Lecture 8 part Il: Special Relativity

The two postulates of Special Relativity:

1. The speed of light is the same for all observers, no matter what their
relative speeds.

2. The laws of physics are the same in any inertial (that is, non-
accelerated) frame of reference.

Basic difference between the two theories of physics:

- Newtonian mechanics: uses Galilean transformation

- Special Relativity: Lorentz transformation
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Lorentz transformation
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The primed frame moves with
velocity v in the x direction with
respect to the fixed reference
frame. The reference frames
coincide at t=t'=0. The point x' is
moving with the primed frame.
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Length contraction

The length of any object in a moving

Fixed frame Moving frame i )
. - frame will appear foreshortened in the
direction of motion, or contracted. The
y amount of contraction can be calculated

from the Lorentz transformation.
The length is maximum in the frame in
which the object is at rest.

lfthe length L= X5 — X is measured in the moving reference

frame, then L = x, — X, can be calculated using the Lorentz transformation.

But since the two measurements
L . 4y Made in the fixed frame are made
Xo =Vl =X+ VI simultaneously in that frame,
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Time dilation

Fixed frame Mowing frame
- o A clock in a moving frame will be seen to
be running slow, or "dilated" according to
y the Lorentz transformation.

"
|::> ¥  The time will always be shortest as
@, measured in its rest frame. The time
= ®

measured in the frame in which the clock
is at rest is called the proper time.

If the time interval T;, = ts — I} ismeasuredin the moving reference

frame, then T =, — ¢, can be calculated using the Lorentz transformation.

The ime measurements made in the
maving frame are made at the same

VX1 location, so the expression reduces to:
—




Time dilation experiments

Twin Paradox

The story is that one of a pair of twins leaves on a high speed space journey during
which he travels at a large fraction of the speed of light while the other remains on the
Earth. Because of time dilation, time is running more slowly in the spacecraft as seen by
the earthbound twin and the traveling twin will find that the earthbound twin will be
older upon return from the journey. The common question: Is this real? Would one
twin really be younger?

The basic question about whether time dilation is real is settled by the muon
experiment. The clear implication is that the traveling twin would indeed be younger,
but the scenario is complicated by the fact that the traveling twin must be accelerated
up to traveling speed, turned around, and decelerated again upon return to Earth.
Accelerations are outside the realm of Special Relativity and require General Relativity.

De5p|te the eXperlmentaI v=_0 The mean lifetime of a muon in its
1££3 H H — 9 own reference framea, called the
difficulties, an.exp.er!ment @ » Tg=22ps proper lifetime, is T, = 2.2 |is. In a

on a commercial airliner frame moving at velocity v with

. . respect to that proper frame, the
confirms the existence of a v =0.995¢c lifetime is T = YT, where 7y is the
time difference between @ ==> t=22p5=107, timediationfactor

ground observers and a
reference frame moving

v = 0.99995¢ T=220 us = 1007,
with respect to them. @

Mean lifetime T as measured in laboratory frame



Muon experiment: Experimental verification of time dilation and length contraction

Qut of a million

particles at 10 km, |  pjeasure muon

how many will flux at 10 km height.

reach 'ﬂ"]E}fEﬂrﬂ']‘? = The measurement of the flux of muons at the

{ 0 1,000,000  Earth's surface produced an early dilemma

rf__"“?'”_\—\] because many more are detected than would
be expected, based on their short half-life of
1.56 microseconds.

H :mass 207 m v=98¢c
charge + or -

Rest halflife:

Tﬂ- 1.56 % 10'6345*.:



http://hyperphysics.phy-astr.gsu.edu/hbase/particles/lepton.html

Non-Relativistic

4
Distance: L.|:| =10 meters

QOut of a million ‘Il]4
particles at 10 km, | - peasure muon Time: T = m -
how many will flux at 10 km height. (0.98)(3 x 10 m/s)
"I'.l -
reach the Earth ' ﬁ, 1 000.000 T= 34x10 Es = 21 8 halflives
Survival rate:
1 ;57 027x10°
M - mass 207 m v=08cC lg -
charge +or - Or only about 0.3 out
Rest halflife: of a million.
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Tﬂz 186 x10 sec

Lﬂ= 10 km
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Simultaneously
monitor flux at
ground level.




Relativistic, Earth-Frame Observer

Out of a million

how many will
reach the Earth?

particles at 10 km,

b
L - mass 207 m:'
charge + or -
Rest halflife:
Tﬂ- 1.56 % 1[]'535':-“
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Measure muon
flux at 10 km height.

+@ 1,000,000

v=98c
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Distance: Ly= 10 meters
4
10 m
(0.98)(3 x mﬂn-urs}
T= 34x m'ﬁs = 4 36 halflives

Time: T=

Survival rate:

| 436

1= 2 =0049
0

Or about 49,000 out
of a million.

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

slow by the factor T =T,
50 its measured halflife is
5 x1.56us = 7.8us.




Relativistic, Muon-Frame Observer

QOut of a million
particles at 10 km, |  peasure muon
how many will flux at 10 km height,
reach the Earth? n
k @ 1,000,000
ndha
M mass 207 m v=198c
charge + or - T=5
Rest halflife: Relativity
factor

TDI 1.66 % 10'6331:-“

Distance: Lﬂ= 1(}4 meters
2000 m
(0.98)(3 x 10 mig)

T= 68x 11:163:4.36 halflives

Time: T=

Survival rate:
| 436

T —
0
Or about 49,000 out

of a million.

=0.049

The muon sees distance
as length-contracted

sothat L= Ly /y=0.2L,
=2 km.




Qut of a million
particles at 10 km,
how many will
reach the Earth?

Measure muon
flux at 10 km height.
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H mass 207 m4 v= 08¢
charge + or - Y=5
Rest halflife: Relativity
Tg=1.56x 1{3_635: 152

10 km

Simultaneously
monitor flux at

By the basic principle of

relativity, all valid descriptions

must agree on the final

result.
Relativistic Mon-
Muon Ground | Relativistic
Distance | 2km | 10 km 10 km
Time 6.8us | 34us 34us
Halflives | 4.36 | 4.36 21.8
Surviving | 49000 | 49000 0.3

B

ground level.

Comparison of the three
approaches to the muon

survival rate.

Comparison of
Reference
Frames

In the muon experiment, the relativistic approach yields agreement with experiment and is
greatly different from the non-relativistic result. Note that the muon and ground frames do
not agree on the distance and time, but they agree on the final result. One observer sees

time dilation, the other sees length contraction, but neither sees both.



