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Homework set #3
Due Tuesday by 5PM
*No late homework accepted

Quiz #3
«Sections 34.8-34.10, 35.0-35.5
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E or B? Galilean transformation

Only consider constant velocity between reference frames!

(a)
- +) g
@ﬂ |
V

Sharon

Bill

Charge g moves with velocity v relative to Bill,

Sharon only observes an electric field from charge

Bill observes an electric field from charged particle
AND magnetic field produced by the moving charge

Both observe no net force on particle



E or B? Galilean transformation

Galilean transformation of velocity, FGURE 353 The particle’s velocity is
measured in both frame § and frame 8.

N N . N N N ¥ The velocity of lhin‘ particle 15
V’ =y — V or v =1y / - V v measured to be v in frame S
' and ' in frame 5°,
pr—- 1,.'1' _.::
. .
., . /"
dv dv dV
- = L{’:: '
dt dt dt ® .

V is a constant velocity, so d Vidt = 0.

—* —*
a — d
F'=F

Both observers agree on the net force on the particle!



EorB? Galllean transformation

Consider a TEST charge (to measure forces).

(b}

Bill (frame S) sets up B-field, observes charge
moving at velocity - Force up:

f—'? ‘g\ﬂ" =g VB up

Bill

Charge g moves through a magnetic field B
established by Ball.

Sharon (frame S’) is moving along with charge so v=0
-2
1—1«; =4V xh
There MUST be a force observed by Sharon since Bill observes one.

There must be an E-field in Sharon’s frame that push’s the charge!



E or B? Galilean transformation

(b} F

Bill (frame S) sets up B-field, observes charge
moving at velocity - Force up:

r-;;'.! ??{XE:@VB ﬁP

Charge g moves through a magnetic field B

[=

established by Ball. D
Sharon (frame S’) is moving along with charge so v=0 g = z vV X @ =0

Must have: i: = F

- - - — -—
Lorentz Force: iEfrl'?lgfxﬂa‘“ zé*%xwg
"{} il v I}?l- ﬁf
Y, ve'lve
Shonn?



E or B? Two Aspects of same phenomenon

¢

(b) h ! 4 4 Bill (frame S) Force up:

i

-* 1 _ - . -
Fﬂ@E +1VXB
o b
x| X
X
Bill

. -
Charge g moves through a magnetic field B & E
established by Bill.

Sharon (frame S’) is moving along with charge so v=0:

F =4q¢E
F=F2E=CV~n



E or B? Two Aspects of same phenomenon

FIGURE 35.6 A charge in frame S experiences electric and magnetic forces. The charge
experiences the same force in frame §', but it is due only to an electric field,

(a) The electric and magnetic (b) The electric field in frame S°,
fields in frame § where the charged particle is at rest

F=g(E+ v % B)

E'=EFE+ VXRB

E field in frame S’ from E and B fields in frame S

How do the B-fields tranform from one frame to another?



B-field transformation: Biot Savart Law
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= | I —
Bill,S « B L p B=2 &p
atg, 2 } |
(a) In frame 8, the static charge cieates
an electric field but no magnetic field,
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E or B? Two Aspects of same phenomenon

The Galilean field transformation equations are

o]
tm

or
X E 4
c G

oL My
[l

oy tfm
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el ¢

X E'

Ucy tql
[l
o I e o ]

ST 7
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— )

where V is the velocity of frame S'relative to frame S
and where the fields are measured at the same point in
space by experimenters at rest in each reference
frame.

NOTE: These equations are only valid if V << c.



Maxwell’s Equations

(Gauss's Law)

(Faraday's Law)

(Magnetic Gauss's Law)

(Ampere-Maxwell Law)

F=¢g(E+vxB) (Lorentz force Law)

P30-12



Gauss’s Law: @E-dﬁ — din
S 8{}
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Magnetic Gauss’s Law
ﬁMﬁ La:

QE AR = Ty X Ned g E-Cell lou
pieteing Closed Surface

= C’*}ﬁn#
u:. (Q'ﬁ fo
gl} Aﬂ = 13”‘; Nﬁ"f ‘:ﬁ g -C!f::f! lmﬁfﬁ
;ﬁf‘{.ﬁa sed Surface
A~ Chsel
) Sotfac,

Since there are NO magnetic monopoles

(only dipoles and conglomerates of
dipoles), <>

Net number of field lines piercing any
closed surface is zero

3




Ampere’s Law: iﬁﬁa@ = 1,1

enc
L & —*=7  B----
M L T i
Clrcular _.JF /‘I; i *°° -1- R G S———
i ': I |
Symmetry \ \ \/" = —==—B
(Infinite) Current Sheet
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o ! ® 0 |
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Faraday’s Law of Induction
do

d { Moving bar,

lentering field
__nZL (BAcos6)

dz‘t 1

Ramp B Rotate area

Lenz’s Law: in field

Induced EMF is in direction that opposes the
change in flux that caused it

8:<JSE-d§:—N

P31- 7



Modifica'gion to Ampere’s Law
o E-dd= Z At 2y
E :++;%//|‘ % f’ > A é" A A
' S A= ®
\ B 2
Displacement Current

Palrh P Q
y VN E: e =0 =§LA=€P,
e = E
— Wy W [ dd
. XJ; - - A _Q — g[] 2 — Id
J dt dt

ncl J
dd,

dt

PB-ds =y, (1, +1,) =i
C

— ﬂ(}]end T ﬂ(]g(}
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FIGURE 35.17 The close analogy between
an induced electric field and an induced
magnetic field.

Induced E
, /Q: -
= b'; I,){ ,.-f /&\F}Q
> 3{ ¢ _,‘H / :-a;-'
- A

Increasing solenoid current  / Increasing B

=
Faraday’s law describes an induced electric field.

Induced B
E N\
P
e
K7 WAR
XX X K| K

F YYY¥YYY

Increasing capacitor charge  / Increasing E

The Ampére-Maxwell law describes
an induced magnetic field.

Changing B-field induces
E-field,
Lenz’s law gives direction

;

E

A% = -

dZE,

dt

Changing E-field induces B-
field, Opposite of Lenz’s law
gives B-field direction

58

..g = M, [Iﬁm; + €y d—%ﬁ

=M ¢,

dt
4d&e

¢

LN eepronte Sign

=" QFFL -

Lenzs Law"
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Maxwell’s Equations

(Gauss's Law)

(Faraday's Law)

(Magnetic Gauss's Law)

I+ 1,8, d0, (Ampere-Maxwell Law)

enc

dt

F-= g(E+vxB) (Lorentz force Law)
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Electromagnetic Radiation:
Plane Waves

hitp://ocw.mit edu/ans7870/8/8. 02T/f04/visualizations/light/07-EBlight/07-EB Light 320 html
P30-14




Quickly Review of
Traveling Waves



Traveling Sine Wave

Now consider f(x) =y = ygsin(kx):

2r
. Wavelength (A) =
Amplitude (y,) gth (4) wavenumber (k)

ok
\/ N NG

What is g(x,t) = f(x+vt)? Travels to left at velocity v
y = yoSin(k(x+vt)) = ygsin(kx+kvt)

P30 3



Traveling Sine Wave
y =y, sin(kx+kvt)
At x=0, just a function of time: vy = y, sin(kvi) = y, sin(@r)

1

frequency (f)
Amplitude (y,) 7

Period (7') =

N angular frequency (@)




Traveling Sine Wave

Wavelength: A4 _ '
=y, sin(kx — wt
Frequency : f = ( )

Wave Number: £ = 2;?

Angular Frequency: @ =271

Period: 7T = : =2ﬂ
/

a

Speed of Propagation: v= % =Af

« Direction of Propagation: +x

P30- 5



Electromagnetic Radiation:
Plane Waves

hitp://ocw.mit edu/ans7870/8/8. 02T/f04/visualizations/light/07-EBlight/07-EB Light 320 html
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Traveling E & B Waves

Wavelength: A E _ EE -
= n(kx — wt
Frequency : f 03 ( )

Wave Number: k= 27%

Angular Frequency: o =271

Period: 7' = l =2ﬂ
J

@

Speed of Propagation: v=%=/1f

« Direction of Propagation: +x

Move afu».a With Wave =>  Bby-wt = Comstant
=) X-= lfi"'Jc + Costant

= AX:Q
At L



Properties of EM Waves

T

Travel (through vacuum) with
speed of light 1 E_

m
8
v=cCc= =3x10"— %M/V

,-f"ff? "-'x
V Ho&o S ffﬁiﬂ

At every point in the wave and any instant of time,
E and B are in phase with one another, with

E E,
B B,
E and B fields perpendicular to one another, and to
the direction of propagation (they are transverse):

=C

Direction of propagation = Direction of Ex B

P30-16



Electromagnetic Radiation:
= Plane Waves
o

P30-14



How Do Maxwell's

Equations

Lead to EM Waves?
Derive Wave Equation




Wave Equation
d e- -

Start with Ampere-Maxwell Eq: (ﬁﬁ-dﬁ = l1,&, EJ.E'dA
C

P30-19




Wave Equation

d
Start with Ampere-Maxwell EQ: (‘JBB ds = 1,&, 0 -

Apply it to red rectangle:
@E.dg = B.(x,t)] — B_(x +dx. )]

U E IE dA = 5E
Ho%o 4y Ho® or

B+dvn-Bxn
dx 7Y ot

So in the limit that dx is very small: Oxz ~ Ho%o Ot

P30-20




Wave Equation

Now go to Faraday’s Law (j)i} ds = —%IE dA
C

F30-21



Wave Equation
. d e~ -
Faraday’s Law: E-ds=——|B-dA
y (ﬁ dr.l.
Apply it to red rectangle:
g%ﬁ-da‘:Ey(x+dx,:)z—Ey(x,:)z Wl

——IB dA = —1dx 2B
ot
E, (x+dx,t)—E (x,1) _ 8B,
dx ot 5E 8B

So in the limit that dx is very small: ox ot




0

1D Wave Equation for E

OF, OB. OB. OF,
- o - o - — /[ 'IU 80 -
oX ot oX ot

Take X-derivative of 1st and use the 2nd equation

~2

ox

- -~2
{OEI,] O°E, ¢

OB. 3,
ox 1%,

— GB:)!SO
ot ox\ ot t\ ox A

ot~

E,

O°FE O°E

% b%
OX

"’=ﬂ8
2 00612
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1D Wave Equation for E

O°E, O°E,
o 0T

This is an equation for a wave. Let: £ = f(l —vz‘)

8*x2y _f"(x—vt) 2 |

O E A=

=V (x =) oo
-

P30-24



0

1D Wave Equation for B

OB. OF, OB. OF,
- - = - - = _l'fﬂ'g[} -~
ol oxX oxX of

Take x-derivative of 1st and use the 2nd equation

ot

~
J

(535 0B, o OE,\ @8(OE,\ 1 &'B,
Ot or’ o\ ox ox\ or ) we, oX°

0°B. 0°B.
ox” ~ Foo ot”

P30-25




Electromagnetic Radiation

Both E & B travel like waves:

0°E, 0'E, &’B. 0" B.
o o a0 e
But there are strict relations between them:

oB.  OF, 0B. OE,
R a0 gy

Here, E, and B, are "the same,” traveling along x axis

P30-26



Amplitudes of E & B

Let £, =FE,f(x—vt); B.=B,f (x—vt)

(?B_ aE‘ ' '
i 61' = —VvB, f (x—vr)z— of (x—vr)

—>vb, =k,

E, and B, are "the same,” just different amplitudes

P30-27



Energy and momentum of EM radiation

1‘1,?'- En,e.(&% Mﬁl? % cv bh -?ir.'—ufw

*he v T L gt B

Coe Exrl waws: b= % o L. €, M,
c €’
= U= g EF' ov” Eﬁa
N e K R

2 l
uﬁw& = ‘Zv (Euj “‘E'.Eﬁ,E“ =f;3 c Eﬂ, B’, @

ﬁ“g‘ LN g:&»‘w-ﬂér = fi
Emaa S;-fw& ok %P&Eﬁl £ 5
b= & fkf-ff
b B T A T A A
B b
= By

L
L
=

~ ~
buetilt w12 4



Energy and momentum of EM radiation
Enﬂra‘a g.lm ot gpeeal C

E.: U, A Ax= lay AL C A4

s ey
Ih%él*@mi: E—.-EZE- = U, C ©
Gug A.—L '3 B
D4G L, Ta A a2 -
C ._L\h? 5 ¢ AP A £, B,
. E. L Ex7 T= L ExB
DA"“’" ay A M, U

Mipinde gvs ivkasty ; Mstartamos Yloo of,
Ww Aite o6



Energy Flow

— —

ExB
U

Poynting vector: S =

e (Dis)charging C, L
 Resistor (always 1n)
« EM Radiation

P31-25



Radiation Pressure:

Can deciee Srom Maxwel) s E1Mim~5, Cpmp\lcﬁ&JI

=
QUﬁhtum Me ¢ hanizg =D Momwiaadum % wa?: _

C Wanse \n mMOwndvnn C.
A a<
Cmc,_': AP _ ) NE | Povoer %M—g'd Pl
At & AE C —
= — Al,gw'b JLH E.ndlfa.a_
= T) (P - %Q - _L T)M
(es55une , L —_ —_—
AL C AL

P = :—FEC-/— .For Por fect absorha-
o}

P = 2T for pechect ce f\ector
¢ (AF g"rﬁf'&" 61)-2 )mfay)



Polarization and Malus’s law

FIGURE 35.27 The plane of polarization is
the plane in which the electric field vector
oscillates.

ia) Vertical polarization

¥

FIGURE 35.28 A polarizing filter.

The polvmers are parallel to each other.

4

Polaroid
The electric field Only the cc:;npﬂnent of
of unpolarized light E perpendicular to the
oscillates randomly polymer molecules

in all directions. is transmitted.



Polarization and Malus’s law

FIGURE 35.29 An incident electric field can
be decomposed into components parallel
and perpendicular to a polanzer's axis.

y The incident light is polarized
at angle & with respect to the
polarizer’s axis,

Polarizer axis
x Etransmitted = Ell} = E(}COSQJ

Only the component of £
in the direction of the axis
15 transmitted. '2'

1 = EZ =) 1‘&1‘4#1&: g_'l_’r_fg,,hs
T, E,

Lmiieq = 1pCOS>0 (1incident light polarized)



Producing and Receiving EM waves

Generating Electric Dipole
Radiation Aplet

P32- 16

Which way is the charge moving?



Producing and Receiving EM waves

Generating Electric Dipole
Tadee  Radiation Applet

cancoh Wy @ E,te*;?&& \n €5

P32- 16

Which way is charge moving? To Left!



Producing and Receiving EM waves

N /

e N

At large distances, E becomes ‘flat” > Plane waves




Producing and Receiving EM waves
Quarter-Wavelength Antenna

Accelerated charges are the source of EM waves.
Most common example: Electric Dipole Radiation.
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Producing and Receiving EM waves

Figure 13.8.3 Electric and magnetic field lines produced by an electric-dipole antenna.
(in the “far field”)



Producing and Receiving EM waves

Y
0 S No radiation along axis of dipole:
Biot-Savart law state there is no
= § B-field along vy if there is current parallel
to r-hat
- 2
Figure 34.11 Angular depen- T — g In 7
dence of the intensity of radiation —_ (2 '

produced by an oscillating electric
dipole. The distance from the ori-
gin to a point on the edge of the
gray shape is proportional to the
intensity of radiation.



General derivation of EM wave equation

(vi- 9-%)
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= -E - £ G,



General derivation of EM wave eauation

Fﬁﬁtf-‘rﬂ ‘e, Z-M“
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General derivation of EM wave equation
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General derivation of EM wave equation

éw“ﬁ -F‘)[M 4 “ﬂ_{&-‘-"'ﬂ Eﬁm{'!h’\ i -pﬁ'; ‘5{7&-.:;.7 TJ‘E—_r:’.?’
IvE--9dB o Ux(TxE)=-< (WR) 7-P=o
?{ﬁ‘_E. - *E = "‘_é r_fE
o "VE TGk, e 5, %,

=7 Vl—é :/ﬂaﬁ, a__z__E"E /
E ot |

{ﬂé = M, %, i{; - Ux @'vﬁ) =,aug)i(ff*ﬁ§)

dt b —

VBV’ ~dR
o — d¢
. o 32
=|7E -ug T 2
D¢
A
Eacl ﬁg_-,ﬂ/._;j E . E o Wawve Qﬂ-u.dn‘tm Lt Ay E""::f E,{wZﬁ)
= =L % o b § Bl
V E -J(gkz ® +E§:!?4? }425‘21E3 1-252(.‘-?5“
2T A )L LA )P /N Iy
a_@_ng xﬁ'ftE‘f ??z%'fzﬂ}f?—-f
[ BlEy f}l—x
o » = = Mg, 522 A %}m ‘E'(gg"‘“ﬁ;'xé



General derivation of EM wave equation
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