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1905 - Three papers were published by Einstein

Brownian Motion
Einstein discovered a kinetic theory to account for the properties
of suspensions, i.e. liquids with solid particles suspended in
them.

Photo Electric Effect

Einstein proposed the theory behind the photo electric effect.

~ Special Relativity



1921 - Einstein awarded the Nobel prize in Physics

"... for his services to
theoretical physics, and
especially for his discovery of
the law of the photoelectric
elffect ...




Russell A. Hulse Joseph H. Taylor Jr.

The Nobel prize for relativity was awarded in 1993




“On the Electrodynamics
of Moving Bodies”

Not titled special
relativity

3. Zwr Elektrodynamik bewegter Korper;
von A. Einstein.

DaB die Elektrodynawmik Maxwells — wie dieselbe gegen-
wiirtig aufgefat zu werden pflegt — in ihrer Anwendung auf
bewegte Korper zu Asymmetrien fithrt, welche den Phinomenen
nicht anzuhaften scheinen, ist bekannt. Man denke z. B. an
die elektrodynamische Wechselwirkung zwischen einem Mag-
neten und einem Leiter. Das beobachtbare Phinomen hangt
hier nur ab von der Relativbewegung von Leiter und Magnet,
wihrend nach der iiblichen Auffassung die beiden Fille, daB
der eine oder der andere dieser Korper der bewegte sei, streng
voneinander zu trennen sind. Bewegt sich nimlich der Magnet
und ruht der Leiter, so entsteht in der Umgebung des Magneten
ein elektrisches Feld von gewissem Energiewerte, welches an
den Orten, wo sich Teile des Leiters befinden, einen Strom
erzeugt. Ruht aber der Magnet und bewegt sich der Leiter,
so entsteht in der Umgebung des Magneten kein elektrisches
Feld, dagegen im Leiter eine elektromotorische Kraft, welcher
an sich keine Energie entspricht, die aber — Gleichheit der
Relativbewegung bei den beiden ins Auge gefaBten Fillen
vorausgesetzt — zu elektrischen Stromen von derselben GroBe
und demselben Verlaufe Veranlassung gibt, wie im ersten Falle
die elektrischen Krifte.

Beispiele dhnlicher Art, sowie die miBlungenen Versuche,
eine Bewegung der Krde relativ zum ,,Lichtmedium‘ zu kon-
statieren, fithren zu der Vermutung, daB dem Begriffe der
absoluten Ruhe nicht nur in der Mechanik, sondern auch in
der Elektrodynamik keine Eigenschaften der Erscheinungen ent-
sprechen, sondern daB vielmehr fiir alle Koordinatensysteme,
fur welche die mechanischen Gleichungen gelten, auch die
gleichen elektrodynamischen und optischen Gesetze gelten, wie
dies fiir die GroBen erster Ordnung bereits erwiesen ist. Wir
wollen diese Vermutung (deren Inhalt im folgenden ,Prinzip
der Relativitit genannt werden wird) zur Voraussetzung er-
heben und auBerdem die mit ihm nur scheinbar unvertriigliche




Special Relativity

Not a theory about interactions
rather a theory about invariance
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observer #2 rest frame

Frame 2 travels with velocity v with respect to frame 1

velocity of blue ball in rest frame 1 1s u




observer #2 rest frame

—

Frame 1 travels with velocity -v with respect to frame 2

velocity of blue ball in rest frame 2 1s u-v




Worked great for Newton

Gravitational Force 1s
Galilean invariant

Sir Isaac Newton



Electromagnetism

But then came the first unified field theory, electromagnetism

One defines a magnetic field B by its
fundamental effect on a

moving charged particle, namely F=qv «B

a charge q in an electromagnetic
field feels a force



Physics in frame 1

observer #2 rest frame




Physics in frame 2

moving charge generates a magnetic field




Michelson-Morley experiment

The speed of light 1s the same 1n all
directions

Implies that there cannot be an



Einstein - put it all together

Principles of Special Relativity




* Note that the speed of light is the same to all
Inertial (eg constant velocity observers

 Means that Galilean invariance does not apply
to the laws of physics




Gedanken Experiment

Consider an “ideal clock™ made of a light beam
moving between two mirrors. Place it on a platform
which itself moves at speed v with respect to observer
#1. Observer #2 moves with the platform.




Gedanken Experiment

Time interval defined by successive events:
departure of light pulse from upper mirror
arrival of light pulse at lower mirror

First in observer #2’s frame: clock 1s at rest




Gedanken Experiment

Now consider from observer #1 rest frame.
Event 1: photon leaves top mirror

Event 2: photon arrives at bottom mirror

vAt 1




Gedanken Experiment

From observer #1 rest frame.

distance travelled by photon is hypotenuse

of triangle with sides vAty and d.

light travels with speed c
(CAtl )2 = (VAt1)2 + d2




Gedanken Experiment

Solving, N Ul

V1—v2/c?

Aty 2 !
At; = — A o J1- 2/
Observer 1 sees the moving clock of observer 2 run
slow as gamma 1s always greater than 1
‘Time dilation




orentz transformation
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4-vectors

No absolute time so need 4 coordinates, time and spatial
position to describe any event
— el Y

velocities also must have 4 components
u=clBildir—(cdb/di chddrcy/drdzdr




muon - mass 207 electron masses
lifetime 2.20 microseconds
Flux of cosmic rays peaks about 15 km above
surface of earth

Primary Cosmic Ray
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nuclear fragments
muonic component, hadronic electromagnetic
neutrinos component component

How can we see them here at the surface of earth? Time dilation.

Energy of muon at surface is 4 GeV. Energy when produced at
15,000 m 1s 6 GeV. vy is about 40.



Consequences

* Time 1s not absolute.

* Simultaneity 1s now observer dependent.

* Electromagnetism consistent with spacetime
invariance (Lorentz invariance)




4-vectors

No absolute time so need 4 coordinates, time and spatial
position to describe any event
— el Y

velocities also must have 4 cgmponents
=elBidealoticlr chqalnclyicin oz el




Relativistic kinematics

Newtonian momentum




Energy -momentum conserved in particle collisions
pion collision with stationary proton

T +p— KT +X°

Energy -momentum conserved in particle collisions
pion collision with stationary proton




Project Orion
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Acceleration in Special Relativity

 Assume you have a rocket which can travel with
constant acceleration g




@l




Acceleration in Special Relativi




Consequences

« Newton’s law of universal gravitation not invariant
under special relativity.

F=-GMm/r

* Force acts instantaneously at a distance

Inconsistent with the speed of light being the limitin,

W




Principle of Equivalence

acceleration = gravitation




Gravitational mass = inertial mass

I_ead and feathers fall with the same
acceleration

verified to 1.5 x 10 ~13 through lunar
ranging

| / -\\ nﬁ




observer in outer space Freely falling in uniform g

9

floor exerts no force on  mass M falls at exactly the same
mass M rate as the elevator, floor exerts
no force on M




accelerated observer Freely falling in uniform g

9
a=
m 1B

mass M feels force Mg floor exerts force Mg on mass M
from floor




consequences - gravitational time dilation.

& 2
zN(O=d+ 172 gt Place a clock 1n the nose (N) of the rocket
and another 1n the tail (T) of the rocket.

What 1s the time At between receiving

photons at the tail if they are released from
the nose Aty apart?

] Z N(O) = Z T(tl) = Ctl

' 7 Ni(ATN) - Z (t1+ATT) = c(t1+ATT - AT
172 g2 i N(ATN) - Z p(ty+ATp) = c(ty+ATp - Aty



using t1 = h/c a little algebra one arrives at the result

Avp=Atp(1-gh/c?)

gh - gravitational potential
energy

clock at hlgher gravitational potential runs fast
tional




GPS - Accuracy (latitude, longitude, and altitude) 5-10 meters.
Network of 24 satellites in high orbit altitude

- 20,000 km above ground

- speed 14,000 km/hour

- clock - accurate to a nanosecond

Special Relativity - lose 7 microseconds a day relative to
ground clock

General Relativity - gain
45 microseconds a day

Error in position = 10 km per day!!!




Principle of Equivalence is underpinning of General
Relativity - Gravity as the Geometry of Curved Spacetime




Why was the Nobel Prize for relativity awarded
7’1 years after Einstein proposed the theory?

Partially, it 1s only in the last 30 years that we
have been able to see some of its more
spectacular consequences







A pulsar 1s a neutron star
Mass 1.44 M,y

Radius 10 km - 1.e. incredibly dense
with an extremely rapid period of rotation
Period of rotation of .059 seconds

extremely accurate clocks (part in 10 14 )




Extremely strong astrophysical evidence of black holes

Newtonian escape velocity v =/ 2GM/R

e /2GM/R if the speed of light is the speed limit




Recent spectacular

evidence of a black
hole

Mass- 3 x 10 6

Msun
in center of our galaxy

Strong evidence of
other black holes

both stellar sized and
in centers of galaxies

Declination in "
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Period 15.2 years
Inclination 46 Deg
Eccentricity 0.87

Semimajor Axis 0.119"
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Schodel et al (2002)




Detection of Gravitational Waves




