
End of 19th beginning of 20th century
E IM was well established

Biggest problems in EM theory
I light is a wave ofoscillating Ed B fields

all known oscillations involve
propagation f a disturbance

e g water waves waves travelalong
surface of water water level is
disturbed no water no waves

eg sound pressure disturbance in air

no air no sound
so what is being disturbed in thecase

f light
guess ether invisible fabric

note the stiller the medium the faster
the propagation

ex speed ofsound in air 340 m s
lead 1210 m s
aluminum 6320 m s

speed of light inether 300,000,000m s



since C 37108m s ether should be extremely
stiff but it'sinvisible

2 wave equation for EM waves in a

vacuum w no sources starting w
Maxwell'sequations

852 EMEE 0

this equation describes a propagating wave

along x direction

E Eo cos kx wt where I p
VIC

This says c constant which implies that
there is some absolute reference frame where

3 108m s of EM radiation
Then if you are moving w some velocityrelative tothe
ether you can measure your velocityin theether
bymeasuringspeedoflight in differentdirections

if ether exists then it would bethe reference
frame of absolute rest OR

if there was an absolute refframe then that
means there's an ether
AND the laws of nature would depend on yourvelocity



Reference frames the frame where you are not
moving youare standing still

ex youdrive in a car The car is your
reference frame You pass me I'm in
the reference frame of the ground

let can have velocity v relativetoground
Ug

in the car someone throws a ball fromback
to front seat w velocity u

what is ball'svelocitylag relative to ground
The answer is easy Uga ut u



More rigorous derivation coordinatesystems

Let o be reference frameofground
and O in the car

so
E

0 O x

day where x is any coordinate
position ofthe car in home 0

coordinate position inside the car
relative to some agreedupon point
in the car

then on ground is related to in the
car by how far the car has moved in
time t

vt galilean transformation



now calculate legdye velocityof ballrelative to ground

Ug If adz x tut dat tr ut r

in
how position f ballin car frame O is changing

Problem w EM waves if you shine light in
the car forward and I measure its velocity
on the ground Galileo says I should get

Ulight C

speedof
T V

speedof car
speedof light in car in ground'sflamelight in frame

ground's frame

so Uright c violatesMaxwell'sequs



So to measure yourvelocityrelative to
the ether you are measuring the
absolute velocityinside the universe

where 0 0 absolute ether

Michelson Morley experiment
1887 CaseWestern university Cleveland

Built interferometer
mirror f

T
L r half silvered

minort
5 a mirror 2

light source usmonochromatic
detector

light from source hits a half mirror

and splits beam into 2 parts
path I half light reflected up then reflects

back down by mirror 1 dashes

It then hits half mirror again and half
goes thru to detector ignore other half



path 2 other half goes thru half mirror and is

reflected backby mirror 2 dotted

It then hits half mirror again half
gets reflected down to detector

Make dist from half mirror to the 2 mirrors
the same L

Both beams interfere weachother at detector

If there were no ether then you could
adjust the distances so that the Z waves
have a pathdifference Ar nd where u
is some number
The waves would interfere constructively
you would see a bright spot

Next say you were moving wsome velocity
relative to the other along horizontal

I t
x x'tut

or Ax DX t WD t



ti time forhorizontal beam togo from half mirror
to fall mirror

to time from full mirror back to half

t te because mirror is moving in the same
direction as light

remember light moves at me in etheronly
Horizontalbea

o beam travels with vet u in dir parallel toearth
moving then ether

horizontal beamgoes dist L in earth fame in time t

d ist in ether is Cdt L t udt

on return from mirror to half splitter

CD Ez L U At z

light is anti parallel to t

At It because on 1st leg destination

mirror is moving away fromstartingpf
half mirror

on return trip destination is movingtowards
startingpoint



calculatetotal time in etherframe
CAF L t UDT

C U At L

Ati In E BE Uk

Sta Eu E Ip
here you see It Its

total time is at Dtr E ftp.t p
E ltfpItf Ep let 83,7ps

At 241 horizontal time Dtu

IIIthambeam that is 1 earth'smotion
thru ether

total distance is attests
this hasto be 2 cat in ether frame

METat so 2 CHEF ZEKE



CHEE I a'It
12 c ur It
A

EEE EEE
total time Dtr z at 211

and Dta 241
so Dth Dtv

let's say pal
8
p

p2 it p expand and
keep smallest

8
45CM

n I p terms

At E Atu Dtr 2 2

2111 81 2BYE

BE
in that time horizontal lightgoes dist

d c At B L



light has wavelength 500mm

if d BL 50mm youwould see it in
the interference patternchanging
for L 10m interferometer arm
d 50 151 β 10m

β 50 1510

β I u C 5070 3 1085.7155

21 103 s
2 104m s

1 take interferometer measure interference

pattern then adjust one full mirror distance
so that you see a max

2 turn it at right angle should see
a bigchange

3 do the same 6 months later when
on opposite sideof sun

i v añ
200 3 26



noeffectseentd.no
experiment ever tried has ever seen any
evidenceof ether

So if the etherdoesn't exist then
Einstein's POSTULATES
1 There is no absolute ref frame So no

absolute velocities
Conclusion the laws of nature only depends

on relative velocities
more accurate lawsof nature are the same in all

rel flames that have constant v linertial
2 Maxwell's equations say right 3x

108mshame's

but in which eel frame all frames
this violates common sense

iii



ship has a laser shining light along
direction of motion

person on ship can measure light
velocityby timing beam as it passes
thru the two detectors
will measure Ulight L on ship

person on ground can also measure

light velocity w duplicate detectors
on the ground
will measure Ulight C on ground
and not right C Uship

The 2 postulates above are Einstein's Postulates

2 says that the speed of light is the

largest possible relative velocity
How can both postulates be true and the
Galilean transformation hold
Galilean tut and time is absolute

figuring this out is one ofEinstein'smany
contributions 400 3126



sina.is
gjjg 2 lightning flashes y

f
EE

Rousingfight
do person on car when

lightening strikes the ground the same
distance R to left and rightofperson
says lightningbolts were simultaneous

because the lightarrived at at the same
time

lightningflash took t seconds toget
to person

person goes a distance de ut
in time t and then sees 1st flash



t
EE

sees the flash from the bolt on right
1st then the flash from the left
next

disagree that the 2 events each
flash is an event were

simultaneous at the same time

But postulate I says all inertial
reference frames are equivalent

Therefore simultaneitymust not be
anything fundamental

Ther fore time is not absolute

implies that we have to modify
Galilean transformation time is relative



But How

of is our ref frame
of moves w rel velocity v in y

Galilean x x't ut needs adjustments

1 try x flu x'tut

where f o 71 as v50

since Galilean does seem to work
when race the real world

2 since time is relative and notabsolute
then time could be different in the 2
flames OJ OJ
so x flu x tut t t t

new questions
how to calculate flu
how does time transform



9
o

o

O O

2 mirrors on train moving w velocity v in o

train is of frame
bounce a beamof light between the
mirrors

takes At time togo
distance 2L

in train velocityof light is a

2L e At is time in OJ
in flame O we see this

off on o

DFauhainfisintimst.D
rat

Distance light travelsalongdiagonal d c Dt



Pythagoras J L

and d cat since lightinhayebpatme.be c

in ref frame 0J
so G E 2 use L cE from d

E Est E
rearrange get rid of 2

c Dt v Δt C'Dt's At

DEFYdeline 8 ftp At Dt's
200 3127
note OJ is called the proper frame and

At is the proper time AT
Properframe frame whereevents are happening

at locations x that are not
changing yousreference frame

Proper time is the time in the framewhere

position isn't changing
ex you are on an airplane and holdyour
breath for 60 sec



in yourframe position isn't changing
so proper time DE 60sec

then a time interval in some frame
moving w velocity v relative to

proper frame is It and

HER FIL Bok

DT isalwaysthshortest time
interval than the interval in anyother frame

This is called timedilation
ex you are moving w velocity v relative

to me a year goes by in your
frame

DE l year
what do I measure

At DAT

if u lo ooo mph



104 m 5291 317 3 0
10 mph 0.45

use
4500 m s

β I 18 1.5 10
5 1mph 0.45ms

D
f

C β5 I β I noeffect
Yo

what if β 0.1 v 3 107m s 18,600mi s

fam 0.12
2 0.13 1 0.005 1.005

At 1.005 AT 1.0054
0005 yr 3652 1.825days

ex a muon is a particle that decays
on average after 2.2ps
muons are made constantly in the upper
atmosphere when cosmic rays hit the
atmosphere They are created with velocities

β 0.99 wot earth frame

How long do the muons live in earth's frame



8 Ep t.gg 7.09

AT 2.2ms in muon's rest frame where it is
standing still

Atearth JAE 7.09 2 us 15.6ps

in 15.6ps muons travel distance in earth's name

D Ut 99C 15.6µs
0 99 3 108 15.6 10s

200 4 2 4631m 4.6km 3miles

Beta same age
Alpha stays on earth

Beta flies away
on spaceship β 0.6
towards nearest star

Alpha OJ α Centauri 5 A yrsBeta 01
away

β 0.6 so 8
Ip Ian

1.25

Alpha frame earth Beta goes 5 It yrs at
β 0.6



d o At I At c Be At

note c It is distance light travels in time It

I B dimension less number

so if we measure distances in light time
e.g light years and time in years then JEB

so 0 0.6 and d light years so Dta years
Dta I 5ft.ge 8.3years time interval in

Alphaframe

Alpha measure's Beta cloglopenturaBetaframe
DEET Atp
Dtp Af SEE 6.7 yrs

Beta turns around and heads home at
same velocity
total time in Alpha earth frame

Dta 2 8.3gns 16.6 yrs
total time in Beta ship fame

Atp 2 6.7yrs 13.4gas



Alpha is now other than Beta

Relativitysays you can timeHavel into
the future

Huh Paradox since shouldn't it be relation
No Beta had to airlate from

0 0 on earth to 0.6C then decelerate
to stop turn around then realciterate

Alpha is in inertial frame but Beta isnot
400 4 2

Time dilation covers time intervals

What about length intervals

g
O

o

O O

shine a light in O's proper name it hits a mirror
a distance L away and bounces back



so CΔt Zho Δt is transit time in 0

in frame of the time to go from source to
mirror is measured to be At and the
distance is L which maybe is not the same as to

in of total distance light traveled to mirror

d F C At L Dt L since ofmoving in
so L JAE same dir as light
or DEFctv

on return trip mirror to source measuredDtz

and dg c Δtz L uΔt2 CL since ofmoving
in opposite diras

so Dtr In light

then Dt Dt At Letter

Y.EE E
At 24 a

2 82

also CAE Zho properframe



and we know that At Dt's At propertime

so 2 E 8

LfI Lalo L length in

properframe

This is called Lorentzcontraction or
length200 4 4

ex a spaceship goesat β 0.9 and is
100m long This means in properflame

of the spaceship it is measured to
be 100m Lo 100m

what is the length on earth's frame where it
goes at β 0.9

Hr Its
2.3

on earth L 10
3

43.6m

how can this be
It's because ofthe relativityofsimultaneity
On earth as the ship passes your 100m ruler
you record the positionof thefront and back



ofthe ship AT THE SAME TIME
But on the ship they will say you
measured the front 1ˢᵗ then the back
But this means that you could have
the 100m ship in a room with
front rear doors closed at same time
in your frame and it will fit



How to use this

Galilean X x'tu t
this is veryt t
accurate

Relativistictransformation has to reduce to Galilean
when u 30

try x flu x tut

and flu fl v and
f o 1

if you reverse frames then O goes at vel v

with respect to o

and x x ut

so try x flu x ut relativistic
This also works for intervals

DX flu LAX UDE
Now we measure the lengthofa moving object

Lo 7 W

it has length Lo in the proper frame of

Dx Lo

in OJ we measure the length by recording



the beginning ends f the moving objectwith a stationary ruler

Lo 7 W

i i i i c c e t c c e t c e r e

4 Ax 4
we get a length L DX

when we record the ruler values we do so

simultaneously at both ends
so It 0 between the events recording

transforming back

DX FIU DX VAT

but It 0 contiation

so DX FA DX
Lo flu L flashy

so far 8

so the coordinate transformations are

X O lx't ut'S 2 x pet



X SIX Bet
y y perpendicular to E

These are relativistic transformationsof
position
For previous inter example

DX 8CDX'tBeAt
DX AXE Lo T

So OCLo BeDt

Lo E 8 TPCDE

Dt
LgG

that's what a person
in ship will say

is the time dillbetween
the 2 measurements in O

I I 4pi I BZ
so At Lod

or C At Lop



note at tr t so Atco means t
is before t

how does time transform

back to DX 81 DX Udt

and also DX 8 DX't Ust

s o and swap of w OJ variables

can write DX't Ust

or Ax DI ODI
then use DX Ust DI SDE

use vape past Ax g 2 JADE

I t I and 8 Ip 8 O'p't
so 1 87 8s

So I j y p
So PCAI JBCAt DRAX

Lorents
transformations



writingthis way puts Ct as distances

space time

so Galilean transformation is

X Ax E CAE VK β
on Dx Dx't β Cat

and CDT CSE

Lorenty DX 8 AX ACISE
CDE CA βDX

as B 0 5 31 and Lorenty Galilean

200 4 7

400 4 7

This is analogous to vector in 2D

Relativity is vectors in 4 D

vectors invariants



g p i re x'ty
i if you rotate coordinates
I youget a new x y
but r x ty't

r is invariant any
coordinate system

will give different value for by but r will
remain
What is the YD invariant

try Gott 6 5 8 eat PAX'S
FLAX Beat'S

J2 CAT'S IBC AtDX'tp DX

DX 2 ape at Ax pest
P Cleat's

GI
Dx

III
Cat'S DX'S

so fists xD is invariant same in all
frames

ex take 2 events in frame O
event 1 at Xist



I z at Xz Ez

DX Xe X
At Ez t

then in any frame moons w velocity o
in frame 0 the O frame

CDT'D DXD DES DX
this is called an invariant

same value in all reference frames
as long as they are inertial a constant

Special Relativity

relativity only relative velocitiesmatter
and there is no absolute
velocity

special velocity is constant

Recap time dilation Dt 2 DE DE time in propersame

lengthcontraction DX DI Alo length in

Lorenlytransformation X J x pet's
et rat't pay

x 7 X

x six pct xx
Ct y let Bx



ex frame OJ is moving in space ship w velocity
relative to frame of

in of there is an object that is 10m
long and someone in of measures its length

as it moves

Deier
in OJ makes 2 measurements f enpointsat same time in 01

DX L Δ t 0

in OJ person sees the 2 measurements in

0J w some DX to Dt 40

this is why
DX Dx

invariant Dt DX Dt DX

I At J L

So Dt'S LP L

or At



note we know L to 8 Length ion fraction

so L L L to 8

8 Ip
82 8p
8 1 8 β

so i i i 8ft off no'β

At Lf 2

very
small given w c faitor

can use relativistis invariant always
relates AX DE in one frame to

Ax At in another



Velocity transformation
frame Of moves w rel v in frame of
in of something moves along direction

of motion w velocity n

y OyT
g

I

ex you are in an airplane moving wvel o
and you throw a ball down the aisle
w velocity u in the airplane's frame

what does someone on the ground measure
call that velocity u

x marks the positionof the ball

x SC x't pet
t t Let B x

and u Et



d x 81d x t pedt
cdt sled t t pdx's
ten

IIIII
Effigy

u dat and u It
so 1 E ftp.T

a u Ite III
Be v

or equivalently futility
check if instead ofthrowing a ball w vel a

we shine a light then u c

u CIII c yes

velocityof light is the same in both frames



ex spaceship goes at 0 0.80 in earth frame
it throws a probe forward at U 0.5C

in earth's frame 1 12

T.EE s
0.93C

ex n C

e c

200 4 9
Lorentztransformation shows how space time are
combined into space time

space Zdimensions x y Z vectors are F xityj zx ̅
defined 4 vector space time vector

components
tyme spies

so t F shorthand

This is a space time position 4 vector

But there are other 4 vectors

Velocity 4 vector



start take 8
gf

and unravel

82 132
82 8

2
1

β vK so this is 822 80 c

this looks like an invariant
remember CJ x same value in all

frames
if we define 4 dimensionalanalogofvelocityas
4 del V 80,85

then the inariant is c same in all re frames

now multiplyby Mo the mass of an
object
Mo rest mass mass as measured in

the proper flame time spare

define4 momentum P MoV Mofc most
4 dimensional velocity

this is the 4 D analogof momentum

invariant is m c

m 8 c Mo 8 0 more Morpes MPC



multiplyby c more 18pm c Hoa't
let E more relativistic energy

p mo ro mo8pct i momentum

then the invariant is multiplyby a

more Morrie Moc

ME T
so 1E pemity
notice moc is independentofvelocity
write E patent m.dk f
the term mpg is always small except

when B 71 parmar
so expand I x n I I
so E mic IEE

moi after
Mod If



the 12 mV Kinetic
energy

so E MOC KE
n

test mass Finite
energy

fromabove E More so we write M 2Mo

toget famous formula
400 4 9E mc

What does this formula mean

when 8 1 β 0 E MOC

this is called rest energy
All particles that have mass have
an internal rest energy even if

they are not moving in their properframe

Ex Igm particle at rest
E me 103kg 3 10 1

9 1013 J enormous

note IBTU 1055J so 1 gram contains



E 9 10 J 15 5 8.5 10 BTU

0.085 Trillion BTU

in 2018 state of MD used 1400 Trillion BTU

so 14 T BTU
gg gppu

1659m pound

pound f mass contains enough mass energy
to power all ofMD for a year

so mass contains huge amountsofenergy
How to tap into it

veryhard to convert mass to energy
burning doesnot do it just releases
chemical energy

possibilities
1 nuclear energy

Fission U Kr Ba t energy
Mlu m Kr MBa

2 matter antimatter

p t p energy 100 efficient
antiproton proton



so take 165 2 82grams matter
82 anti matter

this is enoughenergy to powerMD for a year
but making 5 is VERI expensive

have to make it I p at a time
82 153kg Iyp g

4.9 1025 p particles

if you can make 10 psec need 4.9 109sec

Age ofuniverse is 14 109up 3 11 4.4 10Ec
100x ageofuniverse

The rest mass energy is the energyof
something in the proper frame
if a mass mo moves w velocity v in of
E MoC in proper frame of
β Vk 8 It wtf o in of

energy in OJ is given by
E Moc pcJ
where E 8MOC p 8mV

JM.BE



if PCLC MOC then can write

E MOC KE KE MV

as usual

note some physicists say E mc

where M 8Mo is the mass

Then when you add energy it speeds up
and 8 increases

Does this mean mass increases

Well it's true that E MOC and if
you were in of and measured mass

of particle in of you would measure

M 8Mo

But mass isn't really increasing
8 is increasing

so as you add energy 8 increases

but velocity increases slowly and
will never get exactly to β



Here is a plot of β us

β

1

IT
p 8mV 8βMoC and E Moc

E PCP Moc J
MoC J JβMoC MoCJ
cancel out me everywhere
8204 8 β C CY

divide by cY
82 87β 1

82 1 β 1

Ip



Recap β ok v βC

IF
DX 2154 βCAT'S
Cat 8 Cat βDX

to get DX I eat in terms of DX Cbt
let v o and swap primes

DX O DX β At
CDE 8 Cat βDX

Doing problems use units of years for time
and light years for distance

then c light unit
ex ship moves w velocity V βC m s β 0.5

goes dist in time At in years It 5 years

d u At BC At C βDt
light fears

d 0.5 5years C 2.5 light years



Relativistic 4 momentum I E p
E 8Moc totalenergy
F Mot momentum vector

and p Mov 8MoβC momentum value

invariant E peg MoC J

on E pc Hmoc
and E pej moCT
as PC Moe

E Moet 2

IT KE

ex election mass 9.109 103 leg rest mass
Me 9.109 153 kg
Mac 9.109 153119 3 1081

200 4 11 8,198 1014 J
remember previous chapter eV election volt
as a measure f energy
a charged particle w charge of going
thru a potential change DV will
gain downhill or lose uphill



an amount ofenergy E qAV
if q

1.6 10 196 DV I volt then

E 1.6 10 c IV 1.6 15195
we can define lev 1IT newunitofE
so rest energy of election will be

E MOC 8.198 15 J
ag

511 103eV 521 keV 0.52MeV

103eV 1 keV thousand
10 eV MeV million

10 eU 1 GeV billion

can write Eo 0.511 MeV for election rest
energy

back to E Moc

units Eo TV M C

so if Eo is in eV then m

this is a new unit of mass

then D MotBC units p MIC C



so we use units for energy E eV
momentum p 1

mass m 1

this simplifies calculations enormously
ex election energy is 1.0mV
find 8 β P
E JMoC 1.0MeV and mo 0.511 MeV C

8 E m.EE
1956

8 fp 8 1 β 1

87 8 β 1
8 1 8 β
P 8 β IF t.gsEF0.86p8mopc 8mofBc 8MoPE

2.95605111 0.81
0.86 MeV c

or even easier E pct Moc'S
so p'c E Mc 1.0MUP o.si MeU

0.86MeVJ2p0.86MeVIc



ex election has v 2.5 108m s

β 25 88 0.833

8 FE 1.81

p met 9.109 10
3
log 2.5 10 1 1.81

4.12 10 ligm S

E Moor 8.198 0 J 1.81 1.48 15135

now convert to eV

PC 4.12 10
2

3 108 1.24 10 T
1.24 16

JY.gl g 772x105eU

0.77MeVsop 0.77MeV C

E 1.48 10 54.44
9.27 10 0

0.93 MeV
to do the peoplem in eV from start

p 7 2 NOV SMOC KMOC β IG

1.81 0.511 MeV 0.831C 4m
0.77 Melle

E 8 MOC 1.81 0.54 MeV 0.93MeV
voila



Recap Irc energy
c moo as β 0

Metergy

IFC Mor momentin

P ftp
solve too

Iiffyfjofffffsop
1fi P E 1 Moc

E 1 1 3

also E Mock
p 0moβC PC 2Moβc

E FEE β

βPII



ex a proton and anti proton move towards
each other at equal opposite speed v

proton mass is Mo 1.67 1027kg
anti is the same

Moc 1 67 102711g 108

1.503 15 JY.fi aj 0.939
10 0

939mV

now when p p anti proton hit their entire

energy gets turned into another particle called
the X particle which has a mass of

Mox 5.7 GeV c

what is the energyof the p p
Before Ext Ep Ep 8MoC Moc

28MOC

Pot Pp PT 0 opposite directions

After E Moxca not moving

Eox Mox c 5.7 GeV 28 Mod 2 Eop
protonrest E p 2Mocmass



so 2Eop Eox 5.7 GeV

Eop 52.7GeV 2.85 GeV

JMOC
8 EE 252 3.04

velocityofprotons 8 If
3.04

1 β g
0.108

β 1 0 108 0.89

β 0.944

BC 0.944 3 10825
2.8 1085

200 4 14
400 4 14

ex 2 protons w equal oppositevelocitycollide
when they come to rest energy is

converted

to a pion w Eo Moc 135 MeV
what is initial proton velocity

BEFORE E ZEp 28Eop
FINAL E 2Eopt Eot

note momentum 0 BEFORE and AFTER



SO 28MopC 2MopC MoyC
28 Mp 2Mp Mit

8
ZMPY.FI 1mF

It ps 1.072

02
Ip

1 B 22 1

β 52 82 1
β

so β qFF 0.36

BC 0.36 3 1084 1.08 10811

ex election is given MeV ofkinetic energy
what is 5 β

non relativistically KE mV m.cβ

relativistically E 8MoC

we saw that E Moc MV MOC KE

and E Moe



so if we take E Moc t.MU KE

so E Moc 8 1 Moc is the relativistic KE

so 2 1 Moc MeV in this problem
8 1 0.511mV MoU

5 1 1.956

2.956

β ft 0.94 v BC
0.94 3 108m s

2.8 108m s


