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1 Introduction

Electrodynamics is the most successful field theory in theoretical physics and it has
provided a model for all later developments. This course develops from IB Electromag-
netism. We start in Part I by developing electromagnetism as a classical relativistic
field theory, showing how the relativistic form of Maxwell’s equations, introduced in
the IB course, can be derived from a variational principle, and presenting the covariant
treatment of the energy and momentum carried by the electromagnetic field. Such
a treatment is essential for later use in quantum field theory. The remainder of the
course shows how Maxwell’s equations describe realistic phenomena. Part II discusses
the production of electromagnetic radiation by accelerated charges, and mechanisms for
scattering radiation are briefly introduced. Finally, Part III treats electromagnetism in
continuous media, which allows one to understand some of the tremendous diversity in
the electric and magnetic properties of materials. The propagation of electromagnetic
waves in media is a particular focus.

In this course, we assume familiarity with special relativity as met in the IA course
Dynamics and Relativity and in the IB course Electromagnetism. Appendix A provides
a fairly detailed recap if you feel you need it. You may want to skim this anyway as
it establishes our conventions and notations, which may not be the same as in your
earlier courses.



Part 1

Electromagnetism as a classical field theory

2 Review of Maxwell’s equations in relativistic form

Maxwell’s equations in their usual 3D form are

v.E=L (2.1)
€0
B
V xE= _88_75 (Faraday) (2.2)
V-B=0 (2.3)
OE .
V xB=pyJ+ foco (Ampére) (2.4)

The quantities appearing in these equations are as follows.

e E(¢,x) and B(¢,x) are the electric and magnetic fields, respectively.

e p(t,x) is the electric charge density, and J(¢,x) is the electric current density
(defined so that J - dS is the charge per time passing through a stationary area
element dS).

e The constants ¢y = 8.854187--- x 1072 kg ' m3s* A? (defined) is the electric
permittivity of free space, and o = 47 x 107" kgms~2 A~? (definition) is the
permeability of free space.

Via the force laws (see below), €y and pg serve to define the magnitudes of SI electrical
units in terms of the units of mass, length and time. They are not independent since
[io€o has the units of 1/speed? — indeed, as shown in IB Electromagnetism, poeq = 1/c2.
By convention, we choose pg to take the value given here, which then defines the unit
of current (ampere) and hence charge (coulomb or ampere second). Since we define
the metre in terms of the second (the latter defined with reference to the frequency of
a particular hyperfine transition in caesium) such that ¢ = 2.99792458 x 10® ms~!, the
value of ¢ is then fixed as 1/(uoc?).

The inclusion of the displacement current ppegdE/0t in Eq. (2.4), ensures that the
continuity equation is satisfied, which expresses the conservation of electric charge:
dp

5tV I=0. (2.5)



Maxwell’s equations tell us how charges and currents generate electric and magnetic
fields. We also need to know how charged particles move in electromagnetic fields, and
this is governed by the Lorentz force law:

F=¢[E+vxB), (2.6)

where ¢ is the charge on the particle and v is its velocity. The continuum form of the
force equation follows from summing over a set of charges; the force density (force per

volume) is then
f=pE+JxB, (2.7)

in terms of the charge and current densities.

Maxwell’s equations are a remarkable triumph of 19th century theoretical physics. In
particular, they unify the phenomena of not only electricity and magnetism but also
light. Despite pre-dating the development of special relativity, Maxwell’s equations
are fully consistent with this theory — the equations take the same form after Lorentz
transformations if the electric and magnetic fields are transformed appropriately. As
discussed in IB FElectromagnetism, the relativistic covariance of Maxwell’s equations is
most easily seen by writing them in their 4D relativistic form:

B, " = —pgJ”
0,F . + 0,F,, + 0,F,, =0.

The quantities appearing in these equations are as follows.

e The spacetime derivative 0, = 0/0z*, where # = (ct,x) are the spacetime
coordinates in some inertial frame.

e The Mazwell field-strength tensor F* is an antisymmetric type- ((2)) tensor, whose
components in some inertial frame are the electric and magnetic fields in that
frame:

0 E./c E,/c E./c
~E,c 0 B, -B,

pr _
=1 e —B. 0 B, (2.10)
-E.)Jc B, —-B, 0
For reference, lowering the indices we have
0 —E,/Jc —E,/Jc —E./c
_ | Bife O B,  -B,
Fu = E,Jc —B. 0 B, (2.11)
E./c B, —-B, 0

e The current 4-vector has the 3D charge and current densities as its components:

J* = (pc,J). (2.12)
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The current 4-vector satisfies the relativistic continuity equation
o, J" =0, (2.13)
which is consistent with Eq. (2.8) due to the antisymmetry of F*¥.

The first of the covariant Maxwell’s equations (2.8) encodes the two sourced 3D equa-
tions (2.1) and (2.4). The other two source-free 3D equations are repackaged in
Eq. (2.9). This equation is sometimes written in terms of the dual field strength

KR = —eVPOR 2.14
D

N | —

where the alternating (pseudo-)tensor e#*?? is the fully-antisymmetric object defined
by
1 if uvpo is an even permutation of 0,1,2,3
P’ = ¢ —1 if prpo is an odd permutation of 0,1,2,3 (2.15)
0 otherwise ,
as
9, F™ = 0. (2.16)

(Note that *F™ is sometimes written as F*.)

The Maxwell equation (2.9) allows us to write the field strength as the antisymmetrised
derivative of a 4-vector potential A*:

F, = 0,4, — 0,A,. (2.17)

Writing the components as

At = (¢/c, A), (2.18)

the scalar potential ¢ and the 3D wector potential A are related to the electric and
magnetic fields by

OA
E=——" Vo (2.19)
B=V xA. (2.20)

The F* and hence the electric and magnetic fields, are unchanged if we add the
gradient of a 4D scalar to A", i.e.,

Al — AP 4+ Oy . (2.21)
Such transformations are known as gauge transformations. In 3D language, we have

¢ — ¢ —0x/ot and A—-A+Vy. (2.22)



We shall make use of this gauge freedom later in Sec. 5 to simplify the calculation of
the emission of electromagnetic radiation by time-dependent charge distributions.

Under a Lorentz transformation,

ot — 't = A (2.23)
with

anAMaAVﬂ = Tap (224)

where 7, = diag(—1,+1,+1, +1) is the Minkowski metric, the Maxwell field strength
transforms as

FM 5 A N g P (2.25)
The transformations of E and B can be read off from the components of this equation;
for the special case of a standard boost along the z-axis with speed v = f¢, for which

v =B 00

w | =8 v 00
O B (2.26)

0 0 01

with Lorentz factor v = (1 — 8%2)~'/2, we have
E, B,
E=| vE,—vB,) and B'=| ~(B,+vE./?) | . (2.27)
V(E: +vB,y) V(B. —vE,/c?)

The electric and magnetic fields are generally mixed up by Lorentz transformations.
There are, however, two quadratic invariants that are quadratic in the fields and do
not change under Lorentz transformations. The first of these is simply
Lp, v —p - Ly 2.28
o HY - B C_g : ( : )

The second contracts F),, with its dual:

1 1
—-F,,F*" =-E-B. 2.29
4 I c ( )

The third contraction we might consider forming is *F,,*F*”. However, this does not
generate a new invariant since *F),,*F* = F,, F*". Higher-order invariants such as
det(F*,) are also sometimes useful.

Finally, we consider the Lorentz force law. Recall that in special relativity, the mo-
mentum 4-vector p of a point particle is related to the force J-vector F* by

dpt /dr = F*. (2.30)
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Here, 7 is proper time for the particle and p* = (E/c,p), with E the energy of the

particle and p its 3D momentum. For a particle of mass m, the momentum 4-vector

is related to the wvelocity 4-vector

. dat d

u = — = _—
dr ~ dt

where v is the 3D velocity and ~ is the associated Lorentz factor, by

(ct,x) = (ve,yv), (2.31)

P =mut. (2.32)
The norm is constant, p*p, = —m?c?, and the energy and momentum are related to
the velocity by E = ymc? and p = ymv. If the particle has charge g, it experiences a

force 4-vector due to the electromagnetic field given by F* = qF" u,, so that
dpt/dr = qF" u, . (2.33)

Note that the antisymmetry of F* ensures that the norm of p* is conserved. The
spatial components of Eq. (2.33) are just the 3D Lorentz force law in Eq. (2.6), while
the zero (time) component is

dE/dt = qE - v, (2.34)

which relates the rate of change of energy of the particle to the rate at work is being
done on it by the electric field. The magnetic field does no work since it generates a
force gv x B that is perpendicular to v.

3 Action principles for electrodynamics

Recall that in non-relativistic classical mechanics, the equation of motion mx = —VV
for a particle of mass m moving in a potential V (¢, x) may be derived by extremising

the action -
S = / (—mx2 — V(t,x)) dt . (3.1)
t1 2

In other words, we look for the path x(t¢), with fixed end-points at times t; and s,
for which the action is stationary under changes of path. Note that the action has
dimensions of energy X time.

The action is the integral of the Lagrangian

1
L= §m5<2 - V(t,x). (3.2)

oL d (0L
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determine the stationary path as that satisfying

d
—VV = —(mx 3.4
< (m) (3.4)
(subject to the boundary conditions at t; and ¢5). This is just the expected Newtonian
equation of motion.

In this section, we shall generalise this action principle to relativistic motion of point
particles moving in prescribed electromagnetic fields, and extend the principle to the
field itself. The ultimate motivation for this is that the starting point for quantizing
any classical theory is the action. The quantization of fields is not discussed in this
course, but is fully developed in Part-III courses such as Quantum Field Theory and
Advanced Quantum Field Theory.

3.1 Relativistic point particles in external fields

We start by seeking an action principle for a free relativistic point particle of rest mass
m. We shall then include the effect of an external electromagnetic field.

The non-relativistic action for a free particle is just the integral of the kinetic energy
mx?/2 over time. A relativistic version of the action principle must involve a Lorentz-
invariant action, and reduce to the non-relativistic version in the limit of speeds much
less than c. A good candidate for the relativistic Lagrangian is —mc?/vy, where v is
the Lorentz factor of the particle. To see this, note that dt/y = dr (the proper time
increment) and so the action is Lorentz invariant — it is just the proper time along the
path between the two fixed spacetime endpoints. Moreover,

2\ 1/2 2
9 A B 9 1v
—mc (1—;) = —mc (1—§§+-~-)

1
= —mc® + émv2 +e (3.5)

and so the action reduces to the usual Newtonian one in the non-relativistic limit up
to an irrelevant constant (—mc?). Writing the Lagrangian as

L=-mc(1- V2/C2)1/2 : (3.6)

the Euler-Lagrange equations give

it ()~ o

since 0L/Ox = 0. This is just the statement that the relativistic 3-momentum is
conserved, as required for a free particle.



We now want to add in the effect of an external electromagnetic field. The non-
relativistic form of the Lagrangian for a particle moving in a potential V'(x,t) suggests
adding —q¢ to the relativistic Lagrangian, where ¢ is the charge of the particle. How-
ever, this alone is insufficient since the magnetic field would not appear in the equation
of motion. A further issue is related to gauge-invariance: the action principle must be
invariant under gauge transformations of the form

24
ot’
This means that the change in action between two paths with fixed endpoints x; and

X5 at t; and t2 must be gauge-invariant. We can fix both of these issues by including
a further term ¢A - v in the Lagrangian:

b — b — A A+ Vy. (3.8)

L =—mc? (1—v2/02)1/2—q¢+qA-v. (3.9)

To see how this gives a gauge-invariant action principle, note that under a gauge
transformation

to
S%S+q/ (%—FV'VX) dt
t1

to dX
:S+q/ —dt

= S + q [X(tQ,XQ) — X(tl,Xl)] . (310)

As the endpoints are fixed, the gauge transformation does not affect the change in the
action (although it does change the absolute value of the action).

Finally, we need to check that we recover the correct equation of motion. The ¢th
component of the Euler-Lagrange equations gives

dt \ (1 —v?/c?)1/? 1 i 45 Ox;

i = o (31D

Expanding the total (convective) derivative dA;/dt gives the required equation of mo-
tion:
dp; 0¢ 0A; 04, 04A;
at ~ Ton Tz, "o ~ g,
= qE;i +q[vx(V xA)
=q(E+vxB),, (3.12)

where p = ymv.

We can formulate the action principle more covariantly by recalling that the kinetic
part of the action is just proportional to the proper time along the path, and can be



written as

—mc2/ dr = —mc/(—77“l,da:“d:c”)1/2

dat dav\ ?

for some arbitrary parameter A along the path. This action is invariant to a reparame-
terisation of the path with a different \'. We must now look for spacetime paths that
extremise the action between fixed endpoint events. For the electromagnetic part of
the action, note that

Adat = (—p+v-A)dt, (3.14)

so the full action can be written covariantly as

dz* dzv \ V/? dxt
S L SN A g 1
o mc/( g d)\) +q/ N (3.15)

It is straightforward to verify the gauge-invariance of changes in the action now since,
under A, —+ A, + 0,x, we have

dxt dz*  dyx

A A o

(3.16)

The last term on the right is a total derivative and so does not contribute to changes
in the action for fixed endpoints.

For the covariant action, the paths are parameterised by A so the relevant Euler—
Lagrange equations are

oL d oL
= 1
ozt dA ((9(dx”/d)\)> ’ (3.17)
where the Lagrangian
dat dzv \ V* dz*

The required derivatives of the Lagrangian are

oL dxz?

and 5L I
mc X

= y +qgA, . 3.20

O AN) (= (dav fdN)(da Jax)] 2 " dx 320

Tt is more convenient to use a general parameter than 7 itself since the latter would imply the
constraint 1, (dz* /dr)(dz” /dT) = —c?*, which would have to be accounted for when varying the path.
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Substituting these derivatives into the Euler-Lagrange equations, and using dA,,/d\ =
(dz”/dX\)0,A,, we find

mci M d” /AN 12 | — qu (Oudy = 0, 4y)
N\ [~ (/N (d” [N ?
d [ dz’ dx¥
= mmua (?) = QFWK . (3.21)

This equation is reparameterisation invariant, as expected since the action is. Writing
d/d\ = (dr/d\)d/dr, and noting that X is arbitrary, we recover

=B — gF (3.22)

where p* is the 4-momentum and u* = dz*/dr is the 4-velocity. This is the expected
covariant equation of motion (Eq. 2.33).

3.1.1 Motion of charged particles in constant, uniform fields

We now make a brief interlude to discuss the motion of a point particle of rest mass
m and charge ¢ in uniform electric and magnetic fields. The field-strength tensor is
independent of spacetime position and the equation of motion (2.33) becomes

du#

q
— = =" u”, 3.23
dr m Y ( )

with u# = dx*/dr. The mixed components of the field-strength tensor are

0 E,/c E,Jc E./c
E.Je 0 B, -B,

I
F E,Jc —B, 0 B, (3.24)
E.)Je B, —-B, 0
The solution of Eq. (3.23) with initial condition u* = u*(0) at 7 =0 is
“w
ut(T) = exp (q—TF> Lu”(0), (3.25)
m
where, as usual, the exponential is defined by its power series:
1 2
exp (ﬂF>“V —or e Lpn, 4 2 (ﬂ) FURe, e (3.26)
m m 2\m

Integrating again gives the worldline

P4(7) = 2(0) + [ /0 "exp (%’F)“VW] w(0). (3.27)



where the spacetime position at 7 = 0 is 2#(0). Now, for an invertible matrix M, we
have

T T 1 1
/ exp(Mr') dr’ = / (I + M7+ MPTE 4 M ) dr’

0 0 !
1
4!

1 1
=M! (I+MT+§M2T2+§M3TS+"'_I)

1 1
=71+ 51\/17'2 + 51\/[27'34— M7t 4.

=M !exp(M7) — 1] . (3.28)

With a suitable choice of spacetime origin, we can therefore write

H _ Mo qr _— H
o) = () exp (EF> Luf(0)  for det(F*,) £ 0. (3.29)

FEzercise: Show that the quartic invariant

det(F*,)) = —(E-B)?/. (3.30)

We first consider the case where E - B # 0, i.e., both E and B are non-zero and are
not perpendicular. (Note that this holds in all inertial frames, if true in one, due to
the Lorentz invariance of E - B.) We shall now show that a frame can always be found
in which the E and B fields are parallel. The motion turns out to be rather simple in
this frame, and the motion in a general frame can then by found by an appropriate
Lorentz transformation.

For the case that E and B are not parallel in S, let us choose spatial axes such that
both fields lie in the y-z plane. It follows that under a boost along the z-axis, the
transformed fields are still in the -z’ plane with components

0 0
E=~| E,—vB, and B'=~| B,+vE,/? |. (3.31)
E.+vB, B, —vE,/c?

Since we want to demonstrate that for some 8 = v/c with |B| < 1, we can set E' and
B’ parallel, consider E’ x B’ (which lies along the z’-axis):

(E' x B'), =~ [(Ey —vB.)(B. —vE,/c*) — (E. +vB,)(B, + UEZ/CZ>]

=72 [(B X B)(1+ ) — o[ B — o[E/ef’] (332
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It follows that if we choose the velocity such that

5 (ExB)/je
143  BE+|E/E’ (3.33)

then the electric and magnetic fields will be parallel in S’. However, this is only
possible if we can solve Eq. (3.33) for |3] < 1. For given |E| and |B|, the magnitude
|(E x B),| < |E||B| since E and B are not perpendicular. Writing |B| = u|E|/c for
some dimensionless p > 0, it follows that the magnitude of the right-hand side of
Eq. (3.33) satisfies
(E x B),/c
B + |[E/c[?

w
1+ p2’

(3.34)

The maximum value of the function p/(1+ p?) is 1/2 (at g = 1) and so the right-hand
side of Eq. (3.33) is necessarily less than 1/2. It follows that we can always find a
with || < 1, such that Eq. (3.33) is satisfied and the transformed electric and magnetic
fields are parallel.

Adopting a frame in which E and B are parallel, and now taking these to lie along the
x-axis, we have E = (F,0,0) and B = (B,0,0) so that the field-strength tensor takes
the block-diagonal form

0 E/ec 0 0
E/ec 0 0 0

pr, = | Ble 00 (3.35)
0 0 —-B 0

Noting that

2 2
01 0 1
( 10 ) =1 and ( 10 > =-I, (3.36)
we have

0wy Jpy (O L) e e (0 Ly
“Plw o) 7% 10 2 T3r\10)"

= cosh wI + sinh w ( (1) (1) ) , (3.37)
and
0w\ _;, of 0 1Yy _ wi w¥ 0 1Y wi
P\ w0 )T T cr0) T2 T —t o)) T T
/ . / O 1
= cosw'l + sinw (_1 0) : (3.38)
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It follows that

cosh (£ZE) sinh (ZF) 0 0
exp <q—TF># . sinh (Oq—TCE) cosh E)q—TCE) . ((%B) . ((()JE (3.39)
0 0 —sin (£B) cos (£
which, from Eq. (3.29), gives the motion
ct(r) = % :sinh (%E) ct(0) + cosh (%E) x(O)]
x(1) = % :cosh (%E ct(0) + sinh (%E) x(O)]
y(r) = q% sin (%B) 7(0) — cos (%B) 2(0)]
2(r) = q% :cos (%B) §(0) + sin (%B) 2(0)] . (3.40)

Notice how, with E and B parallel, the motion in the ct-x plane decouples from that
in the y-z plane. The ct-z motion is a hyperbolic trajectory (like for the example of
constant rest-frame acceleration given in Appendix A) with

2% — (ct)? = (;”—];) ([ci(0))> — #2(0)) > 0, (3.41)

where the inequality follows from [cf(0)]? — %2(0) = c. Note that
[ci(7)]* — &*(7) = [ct(0)]* — &%(0) . (3.42)

The motion in the y-z plane is circular with

2
m . .
Y+ 22 = (—) (97(0) + 2%(0)) . (3.43)
qB
The radius of the circle is controlled by the transverse proper-time speed (> + 22)1/ 2
which is constant since
7(1) + 22(1) = 9*(0) + 2%(0) . (3.44)

Defining the cyclotron frequency w. = qB/m, we see that this is the angular frequency
of the circular motion with respect to proper time. Combining the two motions gives,
generally, a helical motion along the field direction. The radius of the circular projec-
tion is constant in time, but the spacing along the x-axis grows in time and asymptot-
ically the spacing is constant in Inx. As the speed along the z-axis approaches ¢, the
period of the circular motion in ¢ gets significantly dilated and the transverse speed
[(dy/dt)? + (dz/dt)?]""* falls towards zero.
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To complete our treatment of motion in constant, uniform fields we now consider the
special cases for which E - B = 0.

B = 0. The motion can be obtained as the limit of Eq. (3.40) as B — 0 (with an
appropriate shift in the choice of origin which is infinite in the limit). The worldline is
hyperbolic in the ct-x plane, but now linear in the y-z plane corresponding to circular
motion in that plane with infinite radius. The velocity in the y-z plane (perpendicular
to the electric field) asymptotes to zero.

E = 0. The motion can be obtained as the limit of Eq. (3.40) as £ — 0. The motion in
the ct-x plane is linear with c¢f and 4 constant, corresponding to a constant 3-velocity
component along the z-axis (the direction of the magnetic field). Constancy of ct
ensures that the speed of the particle is constant, as required since the magnetic field
does no work. In the y-z plane, the motion is circular with proper angular frequency
we. If the 3-velocity along the field direction is v,, and the perpendicular velocity is
v, the constant Lorentz factor is y~2 = 1 —v2/c? —v2 /c? (and { = 7) and the angular
frequency of the circular motion with respect to coordinate time ¢ is w. /7. The spacing
of the helical motion along the x-axis is constant. The radius r of the circular motion
follows from

2o (7%(0) + 2%(0)) = g : (3.45)

2 2
wC wC

This simple helical motion can be easily obtained directly from the equations of motion
in 3D form. Since the speed is constant, dp/dt = ymdv/dt and the Lorentz force law
gives

— - 1yxB, (3.46)

with v72 = 1 — v?/c2. Tt follows that the component of v along the field is constant,
while the perpendicular component precesses on a circle with angular frequency w =
qB/(ym). The radius of the circle then follows from |v | = wr.

E | B with non-zero E and B. We can always choose axes such that E = (0, F,0)
and B = (0,0, B) (where E and B may be negative). If we now boost along the z-axis,
we have

0 0
E' =| v(F—-vB) and B'= 0 : (3.47)
0 v(B —vE/c?)

If |[E| > ¢|B|, we can set B’ = 0 by taking 5 = ¢B/E. We are then left with motion in
a uniform electric field, which was discussed above. For |E| < ¢|B|, we can set E' = 0
by taking 8 = E/(c¢B) and we have helical motion in a constant magnetic field. Since
a particle at rest in a magnetic field remains stationary, there exists a solution for
|E| < ¢/B| where in the original frame the particle moves at constant velocity in the
direction perpendicular to the crossed fields. This is simply the velocity v such that
electric and magnetic forces cancel, i.e., gE = —¢v x B requiring v = E x B/B?. The
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fact that charged particles with a specific velocity can move uniformly through crossed
electric and magnetic fields can be used to select charged particles on their velocity.
The special case |E| = ¢|B| is left as an exercise.

FEzercise: For perpendicular magnetic fields with |E| = ¢/B| and E = (0, F,0) and B =
(0,0, E/c), show that ct(7) and z(7) are, generally, cubic polynomials in 7, y(7) is a quadratic
polynomial, and z(7) is linear.

3.2 Action principle for the electromagnetic field

We now extend the action principle to the electromagnetic field itself. Rather than
dealing with functions of a single variable, like z#()), we now have fields defined over
spacetime. The action will therefore involve the integral over spacetime (with the
Lorentz-invariant measure? d*z = cdt d®x) of a Lorentz-invariant Lagrangian density
L. This Lagrangian density must also be gauge-invariant. The variational principle is
then to find field configurations such that the action is stationary for arbitrary changes
in the field that vanish on some closed surface in spacetime.

3.2.1 Action principle with a prescribed current

We first develop the action principle for the electromagnetic field in the presence of a
prescribed 4-vector current density J#(x) over spacetime. Of course, the current must
be conserved: 9,J" = 0. We shall then see how to combine this action with that for
point particles to obtain the full action of classical electrodynamics.

The covariant Maxwell equations involve first derivatives of F},, or, equivalently, second
derivatives of A,. Moreover, we need a Lagrangian density that is a Lorentz-invariant
scalar. Recalling the quadratic invariant (2.28), we consider a Lagrangian density
L o< F,, F* with A, the underlying field to vary, for the part of the action describing
the free electromagnetic field. Note that, with F,, = 9,4, — 0,A,, the Maxwell
equation (2.9) becomes an identity.

We also need to include an interaction term between the field and the current to
generate the source term in the Maxwell equation (2.8). A suitable contribution to the

2Recall that the Lorentz transformation z* — A*,z" has (det A“,j)2 = 1 so the Jacobian of the
transformation relating d*z and d*z’ is unity.
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Lagrangian density is £ oc A, J*. We therefore consider an action of the form

e / E,F" d'z + ! / A d . (3.48)
e c
Note that the first term in the action, describing the free electromagnetic field, has the
correct dimensions of energy x time. The numerical factor is chosen to get the correct
field equation (see below). The interaction term is not gauge-invariant since, under a
gauge transformation A, — A, + 0,x,

/ A TP d'e — / Ay J* dhe + / B " d'x

= / A Jrde + / 0, (xJ") d'z, (3.49)

where we have used current conservation. The last term is, however, a total derivative
and so only contributes a boundary term to the action; it does not contribute to the
variation of the action between neighbouring field configurations.

Varying the action (3.48) with respect to A, we have

2
4ppc

1
=—— [ (F"™9,64, — ugJ"0A,) d'z
HoC
1
= — [ (O.F"™ + poJ") 0A, d*z . (3.50)
HoC
Here, we have integrated by parts going to the last equality and dropped the surface
term since the variation d A, vanishes on the boundary. If the action is at an extremum,

the change 45 must vanish for all 6A,. This can only be the case if

08 =

/ (0,04, — 0,0A,)F™ d*z + % / SA,J" d*

B, F" = —pgJ” (3.51)

which is the desired (sourced) Maxwell equation.

3.2.2 Full action for classical electrodynamics

We now combine the action for a point particle moving in an external field with that
given above for the electromagnetic field itself. We have to be careful not to include
the interaction terms twice — indeed, the interaction term in Eq. (3.48) is exactly the
same as that already included in Eq. (3.15). To see this, note that the current 4-vector
for a point particle of charge ¢ following a wordline y*(\) can be written covariantly

as (see below)
dy*

JH(x) = qc/5(4) (x —y(N)) "N d\. (3.52)
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The 4D delta-function here is Lorentz-invariant (since the 4D measure d*z is), and its
appearance ensures that the integration over A\ only selects that event on the wordline
y(A) (if any) for which y#(\) = x*. It follows that

n
/AMJ“ d'r = qc/AM (y(N)) % d\, (3.53)

which establishes the equivalence of the interaction terms.

Current 4-vector of a point particle: We can establish Eq. (3.52) by writing the 4D delta-
function as

0 (z = y(\) =6 (et =" (V) 8P (x =y (N)) (3.54)

and using the following general result for the 1D delta function with a function f(z) as its
argument:

8(f(2) =3

%

P (3.55)

Here, the sum is over the roots z,; of f(x) =0, i.e., f(xs;) =0, and f'(x) is the derivative
of f(z). Integrating out the first delta-function in Eq. (3.54), considered as a function of A,
with Eq. (3.55), we have

JH(x) = qed® (x —y () 9" /9°, (3.56)

where y(t) is the 3D location of the charge at coordinate time ¢t. In components,

p(t,x) = 0 (x — y(1)) (3.57)
I(t,x) = qv(t)d® (x —y(t)) , (3.58)

where v(t) is the 3D velocity of the charge at time ¢. These are clearly the correct (non-
covariant) expressions for the charge density and current density due to a point charge.

We are therefore led to consider a total action of the form

1 dy" dy” \ duyt
S = —4M00/prwd4x_mc/ (—W% dyA) d)\+q/Au (y(\) %d)\,

(3.59)

which we vary with respect to A,(x) and the wordline y*(\). Varying y*(\) gives

the equation of motion (3.22), while varying with respect to A, gives the Maxwell

equation (2.8) with the current 4-vector given by Eq. (3.52). The action in Eq. (3.59)

can easily be extended to a system of point particles by summing over particles in the

second and third terms.
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4 Energy and momentum of the electromagnetic
field

In this section we shall discuss the energy and momentum densities carried by the
electromagnetic field, and show how these are combined with the fluxes of energy and
momentum into the spacetime stress-energy tensor.

4.1 Energy and momentum conservation

We begin by recalling Poynting’s theorem, which expresses energy conservation in
electromagnetism. In any inertial frame, the rate of work done per unit volume by the
electromagnetic field on charged particles is J - E. Note that magnetic field does no
work since the magnetic force on any charge is perpendicular to its velocity. We now
eliminate J in terms of the fields using Eq. (2.4) to find

J'E:iE'(VxB)—EOE~%—]§. (4.1)
We can manipulate this further using
V- (ExB)=B:-(VXE)-E:-(V xB). (4.2)
Replacing V x E with —0B/0t from Eq. (2.2), and substituting in Eq. (4.1), we find
J-E:—%(EOQEQ+2B—;)—$V-(E><B). (4.3)
Introducing the Poynting vector,
N=ExB/up, (4.4)

and recalling the electromagnetic energy density (derived for electrostatics and mag-
netostatics in IB Electromagnetism)

450]32 B2
= S 4.5
‘=5 toun (4.5)
we have the (non-)conservation law
Oe
—+V -N=-J-E. 4.6
5 T (4.6)

The Poynting vector therefore gives the energy flur of the electromagnetic field, i.e.,
the rate at which electromagnetic energy flows through a surface element dS is N - dS.
Integrating Eq. (4.6) over a volume V' gives

4 ed3x+/E-Jd3x:— N.dS. (4.7)
dt Jy v oV
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In words, this states that the rate of change of electromagnetic energy in the volume
plus the rate at which the field does work on charges in the volume (i.e., the rate of
change of mechanical energy in the volume) is equal to the rate at which electromagnetic
energy flows into the volume.

We now perform a similar calculation for the force per unit volume on charged particles,
pE + J x B. Eliminating p with V - E = p/¢y and J with Eq. (2.2) as above, we have
the force density

E
pPE+JxB=¢EV-E+ — (VXB)XB—G()%—th
/~bo
0 0B
:€0EV E—i—/l/O(VXB)XB—€08—<EXB)+€OEXE
0
— «EV - E—l—u(VXB)xB—eoa—(ExB)—l—eo(VxE)xE (4.8)
0

We can make the right-hand side look more symmetric between E and B by adding in
BV - B/uy = 0. Moreover, we can manipulate the curl terms with

(VxB)xB=B-VB-V(B?))/2, (4.9)

and similarly for B — E, to give

1 1
pE+JxB:eO<EV-E+E-VE—§VE2) (BV B+B- VB——VB)
Ho
J(E x B)
— g2 . 4.10
€o ot ( )

The first two terms on the right-hand side are total derivatives; they are (minus) the
divergence of the symmetric Mazwell stress tensor

0l = —€o (EEJ - %E%U) - i (BiBj - %B%ij) . (4.11)
Further introducing the electromagnetic momentum density

g=¢ExB=N/c, (4.12)
we have a (non-)conservation law for momentum:

8gl 8aij .
ot " on,

—(pE+J x B), . (4.13)

The Maxwell stress tensor o;; encodes the flux of 3-momentum. In particular, the rate
at which the ith component of 3-momentum flows through a surface element dS is
given by 0,;dS;. Equation (4.13) can be written in integral form as

d

pr gz d*x + / (pE+J x B); d®°x = —/ 0i; dS; , (4.14)
1% v
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which states that the rate of change of electromagnetic momentum in some volume
V', plus the total force on charged particles (i.e., the rate of change of mechanical
momentum) is equal to the rate at which electromagnetic momentum flows into V'
through the boundary.

Note that the Maxwell stress tensor is symmetric. This is true more generally (e.g.,
it holds for the stress tensor in continuum and fluid mechanics) as a consequence of
angular momentum conservation; we shall briefly review this argument in Sec. 4.5.
Note also that the momentum density and energy flux (Poynting vector) are related,
g = N/c?. We might have anticipated this result by thinking quantum mechanically
of the electromagnetic field being composed of massless photons (all moving at the
speed of light), with energy and momentum related by £ = pc. A net energy flux will
then necessarily be accompanied by a momentum density with g = N/c?. In fact, the
relation between momentum density and energy flux is universal and is necessary to
ensure symmetry of o;; in every inertial frame (see also Sec. 4.5).

Given the integral form of the conservation law, Eq. (4.14), we note finally that for
static situations, the total electromagnetic force on a charge and current distribution
can be calculated by integrating the Maxwell stress tensor over any surface that fully
encloses the sources.

4.2 Stress-energy tensor

We now develop a covariant formulation of the energy and momentum conservation
laws derived above, seeking to unite them in a single spacetime conservation law. In
doing so, we shall show that €, N (and g) and o;; are the components of a type- ((2)) 4D
tensor, the stress-energy tensor.

To motivate the introduction of the stress-energy tensor, first consider a simpler me-
chanical example. Massive particles, of rest mass m, are all at rest in some inertial
frame S with (proper) number density ng. In that frame, we clearly have

e=mc’ng, N=0=g, o0,;=0. (4.15)

Now consider performing a standard Lorentz boost to the frame S” in which the particles
have 3-velocity v/ = —(v,0,0). In S, the number density is ynq (by length contraction),
the energy of each particle is ymc? and the momentum of each is ymv’. It follows that
the energy density in S’ is

€ = ymctyng = 7% (4.16)

There is now a non-zero energy flux in S’, with
N, = —v = —y%ve, (4.17)
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and a momentum density with non-zero component
g, = (—ymv)yng = —y*ve/c®* = N /c*. (4.18)

Finally, there is a flux of the z-component of 3-momentum along the z’-direction, so
the stress tensor has a single non-zero component

o = —0g, =7 (v/c)%. (4.19)

Note how €, N and o;; mix amongst themselves under Lorentz transformations. Let

us tentatively write
™ = ( €Y ) . (4.20)
Ni/C Oij

We shall now show that this object is indeed a tensor since under Lorentz transforma-
tions the components transform correctly. In the rest frame S, we have

T = (4.21)

Do O™
o O OO
o O OO
o O OO

If T were a tensor, its components in S’ would necessarily be given by T'* =
AP LAY 5TP where A*, for the standard boost is given in Eq. (2.26). Evaluating the
transformation gives

e  —*Be 0 0 ¢ cg, 00
2 212 ! /
m v af - 56 Y ﬁ e 00 — Nx/c Oy 00
Aol T 0 0 00 0O 0 00|’ (4.22)
0 0 00 0 0O 0 0

where in the last equality we used the transformations derived above from physical
arguments. Since the components on the right are exactly what we should have in S’
from the identification in Eq. (4.20), we conclude that 7" is indeed a tensor.

Returning to electromagnetism, we have

1 / L(F2/.2 2 ,

Tm/:_ 2(E /C +B ) 1 5 (EXBQ)]/Cl 9 . (423)
o (E X B)z/C 5(E/C> 61’]’ — EZ‘EJ‘/C -+ §B 51']' — BZBJ

Since this is quadratic in the fields, we must be able to write it in terms of suitable con-
tractions of the field-strength tensor F* with itself. Some straightforward calculation
will convince you that

1 1
T = m (F“O‘F”a — Zn“”FaﬁFaﬁ) : (4.24)
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This is symmetric as it must be. Noting the invariant F*°F,5 = 2(B? — E?/c?) [see
Eq. (2.28)], we have, for example,
joT™ = FOF0, — 1,09(B2 _ F2/2)
= FUF% + 5(B* - E*/c?)
— B2/ + 1B? — LB/
=3 (B* +E?/c?) = poe. (4.25)

Ezercise: Verify that Eq. (4.24) correctly reproduces the expressions for the energy flux and
Maxwell stress tensor given in Eqs (4.4) and (4.11) respectively.

Note that TH is trace-free since
1 o 1 4 (e}
T, = " (F“ Fu — Z"“””M F 5Fa5) =0, (4.26)

where we used 7, 7" = 4.

4.3 Covariant conservation of the stress-energy tensor

Having introduced the stress-energy tensor 7", we expect to be able to write the
conservation laws, Eqs (4.6) and (4.13), in the covariant form

0, T"" = some 4-vector linear in the field strength tensor and current 4-vector.
(4.27)
Taking the 0-component of 9,7"", we have
ore or®
o) " oms
10e 1

— -1 VN
c@t+cv

1
=-—-JE. (4.28)

9, T =

Repeating for the i-component,
orY 9T
+
O(ct) Oz
. agz aO'ji
= —(pE+J x B);, (4.29)

9,T" =
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so that

J-E/c
wo_
0,TH = (pE+J><B)' (4.30)

The right-hand side (which must be a 4-vector) is —F",J*, since

0 E,/c E,Jc E.Jc
E./c 0 B, -B,
E,Jc —B. 0 B,
E.Je B, —-B, 0

J-E/c
pby + J,B, — J.B,
pEy + Jsz - J:):Bz
oL, + J,B, — J,B,

FY, " =

S&STR

(4.31)
It follows that we can combine energy and momentum conservation into the covariant
conservation law for the stress-energy tensor:

9,T" = —F",J". (4.32)

The 4-vector on the right of this equation has a simple interpretation in the case of a
simple convective flow of charges, each with charge ¢ and number density ng in their
rest frame. Then, J* = gnou”, where u* is the 4-velocity, and F",J# = qnoF"” u" is
the product of ng and the 4-force on each charge. It follows that, in this case, F",J*
is the 4-force per unit rest-frame volume.

We can establish the conservation law, Eq. (4.32), directly from the covariant form of
Maxwell’s equations. Lowering the v index, we have

100, T, = 0, (F'*F,o — 204 Fo5 F*7)
= (0, F"*)Fyo + F'0,F,q — 1FP9,F,5
= —poFyad® + 3 (F*0,Fpo + F**0,Fy0 — F*°0,F,5) (4.33)

where we used the first of Eq. (2.8) in the last equality. With some relabelling of the
dummy indices, the sum of the final three terms can be shown to vanish by virtue of
the second of Eq. (2.8),

Fr9,Fye + FF0,F, 0 — FP0,F,5 = F*°0,F,5 + FP*03F,, — F*P0,F 4
= —F (0,Fp, + 0sF o + 0, Fp)
=0, (4.34)

leaving 0, 7", = —F,,J".

4.4 Stress-energy tensor and Noether’s theorem (non-examinable)

In the absence of charges and currents, the electromagnetic stress-energy tensor is
conserved: 0,T" = 0. Generally, conservation laws can be related to symmetries of
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the action (Noether’s theorem). Rather than giving a careful statement of the theorem
here, we shall illustrate the idea for the stress-energy tensor.

As a warm-up, consider the non-relativistic Lagrangian for a point particle, Eq. (3.2),
in the case that the potential V' does not depend on time. The Lagrangian does not
have any ezplicit time dependence, and so

dL. . oL . 0L

Using the Euler-Lagrange equation (3.3), we have

AN
at  dat\ox ) T ok
d oL
- .= 4.
(%), (430
so that oL
L—x-a—)_(:const.. (4.37)

The combination on the left evaluates to —mx?/2 — V| i.e., (minus) the total energy
of the particle. We see that the symmetry of time-translation invariance implies con-
servation of total energy.

Now consider the free part of the electromagnetic field action, for which the Lagrangian
density is

1
Lom = — (0aAp — 05An) (8‘114'3 — 8'3140‘) ) (4.38)
4ppc
This has no explicit dependence on spacetime position, so we are led to consider
oL oL
om = 0, A" —2 LAY — 4.
oL Oy 5 A0 + 0,0 58, A0) (4.39)

The Euler-Lagrange equation in this case is

Oow 0 [ OLew
DA~ 9zv (8(8,,140)) ’ (4.40)

which gives the expected Maxwell equation d,F* = 0 for vanishing J¥. Using this in
Eq. (4.39), we have

a a a£em « aﬁem
Oukeem = 0uA" 5 5 (a(aVAa)) T 00 A" 55, A
9 - OLem
- (E)uA ey Aa)) | (4.41)
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from which it follows that

o (., W OLem \
v (5M‘Cem — 8MA W) =0. (442)

The quantity in brackets is a conserved tensor, but is not quite the electromagnetic
stress-energy tensor: using Eq. (4.38), we have

O0Lem 1
— = ——F 4.4
d(9,A) poc (443)
so that or ) )
v _ a em —_ va TSV pT
OyLom = A G = o <8MAQF PO FmF ) . (4.44)

This is neither gauge-invariant or symmetric. It differs (up to a factor of ¢) from the
correct stress-energy tensor in Eq. (4.24) by a term

g — — Lo ) (4.45)

[ocC fioC
where we have used the Maxwell equation d,F"* = 0. The latter form shows that the
difference between the two tensors has vanishing divergence, 0,0,(A,F"*) = 0, due to
the antisymmetry of the field-strength tensor. We can always add the term (4.45) to

the conserved tensor in Eq. (4.44) to form

1 1 1 1 1
OpAa — OaAy) ' — —0"F, FP™ | = — ( F o F"® — ~6"F, F*" | = =T,
,U()C<(M M) 4,uﬂ ) MOC(N 4,u,0 ) C“
(4.46)

without spoiling the conservation law. This tensor is now gauge-invariant and sym-
metric, and is the usual electromagnetic stress-energy tensor.

If the kludge above is not to your taste, we note that there is a direct, but more
complicated, way of extracting a symmetric, gauge-invariant stress-energy tensor from
the action; see Part 111 General Relativity.

4.5 Symmetry of the stress-energy tensor (non-examinable)

The stress-energy tensor is symmetric since g = N/c? and 0;; = 0;;. We demonstrated
above that this was true for electromagnetism but it is true generally. In this section
we shall briefly discuss why.

Consider the energy and momentum conservation laws for an isolated system:

Oe

5 PV N=0 (4.47)
agl 80@‘
=0. 4.4
ot " on, (4.48)
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The usual 3D angular momentum of the system is

Lz/xxgd3x, (4.49)
where the integral extends over all space. Taking the time derivative gives

o [

3akl
R AT

0
= —eijk/a—xl(xj(fkl) d3X+€ijk/Ukj dSX

= —Eijk\/xjo—kl dSl+€ijk/Ukj dSX. (450)

d>x

The first term on the right-hand side in the last line is the rate at which angular
momentum is entering the (isolated) system from infinity and and must vanish for
a localised field configuration. We then see that angular momentum of the isolated
system is conserved provided that o;; s symmetric so that the last term on the right
of Eq. (4.50) vanishes.

Now consider a Lorentz transformation. The stress-energy tensor transforms as
T = A N gTP (4.51)
Considering the 1-2 component, we have

O‘;y = A10A25Ta’8
= A'WA% T + A A% T (standard boost)
= —yBT™ +~T'2. (4.52)

Repeating for the 2-1 component, we have

o = —yBT* 4 4T? . (4.53)

yx
Symmetry of o;; in all inertial frames therefore requires 7% = T% and so g = N/c?.

A further consequence of the symmetry of the stress-energy tensor follows from con-
sidering the dynamics of the “centre of energy” of the system, [ exd’x/ [ ed*x. Since
the total energy is conserved, the dynamics of the centre of energy follow from those
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of [ exd®x; we have

d
%/exi dPx = %xz d3x
= — %xz d*x
827]'
:—/i(m]\f) d3x+/N~d3X
ax‘j (] J (]

The first term on the right-hand side vanishes for a localised field distribution. If
N = gc?, then [ Nd’x is constant by the conservation law for g [Eq. (4.48)], and we
see from Eq. (4.54) that the centre of energy moves uniformly. In particular, in the
zero momentum frame where [ gd®x = 0, the centre of energy remains at rest.

The above argument shows that two theorems from mechanics for isolated systems —
that the centre of energy moves uniformly and that angular momentum is conserved —
are related in relativity. Indeed, one can introduce the object

SHeP = T — gPTHe = —GHPe (4.55)

which transforms as a tensor under homogeneous Lorentz transformations. Then, for
an isolated system, conservation of the stress-energy tensor implies that

0,SHP = 60TH + 2% 0, T —67TH — 2 9, T+
=0 =0

=T TP =. (4.56)

Integrating this conservation law over space, the 0i component returns the centre-of-
energy theorem and the 75 component returns 3D angular momentum conservation.

4.6 Stress-energy tensor of a plane electromagnetic wave

As an example of computing the stress-energy tensor, we consider electromagnetic
plane waves. Maxwell’s equations admit wave-like solutions in free space:

E=Eqf(k-x—wt)
B=Byf(k-x—wt) withw=clk|. (4.57)

If the function f is sinusoidal, with period 27, these are harmonic waves propagating at
speed ¢ with wavelength 27 /k (with k = |k|) and frequency w/(27). At any time, the
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phase of the wave, k-x — wt, is constant on 3D planes perpendicular to the wavevector
k. Since V - E = 0 in free space, and V - B = 0, we must have

k-Eg=0 and k-By=0. (4.58)
Furthermore, from V x E = —0B/0t we have
kxEy=wB, = kxE;=cBy, (4.59)

where k is a unit vector in the direction of k, and so ¢[By| = |Ey|. It follows that Eq,
By and k form a right-handed triad of vectors.

We can write the fields in covariant form as follows. Phase differences between two
spacetime events must be Lorentz invariant so we can introduce the 4-wavector

k= (w/e, k). (4.60)

This is a null 4-vector, 7, k*k” = 0, since w = ck. The phase can then be written
covariantly as k-x—wt = k,2". Specialising to k along the z-direction of some inertial
frame, and Ey along y (so that By is along z), the components of the field-strength
tensor in that frame are

0 010
) 0 010

F" = By f(kua") ool (4.61)
0 00 0

where By = |By|. Both invariants F*"F,, and *F*F), vanish since E- B = 0 and
B[ = ¢[B].

The stress-energy tensor, Eq. (4.23), reduces to T" = FF*F"¥ /g since F*F,, = 0.
It follows that

0 010 00 10
g _ B3 (Rp) [0 0 10 00 -1 0
Lo -1 -1 0 0 11 00
0 000 00 00
1100
_ BfA(Rur) | 11000 (462)
N Lo 0000 :
0000
We can read off the energy density
e = By f* (k") /1o (4.63)
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which receives equal contributions from the electric and magnetic fields. The Poynting
vector is along the x-direction, with

N, = B f* (k") / 1o - (4.64)
Finally, the momentum flux has only one non-zero component:
Oue = Bo f2(ku™) /1o - (4.65)

Note that
Opx = NpJc=cg, = €. (4.66)

These results are consistent with the photon picture in which photons with energy
E = pc (where p is the magnitude of their momentum) propagate at speed ¢ along
the x-direction. The energy density is then ¢ times the momentum density, and the
momentum flux is ¢ times the momentum density?.

FEzercise: Consider reflection of a plane electromagnetic wave, propagating along the z-
direction, from a perfect conductor whose plane surface is at x = 0. The conductivity is so
high that the fields decay very rapidly inside the conductor and we can therefore approximate
the fields as being zero inside. The E field is tangent to the surface and, since the tangential
component is continuous, the E field must be zero at the surface of the conductor. The B
field is also tangential but is now discontinuous at the surface with the discontinuity driven
by a surface current flowing in a thin layer on the surface.

The total electric and magnetic fields (sum of incident and reflected waves) outside the
conductor (x < 0) are therefore standing waves of the form

Eiot = Boc[f(kx —wt) — f(—kx — wt)]y
Biot = Bo [f(kx — wt) + f(—kzx — wt)] z. (4.67)

Show that the energy density is

_ig 2 r — W 2—33—0.}
€= " [f2(k t)+ fo(—k )], (4.68)

which is the sum of the energy density in the incident and reflected waves. For harmonic
waves, the time-averaged energy density is the same at all z. Show also that the Poynting
vector has a single non-zero component

_ Bie

Ho

N, [f2(kx —wt) — fA(—kx — wt)] (4.69)

which, again, is the sum of the incident and reflected energy fluxes. The Poynting vector
vanishes at the surface of the conductor at all times, so no energy enters the conductor. This

3The momentum carried through an area dS in the y-z plane in time dt is the total momentum of
those photons within a volume cdtdS, i.e., 0,,dSdt = g,cdtdS.
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is still consistent with there being a surface current since the rate of energy dissipation by
this current scales as the inverse of the conductivity and so vanishes in the limit of infinite
conductivity assumed here. At other locations, the time-averaged Poynting vector vanishes
for harmonic waves. Finally, show that the Maxwell stress-tensor is diagonal with

B2
Opp = [TO [fZ(k:x —wt) + fA(—kx — wt)]
0
2B2
oy = —2 f(kx — wt) f(—kz — wt), (4.70)
Ho
and 0., = —oyy. The 0,; = € is the sum of the incident and reflected momentum fluxes.

However, the oy, and o.. components arise purely from interference of the incident and
reflected waves. Since oy, and o, only vary in the z-direction, the non-zero values are still
consistent with the momentum density of the field and the conservation law (4.48).

There is a force exerted on the conductor (“radiation pressure”) in the a-direction given per
area by

282
Opz|omo = —2 f2(—wt). (4.71)
Ko

This follows from the integral form of the momentum conservation law, Eq. (4.14), noting
the momentum density is zero inside the conductor. The incident momentum density at
x = 01is B2f?(—wt)/(poc), and so the radiation pressure is 2¢ times the incident momentum
density. What is the physical origin of this force? It is the Lorentz force of the B field at
the surface on the surface current distribution. To see that this is consistent, note that the
surface current Js (defined such that the current through a given line element dl lying in
the surface and perpendicular to J is |J4|dl) needed to maintain the discontinuity in B is
along the z-direction with poJs = Bylz—o. The force per area on this current is JsBy|y—0/2
along the x-direction. The factor of 1/2 here accounts for the average value of the magnetic
field across the depth of the current distribution. Using By|,—o = 2Bo(—wt), we see that the
Lorentz force per area is exactly o, at the surface of the conductor, as required.

4.6.1 Radiation pressure of a photon “gas”

We can obtain an isotropic distribution of radiation by forming a random superposition
of incoherent plane waves propagating in all directions with equal intensity. (Incoherent
waves have no lasting phase relation amongst themselves, e.g., the radiation emitted
by two separated thermal sources.) Such radiation is the classical analogue of a photon
gas. Isotropy requires the (time-averaged) Poynting vector to vanish and that the
Maxwell stress tensor o;; = pd;j, where p is the pressure. The averaged stress-energy
tensor is then diagonal with

IR

(T") = diag(e, p, p, p) - (4.72)
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The electromagnetic stress energy tensor is necessarily trace-free;
T™,=0 = p=¢/3. (4.73)

We see that for a photon gas the pressure is one-third of the energy density irrespective
of the way that the energy is distributed over frequency (i.e., the radiation does not
have to have a blackbody spectrum).
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Part 11

Radiation of electromagnetic waves

In this part we consider the production of electromagnetic radiation from time-dependent
charge distributions. We first consider radiation from charge and current densities in-

volving non-relativistic motions, as, for example, in radiation from a radio antenna.

As we shall see, it is the acceleration of the charges that determines the radiation field.

As an application of these ideas, we then briefly consider scattering of electromagnetic

radiation. To describe radiation from charges moving relativistically requires an al-

ternative treatment, which we subsequently develop. This theory underlies extreme

phenomena such as the synchrotron radiation emitted from charges circling relativisti-

cally in magnetic fields.

5 Retarded potentials of a time-dependent charge
distribution

We begin by deriving the 4-potential generated causally by an arbitrary 4-current J*.
To do this, we combine F),, = d,A, — 0,A, with the Maxwell equation

O F" = —ppJ”, (5.1)
to obtain
OA* — 0*(0,A”) = —poJ", (5.2)
where the operator
0 =9n"9,0, = V* Lo 5.3
=10 0uoy = T 2ae (5.3)

is the wave operator. It is very convenient to make a gauge choice (the Lorenz gauge)
such that 0,A4* = 0. This is clearly a Lorentz-invariant statement, which has the
benefit of retaining covariance of the subsequent gauge-fixed equations under Lorentz
transformations. It is always possible to make this gauge choice: starting in some
general gauge we make a transformation A* — A* 4 O0Fx with x chosen to satisfy
Ox = —0,A". As we show below, we can always solve this equation to determine a
suitable y. In the Lorenz gauge, Eq. (5.2) simplifies to

1 2
OA* = —pgJ"  or (V2 — ?%) AV = —poJH, (5.4)

which is a sourced wave equation.
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We solve Eq. (5.4) by taking a Fourier transform in time, writing

A (t,x) = \/%_W/ AP (w, x)e™! dw, (5.5)

and similarly for J#. The sourced wave equation then becomes
A 7
(V + ?) A = —ppJh. (5.6)

This is a sourced Helmholtz equation with k? = w?/c?. As for Poisson’s equation in
electrostatics, we can solve this with a Green’s function G(x;x’) such that

(V2 +§) G(x;x) = 6¥(x — X)), (5.7)

so that

A (w, x) = —MO/G(X; x') JM(w, x') d*x . (5.8)

To describe the fields produced by localised sources, we require the Green’s function to
tend to zero as |x| — 0. Homogeneity and isotropy require that G(x;x’) is a function

of |x — x'| alone. Taking x’ = 0 and r = |x|, away from r = 0 we have
10 (,0G
—— | "= KG=0. 5.9
r2 Or (7‘ 87“) N (5.9)
The solution that tends to zero as r — oo is G = —Ae~*" /r. (The reason for choosing

—ikr ikr

e rather than """ is to do with causality and will be explained shortly.) We fix the
normalisation A by integrating Eq. (5.7) over a sphere of radius € centred on x’, and
taking the limit as ¢ — 0. The integral of the k*G term goes like €3 /e and so vanishes
in the limit, leaving

lim 477r?0G /Or = 1
r—0

e—ikr e—ikr
= lim4mr?A ( — + ik ) =1, (5.10)
r—0 r T
so that A =1/(4x) and
1 e—iw|x—x’\/c
Gx;x) = (5.11)

CAr |x— x|

Inserting this Green’s function into Eq. (5.8) and taking the inverse Fourier transform,
gives

n © dw 5 eiw(tf\xfx’vc) B .
Af(t,x) = — — | &I’X —————J" . 5.12
) = 42 [ [ ) (5.12)
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The integral over w is the inverse Fourier transform of J#(w,x’) and returns J*(t,e;, x')
where the retarded time t,oy = t—|x—x'|/c. This gives our final result for the 4-potential
from an isolated time-dependent charge distribution:

1 /
At x) = 10 / S et X) o (5.13)

 A4n |x — x/|

Equation (5.13) has a simple physical interpretation. In components, it becomes

1 p(treta X/)
47eg |x — x|

J(ttXl)
t.x) = d*x’ Jit.x) = 2o [ 2t X) 3o 14
o(t, %) o dex) = [ A G

If we were in a static situation, p(t.et, x') = p(t,x’), and similarly for the current, and
these equations would become the usual potentials for electrostatics and magnetostatics
(in the Coulomb gauge, V - A = 0). The only difference for time-dependent charge
distributions is that the sources have to be evaluated at the retarded time. Since the
event at t,; and x’ is on the past lightcone of the event at t and x, the field at any
event x* is generated by the superposition of the fields due to currents at earlier times
on the past lightcone of z#. This reflects causality in that electromagnetic disturbances
propagate at the speed of light and that only earlier events can influence the field at
any spacetime point*.

The potential A* of Eq. (5.13) is called the retarded potential. We now see why we had
to choose the e~*" /r form for the Green’s function — had we chosen ™" /r we would
have obtained the advanced potential for which the currents at ¢ + [x — x'|/c and x’
influence the field at ¢ and x, i.e., acausal propagation.

It is not obvious that Eq. (5.13) is covariant under Lorentz transformations, since we
are integrating over space alone. To see that it is covariant, we rewrite it as a spacetime
integral as follows:

AH($> — Z_;J_ / J“(y) (5<y0 _|5::j_}|,>|( — YD d4y. (515)

This looks more covariant since it involves the Lorentz-invariant measure d*y. However,
we still have the issue of the delta-function. To see that this is Lorentz invariant,
consider

0 (M (2" = y") (=" = y")) O(" —y"), (5.16)

where O is the Heaviside (unit-step) function, which equals unity if its argument is
greater than zero and vanishes otherwise. The product of the two terms in Eq. (5.16)
is therefore Lorentz invariant since the delta-function is non-zero only for null-separated
x# and y*, and the temporal ordering of such events is Lorentz invariant. We now show

4Recall that the temporal ordering of timelike and null-separated events is Lorentz invariant
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that Eq. (5.16) is twice the term 6(y° — 2° + |x — y|)/|x — y| in question in Eq. (5.15).
We do this by regarding the argument of the delta-function as a function of »°, noting
that

N (2 —y") (@ —y") =[x —y[* = (2" — °)?
=(x—yl+2" = ") (|x—y| - 2"+ ), (5.17)

and use the result in Eq. (3.55) for delta-functions with functions as their arguments.
Summing over both roots of the argument, this gives

5" =2+ [x—y]) | 3" "~ |x—y])

d (77;“/(515” - y/ﬁ)(l-” - yu)) =

2|y0 — 20| 2[y0 — 29|
S0 — 70 _ o0 — 20 — _
PPt x oY) M0 -2 x—y]) (5.18)
2lx —y] 2lx —y]

The Heaviside function in Eq. (5.16) selects only the first term on the right, showing
that 54 0y )
Yy —a’+|x—y
5 . [T’ v _ ")) O 0_ 0y
(ol = )" = ) (2 ) Sy
as required. Equation (5.15) therefore involves a Lorentz-invariant integration of the
4-vector current over the past lightcone of the event x#, and so is properly covariant.

, (5.19)

Ezercise: Noting that the gauge condition 9, A" = 0 takes the form iwA° /c+ V- A =0 after
Fourier transforming in time, verify that the right-hand side of Eq. (5.8) satisfies the gauge
condition by virtue of charge conservation.

6 Dipole radiation

As a first application of the retarded potential derived above, we consider radiation
from some charge distribution in which all motions are non-relativistic (in some inertial
frame). We shall be interested in the fields at large distances compared to the spatial
extent of the charge distribution.

Specifically, consider the case where all charges are localised within some region of size
a, and place the origin of spatial coordinates within this volume. To calculate the
4-potential at x, where r = |x| > a, we Taylor expand |x — x'| in Eq. (5.13) as

x - x

Ix —x'|=7r—

=r—x-X 4+, (6.1)
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where X is a unit vector in the direction of x. Note that the second term on the right
is smaller than the first by O(a/r). Substituting into Eq. (5.13), we have

A /J ret7 < TX + .t ) d3X/, (62)

where tyot = t—r/c+x-X"/c+---. At r > a, we can safely neglect the O(a/r) corrections
in the round brackets in Eq. (6.2). However, the treatment of the dependence of t,.; on
x’ depends on the rate at which the source varies. For an oscillating charge distribution,
with angular frequency w, if a/c < 1/w then the variation in ¢, over the source is
short compared to the period and can be handled perturbatively via a Taylor expansion
of J# in time. Note that the typical velocity of the charges is aw and so we require
this to be much less than ¢ for an expansion to be valid. Equivalently, since the fields
radiated by a source oscillating at w oscillate at the same frequency, the associated
wavelength A must be large compared to a.

For sufficiently slowly-varying sources, we can neglect the variation of . across the
source. The leading-order contribution to the magnetic vector potential is then

Alt,x) = 10 / It —r/e,x) dx (6.3)

4rr

We can express the right-hand side in terms of the time derivative of the electric dipole
moment p of the charge distribution,® where, recall from IB Electromagnetism,

p(t) = /p(t, X)x d*x . (6.4)
Charge conservation, dp/0t + V - J = 0, implies that

p=i p(t, x)x d’x

so that

:/fo (6.6)

5We are using the same symbol for the electric dipole moment and the 3-momentum. This should
not cause any confusion, with the meaning being clear from the context.
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where the second equality follows from the generalised divergence theorem and noting
that the surface term vanishes for a localised current distribution. We therefore have

A(t,x) ~ fTOTp(t —r/e). (6.7)

This is called the electric dipole approximation. For a source oscillating at frequency
w, we have A ~ e‘iw(t-r/c)/r, i.e., outgoing spherical waves.

We can calculate the magnetic field from B = V x A. We have to be careful to
remember that ¢ — /¢ depends on x, so that for some function f(t —r/c),

gt == =l
- —%f’(t —r/c). (6.8)
It follows that
B(t,x) = —4‘;‘;2(Vr)  p(t —r/c) — 4520(Vr) X P(t —r/c)
—4‘;;25;- x p(t —r/c) — ﬁcﬁ X Pt —1/c) . (6.9)

Note that the first contribution to the field varies as 1/r? while the second goes like
1/r. For a source oscillating at w, the relative size of the 1/r part compared to the 1/r?
part is O(r/X). We define the far-field (sometimes known as the radiation zone or the
wave zone) as the asymptotic region 7 > \. In the far-field, the 1/r term dominates
the magnetic field, and describes outgoing spherical waves of radiation:

B(t.x) = -2 xxp(t—r/c) (r>)). (6.10)

drre

Note that the B field is perpendicular to x and to p, and that it is p that determines
the radiation field.

For a set of charges {¢;} located at {x;}, we have p =), ¢;x; and so
P=> g% (6.11)

This shows that it is acceleration of the charges that generates the dipole radiation
field.

We have to work a little harder for the electric potential since, with the same order
of approximation as we used above for A, the electric potential ¢ involves [ p(t —
r/c,x')d*x’, i.e., the total charge @ at time ¢ — r/c. Since Q is independent of time
for an isolated charge distribution, the potential is also time-independent to this level
of approximation (it is just the usual asymptotic Coulomb field). We therefore have
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to work at higher order in a/\ to find the part of ¢ that describes radiation®. Tt is
straightforward to do so, but here we shall follow the simpler approach of using the
Lorenz gauge condition to find ¢.

If we use Eq. (6.7) in V- A + ¢ 20¢/0t = 0, we find

06 poc® . . 140
g .p(t —
ot 47T7’2X p(t—r/c)+ 4y

Cfc-}'i(t—r/c), (6.12)

which integrates to give

Q 1
p(t —
dmegr 47reor2x p(t—r/c)+ dmegre

¢(t’ X) =

x-p(t—r/c). (6.13)

Here, we have included the Coulomb term from the constant charge (), which appears
as an integration constant. The second term is the usual dipole potential that would
be generated by a static charge distribution, but here it depends on the electric dipole
moment at the earlier time ¢t — r/c. Typically, this term is smaller than the Coulomb
term by O(a/r). It is the third term that describes the radiation component of the
potential. It varies as 1/r and is typically O(r/\) times the second term, and so
dominates in the far-field.

We can form the electric field from E = —0A /0t —V ¢. Equations (6.7) and (6.13) give
terms varying as 1/r, 1/r? and 1/r3. The part going as 1/r dominates in the far-field:

B(t,x) = — = [B(t —r/c) = %%-plt—r/0] (> ))
= Sk [fox Bt — /)] (6.14)

It originates from the time derivative of p in A (Eq. 6.7) and the spatial derivative of
p(t—r/c)in ¢ (Eq. 6.13). This expression for the electric field in the far-field can also
be obtained directly from the magnetic field with V x B = ¢ 20E/dt. The electric
field is perpendicular to x and lies in the plane formed from x and p.

We see that in the far-field,
E=-xxB (r>2N), (6.15)

so that |E| = ¢/B|, and E - B = 0. This behaviour is just like for a plane wave
with wavevector along x. This makes sense since in the far-field, the radius r is so
large compared to the wavelength A that on the scale of A\ the spherical wavefronts are
effectively planar.

5The 3-current J ~ pv is higher-order in v/c ~ a/\ than p, which is why we can apparently work
to lower order in a/A when dealing with the vector potential.
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6.1 Power radiated

Energy is carried off to spatial infinity from the source in the form of electromagnetic
radiation. We can determine the rate at which energy is radiated by integrating the
Poynting vector over a spherical surface at very large radius. Working in the far-field,
we have

N:iExB
Ho

zin(fch)
Ho

— S BP&
Ho
Ho
(4mr)2c

% x p|*x. (6.16)

This is radial, as expected. The magnitude of the Poynting vector varies as 1/r% so
the integral over a spherical surface of radius r is independent of r. If p is along the
z-axis, |x X p| = sinf|p|, where 0 is the angle that x makes with the z-axis. In this

case,

N = (4:7?)26|p|2sin29§c. (6.17)

The total radiated power then follows from

1 2m
o ,LL() .19 -2
/N.dS = <47T>2C]p| /_1sm Hdcosﬁ/o do

o g0
67TC|p| :

(6.18)

The power radiated per solid angle is [N|r? and varies as sin?#. The radiation is
maximal in the plane perpendicular to p and there is no radiation along the direction
of p. The radiation is linearly polarized, with the electric field in the plane containing
x and p. The magnetic field is perpendicular to E.

6.2 Beyond the electric-dipole approximation

For many applications involving non-relativistic motions, the electric-dipole approxi-
mation is sufficient. However, there are situations where this leading-order contribution
vanishes, for example if p itself vanishes or is constant in time. In such situations it
is necessary to expand the source J*(t.e,x’) to higher order in a/A. Retaining the
next-order terms, we have

A(t,x) ~ 4“—7;[')(15 —r/c)+ 42"0 /J(t —r/e,x)x - x d*x’. (6.19)
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The leading correction to the electric-dipole approximation involves the time derivative
of the integral [ J;z; d*x. We can express this in terms of multipole moments of the
charge and current distribution as follows. Since dp/0t + V -J = 0, we have

/S(xjxk ) (V -J+ %) dP*x =0, (6.20)

so that

d
E/pxjxk---xldg’x:—/($jxk...xl)V-Jd3X

= /J-V(:ijk...xl) d*x
= / [(Jizg ... o) + -+ (zjmp. .. )] d°x, (6.21)

where we used the generalisation of the divergence theorem in going to the second line
and dropped the surface term since it vanishes for a localised charge distribution. A
special case of this result that is useful for our purposes here is

. d
/(JZ.T] + ijl) dSX = a PT;T; dSX. (622)

We can now write

1 1/d
/Jil'j d3X: §/JZ£CJ d3X+§ (&/plﬁx] dgx—/le'id:SX) s (623)

so that
/J-(t X% - x' d*x = ! /X’ x J(t,x)dx" | x x| + 14 /Sp(t x il ) &
e 2 ’ . 6dt )
(6.24)
The first term on the right involves the magnetic dipole moment,
— 1 / N g3/
m(t):§ x' x J(t,x')d°x". (6.25)

The second term on the right is related to the time derivative of the trace-free electric-
quadrupole moment,

Qu(t) = / plt,x') (30l — by [2) P (6.26)
The trace term does not appear in Eq. (6.24), but it would only add a radial component
(i.e., proportional to X) to A and so would not contribute to the electric and magnetic

fields in the far-field (see the stucture of the second, dominant, term in Eq. 6.9).
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Putting these results together, we can take

Ho . Ho . Lo A
At ~ —7pl(t — t— - t— 2
(£:%) ~ oplt —r/0) + Lot /o) x X+ = E-Qt—r/0x,  (6.27)

where Q% denotes the contraction of the tensor @);; with ;. The magnetic-dipole
and electric-quadrupole terms are of the same order, but a/A down compared to the
electric-dipole term. The magnetic field in the far-field follows from B = V x A;
keeping only the dominant terms that go as 1/r, we have

. _Ho .. N SR N 1o
B(t,x) ~ 47Trcp(t—r/c) o S — m(t —r/c) x x| XXt Q(t —r/o)x] xx.
(6.28)
The electic field in the far-field is given by E = cB x x.
The Poynting vector in the far-field is given by
C 2 A
N = —|B|*x, (6.29)
Ho

as usual. If we integrate over all directions to determine the total radiated power, the
cross-terms vanish between the various multipole contributions to the magnetic field
leaving a sum of squares from the individual terms (exercise!):

Ho .. 9 o .19 Ho o e
N .dS = Q.. 6.30
/ L S 5, (6.30)
The power from the magnetic dipole and electric quadrupole are generally suppressed
by (a/\)? ~ (v/c)? compared to the electric dipole, unless the latter vanishes for some
reason.

7 Scattering

As an application of the material developed in the previous section on radiation of
electromagnetic waves, we briefly consider the issue of scattering. An incident elec-
tromagnetic wave will cause a free charge, such as an electron, to oscillate and the
acceleration that accompanies the oscillation will cause the charge to radiate. In this
manner, the incident radiation is scattered into other directions. A similar thing hap-
pens for radiation incident on neutral systems such as atoms or molecules. As we
shall discuss further in Part III, there are now bound positive and negative charges
that displace from their equilibrium positions in response to the applied field. These
displacements generate an oscillating electric dipole moment that radiates, scattering
the incident radiation.
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7.1 Thomson scattering

Thomson scattering describes the classical scattering of radiation from a free electron.”
We shall only consider incident fields that are weak enough not to induce relativistic
motions. In the frame in which the electron is at rest (on average), the equation of
motion of the electron in the incident electromagnetic wave is simply

meX = —el, (7.1)

where m, is the mass of the electron, —e is the charge, and E is the incident field
evaluated at the location of the electron. For an incident wave at angular frequency w,
we can evaluate the right-hand side of Eq. (7.1) at the average position of the electron
provided that the wavelength of the incident wave is large compared to the amplitude
of the oscillation induced upon the electron. In this case, the electron oscillates at
frequency w and with amplitude eEy/(m.w?), where Ej is the amplitude of the electric
field in the incident wave. This oscillation amplitude will be small compared to the
wavelength provided that

ek

MeCW

<1. (7.2)

However, since the maximum speed of the electron is the product of the frequency and
amplitude, i.e., eEy/(me.w), Eq. (7.2) is equivalent to the requirement that the electron
motion is non-relativistic and so will hold by assumption.

The acceleration of the electron is therefore —eE/m, corresponding to an oscillating
electric-dipole moment with

p = e’E/m, . (7.3)

It follows that the time-averaged radiation power is

(92) = Loy - 22258 7.4

dt 6mc ~ 6mc 2m?2

The time-averaged magnitude of the Poynting vector of the incident radiation is

(NJ) = Lo

= 7.5
2,“06’ ( )

and the ratio of the radiated (scattered) power to this incident flux defines the Thomson

cross-section,
poet _ e

(7.6)

o = = .
6rm?2  Gmedm2ct

"A quantum description is necessary when the energy of an incident photon is comparable to the
rest mass energy of the electron. In this limit, the scattered radiation undergoes a frequency shift due
to recoil of the electron.
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This is the effective geometric cross-section of the electron to scattering. Note that
it is independent of frequency. The numerical value of the Thomson cross-section is
or = 6.65 x 1072 m?.

The Thomson cross-section can be neatly written in the form

8
or = —Wrz : (7.7)
3
where the classical electron radius r. is defined by
A (7.5)
= Mmec”. )
4megre

(One can think of r. as being proportional to the radius that a uniform, extended
charge e would have if the rest-mass energy were all electrostatic.)

7.2 Rayleigh scattering

The other type of scattering we shall consider here is scattering of long wavelength
radiation (A > physical size of scatterer) from charges bound within systems that have
no net charge. This is known as Rayleigh scattering. We shall see in Part III that for
bound charges, provided that the frequency of the incident wave is small compared to
any resonant frequency (or transition frequency in a quantum description), the bound
charges will collectively displace following the applied force from the incident wave.
This induces an oscillating electric dipole moment of the form p = aE, where E is the
incident electric field at the position of the (small) scatterer, and « is the polarizability.

The wavelength of the scattered radiation is the same as that of the incident radiation
and is large compared to the size of the scatterer. We are therefore in the dipole limit,
and the radiated power is given by Eq. (6.18). Since p = —aw?E, the time-averaged

radiated power is
dE\ o o*w'E]
<&>—ar77‘ (7.9)

Dividing by the time-averaged incident energy flux gives the cross-section for Rayleigh
scattering:

pdatwt 1
= X — .

67 A
Note the 1/A* wavelength dependence of the cross-section, so that short wavelengths
(high frequencies) are scattered more than longer wavelengths. Rayleigh scattering
underlies many natural phenomena. For example, the blue hue of the overhead sky
is due to the (mostly) nitrogen and oxygen molecules in the atmosphere preferentially
scattering the blue (short wavelength) component of sunlight. Furthermore, red sunsets
follow from preferentially scattering blue light out of the line of sight towards the setting

sun.

(7.10)
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8 Radiation from an arbitrarily moving point charge

We now consider radiation from a single point charge moving arbitrarily, i.e., we relax
the assumption of non-relativistic motion. Specifically, we consider a point charge
q following a wordline y*(7) in spacetime, where 7 is proper time. For such general
motion, the dipole approximation may not be valid and its extension in terms of higher
multipole moments will converge only very slowly. Here, we develop an alternative
methodology to deal with this problem.

8.1 Lienard—Weichert potentials and fields

Recall from Eq. (3.52) that the current 4-vector for a point particle can be written
covariantly as

JH(x) = qc/ 5@ (x —y(r)) g (r)dr. (8.1)

(Here, we are using the proper time 7 to parameterise the path, rather than some
general \.) Inserting this into Eq. (5.15) for the retarded potential, we find

e

_uoqc/yu(T) (2° —y°(r) — [x —y(7 Wy (8.2)

A x —y(7)|

where we performed the integration d*z using the defining property of the delta-
function. To make further progress, it is convenient to express the remaining 1D
delta-function in covariant form using Eq. (5.19):

0 (2% —y°(r) = Ix —y(r)])
x —y(7)|

=20 (R() § (u R (DR (7)), (83)

where we defined R¥(7) = a* — y*(7). The combination of the delta-function and
Heaviside function selects the unique value of proper time when the charge’s worldline
intersects the past lightcone of z*. Denoting the proper time there by 7, (which is a
function of x#), and using

R R (7)) = ~2m R (), (5.4
e e ()~ x—y(@)) S —7)
0(2°—3y°(r) —Ix—y(n)])  dr—mn

x—y()] = R (8:5)
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Finally, using this in Eq. (8.2), and integrating over 7, we obtain the Leinard—Wiechert
potential in covariant form:

At (z) = Hogc g ()

o TRl (8.6)

Equation (8.6) is a beautifully compact expression for the 4-potential due to an arbi-
trarily moving charge. However, to gain intuition for this result, it is useful to unpack it
into time and space components in some inertial frame. Then, y*(7.) = v(7) (¢, v(74)),
where v(7,) is the 3-velocity at proper time 7, and y(7,) is the associated Lorentz factor.
Furthermore, R¥(7.) = (cAt(7.), R(7y)), where At(7,) is the time difference between
the current event and the time that the charge intersected the past lightcone, and
R(7.) = x — y(7). Note that cAt(r.) = |R(7.)| = R(7.). We now have

R (7)iu(7)] = ev(m) R(7) (1= R(r.) - v(r.)[e) | (8.7)
and the time and space components of Eq. (8.6) give
o(t,x) = O (8.8)
treoR(r.) (1= R(n) - v(7)/c)
A(t,x) = HoaV(T:) (8.9)

ArR(7,) (1 ~R(r) - v(r) /c) '

Due to the presence of the 1 — R(7,) - v(7,)/c factors in the denominators of Eqs. (8.8)
and (8.9), the potentials (and hence fields) are concentrated in the direction of motion,

R(7.) o v(7y), for relativistic motion. This is a consequence of extreme aberration for
a rapidly moving particle.

If we adopt an inertial frame such that the particle is at rest in that frame at 7., the
Lienard—Wiechert potentials simplify to A(¢,x) = 0 and

q
LX) = ——F+— rest-frame) , 8.10
ot = s ) (5.10)
where Ryest(7:) is the distance between the observation event and y*(7.) in this rest-
frame. These potentials are exactly what one would expect for a stationary point
charge. If instead we adopt a frame in which the charge is not at rest at 7., but is
moving non-relativistically, the vector potential no longer vanishes but is approximately

A(t,x) ~ poqv ()

~ TR (non-relativistic) . (8.11)

This is consistent with the non-relativistic (dipole) approximation in Eq. (6.7) noting

that dp/dt = qv for a point charge (where p is the electric dipole moment, not the
3-momentum!).
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FEzxample: The fields of a charge in uniform motion. Consider a charge ¢ moving with velocity
v such that its position at time ¢ is y(¢) = vt. The potentials at (ct,x) are generated at
the earlier time t,, such that the spatial separation R = x — vt, and temporal separation
At =t — t, are the component of a null vector:

At = |x — Vi, (8.12)

For the uniform motion considered in this example, R (and so At) depends only on the
displacement from the charge’s current position,

r=x-—vt. (8.13)
To see this, we note that the null condition becomes
cAt = |r + VAL, (8.14)
which determines At in terms of r, and
R =r+vAt. (8.15)

We solve for At by squaring both sides of Eq. (8.14) to find

At/ =r-v/c+/(r-v)2/E+ 122, (8.16)

where we have used At > 0 to select the appropriate root. The denominators in Eqgs. (8.8)
and (8.9) involve the combination R — R - v/c. Noting that R = cAt, we have

R-R-v/c=R—r-v/c—v?At/c

= cAt/y? —r-v/c, (8.17)
so that

R—R-v/c=+/(r -v)2/c2 +12/42. (8.18)

This allows us to write the potentials as

74

t,x) = 8.19
At x) dmeg\/12 +72(r - v)2 /2 (8.19)
A(t,x) = HOvav (8.20)

47r\/r2 +~2(r-v)2/c? ‘

We can compute the fields from B = V x A and E = —0A /0t— V ¢, recalling that r = x—vt.
For the electric field, this gives

ayr
dreg [v2(r - v)2/c? + 2]

E =

7 (8.21)

and the magnetic field is B = v x E/c?. We see that the electric field is radially out from the
current position of the charge, and the magnetic field is azimuthal, and both are anisotropic.
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For r along the direction of motion, the field is smaller by a factor of 1/4? than for a charge
at rest at the current position, while perpendicular to this the field is enhanced by a factor
of v over that for a charge at rest. The field lines are thus concentrated close to the plane
perpendicular to the motion for a rapidly moving particle. Note that this does not contradict
our earlier finding that the fields are concentrated where R is along v. If we ask how the fields
vary around a circle of radius r centred on the current position of the charge, we also have
to take account that the fields were “generated” at times ¢, that have a strong dependence
on the direction r. In particular, for ¢ along the direction of motion, cAt becomes very large
for a rapidly moving particle (going as 2ry? for v = ¢), since the particle almost keeps up
with light signals emitted in the forward direction, and so the fields were generated when the
particle was very far away. This overcomes the intrinsic field concentration along R =v.

Finally, we note that the fields due to a uniformly-moving charge can also be computed from
those for a static charge by Lorentz transformation (see IB Electromagnetism).

To calculate the electric and magnetic fields of an arbitrarily moving charge, we return

to the covariant form of the Lienard-Weichert potentials (Eq. 8.6) and form F),, =

0uA, — 0,A,. We have to remember that 7, is a function of z#, so that, for example,

09" (1) = y "(1,)0,m. We can evaluate 0,7, by differentiating the null condition
o(r

NapR* (1) R?(7.) = 0 to find
0 = 100, R* (1.) R (7.)
= 1apO (2% — y*(1.)) R°(2)
= 1 (0 = 9°(1)0u7) R (7). (8.22)
Solving for 8,7, gives
or.  Ru(m) (8.23)

ozt RY(1)1,(1)
The other term we require in differentiating Eq. (8.6) is

O [R" ()i ()] = (8, — 9" (7)0um) () + R (7) i (72) Dy

= 0,7 [R" (1)U (7)) — 9 (1) 00 (7)] + 9 ()
=y [+ R”(T*)y,,(r*)} + () - (8.24)
Putting these pieces together, we find (exercise!), on antisymmetrising,
Fu(x) = —47T€Z%ist) <RM?Z};Q$V% (R“(yc?%r_ej;y“) (¢ + R“Qa)) , (8.25)
where all quantities on the right are evaluated at 7,. Here, we have used
— R (1), (7)) = cRuest (8.26)
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to express F),, in terms of Ryes, the radial distance between z* and y*(7,) as measured
in the frame in which the charge is at rest at 7,.

Inspection of Eq. (8.26) reveals terms going like 1/ R, that depend on the 4-acceleration,
and a term going like 1/R? that depends only on the 4-velocity of the charge. The 1/R
terms describe radiation, while the 1/R? term turns out to be the field that would be
generated from a charge moving uniformly with the same velocity at 7, (see below).

Ezercise: Extract the electric and magnetic fields from the field-strength tensor in Eq. (8.26)
in a general inertial frame, recalling that the 4-acceleration has components

2 2
g = ~? <7v -a, %a VvV + a> . (8.27)
c c

You should find (after a lengthy, but straightforward, calculation) that

R-v/c Rx[R-v/c)xa
P = et —qv-f{/c)3< 7sz/ 2l ch/)x ]>, (8.28)

where all quantities on the right are evaluated at 7,.. For the magnetic field, you should find

B(t,x) = %f{(f*) < B(t, %) . (8.29)

The exercise above derives the electric and magnetic fields from F),,. Note the following
points.

e The magnetic field is always perpendicular to the electric field and to R(T*)

e The radiation (1/R) part of the fields is sourced by the 3-acceleration. The
electric field has an angular dependence given by R x [(R — v/c) x a], and is
therefore perpendicular to R(T*), like the magnetic field. The angular dependence
is more complicated than for dipole radiation [Eq. (6.14)], due to the presence
of the v/c correction to R. However, in the non-relativistic limit (|v| < ¢), the
radiation fields reduce to those derived in the dipole approximation in Sec. 6
(noting that d*p/dt* = qa for a point charge). The magnitudes of the fields
satisfy the usual relation for radiation, |E| = ¢|B|, even for relativistic motion of
the charge.

e The 1/R? contribution to the fields are the same as for a charge moving uniformly
with the same velocity at 7,. To see this, recall the following expression for the
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electric field from a uniformly moving charge (given above in Eq. 8.21):

r
B al

8.30
o [P (r - v)2/ + 17 (8:30)

3/2

where r points from the current position of the charge to the observation point.
We can express this back in terms of R(7.) using Eq. (8.18) and

r=R-vAt=RR-v/c), (8.31)

which recovers exactly the first (1/R?) term in Eq. (8.28).

8.2 Power radiated

We now calculate the rate at which energy is radiated by an arbitrarily moving point
charge. We shall first calculate this in the instantaneous rest frame of the charge and
then use Lorentz transformations to deduce the rate in a general inertial frame.

In the frame in which the particle is at rest at proper time 7, the radiation part of
electric field on the forward lightcone through y*(7.) is, from Eq. (8.28),

q

E(t,x)=——"
( 7X) 47T€0Rrostc2

R X (R X Aeq) (Instantaneous rest frame), (8.32)

where a, is the 3-acceleration in the instantaneous rest frame. The magnetic field is
B =R x E/¢, so the Poynting vector is

N:iExB
Ho

1 .
= —EXx (RxE)
CHo

1 R
= —|E|’R, (8.33)
CHo

which is radial. We can get the radiated power by integrating over a spherical surface
of radius R at time ¢ (i.e., a section through the forward lightcone corresponding to
a constant time surface in the instantaneous rest frame). Since the charge is at rest at
Tx, the radiation emitted in proper time d7 around 7, crosses this spherical surface in
(coordinate) time® dt = dr. It follows that the energy radiated in the instantaneous

8 This would not be true if the charge were moving at 7,. Generally, the time taken for the radiation
emitted in dr, to cross a spherical surface of radius R(7.) can be got from Eq. (8.23). Rearranging
gives
R, (7y)dx*

T R i)
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rest frame in proper time d7 is
dFy sy = dT / N -dS

2 d
- M/uaﬁdﬂ, (8.34)
CHo

where df is the element of solid angle (i.e., d©2 = dQR). Taking the rest-frame acceler-
ation to be along the z-axis, we have

IR X (R X yest)| = Sin 0] ares| , (8.35)

so that on integrating over solid angle

dErest _ M0q2‘arest|2 ' (836)
dr 6me
This simple result is exactly what we would have got by applying the dipole approx-
imation, Eq. (6.18), in the instantaneous rest frame, with d*p/dt* — qaes. This is
not unexpected — the dipole approximation holds in situations where all velocities are
non-relativistic and this is exactly true in the instantaneous rest frame. Indeed, the
dipole approximation provides a useful short-cut to deriving Eq. (8.36).

Now consider the 4-momentum radiated in time d7. Since equal power is emitted along
R and —R in the instantaneous rest frame, the total 3-momentum of the radiation is
zero. We therefore have

c dr

1 dEres
dP" = dr (— t,o) (8.37)

in the rest frame. Lorentz transforming to an inertial frame in which the charge has
velocity v(7,) at 7., we have

dE' V(T )dT dE et
=dP"° = ~(1,)dP’ = - =
c V() c dr

(8.38)

The time elapsed between the events y*(7.) and y*(7. + d7) in the general frame is
dt’ = ~y(7,)dr by time dilation, hence

dE/ dErest
= . 8.39
dt’ dr ( )
Taking dz* = (cdt, 0) gives
dt

dr, =

) [L=R(z) - v(r) /e

This is just the usual Doppler effect. In the instantaneous rest frame, it reduces to dr, = dt, as
advertised.

50



We see that the rate at which energy is radiated by the accelerated charge is Lorentz
invariant and so, generally, the instantaneous power radiated is

dE  poqdta,a®  pogyt
T G T e @ @/ (8.40)
where a* is the acceleration 4-vector (so that a*a, = |aes|?). This result is known

as the relativistic Larmor formula. (Its non-relativistic limit was first worked out by
Larmor in 1897.)

Non-examinable aside: If the above argument is not to your taste, the same expression for
the power radiated in a general frame can be obtained by direct calculation. The radiation
part of the electric field is now given by

E(t.x) = ¢ Rx[(R—=v/c)xa]

= - 8.41
dmeg R(1 —v-R/c)3c? (8.41)

where all quantities on the right are evaluated at 7,.. The Poynting vector is still given by
Eq. (8.33), but when integrating this over the surface of a sphere of radius R(7y) at time ¢,
to determine the radiated power, we have to be careful to account for Doppler shifts that
relate dt at the source to the increment in time for radiation to pass through the radius R(7).
Following the arguments in the footnote on Page 49, and noting that the coordinate time
between the events at 7, and 7. + d7 on the charge’s worldline is (7, )d7, the power emitted
per solid angle (i.e., energy per solid angle per coordinate time at source) is

dE 1 v R
— = ——|1-— | |E]’R?
dtdS) c,ug< c >’ |

. . 2
R x[(R—v/c) x a]
JC o

Note that the angular dependence of the radiated power is more complicated than the sin® 6
dependence in the instantaneous rest frame. In particular, for a particle moving relativisti-
cally, the power is significantly concentrated in the direction of motion, R « v. After some
vector algebra, Eq. (8.42) can be reduced to

dE  pog® [, (R-a)(a-v/c) a? N (R -a)? . (843)

dtdQ) — (47)2c (1_V.R/C>4 <1_V.]f{/c)3 2 (1—V'R/C>5

Integrating over solid angle” directly gives the final result in Eq. (8.40).

YA straightforward, but lengthy, way to do this is to align v with the z-axis and a in the z-z plane,
and express the components of R in spherical polar coordinates.
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8.3 Synchrotron radiation

We end our discussion of the radiation from arbitrarily moving charged particles with
a specific example. Synchrotron radiation refers to the radiation emitted by a charged
particle moving relativistically in circular motion (typically under the action of a mag-
netic field).

Consider a particle of charge ¢ and mass m moving in a circle with speed v perpendic-
ular to a magnetic field of magnitude B. We saw in Sec. 3.1.1 that such a particle has
angular velocity w = ¢B/(ym) and so the acceleration has magnitude

qBv

and is perpendicular to v. The total instantaneous power radiated follows from Eq. (8.40),

which here gives
dE 2Byv\?
_ Mo (q 7”) . (8.45)

dt ~ 6rc m

Note that this is proportional to the square of the 3-momentum of the particle.

As discussed earlier, for a relativistic particle the emitted power is concentrated (or
beamed) into a narrow range of solid angles around the instantaneous velocity. The
beaming is controlled by factors of 1 —v- f{/ ¢ in the denominator of the emitted power
(see e.g., Eq. 8.42). We can estimate the angular extent of the beamed radiation by
asking for what angle 6 between v and R does (1 — v -R/¢)™! fall to one-half its peak
value, i.e.,

1—pFcosf =2(1—-p), (8.46)

where 8 = v/c. Writing 8 = 1 — ¢, and working to leading order in ¢, we find 62 = 2e.
We can write this in terms of the Lorentz factor v noting that

T P=1-3 =2+, (8.47)

so that 8 ~ 1/y. We see that for a relativistic particle with v > 1, the emitted
radiation is beamed into a cone in the direction of motion with an opening angle of
the order of 1/7.

Now consider observing the synchotron radiation at position x with the particle’s orbit
centred on the origin. For |x| large compared to the radius of the orbit, we are safely in
the far-field and can also approximate R with x. The argument above tells us that only
observers in the plane of the orbit will observe significant radiation. Since the orbit
is periodic with period w, so is the observed radiation. However, due to the beaming
the radiation is received in short pulses (think of observing a rotating searchlight).
We can estimate the duration of the pulses by noting that each pulse is emitted with
duration At, at source, such that the particle moves through an angle equal to twice
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the opening angle of the beamed radiation pattern, i.e., wAt, = 2/v. In relating this
to the duration of the observed pulse we have to taken account of the Doppler effect.
Generally, an increment in retarded (coordinate) time corresponds to an increment in
time at the observation point with

dt = (1—R-v/c)dt, (8.48)

(see the footnote on Page 49), so that for the duration of the pulse

At = (1 - B)At, ~ (8.49)

1
Yo
This means that the radiation is observed to have Fourier components up to roughly

v3w, and so a relativistic particle emits a broad frequency spectrum of radiation up to
+® times the orbital frequency.
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Part 111

Electromagnetism in media

So far in this course we have considered isolated charges and currents in vacuum. How-
ever, for many practical applications we are interested in electric and magnetic fields
inside media, including solids, liquids and gases. Here, the story is rather more compli-
cated. We have to consider the distribution of charges within the atoms/molecules that
make up the medium, and the currents generated by the motion of these charges. More-
over, we need to consider how these distributions change in the presence of externally-
applied fields. Generally, the electromagnetic fields inside media are very complicated
with significant variation on the atomic scale. However, we are often only interested
in the averaged properties of fields in regions large compared to the atomic scale. For
example, to consider the propagation of light of wavelength A ~ O(500) nm through
some medium, we can effectively average the medium on scales small compared to A
but large compared to atomic scales, O(0.1) nm. This leads us to consider an effective
or macroscopic version of the Maxwell equations that describe the fields averaged over
macroscopically-small but microscopically-large regions.

In this final part of the course, we shall first briefly introduce some of the basic electro-
magnetic properties of matter (Sec. 9). We then develop the macroscopic versions of
Maxwell’s equations in Sec. 10 by a spatial averaging procedure. The rest of the course
applies these macroscopic equations to wave propagation in dielectrics (e.g., materials
like glass; Secs 11 and 12) and conductors (Sec. 13).

9 Electromagnetic properties of matter

We shall mostly be concerned with non-conducting media. There is still tremendous
diversity in the electromagnetic properties of such materials, but we shall only be
concerned with some of the simplest examples here.

9.1 Dielectric media

An important class of insulating materials are called dielectrics. These have no mo-
bile charges that can move freely in an applied field (unlike a conductor) but they
nevertheless have a significant effect on applied electric fields. Generally, the individ-
ual atoms/moleclues that make up the material may have complicated time-dependent
charge distributions. For example, water molecules have strong electric dipole mo-
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ments and these vary on a short timescale due to thermal motion and internal vi-
bration of the molecules. When averaged over macroscopic volumes, which contain a
great many molecules, these dipole moments tend to cancel out in the absence of an
applied field. However, if a field is applied, there will be coherent perturbations to the
charge distribution of molecules within macroscopic volumes that will survive averag-
ing. This phenomena is known as polarisation. For example, materials with intrinsic
but randomly-oriented molecular dipole moments will tend to align their moments
due to the torque of the applied field, while materials with no initial dipole moments
will generally develop aligned moments as the applied field distorts the equilibrium
charge distribution in each molecule. It is these coherent effects that determine the
macroscopic behaviour of electromagnetic fields in media.

Toy model for atomic polarisability: Quantum theory is needed to describe the polarisation of
atoms in applied fields. However, the following simple classical toy model is useful to develop
understanding and to give an order-of-magnitude estimate of the induced polarisation.

Consider a point particle (the nucleus) with positive charge ¢, surrounded by an electron
cloud of total charge —¢ and radius a. Assume the electron cloud to have uniform charge
density. At radius r from the centre of the cloud, the charge enclosed is —¢(r/a)?3, and so the
electric field at position x relative to the centre is

q

Ecloud (X) = _WX .

(9.1)
If we apply a uniform external field E, the positive charge will displace from the centre of
the cloud so that the total force on it is zero. (We ignore any distortion of the cloud.) If the
displacement is d, we must have

qd = 41¢0a®E = p = 47weod’E. (9.2)

Note that the induced dipole moment p is proportional to E. It will generally be the case
that p is linear in E since this is the first term in a Taylor expansion of p(E) given that
p(E = 0) = 0. Higher terms in the expansion are negligible if the applied field is much smaller
than the typical field within the atom (around q/(4mega?®) in this example) or, equivalently,
the displacements are small compared to the atomic scale. If we define the polarisability o
by

p=aE, (9.3)

3. We can estimate o for hydrogen atoms by taking a ~ 1071%m

we see that o = 4mwepa
(a typical atomic size from quantum theory) to find «a/(4meg) ~ 1073 m3; this is close to
the measured value a/(4meg) = 6.67 x 10731 m3. The induced displacement d depends on
the magnitude of the electric field. For a field of 10°Vm™! (i.e., 100V over 1mm), the

displacement in hydrogen is d = 5 x 101" m, much smaller than the size of the atom.
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9.2 Magnetic media

Magnetic fields are generated by charges in motion, i.e., currents. The leading-order
magnetic field far away from a localised current distribution can be expressed in terms
of the magnetic dipole moment

1

where the sum is over the charges, with the ¢th charge at position x; and having velocity
v,;. The continuum form of this is

m:%/(xxJ)d3x, (9.5)

where the current density J(t,x) = >, ¢;vi(t)0® (x — x;(t)). The orbiting electrons
in an atom/molecule may give rise to a net magnetic moment. There can also be a
contribution from the intrinsic spin of the electrons — a purely quantum mechanical
effect. The magnetic response of materials to applied fields depends on whether the
net magnetic moment of each constituent molecule vanishes or not in the absence of an
applied magnetic field. The phenomenology is rather richer than the electrical response
of dielectrics discussed above.

e Diamagnetism. A material is diamagnetic if the net magnetic moments vanish
when there is no applied field. Once a field is applied, the orbital motions are
slightly distorted to generate magnetic moments that tend to be anti-parallel to
the applied field. One can think of this in terms of Lenz’s law: the induced current
flows in a direction to oppose the change in magnetic field. A simple (classical)
toy model for diamagnetism is given below. Most metals are diamagnetic.

e Paramagnetism. A material is paramagnetic if the constituent molecules have
non-zero intrinsic magnetic moments. In this case, the magnetic moments will
tend to be randomly oriented when there is no applied magnetic field, giving mag-
netic fields inside the medium that vary rapidly in time and space. However, on
averaging over a macroscopic volume, the fields average down. Once an external
magnetic field is applied, the intrinsic magnetic moments tend to align along the
field due to the torque acting on them, giving a net effect that survives volume
averaging. The response is strongly temperature dependent (as is the electric
response for polar dielectric materials), being weaker at high temperatures due
to the randomising effect of thermal motions.

e Ferromagnetism. Ferromagnets are paramagnetic, but strong quantum-mechanical
(exchange) interactions between the electrons in neighbouring constituents give
radically different behaviour. At temperatures below what is called the Curie
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temperature, the interactions are strong enough to allow spontaneous magnetisa-
tion: the magnetic moments are aligned in macroscopically-large regions called
domains, even in the absence of an applied field. Applying a field changes the
domains, and the moments in different domains tend to align along the applied
field. When the external field is removed, some net alignment across domains
remains producing a strong (intrinsic) magnetic field. Ferromagnets are what we
usually think of as “magnets”. The most common example is iron.

Toy model for atomic diamagnetism: Quantum theory is needed to describe properly the
magnetic response of the electrons in an atom to an applied magnetic field'°. However, the
following simple classical calculation captures the basic physics at work.

Consider a charge ¢ of mass m orbiting about a nucleus at radius a. Let the orbit lie
normal to the z-direction and the charge be moving anti-clockwise. In the absence of an
applied magnetic field, the Coulomb force due to the nucleus, of magnitude F¢, provides the
centripetal force such that

Fo =mv?/a, (9.6)

where v is the orbital speed. Now apply a magnetic field B along the positive z-axis. If we
ignore any change in the shape and size of the orbit, the orbital speed will change to v + dv
such that

Fo —q(v+0v)B =m(v+6v)?/a, (9.7)

i.e., the change in the radial force due to the magnetic field equals the change in the centripetal
force. Expanding to first order in dv and B gives

_ a9
v = 2mB. (9.8)

As a result, the magnetic moment of the orbiting charge is changed by an amount

q2a2

om = (9.9)

dm
along the z-direction. Note that the change in magnetic field is anti-parallel to the applied
field. If the particle were orbiting clockwise instead, the speed would increase by qaB/(2m),
but the change in the magnetic moment would still be given by Eq. (9.9).

Diamagnetism is a very weak effect. Taking ¢ to be the charge of an electron, m the electron
mass, a ~ 107 m, and B = 1T (a strong magnetic field in the laboratory), we find ém ~
10722 Am?. This should be compared to the natural atomic unit of magnetic moment, the

Bohr magneton:
h
g = ;n =9.27 x 10724 A m?. (9.10)

1TIndeed, the Bohr-van Leeuwen theorem forbids any non-zero thermal average of the magnetic
moment for a classical system in thermal equilibrium.
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(The Bohr magneton is approximately the magnetic moment due to the spin of an electron,
and is also the z-component of the magnetic moment due to orbital motion of an electron
with angular momentum L, = h.) We see that, even for a strong field of 1T, the induced
magnetic moment is only O(107°)up.

10 Macroscopic Maxwell equations

10.1 Averaging the microscopic Maxwell equations

In classical physics, on scales large compared to nuclear dimensions, O(107 m), we
can treat atoms as collections of point particles. The microscopic Maxwell equations
inside media are the usual ones, with the charges and currents due to a collection of
(moving) point charges. We denote the rapidly-varying electric and magnetic fields
inside the medium by E, .o and Biicero, so that

V - By = Lomiere (10.1)
€0
aBmicro
V X Epiorg = — ——icro 10.2
X T (10.2)
V - Biero = 0 (10.3)
8Emicr0

V x Bmicro - Jmicro + € )
Ko Ho€o ot

with pmicro and Jiicro the microscopic charge and current densities, respectively.

If we are only interested in lengthscales large compared to atomic dimensions, we can
average the microscopic fields to obtain smooth macroscopic fields that we denote by
E and B.!' The averaging is done by convolution with some smoothing function f(x),
so that, for example,

B(t,x) = (Bpioo(t, X)) = / ) Bapieno (£, % — %) &% (10.5)

We do not have to be precise about the choice of smoothing function, but it should
be real, smoothly localised to some macroscopic region about x = 0, and integrate to
unity over all space. It is usual to take f(x) to be spherically symmetric to preserve
any directional characteristics of the medium. The averaging operation commutes with

1Tn the earlier parts of this course we were concerned with isolated charges in vacuum. In this
situation, there is no distinction between the macroscopic and microscopic fields well away from any
charges.
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differentiation in time and space, so that the microscopic Maxwell equations smooth
to

<pmicr0>

V.E= (10.6)
€0
0B

E=-2 10.
V x T (10.7)
V.-B=0 (10.8)
OE
V xB= HO<Jmicro> + /L(]EOE, (109)

We split the microscopic charge and current densities into bound charges, which are
bound to the atoms of the medium, and free charges, which are not bound. Examples
of free charges include the mobile electrons in a conductor that carry the current in the
presence of an applied electric field, and any additional charges that we have placed
within or externally to the medium. We denote the macroscopic (smoothed) free charge
and current densities by ppgee and Jgee, and similarly ppouna and Jpoung for the bound
charges and currents.

10.1.1 Bound charge density

If the material is composed of atoms or molecues, with the nth centred on x,(t), and
each is made up of point charges {¢;,} at locations r;, () relative to x,(t), we have

(pes(£:9) = (1) + (32 3 1 (6 = 1) = i)
= pfree(t7 X) + Z Z Qi,nf(x - Xn(t) - ri,n(t>) . (1010)

J/

-~

Pbound (t,X)
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The relative locations r;, are small in magnitude compared to the support of the
smoothing function by assumption. We can therefore Taylor expand to obtain

Prouna(t, X) Z Z Gin [F(X = X0 (1)) = Tin(t) - V(x = %, (t)) + -]

:_Z<Z%nrzn > f(X_Xn(t))+"'

J

-~

Pn(t)

- v [an(t)f(x—xn(t)) o
- -V. Zp 100G (x — x, () 4+ -, (10.11)
P(x) ’
where we have assumed that the net charge >, ¢;,, = 0. Here, we see that each

atom/molecule may be replaced by its electric dipole moment p,,(¢), plus higher-order
moments represented by the ellipsis in the above, for the purpose of calculating the
smoothed bound charge density. We have introduced the macroscopic polarisation,

x) = (37 pult)6 (x - x,(1))) (10.12)

the divergence of which generates pypounq. In principle, there are contributions to ppound
from the higher multipoles but these are invariably negligible. For example, the con-
tribution from electric quadrupole moments is smaller than that from electric dipoles
by roughly a/lgnootn, Where a is an atomic size and Ilgpneetn 18 the smoothing length
associated with f(x).

As noted earlier, even if the material has non-zero molecular moments p,(¢) in the
absence of an applied field, these will generally be randomly oriented on macroscopic
scales and will not contribute to P. (More carefully, the mean-squared contribution to
P will go as 1/N where N > 1 is the number of molecules within a smoothing volume.)
What matters for P is the perturbations to the p,(¢) due to the applied field. These
will be coherent over scales large compared to the smoothing scale and so will not be
averaged down by smoothing.

Note that we have only discussed spatial smoothing, not smoothing in time. The latter
is not required once we smooth in space since the resulting P(¢,x) will only vary on
the timescales of the applied fields. Although intrinsic dipole moments p,,(t) may vary
over a range of timescales, these motions are incoherent on macroscopic scales and will
average out in macroscopic volumes.
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Bound surface charge

We have seen that ppouna = —V - P. Generally, this will be non-zero inside a material
provided the polarisation is non-uniform. But note that, even if the polarisation is
uniform inside the material, there will still be bound charges on the surface of the
material. To see this, note that as we move from inside the material to the external
vacuum, P will rapidly transition to zero over the smoothing scale [gyo0tn, producing
a NON-Zero Puound localised near the surface. If we only care about length scales large
compared to lgmootn, We can regard this as a surface charge density opound, i.€., a charge
per area of the surface, which we can determine from the divergence theorem:

UbounddS:/pbound d3X (1013)
1%
:—/ P dS (10.14)
ov
—P.dS. (10.15)

Here, the integral is over a “Gaussian pillbox” that straddles the transition region at
the surface, and dS = ndS is the outward-pointing area element. We see that the
surface charge is

Obound — P fl, (1016)

where P is the polarisation just inside the bulk of the material (but away from the
transition region), and n is the unit outward normal to the surface.

10.1.2 Bound current density

The calculation of the bound current density proceeds similarly, but is rather more
involved because of the vector nature of the current and the presence of molecular
velocities v, (t) = x,.

Generally, we have

<Jmicr0(t7 X)> = Jfree(t7 X) + <Z Z Qin [Vn(t> + Vi,n(t)] 5@ (X - Xn(t> - ri,n(t)»
= Jhee(t. X) + Y Z Gin [V () + Vin(D)] f(x = Xn(£) — 150 (8)) .

J/

-~
Jbound (t,X)

(10.17)

Here, v;,, = r;, and in the limit of non-relativistic velocities is the internal relative
velocity of the ith charge in the nth molecule. We shall initially ignore the effects of the
molecular velocities v, (t) since they are usually much smaller than the rapid internal
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velocities (e.g., of electrons in the molecule) and tend not to be coherent over large
smoothing volumes. In this approximation, we should also ignore the time dependence
of f(x —x,(t)) since

Of (x — xn(1))

T = —v,(t) - Vf(x —x,(1)). (10.18)

We then have
Jbound(t, X) =~ Z Z GinVin(t) [f(x = %,(t)) = 1in(t) - VF(x —x,(t)) + -]
%an(t)f X—Xn ZZ%”V”‘ rzn )'Vf<X—Xn(t))—|—---

T Zquvm rin(t) VI(x—x,(t) +---. (10.19)

The first term in the last line is the time derivative of the macroscopic polarization,
and arises since changes in the molecular dipole moments are accompanied by a flow
of charge within the molecules. We can see this clearly from the continuity equation
for the bound charge: given that pyoung = =V - P + -+ - the divergence of Jyounq must
include the divergence of 9P /0t.

For the second term in Eq. (10.19), we use
DD inVia(Brin(t) - VF(x = x,(t)) Z Z GinVin (OTin(t) - V f(x = X,(1))
3 Z Z GinTin(t)Vin(t) - V f(x — x,(t))

Zatzz%nrzn rzn )Vf(X—Xn(t))
(10.20)
where the approximation is to ignore the time dependence of f(x — x,(t)). (This is

similar to the rearrangement in Eq. 6.23.) The first two terms on the right combine to
give

X (% D2 Gintin(t) X Vin(t)f(x - xn(t))> ==V x Y m,(t)f(x = xa(t))
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where m,, is the molecular magnetic dipole moment,

|
my (1) = 5 GiaTin X Via (10.22)

i

and M(¢, x) is the macroscopic magnetisation. The final term on the right of Eq. (10.20)
involves the molecular quadrupole moment tensor,

Q,(t) =3 Z QinTin(t) @1;n(t). (10.23)

We have

%% ; Z Ginin(DFin(t) - VI (x = %0(1) = 520 > S Q) VS (x = %0 (1)

(10.24)

where Q(t,x) is the macroscopic quadrupole density. Note that V - Q" is shorthand
for the vector with components dQ;;/0x;. Note further that the quadrupole moments
here have not had the trace removed; we denote these with an additional prime to
distinguish them from the trace-free quadrupole moments, e.g., Eq. (6.26).

Putting these pieces together, we finally find

oP 10
Jbomd ¥ — +VXM—--—V-Q+---. 10.25
bound & T oy T (10.25)
We have already discussed the physical origin of the first term on the right, but what
about the others? The third (i.e., quadrupole) term arises for the same reason as the
first: if we include higher terms in the expansion of ppouna in Eq. (10.11), the next term

involves the divergence of V - Q'
1
pbound(t,X) = —V . (P(t,X) — EV . Ql(t,X) + - ) . (1026)

The bound current must include the time derivative of the term in brackets to ensure
charge conservation. However, we can also add divergence-free terms to Jyouna since
these would not affect the continuity equation. We see that the first such term is
the curl of the magnetisation. One can think of the molecular dipole moments as
loops of current; if these vary spatially, adjacent loops will not cancel perfectly and
can give rise to a net bound current density in the bulk of the material. Often only
the first two terms are retained in Eq. (10.25). As noted above, the quadrupole term
is typically smaller by a/lgneotn than the electric polarization. The quadrupole and
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magnetisation terms are each of the same order in a/lgpneotn and the internal relative
velocities, but retaining the magnetisation can be important in some situations, for
example magnetostatics where the magnetic field induces magnetic dipole moments
but no electric multipole moments.

There is one loose end to tidy up — the neglect of the molecular velocities v, (t). It
is left as an exercise to show that in this case there are additional contributions to
the bound current that involve products of the v, (¢) with the molecular electric dipole
and quadrupole moments. As noted above, such terms are generally negligible. An
exception is if the medium is in relativistic bulk motion in which case the v, () are
coherent over a smoothing volume. This case can also be dealt with directly by Lorentz
transformation.

Bound surface current

In the same way that the rapid variation in P at the surface of the material gives rise
to a bound surface charge density, surface currents flow at the surface due to the rapid
variation in M. We can determine the surface current density'? Kyounq by integrating
Eq. (10.25) across an infinitesimal plane surface whose normal is tangent to the surface
of the material. The boundary of the infinitesimal surface is a planar circuit that
straddles the material surface. The long sides of this circuit are tangent to the surface
of the material and have length Al. One of the long sides lies just inside the material
and is Al, and the other (—Al) is just outside. The short sides have negligible length.
Let the surface of the material have outward normal n, and the normal to the circuit
be t. It follows that Al = Aln x t. The integral of V x M across the surface that
spans the circuit gives a contribution to the surface current; by Stokes theorem,

/(VxM)-dsz]{M-dl

=M - Al (10.27)

where M is the magnetisation just inside the material (but away from the transition
region). If the corresponding surface current is Kyoung, we must have

M - Al = Kpound - (EAl)
= t-(Mxn)=t Kyuma VtLln. (10.28)
It follows that
Kbound =Mxn. (1029)

There is no further contribution to the surface current from the 0P /0t term in Eq. (10.25)
since the spanning surface has vanishing area. There is, however, in general a further
contribution from the quadrupole term in Eq. (10.25).

12Generally, a surface current density is represented by a vector K lying in the surface. The direction
represents the direction the current flows, and the magnitude gives the current per length through a
line in the surface that is perpendicular to K.
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As a simple application of Eq. (10.29), consider a uniformly magnetised rod, with M
pointing along the rod. This is a simple model for a permanent bar magnet. The
magnetisation is uniform inside the rod, so the only current is a surface current that
flows uniformly around the rod. The magnetic field is therefore equivalent to that of a
finite solenoid with a current per length |M|.

10.2 Electric displacement D

Let us now substitute the free and bound charge density into the macroscopic Maxwell
equation V - E = (pmicro)/€0- Retaining only the contribution from the macroscopic
polarisation to the bound charge, we have

1

V- -E=—(pee — V-P). (10.30)
€0
If we define the electric displacement,
D(t,x) = ¢E(t,x) + P(t,x), (10.31)

we obtain the simpler-looking equation
VD = e . (10.32)

Of course, the complications of being inside a medium have not disappeared: they have
been shifted to the relation between D and the macroscopic electric field E.

As discussed earlier, it is often a good approximation to assume that the induced dipole

moments are linear in the electric field. If the medium is also isotropic, then we must
have!3

P(t,x) = x.coE(t, %), (10.33)

where the dimensionless constant . is the electrical susceptibility of the medium. We
can then write
D = ¢y, E, (10.34)

where €, = 1 + x. is the relative permittivity of the medium. For dilute gases, €, is
close to unity, but in strongly polar substances it can be much larger (e.g., €, =~ 80 for
water at room temperature).

Inside a homogeneous medium, ¢, is uniform and so Eq. (10.32) reduces to

Ptree
€o€r )

V. .E=

(10.35)

13This is actually one simplification too far. More generally, the polarization will be local in space,
but non-local in time, i.e., P(¢,x) will depend on E(t’,x) at all times ¢’ < ¢. We shall discuss such
dispersive media later in Sec. 12.
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Combining this with the macroscopic Maxwell equation V x E = —0B/0t, we see that
electrostatics inside an infinite such medium amounts to reducing the fields that would
have been generated by the same free charges in vacuum by a factor €,. The origin of
this reduction is a screening of the free charges by the bound charges that arise from
the divergence of the induced polarization.

FErample: a dielectric sphere with free charge () at the centre. Consider a uniform and
isotropic dielectric sphere of radius R and relative permittivity €,. Let a free charge @ be
placed at its centre. Inside the sphere, Eq. (10.32) implies that

p= 2% (<Rr). (10.36)

42

There are no free charges outside the sphere, so V-D = 0 there. The boundary (or junction)
condition on D follows from integrating V - D = pgee over a Gaussian pillbox at the surface.
Since there is no free charge there, the perpendicular component of D is continous, so that
Eq. (10.36) also holds for r > R.

The electric field follows easily from D = ¢pe, E. Inside the sphere, we have

Q
= * . 10.
Teoa® (<) (10.37)

This is indeed smaller than the value in vacuum by a factor of ¢.. Since the polarization
P = ¢gx.E is divergence-free for 0 < r < R, the only bound charges are at the centre and
the surface of the sphere. The bound charge at the centre must combine with the free charge
@ to give the electric field in Eq. (10.37), so that

Qbound + Q = Q/er

1—e¢,
= Qbound = Q ( P ) . (1038)
The surface charge at » = R follows from opoung = P - 01, and so
2 €T - ].
47 R*0pound = @ ; , (10.39)

where we have used x. = ¢, — 1. It follows that the total bound charge is zero, as it must be
since the dielectric is electrically neutral.

Finally, the electric field outside the sphere is simply
Q .

=" %
4degr?

This is the same as if the sphere were not there, a consequence of the spherical symmetry
and the vanishing of the total bound charge. Note that the perpendicular component of E is
discontinuous due to the presence of the surface charge.

(r>R). (10.40)

66



10.3 Magnetising field H

We now substitute (Jmicro) = Jtree + Jbound into the averaged Maxwell equation

OE
V x B = po{Jmicro) + Hoco 5, - (10.41)

Retaining only the contributions to the bound current from electric and magnetic dipoles,
we have

oP OE
B = M+ — e —
V x IUOJfree + Lo (V X + ot > + Ho€o ot
0
= V x (B — poM) = poJfree + Hop, (cE+P) . (10.42)

If we introduce the magnetising field H with
woH(t,x) = B(t,x) — poM(t, x) , (10.43)

and recalling the electric displacement D = ¢gE + P, we can write

oD

V xH=Jpeo + — . 10.44
X free + It ( )

We see that the magnetising field plays a similar role to the electric displacement, in that the
bound currents due to the magnetisation are absorbed into H. Note also how the contribution
to the bound current from 0P /0t got absorbed into 0D /0t, leaving only the free current as
a source.

In linear, isotropic media the magnetisation can be written as

poM(t,x) = —"_B(t,x) (10.45)

where Yy, is the dimensionless magnetic susceptibility. It follows that B and H are also
linearly related,

B(t,x) = pou,H(t,x) , (10.46)

where the relative permeability is
tr =14+ Xm - (10.47)

[The simplicity of this relation is reason for the rather odd-looking way that y,, is introduced
in Eq. (10.45).] The magnetic susceptibility is typically x, ~ O(107%). For diamagnets (M
antiparallel to B), —1 < x;, < 0 and so 0 < p, < 1; for paramagnets (M parallel to B),
xm > 0 and so g, > 1. For ferromagnets, the relation between B and H is non-linear and
depends on the history of preparation of the material.

Finally, we gather together the macroscopic Maxwell equations for the averaged fields E and
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B and their associated fields D and H inside continuous media:

V-D = Pfree
0B
E--2
V x o
V-B=0
oD
V xH = Jfree + ﬁ . (1048)

These can be solved given the free charges and currents once the constitutive relations relating
D and H to E and B are specified. These are dependent on the type of material; in the
simplest linear, isotropic materials they are fully specified by two constants, €. and .., with

D = ¢, E and B = pouH. (10.49)

Later, in Sec. 12, we shall briefly consider more complicated relations where the relation
between e.g., D and E is still linear and local in space, but non-local in time.

11 Electromagnetic waves in simple dielectric me-
dia

Maxwell’s equations admit wavelike solutions in vacuum that propagate at the speed of light.
In this section we extend this idea to the propagation of electromagnetic waves in simple
linear, isotropic dielectric media. We shall also consider how waves reflect off boundaries
between two such materials.

For the simple constitutive relations in Eq. (10.49), with €, and p, constants, Maxwell’s
equations in the absence of any free charges or currents reduce to

V-E=0
0B
E=—
V x 5
V-B=0
erpir OE
= —— 11.1
V xB 2 o ( )

Taking the curl of the second and fourth equations, and using that E and B are divergence-
free, we recover wave equations:

2 2
2 _erlufraE 2 _erﬂra B
V E= C2 W and V B = 02 W . (112)
The only effect of the medium is to change the propagation speed from ¢ to
o= % (11.3)
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The wave speed in the medium is often written in terms of the index of refraction n, with
v = c¢/n, so that

n = /€l . (11.4)

As we have seen, in most materials u, =~ 1, but €, can be large making v rather less than c.

We can look for plane-wave solutions of the wave equations with wavevector k and (angular)
frequency w:

E(t,x) = Ege!(kx—t) and B(t,x) = Boel (kx| (11.5)

where it is implicit that the fields are the real part of the complex expressions on the right-
hand sides. Here, Eg and By are constant, but generally complex, polarization vectors. The
fields are divergence-free, which requires k - Eg = 0 and k- By = 0. To satisfy the wave
equations (11.2), w and k must be related by the dispersion relation

w? = vk, (11.6)
Finally, to satisfy V x E = —9B/0t, the polarization vectors must be related by
By=k x Ey/w. (11.7)
If all components of the wavevector are real'* we have By = k x Eo/v.

Finally, note that care is needed when forming products of fields when the fields are repre-
sented by the real part of complex quantities. For example,

ExB=%R <E0€i(k'x_m)> x R (Boei(k'x_‘”t)>

1 )
= R (Eo x Boe2ilkx—wt) 4 By x B§> : (11.8)

where we used the identity R(z1)R(z2) = R(z122 + 2125)/2 for any complex quantities z; and
z9. If we are only interested in time-averaged products of fields (which is generally the case
when discussing net flows of energy and momentum), we have simply (ExB); = R(EoxBg)/2.

Boundary conditions

The wave solutions given above are valid in uniform media, but we shall also be interested
in situations where the material properties are only piecewise constant. In this case, we have
boundaries between regions with different ¢, and u,, and we need to know how the fields
are related on either side of a boundary in order to patch our wave solutions for the fields
together.

We shall only consider the case where these are no free surface charges or currents. The
junction conditions then follow from integrating Maxwell’s equations (10.48), with pgee and
Jtee both zero, across the boundary in the usual way (see IB Electromagnetism). We start

14This need not be the case; we shall meet examples shortly where some components of k are
imaginary.
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with V-D = 0 and V -B = 0. Integrating these over a “Gaussian pillbox” across the surface
(whose unit normal is n) gives
n-(D;—Dy) =
n-(B;—By) =

(11.9)
: (11.10)

where D1 and D» are the electric displacements either side of the surface, and similarly for
B; and Bs. In words, the normal component of the electric displacement and the mormal
component of the magnetic field are continuous across the boundary. Generally, this will
mean that the normal component of the electric field is discontinuous. The discontinuity is
sourced by bound surface charge due to the different macroscopic polarizations P on either
side of the boundary.

For the parallel field components, we integrate around an infinitesimal circuit with long sides
parallel to and on either side of the boundary. This gives

(11.11)
(11.12)

In words, the parallel components of the electric field and magnetising field are continuous
across the boundary. Note that, generally, the parallel components of B will be discontinuous
due to the bound surface current that flows at the surface between two media with different
magnetisations M.

11.1 Reflection and refraction

We now consider the reflection of waves from the plane boundary between two semi-infinite,
linear and isotropic dielectrics. We take the boundary surface to be x = 0 and consider a
plane wave incident from xz < 0. We shall set u, = 1 everywhere, but allow ¢, to change
discontinuously from €,; (z < 0) to .7 (z > 0). There is an associated change in refractive
index from n; to ny.

The incident wave will generally scatter of the boundary, giving rise to a reflected wave and
a transmitted wave. These must have the same frequency w as the incident wave if we are to
satisfy the boundary conditions for all times. We take the incident wavevector to lie in the
-y plane at an angle of incidence 07 to the z-direction:

k; = ky (cosOrx +sinfry) , (11.13)

where k; = w/vr and the wave speed vy = ¢/n; = c/\/ﬁ The electric field of the incident
wave is then '
Einc(t,x) = Ege’(krxeh), (11.14)

We similarly write the reflected wave as

Eref(t, x) = Egelknx—wt) (11.15)
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and the transmitted wave as
Etrans(ta X) = ETei(kT'x_wt) . (1116)

Note that w? = v%k% = v%k%. The magnetic fields follow from Eq. (11.7). Note, finally, that
the total electric field for x < 0 is given by the sum Ej,. + E,¢f, while the field for z > 0 is
Simply Etrans~

We need to apply the boundary conditions (11.9-11.12) at all points in the plane x = 0 and
for all times. The only way we can satisfy the boundary conditions is if all three phase factors
are equal for all points in the plane, i.e.,

ki x=kp-x=kpr-x=0 forx =0. (11.17)

It follows that the projections of all three wavevectors into the surface are equal, and so the
reflected and transmitted wavevectors also lie in the z-y plane. Writing

kr = k; (— cosOpx + sinORy) (11.18)
kp = kp (cosOpx + sinOpy) | (11.19)
we have
krsinfy = kysinfr = krsin 7. (11.20)
It follows that
0r =0gr, (11.21)

so that the angle of incidence equals the angle of reflection. If we further use w = vik; = vrkyp,
Eq. (11.20) implies that

sinf;  sinOr

or equivalently nrsinfr = nysinOr. (11.22)
vr T

This is the law of refraction, known as Snell’s law.

11.2 Fresnel equations

We now look at the amplitudes and phases of the reflected and transmitted waves. It is
simplest to consider separately the two possible linear polarizations of the incident wave: Ej
normal to the x-y plane and E; parallel to the z-y plane. The general case can be treated as
a linear combination of these.

11.2.1 Normal polarization

For normal polarization, the electric field of the incident wave is normal to the plane of
incidence spanned by k; and the normal to the surface. In our set-up, this means we take E; =
FErz for some complex amplitude Ej. The electric fields of the reflected and transmitted waves
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are necessarily also along z. Continuity of the perpendicular component of D is therefore

identically satisfied, while continuity of the parallel component of E requires!®

E;+ Ep=Er. (11.23)

The magnetic fields follow from Eq. (11.7); we have

E

B; = — (sin ;% — cos 0;y) (11.24)
Ur
Erp . .. X

Br = — (sinfx + cos0;y) (11.25)
Ur
Ep . .

Br = — (sinfrx — cosfry) , (11.26)
Ur

where we have used 0y = 6;. Continuity of the perpendicular component of B gives

E +E E
2t BR G0, = P singy (11.27)
V1 vr

but with Snell’s law this just reproduces E; + Er = Er. However, a new constraint
does arise from continuity of the parallel component of H (which, here, means the
parallel component of B is continuous since we are taking p, = 1):

@COSQI = &COSQT. (11.28)
Vr vt

Combining Eqs (11.27) and (11.28), and expressing the velocities in terms of the re-
fractive indices, we find

Er  nycosf; —nrcosbr

— = 11.29
E;r  npcosOp + npcosbr ( )
E 2 0
T NreosTr (11.30)
E;r nrcosfr + npcosOr
Note that ny cos 1 can be related to sin8; via Snell’s law:
nyp cosfp = \/n%—n%SmQ ;. (11.31)

The amplitude ratios (11.29) and (11.30) are plotted in Fig. 1 for n; = 1 and ny = 1.5,
corresponding to a wave incident from air onto glass.

I5Tf we retain components of the reflected and transmitted electric fields in the plane of incidence
in the calculation, we have two further non-trivial boundary conditions from continuity of n- D and
n x E. These can only be satisfied if the electric field components of both waves in the plane of
incidence vanish.
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Figure 1: Ratio Er/FE; (left) and Er/E; (right) as a function of the angle of incidence
0; for light with normal polarization incident on the plane boundary between media
with n; = 1 and nr = 1.5.

11.2.2 Parallel polarization

In the case of parallel polarization, the incident electric field is parallel to the plane of
incidence, so in our set-up lies in the x-y plane. The same will be true of the reflected
and transmitted electric fields, so we can can write

E; = E; (sinf;x — cos0;y) (11.32)
Er = Eg (sinf;x + cos0;y) (11.33)
ET = ET (sin QT)A( — COS QTS’) . (1134)

The magnetic field of the three waves are all along the z-direction, with

E E E
B, =—-—2, Bp=-—L2, Br=-—2. (11.35)
Vr Vr vr

Continuity of the perpendicular component of B is automatically satisfied, while con-
tinuity of the parallel component of H gives (recall, u, = 1 here)

E/+FE E
ZitBr_ Br (11.36)
Vr T
For the electric field, continuity of the parallel component of E gives
Ercosf; — Epcosp = Ercosfr, (11.37)
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Figure 2: Ratio Er/FE; (left) and Er/E; (right) as a function of the angle of incidence

6; for light with parallel polarization incident on the plane boundary between media
with n; = 1 and np = 1.5. Here, Brewster’s angle, where Eg = 0, is g = 56.3°.

while continuity of the perpendicular component of D requires

(E[ + ER) sin 9[ . ET sin 9T

2 = 2
vy vp

(11.38)

This latter equation is equivalent to Eq. (11.36) on using Snell’s law. Combining
Egs (11.36) and (11.37), we find the amplitude ratios

% _ N cos 0 — nycosbp (11.39)
E;  npcosOr + npcosb;
Er _ 2nycosbr (11.40)
E;  njpcosOr +npcosfy

The are plotted in Fig. 2 for n;y = 1 and ny = 1.5.

Note that for normal incidence (; = 0), the amplitude ratios for both normal and
parallel polarization reduce to

ER nr—nr

— = 11.41
E] ny + nr ( )
E 2

or_ i (11.42)

)
Er nr+nr

where the plus sign in Fr/E; is for normal polarization and the negative sign is for
parallel polarization.
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11.2.3 Brewster’s angle

It can be seen from Fig. 2 that for parallel polarization there is some value of 6; for
which there is no reflected wave and everything is transmitted. This is called Brewster’s
angle, 0. To determine fg, we note from Eq. (11.39) that Fr = 0 requires

ngcosl; = njycosOr. (11.43)
Combining this with Snell’s law, n;sin 8; = ny sin 67, we see that we must have
sin @y cos0; — sin @ cos Oy = 0 = sin 20; = sin 207, (11.44)

so that 0y + 07 = w/2. It follows that cosfr = sinf; and so, from Eq. (11.43), the
Brewster angle is given by

tanfg = nr/n; . (11.45)

As an example, for the transmission from air to glass (ny ~ 1.5), the Brewster angle
is O ~ 56.3°.

There is no such angle for which the reflected wave vanishes in the case of normal
polarization!®. If unpolarized radiation (i.e., an incoherent mix of normal and parallel
polarization) is incident at the Brewster angle, the reflected radiation will be linearly
polarized with its electric field normal to the plane of incidence.

There is a simple physical way to understand the condition 6; 4+ 67 = 7/2 required for
no reflection. Consider an incident wave in vacuum. The reflected wave is really the
radiation produced by the oscillating electric dipole moments induced in the transmit-
ting material by the incident wave. Each molecule produces electric dipole radiation
as an outgoing spherical wave with its characteristic angular distribution. However,
when we combine coherently the radiation from the very large number of dipoles, the
spherical waves only constructively interfere along a direction at angle 6; to the normal
and so give a plane wave propagating in the vacuum region at angle 6;. (The transmit-
ted wave is the superposition of the radiation field and the field of the incident wave.)
For electric dipole radiation, we have seen that there is no radiation along the axis of
the dipole, which, for parallel polarization, is in the plane of incidence and normal to
the direction of the transmitted wavevector kr. It follows that if ; + 07 = 7/2, the
direction along which the dipole radiation constructively interferes is the same as the
axis of the dipoles and so there is no reflected wave.

16To see this, note from Eq. (11.29) that Er = 0 would require ny cos; = ny cosfr. Combining
with Snell’s law gives tan #; = tan 67 so that there can be no reflection only if 8; = 6. This is only
possible if the refractive indices of the two materials are the same, in which case the lack of reflection
is trivial.
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11.2.4 Total internal reflection

Consider the case where n; > np, so Op > 0 by Snell’s law. For sinf; > nr/n;, we
have sin f7 > 1. How should we interpret this?

To do so, note that

kr = kpaX + kryy

w2nd 1/2
- ( 2 kf?;,) X+ kryy (Snell’s law)

=¥ (n} — njsin® 91)1/2)2 + gn; sinfy . (11.46)
c c

The x component is imaginary for sin6; > nr/ny, i.e., 0y > 0c where the critical angle
of incidence satisfies

sinfc =nr/n;. (11.47)

In this case, let us write

f\/nZT — n?sin?0; = ik, (11.48)
c
where k is real and positive. Then

ei(kT-x—wt) _ eqinacei(wnj sin07y/c—wt) 7 (1]_49)

where we should choose —k to ensure the solution remains regular as * — oo for a
semi-infinite transmitting medium. This solution describes wave propagation along the
surface, but exponential decay into the medium for 6; > 6-. Such a wave is known as
an evanescent wave.

The situation with 6; > 6¢ is called total internal reflection since all the energy in the
incident wave is reflected in this case. To see this, we return to Eqs (11.29) and (11.39)
for the ratio Er/E;. These expressions still hold in the case 0; > 6¢, but we should
make the replacement

wny cosOr/c = kr, = ik (11.50)

It is straightforward then to show that |Eg|?> = |E;|? so that the time-averaged energy
flux of the incident wave equals that of the reflected wave. One can also show that the
evanescent wave inside the medium only transports energy parallel to the surface on
average; there is no flow into the medium.

Total internal reflection has many physical applications: it dictates the geometry in
which we should cut diamonds to maximise their “sparkle”, and is the reason that we
can channel electromagnetic signals in a flexible way through optical fibres.
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12 Dispersion

In the discussion above, we assumed that €, and p, were constants. However, in the
presence of time-dependent fields, the amplitude and phase of the induced polarisation
P and magnetisation M will generally depend on the frequency. This gives rise to
frequency-dependent ¢,(w) and p,.(w), a phenomenon known as dispersion. In this
section, we shall see how this frequency dependence can arise with our simple toy
model for atomic polarisability, and then explore some of the consequences of this
frequency dependence on wave propagation.

12.1 Atomic polarisability revisited: a simple model for €. (w)

Earlier, we considered a simple model for atomic polarisability by thinking about how
a rigid electron cloud displaced relative to the nucleus in the presence of a constant
applied electric field. If the cloud has charge —¢q, and is displaced by d relative to the
nucleus, the restoring force on it is

2

q 2
Fres ore — d=— d. 12.1
‘ 4mega’ M ( )

In the second equality, we have written this restoring force in terms of the reduced
mass of the nucleus-cloud system (very nearly the mass of the cloud since electrons are
much lighter than neutrons and protons) and the natural oscillation frequency wy.

Now that we are considering the time-dependent response of the atom, we should
include a phenomenological damping force

F damping = —ymd (12.2)

where v is some constant with dimensions of frequency. This term is included to allow
the oscillating atoms to absorb energy, for example to mimic quantum excitation of
the electrons in the atom. If we now apply a time-dependent electric field E(t) to the
atom, the equation of motion for d is

d=-LE@t) - w?d—~d. (12.3)
m
Here, we have assumed that the applied electric field varies slowly in space compared
to the atomic scale, in which case the electric field E(t) can be evaluated at some fixed
location within the atom. In this case, Eq. (12.3) becomes the equation of motion of a
damped harmonic oscillator.

We consider an applied field of the form E(t) = Eqe™ ! (again, it is left implicit that we
take the real part), and look for solutions of the form d(¢) = doe™™*. This steady-state
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solution is
E 1
dy = - L0 (12.4)

2 2 _ iy
m wj — w* —yw

so that the atomic polarisability p = aE, with p = —qd, is

2
o= — qém, . (12.5)
wi — w? —iyw

Note that this is frequency dependent and, generally, complex. The latter means that
the electric dipole moment need not oscillate in phase with the applied electric field.
As w — 0, we recover the earlier result (9.2) for the polarizability in static fields noting
that mwi = ¢*/(4mega®).

If the atoms have number density n, the macroscopic polarization is approximately
P = np = naE. Since P = ¢y(e, — 1)E, we have a frequency-dependent, complex

relative permittivity

ng?

2 _

r =1 . .
er(w) * mep(wg — w? — iyw)

(12.6)

Although this classical toy model for atomic polarizability is clearly over-simplified, it
does capture the basic physics of dispersion.

Normal dispersion and anomalous dispersion

It is generally the case that v < wy, so that the dimensionless quality factor of the
oscillator () = wy /7y is large. In this case, the imaginary part of €,(w) is small compared
to the real part except for frequencies in the vicinity of wy. For w < wy, the real part
of €,(w) is greater than unity, while for w > wy it is less than one. At the resonant
frequency wy, €,(w) is pure imaginary. This behaviour is illustrated in Fig. 3.

Except in the vicinity of wy, the real part of €,(w) is an increasing function of frequency.
Such behaviour is known as normal dispersion. Near the resonance, where the imag-
inary part of €,(w) becomes appreciable, the real part decreases with frequency; this
is referred to as anomalous dispersion. We shall see in the next section that for such
frequencies there is significant attenuation of waves as the electromagnetic energy in
the wave is dissipated in the medium. This arises since the bound current 0P /0t is
almost in phase with the electric field near the resonance.

12.2 Electromagnetic waves in dispersive media

We now explore some of the key differences between propagation of electromagnetic
waves in dispersive and non-dispersive media.
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Figure 3: Real part of €.(w) — 1 (left) and imaginary part (right) for wy = 1,
nq?/(meyw?) = 1 and quality factor Q = wy/vy = 10.

We look for plane-wave solutions of Maxwell’s equations at (real) frequency w. It is
generally a good approximation to take u, = 1, but we shall allow for a frequency-
dependent ¢,(w). Specifically, we have

E(t,x) = Eg(w)e!kx— (12.7)
D(t,x) = egey (w)Eq(w)e' kx| (12.8)
and for the magnetic field
B(t,x) = By(w)e!kx—t (12.9)
H(t,x) iBo(w)ei(k'x”“ | (12.10)

We assume there are no free charges or currents present, so two of Maxwell’s equations
are

V-D=0 = er(w)k - Eg(w) =0 (12.11)
V.B=0 = k- By(w) =0. (12.12)

Provided that'” ¢,(w) # 0, these equations imply that the electric and magnetic fields
are transverse to the wavevector k. The other Maxwell equations are

V xE= —%—]? = k x Eg(w) = wBp(w) (12.13)
V xH= %_1;) = k x By(w) = —er((;)wEo(a}). (12.14)
C

I"We shall meet an example where this condition does not hold in Sec. 13, where we consider wave
propagation in conductors.
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Taking the cross-product of the latter equation with k, and using k - Bo(w) = 0, we
find the dispersion relation
k? = e, (w)w?. (12.15)

As €.(w) is generally complex, the wavevector will be also.

We already met the idea of a wavevector with complex components in our discussion
of total internal reflection in Sec. 11.2.4, where we saw that it corresponds to a decay
of the amplitude of the wave in space. (Note, however, that there k? was still real.) If
we consider a wave propagating in the z-direction, so that k = kz for complex k, we
have

c(ky + iko) = (€1 +i€,2) Pw, (12.16)

where k; and ko are the real and imaginary parts, respectively, of k£, and similarly for
€1 and €,9. The resulting wave is given by the real part of

E(t,x) = Eg(w)e r2#eilk1z—wt) (12.17)
This is decaying along the positive z-direction if ko > 0.

Finally, we note a further consequence of an imaginary component of €,.(w): we see
from wBg(w) = k X Eg(w) that there is a phase shift between the oscillations of the
electric and magnetic fields for complex k.

12.2.1 Phase and group velocity

We have seen that for a wave of frequency w, a point of constant phase, such as a zero
of the oscillations, has k1z — wt = const., where k; is the real part of the wavevector.
The speed of such a point of constant phase defines the phase velocity,

vp =w/ky . (12.18)

In a dispersive medium, v, will generally depend on frequency. This means that re-
fraction will also be frequency dependent, allowing a prism to split white light into its
constituent colours. A further consequence of a frequency-dependent v, comes from
considering localised wave pulses or packets. These can be formed by superposing
waves with a range of frequencies. Since the individual frequency components prop-
agate at different (phase) velocities, the shape of the pulse will typically change as it
propagates (see below).

An important property of a wavepacket is the speed at which the peak of the envelope,
where the energy is concentrated, moves. A typical situation is to superpose waves
with a range of frequencies centred around some central frequency. To simplify our
discussion a little, we shall ignore the imaginary part of €.(w) so that the wavevector is
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real. If we invert the dispersion relation to view w as a function of k, we can consider
a wavepacket of the form

E(t,2) =R / \/ﬁ Jeithz—w®b) (12.19)

where Eq(k) is sharply peaked about some central wavenumber ky. As a concrete
example, consider Eg(k) o< exp[—(k — ko)?/(20?%)]. At t = 0, the wavepacket is simply
the real part of the Fourier transform of Ey(k), and so

E(t =0,2) o cos(koz)e > /% (12.20)

For the typical case of 0 < ky, this is a wide Gaussian modulation of a rapid oscillation
at wavenumber ky. Now consider what happens at later times. For a sharply-peaked
Eo(k), we can expand the dispersion relation w(k) about kg, so the exponent

dw
dk |,
= [koz — w(ko)t] + (k — ko)[z — vg(ko)t] + e, (12.21)

kz —w(k)t =kz — w(ko)t — (k — ko) —

where we have introduced the group velocity
Vg = dw/dk . (12.22)
If we retain just these first two terms, the field at time ¢ is
E(t, z) o cos[ko(z — vp(kzo)t)]6_[Z_”g(k°)ﬂ2"2/2 : (12.23)

We see that the oscillation propagates at the phase velocity v, (ko), while the modula-
tion propagates at the group velocity vg(ko). If the medium is non-dispersive, these two
velocities are equal (and independent of ky). Moreover, in this case the expansion in
Eq. (12.21) truncates at the order shown, and the wavepacket simply translates along
at speed v, = v, without changing its shape. In contrast, for a dispersive medium
vp # vy and the oscillation will propagate at a different speed to the wavepacket mod-
ulation. Furthermore, inclusion of higher-order terms in the expansion in Eq. (12.21)
will generally lead to a change in shape of the modulation as the wavepacket propagates
(see Examples 3).

In a dispersive medium, the refractive index is frequency dependent,
n(w) = ¢/vp(w) . (12.24)

We can use this to relate the group and phase velocities (again ignoring any imaginary
part of the wavenumber):

vy dw dw

=—+——. (12.25)

v

1 dk d (nw) 1 wdn

c ¢ dw

p
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In regions of normal dispersion, dn/dw > 0 and v, < wv,; for anomalous dispersion,
dn/dw < 0 and vy > v,,.

In some situations, the phase velocity can exceed the speed of light in vacuum. An
example of this occurs for the simple model of Eq. (12.6) for w > wp. In this limit,

ng>

W)~ 1— . 12.26
) 1 - (12.20
Assuming that w? > ng?/(meo), the wavevector is approximately real with
21.2 s ng
okt =wt - —. (12.27)
meg
It follows that the phase velocity
c
vp(w) = (12.28)

\/1 — ng?/(megw?) 7

which is greater than ¢. This should not cause alarm — a single-frequency wave extends
throughout all of space and cannot be used to communicate any information. To do so
requires sending a wave pulse, the peak of which will propagate at the group velocity.
Here, vg(w)v,(w) = ¢2, so the group velocity is indeed less than c.

12.3 Causality and the Kramers—Kronig relations

A further consequence of the frequency dependence of €.(w) is a non-locality in time
of the connection between D(¢,x) and E(¢,x). To see this, consider writing a general
D(¢,x) in terms of its Fourier transform in time:

D(t,x) = —— D(w,x)e ™", (12.29)

where D(w, x) is the Fourier transform of the real field D(¢, x) and so satisfies D*(w, x) =
D(—w, x). We have seen that for oscillations at frequency w, the field D and E at each
point in space are related by a factor ege,(w); it follows that

* dw

—oo V2T

where E(w, x) is the Fourier transform of E(¢,x). Note that in extending to negative
w, we must have €(w) = ¢,(—w) from reality of D and E. In writing Eq. (12.30) in
terms of €.(w) — 1, we have isolated the contribution to D from the polarization in

D(t,x) = ¢E(t,x) + € [6,(w) — 1E(w, x)e™™" (12.30)
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the material in the second term on the right-hand side. It is this term that can be
non-local in time. If we express E(w,x) as a Fourier integral, we find

& dw dt, . ’
D(t,x) = ¢E(t,x +e/ — e (w) — 1 E(t', x)e )
(1) =Bt e | i) <1 [ ZoB(Ex)
= eE(t,x) + 60/ dt' G(t —t"E(t', x), (12.31)
where we have introduced the response function,
< dw —iwt
G(t) = — [ (w) — 1]e™™". (12.32)
o 2T

Note that this is simply the Fourier transform of €,(w) — 1. If €,(w) is independent of
frequency, G(t) o 0(t) and the connection between D and E is local in time. However,
a frequency dependence of €,(w) will introduce some non-locality.

FEzxample: response function for the simple model of atomic polarisability. For the model in

Sec. 12.1, we have

ng>
e(w)—1= T . (12.33)
meo(wi — w? — iyw)

Considered as a function in the complex plane, this has simple poles at w4 where
wi = £(wd — 2/ —iy/2. (12.34)

Note that these are both in the lower half plane. It follows that

2 00 —iwt
ngq dw e
S - ) 12.
G(t) mep /_OO 21 (w—wi)(w —w-) (12.35)

We can evaluate this integral by contour integration. For ¢ < 0, we can close the contour
in the upper half-plane since e~ then tends to zero exponentially fast with radius R along
the semi-circle |w| = R. As there are no poles in the upper half-plane, we see that G(¢t) = 0
for t < 0. For t > 0, we must close the contour in the lower half-plane, in which case we pick
up a contribution to the integral from the two poles. Summing the residues, we find

na?
G(t) = 3 2/46_"’t/2 sin <\/w§ —~2/4 t> o(t), (12.36)

mepy/wi — Y

where O(¢) is the Heaviside function that ensures G(t) = 0 for ¢ < 0. This is an oscillation at
the natural (damped) frequency of the oscillator with a decay of characteristic time 1/~. The
decay time is typically much longer than the oscillation period since v < wp. This means
that the non-locality of the response between D and E is confined to time differences of the
order of 1/+. In a physical (i.e., quantum) model,  is related to the frequency width of the
spectral lines emitted by the atom in an excited state, and 1/ ~ 1078s.
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In the above example, the response function vanishes for t < 0. This is essential for a
causal response: the polarisation of the medium at time ¢ cannot depend on the electric
field at later times. If we consider evaluating Eq. (12.32) by contour integration (as we
did in the example above), for ¢ < 0 we can close the contour in the upper half-plane. If
the response function is to vanish, so must the contour integral and hence the contour
must not enclose any poles of the integrand. We see that, considered as a function
in the complex plane, €,.(w) must be analytic in the upper half-plane for the response
function to be causal.

12.3.1 Kramers—Kronig relations

The fact that €,.(w) is analytic in the upper half-plane can be used to relate the real
and imaginary parts along the real axis. Consider the following principal-value integral
along the real axis:

I(w) = 79/00 ) =1 0 (12.37)

/
oo W —w

Taking the principal value'® is necessary since the integrand has a pole at ' = w.
We can evaluate I(w) by contour integration by considering a closed contour that runs
along the real axis from w’ = —oo, makes a diversion around the pole on the axis at
w' = w by following clockwise a semi-circle of radius ¢ (we shall ultimately consider
the limit 6 — 0) centred on w’ = w, and is completed by a semi-circle at infinity
in the upper half-plane. Since the integrand has no poles within this contour, the
total integral is zero. Assuming that e,.(w') — 1 vanishes as || — oo, there is no
contribution from the large semi-circular path in the upper half-plane. It follows that
I(w) + I;(w) = 0, where [1(w) is the contribution from the small semi-circular contour
about w’ = w. This can be evaluated by writing w’ — w = de’?, so that

O le, (w+ 6e) — 1]

I (w) = lim S i0e'?dy
- ™
= —inle,(w) — 1], (12.38)
which gives
1 o =1
er(w) =1+ ,—73/ [ET(C:)—)] dw'. (12.39)
T ) e W —w

18Recall that the principal value is the limit

P ) = (/;5f<w’>dw'+ /wiﬂw')dw'),

when the integrand f(w’) has a single pole at w’ = w.
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Finally, taking the real and imaginary parts gives

\ser W)

Re,(w) = 1 + 73/

e, (w 7?/ %ET/ “ Yo (12.41)
w —w

— (12.40)

These are the Kramers—Kronig relations. They are of very general validity, following
from causality of the response function alone. Note how they provide a link between
the real and imaginary parts of €.(w). This is of practical interest since, for example,
if one can measure the imaginary part of €,(w) by studying absorption as a function
of frequency (recall that the imaginary part of €,.(w) is associated with absorption of
radiation by the material since it describes oscillations of the macroscopic polarisation
that are in phase quadrature with the applied electric field), one can infer the real part
of €.(w).

The Kramers—Kronig relations are sometimes written in an alternative form that in-
volves only positive frequencies. Using the symmetry €(w) = €,(—w) for real w, we
deduce that along the real axis Re,(w) is an even function and Je,(w) is odd. With
this property, Eqs (12.40) and (12.41) can be rewritten as

W' e, (w ,

Re, (w) =1+ 73/ 22 d (12.42)
Re, (W) =1

e, (w) = — - 77/0 Tuﬂdw : (12.43)

13 Electromagnetic waves in conductors

So far, we have discussed the propagation of electromagnetic waves in insulating ma-
terials. We now consider the case of conductors where there can be free currents (and
charges) due to the mobile electrons. We begin in Sec. 13.1 with a simple dynami-
cal model — the Drude model — for the conductivity of a metal, before discussing in
Sec. 13.2 the consequences of this model for wave propagation in conductors.

13.1 Drude model

In a metal, the outermost electrons of the constituent atoms form a delocalised “sea”
of mobile electrons surrounding a lattice of ions (nuclei plus tightly-bound inner elec-
trons). These electrons move in all directions and have a range of energies up to what
is called the Fermi energy (typically a few eV), since the Pauli exclusion principle
forbids them from all occupying the same quantum state. The Fermi energy is much
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larger than the typical energy of thermal excitations, O(kgT) ~ 25meV at tempera-
ture T'= 300 K. A given electron has its velocity randomised by “collisions”. A proper
quantum treatment shows that such collisions occur due to anything that destroys the
perfect periodicity of the ionic lattice; this includes thermal vibrations of the lattice,
defects or impurities, and even the finite extent of the sample. Here, we denote the
mean time between collisions (often simply called the scattering time) by 7. For ref-
erence, in a metal like copper 7 ~ 107'*s. The mean distance that an electron moves
between collisions is called the mean-free path. Taking the speed that corresponds to
the Fermi energy, this gives typical velocities of 10 ms™!, and so mean-free paths of

O(107%) m.

In the absence of an applied field, the average electron velocity at a point (i.e., averaged
over all electrons present at that point) is zero and so is the free current. However,
if we apply an electric field, the mobile electrons will be accelerated by the field and
there will be a collective change in their velocity with time. This gives a non-zero
average electron velocity and hence free current. The dynamics of the average electron
velocity arises from the competition between acceleration from the applied field and
collisions that tend to return the average velocity to zero. The Drude model'® is a
classical description of the non-relativistic average electron velocity v. In a uniform
electric field E(t), it models the dynamics of v with

mefl_‘t, = —cE — m; : (13.1)
where m, is the electron mass and —e is the charge. The first force on the right-hand
side is the Lorentz force from the electric field (we can generally ignore the magnetic
field). The second term on the right of Eq. (13.1) is a phenomenological drag force

that describes the effect of collisions.

Equation (13.1) assumes a uniform field, but is actually applicable also for spatially-
varying fields that vary slowly compared to the electron mean-free path. This is because
at any point in space, the electrons there have typically travelled one mean-free path
since their last collision (at which the direction of their velocity was randomised). The
average electron velocity at a point is therefore determined by the integrated effect of
the electric field at earlier times of order 7, and throughout a region of space with size
of the order of the mean-free path.

Consider applying an oscillating electric field E(t) = R[E(w)e™™!] with wavelength
large compared to the electron mean-free path. We look for a solution of Eq. (13.1) for
the average velocity of the form v(t) = R[v(w)e ™|, which requires

v(w) (1 - z'w) — — “E). (13.2)

T me

9The model was proposed in 1900 by Drude. This was before the invention of quantum theory so
he (wrongly!) envisaged collisions as arising from the mobile electrons Coulomb scattering off static
charged ions.
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The macroscopic free current at any point is
Jfree<t7 X) = _enev(ta X) ) (133)

where n, is the number density of the mobile electrons. It follows that the current also
oscillates as J = R[J(w)e ], with

Jw) =T 1 ) (13.4)

me 1 —iwt

This is just Ohm’s law, but with a frequency-dependent optical conductivity

IDC
= 13.5
olw) = 2, (13.5)
where the DC conductivity is
neer
opCc = (136)

(&
Only when the frequency is small compared to the scattering rate, i.e., wr < 1, do we
recover the DC conductivity.

Note that the optical conductivity is generally complex, with

ODC OopCcwT
%O’(W):m, and %O’(W):m

(13.7)

Since J(w) = o(w)E(w), the real part of the optical conductivity generates current in
phase with the applied field. This implies energy dissipation, with work being done on
the mobile electrons by the oscillating electric field. However, this does not increase the
energy of the electrons; rather the energy is transferred to vibrations of the ions through
collisions. For w7 > 1, the optical conductivity is purely imaginary and independent
of the scattering time 7 (recall that opc o< 7). Here, the oscillations are so rapid that
collisions are irrelevant and the mobile electrons respond to the electric field as if they
were completely free electrons.

13.2 Propagation of waves in conductors

We now consider the propagation of electromagnetic waves in conductors. We account
for both the dielectric response of the lattice of ions, through a frequency-dependent
permittivity €,(w), and the macroscopic free current and charge density from the mobile
electrons. We ignore any magnetic response (so take p, = 1).

We look for plane-wave solutions of the familiar form

E(t,x) = Eg(w)e!kx— (13.8)
B(t,x) = Bg(w)e'k*+1) (13.9)
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The electric displacement is

D(t,x) = ege, (w)Eq(w)e®x—t) (13.10)
and the free current .

Jree(t, X) = 0(w)Eq(w)e! kx| (13.11)

The continuity equation for the free current, Oppee/0t + V - Jee = 0, generally implies
that there will be non-zero free charge density with

Pivee(t, X) = G Eo(w)e!kx«t) (13.12)
w

Note that pgee vanishes if the electric field is transverse, k - Eq(w) = 0.

The Maxwell equation V - D = pge. gives

(EOET(w) +¢"E:")) k- Eg(w) =0, (13.13)
and V - B = 0 gives
° k- By(w) = 0. (13.14)

We see that the magnetic field is always transverse and, generally, the electric field is
also. The exception is if €€, (w) + io(w)/w = 0 for some frequency w; we shall discuss
this case separately in Sec. 13.2.3.

The remaining Maxwell equations are V X H = Jgeo + 0D /0t, which implies that

k x Bo(w) = —— (er(w) + z’a(“’>> Eo(w), (13.15)

c2 0,
and V x E = —0B/0t, which gives
k x Ey(w) = wBy(w) . (13.16)

These equations have exactly the same form as those we met in Sec. 12.2, when dis-
cussing electromagnetic waves in dispersive media, provided that we replace €, (w) with
an effective permittivity:

6(w) = €M(w) = 6. (w) + ia(w)

(13.17)

€ow

Here, the first term in €f(w) arises from the dielectric properties of the ions, while the

second term arises from the free currents. We can use all of our previous results; in
particular, the dispersion relation is

Ak? = M (w)w?. (13.18)

r

We now explore the consequences of this dispersion relation taking the conductivity to
be described by the Drude form (13.5).
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13.2.1 Low-frequency behaviour

If we write €,(w) in terms of its real and imaginary parts, €,(w) = €,.1(w) + i€, 2(w), we
have
off i opC

e (w) = €1 (w) + i€ 2(w) + ol i

(13.19)

For wr < 1, the optical conductivity o(w) ~ opc. Moreover, for the simple model
of €, (w) in Eq. (12.6), €.1 > €, 2 except near the resonance at wg, and €, tends to a
constant as w — 0. It follows that at sufficiently low frequencies,

off .0DC
~— . 13.20
) i 72 (13.20

At such low frequencies, it is the mobile electrons that totally dominate the electro-
magnetic properties of the conductor.

Taking the wavevector k = kz for complex k = k; + ik, we have, from Eq. (13.18),

ko + iky = /%(1 i) (13.21)

For propagation along the positive z-direction we should select the positive root, in
which case

E(t,x) = Eg(w)e*/%ei/0=w (13.22)

2
N o (13.23)

We see that we have a propagating wave, but with amplitude that decays along the
propagation direction over a characteristic length given by the skin depth. Note that
0 decreases with increasing frequency so that higher frequency electromagnetic fields
are more confined to the surfaces of conductors. The amplitude of the wave decays as
energy is dissipated by the free current, which oscillates in phase with the electric field.

where the skin-depth

o

We can find the magnetic field from k x Eg(w) = wBg(w), so that

Bo(w) = e™/* [F275C 5 « By(w). (13.24)
w

The magnetic field is 7/4 out of phase with the electric field, and the amplitude of
the magnetic field can be much larger than the electric field in good conductors at low
frequency.
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13.2.2 High-frequency behaviour

We now consider high frequencies, wr > 1. In this limit, collisions play no role and
o(w) = iopc/(wT), which is independent of 7. We shall also assume that w > wy so
that ¢,(w) ~ 1. It follows that

eﬂ%]_— 0DC

€ow3T

w2

=1-2 (13.25)

9
(.U2

where we have introduced the plasma frequency

2
Ne€
w2

p

) 13.26
p— ( )
In a typical metal, w, ~ 10'rads™'. There is qualitatively different behaviour for
W > w, or w < Wy, as follows.

e w > w,: in this case, ef(w) > 0 and the wavenumber k is real. We have simple

wave propagation in the conductor with no dissipation (because Jge. and E are
out of phase). This shows that metals are partially transparent above their
plasma frequency. The waves are dispersive, with dispersion relation

K =w? —wl. (13.27)

The phase velocity is superluminal:

c

Up(w) = ——, (13.28)
/1 —w2/w?

but the group velocity is less than the speed of light since vy(w) = ¢ /v, (w).

e w < w, in this limit?°, ¢f(w) < 0 and the wavenumber k is purely imaginary.
We therefore have an evanescent wave: wave propagation in a conductor is not
possible below the plasma frequency (but above the collision rate). In this case,
all of the energy of an electromagnetic wave that is incident on a conductor will
be reflected.

Since the plasma frequency typically corresponds to ultraviolet radiation, optical light
has frequency below the plasma frequency and is strongly reflected from conductors.
This is why metals are shiny.

20Given our assumptions that w7 >> 1 and w > wy, this requires wp > max (771, wp). The condition

on the collision rate is generally met, since 7! ~ 10 s~!, but for /iwy of the order of atomic transition
energies the condition on wy is not so obviously met.
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13.2.3 Plasma oscillations

We now return to Eq. (13.13), which we can rewrite as
coeT(wW)k - Eg(w) = 0. (13.29)

As noted earlier, if €f(w) vanishes for some w, there are solutions with k - Eg(w) # 0.
Moreover, in this case, Eqs (13.14) and (13.15) give k- By(w) = 0 and k x By(w) =0,
which imply that the magnetic field vanishes. Equation (13.16) further tells us that
k x Eg(w) = 0, so we have a new solution that is a longitudinal wave with k parallel
to E.

We can find oscillatory solutions of this form by considering the high-frequency limit
of ¢f(w) in Eq. (13.25). This vanishes if w = w,, giving solutions

E(t,x) = Eqg(w,)ekxwrt) (13.30)

with k x Eg(w) = 0. Since these solutions are longitudinal waves, the charge density
is non-zero and also oscillates at wy:

Prree(t, X) = t€0k - Eg(w eilkex—wpt) , 13.31
P

where we have approximated €,(w,) ~ 1. Note that the wavevector k is arbitrary, so,
more generally, we have

E(t,x) = —Vo(x)e “rt (13.32)

for some potential ¢. The spatial profile of the free charge density is controlled by V2¢
and is arbitrary. These oscillations are called plasma oscillations.
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A Review of special relativity

This appendix recaps the main ideas of special relativity and reviews the streamlined
tensor notation that was introduced in IB Electromagnetism and is used throughout
this course. Note that the metric signature adopted here is mostly positive, i.e., the
Minkowki metric 7, = diag(—1, +1,+1,+1).

Special relativity is based on the following two postulates:

e The laws of physics are the same in all inertial frames?!.

e Light signals in vacuum propagate rectilinearly and with the same speed c in all
inertial frames.

The first postulate means that any equation of physics must take the same form when
written in terms of spacetime coordinates in different inertial frames.

A.1 Lorentz transformations

The consequence of these two postulates is that for two inertial frames, S and S’, with
spatial axes aligned and with S’ moving at speed v = ¢ along the positive xz-axis of S
and with origins coincident at ¢ = ¢ = 0, the spacetime coordinates of any event are
related by the (standard) Lorentz transformation:

ct' = ~y(ct — Bzx)
r' = ~(x — Bet)

2=z, (A1)

where v = (1 — 32)~Y2. The transformation for a general relative velocity v, with
axes still aligned, can be obtained by first co-rotating the spatial axes of S and S’ so
that the relative motion is along the z-axis, performing the above transformation, and
then back-rotating. Such Lorentz transformations are called Lorentz boosts and they

nertial frames are frames of reference in which a freely-moving particle (i.e., one subject to no
external forces) proceeds at constant velocity in accordance with Newton’s first law. A frame of
reference can be thought of as a set of test particles, all at rest with respect to each other, and each
equipped with a synchronised clock. Laying the test particles out on a Cartesian grid and assigning
spatial coordinates, spacetime coordinates can be assigned to any event in spacetime by the spatial
coordinates of the test particle on whose wordline the event occurs, and by the time on the test
particle’s clock at the event.

92



contain no additional relative (spatial) rotation between the two frames. Note that the
Lorentz transformation of Eq. (A.1) reduces to a Galilean transformation for § < 1.

By construction, Lorentz transformations preserve the spacetime interval between two
events, i.e.,

(AX')? — (cAt)? = (Ax)? — (cAt)>. (A.2)

If we write the spacetime coordinates as = = (ct,x;), with p = 0 labelling the time
component, and u = ¢ = 1,2,3 labelling the space components, we can write the
invariant interval for infinitesimal separations in the form

ds® = n,,da"dz" . (A.3)

Here, n,, = diag(—1,1,1,1) is the Minkowski metric and we have introduced the
summation convention that repeated spacetime (Greek) indices, with one upper and
one lower, are summed over.

More generally, we define homogeneous Lorentz transformations to be transformations
from one system of spacetime coordinates x* to another z'*, with

=AY (A4)
such that
B\l s = s (A5)

Equivalently, we can write this in matrix form as ATpA = 1. Such transformations
leave 1), da*dx” invariant since

Nuwdx™dz’” = 1, A" AN 5 dz®dz”
—_— ——
Nap

= Napdrda” . (A.6)

Note that when we sum over repeated indices, the exact symbol we assign to the
“dummy” index is irrelevant. For the standard transformation of Eq. (A.1), we have

v =B 00
—~ 00

Ay = gﬁ g 10 (A7)
0 0 01

Homogeneous Lorentz transformations form a group. Closure in ensured since, for a
composition of two transformations represented by the matrix product A; A5, we have

(AlAg)T’r](AlAg) = AgA?nAlAQ
= A3nA,
=n. (A.8)
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Clearly, the set of homogeneous Lorentz transformations contains the identity, A*, =
6%, and every element is invertible*? since ATpA = n implies that det(A)? = 1. We
shall be most interested in the subgroup of restricted homogeneous Lorentz transfor-
mations. These are transformations that are continuously connected to the identity,
i.e., any element can be taken to the identity by smooth variation of its parameters.
In particular, restricted Lorentz transformations have det(A) = +1 and?® A% > 1.
Physically, they correspond to transformations between inertial frames that exclude

space inversion or time reversal.

Since 7),,, is symmetric, Eq. (A.5) puts 10 independent constraints on the 16 indepen-
dent components of A¥,. It follows that a general homogeneous Lorentz transformation
is described by 16 — 10 = 6 parameters. Three of these encode the relative velocity of
the two frames (i.e., the boost part) and three any additional spatial rotation.

The invariant interval As? = 1, Az*z” between two events allows us to classify all
spacetime events in relation to some given event as being either spacelike separated
(As? > 0), timelike (As? < 0) or null (lightlike, with As* = 0). At any event, the set
of null-separated events defines the light cone. Light rays emitted from some event and
propagating in vacuum have worldlines that lie on the lightcone of the emission event.
Massive particles follow worldlines for which the tangent vector is timelike (i.e., has
negative norm) and at any event a massive particle will be moving within the lightcone
in spacetime. For timelike- and null-separated events, the temporal ordering of the
events (i.e., the sign of At) is Lorentz invariant so we can speak of the future and past
light cone. This is not the case for spacelike-separated events.

A.2 4-vectors

In Newtonian physics, it is very convenient to write our equations in terms of 3D vectors
(or tensors) to make manifest their transformation properties under spatial rotations.
We now generalise this idea to spacetime 4-vectors and tensors. By expressing our
equations in terms of such objects, we can be sure that we are writing down equations
that are form invariant under Lorentz transformations and hence satisfy the postulates
of special relativity.

22The inverse of a Lorentz transformation is also a Lorentz transformation since multiplying
ATnA = n on the left with (AT)~! and on the right with A~! implies that (A=1)TnA~1 = n.
Physically, this makes sense since the inverse transforms back from z'# to x*.

ZNote that the 00 element of Eq. (A.5) gives

100 = Moo(A%)? + Z nii(A%o)?

S (M%) =14 Y (M) > 1.
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We define a 4-vector to be an object A" that transforms like the displacement daz*
under Lorentz transformations, i.e.,

AF — AP, AV for ot — o't = AF v (A.9)

It follows that 7, A* A" is invariant, defining a Lorentz-invariant norm. More generally,
we can define a Lorentz-invariant scalar product between two 4-vectors, A* and B* as
N A B .

We should properly call A* a contravariant 4-vector to distinguish it from a covariant
4-vector. To motivate the introduction of the latter, consider the transformation of the
differential operator 0/dx*: the chain rule gives

0 oz¥ 0

o' Oz oz (A.10)
Since P
¥ Ox' 5
D Dar —(5p, (A.11)
AH

it follows that 9z /0a"* = (A1), where the right-hand side is the matrix representing
the inverse transformation. The Lorentz transformation law for partial derivatives is

therefore 9 9
dxin (A_I)V“&E” '
Note the distinction to the transformation law for a contravariant 4-vector. It is con-
venient to define the quantities

(A.12)

A = (AT (A.13)

B

we then define covariant 4-vectors, A,, to be objects that transform under Lorentz
transformations as

AL =AA, . (A.14)
Note the consistent index placement on both sides of all equations.
We can express A,” in terms of A*, and the Minkowski metric directly by noting that
AfnpA=n = A '=n"'ATy, (A.15)
or, in terms of components,

A#l/ — (A—l)u# — anATp'r]Tu
= nuTanATp ) (A16)

where we have written the components of the inverse of the metric as n*¥. Numerically,
the components n* and 7, are the same, and

0N = 0y, - (A.17)
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The contraction of a contravariant vector A, and a covariant vector B* is Lorentz
invariant since

ALB™ = N, AN BT
— (A"Y) A" A, BT
= YA, BT
— A,B". (A.18)

Every contravariant vector can be mapped with the Minkowski metric into an associ-
ated covariant vector and vice versa. For example, we can write

Ay =AY, A=A, (A.19)

Explicitly, this means that Ay = —A" and A; = A’. We can easily check that 1, A" is
a covariant vector by considering its transformation law:

A;L — nuuAll/
- anAVTAT
= anAl/TnTP Ap
—_————
AP
=AN,SA,. (A.20)
The scalar product between two contravariant vectors, A* and B*, can then be written

cither as 7, A*B", or as a contraction A"B, between the contravariant A" and the
covariant B, (or the other way around).

For the covariant differential operator 9, = 0/0x", we can form the Lorentz-invariant
(scalar) operator

92
0=n"0,0, = ———— + V*
T Ou B(ct)?
This is the operator that appears in the wave equation for waves propagating at speed
c.

(A.21)

Alternative take on covariant and contravariant components of 4-vectors: In 3D Euclidean
space we are used to thinking of vectors as geometric objects, the archetypal example being
displacement vectors that connect two points in space. Let us generalise this idea to spacetime
so that the 4-vector dx connects two neighbouring events??. By taking unit displacements
along the coordinate axes of some inertial frame, we can introduce a basis of four vectors e,,.
Here, the subscript p labels the element of the basis. In terms of this basis, we can write

dx = dzt'e,, . (A.22)

24We shall temporarily denote 4-vectors by boldface in this brief interlude.
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Under a Lorentz transformation (i.e., a passive reparameterisation of spacetime with a dif-
ferent set of inertial coordinates) the coordinate differentials dx* transform but the 4-vector
itself is unchanged. This means that the basis vectors must also change to compensate the
change in the da*. Indeed, since e, = 0x/dz*, we have

, ox ox¥ Ox  0x¥

e — = =
B oat oxt Qxv Oxlv

e, =ANe,. (A.23)

We introduce an inner product on spacetime; this is a bilinear symmetric function of two
4-vectors, A = Ate, and B = Be,,, defined by

A-B=1,A"B". (A.24)

It follows that we must have
€, € =MNuw, (A25)

and it is easy to verify that this is preserved under Lorentz transformations.
The dual basis of 4-vectors, denoted e*, is defined by
el-e, =0, (A.26)

so that e = n“e, and e, = n,,e”. The dual basis transforms in the same way as the dx*
under Lorentz transformations, €’* = A, e”, to preserve the duality relation in Eq. (A.26).
We can express a 4-vector A in terms of its components on either basis, i.e.,

A = Ate, = A el (A.27)

As usual, we can extract the components by taking the inner product with the appropriate
basis 4-vectors: A* = A -e* and A, = A -e,. It follows that

A, = (A%,) e, =n,A", (A.28)
and, similarly, A* = n*”A,. Under Lorentz transformations,
A, =A-e,=A-(NSe,)=MN"A,, (A.29)

so the A, (the covariant components) transform in the same way as the coordinate basis
vectors. This is the origin of the covariant and contravariant terminology for the components.

We see that the covariant components A, and the contravariant components A" are an
equivalent description of the same geometric object, the 4-vector A. Some 4-vectors are
more naturally represented by their contravariant components, an obvious example being the
dx* of the spacetime displacement, while for others the contravariant components are more
natural. An example of the latter are the 0/0x* of the spacetime gradient operator.
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A.2.1 Examples of 4-vectors in relativistic kinematics

Velocity 4-vector. Consider a point particle following a worldline #(7), where 7 is the
particle’s proper time (i.e., time as measured on a clock carried with the particle). The
velocity 4-vector is defined by

ut = dat/dr (A.30)

where we are dividing a 4-vector dz* by the scalar dr. We can express the proper time
in terms of the time in any inertial frame S by noting that

Adr? = —ny,datds” = Adt* — dx*®
= Pdt*(1 —v?*/c?)
= c2dt*/y*, (A.31)

where v is the Lorentz factor associated with the particle’s velocity v relative to S. It
follows that dr = dt/~, and so the components of the velocity 4-vector in S are

ut = 7%(075,)() = (ye,yv). (A.32)
Note the norm of u*:
Nuutu” = (ndatde’)/(dr)? = —c* . (A.33)
Momentum 4-vector. For a massive particle of rest-mass m, the momentum 4-vector is
obtained from the velocity 4-vector by multiplication by m:
Pt = mut = (yme,ymv) . (A.34)

The norm is 7, p"p” = —m?*c®. In some inertial frame, the components of p* are F/c,

the (total) energy measured in that frame, and p, the relativistic 3-momentum, i.e.,
p' = (FE/c,p) where E =ymc? and p = ymv. (A.35)

For an isolated system, the 4-momentum is conserved, i.e., the relativistic 3-momentum
and energy are conserved.

More generally, the 3-momentum of a particle is changed by a force F according to
Newton’s second law dp/dt = F. The interpretation of the time component of p* as

the energy is then consistent since differentiating n,,,p'p” = —m?c* gives
EdE/dt = ¢®p - dp/dt
=c*p-F
= dE/dt=p-F/(ym)=v-F, (A.36)
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where the quantity on the right of the final equality is the usual rate of working of the
force. We can introduce a 4-vector force F* as F* = dp*/dr; then

d (B
FH=~n_— (=
v (o)

= <zv : F,fyF) : (A.37)
c
The 4-force is necessarily orthogonal to p* (and so to u*) to preserve the norm of p*.

Acceleration J-vector. The 4-acceleration a* is

a = du/dr . (A.38)

2

Constancy of the norm n,u*u” = —c° implies that a* is orthogonal to u#. The

components of a* are

dt’ dt
VYo

=2 (—v ‘a,—a-vv + a) , (A.39)
c c

where a = dv/dt is the usual 3-acceleration and we used dvy/dt = v3a - v/c?, which
follows from differentiating v=2 = 1 — v - v/c?. In the instantaneous rest frame of the
particle (i.e., the frame in which it is at rest at any instant), the components of the
4-acceleration are simply a* = (0, e ). 1t follows that the norm of a* is the square of

- 1 . LAV 2
the rest-frame acceleration: 7,,a"a” = aZ.

FEzrample: A particle moves along the z-axis of some inertial frame S with constant rest-frame
acceleration a.. At proper time 7, suppose that the particle is at z(7) and ¢(7) in S and is
moving with speed fc (along the z-axis). In its instantaneous rest frame, the components of
the 4-acceleration are a’* = «(0, 1,0,0). Performing the inverse Lorentz transform back to S
gives

at = dut Jdr = (yBa, v, 0,0) . (A.40)
Since the velocity 4-vector is ut = (e, v¢f3,0,0), we have
dEZ_C) =~vfBa and cdgf) =y (A.41)
To solve these, we note that dvy/dr = +33dB3/dr; combining with Eq. (A.41), we find
b _a _aq_ gy (A.42)

dT_’}/QC:C
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The solution with 3 =0 at 7 =0 is
B(1) = tanh(ar/c) and ~(7) = cosh(at/c). (A.43)

As expected, the speed asymptotes to ¢ (8 = 1). We can solve for the wordline of the particle
using
d d
o _ v—x = v¢f = csinh(at/c) . (A.44)
dr dt
The solution with x = c?a at 7 = 0 (for convenience) is

2
(1) = o cosh(art/c). (A.45)

8

Similarly, dt/dr = v = cosh(at/c) gives
t(r) = < sinh(ar/c), (A.46)
«

taking t = 0 at 7 = 0. We see that the motion is hyperbolic in the z-t plane, and asymptotes
to x = c|t| as |T| — o0o. The wordline is entirely within the “Rindler wedge”, x > c|t|. Note
that if we consider an observer at rest in S at the origin, sending out light signals to the
accelerated particle, only signals emitted before ¢t = 0 are ever received by the accelerated
particle.

A.3 4-tensors

A tensor of type (Z ) has p upper (contravariant) indices and ¢ lower (covariant) indices.
Such a tensor T ,, transforms as

T o = NN g AN TPy (A.A47)

under " = A*,x¥. As with 4-vectors, one can raise and lower indices with n** and
N, for example
TH = preTH, (A.48)

which takes a type- (i) tensor to a type ((2))

The following rules apply to tensor manipulations.

e Contractions may only be made between upper and lower indices. Contracting a
(7;) tensor returns a (zj) tensor. For example T, is a Lorentz scalar since

T, = AN T
%

=T, (A.49)

100



Note that the specific symbol assigned to a contracted (dummy) index is irrele-
vant.

Symmetrisation/antisymmetrisation may be performed only over upper or lower
indices (but not mixed). Symmetrisation is denoted with round brackets and
antisymmetrisation with square brackets:

T(eB) —

(T°% + 7)) and T =_ (T —1T5) . (A.50)

DN | —
DN | —

Contraction, symmetrisation and index raising/lowering commute with Lorentz
transformations. For example,

2T/(a[3) — T/aﬂ + T/Boz

= AN, T + AP A, T°

= AapAﬂa (TP +T77)

= 2A* AP, T) (A.51)
Partial differentiation takes a (Z) tensor to a (q_’il) tensor. For example, under a

Lorentz transformation

oTe, T, are,
oxH - Ox'm = A"A% A oxr ’

(A.52)

and 0,73 is a (;) tensor.

Finally, we return to the Minkowski metric. We now see that this is a (O) tensor that

2

takes the same form in all Lorentz frames. This follows since (A™')TpA~! = i implies

Nuww = A,upAuUnpo . <A53)

Similarly, n* is a (g) tensor and

7]“1/ = nﬂpnpu = 55 <A54)

is of type G)
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