
SpecialRelativity and Quantum Physics

1 – The Principle of Relativity

� AlthoughNewtonianmechanicsworksverywell at low speeds,it fails
whenappliedto particleswhosespeedsapproachthatof light.

� Experimentally, thepredictionsof Newtonianmechanicsathighspeeds
canbe testedby acceleratinganelectronthrougha largeelectricpo-
tential difference. For example, an electroncan be acceleratedto
v = 0:99c by usinga potentialdifferenceof severalmillion volts.

� Accordingto Newtonianmechanics,the speedshouldbe doubledto
v = 1:98c, if thepotentialdifferenceis increasedby a factor4.

� However, experimentsshow that the speedof the electronremains
lower thanthespeedof light, nomatterhow largethepotentialdiffer-
enceis.
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� AlbertEinstein'stheory of specialrelativity describesthisphenomenon
correctly. It is basedon two postulates:

1. The lawsof physicsare the samein all inertial referenceframes.

2. The speedof light (in vacuum)hasalwaysthe samevalue of c,

and is independentof the motion of the observer or of the light source.

� To describeaphysicalevent,it is necessaryto specifya frameof refer-
ence, i.e. acoordinatesystemandaclock. Referenceframesin which
Newton's �rst law (law of inertia)is valid arecalledinertial frames.

� Sincethelawsof physicsarethesamein all inertial referenceframes,
thereis no preferredframeandthereis no experimentthatcandistin-
guishbetweendifferentinertial frames.
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2 – The Speedof Light

Thereis a seriouscontradictionbetweenthe Newtonianadditionlaw for
velocitiesandthefactthatthespeedof light is thesamefor all observers.

� Supposea light pulsewith speedv

��

= c is sentout by anobserver
in a truck moving with speedv

�

�

relative to theground. According
to Newtonianadditionof velocities,thelight pulsehasaspeedv

��

+
v

�

�

> c relative to astationaryobserver (?).

� Therefore,either
(1) thelaw for additionof velocitiesis wrong,or
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(2) thelawsof electricityandmagnetismarenotthesamein all inertial
frames.

� If (1) is correct,notionsof absolutetimeandlengthareincorrect.

� If (2) is correct,a preferredreferenceframemustexist.

� In the19thcenturyit wasthoughtthatelectromagneticwavesrequire
a mediumto propagate,theso-calledether, which wasto bepresent
everywhere,evenin emptyspace.

� If theetheractuallyexisted,a preferred(“absolute”)framewould ex-
ist. If (!) the Sunis assumedto be at rest in the ether, andv is the
velocity of the Earth with respectto the “ether”, the speedof light
would thenbec + v “downwind”, andc � v “upwind”.

� TheMichelson-Morley experimentwasdesignedtodetectthesesmall
changesin thespeedof light.

� Its result wasnegative, thus contradicting the ether hypothesis.
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3 – Consequencesof SpecialRelativity

� The Relativity of Time
Considera vehiclemoving to the right with a speedv. A mirror is
�x edto theceiling of thevehicleandanobserver in thevehicleholds
a �ash gun a distanced below the mirror. The time it takesa light
�ash to travel from themoving observer to themirror andbackagain
measuredby themoving observer is

� t0 =
2d
c

Now considerthesamesetof eventsasviewedby anobserver at rest.
For him, mirror and�ash gunmovewith v to theright. Whenthelight
strikesthemirror, it hasmoveda distancev� t=2 horizontally, andd
vertically. Here� t is thetimedifferenceasmeasuredby theobserver
at rest.
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UsingthePythagoreantheoremgives:
�

c� t
2

� 2

=
�

v� t
2

� 2

+ d2

Solvingfor � t andsubstitutingd = c� t0=2 one�nds:

� t =
� t0p

1 � v2=c2
= 
 � t0 (1)

where
 = 1=
p

1 � v2=c2.
In words: The time interval measuredby theobserver in thestation-
ary frameis longerthanthatmeasuredby theobserver in themoving
frame,i.e. amoving clock runsmoreslowly thananidenticalstation-
aryclock (time dilation ).
� t0 is called the proper time. The propertime is always the time
measuredby anobserver moving alongwith theclock.
Example for time dilation: Lifetime of cosmicmuons
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� Length Contraction
The measureddistancebetweentwo pointsdependson the frameof
reference.Theproper length of anobjectis the lengthmeasuredby
anobserver at restwith respectto theobject.

Considera spaceshiptraveling with speedv betweentwo stars.The
properdistancebetweenthestarsis L 0. For anobserver at restwith
respectto thestars,the time it takesfor the trip is � t = L 0=v. The
spacetraveler measures� t0 = � t=
 andthe distancebetweenthe
starsis

L = v� t0 = v
� t



BecauseL 0 = v� t,

L =
L 0



= L 0

p
1 � v2=c2 (2)

In words: lengthcontractiontakesplacealongthedirectionof motion.
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4 – Relativistic Momentum

� In orderto properlydescribethemotionof relativistic particles,New-
ton's2ndlaw andthede�nitions of momentumandenergy needto be
modi�ed.

� Requiringmomentumconservation and that the relativistic momen-
tum approachesthe “classical” value, m0v, for v=c ! 0, one can
show thattherelativistic momentumis givenby

p =
m0v

p
1 � v2=c2

= 
 m0v (3)

wherem0 is therestmassof theparticle. Therestmassis themass
measuredby anobserver at restwith respectto theparticle.
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5 – Massand the Ultimate Speed

� Einsteinalsoshowedthatthemassof anobjectdependson theframe
of reference.It increaseswith speedaccordingto

m =
m0p

1 � v2=c2
(4)

� Thusfor v ! c, objectsbecomein�nitely massive. This meansthat
anin�nite amountof energy is requiredto accelerateanobjectto the
speedof light.

� Thus,thespeedof light is theultimatespeedfor any materialobject.
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6 – Relativistic Addition of Velocities

� Imagineamotorcycleridermoving with v

�

�

= 0:8cpastastationary
observer. If the rider tossesa ball with a speedof v

� �

= 0:7c in
theforwarddirectionrelative to himself,what is thespeedof theball
recordedby thestationaryobserver (v

�

�

)?

� Commonsensetells ustheansweris v

�

�

= v

� �

+ v

�

�

= 0:8c +
0:7c = 1:5c. This mustbewrong becauseno materialobjectcango
fasterthanthespeedof light.

� Einsteinresolved this dilemmaby deriving a correctedformula for
addingvelocities:

v

�

�

=
v

� �

+ v

�

�

1 + � B M � M G

�

2

(5)

� Applying this formulagivesv

�

�

= 0:96c in theabove example.
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7 – Relativistic Energy

� Besidesmomentum,alsothede�nition of kineticenergy mustbemod-
i�ed in relativistic mechanics.TheformulaKE = mv2=2 is replaced
by

KE = mc2 � m0c2

� ThetermE0 = m0c2 is calledtherestenergy of theobject.

� Thetotalenergy is givenby E = mc2 = KE + m0c2 or

E = 
 m0c2 =
m0c2

p
1 � v2=c2

(6)

In words:massandenergy areequivalent

� Relationbetweenrelativistic totalenergy, E , andmomentump:

E 2 = p2c2 + (m0c2)2
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8 – Summary

ClassicalPhysics SpecialRelativity

Concept valid for v � c valid for all speeds

Time Interval, � t = � t0 � t0


Length,L = L 0 L 0=


Mass,m = m0 m0


Momentum,p = m0v m0v


Kinetic Energy, KE = 1
2 m0v2 mc2 � m0c2

TotalEnergy, E = KE + PE mc2

Addition of velocities v

� �

= v

�

�

+ v

�

�

v

� �

= ( � AC + � C B )
(1+ � AC � AB

�

�

2 )


 =
1

p
1 � v2=c2

; E 2 = p2c2 + (m0c2)2
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9 – Blackbody Radiation and Planck'sHypothesis

Between1900and1930a revolution took placein physics. The �eld of
Quantummechanicswasdeveloped.Thisapproachis highly successfulin
explainingthebehavior of atoms.

� It all startedwith blackbodyradiation. An objectat any temperature
is known to emit electromagneticradiation(so-calledthermal radia-
tion). Thecharacteristicsof this radiationdependon thetemperature
andthepropertiesof theobject.

� Thermalradiationconsistsof acontinuousdistributionof wavelengths
from theinfraredto ultraviolet portionsof thespectrum.

� Thermalradiationwasthoughtto originatefrom acceleratedcharged
particlesnearthesurfaceof anobjectwhich emit radiationmuchlike
smallantennas.
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� Thetheoreticalpredictionsfor thedistributionof wavelengthsfor ther-
mal radiationof a black body did not matchthe experimentaldata
(black body: anidealsystemthatabsorbsall radiationincidenton it):

Theorypredictedthatat shortwavelengths
theamountof radiationshouldincrease,
which is in clearcontradictionwith data.

� In 1900,Planckdevelopeda formula for blackbody radiationwhich
was in completeagreementwith dataat all wavelengths. Planck's
modelwasbasedon the ideathat the walls of a black body radiator
werecomposedof resonatorswhich could only have certaindiscrete
amountsof energy E

�

, givenby

E

�

= nhf (7)
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wheren is apositive integer(n = 1; 2; 3; : : :) calledaquantum num-
ber andf is thefrequency of vibrationof theresonators.Thefactorh
is aconstantknown asPlanck's constant, givenby

h = 6:626� 10� 34J � s (8)

� Theresonatorsemitenergy in discreteunitscalledquanta or photons
by “jumping” from one quantumstateto another. The energy of a
photonis givenby

E = hf (9)

A moleculeor atomwill radiateor absorbenergy only whenit changes
quantumstates.

� Thekey pointin Planck'stheoryis theassumptionof quantizedenergy
states,whichwasprettyradical.
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10– The PhotoelectricEffect

� In the outgoing19th century, experimentsshowed that whenlight is
incidenton certainmetallicsurfaces,electronsareemittedfrom these
surfaces.Thisphenomenonis calledthephotoelectriceffect, andthe
emittedelectronsarecalledphotoelectrons.

Whenmonochromaticlight shinesontoametal
plate,a currentis detectedin theammeterA.
For increasingvoltageV betweenthemetal
plateandthecollector, thecurrentreachesa
maximum:all photoelectronsarecollectedonA.
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� For a negative potential� V0, no photoelectronswill reachA. This
stoppingpotential is independentfrom the radiationintensity. The
maximumkineticenergy of thephotoelectronsis relatedto V0 by

KE

�� �

= eV0 (10)

� In 1905,Einsteindevelopeda theorywhich explainedthephotoelec-
tric effect. Themajorfeaturesof his theoryare:

1. No electronsareemittedif thefrequency of thelight is below a thresh-
old frequency f

�

. This is inconsistentwith thewave theoryof light.

2. Thenumberof photoelectronsis proportionalto thelight intensity.

3. The maximumkinetic energy of photoelectronsis independentof the
light intensitybut increaseswith thelight frequency.
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� In Einstein's theorylight is a streamof photons.Eachphotonhasan
energy

E = hf (11)

� Whenthe photon's energy is transferredto an electronin the metal,
theenergy acquiredby theelectronis E = hf .

� A certainenergy W0 (so-calledwork function) is requiredto free
electronsfrom themetalsurface.Themaximumkineticenergy of the
ejectedphotoelectronsis thengivenby

KE

�� �

= hf � W0 (12)

which is in agreementwith theobservation.
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11 – Compton Scattering

� Furtherjusti�cation for the photontheoryof light camefrom an ex-
perimentconductedby Comptonin 1923.

� HedirectedanX-raybeamof wavelength� towardablockof graphite.
The scatteredX-rays hada longerwavelength,� 0 > � . The shift in
wavelengthdependedontheangleatwhichtheX-rayswerescattered.
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� To explain theeffect,Comptonassumedthat if a photonbehaveslike
a particle,its collision with otherparticlesis similar to that between
billiard balls.

� Henceenergy andmomentumareconserved.Whenaphotoncollides
with an electronwhich is at rest,part of the photonenergy andmo-
mentumaretransferedto theelectron
! theenergy of thescatteredphotonareloweredandthewavelength
increases.

� Theshift in wavelengthis givenby

� � = � 0 � � =
h

m0c
(1 � cos� ) (13)

wherem0 is therestmassof theelectronand� is theanglebetween
thedirectionsof thescatteredandincidentphotons.
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� How canlight beconsideredaphotonwhenit exhibitswave-likeprop-
erties?Is light awave or a particle?

� Theanswerdependson thespeci�c phenomenonobserved.

Light hasa dual nature;

it exhibits both wave and photon characteristics.

If light hasa dual nature,how about massive particles ?
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12– The WavePropertiesof Particles

� In 1924,de Broglie proposedthat all forms of matterhave wave as
well asparticleproperties.

� For a photon,theenergy andmomentumaregivenby (m0 = 0)

E = hf =
hc
�

; p =
E
c

=
h
�

(14)

� deBrogliesuggestedthat

Material particles of momentump shouldalsohave

wave propertiesand a correspondingwavelength.
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� Becausethemomentumof aparticleis p = mv, thedeBrogliewave-
length of aparticleis

� =
h
p

=
h

mv
(15)

The effectsof this wavelengthareonly observablefor particleswith
verysmallmass(electrons,protons).

� In 1927,DavissonandGermerdiscoveredthatelectronscanbediffracted
and,thus,behave like wavesin certainexperiments.
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13 – The Uncertainty Principle

� In classicalmechanics,it is in principle possibleto performexperi-
mentswith arbitraryprecision.Quantumtheory, in contrast,predicts
that

It is fundamentally impossibleto make

simultaneousmeasurementsof a particle' s

position and velocity with in�nite precision.

This statement,the so-calleduncertainty principle wasderived by
WernerHeisenberg in 1927.

� Considera particlemoving alongthex axisandsupposethat� x and
� p

�

representtheuncertaintyin themeasuredpositionandmomen-
tum,respectively. Theuncertaintyprinciplerequiresthat

� x� p

�

�
h
4�

(16)
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� If � x is madesmall,� p

�

will belargeandviceversa.

� Anotherform of theuncertaintyprinciple thatappliesto thesimulta-
neousmeasurementof energy andtime is

� E � t �
h
4�

(17)

where� E is theuncertaintyin a measurementof theenergy and� t
is thetime it takesto make themeasurement.

� Signi�cance of the uncertainty principle:
If anexperimentis designedto revealtheparticlecharacterof, say, an
electron,its wave characterbecomesfuzzy, andviceversa.
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