
 

Gauss law relates electric fields to source charge

electric field linesGE d I ET start stop on charges

Magnets have no magnetic charges so

goB d I o magnetic field lines
never end on anything

source f magnetic fields
currents can generate I

BETTI Moodily
Mcnaught to 5

Faraday's law relates E to changingB
JoE di QE

if there are magnetic charges then currents I
would also generate É

goÉ di III t I IB



Faraday's law

go E de EI deSE dt

Nde

if surface is constant

go E E f EE At
a changing B field generates É
Ampere's law

B dl no I inside NoEo dÉ
if there are no currents I inside loop o
and area of loop is constant

g Bidi ComofEI d I
so a changing É field generates I



These z equations tell us a great deal

fo E de I fit as

SOB de moeogSE.de
Eq relates E to changing

Eq B É

if
person holdscharge Q

initial 5 0 É constant

wiggles change this cause charging E

that propagates toperson

GEE 0 this causes B to

B goes from B o to nonzero value
so did 0 this causes É to

the 2 fields induce a propagating wave



What is Eono
Eo 8 85 10 1,2 No 45 10

7

Yg
EoMo 8.85 15 444107 2Esp

1.112 10 E units of vetlocity
13 108 2

so

g
37108m s units ofvelocity

this is a fundamental unit of nature

after some calculation can show that

Iq speed f propagation of EM waves

speed f light a
Conundrum vet of EM waves is constant

does not depend on reference fame
Discuss briefly why this is not intuitive
and will be important for ch 37 relativity



This describes system for radiating
energyaway from moving charges

EM radiation

Discuss EM spectrum slide 344



i
Gauss Law JÉ d5 Qigside Eo

charge inside

surfaces

Nomagnetic charges 8565 0

Faraday's Law OSE di finds
me

Im thinsurface
sEMF around

looperclosings

Ampere's Law JOBde Mofinsideteodgfeds

around
w

went inside It
loop l enclosing loop surfaces
surfaces



For EM waves fields are in a vacuum

no source charges where fields propagate
this gives the 4 equations

JOE d 5 0 55.15 0

JOBde t.co fE.d5fE.dI ffB.ds

Now for some vector calculus
Define gradient operator

F I tidyTIE
is a vector that operates on a vector field e.g
let Foxy2 Fx x y2 it FyCxy2 J t Falxy 7 I

then can define divergence f É
É JE LE LE

can also define carl if É



Fx É j thy x Fet Fyit Ek
this gives lotsof tams from ixia exp ext ele
but Tx i o cross productofparallel

vectors

so only 6 teems remain

also i xp k a joke Kai j
and j xp exp ete

after the terms are all collected we get
5 5 155 SE CEE ZEST

IE JESI
it turns out we won't have to actually use
the right hand sideoftheabove equation

Next we need 2 theorems from vectorcalculus

Stokes Thy ofE de f xEj.d 5
Divergence Thy goE de ftp.EJdv



for Stokes dt is the closed curve aroundthe
surface d 5

for Divergence d5 is the surface around
volume dV

Now take the 2 gauss equations

JOE d 5 ft ÉSdv O in vacuum

so if the divergence f E integrated over avolume is zero then

F É o

JB di ogiasimiia5is
next take Faraday's law

GE de I Bids
and use Stokes theorem on GEDE SEXEDds

toget
yea as daft de faffds
TxÉ E



next take Ampere's law

JOBde p CodySÉ d5
and use Stokes on GB di fExits ds

Yeast
These are Maxwell's equations in differential
form w no sources in vacuum J

B E o 5 I O
Ex B goEodEf EXE II

notice that the 2 equations with cross products
they imply that E and B are perpendicular

so however É and I move together thru empty
space they will be 1 to each other



to see how the fields propagate in empty
space we need to combine to get an equation
for E and for B separately
do this use the following horrible identity
Fx Ex É D ECEEJ T E

start w Ext II and take Ex on bothsides

Fx XEJIFCE.E TE

Isis
byMaxwell

THIS FEI ELI xD
then substitute 5 5 MoEdÉ

IF xD I MEEE MoeodEE

put both together
y É Moe ddÉz

rewrite T É NoEodÉ D

this is the wave equation for É in a vacuum



EMwavet must be a wave equation
what does the wave equation look like

imagine any pulse that is propagatingalong
z axis

F
in rest frame of pulse it has a shape

If you run alongside it

you will see stationary pulse shape
call that frame of frame
of

u

the coordinate Z is related to Z by
z z t t t



to see this
OJ

of

z

z

Tt
z z z tut

pulse shape in OJ is flat
so pulse shape in of is f z ut

this describes a pulse moving along tz dir

EMwave

very far from source looks like a sine wave

BIFIE



each field oscillates along an axis z dir
E along x dir
B along y dir
so easy to write down wave function in
the wave frame of reference
E Eo cos zit d x dist along z for

I fall period
and dlt z ut oscillation
for EM radiation v c

for any
wave D dist for lose

t periodof lose
so f o of wave Va af

for EM radiation vac If

ZI d4 2tCZ ZI Z ZIYI
ZI Z 24ft

T Y
E Eo Ws KE Wt

B Bows C Rz wt



for wave along z direction Z z
this gives E E Los Haz wt Eocos Kz wt

so in general E Eo Ws Kz I wt
for motion along Z dir
is a t Z

check using wave equation
o É BEI BEI EE

since É is only a functionof Z then

O É YES ETIECOCKZ wt
EoeZzL K Sin Rz wt
Eod C k cos AZ wt
K Eoe as ht wt
WE

note we guessed that E ptsalongx axis as it
moves along Z axis

so t É KE

next dÉ If Eod as Ike wt W E due to
how we take derivatives



so the wave equation T É MoodfE O

becomes KE Noe EWE o

n K Meow É o

so this is a solution if f poeow o

Moo ta speedof light
K 25 4 and W Zt T

so this becomes

5 EJE o

42 0

C X T

time to repeat once
distance

wave travels before
repeating
this proves that

E Eod cos lkz wt is a wave

with velocity v c 3 108mfs
similarly B Bop cosChez wt and IIE



One more puzzle what does Maxwell's
equations say about the
amplitudes Eo Bo

Take Fx É diff and plug in solutions

Tx E Tx Eor us ht ut

RE JETREZ EM us Kz wt

ze
since

Ely on

Kei Zz Eo usChez wt Eowjsinchz wt

IMF Esan
next IE IF BoJackz ut Bowjsiuckent

so that equationgives
Eo kj sin ha wt Bow is inCkz ut

Eo Boy Bo Bol

IEeBed
amplitudes are
related



Recap Maxwell'sequations tell us

Electricity Magnetism are unified into

Electromagnetism Edm

charges generate electric fields
moving charges generate magnetic fields
changing É field generates É
changing B generates E

these equations describe all E'M phenomena

including how EM force propagates in

emptyspace vacuum

in vacuum Et B and each follows
wave equation
waves propagate at constant

Wgp
Ic 3 108 s

if waves propagatealong z direction then
É Eoe costkz wt

B Boy cosCkz wa
these solutions
work

Eo Boc Ka ZI W Zit t
II



some problems
laser has wavelength f 400am
E field amplitude B 1000 Vtm

B field amplitude Eo CBo
B YETIS

3.3 10
0
T

033gauss

frequency c d f
F E 3,81ft 7.540mHz

750 10 Hz 750 THz

radio FM frequencies v 100MHz

wavelength A
E JETTY 3m

AM frequencies tooo kHz FM

so X N 300m

FM wavelengths are human scale
this is why you can still hear FM
radio in short tunnels under bridgesetc



Fin signals fit into human spaces
AM are too big

a brief asideof speedof light
6 3 1083

write 3 1088 1 9 1
LE's 1ns
O 3m u I ft

so c ul ft us useful to know

also 3 1083 9 5
0.3m 1GHz

c d f 0.3m A 1GHz

this tells you how to quickly convert
from wavelength to freq back of EM

waves
ex f 2GHz so I F 3 m GHz

X 2GHz 3m46 Hz
r X 321 15m

ex f 100MHz GHz D fm 3m



Energy Intensity in EM waves

capacitor U cu totalenergystored in cap
C Eoff and Va Ed E is electricfield

across plates
so U EEE'd E E Adm

volume between

igloolame plates
teE energydensity associatedwith

electric fields

for magnetic fields

solenoid U LI B non I
L No MA

waynon'dA ME I BE Homme
engl in sol
volume

energydensityassociated with
magnetic fields

EM waves have both E B so must
carryenergy

that's how radio's work



Total energy density
MEM M atME LEE II but B E c

LeoEtf use to Eono

Yen etBID not a functionof
frequency

Men units of energy pervolumeas Jong
and moves w velocity v c

u

let E men beamount
ofenergy in
box

it moves w velocity o so
the time for all the energyto

volume VIA move out ofthe box is given
by using but

Amount ofenergy pertime is E EE
This is totalenergyper time power

Intensity power per area ELLA
EVA Men U MemC



so intensity I MemC Eo Ec in vacuum

using E CB I c e yo I can also write as

I Eo É C Eo EBC C SOEBE Egg

This energy flows along
direction t to both

É B 5 Poynting vector
since E L B and 5 I both can write

5 Egg which makes 151 1

Power then surface for EM wave will be

P S s dir area ofsurface
TF t surface I matters

so 5 S E
5 EFI Eo us

CREEK
wt tay

Eet IEEE aways o

since it involvesthe flowof energy



Intensityyou measure is averaged over many
cycles for sinusoidal wave

I if ÉyI at Egg fascia
what

ve
so I

Egg
EOEIC BIG

ex laser has Eo tooOU m

intensity I EOE I 8.85 15 x 10002

4.43 10 6 W ur

ex laser pointer has power f 5mV w diameter2m
Area A IT dJ Tx M TX100m

Intensity I Florea 5 183W axiom
1592WIM

I EEF 1592

Eo
38,527 18.96 10 v m

this a very largeelectric field
but it only occurs over a short distance



Average Intensityoflight hitting earth from sun

I I 1400 W me at top f atmosphere
atmosphere is absorbing maybe lets700thenu

so Im 1000 W m2 at surface
and will vary w latitude timeofday

so estimate average intensity over a day is
Imax for 12 hours then drops to 0 atnite

so duringday I 500 w m2

average home uses I kw averaged over a day
want to install solar panels to run the
house duringday also change batteries
for night

so need F 2kW during 12 hoursdaytime
to use half for powering home half for
charging batteries for night time

Solar panels efficiency n 20 at best
so power saved Is 0.24 Pin and we want

Is to be 2kW



so Pin PI Eye 10kW into panels

this power comes from I hitting panels

I Ima so Ana A PII

A É Eff 20m

20m 3.2841J 215ft

Is ttx 15ft of panels
with batteries

Residential solar panels 66 40 in

JE ft a 31ft

It x 103 18ft

so need a Il panels

This is a overestimate
shade power use fluctuations
cloudy or rainy skiesin summer load can goup x2 3 or more
AC in summer load can go upto



Radiation pressure

Intensity I Paid Ega
units are Is and I F I N m

so unitsof I Eng f
un R velocity

pressure

pressure P is called radiation pressure

this pressure a force area and force is
rate ofchange f momentum
light carries momentum

light on a body can be absorbed or defected

iT.pt momentum final bodymomentum
which comes from radiation pressure

I P e D Ile
ex pressure from sunlight at top
ofatmosphere I 1400W m



P 1439177
4 7 10

gli
pascal

if we have light sail w area A force
will be

P FIA F PA
for F I N 2.215s then can solve for A

A FIP y.IE q
2 Ixcosm

463mF I 1500 Etr 0.3mi
on a site

reflected light gives x2 more momentum
due to momentum conservation so x2

pressuremomentum conservation

initial
light body
pin O

final pout p
so pin pout for total reflection

so pin Pont p pint p
i p Zp in



so make sail reflective A I 0 105ma

n 325mF oooft


