VECTOR DERIVATIVES
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FUNDAMENTAL CONSTANTS

3

€ =8.85 x 10712C?/Nm?
po=4m x 107" N/A?

¢ =3.00x 10°m/s

e =160x10YC

m =9.11 x 107¥ kg

(permittivity of free space)
(permeability of free space)
(speed of light)

(charge of the electron)

(mass of the electron)

SPHERICAL AND CYLINDRICAL COORDINATES

Spherical
X =rsinfcos¢
L y=y siné sing¢
z =rcoséf

¢ =tan '(v/x)
Cylindrical

X =5Cos¢

v = §ssing
=

$ =X+ y-

¢ =tan"'(y/x)

F- 1
dme, r
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i:u1n9ms¢r+cos6'cos¢9—qm ¢a¢
¥ =sinfsin @F +cosfsin ¢80 +cosd ¢
7 =cos@F—sinfé

F =sin #cos¢gX +sin Osingy +cosfz
0 =cosfcosX + cosfsingy —sin 8z
¢=—singxX+cosgy

X =cosg§—sin ¢ @

¥ =sin @S +cosd ¢

=3

§ =cos@pX+singy
¢=—sinPpX+cospy

i=3

7 Coulomb’s Law F = QOE + 0V xB Lorentz force

P )
fff 7 dt glectric field from continuous charge distribution
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ﬁE *da= . Qenel Gauss® Law (integral) § E *dl =0 (statics)
0
V(r) = _f E *dl glectrostatic potential, and E =-VV (statics)
2

2
V7V = . Poisson’s equation, and V?V =0 Laplace’s equation (regions of no charge)
0

1 p r
V(r)= F&‘O% and V(r) Are, f f )dT (setting reference point at infinity)
O . aV, A%
Epove = Epetow = gn and aa:;we - ;;low = ga boundary conditions
D:i)ove Dtt,low = Of
va4q®=ﬂi‘W=liqv@) dW==[[[pvdr
Q 2 - i i) an

Q = CV capacitor

1

2

V7V = _g_p Poisson’s equation V3V =0 Laplace’s equation
0

1 - 1 ~n Nt
V(r)= RE el fff ()" P,(cosa)p(r)dt multipole expansion
0 0

=1 = ’ n \ I ﬁ ° i;
= fffrp(r atr' p= Eqi”; Vip(r) = ———~ dipole moment
dme, r
dip = (200s0r+sm00)p
471780
- [1d1xB
K=dl/dl, J=dl/da, surface and volume currents

dp

Vel+ E =0 conserved current (continuity equation for current)f3
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fﬁB cdl=u,l,,. static

B =V x A magnetic vector potential. V*A =0 “Coulomb gauge” convention

V?A =-u,J (for Coulomb gauge)

A(r)=f—;’[f|'l(_—r‘)'dr‘ A(r)=f—;f%da' A(r)=f—;fﬁdl'

r-r
PAsdl=D
B :;)ove B li_elow = 0 B zljllbove B llielow MOK Babove - Bbelow = MOK x ﬁ
lellbove Hlelow MOKf x n
a‘43 ove aA elow
Aabove - Abelow = O a’: - al;’l] _‘LLOK
. _ Uy mx7
m=[ffnda=la Adip(r)_ﬂ r2
N=mxB F=V(m°B) U=-m*B
J,=VxM K,=Mxn
iH ¢ dl = If,encl
H :i)ove H }j_elow = (M above below) Habove Hlllyelow = K f X ﬁ
Au = Auo (1 + Xm)
, oP
J=0E V=IR P=VI=I'R J,= ~, Polarization current
dd
E=fEedl E=-—"
dt



dl dl 1
O =M]I - E =—M—L E=-L— W=_LI
2 p ®=LE S dt dt 2

Spry !
2 2u,

V'(LE><B)+i

2
p p” B ) =-E*]J Poynting’s theorem
0

e 1 .
NE*+ )dr—gﬂ;(—ExB)'nda Poynting’s theorem
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T. 1 s
dF,=T;da, ——=—— T;=¢ E.E.——(Sle

d d .
dt(P,(mech)+P flelds) ff sa, —P(fields) = u,e,S EL(ﬁelds)=rxy0£QS

—5-———5=0 A=2x/k T=2a/kV v=1/T w=2av=kV
e” =cosf +isin6
vacuum Y E - ¢, ?;E—O V’B - Moé‘o B ~=0 ¢= I/M
E(z,t) . O ﬁ(z,t) =B,¢"“ E,=cB,
(Wy=Le,E2 (S)=Lce,ER 1=(S) (P)=——e,Elk

2 2 2¢

’E 0’B
lossless VzE—M587=O VzB—M887=0 V=1/Jue=cln n=.ueluy;e,

u=Lleer+1p?| s-1ExB [=lgVE§
2 u u 2

tanf, =n,/n, sinf.=n,/n,

oE °E 5
V?E - uo— - E—5 = 0 VB-uo—-use——=0
lossy u o u pye U o u

k* = uew’ +iuow d=1/Imk
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Rek =w & 1+(£) +1| Imk=w &
2 EW 2

- - [uo
poor conductor Rek = /uew Imk= Y

A 7 wou
good conductor Rek =Imk = \/;

.. . e ' .
)’+Vy+a)§y=ZE(t) E(l.)=EOelwt y(l_)=yoezwt
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2 2 .
Wy — W )—zya)

C ~
. n=—Rek=1+
dllute w 80 m (a)oz B a)z )2 + yza)z
2
a=2Imk=1+iNfe }/602
cg, m (wé—a)z) +7’w’
Nfe* 1 Nfe* 1 Nfe®
plasma ¢ = ; dilute plasma 9 = N P
m y-—iw m —iw N
72 1 2 2
dilute plasma k™ = P {a) ‘wp}
] E B
(w/c) =k*\ ox dy
E - 2 LIE. aBZ)
(w/c) -k*\ 9y ax
waveguide transverse fields
] 0B, w OE
Bx = 2 2 k - ) Z)
(w/c) =k*\ dx ¢ dy
B = 12 kaBZ _%GEZ)
© (w/c) =k*\ 9y ¢ ox



waveguide longitudinal fields

9 2\ g
—+—+(w/c*)-k*|B.=0
ox~ dy
“waveguide equation” L + L = i
he AN

2 2 2
TE & TM guided wavenumber &* = (2) -’ [(ﬂ) .,.(ﬁ) ]

C

2 2
TE & TM cutoff angular frequency w,, =cx (E) + (%)
a
phase velocity v=w/k group velocity
k/dw

. nr\ (mx\ (ix)
rectangular resonant cavity angular frequency o, =c,||—]| + 7 +| —
a c

Z,, = characteristic impedance of line

Z, =load impedance

()

+ —i%z _ +iCz
V(y=Vye < +Vye ©
L . . Vi, Z,-Z
transmission line, vacuum dielectric, lossless I'=—%=—t_—20
Voo Z,+2,

.

I(Z) _ ‘/0+ /Zoe—z:z + ‘/0_ /Zoeﬂ:z

w .0
+i—2z

V)=V, [e_icz +Te ©

o

1(2)=V,/Z, e < 4+Te <

dynamical potentials E=-VV -0A/dt, B=VxA

2
potential equations V2V+1V'A=—p/‘90 VzA_iz% —V(V'A+L2ﬂ)=—,qu
ot c” ot c” ot



gauge transformations A'=A+VA V'=V -9A/dt
Coulomb gauge V*A =0, Lorentz gauge Ve*A+ izav /dt=0
c

retarded time ¢ =t-r/c

retarded potentials V (r f f p(r's,) T A(r,) fﬂ‘ (r ’tr)i .

L ple), i)

cr cr

dt'

)= g ]

Jefimenko’s equations

B(r.1)= L fff[ ()
cr
1 qc
V(r,t)=
. _ . (x-1) 4me, (re-rev)
Liénard-Wiechert potentials |
Arr) - 9V _V y(y
(x-1) 4me, (re-rev) ¢ (x.1)
Point charges ~ E(r,7)= 4]61150 (r.ru)3 [(cz _v2)u+r><uxa], u=cr-v
diation fields E,_, (r.f)=—9— " . S, () =——E%¢
radiation fields E_,(r,?) e, (r'u)3 [rxuxa], S (r)= e °F

charge at rest at time t,  E_,(r,7)= M[(f' *a)r- a] S (1.1) = tog"a” sin” 0 r

dmxr 167%c r*
2 2
Larmor formula p= thg @
6mc
2
generalization of Larmor formula P = LA N ek , V= :
67c c I-(v/c)




Maxwell's Equations

In general : In matter:
PBEas V-D=py
b B
VxE= _B VXE=—-—
) it 1 ar
V-B=10 V-B=10
"E 3[)
V)(B:“n]ﬁn“"(.ntaf VXH=.'J+T'"_
Auxiliary Fields
Definitions : Linear media:
D=gE+P P=¢gxE. D=¢cE
1 1
H=—B-M M=y,H H=-B
Ha "
Potentials
E:—VV—E, B=VxA
at
Lorentz force law

F=g(E+vxB)

Energy, Momentum, and Power

1 » 1 _a
Energy: U= f (cDE‘ + _3-) dr
2 o
Momentum - P=¢ [(E x B)dr
: gom ik
Poynting vector: S = —(E x B)
Ho
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