ALBERT EINSTEIN

Slow start
Independent, proud
Patent office in Bern, 19602909

Miracle year, 1905
Director of Physics Institute, Berlin, 1914

Came to US, 1933

See toolkit file “Einstein.ddc

Einstein has long had a very high public profile. His most
famous equation, E = rhappears everywhere. People associate him with four
dimensional space and with time travel. SHOW SNL tape of “The Einstein
Express”.

Another element in the public imagination is an association of
modern physics and modern art. In particular, Einstein and Picasso.




Les Demoiselles d’Avignon

Picasso’s painting of 1907 is said to be the foat dimensional
painting. Einstein and Picasso became famous ait #e same time, one for
helping create modern physics, the other moderbattthese two creations
have something to do with each other? People havemand thought about
this for decades, recently ranging from Steve M&tiPicasso at le Lapin
Agile”, to Arthur Miller's “Einstein and Picasso”.

During the early years of the 2@entury, both men were trying to
find themselves, and were doing so with the hela simall group of intimate
friends, of which they were each the center. At time, Henri Poincare, an
influential French polymath had just written a baokpossible geometries in
our world. Einstein had read a German translatiaty and one of Picasso’s
group had read it and told the group about it. €@ was particularly
interested in a fourth spatial dimension, not atfotime dimension as in H. G.
Wells’ “The Time Traveler” of 1895.

Ideas like these were in the air and discussealvall Europe by
intense groups like those of Einstein and PicaBs@asso may have put ideas
like this into the above painting. If one can st@p the fourth dimension, (“the
Astral Plane”) then one perhaps could see all tdneensions of ordinary
objects at once instead of only two. The womarhenawer right above is
perhaps Picasso’s example of what this would ldak |




FIXATION WITH
MECHANICAL MODELS

To Newton and Maxwell, understanding something meant
creating a mental mechanical model of it and solving the
resulting equations.

During the 19 century, this approach was used in trying to
understand light. The closest analogy was sound. So what i
needed is a medium with the right properties.

They called the medium ether. It must have contradictory
properties: Extremely rigid, to support such a high wave
speed. Yet offer no resistance at all to the motions of planets

Building models of objects and processes we obsarmature
Is one of the major activities of scientists. Thed&l needs to include the
most important influences acting on the situateomg be simple enough that
guantitative predictions can be made using it.

Sound was the wave phenomenon that seemed to losslyc
resemble light. Sound is a compression wave in éhardcal medium such
as air, water, or steel. The wave speed increaglghe rigidity of the
medium, and decreases with its mass density. 8bt&on such a high speed
of light, the medium, called ether, must have amnesmely low density, yet
be very rigid. It must fill all space out to thas, since we see them.

At the same time, the ether must allow planetgifottirough it
without any offering detectable resistance. Othgevthey would not move
repeatedly in their elliptical orbits obtained frdtiewton’s laws using only
the gravity force, with no contribution from thdnet.

If the earth is drifting through the ether, candetect the
motion? If light propagates relative to the ettigke sound does relative to its
mechanical media, then the ether’s velocity, measby us on earth, would
be added to that of light. So light will have dr#at speeds in different
directions as measured by us.




THE ETHER

Whenever energy is transmitted from one body to another in

time, there must be a medium or substance in which the eneryg

exists after it leaves one body and before it reaches the other
J. C. Maxwell (1873)

| came to the opinion quite some time ago that Fresnel's idea,
hypothesizing a motionless ether, is on the right track.
H. A. Lorentz (1895)

The introduction of a “luminiferous ether” will prove to be
superfluous inasmuch as the view here developed will not
require an “absolute stationary space”..

A. Einstein (1905)

Here we see quotations from three luminous
theoretical physicists from different times. Maxingas the
outstanding theorist of the ®@entury who had developed
electromagnetism as we know it today. It is ircthiat he was so
wedded to mechanical models, yet his electromagmeierves as
the model for the field theory approach used today.

Lorentz expresses the consensus belief of his #he.
about the same time another prominent physicistidpted that
one day it would be shown that lightning consigdtsracks in the
ether.

Einstein made ether superfluous as he says here.
Before we look into how he did so, let’s pursudhar the ether
idea since historically it played such a major role




THREE POSSIBILITIES

There is an ether. A relativity principle exists for mechanics biut
for light, for which there is a preferred inertial frame, the ether
frame. Then we should be able to locate it experimentally.

Maxwell was wrong. A relativity principle exists for both mecha
and light but Maxwell’'s equations for light are not correct. In t
case we should be able to perform experiments to show devia
from Maxwell’'s equations and reformulate them.

Newton was wrong. A relativity principle exists for both mechan
and light but Newton’s equations are not correct. In that case
should be able to perform experiments to show deviations fro
Newton’s laws and reformulate them.

Looking back on the period 188®00 we can summarize
the state of affairs with the three possibilitié®wae. This is not
historically accurate in that nobody during thatipe expressed the
situation this way. But from our viewpoint todaystlis a concise
summary statement.

If the ether exists and the speed of light exislative to that
medium, then the only coordinate system in whichxWe&l's equations
are valid is the one at rest with respect to theretMaxwell’s equations
say the speed of light is c. This is the only camate system for which
that would be true. In that case a relativity pipte exists for mechanics
(no preferred inertial system, as Galileo argubkd) not for light.

If a relativity principle exists for both mechanisd light,
then either Maxwell’s equations are wrong, or Newgdaws are wrong.
If Maxwell is wrong, then velocities might still ddn the usual way. If
Newton is wrong, then a new way of adding velositieneeded since the
way Galileo and Newton did this is not consisteithwiaxwell’'s
equations.




MICHELSON'S SWIM RACE

Two swimmers, each of whom can swim at 5 ft/s, have a rac
The race takes place in a river 100 ft wide flowing at 3 ft/s. O
swimmer goes upstream 100 ft (measured along the bank), t
returns. The other swims across to the opposite bank and re
Who wins?

The swimmer going upstream moves at 2 ft/s relative to the b
taking 50 s to go 100 ft. Coming back, the speed is 8 ft/s, so i
takes 12.5 s for a total time of 62.5 s.

Albert Michelson was an instructor at the US Naval
academy when he measured the speed of light spge¢lan idea
for how to measure the “ether wind”. He explainti ihis children
(according to his daughter) in the following way.

The race is set up as described above. The tinea tak
by the swimmer going up and down stream is easgltulate.
Here we are using the same way we have previosslg to
evaluate relative velocities. They simply add dstgact. This is
referred to as Galilean velocity addition.

To calculate the travel time for the swimmer going
across stream we need a diagram, shown on thesinsct




CROSSSTREAM SWIMMER _

The swimmer must aim upstream

at the correct angle. The swimmer
goes 5 ft/s, is carried down by the
current at 3 ft/s, and moves 41
across the stream at 4 ft/s. A

So the swimmer crosses the river
in 25 s, returns in another 25 and
so takes a total time of 50 s.

The swimmer must aim upstream at the correct angle
to counteract the flow of the river. A real swimmesuld do this
automatically by judging their position as they go.

In each second, the swimmer moves 5 ft through the
water while the current moves 3 ft downstream. Toiims a 3,4,5
right triangle, and we see that the swimmer movesss the
stream at 4 ft/s.

So the crosstream swimmer wins the race, taking 50
s for the round trip.

Michelson invented an interferometer based on this
swim race with which he thought he could detecttfzion of the
Earth through the ether. At the time he starteslwuork, 1880, he
and everyone else expected the ether was reaEantil must be
moving through it.




Michelson Interferometer
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Michelson won the 1907 Nobel Prize in Physics fer h
invention of this interferometer and the variousasiwe@ements he made with
it. Here is the idea. We want to use the interfeegoroperties of light. As we
have seen, one way to do this is to split a beaontiwo parts that travel
different paths, then bring them back together.Hdison did this in a
radically different way than Young or the soap film

A source of light on the left sends light horizdiytéo a mirror
M at 49. This is a haklsilvered mirror that transmits half of the beam
through and reflects the other half. The transuhittalf goes on to mirror M
Is reflected back, and half of it is reflected agiay M downwards towards
the viewer. This is ¥ of the original bearmuch more than for the Young
experiment (~ 16) or a soap film (0.02).

The half of the beam reflected at M goes up toaonik,, is
reflected back, and half of it is transmitted bytdvthe eye of the observer.

So now, two beams that traveled out and back pdrpealar to
each other are recombined to be seen. If the twolpagths are precisely
the same length, the two beams will interfere aoiesively. If the two paths
differ by half a wavelength, they will interferedructively. The actual
pattern seen in the eyepiece can be complex damgodi how well the
mirrors are adjusted.




Michelson Interference Pattern

Shown above is an interference pattern seen in a
Michelson interferometer. The bright stripes intikceonstructive
interference, and the dark stripes destructivefietence. The
mirrors have been deliberately aligned to be nat#y
perpendicular. This is the interference pattera wfedge. The
optical path length is changing on going from teftight. Going
from one bright stripe to the next correspondshianging the
difference in path length between the two beamsr®/wavelength
of light.

It is clear that very precise length comparisonslma
made with the interferometer. At one point the tbngf the
standard meter was calibrated in terms of the vesnggth of light
from a particular atomic transition. In additioretimdex of
refraction of gases can be measured.

Of course the first application of the interferoaret
was to the attempted observation of the “ether Wind

SHOW Michelson interferometer with microwaves, avith light.




MichelsonrMorley Experiment

Assume the light going to Mmoves parallel to the ether
wind of speed v. Then the round trip time is:
t, =1/(c—v) +1/(c +v) =[2l/c][1/(1 - ¥/c?)]

Assume the light going to Mmoves perpendicular to the
ether wind. Then its round trip time is:

t,= [2l/c][1/(1 — ¥/c?)V?]
When the whole apparatus is rotated bythe paths are
interchanged. The time difference for the two paths when
simplified, is At = (2l/c)(v?/c?)

This corresponds to a fringe shiftaif = 2I/A(v2/c?)

Assume the earth is moving through the ether with
speed v. This speed was usually taken to be trerlspfesarth in its
orbit about the Sun, which is 30 km/s. If the expent is done
repeatedly throughout the year, this is the speadge likely to be
observed.

We have done the calculations for the swimmerkén t
river. The calculation for light beams in the etthend is just the
same. The beam going across the current takekeddds time.

The time difference can be expressed as a frindfeesipected in
the interferometer using delta N = delta t/T whEtiie the period of
the light equal to T A/c.

Using the path lengths in the 1887 experiment, the
predicted shift is 0.4 of a fringe. The smallededtable shift in
that experiment was 0.01 fringe.
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MichelsorMorley Numbers

Earth’s orbital speed about the Sun = 30 km/s.
If a stationary ether exists, our speed through it
must change by this amount during the year.

This means v/c = 1®and \#/c2 = 108
For the 1887 experiment, 2I£ 0.4*1C
So the predicted fringe shift4sN = 0.4

If a stationary ether exists, we do not know owgexp

through it. Is the Sun stationary in the ether@GusGalaxy?

What we do know is that during the year, the Earth

must change its speed relative to the ether byrayuat equal to
twice the Earth’s orbital speed around the sun.

It became standard practice to use the earth’sabrbi

speed of 30 km/s to predict the “expected” fringet €lue to the

ether.
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MichelsonrMorley Summary

Observer Year Predicted Shift Upper Limit

Michelson 1881 0.04 0.02
MichelsorMorley 1887 0.4 0.01
Morley-Miller 1903 1.1 0.015
Illingworth 1927 0.07 0.0004
Michelson et al 1929 0.9 0.01
Joos 1930 0.75 0.002

The number of times this experiment was repeated
bears testimony to how deeply felt was the batiefn ether. The
predicted shift is based on a speed through thex etiiual to the
earth’s orbital speed about the sun. The resulelvewdoes not
depend on an assumed ether stationary with regpéat sun. The
earth’s velocity through the ether could be zera given time. It
should change however as the earth rotates, ahdnases about
the sun in its orbit. So the expected changesareuhis magnitude
or larger.

The ratio between the predicted shift and the upper
limit varies between 40 and 375 after 1887. Theserpental result
IS certainly convincing-no ether drift is seen. It is also testimony
to how difficult the experiment was. An improvemenbarely a
factor of 10 in the ratio of expected to upper tifnnge shift
indicates how good a job Michelson and Morley did.

In 1958 the experiment was repeated using
microwaves with an improvement of about 50 overrdsailts
shown above. Today it could be done even bettdr aviaser
source.
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“Save the Ether”

The Etherdrag hypothesis:

Suppose the earth drags the ether with it as it moves
about the sun. This would explain the Michelddarley null
result.

Suppose the earth drags the ether with it as itasiov
about the sun. This would produce a local statypeé#rner, and
would then explain the Michelsaviorley null result. Admittedly
this adds another unusual property to the alreahyrie ether, but
it has the advantage that neither our theoriesesfhanics or of
light would need modification.

Presumably each of the planets would drag ethér wit
them, and it would be stationary with respect ®ghn at its
location as well. The ether would need to be véagtee over large
distances, with negligible restoring force for thémrge strains.

This hypothesis was not however consistent with the
observed stellar aberration.
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Stellar Aberration

VAL
—
cAt a \

a = tan(v/c) = 20.5 seconds of arc

Stellar aberration was first observed in 1727 bydBry. He
observed that stars appear to move in circles avitltameter of 41 seconds
of arc. This is much too small to be seen by nakexlwhich is why its
discovery had to wait for the availability of gotedescopes.

Stellar aberration can be accounted for by assuming
stationary ether through which the earth moveshdédiagram above, a star
is directly overhead and not shown in the pictiteelight moves straight
down. The earth is assumed to be moving to the tighugh the stationary
ether with speed v.

Then to see the star, a telescope must be tiltedgh a small
angle towards the right. As the light moves dowrdaarough the
telescope, it moves to the right by virtue of €arthotion. Using the earth’s
orbital speed about the sun of 30 km/s, we obtaiarale of 20.5 seconds
of arc. As the earth moves about the sun, thensliamove around in a
cone with half angle equal to 20.5 seconds, in lextteagreement with
observations.

Our immediate conclusion is that the ether is magded along
by the earth. If it were, no stellar aberration Widoe seen. This also means
that if the ether does not exist, we will needital fanother explanation of
the observed stellar aberration.
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Does the Speed of Light depend
on the Motion of the Source?

¢ = 2.997925(3)*10m/s

Certainly a basic property of light is this aspefcits
speed. Does the speed depend on the motion obtinee? The
speed of a baseball certainly does depend on thiemaf the
pitcher throwing it. If he throws a 90 mph fastbahile running
towards home plate with a speed of 10 mph, theexpect the
batter to try to hit a 100 mph fastball.

Does a light beam behave like a baseball in thigAwa
Above we see a sketch of a flashlight creatingaarbef light. To
measure its speed, we would need to turn the ftdghdn and back
off quickly, then record the time when the flashwvad at point A
and at point B. The distance between A and B diviokethe time
for the light pulse to travel between them is theesl of light for a
stationary source. By 1964 that speed had beehlissied to be ¢
= 2.997925*16m/s in vacuum, with an uncertainty of plus or
minus three units in the last figure shown.

Now we want to do the same thing with the flashligh
moving. The faster we can move it, the more conmmavill be the
result. To find a light source moving at nearly #peed of light, we
need to look at some of the elementary particledyred at
accelerators.
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Neutral Pions

: [CEININERREVS
protons

——>—3 5
Beryllium Detector Detector
target position position

A B

¢ = 2.9979(4)*10m/s

In 1964 the following experiment was carried outAlyager et
al in Geneva, Switzerland. High energy protons comieof an accelerator
and strike a Be target. The protons collide witht@ns in the Be nuclei of
the target. Among the reaction products are neptogis. These are mesons
with masses intermediate between that of electaodsprotons.

Neutral pions are unstable, and decay very quickly two
gamma rays. Gamma rays are high energy light. @helectromagnetic
waves with lots of energy, and they travel at {heesl of light. In this
experiment the pions were moving with speed v =@ &9they emerged
from the Be nucleus. So we can regard the pionsrgdysrapidly moving
flashlights.

What was done then was to place gamma ray detestom®
different distances from the Be target, and meath@earrival time of the
gamma rays. The arrival time difference for the tietectors divided by the
distance between them gave a value for ¢ of ¢ 8789 m/s. The
uncertainty in this value is plus or minus fourtann the last figure shown.
The two speeds are the same within 0.01%.

Within experimental error, the speed of light iswh to be the
same as for a stationary source. The usual wagldihg velocities does not
work at all for light. When we add 0.99c to c wé ge
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