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CHAPTER 1

Classical Electrodynamics

There are two quite disparate approaches to electromagnetic field theory.
One is a deductive approach that begins with a single relativistic source
potential and deduces from it the full slate of classical equations of elec-
tromagnetism. The other is an inductive approach that begins with the
experimentally determined force laws and induces from them, incorporat-
ing new facts as needed, until the Maxwell equations are obtained. Although
the theory was developed using the inductive approach, it is the deductive
method that shows the majestic simplicity of electromagnetism.

The inductive approach is commonly used in textbooks at all levels.
Coulomb’s law is the usual starting point, with other effects included as
needed until the full slate of measurable quantities are obtained. From this
viewpoint, the potentials are but mathematical artifices that simplify force
field calculations. They simplify the calculation necessary to solve for the
force fields but are without intrinsic significance. The deductive approach
begins with a limited axiomatic base and develops a potential theory from
which, in turn, follow the force fields. In 1959 Aharonov and Bohm, using
the premise that potential has a special significance, predicted an effect that
was confirmed in 1960, the Aharonov–Bohm effect: Magnetic field quanti-
zation is affected by a static magnetic potential even in a region void of
force fields. We conclude that the magnetic potential has a physical signif-
icance in its own right and has meaning in a way that extends beyond the
calculation of force fields. There is physical significance contained in the
deductive approach that is not present in the inductive one.

1.1. Introductory Comments

To begin the deductive approach, consider that the universe is totally empty
of condensed matter but does contain light. What is the speed of the light?
Since there is no reference frame by which to measure it, the question is
moot. Therefore, introduce an asteroid large enough to support an observer
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and his equipment, which determines the speed of light passing him to be
vA. Since there is nothing else in the universe, a question about the speed
of the asteroid is moot. Next, introduce a second asteroid, identical to the
first but separated far enough to be independent by any means of which
we are currently aware. An observer on the second asteroid determines the
speed of light passing him to be vB. Will the measured values be the same?
By the cosmological principle, an experiment run in one local four-space
yields the same results as an identical experiment run in a different local
four-space. Therefore we expect that vA = vB = c.

Next, bring the asteroids into the same local region. Either the speeds
depend upon the magnitude of the local masses or they do not, and if
they do not, there is no change in speed. However, in the local region, a
relative speed between identical asteroids A and B may be determined.
Since there is no way one asteroid can be preferred over the other in an
otherwise empty universe, the two observers continue to measure the same
speed. This condition requires that the speed of light be independent of
the relative speed of the system on which it is measured. Next, bring in
other material, bit by bit, until the universe is in its present form, and the
conclusion remains the same. The speed of light is independent of the speed
of the object on which it is measured, independently of the speed of other
objects.

1.2. Space and Time Dependence upon Speed

Let a pulse of light be emitted from an origin in reference frame F and
observed in reference frame F′. If the speed of light is the same in all
reference frames, if the two frames are in relative motion, and if the origins
coincide at the time the light is emitted, the light positions as measured in
the two frames are:

x2 + y2 + z2 − c2t2 = x′2 + y′2 + z′2 − c′2t′2 (1.2.1)

If the relative speed is such that F′ is moving at speed ν in the z-direction
with respect to F, then at low speeds:

x′ = x; y′ = y; z′ = (z − vt); t′ = t (1.2.2)

Since Eq. (1.2.1) is not satisfied by Eq. (1.2.2), it follows that Eq. (1.2.2)
does not extend to speeds that are a significantly large fraction of c. To
obtain a transition that is linear in the independent variables, and that goes
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to Eq. (1.2.2) in the low speed limit, consider the linear transformation of
the form:

x′ = x; y′ = y; z′ = γ(z − vt); t′ = At + Bz (1.2.3)

Parameters γ, A and B are undetermined but independent of both position
and time. Since Eq. (1.2.3) approaches Eq. (1.2.2) in the limit of velocity ν

much less than c, in that limit:

γ = 1; A = 1; B = 0 (1.2.4)

Since the coordinates are independent variables, combining Eqs. (1.2.1) and
(1.2.3) and solving shows that:

z2(γ2 − 1 − c2B2) = 0; t2(c2 + γ2v2 − c2A2) = 0;

zt(vγ2 + ABc2) = 0
(1.2.5)

Solving Eq. (1.2.5) yields:

A = γ = (1 − v2/c2)−1/2; B = −(γv/c2) (1.2.6)

Combining yields the Lorentz transformation equations:

x′ = x; y′ = y; z′ = γ(z − vt); t′ = γ(t − (vz/c2)) (1.2.7)

This transformation preserves the speed of light in inertial frames.
Equation (1.2.7) forms a sufficient basis upon which to determine results

if events in one frame of reference are observed in another one. Let the
observer be in the unprimed frame. A stick of length L0 as determined in
the moving frame, in which it is stationary, lies along the z-axis. It moves
at speed v past the observer in the z-direction. A flash of light illuminates
the region, during which time the observer determines the positions of the
ends of the moving stick, z1 and z2. It follows from Eq. (1.2.7) that the
measured positions are:

z′
1 = γ(z1 − vt0) and z′

2 = γ(z2 − vt0) (1.2.8)

The length as measured in the stationary frame is:

L = (z2 − z1) = (z′
2 − z′

1)/γ = L0/γ (1.2.9)

It follows that:

L = L0(1 − v2/c2)1/2 ≤ L0 (1.2.10)

The observed length of the stick is less than that measured in the rest
frame; this fractional contraction is the Lorentz contraction.
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Next, pulses of light are issued at times t′2 and t′1, again in the moving
frame. When does a stationary observer see them, and what is the time
interval between them? Using Eq. (1.2.7) gives:

t′2 = γ(t2 − vz2/c2) and t′1 = γ(t1 − vz1/c2) (1.2.11)

From Eq. (1.2.11) the time difference in the frame at which the two sources
are stationary is:

T0 = t′2 − t′1 = γ[(t2 − t1) − v(z2 − z1)/c2] = γT(1 − v2/c2) (1.2.12)

T is the time measured in the stationary frame. Solving for T gives:

T = γT0 =
T0

(1 − v2/c2)1/2 ≥ T0 (1.2.13)

The observer measures the time duration between pulses to be more
than that measured in the rest frame; this time expansion is time dilatation.

1.3. Four-Dimensional Space Time

The equality of the speed of light in all inertial frames is the basis for a
system of 4-vectors. Let x1, x2, x3 represent the three spatial axes x, y, z

of three dimensions and x4 = ict where i =
√

−1. The four space-time
dimensions are:

(x1, x2, x3, x4) (1.3.1)

Since three of the axes determine lengths and one determines time, a
three-dimensional rotation represents a change in spatial orientation and a
four-dimensional rotation includes a change in time. Such four-dimensional
rotations are Lorentz transformations. These transformations are usually
simple and contain a high degree of symmetry. Such transformations are
covariant with respect to changes in coordinate systems; that is, an equation
that represents reality in one reference frame has the same form in all other
inertial frames.

The imaginary property of the fourth dimension represents an essential
difference from spatial ones: the squares of the space coefficients and time
coefficients have different signs. For notational purposes we use Roman or
Greek subscripts to indicate, respectively, three- or four-dimensional ten-
sors. For example, the rotation matrix element in four dimensions is cµν
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where, for velocities v directed along the x1-axis:

cµν =




γ 0 0 i γv/c

0 1 0 0
0 0 1 0

−i γv/c 0 0 γ


 (1.3.2)

Four-dimensional and three-dimensional direction cosines follow similar
laws:

cµν = cνµ; cµνcµρ = δνρ; det |cµν | = 1 (1.3.3)

The Lorentz direction cosines cµν are:

x′
µ = cµνxν (1.3.4)

The proper time interval, ∆τ , between two events with space-time coordi-
nates spaced ∆xα apart is defined to be:

(∆τ)2 = − 1
c2 ∆xα∆xα (1.3.5)

Using three-dimensional notation, the proper time difference is

(∆τ)2 = (∆t)2 − (∆r)2

c2 (1.3.6)

Since (∆τ)2 can be zero, positive, or negative, ∆τ may be zero, real, or
imaginary. Since the speed of light is the same in all reference frames, by
Eq. (1.2.1) the proper time is also the same in all reference frames. If it is
real, it is “time-like” and if imaginary, it is “space-like”. If time-like, the
proper time is the time separation of the two events in the same frame. If
space-like, there is a frame in which c times the proper time is the spatial
separation of the two events that are simultaneous in that frame.

With τ as proper time, consider the 4-vector defined by the expression:

Uµ =
dxµ

dτ
(1.3.7)

Since both xµ and τ are independent of details of the particular inertial
frame in which it is measured, so is Uµ; Uµ is therefore a 4-vector with the
four components:

U1 =
dx

dτ
=

dx

dt

dt

dτ
= γvx; U2 =

dy

dτ
=

dy

dt

dt

dτ
= γvy

U3 =
dz

dτ
=

dz

dt

dt

dτ
= γvz; U4 =

d(ict)
dτ

= γic

(1.3.8)

The three-dimensional velocity components are vi and the 4-velocity com-
ponents are Uµ.
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A particle of mass m0 with 4-velocity Uµ has 4-momentum given by:

Pµ = m0Uµ (1.3.9)

Combining shows the momentum components to be:

p = γm0v; p4 = γm0ic = iW/c; W = γm0c
2 (1.3.10)

The quantity W , defined by Eq. (1.3.10), is the energy associated with the
moving mass.

The binomial expansion is:

(1 ± a)n = 1 ± na +
n
2!

(n − 1)a2 ± · · · (1.3.11)

This equation combines with the definition of γ, see Eq. (1.2.6), to show
that:

γ = 1 +
v2

2c2 +
3v4

8c4 + · · · (1.3.12)

Combining Eqs. (1.3.10) and (1.3.12) shows the total energy of the particle:

W = m0c
2
[
1 +

v2

2c2 +
3v4

8c4 + · · ·
]

(1.3.13)

In the rest frame m0 is the rest mass. The particle energy is:

W0 = m0c
2 (1.3.14)

By Eq. (1.3.14), the first term of Eq. (1.3.13) is the self-energy of the mass.
The second term is the kinetic energy at low speeds and the higher order
terms complete the evaluation of the kinetic energy of the mass at any
speed.

1.4. Newton’s Laws

The Minkowski force is defined to be:

Fµ =
d
dτ

Pµ (1.4.1)

This force is a 4-vector with the x-directed component:

F1 =
d
dτ

(m0U1) = γ
∂

∂t
(γm0vx) (1.4.2)

The corresponding three-dimensional force component is:

Fx =
∂

∂t
(γm0νx) (1.4.3)

The factor γ in Eq. (1.4.3) was known before the full relativistic effect was
understood. Although relativity makes it abundantly clear that the result
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is a space-time effect, it was historically interpreted as an increase in mass
whereby the effective mass m is a function of speed:

m = γm0 (1.4.4)

Even with relativity, the nomenclature remains and by definition the effec-
tive mass of a moving particle is equal to Eq. (1.4.4). Since the 4-momentum
is a 4-vector, it is conserved between Lorentz frames. That is,

W 2
0 = W 2 − p2c2 (1.4.5)

The energy is related to momentum, in any given frame, as:

W 2 = m2
0c

4 + p2c2 (1.4.6)

Since W is second order in v/c, three-momentum is constant in low speed
inertial frames. Energy is also nearly conserved. However, in high-energy
systems neither energy nor momentum is conserved, only the combination.
This example illustrates a general characteristic of 4-tensors that at low
speeds the real and imaginary parts are separately conserved but at high
speeds only the combined magnitude is conserved.

1.5. Electrodynamics

The three scalars defined so far are speed, c, time interval between events in
a rest frame, τ , and mass, m0. A fourth is electric charge, q; electric charge
can have either sign. Just as an intrinsic part of any mass is the associated
gravitational field, G, an intrinsic part of charge is the associated 4-vector
potential field Aµ. Consider that the individual charges are much smaller
than other dimensions and that there are many of them. For this case choose
a differential volume, with dimensions (x1, x2, x3), in which each dimension
is much less than any macroscopic dimension of interest but contains large
numbers of charges. If both conditions are met, the tools of calculus apply.
Charge density ρ is defined to be the charge per unit volume at a point.
Charge density ρ0 is defined in a frame in which the time-average position
is at rest. Observers in fixed and moving frames see the same total charge
but, because of the Lorentz contraction, the moving observer determines
the volume containing it to be smaller by a factor of γ. Therefore, the
charge density in a moving frame is increased by the factor:

ρ = γρ0 (1.5.1)
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If the charge density moves with 4-velocity Uµ in a way similar to three
dimensions, the 4-current density is defined to be:

Jµ = ρ0Uµ = {γρ0v, γicρ0} = {J, icρ} (1.5.2)

The vector terms within the curly brackets, identified by bold font, indi-
cate the first three dimensions, and the scalar term represents the fourth
dimension. The 4-divergence of the current density is:

∂Jµ

∂Xµ
= ∇ · J +

∂ρ

∂t
= 0 (1.5.3)

The first equality of Eq. (1.5.3) follows from definition of terms and the
second is true if and only if net charge is neither created nor destroyed.
Pair production or annihilation may occur but there is no change in the
total charge. The zero 4-divergence shows that the net change in the four-
current is always equal to zero. Physically a net change in the total charge
does not occur and charges are created and destroyed only in canceling
pairs.

The 4-vector potential field Aµ(Xγ) is defined to be the potential that
satisfies the differential equation:

∂2Aν

∂Xβ∂Xβ
= −µJν (1.5.4)

Constant µ is defined to be the permeability of free space; it is a dimension-
determining constant and defined to equal 4π/107 Henrys/meter.

Taking the 4-divergence of Eq. (1.5.4) then combining with Eq. (1.5.3)
gives:

∂

∂Xν

∂2

∂Xβ∂Xβ
Aν =

∂2

∂Xβ∂Xβ

∂Aν

∂Xν
= −µ

∂Jν

∂Xν
= 0

Combining, it follows that:

∂Aν/∂Xν = 0 (1.5.5)

Equation (1.5.5) shows that the divergence of Aν is zero, from which it
follows that, like charge, the total amount of 4-potential does not change. If
transitions are made between different reference frames changes occur in the
components of the potential but not in the sum over all four components.

The four-dimensional Laplacian of Eq. (1.5.4) may be integrated over
all space to obtain an expression for the potential itself. By Eq. (A.6.2) the
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potential of a moving charge is:

Aα(Xγ) =
µ

4π

∫∫∫
Jα(r′, t′ − R/c)
(R − R · (v/c))

dV ′ (1.5.6)

The integral is over all source-bearing regions, dV ′ is differential volume,
Xγ are the 4-coordinates of the field point, X′

γ are the 4-coordinates at the
source point, R is the vector from the source point to the field point. At
low speeds Eq. (1.5.6) simplifies to:

Aα(Xγ) =
µ

4π

∫∫∫
Jα(r′, t′ − R/c)

R(Xγ , X′
γ)

dV ′ (1.5.7)

Substituting in the three-dimensional values of Jα results in the three-
dimensional potentials:

A(r, t) =
µ

4π

∫∫∫
J(r′, t′ − R/c)
R(r − r′, t′)

dV ′

Φ(r, t) = −icA4(r, t) =
1

4πε

∫∫∫
ρ(r′, t′ − R/c)
R(r − r′, t′)

dV ′
(1.5.8)

The constant ε is defined to be the permittivity of free space; it is a
dimension determining constant and defined to be exactly equal to 1/(µc2)
Farads/meter.

For a point charge, instead of a charge distribution, the corresponding
4-potential is:

Aα(Xγ) =
µq

4π

Uα(r′, t′ − R/c)
(R − R · v/c)

(1.5.9)

The three-dimensional potentials are:

A(r, t) =
µ

4π

qv(r′, t′ − R/c)
(R − R · v/c)

Φ(r, t) =
µ

4π

q(r′, t′ − R/c)
(R − R · v/c)

(1.5.10)

If the charge moves at a speed much less than c Eq. (1.5.10) is the usual
three-dimensional vector and scalar potential field of individual charges.

It is apparent from Eq. (1.5.10) that a charge moving towards or away
from a field point generates potentials with magnitudes respectively larger
or smaller than the low speed value.
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1.6. The Field Equations

If ρ0 is the charge density in an inertial reference frame in which the average
speed of the charges is zero, then ρ = γρ0 is the charge density in a moving
frame. The charge density and the three-dimensional current density Ji

were extended to form the 4-current density, as shown by Eq. (1.5.2), from
which the Laplacian of the 4-potential was defined by Eq. (1.5.4). Other
useful 4-tensors follow from four-dimensional operations on the 4-potential
Aα(Xγ); some especially important ones follow.

A second rank antisymmetric tensor of interest follows from the poten-
tial by the equation:

fαβ =
∂Aβ

∂Xα
− ∂Aα

∂Xβ
(1.6.1)

Antisymmetric 4-tensors are spatial arrays of six numbers and, in common
with all antisymmetric tensors, the trace is zero:

fαα = 0 (1.6.2)

Writing out the six values that appear in the upper right portion of the
4-tensor, and using the result to define the function Φ, gives:

f12 =
∂A2

∂X1
− ∂A1

∂X2
=

∂Ay

∂x
− ∂Ax

∂y
= Bz

f23 =
∂A3

∂X2
− ∂A2

∂X3
=

∂Ay

∂z
− ∂Az

∂y
= Bx

f31 =
∂A1

∂X3
− ∂A3

∂X1
=

∂Ax

∂z
− ∂Az

∂x
= By

f14 =
∂A4

∂X1
− ∂A1

∂X4
=

i

c

∂Φ
∂x

− ∂Ax

ic∂t
= − i

c
Ex

f24 =
i

c

∂Φ
∂y

− ∂Ay

ic∂t
= − i

c
Ey

f34 =
i

c

∂Φ
∂z

− ∂Az

ic∂t
= − i

c
Ez

(1.6.3)

With the deductive approach to electromagnetism Eq. (1.6.3) are the defin-
ing terms for field vectors E and B. The result written in tensor form is:

(f) =




0 Bz −By −iEx/c

−Bz 0 Bx −iEy/c

By −Bx 0 −iEz/c

iEx/c iEy/c iEz/c 0


 (1.6.4)
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Differentiating fαβ with respect to Xβ results in the equality chain:

∂fαβ

∂Xβ
=

∂

∂Xβ

(
∂Aβ

∂Xα
− ∂Aα

∂Xβ

)
=

∂2Aβ

∂Xβ∂Xα
− ∂2Aα

∂Xβ∂Xβ
= µJα (1.6.5)

Combining terms gives:

∂fαβ

∂Xβ
= µJα (1.6.6)

Evaluation of Eq. (1.6.6) gives:

∂f1β

∂Xβ
=

∂Bz

∂y
− ∂By

∂z
− 1

c2

∂Ex

∂t
= µJx

∂f2β

∂Xβ
=

∂Bx

∂z
− ∂Bz

∂x
− 1

c2

∂Ey

∂t
= µJy

∂f3β

∂Xβ
=

∂By

∂x
− ∂Bx

∂y
− 1

c2

∂Ez

∂t
= µJz

c

i

∂f4β

∂Xβ
=

∂Ex

∂x
+

∂Ey

∂y
+

∂Ez

∂z
=

ρ

ε

(1.6.7)

These are the nonhomogeneous Maxwell equations and relate fields to
sources. In three-dimensional notation:

∇ × B − 1
c2

∂E
∂t

= µJ; ε∇ · E = ρ (1.6.8)

The nonhomogeneous Maxwell equations relate force field intensities E
and B to sources ρ and J. The first order terms of E and B are, respec-
tively, independent of and proportional to the first power of the speed of
the charge.

It follows from the definition of fαβ that:

∂fνσ

∂Xα
+

∂fσα

∂Xν
+

∂fαν

∂Xσ
= 0 (1.6.9)

Evaluation of Eq. (1.6.9) for each tensor component gives:

∂f12
∂X3

+
∂f23
∂X1

+
∂f31
∂X2

=
∂Bz

∂z
+

∂Bx

∂x
+

∂By

∂y
= 0

∂f24
∂X1

+
∂f41
∂X2

+
∂f12
∂X4

=
1
ic

(
∂Ey

∂x
− ∂Ex

∂y
+

∂Bz

∂t

)
= 0

∂f34
∂X2

+
∂f42
∂X3

+
∂f23
∂X4

=
1
ic

(
∂Ez

∂y
− ∂Ey

∂z
+

∂Bx

∂t

)
= 0

∂f14
∂X3

+
∂f43
∂X1

+
∂f31
∂X4

=
1
ic

(
∂Ex

∂z
− ∂Ez

∂x
+

∂By

∂t

)
= 0

(1.6.10)
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These are the homogeneous Maxwell equations and relate force field vec-
tors E and B. In three-dimensional notation:

∇ × E − ∂B
∂t

= 0; ∇ · B = 0 (1.6.11)

Another useful 4-vector is the force intensity, defined by the equation:

F v
α = fαβJβ (1.6.12)

Evaluation of each component of Eq. (1.6.12) gives:

F v
1 = F v

x = JyBz − JzBy + ρEx

F v
2 = F v

y = JzBx − JxBz + ρEy

F v
3 = F v

z = JxBy − JyBx + ρEz

F v
4 =

i

c
(ExJx + EyJy + EzJz)

(1.6.13)

These equations relate force and power to the interaction of the charges
and the fields. In three-dimensional notation:

F v = ρE + J × B; −icF v
4 = E · J (1.6.14)

To assist in the interpretation of Eq. (1.6.12), consider the 4-scalar
formed by taking the scalar product:

F v
αJα = fαβJαJβ = 0 (1.6.15)

The second equality of Eq. (1.6.15) follows from the antisymmetric charac-
ter of fαβ and shows that the 4-vector F v

α is perpendicular to the 4-current
density. Since the 4-current density is proportional to the 4-velocity, it fol-
lows that F v

α is also perpendicular to the 4-velocity. Consider the differential
with respect to proper time of the square of the 4-velocity:

d
dτ

(UαUα) = 2Uα
dUα

dτ
=

d
dτ

(−c2) = 0 (1.6.16)

Therefore both the 4-acceleration and F v
α are perpendicular to the

4-velocity. This is a necessary but insufficient requirement for F v
α to be

the force density.
This approach to the Maxwell equations is based upon the original

axiom relating a charge to its accompanying potential. The form of the
source shows that only charges produce a 4-curvature of the 4-potential
field. The technique is a neat way both to package the electromagnetic



THE ELECTROMAGNETIC ORIGIN OF QUANTUM THEORY AND LIGHT - Second Edition
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/5592.html

October 15, 2004 13:14 WSPC/SPI-B235: The Electromagnetic Origin of Quantum Theory and Lightchap01

Classical Electrodynamics 13

equations and to show that they take the same form in all inertial coordi-
nate systems. The relationship between fields E and B and the potentials
follows from Eq. (1.6.3). By direct comparison:

∂Aj

∂xi
− ∂Ai

∂xj
= Bk ⇒ ∇ × A = B

− ∂Φ
∂xi

− ∂Ai

∂t
= Ei ⇒ −

(
∇Φ +

∂A
∂t

)
= E

(1.6.17)

1.7. Accelerating Charges

The potentials surrounding electric charges in uniform motion are given by
Eq. (1.5.10) and the force fields are related to the potential by Eq. (1.6.3).
The partial derivative operations of Eq. (1.6.3) take place at the field posi-
tion and time, (r, t). The position and time at the source, (r′, t′), do not
enter into the operations. To carry out the operations it is convenient to
define S by the equation:

S =
(

R − R · v

c

)
(1.7.1)

Operating upon the potential while keeping terms involving charge
accelerations gives:

E =
q

4πε

{
1

γ2S3

(
R − R

v

c

)
+

1
c2S3 R ×

[(
R − R

v

c

)
× ∂

∂t
v

]}

B =
1

Rc
R × E

(1.7.2)

Keeping only first order terms in powers of v/c leads to:

E =
q

4πεR3

{(
R − R

v

c

)
+

1
c2 R ×

(
R × ∂

∂t
v

)}

B = − µq

4πR3 R ×
(

v +
R
c

∂

∂t
v

) (1.7.3)

The equations show that: A stationary charge produces an electric field
intensity that varies as the inverse square of the radius, but there is no
magnetic field. If the charge is moving, both electric and magnetic field
intensities exist that are proportional to the speed of the charge and varying
as the inverse square of the radius. If the charge is accelerating, both electric
and magnetic field intensities exist in proportion to the acceleration of the
charge and the inverse radius. Where charge distributions are applicable
Eq. (1.7.3) take the form of spatial integrals over charge bearing regions.
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1.8. The Electromagnetic Stress Tensor

Another result of four-dimensional field analysis is the electromagnetic
stress tensor. It is defined as the symmetric, second rank 4-tensor Tαβ :

µTαβ = fακfκβ +
1
4
δαβfνσfνσ (1.8.1)

A symmetric 4-tensor consists of an array of ten independent numbers.
It may be shown, after some algebra, that the force density 4-vector of
Eq. (1.6.12) is related to the electromagnetic stress tensor as:

F v
α = ∂Tαβ/∂Xβ (1.8.2)

The independent components of Tαβ follow from Eqs. (1.6.7) and (1.8.1).
The result is:

T11 =
ε

2
(E2

x − E2
y − E2

z) +
1
2µ

(B2
x − B2

y − B2
z)

T12 = εExEy +
1
µ

BxBy

T22 =
ε

2
(E2

y − E2
z − E2

x) +
1
2µ

(B2
y − B2

z − B2
x)

T23 = εEyEz +
1
µ

ByBz

T33 =
ε

2
(E2

z − E2
x − E2

y) +
1
2µ

(B2
z − B2

x − B2
y)

T31 = εEzEx +
1
µ

BzBx

T44 =
ε

2
(E2

x + E2
y + E2

z) +
1
2µ

(B2
x + B2

y + B2
z)

T14 =
1

icµ
(EyBz − EzBy)

T24 =
1

icµ
(EzBx − ExBz)

T34 =
1

icµ
(ExBy − EyBx)

(1.8.3)

The tensor may be written in the form:

(T) =

(
Tij − i

cN

− i
cN w

)
(1.8.4)
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By definition w = T44 is equal to:

T44 =
ε

2
E2 +

1
2µ

B2 (1.8.5)

Tij is the three-dimensional electromagnetic stress tensor:

(T) =




ε

2
[E2

x − E2
y − E2

x] εExEy +
1
µ

BxBy εExEz +
1
µ

BxBz

+
1
2µ

[B2
x − B2

y − B2
x]

εEyEx +
1
µ

ByBx
ε

2
[E2

y − E2
z − E2

x] εEyEz +
1
µ

ByBz

+
1
2µ

[B2
y − B2

z − B2
x]

εEzEx +
1
µ

BzBx εEzEy +
1
µ

BzBy
ε

2
[E2

z − E2
x − E2

y]

+
1
2µ

[B2
z − B2

x − B2
y]




(1.8.6)

N is the three-dimensional Poynting vector:

N = (E × B)/µ (1.8.7)

Symmetric tensors of rank two in three dimensions reduce from six to three
components by transforming to the principal axes and aligning one axis
with the source field intensity. For example, if there is no magnetic field
and if the electric field intensity is directed along the x-axis the tensor
reduces to:

(T) =
ε

2


E2 0 0

0 −E2 0
0 0 −E2


 (1.8.8)

To interpret the stress tensor, consider the four-dimensional spatial integral
of Eq. (1.8.2). The equation may be written:∫∫∫∫

c′
σαF ′v

α dX′
1dX′

2dX′
3dX′

4 =
∫∫∫∫

c′
σα

∂T′
αβ

∂X′
β

dX′
1dX′

2dX′
3dX′

4

(1.8.9)

Working with the left side:∫∫∫∫
c′
σαF ′v

σ dX′
1dX′

2dX′
3dX′

4 =
∫∫∫∫

F v
σ dX′

1dX′
2dX′

3dX′
4

=
∫∫∫∫

F v
σ dX1dX2dX3dX4
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Working with the right side:

∫∫∫∫
c′
σα

∂T′
αβ

∂X′
β

dX′
1dX′

2dX′
3dX′

4 =
∫∫∫∫

∂(c′
σαT′

αβ)
∂X′

β

dX′
1dX′

2dX′
3dX′

4

=
∫∫∫∫

c′
σαT′

α4dX′
1dX′

2dX′
3

The last equality results since the integral at the limits of the spatial inte-
grals vanish. Working with the last integral, note that:

c′
αβTσα = c′

λβc′
σαc′

λγT′
αγ (1.8.10)

Since c′
λβc′

λγ = δβγ it follows that c′
αβTσα = c′

σαT′
αβ from which

c′
σαT′

α4 = c′
α4Tσα. This leaves the equality:∫∫∫∫

F ′v
σ dX′

1dX′
2dX′

3dX′
4 =

∫∫∫
c′
α4TσαdX′

1dX′
2dX′

3 (1.8.11)

Since c′
α4 = Uα/ic this may be written:∫∫∫∫

F ′v
σ dX′

1dX′
2dX′

3dX′
4 =

1
ic

∫∫∫
TσαUαdX1dX2dX3 (1.8.12)

To change the 4-integral into a three-dimensional one, differentiate by (ict)
to obtain:∫∫∫

F ′v
σ dX′

1dX′
2dX′

3 = Fσ = − 1
c2

∂

∂t

∫∫∫
TσαUαdX1dX2dX3 (1.8.13)

Since all time integrals are zero at time t = −∞, time integration has a
value only at present time, t.

To examine results of these equations, consider a charge moving with
low speed in the z-direction. With the axis in the direction of motion, the
sum TσαUα takes the form:

T3αUα =
ε

2
E2v (1.8.14)

Combining gives:

F =
∫

F vdV =
d
dt

{
v

c2

∫ (ε

2
E2

)
dV

}
(1.8.15)

The sign was changed to represent reaction of the field on its source, rather
than vice versa. For a low speed particle undergoing differential acceleration
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Eq. (1.8.15) takes the form:

F =
d
dt

(mv) =
dp

dt
(1.8.16)

The mass is calculated as:

m =
1
c2

∫ (ε

2
E2

)
dV (1.8.17)

The interpretation accorded these equations is that Eq. (1.8.17) is
Newton’s law for electromagnetic mass, confirming that F is a force. The
expression for the mass shows that (εE2/2) is the energy density of an
electric field.

1.9. Kinematic Properties of Fields

To further analyze the kinematic properties of fields, begin with the four-
dimensional force equation, Eq. (1.6.14):

F v = ρE + J × B; −icF v
4 = E · J (1.9.1)

To express this equality in a way that depends upon the fields only, it is nec-
essary to substitute for ρ and J from the nonhomogeneous electromagnetic
equations, Eq. (1.6.8):

F v = εE(∇ · E) − B ×
(

1
µ

∇ × B − ε
∂E
∂t

)

−icF v
4 = E ·

(
1
µ

∇ × B − ε
∂E
∂t

) (1.9.2)

It is helpful to add zero to each equation in the form of terms proportional
to the homogeneous Maxwell equations, Eq. (1.6.11). The added terms are:

1
µ
B(∇ · B) − εE ×

(
∇ × E +

∂B
∂t

)
and

−B ·
(

∇ × E +
∂B
∂t

) (1.9.3)

Combining gives:

F v = ε{E(∇ · E) − E × (∇ × E)}

+
1
µ

{B(∇ · B) − B × (∇ × B)} − 1
c2

∂N
∂t

icF v
4 =

∂

∂t

(
ε

2
E2 +

1
2µ

B2
)

+ ∇ · N

(1.9.4)



THE ELECTROMAGNETIC ORIGIN OF QUANTUM THEORY AND LIGHT - Second Edition
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/5592.html

October 15, 2004 13:14 WSPC/SPI-B235: The Electromagnetic Origin of Quantum Theory and Lightchap01

18 The Electromagnetic Origin of Quantum Theory and Light

Writing the first of Eq. (1.9.4) in tensor form gives:

F v
i =

∂

∂xj

{
ε

(
EiEj − 1

2
δijEkEk

)
+

1
µ

(
BiBj − 1

2
δijBkBk

)}
− 1

c2

∂

∂t
Ni

(1.9.5)
Integrating over a closed three-dimensional volume gives:

∮ {
ε

(
EiEj − 1

2
δijEkEk

)
+

1
µ

(
BiBj − 1

2
δijBkBk

)}
dSj

=
∫ (

1
c2

∂Ni

∂t
+ F v

i

)
dV (1.9.6)

By Eq. (1.8.16) the last term on the right is the rate of change of momentum
of all charges contained within the volume, pcharge. Therefore, the first term
on the right is the rate of change of field momentum, pfield. It follows that
the left side of the equation is equal to the force on the charges and fields
within the volume of integration. The results may be written as:

pfield =
1
c2

∫
NdV ; F v = ρE + J × B =

d
dt

pcharge (1.9.7)

Since F v is a force density, it follows from Eq. (1.9.7) that the electric field
intensity is a force per unit charge. Since a wave travels at speed c, by the
first of Eq. (1.9.7) the momentum passing through a planar surface is:

pfield =
1
c

∫
N · dS (1.9.8)

By definition dS is a differential vector area normally outward from the
surface.

Integrating the second of Eqs. (1.9.1) and (1.9.4) over a three-
dimensional volume gives:

∫
(E · J)dV =

d
dt

∫ (
ε

2
E2 +

1
2µ

B2
)

dV +
∮

N · dS (1.9.9)

Since the field intensity is a force per unit charge it follows that the left side
of Eq. (1.9.9) is the rate at which energy enters the volume of integration.
Therefore the volume integral on the right side must be the rate at which
energy increases in the interior, and the surface integral must be the rate
at which energy exits through the surface. It follows that the energy in the
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electromagnetic fields is equal to:

W =
∫ (

ε

2
E2 +

1
2µ

B2
)

dV (1.9.10)

It also follows that the rate at which energy exits the volume through
the surface is:

P =
∮

N · dS (1.9.11)

A different formulation of Eq. (1.9.10) that is sometimes useful is
by rewriting it in terms of the potentials. Combining Eq. (1.9.10) with
Eqs. (1.6.8) and (1.6.17) results in:

W =
∫

[ρΦ + J · A]dV +
∮ [

−ε(φE) +
1
µ

(A × B)
]

· dS

+ ε

∫ [
−E · ∂A

∂t
+ A · ∂E

∂t

]
dV (1.9.12)

For a charge moving at a constant speed, or if the charge acceleration is
small enough so the energy escaping into the far field is negligible, only the
first term of Eq. (1.9.12) is significant. For that case the total field energy
may also be expressed as:

W =
∫

[ρΦ + J · A]dV (1.9.13)

1.10. A Lemma for Calculation of Electromagnetic Fields

A lemma is needed to assist in the unrestricted and systematic calculation
of electromagnetic fields about known sources. To obtain it, begin with the
general form for fields in a source-free region containing time-dependent
fields:

∇ × B − εµ
∂E
∂t

= 0 = ∇ × E + εµ
∂B
∂t

(1.10.1)

Taking the curl of Eq. (1.10.1) and then substituting back and forth as
needed gives:

∇ × (∇ × B) + εµ
∂2B
∂t2

= 0 = ∇ × (∇ × E) + εµ
∂2E
∂t2

(1.10.2)

This shows that, away from sources, E and B satisfy the same partial
differential equation.

∇2Ψ − εµ
∂2Ψ
∂t2

= 0 (1.10.3)
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This is useful because of an associated lemma that begins with the vector
field F(r, t), defined by

F = ∇ × (r Ψ) (1.10.4)

The lemma is that if Ψ satisfies Eq. (1.10.3) then F satisfies the differential
equation:

∇ × (∇ × F) + εµ
∂2F
∂t2

= 0 (1.10.5)

To verify that Eq. (1.10.5) is correct, multiply Eq. (1.10.3) by (−r), then
take the curl:

−∇ × (r∇2Ψ) + εµ
∂2

∂t2
[∇ × (r Ψ)] = 0 (1.10.6)

Comparing Eqs. (1.10.4) through (1.10.6) shows that Eq. (1.10.5) is
satisfied if:

∇ × {∇ × [∇ × (r Ψ)]} = −∇ × (r∇2Ψ) (1.10.7)

To confirm Eq. (1.10.7), begin with the identity for the curl of a scalar-
vector product:

∇ × (r Ψ) ≡ Ψ(∇ × r) − r × ∇Ψ (1.10.8)

Since ∇ × r ≡ 0, it follows that:

∇ × [∇ × (r Ψ)] = −∇ × (r × ∇Ψ) (1.10.9)

Combining Eqs. (1.10.7) and (1.10.9) gives:

∇ × [∇ × (r × ∇Ψ)] − ∇ × (r ∇2Ψ) = 0 (1.10.10)

Two identities from vector analysis are:

∇(A · B) ≡ A × (∇ × B) + B × (∇ × A) + (B · ∇)A + (A · ∇)B

∇ × (A × B) ≡ A(∇ · B) − B(∇ · A) + (B · ∇)A − (A · ∇)B
(1.10.11)

Putting A = r and B = ∇Ψ:

∇(r · ∇Ψ) ≡ (r · ∇)∇Ψ + (∇Ψ · ∇)r = (r · ∇)∇Ψ + ∇Ψ

∇ × (v × ∇Ψ) ≡ r ∇2Ψ − 2∇Ψ + (r · ∇)∇Ψ
(1.10.12)

Combining Eqs. (1.10.10) and (1.10.12):

∇ × (r × ∇Ψ) − r ∇2Ψ + ∇Ψ + ∇(r · ∇Ψ) = 0 (1.10.13)

Since the curl of the gradient vanishes, taking the curl of Eq. (1.10.13)
yields Eq. (1.10.10) and completes the proof.
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1.11. The Scalar Differential Equation

To solve Eq. (1.10.3) it is useful to remove the time-dependent portion. For
that purpose use the Fourier integral expansion:

Ψ(r, t) =
∫ ∞

−∞
ψ(r, ω)eiωtdω (1.11.1)

Substituting Eq. (1.11.1) into Eq. (1.10.3) leads to:

∫ ∞

−∞
(∇2ψ + k2ψ)eiωtdω = 0 (1.11.2)

By definition k2 = ω2εµ. For this equation to be zero for all values of ω,
the integrand of Eq. (1.11.2) must equal zero:

∇2ψ + k2ψ = 0 (1.11.3)

This is the Helmholtz equation, solutions of which combine with
Eqs. (1.10.3) to (1.10.5) to obtain the full solution for vector fields.

Certain differential vector operations in spherical coordinates are listed
in Table 1.11.1. Using spherical coordinates with θ the polar angle from the
z-axis, φ the azimuth angle from the x-axis, and r the radial distance from

Table 1.11.1. Differential vector operations, spherical coordinates.

Orthogonal line elements: dr, r dθ, r sin θ dφ

Gradient
{

(∇ψ)r =
∂ψ

∂r
(∇ψ)θ =

1
r

∂ψ

∂θ
(∇ψ)φ =

1
r sin θ

∂ψ

∂φ

}

Divergence of vector A:
1
r2

∂

∂r
(r2Ar) +

1
r sin θ

∂

∂θ
(sin θAθ) +

1
r sin θ

∂

∂φ
Aφ

Components of curl A: 


(∇ × A)r =
1

r sin θ

[
∂(sin θAφ)

∂θ
− ∂Aθ

∂φ

]

(∇ × A)θ =
1

r sin θ

∂Ar

∂φ
− 1

r

∂(rAφ)
∂r

(∇ × A)φ =
1
r

[
∂(rAθ)

∂r
− ∂Ar

∂θ

]




Laplacian of Ψ = ∇2Ψ:
{

1
r

∂

∂r

(
r2 ∂Ψ

∂r

)
+

1
r2 sin θ

∂

∂θ

(
sin θ

∂Ψ
∂θ

)
+

1
r2 sin2 θ

∂2Ψ
∂φ2

}



THE ELECTROMAGNETIC ORIGIN OF QUANTUM THEORY AND LIGHT - Second Edition
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/5592.html

October 15, 2004 13:14 WSPC/SPI-B235: The Electromagnetic Origin of Quantum Theory and Lightchap01

22 The Electromagnetic Origin of Quantum Theory and Light

the origin, by Table 1.11.1 the Helmholtz equation is given by:

1
r2 sin θ

[
sin θ

∂ψ

∂θ

]
+

1
r2 sin2 θ

∂2ψ

∂φ2 +
1
r2

∂

∂r

[
r2 ∂ψ

∂r

]
+ k2ψ = 0 (1.11.4)

Dividing the equation by k2 shows that the radial dependence of the solu-
tion is a function only of the product σ = kr, and therefore ψ may be written
as ψ(σ, θ, φ). A theorem applicable to problems using spherical coordinates
is that the complete solution of Eq. (1.11.4) is obtained by summing over
all possible functions ψ(σ, θ, φ) where:

ψ(r, θ, φ) = R(σ)Θ(θ)Φ(φ) (1.11.5)

To obtain ψ(σ, θ, φ), it is necessary to begin by solving for the solutions
of Eq. (1.11.5) that involve only one independent variable. After obtaining
the functional forms, all possible products are formed and weighted by a
constant multiplying coefficient. The coefficient is determined by matching
boundary conditions. Finally, all individual product functions with appro-
priate coefficients are summed.

Substituting Eq. (1.11.5) into Eq. (1.11.4) and multiplying by
r2/Ψ(r, θ, φ) gives:
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d
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Φ

d2Φ
dφ2 +

1
R

d
dσ

(
σ2 dR
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)
+ σ2 = 0 (1.11.6)

The first two terms are independent of the radius and the last two terms
are independent of the angles, yet the two sets equal each other’s negative,
requiring both sets to be constant. The constant is known as the separation
constant. A convenient choice of separation constant is for the radial terms
to equal ν(ν + 1) and the angular terms −ν(ν + 1), and results in the
separated, complete differential equations:
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+
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σ2

)
R = 0 (1.11.7)
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d
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]
+

Θ
sin2 θ

d2Φ
dφ2 + ν(ν + 1)ΘΦ = 0 (1.11.8)

The radial equation is a differential equation with one independent variable.
The angular equation may be written as:

sin θ

Θ
d
dθ

[
sin θ

dΘ
dθ

]
+ ν(ν + 1) sin2 θ +

1
Φ

d2Φ
dφ2 = 0 (1.11.9)

The first two terms of Eq. (1.11.9) are functions of θ only and the third
is a function of φ only, yet the terms equal each other’s negative. Again,
both sets are constant. Putting the first two terms equal to m2, where m
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is the second separation constant, results in two separated equations, each
involving only one independent variable:

1
sin θ

d
dθ

(
sin θ

dΘ
dθ

)
+

(
ν(ν + 1) − m2

sin2 θ

)
Θ = 0 (1.11.10)

d2Φ
dφ2 + m2Φ = 0 (1.11.11)

Solutions of the separated differential equations and tabulated functions
are in the Appendix.

Solutions of the radial equation are spherical Bessel, Neumann, and
Hankel functions, respectively, jν(σ), yν(σ), and hν(σ). A particularly
important linear combination is Hankel functions of the second kind and
integer order: h
(σ) where “�” represents any integer value of “ν”. Solu-
tions of the zenith angle equation are associated Legendre functions; solu-
tions are, in some instances, of integer order and in others of noninteger
order. In all cases, the orders of the radial and zenith angle solutions are
the same. Trigonometric functions form the solutions of the azimuth angle
equation: sinφ, cos φ, and exp(±imφ). Since all solutions to be considered
extend over the full range of azimuth angle, zero through 2π, only integer
values of degree m, are present. With exponential notation, the exponent
may have either sign. With symbol zν(σ) representing a linear combination
of possible radial solution forms, rather than writing the solution as two
separate sums it is written as:

ψm
ν (r, θ, φ) = zν(σ)Θm

ν (θ)e−imφ (1.11.12)

With this notation, completeness requires m to include the full set of posi-
tive and negative integers, however the degree of the Legendre function is
always positive.

1.12. Radiation Fields in Spherical Coordinates

Replacing B by µH more closely matches common usage. For what lies
ahead we are concerned only with free space and there µ is merely a unit-
determining parameter that measures the magnetic field in amperes per
meter instead of webers per square meter.

The field calculation procedure is due to Hansen, and begins with the
vector theorem that a field with zero divergence is completely specified by
its curl. It is, therefore, helpful to introduce the two independent field sets:

ηH1 = r × ∇Ψ1 and E2 = r × ∇Ψ2 (1.12.1)

Symbol η =
√

µ/ε indicates the wave impedance.
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Since the free space divergences of both vectors are zero, solutions of
Eq. (1.12.1) provide the complete set of possible values for vectors H1

and E2. The remaining field solutions, H2 and E1, may be obtained from
Eq. (1.12.1) using the Maxwell curl equations. The total fields, (E1 + E2)
and (H1 +H2), are then complete. If the boundary conditions are matched,
the fields are also unique.

In what follows we use the notation that time dependence is exp(iωt)
and azimuth angle dependence is exp(−jmφ), where i2 = j2 = −1. The
reasons for separate notation are that it permits separation of polarization
and time dependencies and it permits restriction of separation constant m

to the field of positive integers, without loss of generality. With Hansen’s
method the defining terms for phasor fields are, see Eq. (1.10.4):

ηH̃1 = r × ∇ψ1 and Ẽ2 = r × ∇ψ2 (1.12.2)

A tilde over a vector indicates that it is a phasor. It is required that the
scalar functions satisfy the Helmholtz equation, Eq. (1.11.3). For integer
modes, the results are solutions in the form of Eq. (1.11.12):

ψ1 = F(�, m)z
(σ)Θm

 e−jmφ

ψ2 = j G(�, m)z
(σ)Θm

 e−jmφ

(1.12.3)

The order is not restricted to integer values and the radial function z
(σ)
may be any linear combination of spherical Bessel and Neumann functions.
The zenith angle function may be any linear combination of associated
Legendre functions. Both the applicable functions and the constant mul-
tiplying coefficients F(�, m) and G(�, m) are determined by the boundary
conditions.

Applying the operation of Eq. (1.12.2) to Eq. (1.12.3) gives the result:

r × ∇ψ = − θ̂

sin θ

∂ψ

∂φ
+ φ̂

∂ψ

∂θ
(1.12.4)

Combining gives:

ηH̃1 = F(�, m)z
(σ)
[
jθ̂

mΘm
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]
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Ẽ2 = jG(�, m)z
(σ)
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sin θ
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]
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(1.12.5)
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Taking the curl of the second of Eq. (1.12.5) and then applying the
Maxwell curl equation leads to:

ηH̃2 = −iG(�, m)e−jmφ

{
j�(� + 1)

z


σ
Θm


 r̂ + z•



(
j
dΘm




dθ
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mΘm



sin θ
φ̂

)}
(1.12.6)

The carat indicates a unit vector and a dot superscript indicates:

z•

(σ) =

1
σ

d
dσ

[σz
(σ)] (1.12.7)

Taking the curl of the first of Eq. (1.12.5) and then applying the Maxwell
curl equation leads to:

Ẽ1 = iF(�, m)e−jmφ

{
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z
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mΘm
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)}
(1.12.8)

The total fields are the sum of Eqs. (1.12.5), (1.12.6) and (1.12.8). They
may be written as:
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(1.12.9)

Without loss of generality, the phases of constants F(�, m) and G(�, m) and
multiplying factor i−
 have been picked for later convenience. Coefficients
F(�, m) multiply the radial component of the electric field terms and are
TM (transverse magnetic) fields and modes, where “T” indicates transverse
to the radial direction. Coefficients G(�, m) multiply the radial component
of the magnetic field and are TE (transverse electric) fields and modes.
Terms with � = m = 0 have no radial fields and are the TEM (transverse
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electric and magnetic) fields and mode. This result is valid for all possible
electromagnetic field solutions.

Keeping only the real or only the imaginary part with respect to “j”
provides, respectively, x or y polarization of the electric field intensity. The
fields are right or left circularly polarized, respectively, with j = i or j = −i.
Since this result applies to all time-dependent outgoing waves, it follows
that it also applies when the rate of change is arbitrarily small. Hence, it
describes fields in the limit as the frequency goes to zero, a static charge
distribution. Because of this general result, it is helpful to obtain a physical
view of what constitutes field sources. The sources of coefficients F(�, m)
and G(�, m) for static fields are discussed in the appendix, Secs. A.28
and A.29.

Consider a few special cases of Eq. (1.12.9). If the described fields are
contained within a source-free region of space, and if that space is loss
free, solutions have positive, integer values of orders and integer values of
degrees. Spherical Bessel functions, which have no singularities, form the
radial portion of the solution; spherical Neumann functions, which have
singularities, are not present.

Associated Legendre functions of the first kind, and of integer order,
which have no singularities, form the angular portion of the solution; frac-
tional order associated Legendre functions and those of the second kind,
which have singularities, are not present.

In the main, if the fields originate at a point and support an outward
flow of energy from that point, the radial portion of the solution consists of
spherical Hankel functions of the second kind. A solution within an enclosed
space that excludes the z-axis, but has rotational symmetry, is described
by associated Legendre functions of both the first and second kind, with
noninteger, positive-real orders and integer degrees.

In all cases, if the medium in which the fields exist is “lossy”, the sep-
aration constants are complex numbers with a positive real part. Since all
cases of interest in this book concern lossless media and a full 2π spatial
rotation about the z-axis, both the order and degree are real and degrees
have only integer values.

1.13. Electromagnetic Fields in a Box

It is helpful for the analysis of radiation problems that follow to know the
possible modes in a rectangular cavity, the energy associated with the dif-
ferent modes, and the number of independent modes that can exist. To that
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end consider all possible electric field modes that can exist inside an other-
wise empty, rectangular cavity that is confined by walls of infinite conduc-
tivity. From Eqs. (1.11.2) and (1.11.3) the wave number k is, by definition:

k = ω/c (1.13.1)

Whatever time dependence a set of fields may have, it is most easily
analyzed at a single frequency only. For each frequency, see Eqs. (1.6.8)
and (1.6.11), the Maxwell equations in an empty hollow chamber are:

ηH̃ =
i

k
∇ × Ẽ; Ẽ = − i

k
∇ × (ηH̃)

∇ · H̃ = 0; ∇ · Ẽ = 0
(1.13.2)

Let the cavity be a rectangular box that extends from 0 to a along the
x-axis, 0 to b along the y-axis, and 0 to d along the z-axis. Boundary
conditions applied to perfectly conducting walls require all parallel electric
field components to be zero at the surface. Since by Eq. (A.7.3) the fields
are also spatial sinusoids the most general forms of possible electric field
components are:

Ex = E1 cos(kxx) sin(kyy) sin(kzz)eiωt

Ey = E2 sin(kxx) cos(kyy) sin(kzz)eiωt

Ez = E3 sin(kxx) sin(kyy) cos(kzz)eiωt

(1.13.3)

Constants E1, E2, and E3 are specific to each particular problem. Since
k satisfies Eq. (A.5.17) it is also a vector, and since by Eq. (1.13.2) the
divergence is equal to zero, it follows that:

k · Ẽ = 0 = kxE1 + kyE2 + kzE3 (1.13.4)

Applying this condition shows that two of the field constants can be
expressed as functions of the other. The electric field set is equal to:

Ex = − kxkz

k2
x + k2

y
E3 cos(kxx) sin(kyy) sin(kzz) cos ωt

Ey = − kykz

k2
x + k2

y
E3 sin(kxx) cos(kyy) sin(kzz) cos ωt

Ez = E3 sin(kxx) sin(kyy) cos(kzz) cos ωt

(1.13.5)

This leaves Eq. (1.13.5) with only one unknown field coefficient. Operat-
ing on Eq. (1.13.3) with the first curl equation of Eq. (1.13.2) gives the
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accompanying set of magnetic field components:

ηHx =
i

k
[kyE3 − kzE2] sin(kxx) cos(kyy) cos(kzz)eiωt

ηHy =
i

k
[kzE1 − kxE3] cos(kxx) sin(kyy) cos(kzz)eiωt

ηHz =
i

k
[kxE2 − kyE1] cos(kxx) cos(kyy) sin(kzz)eiωt

(1.13.6)

Substituting the field coefficients of Eq. (1.13.5) into (1.13.6) shows that
Hz = 0 and the other field components are:

ηHx = iE3

(
kyk

k2
x + k2

y

)
sin(kxx) cos(kyy) cos(kzz)eiωt

ηHy = iE3

(
kxk

k2
x + k2

y

)
cos(kxx) sin(kyy) cos(vzz)eiωt

(1.13.7)

Comparing Eqs. (1.13.5) and (1.13.7) shows that the electric and magnetic
fields are out of time phase. Since the ideal cavity is lossless, the energy
is constant and the total electric and magnetic energy is constant. That
energy is, therefore, twice the magnetic energy. Integrating over the volume,
V = abd, gives the total energy:

W =
ε

16
E2

3

(
1 +

k2
z

k2
x + k2

y

)
V (1.13.8)

With �, m, n equal to integers, the conducting boundary condition is:

kx =
�π

a
; ky =

mπ

b
; kz =

nπ

d
(1.13.9)

Combining and introducing w as the energy per unit volume gives:

kx =
�π

a
; ky =

mπ

b
; kz =

nπ

d
(1.13.10)

w =
ε

16
E2

3

(
1 +

(n + d)2

(�/a)2 + (m/b)2

)
(1.13.11)

The dual solution follows by starting with all possible magnetic field com-
ponents then put Ez = 0. The two polarizations are independent and give
dual results.

A related problem is to find the number of possible solutions within
volume V . For this case let the cavity be cubic, from which a = b = d. The
number of available states is equal to the number of spatial points in the
positive quadrant of k-space. For integers �, m, n much greater than one
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the number of points is nearly equal to the volume of that quadrant and,
in k-space, the unit length is π/a. The total number of points is therefore
1/4 the volume in phase space:

N =
1
8

( a

π

)3
∫ 2π

0
dφ

∫ π

0
sin θ dθ

∫ k

0
k2 dk =

k3V

6π2 (1.13.12)

The above argument follows from possible values of the electric field
intensity inside the regions then obtaining the magnetic field and the con-
dition Hz = 0 from it. The argument is equally valid starting with magnetic
field intensity then obtaining the electric field, and the condition Ez = 0
from it, and gives an equal number of solutions. Therefore the total number
of possible solutions is:

N =
k3V

3π2 (1.13.13)

The two solution types represent the two possible field polarizations.
The number of states between frequencies ω and ω + dω follows:

1
V

dN =
ω2

π2c3 dω (1.13.14)

This expression may be used to evaluate the number of energy states avail-
able in free space by imagining all space to be in an enclosed system then
letting the dimensions of the system become infinite.

1.14. From Energy to Electric Fields

The energy associated with an electric field is given by integral equations
Eq. (1.9.10). Using it, it is commonly considered that the local energy den-
sity at each point in the field is

w(r, t) = εE(r, t) · E∗(r, t)/4 (1.14.1)

It is often convenient to express this energy in terms of wave number k.
Since k is a vector it may be used as a basis for dimensions, that is, in
k-space. For this purpose it is convenient to express the field in coordinate
space as an integral over all constituent parts in k-space:

E(r, t) =
1

(2π)2

∫ ∞

−∞
Eω(k, ω)ei(ωt−k·r)dk dω (1.14.2)
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To evaluate the k-space field, Eω(k, ω), consider the integral expression
drawn from Eq. (1.14.2):∫ ∞

−∞
E(r, t)e−i(ω′t−k′·r)dr dt

=
∫ ∞

−∞
dk dω

∫ ∞

−∞
Eω(k, ω)ei([ω−ω′]t−[k−k′]·r)dr dt

= (2π)2
∫ ∞

−∞
dk dωEω(k, ω)δ(ω − ω′)δ(k − k′) = (2π)2Eω(k′, ω′)

It follows that:

Eω(k, ω) =
1

(2π)2

∫ ∞

−∞
E(r, t)e−i(ωt−k·r)dr dt (1.14.3)

The two forms of electric field intensity, therefore, form a Fourier integral
transform pair. It follows that the electric field energy in k-space is:

w(k, ω) = εE(k, ω) · E∗(k, ω)/4 (1.14.4)

It follows from Eqs. (1.14.1) and (1.14.4) that in both coordinate systems
the field intensities are proportional to the square root of the energy density.
Since only the scalar product between the field intensities is known, three-
dimensional vectors are not completely specified by this argument. It is,
however, complete for one-dimensional cases such as, for example, scalar
fields.
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