


'-i & Hall Muon Experiment

experiment verifying time dilation was
ormed by Rossi & Hall in 1941...
uons are “electron-like” particles... when at rest, they decay
with a half-life of about 1.56us
+ Muons are produced when cosmic rays slam into upper
atmosphere, then rain down to Earth
+ Rossi & Hall measured the number of muons detected at the
top of a 2000m mountain, and compared it to the number at
sea-level...
+ Find 560 muons/hour at top of mountain
+ Even at v=c, will take 6.5us for muon to travel 2000m
+ More than 4 half lives... less than 1/16th of particles should be
left by the time they reach the bottom
+ BUT, they measured 422 muons/hour at bottom
+ It seems like only 0.64us have passed in the muon’s frame of

reference... so time dilation formula says they are moving with
y=10




Examples of time dilation

don Experiment
*fuons are created in upper atmosphere from cosmic ray hits
Typical muon travel speeds are 0.99995xc, giving y=100

+ Half-life of muons in their own rest frame (measured in lab) is t,= 1.56
microseconds =0.00000156s

+ Traveling at 0.99995xc for t,=0.00000156s, the muons would go only 468
m

+ But traveling for yx t,= 0.000156s, the muons can go 46 km

+ They easily reach the Earth’s surface, and are detected!

+ Half-life can be measured by comparing muon flux on a mountain and at
sea level; result agrees with yx t;,

+ Why muons- have comparatively long decay life time (the second
longest known) and are relatively weakly interacting so they can
penetrate the atmospher
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Muon Experiment

The measurement of the flux of muons at the Earth's surface produced an early
dilemma because many more are detected than would be expected, based on
their short half-life of 1 56microseconds. This is a good example of the
application of relativistic time dilation to explain the increased particle range for
high-speed particles.

Non-Relativistic
: 4
— Distance: Lo=10 meters
Out of a million 104
particles at 10 km, | weasure muon Time: T= —— " ——
how many will flux at 10 km height. (0.98)(3 x 10" mis)
165C1 e Bt ﬁ 1000000 T= %x 10°% =21 8 haives
7 YR l Survival rate:
N 218
- ): 1 -6
S, —=2 =027x10
M - mass 207 m v=98¢ lo
charge +or - Or only about C.3 out
Rest halflife: of a milion.
Ty=186x10 " sec

Lo=10|m"l




Muon Experiment

Relativistic, Earth-Frame Observer

Distance: Ly= 1()4 meters
Out of a million 104
particles at 10 km, | - measure muon Time: T= —— 0 7
how many will flux at 10 km haight. (0.98)(3 x 10 mis)
reach mefanh? @ 1000000 T= 3x 105 = 4.36 hatfives
[T YN Survival rate:
i ¥ -4.36
P — =2 =0.049
M :mass207mg V=98¢ Iy
charge +or - t=5 Or about 49,000 out
Rest halflife: of a million.

TO- 156x10 sec

The muon's clock is
time-dilated, or running

slow by the factor T = YT,

50 its measured halflife is
5% 1.56u5 =7.8us

http://hyperphysics.phy-astr.gsu.edu/hbase/relativ/muon.html#c;




Muon Experiment

Relativistic, Muon-Frame Observer

Out of a million
particles at 10 km, | p1easure musn
how many will flux at 10 km height.
reach the Earth? | ———=—
@ 1,000,000
T v
s ____/'J
M mass 207 g v=08c
charge + or - V=g
Rest halflife: Relativity
To=1.56xX10" sec factor
LC‘: 10 km

Distance: LCI = 104 meters

_2000m
(0.98)(3 x 1Dam!s]
T= 68x 1|:-|'E s = 4.36 halflives

Time: T=

Survival rate:

1 -4.36
- = =0.049
Iy
Or about 49,000 out
of a million.

The muon-sees distance
as length-contracted «

sothat L=Lg#y=0.2L
=2km,




Keating, in 1971, flew caesium atomic clocks
est around the Earth in commercial airliners, to
re the elapsed time against that of a clock that
yined at the US Naval Observatory. Results were within
4%.of the predictions of relativity.

+ In 2010 time dilation was observed (Chou et al) at speeds
of less than 10 meters per second using optical atomic
clocks connected by 75 meters of optical fiber.

+ More than 20 more experiments with decaying particles
(pion,kaon,muons) in accelerators




00d youtube to watch is
http://www.youtube.com/watch?v=xWST2gpbn
vw- "Physics-X" lecture series, taught at
Michigan Technological University by Dr. Robert
Nemiroff

+ Relativity In 5 Minutes
http://www.youtube.com/watch?v=KYWM20Zgi4E




ore about time dilation...

Twin’s paradox

one of two twins travels at near the speed of light to a distant
star and returns to the earth. Relativity dictates that when he
comes back, he is younger than his identical twin brother.

BUT..."Why is the traveling brother younger?"-

relativity says that there is no absolute motion, wouldn't the
brother traveling to the star also see his brother's clock on the
earth move more slowly? If this were the case, wouldn't they
both be the same age?

http://feegics.blogspot.com/2009/12/how-does-relativity-
theory-resolve-twin.html
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Twin Paradox

<55
al relativity does not claim that all observers are equivalent, only
‘that all observers at rest in inertial reference frames are equivalent

+ Since there is no symmetry, it is not paradoxical if one twin is younger than
the other.

Experimentally confirmed by Bailey et al. (1977), who measured the
lifetime of positive and negative muons in the CERN Muon storage ring,
muons were sent around a loop, so this experiment also confirms the
twin paradox- agrees with Special relativity to accuracy of 2x10-3




Twin Paradox

nvolved to do the math and it requires a
ilar type of diagram (Minkowski space time
=:diagrams- which we will do a bit later) please see the
extra slides at the end of this lecture (text pg 203-205)
or
+ http://www.einsteins-theory-of-relativity-
4engineers.com/twin-paradox-2.html or

http://www.oberlin.edu/physics/dstyer/Einstein/SRBook.pdf
for a detailed solution




Il : Length (Fitzgerald) contraction

again about the muon experiment... but now from a
n’s perspective!

+ Fitzgerald contraction...

+ A moving object contracts by a factor y (the same
Lorentz factor) in the direction of motion

+ This is really a contraction of space itself... the object
does not experience forces or stresses that make it
contract

+ Again, everything is relative... if someone watches you

travel past them at high speed, you will appear to be
contracted in the direction of motion




II: LENGTH CONTRACTION

”C__b,hsidefr two “markers” in space.
Y spacecraft flies between two markers at velocity V.

" a"$'_,_ goes off when front of spacecraft passes each marker, so that
‘anyone can record it

. éfﬁpare what would be seen by observer at rest with respect to
(w.r.t.) the markers, and an astronaut in the spacecraft...

+ Observer at rest w.r.t. markers says:
+ Time interval is tg; distance is Lg=Vxtg
+ Observer in spacecraft says:
+ Time interval is tg; distance is L&=Vxt¢
+ We know from before that t; = tgy
+ Therefore, Li=Vxt= Vxtpx(ts/tg)=Lg/y
+ The length of any object is contracted in any frame moving with
respect to the rest frame of that object, by a factor y
+ In addition to time, length depends on your frame of reference !
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Muon Experiment

Relativistic, Muon-Frame Observer

Out of a million
particles at 10 km, | p1easure musn
how many will flux at 10 km height.
reach the Earth? | ———=—
@ 1,000,000
T v
s ____/'J
M mass 207 g v=08c
charge + or - V=g
Rest halflife: Relativity
To=1.56xX10" sec factor
LC‘: 10 km

Distance: LCI = 104 meters

_2000m
(0.98)(3 x 1Dam!s]
T= 68x 1|:-|'E s = 4.36 halflives

Time: T=

Survival rate:
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- = =0.049
Iy
Or about 49,000 out
of a million.

The muon-sees distance
as length-contracted «
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Muon experiment, again

er atmospheric muons again, this time from point of view of

nuons

#"i.e. think in frame of reference in which muon is at rest

+ Decay time in this frame is 2 us (2/1,000,000 s)

+ How do they get from top of the atmosphere to sea level before
decaying?

+ From point of view of muon, the atmosphere’s height contracts by
factor of y

+ Muons can then travel reduced distance (at almost speed of light)
before decaying.

2/21/12 15
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This rrain is at rest relative ro you.

JRCA
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The same train is now moving relative to you.

(a) Length contraction




00d youtube to watch is
http://www.youtube.com/watch?v=xWST2gpbn
vw- "Physics-X" lecture series, taught at
Michigan Technological University by Dr. Robert
Nemiroff

+ Relativity In 5 Minutes
http://www.youtube.com/watch?v=KYWM20Zgi4E




, moving observers see that objects contract along
the direction of motion.
+ Length contraction... also called

+ Lorentz contraction

+ FitzGerald contraction

+ Note that there is no contraction of lengths that are
perpendicular to the direction of motion

+ Recall M-M experiment: results consistent with one arm
contracting

2/21/12 18
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| RELATIVITY OF SIMULTANEITY

ider an observer in a room. Suppose there is a
bulb exactly in the middle of the room.

uppose sensors on the walls record when the light
rays hit the walls.

O

+ Since speed of light is constant, light rays will hit
opposite walls at precisely the same time. Call
these events A and B.

+ This is what the movie last time showed
2/21/12 19
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Change frames...

agine performing same experiment aboard a moving

ecraft, and observing it from the ground.

or the observer on the ground, the light rays will not strike

“the'walls at the same time (since the walls are moving!).
Event A will happen before event B.

+ But astronaut in spacecraft thinks events are simultaneous.

+ Concept of “events being simultaneous” (i.e. simultaneity) is
different for different observers (Relativity of simultaneity).

2/21/12 20
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Change frames...

agine performing same experiment aboard a moving

ecraft, and observing it from the ground.

or the observer on the ground, the light rays will not strike

“the'walls at the same time (since the walls are moving!).
Event A will happen before event B.

O

+ But astronaut in spacecraft thinks events are simultaneous.

+ Concept of “events being simultaneous” (i.e. simultaneity) is
different for different observers (Relativity of simultaneity).
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~#What about perception of a 374 observer

who is moving faster than spacecraft?

+ 3" observer sees event B before event A
+So, order in which events happen can

2/21/12

depend on the frame of reference.
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‘The laser gun experiment

ose there is a laser gun at one end of spacecraft, targeted
‘a’victim at the other end.

+ Laser gun fires (event A) and then victim gets hit (event B).

+ Can we change the order of these events by changing the
frame of reference? i.e., can the victim get hit before the gun

fires?

2/21/12 23
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+Th1s is a question of causality.

~+The events described are causally-

~_¢onnected (i.e. one event can, and
does, affect the other event).

+In fact, it is not possible to change the
order of these events by changing
frames, according to Special Relativity
theory.

2/21/12 24
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This is true provided that

he laser blast does not travel faster than the

~speed of light

“4+We do not change to a frame of reference that is

going faster than the speed of light

+ To preserve the Principle of Causality (cause
precedes effect, never vice versa), the
speed of light must set the upper limit to the
speed of anything in the Universe. Anything?
Well, anything that transmits any
information.

2/21/12 25
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Some things move faster than

light
+But they

2/21/12

transmit no
information

+E.g., light spot
on a distant
screen

\
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me things move faster than
light

= +But they
Vepot™C transmit no
information
+E.g., light spot
on a distant
screen

/
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Causality

n causality be proved?

+ No, it is an axiom of physics
+ What if causality doesn’t hold?
+ Then the Universe returns to being random,

unconnected events that can’t be understood or
predicted.

+ This would be a true “end of science.”

+ So we will insist on causality as we continue
to explore relativity.

2/21/12
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World Line and Light Cone

ort story Life-Line, Robert A. Heinlein
s the world line of a person

stepped up to one of the reporters. "Suppose we take you as an
‘example. Your name is Rogers, is it not? Very well, Rogers, you are a space-
time event having duration four ways. You are not quite six feet tall, you are
about twenty inches wide and perhaps ten inches thick. In time, there

stretches behind you more of this space-time event, reaching to perhaps
nineteen-sixteen, of which we see a cross-section here at right angles to the
time axis, and as thick as the present. At the far end is a baby, smelling of

sour milk and drooling its breakfast on its bib. At the other end lies,
perhaps, an old man someplace in the nineteen-eighties.

"Imagine this space-time event that we call Rogers as a long pink worm,

continuous through the years, one end in his mother's womb, and the other
at the grave...”




Distances in space
vents A and B separated by distance
pace (x, v, 2):

s'= [(Ax)* + (Ay)* + (Az)?]"/*

(Thanks, Pythagoras!)

where Ax = X,~Xg, AY = Y,—Vg, AZ = 2,-2,

2/21/12 30
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Distances in time and space

vents A and B separated by distance As in
(X, ¥, 2):
= [(Ax)* + (Ay)* + (AZ)?]"/
(Thanks, Pythagoras!)
where Ax = x,—Xg, AY = Y4~V , AZ = 2,7
+ Two events A and B separated by distance As in
time (t):
As = [(cAt)?2]1/2
where At = t,-t;, and we’ve multiplied by c to
make the units of As come out as a distance
+ Two events A and B separated in x and t:
B ) As = [(cAt)? - (Ax)?]1/2
one space dimension+time

2/21/12 31
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Space-time intervals

ts A and B in space-time are separated by an invariant

given by (3-dimensions)

As=[(cAt)* -(Ax)? -(Ay)* -(Az)*]"'

t=t,-tg, AX=X,~Xg, AY = Y,-VYp, AZ = 2,7,

he“formula is analogous to Pythagorean equation, but modified to

account for the difference between space (x) and time (ct)

+ The invariant space-time interval is an important quantity because it
is independent of the frame in which it is measured; all observers
agree on it!

+ This is true even though the At, Ax, etc individually are different
for different observers (due to time dilation, space contraction)
+ The invariant interval is equal in value to (proper time of event) x c
+ Space-time interval is zero for any two points on light ray world line
+ Proper time between two events connected by a curved world line is

computed by adding up results for small straight intervals along
curve

+ Even if two curved world lines start and end at the same place, they
may result in different proper time intervals

2/21/12 32
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possible

rate

Proper Length and Time

ngth is the length
ject as measured in

+ P‘roper length is the largest

+ Proper time is the time as
measured by a clock at rest
with respect to the
observers inertial frame

+ Proper length is the fastest




, it is often useful to make
f events that includes both

sfis’simplest to do for events that

~take place along a line in space (one-
dimensional space)

+ Plot as a 2D graph
+ use two coordinates: x and ct (ct
has the units of distance)

+ Can be generalized to events taking
place in a plane (two-dimensional
space) using a 3D graph (volume
rendered image): X, vy and ct

+ a straight line represents an object
moving at constant velocity (slope
repsents its velocity)- a wiggly line
an object that is accelerating.

2/21/12
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‘Space-time diagrams- pg 197 in text

Moving

A objects Stationary

object

light

X
World lines of events

world line of an object is
the unique path of that
object as it travels through
4-dimensional spacetime

34



ke the vertical axis 14 | ine and Light Cone
L of light times

ine at 45 degrees

time (years)
n

sta

ctaA
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Light cone for event “A”

_ ;f:_ghe slope of the line connecting two points is <45°

it represents faster than light travel

il N T

position *°
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“light like”

leferent kinds of space-time intervals

Time-like: As?>0
Light-like: As2=0
Space-like: As2<0

“time like”
®

“Space like”

e
\>

position *’

37
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.

Past, future and
“elsewhere”.

“Future of A" ®:
(causally-
connected)

“Elsewhere”
(causally-

\ disconnected)
“Past of A”

(causally- \
connected) \ >

position **
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Spacetime diagrams in different

h

her.4

fects time coordinate ¢
(time dilation) 2
+ Affects space coordinate | [ | e

(length contraction) ..., o @ @
+ Leads to a distortion of | [ e

the space-time diagram

as shown in figure.

+ Events that are
simultaneous in one
frame are not
simultaneous in
another frame

2/21/12 39
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notiichange order of A and B by

4

hanging frames of reference.

‘also communicate information
‘B by sending a signal at, or less
anh, the speed of light.

~ + This means that A and B are causally-
connected.

+ Events A and C...

+ Can change the order of A and C by
changing frame of reference.

+ If there were any communication
between A and C, it would have to
happen at a speed faster than the
speed of light.

+ |If idea of cause and effect is to have any
meaning, we must conclude that no
communication can occur at a speed
faster than the speed of light.

2/21/12

Causality

time

position
space time distance
between 2 events
is As?=sqrt((cAt)2-(Ax)?))
eq. 7.14 and is invariant
under Lorentz transform
all observers get thessame
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Eor a light ray since

+ Ax= CAt
+ As?=sqrt((cAt)?-(Ax)?))=0

+ Not like Euclidean space

+ if (Ax)?>cAt)? the events are separated by a 'space-
like' interval - can't get from here to there or more
formally

not enough time passes between their occurrences for there to
exist a causal relationship crossing the spatial distance between
the two events at the speed of light or slower




Experimental Tests of Time/Length Dilation

Doppler shift (change in
frequency of wave (sound)
due to motion towards or
away from the observer

If v, IS the wavelength
seen by the observer and
Vemit IS the wavelength
emitted by the object
moving at velocity ,v, then
the doppler shift (z)
Vops=Vemit! (1-V/C) when v<<c
when viewed from in front
(pitch, frequency of sound,
gets higher)




Doppler Shift- pg 194

sqrt((1+v/c)/(1-v/c)) for
the=observer in front of the source
and

" Vobszvemit*sqrt(“ 'V/C)/(1 +V/C))

+ result is due to contraction of
length (change in wavelength) or
time dilation (change in frequency)




Doppler Shift- the Full story

bserver and the source are moving away from each other

ive velocity v

onsider the problem in the reference frame of the source.

- se one wavefront arrives at the observer. The next wavefront is
then.at a A=c/f, away from him (where A is the wavelength, f.is the
frequency of the wave the source emitted, and c, is the speed of light).

+ the wavefront moves with velocity c, and the observer escapes with
velocity v, the time (as measured in the reference frame of the source)
between crest of the wave arrivals at the observer is

t= A/ (c-v)=1/(1-v/o)f,
due to relativisic time dilation the observer will be t0=t/y

y=1/sqrt(1-v/c?) is the Lorentz factor
the corresponding frequency f.=1/t ;= y(1-v/c)f=Fsqrt((1-v/c)/(1+v/c)
the ratio f/f =sqrt((1+(v/c)).(1-(v/c)) is the Doppler factor




er of special relativity was partly motivated by the fact that
city transformations (simple adding/subtracting frame velocity)
t results for electromagnetism
“taken into account the way that time and distances change in
~theory, there is a new law for adding velocities
article measured to have velocity V,, by an observer in a spaceship moving
at veloc1ty V, with respect to Earth, the particle’s velocity as measured by
observer on Earth is

vV, +V

TV v /o2
1+V.V./c

+ Notice that if V, and V, are much less than c, the extra term in the denominator
<<0 and therefore V << V+ V,

+ Thus, the Galilean transformation law is approximately correct when the speeds
involved are small compared with the speed of light

+ This is consistent with everyday experience

+ Also notice that if the particle has Vp = ¢ in the spaceship frame, then it has V,=c
in the Earth frame. The speed of light is frame-independent!

2/21/12 45
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Summary

Galilean Transformation Lorentz Transformation

Fixed frame Moving frame

Transformation

- 4
Erans Moving frame gy =
. : : Galilean y . e
z z : y 2
/ s i
y y ><:= %=t % d - !
4=y :
[::>V 222 . : ' . X
Y The primed frame moves with velocity v in the x -
X § i

X ,WE:}WW’WW direction with respect to the fixed reference
frame. The reference frames coincide at t=t'=0.
The primed frame maves with velocity v in the x direction with respect The point x' is moving with the primed frame.
to the fixed reference frame
The reference frames coincide at 1=t'=0. x4t
The point &' is moving with the primed frame. The reverse transformation is: | * = 7 2
The Galilean transformation gives the coordinates of the point as ]’ﬁ
measured from the fixed frame in terms of its Tocation in the moving
FRIE T The Galilean transformation is the common b= l Much of the literature of relativity uses the symbols
sense relationship which agrees with our g and y as defined here to simplify the writing of
| relativistic relationships.

everyday experience. Y=

'
o |
o' o

http://hyperphysics.phy-astr.gsu.edu/hbase/relativ/relcon.htmi#c1




Vhat if the speed of light weren’t
the same in all inertial frames?

v.or not? If the R

of light were not I —
€ Same in all inertial |

frames, you would see U —s

one car reach the ===l C >
collision point earlier WU

than the other. But
there either is or isn’t a lmo k/hr

collision!
100 km/hr % c+100 km/hr’?>
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ext time... Start Chapter 8

becial Relativity Il & General Relativity |
~Finstein’s formula for energy

Equivalence of mass and energy

+ Mass turning into energy

+ Energy turning into mass

+ Redshifting of light

+ Need for General Relativity
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arg
tanet orbiting Alpha Centauri, and returns

The twin paradox
Andy (A) and Betty (B) are twins.

f{fays on Earth, while Betty leaves Earth, travels (at a
e fraction of the speed of light) to visit her aunt on a

en Betty gets home, she finds Andy is greatly aged

_ compared with herself.

+ Andy attributes this to the time dilation he observes for
Betty’s clock during her journey

+ Is this correct?

+ What about reciprocity? Doesn’t Betty observe Andy’s clock as
dilated, from her point of view? Wouldn’t that mean she would
find him much older, when she returns?

+ Who'’s really older?? What’s going on???

2/21/12
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Extra Slides Explaining the
Twin Paradox in Detail

+ The twins Andy and
Bette




4 Andy’s world line, in his own
(3 frame; s a straight line

2/21/12
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Andy’s point of view
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orld line, in his own

a straight line

ourney has world line

two 'segments, one for

:bound (towards larger x) and

he for return (towards smaller
X)

+ Both of Betty’s segments are at
angles <45° to vertical, because
she travels at v<c

+ If Andy is older by At years
when Betty returns, he expects
that due to time dilation she
will have aged by At/y years

+ Since 1/y = (1-v%/c2)"2 <1, Betty
will be younger than Andy, and
the faster Betty travels, the
more age difference there will
be

2/21/12
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Andy’s point of view

B (return)
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Betty’s point of view

r“frame moving with
s oytbound velocity

B (return)

- B'étty.’s return journey world line
is-not the same as her outbound
world line, which instead points
toward smaller x C

+ Both Andy’s world line and
Betty’s return world line are at
angles < 45 ° to vertical (inside
of the light cone)

+ Betty’s return world line is

closer to light cone than Andy’s
world line X

v

= For frame moving with Betty’s
return velocity, the situation is
similar
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derf me moving with

rn velocity

rth will have straight
1e moving towards larger

-~ Betty’s return journey world line
is-not the same as her outbound
world line, which instead

pointings toward larger x ct
Both Andy’s world line and

Betty’s return world line are at
angles < 45 ° to vertical (inside

of the light cone)

Betty’s outbound world line is
closer to light cone than Andy’s
world line

2/21/12

Betty’s point of view

B (return)

v
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perspective,
orld line has a

rom any perspective,

Jetty’s world line has two
different segments

+ There is no single inertial
frame for Betty’s trip, so
reciprocity of time dilation
with Andy cannot apply for
whole journey

+ Betty’s proper time is truly
shorter -- she is younger
than Andy when she
returns

2/21/12
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Solution of the paradox

B (return)

pAe

B (outbound)

v
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B (return)

ct

B (outbound)

X X

Regardless of frame, Betty’s world line does not connect start and end
points with a straight line, while Andy’s does

This is because Betty’s journey involves accelerations, while Andy’s
does not

Acceleration from one velocity to another produces a curved world
line - here a quick change, so a kink in the world line

2/21/12
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all possible world

g two points in a

‘e diagram, the one

the longest proper time

ariant interval) is always
the straight world line that
connects the two points

+ The light-like world lines
(involving reflection) have the
shortest proper time -- zero!

+ Massive bodies can minimize
their proper time between
events by following a world
line near a light-like world line

2/21/12
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round and meeting
/in the past — a closed

Jg-gécetime.
sf)ace-time diagram (in
which time stretches vertically
and space horizontally, the
possible paths of light from any
event define light cones, and
physical particles have to stay
inside these light cones.

+ “Spacelike” trajectories that
leave the light cones simply aren’t
allowed in the conventional way
of doing things.

timelike path
(allowed)

X

spacelike path
(not allowed)

X

http://blogs.discovermagazine.com/cosmicvariance/2011/09/24/can-neutrinos-kill-their-own-grandfathers/#more-7490




