PH253

Lecture 3: relativity (continued)



Time dilation

Two events take place at the same location. The time interval At between the events as
measured by an observer moving with respect to the events is always larger than that
measured by an observer who is stationary with respect to the events. The ‘proper’
time At;, is that measured by the stationary observer.
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In other words, time is stretched out for a moving observer compared to one at rest.



GPS

Uses geosynchronous satellites with atomic clocks on board
ask at least 4 satellites what time it is, with known positions compare times

At’c;PS - YAtEarth

time difference = Atgain — Atgps = Atgarin — YAtEarin (1.15)
= Atgartn (1 —7¥) = Atgarn [1 _ 2] (1.16)
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- 24%.60%.601_] 1— ! (1.17)
ay min \/1 — (1.3 x 10-5)?

~ [86400s/day] [-8.32 x 10| ~ —7.2 x 10~ ®s/day = —7.2 ps/day



Length Contraction The length of an object (or the distance to an object) as measured
by an observer in motion is shorter than that measured by an observer at rest by a
factor 1/y. The proper length, L, is measured at rest with respect to the object.

Letationary _ Lp (1.28)
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That is, objects and distances appear shorter by 1/y if you are moving relative to
them.
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According to girl, light arrives after a time

Jfarrival = X/ C
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Boy in O’? He moves relative to star

distance appears length contracted - shorter by factor y
total distance is (him to star) - (rate he closes gap)

(him to star) = x/y

(rate he closes gap) = vt' time in his frame

— — vt



Girl again? distance is (her to boy) + (boy to nova)
(her to boy) = vt

(boy to nova) = contracted because he is in motion!
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Combine and algebra ensues:

d X
x=v’c+)i x' = — —vt’
Y Y
x =v(x +vt')
=v(y (x—vt) +vt')
:y X—Y vt+yvt



Combine and algebra ensues:

yt' = (1 —v?) x + y*vt

(1-v*)x

=D t'=‘Yt+T—‘Y|:t+—

can relate their times!



Time measurements in different non-accelerating reference frames:

;- VX
t —Y(t—c—z)

{ = (t’+v—x’)
_‘Y cz

Two parts:
first term is ordinary time dilation
second is our failure of simultaneity at a distance

Elapsed times between events in non-accelerating reference frames:
At =t —t, =y (At — ‘ﬁ) (1.41)

If observer in O stationary relative to the events (x;,t;) and (x;, t;) measures a time
difference between them of At = t; —t; and a spatial separation Ax = x; — %3, an
observer in O’ measures a time interval for the same events At’. Events simultaneous
in one frame (At = 0) are only simultaneous in the other (At’ = 0) when there is no
spatial separation between the two events (Ax=0).



Go through this again to compare positions

Lorentz transformations between coordinate systems:

X' =y(x—vt) or x=vy((x +vt') (1.42)

y' =y (1.43)

2 =2 (1.44)
VX vx'

t'=vy (t — c—z) or t=vy (t’ + F) (1.45)

Here (x,y,z,t) is the position and time of an event as measured by an observer in
O stationary to it. A second observer in O’, moving at velocity v along the x axis,
measures the same event to be at position and time (x',y’,z’,t').

Relativity for observers in relative motion at constant velocity:

1. Moving observers see lengths contracted along the direction of motion.

2. Moving observers’ clocks ‘run slow’, less time passes for them.

3. Events simultaneous in one frame are not simultaneous in another unless they
occur at the same position

4. All observers measure the same speed of light c



Velocity addition: how fast is the ball going?

O =

from person on car, what is position?
Y
X, =t

make sure all quantities are from the right frame!




Velocity addition: how fast is the ball going?

O =

from person on ground, what is position?
use Lorentz transformation - both length contraction & time dilation

X, =y, +v, 1) =yt +v,t)

make sure all quantities are from the right frame!



Velocity addition: how fast is the ball going?

O =

divide position by time to get velocity all from same frame
first transform time too!

v x' v Vit
t=y<t’+—;’2 > =}/<t’+ “Cf >




Velocity addition: how fast is the ball going?

Combine:
L
)=
e =
1) /
i y(vbt +vat)
b BT il
Vavbt
y(t’+ - )
v, + Vv, A
e
1+ =

e

1+

velocity of ball observed from the ground = v, = =

c2



Velocity addition: how fast is the ball going?

Relativistic velocity addition:

We have an observer in a frame O, and a second observer in another frame O’ who
are moving relative to each other at a velocity v. Both observers measure the veloc-
ity of another object in their own frames (v and v;,). We can relate the velocities

measured in the different frames as follows:

’
v+vobj B
vl Vobj =
14+ —=

c?

Again, v, is the object’s velocity as measured from the O reference frame, and vy is
its velocity as measured from the O’ reference frame.

how to know which one to use?
do what you would normally do (add or subtract), then fix denominator



Velocity addition: how fast is the ball going?

Throw a ball out a car window at v=0.5c¢, car at 0.75¢?

Ordinaril}f, Vball relative to ground == O.5C+O.75C:1.25C T NO
Using velocity addition? Would normally add them ...




Velocity addition: flashlight out the window?

How fast does Joe in the rocket see the light beam go?
Would normally subtract light and rocket velocities.

Vlight — Vrocket

7] = 0.9¢ thht ] — VrocketViight
cl

% yL
¢ —0.99¢c

1 — (099c¢)(c)
fl=c c?
o] %1“ ‘ 0.01c
— = C
x 1—-0.99
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Velocity addition: flashlight out the window?

What if Joe has the flashlight in the rocket?
Add rocket + light speed?!?

/
Vrocket + Vlight

Vi = -

7] = 0.9¢ light 1+ Vmck::light
~099c+c

(099C][C)

" 14
ayL%ﬂl — 1.99¢
— = C
g 1+0.99
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