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Course overview

Electrodynamics

A

B
C

I

Introduction, Maxwell equations, brush up on vector calsuDirac delta, potentials, Taylor expansion,
Fourier transform,

Maxwell equations, brush up on electro- and magnetostatia#ipole expansion

Maxwell equations, microscopic and macroscopic, timel-famquency domain,
differential and integral form, interface conditions, tanity equation,
energy and momentum of electromagnetic fields

Wave equation, plane waves, plane harmonic electromiagmaves, refractive index, polarization,
energy transport, spherical waves

Reflection and transmission at interfaces, lossy masemalve packets, dispersion,
phase and group velocity

Maxwell equations, vectorial and scalar Helmholtz equmat2D configurations (intermezzo),
mode problems, metallic and dielectric waveguides

Scalar and vector potentials, gauge conditions, retgosdezhtials, electric and magnetic dipole radiation
Special relativity; transmission lines



Maxwell equations

SI, in matter, time domain, differential form:

E(r,t)
V-D pf D(r,t
V x E —B, B(r,t
V. B 0, H(r,t
V xH Jf—I—D, ,Of(?“,t
Jf(?“,t
D = «E+P, P(r,t

B = po(H+M). MTb)

€0-

(4 constitutive relations) Lo:

F =qFE+vx B)

electric field,

(di-)electric displacement,

magnetic induction (field, flux density),
magnetic field (. .),

density of free charges,

density of free currents,

polarization,

magnetization,

free space permittivity,

free space permeability.

(Lorentz-) forceF' on a charge with velocity v.



Polarization

P: density of electric dipole moment (bound charges).

vacuum permittivityep = 8.854187817... - 10

e Local dipolesinducedbyy ~—» P(E).

e Simplest case: linear isotropic dielectrica,

P = ¢y x.F, Xe. dielectric susceptibility,|xe]
- D = ¢y(1 + xo)FE = €¢peE, e: relative permittivity, [¢]

1
L.

e Complications: (), e(w), €4, Ime, e(T), e(F), X\ Ex B, X\ EE1Em, - ..


http://physics.nist.gov/cuu/index.html

Magnetization

M : density of magnetic dipole moments (bound currents).

1 Am? Vs
H=—B—- M, [H]:[M]: 3’[B]ZT:_2’
M0 m m
vacuum permeabilit g 1077 | L VS
= 47 - — = —.
P YiLo 9 AMm
e Local dipolesinducedbyd ~—= M(H).
e Simplest case: linear isotropic magnetic media,
M = ynH, Xm: Magnetic susceptibility|x,| = 1.
C» B = puo(1 + xm)H = popH, w: relative permeability, ] = 1.

e Complications: manifold.


http://physics.nist.gov/cuu/index.html

Maxwell equations

e Linear dielectric & magnetic media:
V-D=yp;, VxE=-B, D = ¢cE,
V-B=0, VxH=J¢+ D, B=puyuH.
e Static configurationsg; = 0:
V-D=p;, VXE=0, D=¢yFE ~~ Electrostatics.
V-B=0, VxH=J;, B=puyuH ~~ Magnetostatics.

e Quasi-stationary configurationg, D = 0:

V-D=yp;, VXxE=—-B, D=c¢eE,
V-B=0, VxH=J;, B=uyuH ~~ Induction, AC currents,..



Electrostatics

V-D=ps, VXE=0, D=c¢yFE

G V(B =" VxE=0
€0
e Homogeneous media (piecewise), 0,e¢ = €0,
v E=" vxE=o0

€p€

e Physical Gauss’ law:

E -da = Qf’v.
oV €€o
e Scalar electrostatic potential(r):
Tr
E=-V¢, o¢(r)—d(ro)=— [ E(r')-dr
To

e Poisson equation: A¢ = —L=

606.

e(r) 1!

Qs y: free charges iy

(lecture A, potentials. .)



Electrostatics, solutions

e Poisson equation: A¢ = P

€pE€

e Solutions P — o0):
Q5(’I°) . 1 ,Of('r'/) dvl, E(’l") L 1 /pf(’l"/) ‘(’T‘ — T/) dV/

 dmege | e — | - Amege r—r|3

e Point charge atrg, pe(r) =qd(r — ro):

q 1 q (r—rmo)
- . E(r) = .
b(r) Aege |1 — 1o () drege |r — 13

e Coulomb’s law, force on another chargatr:

gq (r—ro)
drrege |r — rol3

F q—q



Electrostatics, charge densities

Variants of charge densities:

e p(r), volume, Q = | pdV,
%
e o(r), surface, Q = | oda,
S
e \(7r), line, Q= A ds,
P

o] = As/m?,
o] = As/m2,
Al = As/m,
Q] = As = C.



Electrostatics, conductors

Conductorselectrostaticonfigurations, free mobility of charges:

-

External field induces charges on the surfacef the conductor.

These cancel the external field in the interior
~~» F = (0 Insidethe conductor.

Pt

V-E=— ~—» p=0 insidethe conductor.
€pE€
r
o(r) = ¢(rog) — E -ds ~—= ¢ constant over the conductor.
To

F.isidqe L conductor surface.

(Faraday cage).
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http://en.wikipedia.org/wiki/Faraday_cage

Magnetostatics

V-B=0, VxH=Js, B=puyuH

1 1
G V.B=0, —Vx-B=J;
1o p

e Homogeneous media (piecewise), 0,u = o,

V- -B=0, VXxB=puguds.
e Ampere’s circuital law:

B -ds = ppo It s.
8S
e \ector potential A(r):
B =V x A.

e Poisson equation, vectorial: AA = —puguds.

p(r)

It s: free current througky

(lecture A, potentials. .)
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Magnetostatics, solutions

e Poisson equation, vectorial: AA = —puguds.

e Solutions P — o0):
A(ry = Pt [T o gy - @/Jf(r') x

A7 | |r — 7| 47

e Current/ alongcC:

A(fr):%]]{j ! ds’, B(fr):%I]éds’x

T

e Ampére’s force law, force on another currdralongC:

ol
F, é:,uo,ullf%dsx (ds” x (r r))

r — 7|3

(r =1

v — 7|3

(r —7)

dy’.

r — 7|3
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Magnetostatics, current densities

Variants of current densities:

e J(r), volume, ]:/SJ-da,, J] = A/m?,

e K(r), surface, [ = / K -tds, |t|=1, t|surface,t Lds, |[K]=A/m,
P

e I(r), line, I =|I

: ] =A,

e Current density =--= moving charge density:
J=pv, K=0ov, I=)>\v.
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Multipole expansion

Electrostatics
localized charge density¢(r), A¢ = —ﬁ,

C» pe(r’) /
o 47?606/\r—r’\dV'

Magnetostatics
localized current density/¢(r), AA = —puouds,
/
G A@) = Por [ T gy

A | |r — /|

Consider¢(r), A(r), for |v| > |r'| ;)20 J(r)20
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Multipole expansion, 1/r

. 1
Constantr,; second order expansion ch | aroundr = 0:
'f’ - rs

~ + + 5 :
AT — 7| 7| 7|3 2

1 1 rs-ar 1 {3(Ar rg)? — 7"2Ar2} N
PRE -
(exercise)

Expansion required fofr| > |r’

; substitute ar — ', ' = |r/|,
’rs — ’r, { = "r“ :

1 1 Caa! 1 (3(y - 2 2(0)\2
Ll orr {(fr r)r5fr'(r) }i

=7y r3 2

15



Multipole expansion, ¢

or) = - [ 240

 dmege ) |r — 7|

1

1
7 — 7| Nr+ rd +§

dy’

1 r.7r

Y

G or) = 1 { 1/pf(r')dST'

,
1

+ =7
T3

L
2 1o

/ ,Of(’l"/) ’l", dBT,

pe(r’) (3(r" - r)? —r?(r')?) &% £ ...
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Multipole moments, ¢

o(r) = 1 {Q p'r' r]rk },
]kl

Admege | T

Q= | ps(r") &, total chargemonopolemoment,
p:/pf(r’)r’d3r’, electricdipolemoment,

Qjr = /,Of(’P’) (3rr, — (r')?6;1) &’/ electricquadrupolemoment.

1 q
o VRN 0: monopole dominant
7[> |r ‘p(T 200 ® QF P pir) = Amege T
1
e () =0, p+#0: dipole dominant;¢(r) ~ 7 pr?)r,
TEQE

e () =0, p=0: quadru- (..)-pole dominant.

E =-V¢ ~~—= corresponding electric fields.
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http://en.wikipedia.org/wiki/Dipole

Multipole expansion, A

/
A(r) = B2 Ji(r) dy’

A7 | |r — 7|

1 1 !
& z——l—r r:l:...
7 — 7| r rs

G A = Hot { 1 / Te(r')

r

+ L Je(r') (r- ") Py’

o |



Multipole moments, A

A(r):M{O+mxr T }

Nno magnetienonopoles

1

m =g /r’ x Je(r') d’r’/, magnetiadipole moment.

| > |r'| 200 ® m # 0: dipole term dominantA(r)

Mo M X'T

4T 7S

e m = 0: higher order moments become relevant.

B =V x A ~~—= corresponding magnetic fields.
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http://en.wikipedia.org/wiki/Dipole

Upcoming

Next lecture:

e Maxwell equations: free space and in media, time- and freguidomain,
differential and integral form, interface conditions, aanity equation

e Energy and momentum of electromagnetic fields, Poyntingrédma

‘In what we trust...
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