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WHAT ARE ELECTROMAGNETIC WAVES?

A “wave” is a periodic disturbance propagating through a medium
EM Waves Convey Undulations in EM Fields:

Electric field E
wave veloclty

Magnetlc field H

EIectrlc energy densnty

A AL

Electric and Magnetic Fields are Useful Fictions:
Explain all classical electrical experiments with simple equations

4 Maxwell's equations plus the Lorentz force law

(quantum effects are separate)

WHAT ARE ELECTRIC AND MAGNETIC FIELDS?

Lorentz Force Law: = g(E+vx poH)[Newtons]
E Electric field [volts/meter; V/m]
H Magnetic field [amperesimeter; A/m]
f Mechanical force [newtons: N]
q Charge on a particle [coulombs; C]
v Particle velocity vector [meters/second; m/sec]
Lo Vacuum permeability [1.26><10_6 Henn'es]

Electric and Magnetic Fields are what Produce Force f:

f = gE when v = 0, defining E via an observable
f = qv xpgH when E = 0, defining H via an observable

+++

+++ force T —@) _
+++

Main points of L2:

“E is electric field vector [Vm™];" H is magnetic field vector [Am™]

e, M are vacuum permittivity, permeability (8.854" 10™** [fm™], 1.257" 10° [hm™])
Faraday’s law: N" “E = - B/ft and @ E-ds = -&(T B/ft)-da [integral form]
Ampere’s law: N""H="J+ ' D/ftand ¢ H-ds = &(' J + 1 D/ft)- da [integral form]
Gauss's laws: N-"D=r [Cm®and & D- da =&r dv;N.-"B=0and &'B- da =0
“Del’N° KI/Tx +y1/Ty +27/9z ;" A-"B=; A "B=; N-"A=; N" "A=; N. (Nf )= K% ?

EM wave equation:N*" E - me,T*" E/t’=0; Many soln: e.g. E,(z,t) = E+(t — z/c) [Vm™]
WE soln: E.(-) can be arbitrary function of the argument, a linear combination of z, t
WE soln: (me,)*® = ¢ @3 10° ms™ in vacuum continued...
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MAXWELL’S EQUATIONS

Differential Form:

1Tesla = Webers/m? = 10* Gauss

Faraday's Law: VxE =-9B/& Gauss's Laws VeD=p

Ampere's Law: VxH=J+aD/& VeB=0
E  Electric field [volts/imeter: V/m ]
H  Magnetic field [amperes/meter; A/m]
B Magnetic flux density [Tesla; T]'
D Electric displacment [coulombsfmz; Cfmz]
J Electric current density [amperes!mz; Nmz]
p Electric charge density [coulombslme'; Cfme']

Integral Form:

J.E*ds=[,—(oBfet)+da [yDeda= [, pdv
J.Heds=[,(J+oD/et) » da [pBeda=0

Stoke’s dﬁ@ Gauss’ —@\

Theorem s Law da A o

VECTOR OPERATORS V, x, @
“Del” (V) Operator: et A AV = Xo/ox +Yajoy + 250z

“Vector Cross Product”; Vi = RO0/8X + Yooy + 200 /0z
A=FA, +YA, +2A;

AxB = det AX Ay Az 3 (AXBy _ AYBX)
By By B,
“Vector Dot Product”: AeB=ABy+AyBy +A;B;
“Divergence of A”: Vo A= 0Ay/ox+0Ay oy +0A, foz
X y 2
“Curl of A”: VxA=detlg/x ooy ooz
Ax Ay A

“Laplacian Operator™: Ve (Vo)= V24= (62/6)(2 + 82/6512 + 62/822)¢

L2-4

Main points of L2: (continued)
Sinusoidal WE soln: e.g. Ey(z,t) = E.cos(wt — kz) where k = wic = 2p/l = w(me,)*®
Can find" H from™ E using N “E = -1 B/ft; e.g. here H, = (-E./h,)cos(wt — kz)
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MAXWELL’S EQUATIONS: VACUUM SOLUTION

Maxwell’s Equations:

Faraday's Law: VxE =-0B/& Gauss's Laws VeD :]\

Ampere's Law: VxH :\+ aD/& VeB=00
0 __ —_
EM Wave Equation: B = noH
D = EoE

Eliminate H: Vx(VxE) = —pq (8/&t) (VxH)
Use identity: Vx(VxA)=V(VeA)-V2A
Yields: Vmovzﬁ = 1o (#/8)(V xR) = —geed2E /at?

Since:

'"Homogeneous Vector Helmholz Equation

WAVE EQUATION SOLUTION

Wave Equation has Many Solutions!
V2E - pogod?E /ot = 0
Where  v2p=(02/a + 0% oy? +82/az2) ¢

Example:
Try: E-= yEy (zt) [noxy dependence, “UPW]
(6%/02% JEy - 1o80d2Ey /2% = 0
Ey(zt)=E, (t-2k), where E, () is an arbitrary function
Test: (—e) 2B (t-2z/c) = potoE," (t-2/c) =

Generally: ¢ =3x10% [m/s] in vacuum

Ey(zt)=E,(t-2zC)+E_(t+2zk) more generally

2=t=0 arg=05t 29
arg=0
e 2

The position e where
arg = 0 moves at velocity ¢

z=ct

L2-6
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UNIFORM PLANE WAVE IN Z-DIRECTION
Electric Fields (Example): Ezt) = E,t- 2/c) [Vim]

More specifically, let:  E (z,t) = E, cos w(t — z/c) = E, cos (vt - k2),

where k = o/c = ®fl142

Magnetic Fields: Use Faraday's Law: VxE = -8B/é&

% g 2
VxE =det Ofdx, ofow | &/oz| = R, cos{wt —kz)/az
Ex, By Ea

= —xXkE, sin{wt-kz)
H(zt) = %(Yuo )| KE, sin(et —kz)dt [Afm]
= —X(KE, /oo Jcos(wt — kz) = X (E /ng Jcos (wt — kz)

[Ezlzm ;me«/M}

w ¢

UNIFORM PLANE WAVE EM FIELDS

EM Wave in z direction:
E(zt)=yE (st —kz) , H(z,t) = —%(E, /ng )cos (et —kz)

X

2 A g

Electric energy density
Magnetic energy density

Z




