RELATIVITY!

e Inertial Frame of Reference
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Find a coordinate system in which you can verify
that all the laws of physics work. That’s called an
“inertial frame of reference.” Any coordinate system
moving at constant velocity v with respect to the
first system is also an inertial frame of reference.

e Newton's Principle of Relat|V|ty = ZF/m
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The laws of physics are the same in any and all iner-
tial frames, and any calculation using the laws must
give the same result in any inertial frame.



e Maxwell's Equations Violate Newtonian Relativity!

A moving charge does not exert the same force on
another moving charge that the charge would exert
if both were at rest!
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The force in one case has magnitude ¢F,, for exam-
ple, and in the other frame it has magnitude q|F, —
vy B, ]!

So who is wrong, Newton or Maxwell?
Experiments conducted in the late 19th
Century tended to suggest the strong
possibility that both sets of laws are
wrong under certain conditions. Ein-
stein, in the first few years of the 20th
Century, searched for a new approach
that would allow one to write laws
that are accurate under any and all
circumstances.



EINSTEIN'S POSTULATES:

e The speed of light is a universal constant, the same
in all inertial frames of reference. It is a property of
empty space itself and has nothing to do with motion
of source or observer.

e The laws of physics have the same form in all iner-
tial frames of reference. Physicists usually call this
form “covariant,” so the challenge is how to write all
laws of physics in a covariant form.

We can use the postulates to explore various con-
sequences of “thought experiments,” which in turn
suggest new laws of physics, or old laws expressed in
a totally different mathematical framework.



« RELATIVITY OF SIMULTANEITY

If the speed of light (which is also the speed with
which information propagates from one point in a
system to another) is independent of the motion of
source or observer, then we instantly see that two
events or processes which occur simultaneously in
one inertial frame, but happen at different points in
space, cannot be simultaneous in any other inertial
frame.

If the processes are moving with respect to the ob-
server, the leading or approaching process always oc-
curs before the trailing or receding process.

Thus no law of physics can depend upon observers
agreeing that events or processes occur at the same
time.




Pulse Clock:
Proper time: d 1Y
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From any other frame:
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Note that for any non-zero v, At > Ar. All mov-
ing processes run slow compared to the iden-
tical processes at rest. The proper time interval
is always the shortest interval associated with the
process.

Thus a process which takes 1 sec in the proper frame
might take 2 sec in another inertial frame. This
frame would be travelling at /1 — (v/c)? = 1/2 or

v = 0.866c¢c.
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Disagreement on Distances:

Suppose a spaceship travelling at v with respect to
two stars a distance L apart takes time At to make
the trip, from a viewpoint in which the two stars are
at rest. Then clearly the time taken is At = L/v.

But to the crew of the ship, the voyage takes the -
proper time A7 = Aty/1 — (v/c)2. Thus we are forced
to conclude that seen from the ship, the distance be-
tween the stars is

L' = L\/1 - (v/c)2.

The stars are moving past the ship at speed v and
the time elapsed between passages by the two stars
is A1, so seen from the ship the stars are closer to-
gether.
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Disagreement on Volume!

This effect shows up only in distances measured along
the line of motion. So consider a cube which in its
rest frame has volume V = L3. If the cube is mov-
ing parallel to one side, at speed v then its volume
becomes V' = L'L? = V/1 — (v/c)2.




Notice that although the mass of the cube is not
different, its density is larger!

p=M/Vsop =M/V' =

p o
VI (v/c)?

Thus mass and charge densities are larger for objects
moving with respect to us, than for the same objects
at rest, although the total mass and total charge are
precisely the same.




Another important realization:

Processes taking place at two different locations, which
are simultaneous in their mutual proper frame are
not simultaneous viewed from any other frame.
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Therefore, if we have two synchronized clocks a dis-
tance Lo apart in their proper frame, when we view
the clocks from a frame in which they are moving at
some speed v, we find the discrepancy between the
readings of the two clocks is

L
Ap — 20V
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The approaching process is always ahead of the trail-
ing process by this amount.
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Velocity Addition:
i3

In Ch. 3, Sec. 5 you learned, for a situation like this,
that the speed of 2 seen from 1 is

V21 = V1 + V2.

This result is only a rough approximation. The exact

result is
v1 + U2
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bomple: Y, = ¥, = 09c

C by = 1 —gq9c/
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*RELATIVISTIC MOMENTUM:
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V1= (v/or

p

*RELATIVISTIC KINETIC ENERGY:

KFE = mcz[ L — 1}-
\/1 — (v/c)?
Note that v
S = VI-(m/BY,
where

E = KE + mc?.

Note also that

E? = p202 + m2ct.

Also:



«BINDING ENERGY:

Einstein pointed out that the mass of a system at
rest is

Mc* = ZKi+ZW+ZmiC2,

where the system is composed of individual pieces m;
held together with potential energies V; and having
kinetic energies K;. But for essentially all systems
in nature the size of an atomic nucleus or larger,
the potential energies are negative (attractive forces)
and the overall internal energy £ = Kot + Viot 1S
therefore negative.

This means that M < ). m,, that is, in general, the
mass of a system is less than the mass of the pieces
the system is made of!

Physicists define the binding energy B = —&. This
is the work it would take to completely disassemble
the system.



EINSTEIN’S THEORY OF GRAV-
ITATION:

It is based on two postulates:

(1) All the laws of physics must have the same form
in all frames of reference, either inertial or non-inertial..
(Thus the approach is sometimes called “General
Relativity.”)

(2) The effects of acceleration are completely indis-

tinguishable in a local environment from the effects
of gravity.

Therefore Einstein concluded that anything acceler-
ation can do, gravity can also do.

Consequences of the approach:

(1) Gravity can be replaced by space-time curvature
with the understanding that objects always take the
shortest path (geodesic) in curved space-time.

(2) Photons are affected by gravity. Anything with
kinetic energy is affected by gravity, even if the thing
1s massless. Thus, the gravitational red shift, and the
gravitational effect on time intervals.

(3) The gravitational lens, indispensable to modern
astronomers.

(4) The Global Positioning System!



