4. We'll assume that the experimenters in each reference frame have assistants sit-
ting beside every clock to record the position and time of nearby events.

S. Perhaps most important, ¢ is the time at which the event actually happens, not
the time at which an experimenter sees the event or at which information about
the event reaches an experimenter.

6. All experimenters in one reference frame agree on the spacetime coordinates of
an event. In other words, an event has a unique set of spacetime coordinates
in each reference frame.



Relativity: Analysis of time

Two events are simultaneous if they occur at two different places but at the same time
as measured in the SAME reference frame

FIGURE 37.16 A railroad car traveling to
the right with velocity v.

The firecrackers will make burn marks on the
ground at the positions where they explode.

If the light from the “right” (front) firecracker

Peggy
reaches detector first, the light is green.
Signal light
Light detector If the light from the “left” (back) firecracker
‘\I Yo reaches the detector first or at the same time as
Y 0 Y | ' the “right” (front) firecracker, then the light turns

red.

Ryan W\Mll‘)

1. Ryan detected the flashes simultaneously.
2. Ryan was halfway between the firecrackers when they exploded.
3. The light from the two explosions traveled toward Ryan at equal speeds.

The conclusion that the explosions were simultaneous in Ryan’s reference frame 1s
unassailable. The light is green.



Ryan’s Reference frame analysis

(a) The events in Ryan’s frame

: Explosions are simultaneous.
Burn marks are equal distances
from Ryan.

R

P “~..The waves are spheres centered
f on the burn marks because the
\ light speed of both is c.

Peggy is moving to the right.
|

The waves reach Ryan
simultaneously. The right
wave has already passed
... Peggy and been detected.
" The left wave has not arrived.

[

Light is Green since “right” firecracker light reaches detector first.



Peggy’s Reference frame WRONG analysis

IF you ASSUME that the firecrackers are simultaneous in Peggy’s frame as well, a
false assumption, then the light should be RED

(b) The events in Peggy’s frame
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«-====- Explosions are at the ends of the car.

The waves are spheres centered
on the ends of the car because
the light speed of both is c.

The waves reach Peggy and the
light detectors simultaneously.

Light should be RED since light reaches detector at same time, which is wrong.



Peggy’s Reference frame Correct analysis

The right fireeracker explodas first.
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The left firecracker The rght wave reaches
explodes later. Peggy first.
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The waves reach Ryan simultaneously.
The left wave has not reached Peggy.

Ryan must detect the two waves
simultaneously. Everything flows from this
idea.

Since the wave from the right firecracker must
travel further to reach Ryan IN PEGGY’s
FRAME, it must have exploded before the left
firecracker IN PEGGY’s FRAME.

The firecrackers are NOT simultaneous in
Peggy’s frame, although they are in Ryan’s
frame

The light is green.
“simultaneity” is relative --- that is, whether

two events occur at the same time is
dependent upon your reference frame



The two firecrackers really explode at the same instant of time in Ryan’s reference
frame. And the right firecracker really explodes first in Peggy’s reference frame. It’s
not a matter of when they see the flashes. Our conclusion refers to the times at which
the explosions actually occur.



Analysis of time — Time dilation

FIGURE 37.19 The ticking of a light clock
can be measured by experimenters in
two different reference frames.

(a) A light clock
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(b) The clock is at rest in frame S'.
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“Light” clock — Light pulse fires from source,
bounces off of mirror and back into detector, and
immediately fires off the next pulse.

Assume the source and detector are at the same
place.

Our conclusions based on our analysis of the “light
clock” will be true for any type of clock (heart beat,
grandfather clock, digital watch, etc.)

Goal: Compare the differences between two time
intervals of 1 tick of the clock in frame S and §’

We already know that the time intervals are
different since Ryan measured At=0 between two
events (simultaneous) while Peggy measured
nonzero

Event 1: Emission of light pulse
Event 2: Detection of light pulse



(b) The clock is at rest in frame S’.
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FIGURE 37.21 A light clock analysis in
which the speed of light is the same in
all reference frames.

Light speed is the same
in both frames.
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(b) The clock is at rest in frame S’.
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FIGURE 37.21 A light clock analysis in
which the speed of light is the same in
all reference frames.
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Emission Detection

Clock moves distance vAr.

e 3

Nt

Shortest time between ticks is in the frame
where the clock is at rest --- That is, the frame
in which the two events (emission and
detection) are measured with the same clock.
In this case, this is called the proper time and is
notated as Ar.

MORE time passes per tick in frame S in which
the clock is moving than in the stationary
frame S'.

A
At = el S AT (time dilation)

1 — B

: £V e c‘f[axlvv\ “



Time dilation Evidence

1. 1971 --- Clock on ground synchronized with clock on plane; Plane takes off
and travels around the world back to original location. The clock on the plane
was slower (by 200ns)

2. Muon radioactive decay --- Stationary Muons decays with half life 1.5 us in
atmosphere. Fast moving muons from cosmic rays should not make it to the
ground. A large percentage make it due to time dilation

A muon travels =450 mn 1.5 us.
We would not detect muons at ground
level if the half-life of a moving muon
were 1.5 us. ’

Muon is

created, ™ "f
° q\‘\\‘r:*

Because of R .

tme dilation,
the half-life of

a high-speed muon \
15 long enough 1n the
earth's reference |-I,|IIII,Z\"1,\
for about 1 in 10 muons
lo reach the ground. \
H‘x

Muon hits ground.




Twin Paradox

Two twins, call them Earl and Roger:
Earl is on Earth
Roger is in Rocket

Roger takes off at relativistic velocity to Jupiter and back. Both Roger and Earl
measure the take off event and the return event with the same clock in their
respective reference frames.

Who is it that is measuring the proper time? Both Roger and Earl think they are
measuring Proper time and think that the other guy should be younger (slower
clock) than themselves.

There is another intermediary event: the rocket decelerates and accelerates to turn
around and go back to earth. Since this event is not measured by Earl with the
same clock, Earl is not measuring proper time. Roger measures proper time.
Therefore Roger is younger than Earl upon his return.

Caveat: The ‘lost’ time must be associated with the acceleration and deceleration....



Length Contraction

FIGURE 37.25 L and L' are the distances between the sun and Saturn in frames S and S'.

(a) Reference frame S: The solar system is stationary. (b) Reference frame S”: The rocket is stationary.

The rocket moves distance

LI”‘ time Az. This is the Saturn moves distance L' in
y -distance between the sun y' _~time Ar" = A7, This is the distance
~ and Saturn in 3. " between the sun and Saturn in S’.
Fd l
=7 —y
g/ & - S —
L : ‘ L
— — —
P o '
S) | I X S’ x
x X,
sun Saturn

Rocket (S’ frame) measures proper time: Both events with one clock (same place)
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At At At ATt A\/j — B2At

. \{| - h
L' =V1- B Lempfin ComtrancHise
Proper length — length measured in frame where object is at rest

L'=V1-pB=<¢




Length Contraction

L'=V1-pL

The conclusion that space 1s different in reference frames moving relative to each
other 1s a direct consequence of the fact that ime 1s different. Experimenters in both
reference frames agree on the relative velocity v, leading to Equation 37.12:
v = L{Ar = L'/At'. We had already learned that Ar" << Ar because of time dilation.
Thus L" has to be less than L. That is the only way experimenters in the two reference
frames can reconcile their measurements.



@As the meter stick in FIGURE Q37.8 flies v

past you, you simultaneously measure Meter stick

the positions of both ends and determine  ¢cype g37.8

that L < 1 m.

a. To an experimenter in frame S', the meter stick’s frame, did (J«_) ,K-Lg :
you make your two measurements simultaneously? If not,
which end did you measure first? Explain.

b. Can experimenters in frame S’ give an explanation for why
vour measurement is less than 1 m?
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9. A 100-m-long train is heading for an 80-m-long tunnel. If the
train moves sufficiently fast, is it possible, according to experi-
menters on the ground, for the entire train to be inside the tunnel
at one instant of time? Explain.
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Length Contraction
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Space-time interval

Measurements in the xy-system

] d* = (Ax)> + (Ay)* = (Ax")* + (Ay')*

Ax _
v Distance d Invariant with respect to translation and rotation —
Coordinate values s the same . .
and intervals > the same. meaning it has the same value no matter how your
are different. { reference frame is rotated or translated
p’ ]
. Ji)’ - :.

Measurements in the x'y’-system



Space-time interval

FIGURE 37.28 The light clock seen by

experimenters in reference frames S’
and S”.

Light path h is the same in
in S’ both frames.
\  Mirror Mirror [’
\ in S’ in S” A
5
\I‘l‘l “':.::*
LeAr W ScAr” Light
et T ath
X" hf¢ —ba
h in S
%Ax' %&x"
Emission S’ detection S’ detection
Ax'

&xﬂ

h is invariant no matter how
fast the reference frame is
moving



Space-time interval

experimenters in reference frames S’ :
and S fast fthe reference frame is
moving

Light path h is the same in
in S’ both frames.

\ " Mirror Mirror A‘/ 1 2 1 2 1 2 1 2

\inS"___ 8 A h* = [ZcAt'| — |[ZAX'| = [ZcA"| — | ZAX"

g 2 2 2 2

CZ(AII)Z _ (Axr 2 _ C?,(Atn)z . (Axu)?,

Emission S’ detection S’ detection

Ay spacetime interval s
Ax"” '

s = c2(A1)? — (Ax)?

S is an invariant in relativity --- all observers will measure
the same spacetime interval between two events



EXAMPLE 37.7 Using the spacetime interval

A firecracker explodes at the origin of an inertial reference frame.
Then, 2.0 us later, a second firecracker explodes 300 m away.
Astronauts in a passing rocket measure the distance between the
explosions to be 200 m. According to the astronauts, how much
time elapses between the two explosions?



Lorentz transformation

We’ll continue to use reference frames in the standard orientation of FIGURE 37.29. The
motion is parallel to the x- and x'-axes, and we dcfme t=0andt" = 0 as the instant

when the origins of S and S’ coincide. ] (( X = >( =) ey I K A

\ ‘
An event has spacetime coordinates |
(x, 1) in frame S, (x! ") in frame S’.

y \ ¥ ' M‘ﬁ'

RS v
Event — |e—-

1- -\-\, r
X @ ’/.- X

Ongms coincide
att = t'= D

L‘(\\I’W X = )(,() @ {7‘(2 0 “ow («(O \,J(, Cm! Sfllcth
er}w\ﬂhy() A (Seomnd) Lk

MU £ 1. Agree with the Galilean transformations in the low-speed limit v << c.
2. Transform not only spatial coordinates but also time coordinates.
3. Ensure that the speed of light is the same in all reference frames.



Lorentz transformation

An event has spacetime coordinates

nee P ] Event 1: A flash of light 1s emitted from the origin of both reference frames
(x, f)in h"EiTI'IE' S (x! ") in frame 5",

y | r (x = x' = 0) at the instant they coincide (¢t = ' = 0).
\ )
"‘:.. Event 2: The light strikes a light detector. The spacetime coordinates of this
Event event are (x, 1) in frame S and (x', t") in frame S'.
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Lorentz transformation

3 o .. Y 121 i o K |. b 't - - . - . -
An event has spacetime coordinates Event 1: A flash of light is emitted from the origin of both reference frames
(x, f)in h"EiTI'IE' S (x! ") in frame 5",

i (x = x' = 0) at the instant they coincide (¢t = ' = 0).
Event 2: The light strikes a light detector. The spacetime coordinates of this
event are (x, 1) in frame S and (x', t") in frame S'.
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Lorentz transformation

3 o .. Y 121 i o K |. b 't - - . - . -
An event has spacetime coordinates Event 1: A flash of light is emitted from the origin of both reference frames
(x, f)in h"EiTI'IE' S (x! ") in frame 5",

i (x = x' = 0) at the instant they coincide (¢t = ' = 0).
Event 2: The light strikes a light detector. The spacetime coordinates of this
event are (x, 1) in frame S and (x', t") in frame S'.
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Origins coincide
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Lorentz transformation

An event has spacetime coordinates

(x, 1) in frame §, (x1¢") in frame 5", x' = y(x — vi) x = yx" +vt')
. i oF P o
¥ '-,l.‘ ¥ y =Yy =y
i i '
"- Z — 2 i — 2
-j' L4 ] 2 r Py 2
Evenl — [— t" = y(t — vxlc®) t=y(t" + vx'[c7)
e Py r
"s,.::'”,s' o //'*-':Ll.a" ol B 1 B 1
Drrigim curijncid: Y= 1 — v2/c2 A /1 — Bz
atr = '=10.

The Lorentz transformations transform the spacetime coordinates of one event. Com-
pare these to the Galilean transformation equations in Equations 37.1.



Lorentz velocity transformation
4 dx’

FIGURE 37.33 The velocity of a moving = —_ I [~ 2
object is measured to be u in frame 8§ % 4t T Ade!
Md‘f‘lm«i/ﬁfyb Mﬂm TN A ?
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Lorentz transformation

= v(x — vt) x = y(x" + vt')

=y y=y

= Z Z2=2Z

= y(t — vx/c?) t = y(t' + vx'lc?)
1 1







Relativistic Momentum
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Relativistic Momentum
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Relativistic Momentum
The. gvl{m.v? Z @ A P th bu g[i‘ﬁz e

p—

C@ ﬂm&é’l‘:lfw ’6—0 tlﬁ_ YL,/ WWWW M},:ﬂ t%l'\'{l\ﬁ E

'I
(2= E’ Wl L hae ‘bﬂ = =
/ & N uy
P = MU= M —%-};i Le WW"“‘:!Z%) AY AL art msﬂ\-"ﬁ

oA @Jﬁf;ﬂ& Cpoe .

%;m Ay = A+ %%W? wfkm%/ﬁ—mﬁm&,

—_—

Wt & we vee }gﬁ*—?/ﬁ{”?(?mbw N The
%7/]1 {h ‘h,g pwf:fﬁf{xé yeeot Q/M,ﬁ ﬁn Tl %C@:%;M?

————————

=7 - A X - w M -
PET KR A= ) o m



Relativistic Momentum
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FIGURE 37.34 The speed of a particle J E(P i Whee ‘bﬂp \ﬁ_zl;
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Causality and Information Flow
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Relativistic Energy

Conservation of energy in Newtonian dynamics:

KE= L. | E-KEpE

A

We would expect the law of conservation of energy to not hold since it
involves the momentum.

We will derive a new law that reduces to the old one in the limit of small
velocity



Relativistic Energy

Let a particle of mass m move through distance Ax during a time interval Az, as
measured in reference frame S. The spacetime interval is

s = ¢*(A1)* = (Ax)? = invariant

We can turn this into an expression involving momentum if we multiply by (m/A7)?,
where A7 is the proper time (i.e., the time measured by the particle). Doing so gives

Ar)
AT
where we used p = m(Ax/A7) from Equation 37.32.

Now At, the time interval in frame S, is related to the proper time by the time-dilation
result Az = vy, A7. With this change, Equation 37.37 becomes

(mc)’

At AT

Ax)? o[ Ar)?
m ,x) _ (mc)“( ) — p? = invariant  (37.37)

(']a'prrﬂ-::}2 — p? = invariant

Finally, for reasons that will be clear in a minute, we multiply by ¢?, to get

2 _

(yymc*)* — (pc)” = invariant (37.38)
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Relativistic Energy

(’}/me2)2 — (pc)* = invariant

(y,me?)” = (pe)” = (yime*)> — (p'c)’
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(Ypme®)* = (pe)® = (mc?)?

Pwé«bte tJ‘( a.éﬂ:h

$eane

(p=0 =;=\)




Relativistic Energy

('ypmcz)2 — (pc)? = invariant
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Relativistic Energy

2
mc

) V1 = u¥c?
Dele B, LE & rest Brag, E,

E=vy

1 u’ 1

2 1 +——m::2=mcz+5mu?‘

YpHIC

Pmcz = E, + K = rest energy + kinetic energy

This total energy consists of a rest energy
E, = mc*
and a relativistic expression for the kinetic energy

K = (y, — Dmc* = (y, — 1E,

EE _ (pﬂ}i — Eﬂﬂ






Relativistic Energy

Law of conservation of total energy The energy E = X E; of an isolated sys-
tem is conserved, where E; = (7y,);m .c” is the total energy of particle i.



FIGURE 37.38 An inelastic collision
between two balls of clay does not
seem to conserve the total energy E.
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FIGURE 37.37 The velocity-energy-momentum triangle.
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