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Abstract

Properties of six-component electromagnetic field solutions of a matrix form of the
Maxwell equations, analogous to the four-component solutions of the Dirac equation, are
described. It is shown that the six-component equation, including sources, is invariant un-
der Lorentz transformations. Complete sets of eigenfunctions of the Hamiltonian for the
electromagnetic fields, which may be interpreted as photon wave functions, are given both
for plane waves and for angular-momentum eigenstates. Rotationally invariant projection
operators are used to identify transverse or longitudinal electric and magnetic fields. For
plane waves, the velocity transformed transverse wave functions are also transverse, and the
velocity transformed longitudinal wave functions include both longitudinal and transverse
components. A suitable sum over these eigenfunctions provides a Green function for the
matrix Maxwell equation, which can be expressed in the same covariant form as the Green
function for the Dirac equation. Radiation from a dipole source and from a Dirac atomic
transition current are calculated to illustrate applications of the Maxwell Green function.

1. Introduction

For quantum mechanics to provide a complete description of nature, it is necessary to
have a wave function for something as important as electromagnetic radiation or photons.
This has become increasingly relevant as the number of experiments on single photon pro-
duction and detection, motivated by interest in the fields of quantum computation and
quantum cryptography, has grown rapidly over the past two decades [1]. The history of
theoretical efforts to define photon wave functions dates back to the early days of quantum
mechanics and is still unfolding. Overviews have been given in [2-4]. However, there is not
yet a consensus on the form a photon wave function should take or the properties it should
have. Further investigation of these questions is warranted, and possible answers are given
in this paper.

Quantum electrodynamics (QED) accurately describes the interaction of radiation with
free electrons and electrons bound in atoms, but as it is formulated in terms of an S matrix,
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asymptotic states, and Feynman diagrams, it does not readily lend itself to the description of
the time evolution of radiation. In particular, interference effects or the space-time behavior
of a photon wave packet would be more naturally described in the framework of wave
mechanics with a wave function for a single photon.

There are a number of requirements that need to be be imposed on a formalism for
a quantum mechanical description of photons. First, the predicted behavior of radiation
should be consistent with the Maxwell equations. Time-dependent solutions of the Maxwell
equations provide the basis for both classical electromagnetic theory and QED, and it can
be expected that a photon wave function should also be based on solutions of the Maxwell
equations. This means that the wave function is simultaneously the solution of both of the
first-order Maxwell equations with time derivatives and not just a solution of a second-order
scalar wave equation.

A second requirement is that the wave functions obey the quantum mechanical principle
of linear superposition. Simply stated, this means that if two wave functions describe possible
states of radiation, then a linear combination of these wave functions also describes a possible
state. For example, a wave function for circularly polarized radiation can be written as a
linear combination of two wave functions for linearly polarized radiation, all of which must
be solutions of the same wave equation.

Another requirement is that the formalism be Lorentz invariant in order to properly
describe the space-time behavior of radiation. An approximation scheme like the reduction
of the Dirac equation to obtain the Schrodinger equation for electron velocities that are
small compared to the speed of light is not an option for radiative photons.

Finally, it is necessary for the formalism to provide the tools for methods associated with
quantum mechanics. This includes a wave equation with a Hamiltonian that describes the
time development of states, wave functions that comprise a complete set of eigenfunctions of
the Hamiltonian, normalizable states with a probability distribution that corresponds to the
location of the photon, a law of conservation of probability, operators with expectation values
for observables, and wave packets that realistically describe the propagation of photons in
space and time.

To arrive at a wave equation that addresses these requirements, we examine an approach
in which the four-component matrix Dirac equation for a spin one-half electron is adapted
to a six-component form of the Maxwell equations for a spin-one photon. This version of
the Maxwell equations is a direct extension of the Dirac equation for the electron in which
two-by-two Pauli matrices are replaced by analogous three-by-three matrices. Since the
quantum mechanical properties of the Dirac equation, Hamiltonian, and wave functions are
well understood and tested experimentally, it is natural to consider the analogous Maxwell
equation, Hamiltonian, and wave functions as a quantum mechanical description of photons.

There are fundamental differences between the Dirac equation and the matrix Maxwell
equation, so the extension requires a detailed analysis. The most prominent difference is the
fact that there is a possible source term in the Maxwell equation which has no analog for
the Dirac equation [5]. Also, some properties of the three-by-three spin matrices differ from
those of the Pauli matrices, even though they have the same commutation relations.

Linear operators that are representations of the inhomogeneous Lorentz group can replace
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the wave equation of a system for free electrons or transverse photons with no sources [6-8],
but the source terms and longitudinal solutions of the Maxwell equation fall outside this
framework. Taking the view that the Maxwell equation with a source is the most direct
contact with experiment, our approach is to start from the matrix Maxwell equation with
a source term and explicitly work out the Lorentz transformations of the solutions. It is
shown that the six-component equation is invariant under Lorentz transformations, as it
should be, but this is not self-evident, since the source term is essentially the three-vector
current density.

Next, six-component solutions are constructed and shown to be complete sets of orthogo-
nal coordinate-space eigenfunctions of the Maxwell Hamiltonian, parameterized by physical
properties, such as linear momentum, angular momentum, and parity. These properties
are associated with operators that commute with the Hamiltonian. Complete sets of both
plane-wave solutions and angular-momentum eigenfunctions are given. Bilinear products of
normalizable linear combinations of these functions provide expressions for the probability
density and flux. The eigenfunctions are further classified according to whether they rep-
resent transverse or longitudinal states. These properties are associated with the electric
and magnetic fields, with the result that under a velocity boost, the transformed transverse
solutions are also transverse, unlike solutions corresponding to a transverse vector poten-
tial. Moreover, by summing over both transverse and longitudinal solutions, we obtain a
covariant Green function for the Maxwell equation, which is of the same form as the Green
function for the Dirac equation.

Solutions are obtained directly from the Maxwell equation, with no recourse to a vector
potential. This avoids problems such as extra polarization components and ambiguities
associated with gauge transformations [9-11]. Although integrals over a closed path of the
potential may be observables, as discussed in [12], such integrals can be expressed in terms
of the magnetic flux through the loop [13], so it is expected that the fields alone provide
a complete description of electrodynamics. It is also clear that photon wave functions
are closely aligned with electric and magnetic fields, and an approach that starts with
classical electrodynamics expressed in terms of fields only provides a natural framework for
the transition to the wave mechanics of photons. A possible advantage of using a vector
potential is that it is the solution of a scalar wave equation, which has a well-known Green
function. However, this advantage is offset by the fact that we provide a covariant Green
function for the Maxwell equation.

This paper is organized as follows. In Sec. 2 the vector Maxwell equations and the Dirac
equation are stated to define notation. The algebra of three-component spin matrices is
reviewed in Sec. 3, where both a spherical basis, which is the direct extension of the Pauli
matrices to three components, and a Cartesian basis with real components, are defined. The
Maxwell equations are written in terms of the spherical spin matrices and combined into the
Dirac equation form in Sec. 4. In Sec. 5, transverse and longitudinal projection operators are
defined and used to separate the Maxwell equations and solutions into the corresponding
disjoint sectors. Lorentz invariance is addressed in Sec. 6, where transformations of the
coordinates and derivatives, transformations of the Maxwell equation, and transformations of

the solutions are explicitly written. In Sec. 7, plane-wave solutions, which are eigenfunctions
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of the momentum operator as well as the Hamiltonian, are given for both transverse and
longitudinal states, and the set of solutions is shown to be complete. The explicit action of
Lorentz transformations on the plane-wave solutions is described. Properties of normalizable
wave packets formed from the plane-wave solutions are illustrated. The angular-momentum
operator and the corresponding eigenfunctions are given and shown to be complete in Sec. 8.
In Sec. 9, the Maxwell Green function is written as an integral over the plane-wave solutions
in a form analogous to the Dirac Green function. As examples of applications of the Maxwell
Green function, formulas for radiation from a point dipole source and from a Dirac current
source are derived in Sec. 10. A summary of the main points of the paper is in Sec. 11 and
brief concluding remarks are made in Sec. 12.

The relation of the present study to earlier work is indicated in the sections where the
particular topics are discussed.

2. Three-vector Maxwell equations and the Dirac equation

The Maxwell equations in vacuum, in the International System of Units (SI), are

€o
10FE
V X B - 20 tod (2)
0B
V X E+ E = 0, (3)
V-B = 0, (4)

where E and B are the electric and magnetic fields, p and J are the charge and current
densities, €y and j are the electric and magnetic constants, and ¢ = (o) ~/? is the speed
of light. The continuity equation

dp
G TV =0 (5)

follows from Egs. (1) and (2).

The form of the Maxwell equations considered here is analogous to the Dirac equation
for the electron. The Dirac wave function ¢(x) is a four-component column matrix that is
a function of the four-vector x. For a free electron, the Dirac equation is

(ih’}/uau - mec) ¢(x) = 07 (6)

where A is the Planck constant divided by 27, m, is the mass of the electron, v*, u = 0,1, 2, 3,
are the 4 x 4 Dirac gamma matrices, given by

I 0 ; 0 o
0 _ . T _ ;—
Y _(O _[)7 8 _(_O_i 0)77'_172737 (7)

4



I and 0 are the 2 x 2 identity and zero matrices, o¢, i = 1,2, 3, are the Pauli spin matrices

) ) R R N

0 0
=—: 0;=—,1=1,23.
% dct’ 0 oi’ " k ()
We take the metric tensor g" to be
gOO = 17 g“ = _17 1= 1727 37 gwj = 07 1% ;é v. (10>

In terms of the spin matrices, the derivative term in Eq. (6) can be written as

0

I = o-V

T p— dct ) 11

7O (—O'-V _Iai> (11)
ct

The Pauli spin matrices act on two-component spin matrices in the electron wave func-
tion. Oppenheimer has suggested that since the Maxwell equations involve three-vectors,
three-component matrices should be considered for constructing a photon wave function [5].
Here we implement such an extension by replacing the Pauli spin matrices in the Dirac
equation by the analogous 3 x 3 matrices described in the next section.

3. Three-component spin matrices

As is well known, three-vectors and operations among them are interchangeable with
three-component matrices and matrix operations. In this section, formulas for these matrices
relevant to subsequent work are given. Some of these formulas have been given in [14]. It is
useful to define both Cartesian and spherical matrices to represent three-vectors.

The Cartesian matrix representing a vector a may be written as

a. = a? (12)

where a', a?, a® are the rectangular components of the vector a, and a spherical represen-

tation is denoted by
a;, = Mac, (13)

where M is a 3 x 3 unitary matrix specified in the following. The dot product of two vectors
is

a-b = alb.=alb,, (14)
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where 1 denotes the combined operations of matrix transposition and complex conjugation.
Explicit Hermitian 7 matrices (77 = 7), which are 3 x 3 versions of the Pauli matrices,
are obtained by taking 72 to be diagonal

1 0 0
? =10 o0 0 (15)
0 0 -1

and applying appropriate rotation matrices to obtain 7' and 72

0 1 0
1
o= dW{0, 507DV ({0, —5.0)=—%| 1 0 1], (16)
\/5 0 1 0
: 0 —1 0
7 = ®0({0,0,7}) ' d®({0,0,-Th=—>| 1 0 -1 |, (17)
\/5 0 1 0

where ®W ({a, 8,~}) is the j = 1 representation of the rotation group, parameterized by
the Euler angles «, 3, [15]. In particular, 9(1)({0, %,0}) represents the rotation about the

2 axis by the angle 7/2 and ©®W ({0, 0,%}) represents the rotation about the 3 axis by the

angle 7/2. The same rotations starting from o?, with the j = % representation, reproduce

o' and 02. The T matrices are related by

[Ti,Tj} = i€ T, (18)

where ¢, is the Levi-Civita symbol.*
The cross product of two vectors a and b can be written in terms of the scalar product
of the tau matrices with the vector a

T-a = Td (19)
acting on the spherical matrix for the vector b as
T-ab, = i(axb),, (20)

provided the matrix M in Eq. (13) is suitably chosen. To determine M, we take the
Cartesian definition

(a X b)Z = eijkajbk (21)

1 0 0
!The tau matrices defined by Oppenheimer [5] are NT7¢ N, where N = ( 0 i 0 ) . [The minus sign
0 0 -1
in 72 in Eq. (10) of that paper apparently is a typographical error, as indicated by inspection of Eq. (11).]
The matrices defined by Majorana [16] are M7 M, where M is given in Eq. (23).
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and write Eq. (20) as

T-aMb, = iM(a xb).. (22)

Imposing the requirement that this equation be valid for any vectors a and b fixes M, up
to a phase factor, to be

1 -1 i O
M= —| 0 02|, (23)
V2 1 1 0
which yields
—%(a1 —ia?)
a;, = a? : (24)
%(a1 +ia?)
Consequences of Eq. (20) are
T-aa;, = 0, (25)
T-abj+7-ba, = 0, (26)
alt - be, = ia-(bxec), (27)
(Tt racy) - (t-bds) = (axc) (bxd)
= a-bec-d—a-dc-b (28)
Equation (28) can be written as
cl(t-a)lt-bdy, = cl(a-b—bsal)d, (29)
for any vectors ¢ and d, which yields the relation
(t-a)'t-b = a-b—bal, (30)

where it is understood that the first term on the right includes the 3 x 3 identity matrix as
a factor and the second term is also a 3 x 3 matrix. If a. has real components, then

(t-a)! = 7-a, (31)

(t-a)® = a*7-a, (32)
where a? = a - a is the ordinary real vector scalar product.
Real Cartesian tau matrices 7 may be defined so that

T-ab, = (axb).. (33)
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This relation follows from Egs. (20) and (13) with the definition

o= AM'T"M, i=1,23. (34)
These matrices are antisymmetric #' = —7, where T denotes matrix transposition, in

contrast to 71 = 7. For vectors a and b with real Cartesian components, we have

F.a¥-b = ba! —a-b, (35)
(F-a)* = —a’(7-a), (36)
(F-a)? = —ejra”, (37)
The matrix
0 —a® a?
T-a = @ 0 —d (38)
—-a*> a0

has the form of the lower right portion of the electromagnetic field-strength tensor F*, as
given in [17] for example.
4. Matrix Maxwell equation

In terms of the notation of the previous section, the matrix forms of the Maxwell equa-
tions in (2) and (3), for the source-free case (J = 0), are

, 10E,
it VB 45— = 0, (39)
: oBs
1T-VES—caCt = 0. (40)

These equations may be written as two uncoupled equations

(1i T V) (E, +icB,) =0, (41)
oct

0 :
(I@—TV) (ES—ICBS) —0, (42)

where I is the 3 x 3 identity matrix. In the Cartesian basis, Eqs. (41) and (42) are

J .. .

(I% + 17 - V) (EC + ICBC) = 0, (43)
o . .

<I% —iT- V) (E. —icB.) =0. (44)

In these expressions, it is evident that for real electric and magnetic fields, Eqgs. (43) and

(44) are complex conjugates of each other and reduce to a single complex equation. It was
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recognized in lectures by Riemann in the nineteenth century that this complex combination
of E and B is a solution of a single equation [18]. This fact was also discussed in [19, 20] and
is included in many works up to the present. Equations (43) and (44) may be interpreted as
Maxwell equations for right- and left-circularly polarized radiation, analogous to the Weyl
equations for right- and left-handed neutrino fields [8, 14].

However, in this paper, we consider the more restrictive case of complex electric and
magnetic fields that are simultaneously solutions of both Eqs (43) and (44), or equivalently
both Egs. (39) and (40), for any polarization of radiation. The question of whether such
solutions can be found is answered by their explicit construction in subsequent sections of
the paper. To formulate this approach, we follow the Dirac equation and write

0

I 9 -V E,

—7-V —I = icBq
Ooct

which is a restatement of Egs. (39) and (40) in the form of the Dirac equation for an electron
wave function. It is a matrix equation with six components that may be viewed as a single
equation equivalent to Egs. (39) and (40) for any polarization of the fields. Any complex
solution of Eq. (45) is a solution of both Egs. (41) and (42). Similar wave functions have
been discussed in [21-23]. It should be noted that this formulation is different from the
six-component form considered by Oppenheimer in which the upper-three components and
lower-three components represent opposite helicity states [5].
If we define 6 x 6 gamma matrices by

I 0 ; 0o 7
0 _ . T __ P
Y _<0 _I)7 7_(_7_2 0)77’_172a37 (46)

where 0 is the 3 x 3 zero matrix, and write

E (x
U(r) = (iCB((i)>, (47)

then Eq. (45) takes the covariant Dirac equation form
V0U(@) = 0 (48)

which provides a concise expression for two of the Maxwell equations. We can also write
this as

U(x)d," = 0, (49)

where ¥(x) = ¥T(z)+° and 3“ denotes differentiation of the function to the left. Although
these equations are simply algebraic rearrangements of the two Maxwell equations, the
resemblance to the Dirac equation and wave function is suggestive of a form that photon

wave functions might take.
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It is of interest to note that for solutions of the Dirac equation for the hydrogen atom,
the lower two components are small and approach zero in the nonrelativistic limit, i.e., as
the velocity of the bound electron approaches zero. Similarly, for local electromagnetic fields
generated by moving charges, the magnetic field, given by the lower three components of ¥,
also approaches zero in the limit as the velocity of the charges approaches zero.

To take source currents into account, Eq. (2) is written as

1 0E;
1 * BS - == - S7
iT- VB + - Dot Lo (50)

and a source term = is defined to be

- B —popcds(z)
4@-—( . ) 51

where 0 is a 3 X 1 matrix of zeros. This yields the expressions

VO, U(@) = Z() (52)
and

— «— —

T@)7,0" = Z), (53)

either of which is referred to as the Maxwell equation here. The source term in Eq. (52)
or (53) represents a fundamental difference between the Dirac equation and the Maxwell
equation, as mentioned in Sec. 1 [5].

In this framework, an energy-momentum density operator is

PR .
p 5. 1" (54)
which gives
BT 1 2, L ipp
Uep'¥ = —|elE|"+ —|B|*) =u, (55)
2 Ho
VUp¥ = ? (E;rTBS — B;rTES)
1
= 5 —ReExB"=g. (56)
"o
Egs. (52) and (53) imply that
0, V()W (z) = E(x)¥(x)+ ¥(x)E(x), (57)
which is a complex form of the Poynting theorem [see Eq. (14)]
g—?+v-5:—ReE-J, (58)
where
S =g, (59)

which gives the conventional result if the fields and current are real [17].
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5. Transverse and longitudinal fields

To make a Helmholtz decomposition of electromagnetic fields expressed in matrix form
into transverse and longitudinal components, we define 3 x 3 matrix transverse and longi-
tudinal Hermitian projection operators IT) (a) and ITX(a) to be

.I>
T-a)'(T-a
M) = T 2UT0) (60)
a-a
.I>
a.al
Ii(a) = —= (61)

a-a

Based on identities in Sec. 3, these operators have the following properties:

I (a)]” = I,(a), (62)
[TH(a)]” = ITi(a). (63)
IIj(a)+ g(a) = I, (64)
IIj(a)s(a) = 0, (65)
I (a)a, = 0, (66)
IT"(a) a, a, (67)

Acting on the matrix of an arbitrary vector b, the operators project the components per-
pendicular to and parallel to the argument a

a-b
IIYa)b, = b,— ——
s (@) b s T O (68)
a-b
IT“(a)b, = — " a..
s(a) by e (69)

In addition to these algebraic relations, usefulness of the projection operators arises
from an extension to include differential and integral operations acting on coordinate-space
functions. Formally, we write

(V) = (T'V—QW, (70)
T
miw) = Y5 M)

which takes into account that fact that V has real Cartesian components (in the sense that
they give real values when acting on a real function). The inverse Laplacian is defined by
the relation

Liw = L [aw L p@), (72)

47 lx — /|

which yields

1 1 1
Vigil@) = — [1E Vi) - ) (73)
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based on
= —And(x —a'), (74)
where

S(x—a') = 6 —2™")6(x® —2?) 62 — o). (75)

Equation (73) indicates that the Laplacian operator follows analogs of the rules of algebra
in this context. For example, we have

(v = [<T-V>2r:vz<f.v)2

V2 V2v?
T-V)?
- TV miw), (76)

where either simply canceling the V? factors in the numerator and denominator or applying
the definition in Eq. (72) for the operators acting on a suitable function gives the same
result. Transverse and longitudinal components of the electric and magnetic fields and the
current density are identified by writing

F, = F'+F" (77)
where

F' = II[(V)F, (78)

F: = IOHV)E, (79)

and F; may be any of E,, By, or Js.

The separation of the Maxwell equations into two independent sets of equations which
involve either transverse components or longitudinal components takes the following form.
In terms of the spherical matrices, Eq. (1) is

vier = L. (80)
€0

where the transverse component of the electric field is absent, because VIITI (V) = 0.
Equations (1) and (80) are equivalent, in the sense that each can be derived from the
other; Eq. (1) follows from Eq. (80) if the vanishing transverse component is added to
the latter equation. In the separated form, it is evident that the equation neither contains
information about or places any constraint on the transverse component EX. The transverse
and longitudinal projection operators acting on Eq. (50), the matrix form of Eq. (2), yield

10E}
iT~VB;F+288—C; = —pody, (81)
1 OE"

¢ ?ﬁt

= —MOJL (82)



respectively, which take into account the commutation relation [IT}(V), T - V] = 0 and the
fact that ITX(V) 7 -V = 0. Together, these equations are equivalent to Eq. (50) which can
be restored by writing the sum of Eq. (81) and Eq. (82) and adding the term that vanishes.
Evidently, this pair of equations is independent of BL. Similarly, Eq. (3), or equivalently
Eq. (40), can be written as the pair

0BT

it -VEI —¢ el 0, (83)
OB~

5 — 4

5ot 0, (84)

which are independent of EX. Equation (4) takes the form
ViBY = o, (85)

independent of BY. The transverse and longitudinal equations comprise two independent
sets.
Six-dimensional transverse and longitudinal projection operators are defined by

1(w) - (”ST(V) 0 ) (56)

0 I (V)
n“(v) = 11.(v) 0 (87)
0 m:(v) )’

where 0 is the 3 x 3 matrix of zeros, [IT(V) + II"(V) = Z, and T is the 6 x 6 identity
matrix. The transverse equations are summarized by writing

V0, 0" (x) = Z"(x), (83)
where

via) = IY(V)¥(x), (89)

Ez) = IY(V)E(). (90)

Equation (88) also follows directly from Eq. (52) and the fact that [IIT(V),~#9,] = 0.
The longitudinal equations are Eqgs. (80), (82), (84), and (85), together with the continuity
equation, Eq. (5), which can be expressed as

dp

— +VIJl =0 91
P L (o1)
Since the continuity equation follows from Egs. (80) and (82), it is not necessary to include
it in an independent set of equations; it is listed here only to show that it provides no
restriction on J'. Equations (84) and (85) are eliminated from consideration by taking

Bl =o. (92)
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Constant fields are eliminated by the requirement that static fields vanish at infinite distances
for finite source distributions. However, a constant magnetic field may be approximated by
the field at the center of a current loop with a radius that is large compared to the extent
of the region of interest. Such a steady-state current density is transverse, as shown by
Eq. (82), and so the magnetic field, given by Eq. (81), is also transverse, which is consistent
with Eq. (92). A complete set of equations, equivalent to the set of Maxwell equations, is
provided by Egs. (52), (80), and (92), and the transverse fields are completely described by
Eq. (88).

6. Lorentz transformations

Lorentz transformations of the matrix Maxwell equation are examined here in order
to confirm that this form of the Maxwell equations is Lorentz invariant. We adopt the
convention that transformations apply to the physical system rather than to the observer’s
coordinates.

To represent four-vector coordinates, the Cartesian matrices are extended to include a
time component z° = ct, so coordinate vectors take the form

0

l =(i). (93)

We employ the Cartesian basis for coordinate and momentum vectors and the spherical
basis for fields and currents, with a few exceptions that will be apparent. The notation =
represents either the four-coordinate argument of a function or a column matrix, depend-
ing on the context. It is sufficient for our purpose to consider only homogeneous Lorentz
transformations and to consider rotations and velocity transformations separately. These
transformations acting on four-vectors leave the scalar product

v-x = 1 gr=/(ct)®—x? (94)

8
I
8 8 8 8

invariant, where g is the metric tensor given by

1 0
gz(o —I). (95)

A remark on notation is that a boldface 0 means either a 3 x 3, a 1 x 3, or a 3 x 1
rectangular array of zeros, as appropriate. We take the liberty of using an ordinary zero on
the right-hand side of equations to mean whatever sort of zero matches the left-hand side.

6.1. Rotation of coordinates

Rotations are parameterized by a vector w = 0, where 4 is a unit vector in the direction
of the axis of the rotation and # is the angle of rotation. An infinitesimal rotation 66 @
changes the point at position @ to the point at position @', where

= xz+i0axx+..., (96)
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or
x, = (I+607 d)x.+... . (97)

For a finite rotation, the operation is exponentiated to give
x, = ¢ "x.= R.(u)x.. (98)

Expansion of the exponential function in powers of 6, taking into account the fact that
(7-4) =—7 -4, yields

R.(u) = I+ (7 -4)*(1—cosf)+7F -4 sind

= d.a] — (F-a)? cosf + 7 -4 sin 6. (99)

Evidently, R;!(u) = R.(—u) = R/ (u). It is confirmed that this operator has the appro-

C
priate action on a vector by calculating

* = 4t -xz—0x (4 xx)cosf+ 4 X xsinb. (100)
We use the notation

' = R(u)x (101)

to represent the transformation in Eq. (100).
Rotations of a four-vector only change the spatial coordinates and are written as

¥ = R(u)z= ( R(i)w ), (102)

where

rw - (V0 © 103
W = {0 ) (103

The scalar product x - x is invariant under rotations, since x? is invariant.
The spatial coordinate rotation operator in the spherical basis, which follows from

R(u) = MR.(u)M', (104)
is
R(u) = e =a.al + (1 -4)* cosh —iT-asin, (105)

and R;'(u) = Ry(—u) = R{(u). Starting from the geometrical constraint that the rotated
cross product of two vectors is the cross product of the rotated vectors, written as

R,(u)(a xb); = (a' xb), (106)
15



we have
R (u)T-ab, = 7-ad'b.=1 a'Ri(u)b,. (107)
Since this relation holds for any vector b, it yields
R (u)T-a = 7 a'Ri(u) (108)
and
R(u)T-aR;'(u) = 7-a. (109)

A direct calculation provides the same result.
The relation between the rotated and the unrotated gradient operators is given by

0 dx? 0 O’

. = . . = v 11
ox'*  Ox'" 0xd  Ox't v (110)

Vo=

where, from Eq. (98), we have

= Rojw) = Rey(u), (1)
so that
V. = R.(u)V,, (112)
and from Eq. (104),
V. = Ry(u)V,. (113)

Since the spherical gradient operator transforms as a spherical vector, we also have
R (u)T-VR'(u) = 17-V (114)

from Eq. (109). Equations (113) and (114) imply that transverse and longitudinal projection
operators transform according to

I;(V') = Ry(u) I (V)R] (u), (115)

S

(V') = Ry(u) I (V)R (u). (116)

S

The action of the inverse Laplacian in terms of the rotated coordinates is the same as it is
for unrotated coordinates, which follows either because V'? = V? from Eq. (113) or by the
definition in Eq. (72), taking into account the fact that the Jacobian for a rotation is unity.
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6.2. Velocity transformation of coordinates

Velocity transformations are parameterized by a velocity vector v = ¢ tanh(v. If a
space-time point is given an infinitesimal velocity boost of dC ¢ ?, its spatial coordinate will
change to

' = x+6(cto+... (117)

and its time coordinate must transform in such a way that the scalar product is invariant.
In particular, we require 2’ - 2’ = x - x, which yields

" = ct+5(v-x+.... (118)

The complete infinitesimal transformation is

(@) = Jroac( & EV(E)rn 119)

This may be written in terms of a 4 x 4 matrix valued function of the velocity direction:

ko = (o %) (120
for which

N 1 0
K*(%) = ( 0 o7 ) (121)
and K3(9) = K (). For a finite velocity, the transformation is exponentiated to give

¢ = K@ g —V(v)a. (122)

Expansion in powers of ( yields

V(v) = I+ K*®)(cosh¢ —1)+ K(®)sinh(

cosh ¢ ®. sinh ¢
= . . . (123)
D.sinh ¢ I+ 9.9 (cosh( — 1)

The relations V'(v) = V(v) and gV (v) = V~}(v)g confirm the invariance of the scalar
product:

-7 = 2"V (v)gV(w)z =gz (124)
The transformation yields

ct' = ct cosh( + - asinh(, (125)
2 = x+ 00 -x(cosh(—1)+ ctd sinh(. (126)
17



A point with & = 0 has the boosted velocity

/
v

The spherical counterpart of the operator V(v), in the velocity transformation

(%) =ve(s)

i@ = (o ar )V (g an )

cosh ¢ D] sinh ¢
N ( Dgsinh ¢ I + 9,8] (cosh ¢ — 1) ) .
For the four-gradient operator, we have
g _ 0 _ dx” 0 _ ox”
H ox'*  Oz'* Oxv  Oxa't

and from Eq. (122), which can be written as

= ctanh (v = v.

is

Oy,

or

we also have

which yields

9, = Vu(-v)0,.
If a Cartesian gradient operator is defined as
then Eq. (134) gives

or

since gV (—v) g =V (v).

(127)

(128)

(129)

(130)

(131)

(132)

(133)

(134)

(135)

(136)

(137)



6.3. Parity and time reversal of coordinates

Lorentz transformations that leave the scalar product in Eq. (94) invariant include the
parity transformation P = g, time reversal 7' = —g, and total inversion PT = —I operations.
These transformations have the following defining effects on the coordinate vectors:

pe= () (138)

Tz = (;Ct), (139)
PTr — (140)

It is sufficient for the present purpose to consider only P and T'. The coordinate derivatives

transform as
0
Py, = | Ot |, (141)
V.

_0
To, = ( dct ) (142)
— V.

Comparison of Egs. (95) and (103) shows that parity transformations commute with
rotations. On the other hand, for velocity transformations, the relation

PV(v) = V(-v)P (143)

applies as it should, because the space reflection of a point moving with a velocity v is a
point at the reflected position moving with a velocity —v. Similar conclusions follow for
time-reversal transformations.

6.4. Rotation of V(x)

The result of a rotation, parameterized by the vector wu, applied to the field ¥(z) in
Eq. (52) is the field ¥'(z) given by

V() = R(u)WR(u)z), (144)

where R(u) is a 6 x 6 matrix that gives the local transformation of the field ¥(z) at any point
x. The inverse transformation of the argument on the right-hand-side takes into account the
fact that the transformed field at the point x originated from the field at the point that is
mapped into x by the transformation. Lorentz invariance is confirmed by showing that the
transformed field satisfies the same equation as the original field. We expect the current to
transform in the same way as ¥ and write

E'(z) = R(u)E(R ' (u)z). (145)



The objective is to show that
oW () = E'(x), (146)

for a suitable transformation R(w). In terms of the original field and source, Eq. (146) is
given by

VORW (R (w)) = R(w)Z(R\(u)2) (147)
or
PR () = Rlu) (o), (145)
where the variable x has been replaced by ' = R(u)x. Thus Eq. (146) will follow if
RN (un g, R(w) = 140, (149)
We expect R(u) to be of the form
o - (5 48
which yields
R (wn R () - g RITERW g,
“R(u) T V'R.(u) 2
so Eq. (149) follows from
R '(u)T - V'R, (u) = 7-V, (152)

which, in turn, follows from Eq. (114). We conclude that, as expected, the solution and
source terms, transformed according to Egs. (144) and (145), where R(u) is given in
Eq. (150), satisfy the same equation as the original solution and source terms. The six-
dimensional rotation operator R(u) may be written as

R(u) = e % (153)
where
S = (E 3) (154)
Equations (144), (145), and (150) correspond to the separate equations
E{(z) R, (u) EJ(R™(u) ), (155)
Bi(x) = Ri(u)By(R'(u)z), (156)
Ji(z) = Ry(u)J(R(u)z). (157)

DO
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It can be confirmed that Egs. (1) and (4) in spherical form are invariant under rotations. In
particular, Eq. (1) for the rotated electric field and charge density p'(x) = p(R™!(u)z) is

p' ()

VIE(z) = (158)
€0
or
-1
VIR (B(R (W) = D (159)
0
The substitution x — R(u) x gives
VI RWEE) = A (160)
0
and Eq. (113) yields
VIE(r) = @. (161)
0

Hence, the transformed field and charge density satisfy Eq. (1) if the original field and charge
density do. Similarly,

VIB!/(z) = V!B(z)=0. (162)

Thus, all of the Maxwell equations in matrix form are invariant under rotations.
The separation into transverse and longitudinal components of the electric and magnetic

fields is also invariant under rotations. This can be seen by considering the expression
IT1(V) Fy(z), where IT((V) is either IT} (V) or IT*(V) and Fy(z) is any of E,(z), By(x),
or Js(x). We have

II(V)F/(z) = I|(V)Ry(u)F(R ' (u)2) (163)

II (V') F/(z') = II(V')Ry(u)Fy(v)
= Ry (u) II1,(V) Fy(x), (164)
where the last line follows from either Eq. (115) or Eq. (116). This means that if the
original field is transverse or longitudinal, then the rotated field has the same character.

These results extend directly to the six-dimensional projection operators I1(V), solution
¥ (x), and source =(zx).
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6.5. Velocity transformation of ¥(x)

The result of the velocity transformation, by a velocity v, applied to the field ¥(x) in
Eq. (52) is the function ¥'(z) given by

v'(zx) = V)WV (v)z), (165)

where V(u) is a 6 x 6 matrix that gives the local transformation of the field ¥(z) at any
point. The inverse transformation of the argument on the right-hand-side plays the same
role as for rotations. Our objective is to establish the covariance of Eq. (52) by showing that
if ¥(x) is a solution of that equation with a source Z(z), then

Vo) = () (166)
where =Z/(z) is a suitably transformed source term. Equation (166) can be written as
VYOV (Vi(v)a) = Z'(x) (167)
or
Y OV()¥(r) = E (V(v)w), (168)

where the variable x has been replaced by ' = V(v) z. The 6 x 6 matrix V(v) is based on
the conventional local velocity transformation of the electric and magnetic fields as discussed
in Appendix A. Here we write it as

V(v) = eF?, (169)

where

K:(S E) (170)

Expansion of the exponential function in Eq. (169) in powers of ¢ yields

V(v) = T+ (K-9)*(cosh¢—1)+ (I ) sinh(

_ (IWL(T"‘A’)z(COShC—l) T -0 sinh )

T -0 sinh ¢ I+ (1-9)*(cosh¢ —1) (171)

where (IC - 8)? = IC - © is taken into account, so that

E! E, + (1 -9)?E (cosh¢ — 1) +i7 - ® cBgsinh
V) = | . =1 . . . - (172)
icB! i[cBs+ (7 - 0)%Bs(cosh¢ — 1) —i7 - E,sinh (]

In Eq. (168), we have

N - I% TV ’ (173)
g -7V I %
ct
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where, from Egs. (135) and (137),

0 0 . "
et cosh ¢ i sinh( v -V, (174)
V' = V+(cosh¢—1)99-V —sinh (o % (175)

Multiplication of Eq. (171) by Eq. (173) yields the identity

, I + 98 (cosh¢ — 1) 0
p s p
79, V(v) ( 0 I+ 9,6](cosh( — 1) 7" O,
—sinh ¢ 9,V 0
* ( 0 sinh ¢ 8,V ) (176)
and hence
, I+ 9,8 (cosh¢ — 1) 0 -
VOV(v) P(w) = ( 0 I + 9,6](cosh¢ — 1) =(x)

—sinh (93 V - E(x)
T isinh¢a.cv - B(o)

_ ( —poc [Js(x) + DD - J(x)(cgsh( — 1) + sinh ¢ Dscp(z)] )

( —uocOJs’(x) ) ’ (177)

where J!(x) is the velocity transformed three-vector source current, and

—pocd (V= (v)x
S'(z) = ( : (0 ®) )>. (178)

The result in Eq. (177) takes into account the additional two Maxwell equations in (1) and
(4), besides Egs. (2) and (3) used to construct Eq. (52). It also requires the conventional

result that the current
cp(x)
(7)) )

transforms as a four-vector under the velocity transformation given by Eq. (129). Equa-
tion (177) establishes the validity of Eq. (166), provided the transformed three-vector source
current is the three-vector component of the transformed four-vector current.

The covariance of Eq. (52), even though the charge density does not appear in the source

term, is linked to the fact that the current density satisfies the continuity equation. Since
23



the continuity equation follows from the Maxwell equations, it cannot be expected that
consistent solutions may be found for an arbitrary four-vector current density. However, for
valid sources, information about the charge density may be obtained from the three-vector
current density and the continuity equation. For example, if the electric field is specified
at a particular time, then the charge density at that time is known from Eq. (1) and may
be determined at any other time from knowledge of the three-vector current density by
use of the continuity equation. Thus the time evolution of the electromagnetic fields can
be described relativistically with no reference to the charge density. The Maxwell Green
function, which provides the solutions of Eq. (52), is discussed in Sec. 9.
Since V7%V =10 and V40V = 1%, where

=(7 o) (180)

vV = |E* - 2B, (181)
Un¥ =2icReE - B (182)

the invariance of the quantities

is evident.

6.6. Parity and time-reversal transformations of ¥(x)
We expect the fields ¥ (z) to transform under a parity change according to

v'(zx) = PYP '), (183)

where P is a 6 X 6 matrix, and we assume that the current transforms in the same way, so
that

E'z) = PE(P'x). (184)
We can obtain
oW () = E'(x), (185)

by finding a suitable matrix P. In terms of the original field and source, Eq. (185) is given
by

YO, PW (P 'z) = PE(P 'z) (186)
or
7“8/:73!7(@ = PE(x), (187)

where 0, is the parity transformed derivative given by Eq. (141). Equation (185) will follow
if

P‘W“@LPQ - V0, (188)



which corresponds to

PP = 4 (189)
Plyvip = 4 i=1,23. (190)

Solutions of these equations are provided by

pos(l ). o

The minus sign corresponds to the conventional choice of how classical electric and
magnetic fields transform under a parity change, that is, the current and electric fields
change sign and the magnetic fields do not [17].

To examine time-reversal invariance, we first consider ¥(z) as a field which is real in
the Cartesian basis. In this case, the conventional use of an anti-unitary operator for time
reversal is unnecessary, and the same can be expected to be true for fields expressed in the
spherical basis. We write

U'(z) = TWT 'z) (192)
and
Ex) = -TEHT'z), (193)

where 7 is a suitable 6 x 6 matrix. The minus sign for the current provides the result
that the electric field does not change sign under time reversal and the current does. The
objective is to find a matrix 7 such that

V0¥ (x) = E'() (194)
or
VO, TW(T '2) = —-TE(T 'x), (195)
and so
VT W(r) = ~TE(x), (196)

where 0, is given by Eq. (142). Such a matrix satisfies

T T = —4"9, (197)

or
T-9T = 4, (198)
T YT = —', i=1,23, (199)
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with a solution provided by

T - (é _OI). (200)

The matrices P and 7 commute with the rotation matrix, as they should, and we have
the result that the matrix form of the Maxwell equations is invariant under parity and
time-reversal transformations.

For quantum-mechanical time reversal, the time-reversal operator is anti-unitary and
includes complex conjugation, or Hermitian conjugation in the case of a matrix solution,
which has the effect of interchanging initial and final states. For an example where such an
interchange corresponds to observable consequences in QED, see [24, 25]. We thus write

U'(z) = TWT ' o)=v(T o) U™, (201)
) = —IT'2)=-51(T"2)U™, (202)

where T = CU is the product of the Hermitian conjugation operator C, which has the action
CV¥(x) = ¥'(z) and a unitary matrix &. The objective is to find a & such that

V(@) 0" = E'(eh (203)
if ¥(z) is a solution of Eq. (53). Equation (203) can be written as
o (z) U_lvog,ﬂ” = —E(2)U14°, (204)

where 0/, is given by Eq. (142). Equation (204) follows from Eq. (53) provided

YU T U = =Dy, (205)
which has as a solution
u = 7T (206)
and
T = CT. (207)

7. Plane-wave eigenfunctions
Following the analogy with the Dirac equation, the Hamiltonian for the Maxwell equation
is
H = ca-p=—-ihca-V, (208)

where o' = 4°~%, and the wave functions for the photon may be identified as the complete

set of eigenfunctions of H. The solutions considered here are coordinate-space plane waves
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characterized by a wave vector k and a polarization vector €,; both positive- and negative-
energy solutions, as well as zero-energy solutions are included to form a complete set. These
solutions are also eigenfunctions of the momentum operator

P = Ip=-ihIV, (209)

which commutes with H.

The plane-wave solutions are not normalizable, because their modulus squared is inde-
pendent of x and the integral over all space does not exist. As a result, the solutions include
an arbitrary multiplicative factor, that could be a function of k. Here a factor is chosen to
provide the simple result in Eq. (225).

7.1. Transverse plane-wave photons

We first consider transverse photons, i.,e., photons for which the electric and magnetic
fields are perpendicular to the wave vector. The polarization vector is a unit vector pro-
portional to the electric or magnetic fields, represented by a three component, possibly
complex, vector in the spherical basis. As such, the polarization vector does not transform
as the spatial component of a four-vector under velocity transformations.

Two polarization vectors, both in the plane perpendicular to lAc, are denoted by

é&k); rx=1,2 (210)

They have the orthonormality properties

élg (E> é\>\1 (’%) = 5>\2,>\17 (211)
kiev(k) = 0, (212)
and the completeness property
2
Sek)elk) = I—kki=(r k)= (k). (213)
A=1
From Eq. (212), we also have
(r-k)*é\(k) = éx(k). (214)

The polarization vectors can represent linear polarization, circular polarization, or any com-
bination by a suitable choice of (k). For example, for k in the &3 direction, linear polar-
ization vectors in the é' and é? directions are

(215)
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according to Eq. (24). Similarly, circular polarization vectors are (see Sec. 8.2)

1 0
&) = [0 ]; &eée»)=|o0]. (216)
0 1

These polarization vectors can be transformed to the vectors corresponding to any direction
of k with the rotation operator in Eq. (105). (See also Sec. 7.5.)
Positive (+) and negative (—) energy transverse photon wave functions are given by

E)(p) — 1 é:\(ic) R oFikx
Upa(®) = TP ( ke ) : (217)

Although constructed geometrically to be transverse by the choice of polarization vectors,
these wave functions are also transverse in the sense defined in Sec. 5. We have (see Appendix
B for more detail)

o (V)y(x) = Ok v (x) = v (@), (218)
oY (V) (@) = (k) gy (x) =0, (219)

where IIT and IT" are defined in Eqs. (86) and (87). The wave functions in Eq. (217) are
eigenfunctions of the Hamiltonian in Eq. (208) with eigenvalues +hc |k|. In particular,

Higi(x) = hea ki (x), (220)
and
(e 7" Gaw ) - w58 ) 22
so that
Hog(x) = he |kl ¢ (). (222)
Also,
Pul(x) = £hkys (). (223)

The wave functions have the expected property

—(£)
(@) U () = 0, (224)

since the electric and magnetic field strengths are equal for a transverse photon. Normal-
ization and orthogonality relations are

[ dw @ e @) = bk ko) (225)
[ da @ vi, @) = o (226)
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The latter relation follows from a cancellation of terms between the upper-three and lower-
three components of the wave function:

1

/ dz 3,5, (@) Uilh (@) = 55 / d@ &, (ky) [T+ 7 o7 k| &, () Tkt

1 ~ ~ ~ ~
= &, (k) [I+T-k27-kl} &, (k)o(ks + k1) = 0. (227)

The transverse wave functions constitute a complete set of such functions. The com-
pleteness is established by writing

_ Z / L ( ABad)  aBAGT R e
e 2027)3 \ 7 -ké(k) € (k) ke\(k) el (k) k
1 (T ° I;:)2 T i;: +ik- _
- | de — N . ike-(wp—1) 22
/ 2(2m)3 ( Tk (1 k)? ) ¢ (228)

To evaluate the integrals for the sum over positive and negative energy solutions, we use x
to represent either a plus sign or a minus sign and write

3 / dks (7 - f)2 ek @2 — 90203 [TT(V,) 6(my — 1) (229)
K—t

and

Z/dkm’ k etk @) — (230)
K—+t

which yields the transverse completeness relation

> Z/dk DA (@) (1) = TT (V) 6(zs — 21). (231)
K—t+ A=1
7.2. Longitudinal plane-wave photons

The transverse wave functions alone do not provide a complete description of electro-
magnetic fields. For example, the field of a point charge ¢ at rest at the origin, given by

q  x q 1
E _ - _ — 232
() 4rey |x|? dreg ||’ (232)
is purely longitudinal, because
II(V)E(x) = Ei(), (233)
IIY(V)Ey(x) = 0. (234)
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The longitudinal photons are represented by a third polarization state, labeled A = 0, with
the polarization vector taken to be

&(k) = k. (235)

0
é(é®) = 1. (236)
0
Longitudinal wave functions are
(+) _ 1 éo(A) ) ik-z
Tr) = e 237
wi@ = o (%5 237

or

V) — 1 0\ ke
wk,o( ) (27T)3 ( éo( ) ) : (238)

This polarization state has the property that

IM(V) i) (@) = (k) dig) (@) = v (@), (239)
I"(V) by (@) = 1" (k) vy (@) = 0. (240)
The wave function has an energy eigenvalue of zero,
Hipg(®) = thea ki (z) =0, (241)
because T - k & (k) = 0. However,
Poygo(x) = thkyy) (). (242)

Normalization and orthogonality of the A = 0 wave functions, as well as the transverse
wave functions, are given by Egs. (225) and (226), where A\; and Ao may take on any of the
values 0, 1, or 2.

Completeness relations are given by

1 (&k)elk) 0\ i@
[k vR@u @) = [ (%)3< A O)e’““ Vo (243)

and

- - 1 0 0 ;
[arvidernden = [ (5 amam )= e
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where
/ dk éy(k) & (k)etF@2=21) — (27)3 ITY (V) §(zy — 1),
which yields

S [ ak vl @) = 1492 8(es - 1)

K—E

For the example of a point charge at the origin, we have

B q T
hl@) = 47reo|ar:|3< 0 )’

which may be written as (see Appendix C for some detail)

he) = M49)Be) = [ Aol 5z - o) By()

= X [k vl [ am ol e )

K—E

1
dk —— ) (@).

iq
_\/(271')360 k|

7.8. Full orthogonality and completeness of the plane wave solutions

The full orthogonality relations are

/d.’l} ¢I(CZ?;\J£(:B> I(c?;\l(w) = 51@2%15)\2)\15(’%_’61)7

(245)

(246)

(247)

(248)

(249)

where the factor d.,,, is 1 if ko and k; represent the same sign and is 0 for opposite signs,
and Ay and \; may be any of 0,1,2. The combined result of the transverse and longitudinal

completeness relations, Eqgs. (231) and (246), is

2
33 [k vl @) =Tt - ),

K—£ A=0
where [IT(V) + [T4(V) = T.

7.4. Time dependence of the wave functions

The time dependence of the photon wave functions is given by?

G = B (@) e,

2The notation f(z) = f(:z:)|t:0 is employed throughout this paper.
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where w is determined by the equation

PO = 2 (Tt V) v =0 (252)
For transverse photons
w = c|k, (253)
and for longitudinal photons
w = 0. (254)
The complete exponential factor is thus
ok (255)

where

ko= (‘:C‘) or <,S) (256)

depending on whether the photon is transverse or longitudinal. This corresponds to the
eigenvalue equation

Hig(@) = rhwiy](@) (257)
and a time dependence given by
(@) = e P (). (258)

It is also of interest to consider the effect of a hypothetical photon mass m, on the
longitudinal photon wave function. Such a modification, with an infinitesimal mass, resolves
an ambiguity in the construction of the Green function as discussed in Sec. 9. Following the
form of the Dirac equation in Eq. (6), we have

(77", — meye) Yy (x) = 0 (259)
or
hlﬂu 0 (k)
— T mycL | Ypg(x) =0, (260)
which yields
hw = m.,c?, (261)
since
Puga) = rig(). (262)



7.5. Rotation of the wave functions

The rotations of the wave functions follow from the discussion of Sec. 6.4, with an
additional consideration of the vector k. On physical grounds, a rotation parameterized by
the vector uw of the state of a photon means rotation of the vector k into the vector k',
according to

K = R(uk, (263)

where R(u) is defined by Eq. (101). Similarly, the polarization vector is transformed by the
spherical rotation operator

ék) = Ri(u)é(k) (264)
and

-k é(k) = Ry(u)t kR (u)Ry(u)é\(k), (265)

where the rotation angle 6, axis direction , lAc, and k' are related by
asind = kxk. (266)

For applications, the rotation operator can be expressed as a function of k and k' rather
than w. From

R(u) = I— (1 -@)*(1 —cosf) —iT - sind, (267)
one has for transverse polarization, A = 1,23

. (T~E’)2+T~E’T~l%é

&k = _ k), 268
A(R) a0 (268)
N N -’%/)24—7'-’%/7'-];} N N
rRed) = T T - ké(k), 269
A(B) s A(B) (269)
and for longitudinal polarization, A = 0,
(i) = Rl e(k). (270)

We thus have for a rotation of the wave functions characterized by the vector u

@) = Rw)vS(R™ () z), (271)

3The identity 7 - k x k' = i(k. k! — kq k. is useful here.
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where k' - © = k- R (u) x in the exponent of the wave function. This yields the result
VA = 0, (272)

according to the discussion in Sec. 6.4.

The expected transformation in Eq. (271) can be confirmed by an explicit calculation
based on the completeness of the wave functions. For a rotation of a transverse wave function,
we write

R(w) G (R (u) z) = /dml 3(x — @) R(w) Py (R (u) @) et
Z Z /dkl/dwl wkl )\1 kl )\1( )R(’u,) w]g?;\(R_l(’U,) 5131) e—niwt’ (273)

where A = 1 or 2, and from Eq. (164) and the subsequent remarks, it follows that the rotated
wave function is also transverse, so A; is restricted to 1 or 2. The evaluation requires the
matrix element

/ day YU ()R () OB (w) )

= s e [ ) B () + €] o) 7y R 7 s ()

xe 1 ik1-@1 eliik'R71 (w)x1

1 A ~ ~ ~
= 3 e |, (B) o) &x(k) + &, (B) 7 - & Bulw) 7 B &n(k)] (ks — &)

= 0y Or 2 0 (k1 — K). (274)
In the exponent in Eq. (274), we have k- R™!(u)x; = R(u)k - x; = k' - ;. The factor
iy Tesults from the requirement that k' — k as the rotation angle  — 0, i.e., that k does
not change sign for an infinitesimal rotation. The factor ¢y, follows from Eq. (264) and

the discussion that follows it, together with the orthonormality of the polarization vectors.
Substitution of Eq. (274) into (273) yields

R(w) v (RN (u)z) = oi)(2), (275)

in accord with the general arguments leading to Eq. (271).
For a rotation of a longitudinal wave function, we have

R(w) Ul (R w) ) = [ da: ol — @) Riw) o) (R () )

-y / dk, / day ¥ (@)l (@) R (w) IR w) @) (276)

K1—=*
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where only longitudinal wave functions contribute, and the evaluation requires the matrix
element

/ day ) ()R (w) L) (R (w) 1)

: el (k c (L —kiiky-®1 kik- R~ (w1
= 0r,i 0 (k1 — ). (277)

Substitution of Eq. (277) into (276) yields
R(w) uyp(R™ (w)x) = ¥y(@), (278)
in agreement with Eq. (271).

7.6. Velocity transformation of the wave functions
7.6.1. Transverse wave functions
Under the velocity transformation of a transverse photon by a velocity v, the four-vector

b= ( ¥ ) (279)

|k| (cosh(’ +0- I%sinh()
k. + |k|o. [sinh( + - k(cosh ¢ — 1)}

is transformed to

K o= V(v)k= : (280)

and the wave function is expected to transform according to

EYR(x) = V()R (V- (v)2). (281)

The prime on the transformed function indicates that it is a function of modified polarization
vectors, which in general are not simply rotated vectors corresponding to k — k’. The
transformed transverse wave function is proportional to

~

V(v)( &\ (k) ) {T+ (797 (cosh¢ = 1)+ 757k sinh (|} &(

)
Tk é\(k) {T - ®sinh ¢+ [I 4 (7-9)2(cosh¢ — 1)] 7 - k }éA(I%)
é\(k)

(L% ) 22

where the fact that transformed wave function can be written in the form given at the
right-hand end is based on the three identities:

‘{I+(r~ﬁ)2(coshg— Dar-or k sinhg} e(k)
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KT {I +(1-9)(cosh¢ —1)+7-d7-k sinh(’} ék) = 0, (284)

T Dsinh { + [I+(T-ﬁ)2(cosh§—1)}7'-l%
:T-I%'{Ijt(‘r-'ﬁ)z(cosh(’—1)+T-'i77'-icsinh(}, (285)

where

) k + [smh(’ + - k(cosh ¢ — 1)}
- . (286)
cosh ¢ 4 @ - ksinh ¢

Equation (283) determines the scalar multiplicative factor in Eq. (281) to be
¢ = cosh( +®-ksinh(. (287)

According to Eq. (284), the transformed polarization vector is in the plane perpendicular
to k', that is, the transformed transverse polarization vector is also transverse. This is in
contrast to the vector potential, which does not maintain transversality under a velocity
transformation, so the Coulomb, or radiation, gauge condition is not preserved. The dif-
ference is just the fact that the vector potential transforms as a vector, so that the angle
between the space component of the vector potential and the space component of the wave
vector is not necessarily preserved under a velocity transformation, whereas the polarization
vector transforms as the electric field, 7.e., as a component of a second-rank tensor, and
Eq. (284) shows that for this case the transversality is preserved. Equation (285) shows
that the lower components of the transformed wave function, as given in Eq. (282), can be
written as 7 - k' times the upper components in the same expression. This together with
the relation ¥’ - x = k- V~!(v)z in the exponent of the wave function insures that the
transformed wave function is a solution of the source-free Maxwell equation. It also follows
from Eq. (282) that if Ay # A, then

el ()&, (k) =0, (288)

so the orthogonality of the polarization vectors is preserved by the velocity transformation.

Equation (281) can be be obtained by an explicit calculation based on the completeness
of the wave functions, as for rotations. A velocity transformation of a transverse wave
function is given by

V(v) Y (V7 (v) z)
_ / dz, 6(z — 1) V(o) P (V" () 21)

> [k [ e @) @)V s @) ), (259

K1—E A1=0
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where A = 1 or 2, t; = ¢, and the primes on the wave functions indicate that the velocity
transformed polarization vectors provide the basis vectors for A\ = 1,2. For A\ =0,

/ dary 0, () V() (VI (0) 2)

_ 1 A7 gA(’%) —iky @1 ,—kik- V™1 (v)21
_\/5(27r) /dwl(eo(kzl) O)V(U)(T-I%Q(fc))e e
OrnE&J (k') E\(R) O(ky — K') e ™7 = 0, (290)

\/’
/ day U ) () V() LV (0) )

1 A éx(k) oot ik V1
— 1t 3\ . ik1-x1 —kik-V 1 (v)21
\/5(27r) /dw1 ( 0 &k )V('v) < Tk é\(k) )e ‘
— b eIk T R (K)o(ky —K)e* = 0. (291)

\/’

In the exponent in Eqgs. (290) and (291), k- V' (v)x; = V(v)k-x; = k'-x1. As for rotations,
the factors 04, and J_, result from the requirement that k¥’ — k as the velocity |v| — 0,
and the last equalities follow from Eqgs. (284) and (285). For A\; = 1 or 2, we have

/ dazy ¥ ()Y (0) 60V (0) 22)

— L x, (€ (k el Tk v }\(E) i
©2(2m)3 /d 1 (& (k) Al(k’l) Ry ) V( )< T -k é\(k) )

% e—nlikl-ml e—nik-Vfl(v)xl

= GO0 EO(Ky — k) ek, (292)
Substitution of Eq. (292) into (289) yields
V)G (VT (v)z) = Euf (@), (293)
where
ce (k) = {I 4 (r-9)%(cosh¢ —1) 47 97k sinh(’} e\(k), (294)
in accord with Eq. (281).

7.6.2. Longitudinal wave functions
For a longitudinal solution, the four-vector k in the invariant phase factor k- x, given by

ko= 3£ ,S ) (205)



from Eqgs. (254)-(256), has a zero time component. However, the transformed phase, given
by k- VY (v)z =V(v)k-z=Fk -z, where

I B © - ksinh ¢
W= V)k= ( ke + 9. - k(cosh ¢ — 1) ) (296)

does have time dependence. Thus the wave function is expected to transform according to

Zzg D () = V() v (Vi (v) z), (297)

K=t N=

where the coefficients include the extra time dependence introduced by the velocity trans-
formation. The sum over polarization states is necessary, because unlike the case of the
transverse wave function, the transformed longitudinal wave function is mixture of longi-
tudinal and transverse components. This is expected on physical grounds, since moving
charges cause radiative atomic transitions. On the other hand, the transformed space-like
wave vector does not the match the wave vector of either the longitudinal or transverse basis
functions. Since the solutions are classified according to their three-wave-vector, there is a
residual time dependence in the expansion that is included in the transformation coefficients.

To be explicit, for A # 0, we consider specific polarization vectors. Let é’l(fc’ ) be a
linear polarization vector in the plane of k' and  and € (12:’ ) be a linear polarization vector
perpendicular to k&’ and ©. These conditions, together with kTé (k:’ ) =0, yield (up to phase
factors)

. A_,%/,’%/_AS
i) = T EE (298)

\/1—(0-Fk)?
k) = ——2 (299)

1— (9 k)2

where

&) = T K&k, (300)
k) = 7T K&k (301)

The transformed upper- and lower-component longitudinal wave functions follow from the
expressions (for ¢t =0 and = 0)

o (440) = () s ()




(0 N k/ (0 o ’%/
L >( ok ) B0 BB
based on the relations

k = , (304)

K [T+ (7-9)%(cosh¢ —1)] ks = cosh( \/1 — (% - k)2 tanh®C K/, (305)

E'r. dsinhCk, = 0, (306)

(I — KLE) [T+ (1-9)*(cosh¢ —1)] ky = | 0 s . (307)

- X inh ¢ - k' (0 - k'k! — b,
(1= W) rpsinhch, — Suher KO Kk —8) (308)

with coefficients given by

£(0) = €07 (0) = coshg\/1—(@-1%f)2tanh2c, (309)

0

Sy e B smh(’ 14 - k' tanh(

0 (0)=¢&0 (0) = V1 \/ "o R tanh (310)
) () _sinhg [ e 1=K tanh(
&0 (0) = &4 (0) 2 1—(-K) \/1 + %K tanh( (311)

Terms that do not appear in Eq. (302) or (303) make no contribution
€00 (0) =&uo' (0) = &30 (0) =&y (0) = &7 (0) = &7(0) = 0. (312)
An explicit calculation of Eq. (297) is made by evaluating

V() vV o)) = [ deydle - @) V(o) 60 w)0)
=33 [k ) V) e @ ) (519

Kk1—+ A\1=0
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— 1 T Pl v éO( ) —ik1-xy ,—ik-V 1 (v)
(2m)3 dz, ( o(k1) O )V( ) ( 0 )
_ 6(—)1-0-‘,-(0) 5(k1 N k,) e—ik’oct’ (314)

1 / 0 e "
= (27’(’)3 dxz, ( 0 (-jOT(kl) )V('v) < éO(A) )ekl 1ekV (v)
= oo (0) 3(ky — K™, (315)

where

k= : , (316)

and £’ is the time component associated with the transformed space-like vector k
K° = ©-ksinh¢ =9k tanh(. (317)

For Ay =1 or 2,
[ a3 @ovie) v @) )
= 1 x, (€ (k el (k)T -k v éo(’%)
- o [ (&) gk v (9P

—H1ik1~w1e—ik‘~v71(’v)x1

xXe
= 0y, Oa1 E1T(0) Ry — ) e 46, 0y 1 &gt (0) 0Ky + k') e 7 (318)

/ 2 G () V() 0 (VL (0) )

= \/5(12703 /da:l (&l (k) &k ki )V(v) < éo(()’%) )

—k1ik1-x eik-V71 (v)xl

Xe

= 0, _Ox,2 & (0) 8Ky — ) & 4 6, 00,0 E57(0) (g + ) & (319)
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Here both signs of k1 are included, because there is no continuity condition on the transverse
solutions, which are absent in the limit of small velocity transformations. These results yield
Eq. (297) with the non-zero coefficients given by

(—)|r0+(t) _ (—)|r0+(0) e—ifz-k’ tanh ¢ ct : (320)
Eo (1) = o (0)™Hrmmheer, (321)
ii—o—i-(t) — 5;['"’_(0) ei(\k’|—1‘;vk’ tanh ¢) ct 7 (322)
1_0+(t) — 51—0+(O) e—i(|k’\+@-k’ tanh ¢) ct ’ (323)
;E]— (t) _ ;E]— (0> ei(\k’|+1‘)vk:’ tanh ¢) ct : (324)
S0 (1) = & (0)e (FImokmmaer, (325)

These transformed longitudinal solutions can be used, for example, to describe the fields of
a moving charge by means of the expansion in Eq. (248).

7.7. Standing-wave parity eigenfunctions

The parity operator 8 changes the sign of the coordinates and includes multiplication

by the matrix P = —~°, so that the transformed wave function is also a solution of the
Maxwell equations, as discussed in Sec. 6.6. We thus have

(k) _  _ A0 (k) _ 326

mwk,A(:‘B) = -7 wk,A( ). (326)

With this definition, the parity operator commutes with the Hamiltonian in Eq. (208)
PH = HP, (327)
so we may identify eigenstates of both parity and energy. Since
Poi@) = dl(@), (328)

the parity eigenvalues are +1.
Transverse parity and energy eigenstates are

~

(r+) 1 kiéy(k)sink - x
- 7 2 329
er (@) (2m)3 ( T-ké\(k)cosk-x )’ (329)

(k=) _ 1 é(k)cosk - x
Ve (@) = (2m)3 ( kiT-kéy(k)sink-x )’ (330)

where

Pl @) = £50 (@), (331)
Hys (@) = shelklyls (@), (332)
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and A = 1, 2. These states are linear combinations of plane-wave states that form standing
plane waves. Orthogonality relations are calculated with the aid of the integrals

/dw cosky-x cosk; -x = 4m° [6(ky — k1) + 0(ky + k1)), (333)
/dw sinkg - x sink; -x = 47 [0(ky — k1) — 0(ky + k1)), (334)
/dar: cosky-x sink;-x = 0, (335)

which show that the states that differ only by the sign of k are not orthogonal. One of the
overlapping states may be removed by including only states with k such that k- ky > 0,
where kj is a fixed direction in space. With this restriction on ks and kq, the orthonormality
of the states is given by

/‘d':B @:3:2 ( )wklfl):l ( ) = 51@2/@157@#15)\2)\15(’{:2 - kl) (336)

Completeness of these eigenfunctions, including the restriction on k provided by a factor
0(k - ko), where the theta function is defined as

1 forxz>0
O(z) = 1 forz=0, (337)
0 forxz<O

follows from

S5 [ kot k) v ) ol e

K,T—+ A=1
2 A~
— W /dke(k . ko)HT(k)(COSk: ¥ 2 cosk - T, + sink - T sink - wl)
m
= HT(V2) 5((132 —331). (338)

Longitudinal parity and energy eigenstates are given by

—_

7@ = o (SR, (330)

@) = ( COSk m) (340)

o (@) = j—g( Jcosk - m) (341)

o (@) = j—g( Vsink w) (342)
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where
P (@) = Fe (@), (343)
Hoss (@) = 0. (344)

As for the transverse eigenfunctions, there is overlap between states with opposite signs of
k, so the same condition on k may be applied here, that is 0(k - ky) > 0, to eliminate the
redundancy. With this condition on ky and k;, the orthonormality relation is

/ Az 5 @) BT () = Gegm Oram K2 — K.
(345)

In addition, the longitudinal parity eigenfunctions are orthogonal to the transverse parity
eigenfunctions. Completeness of the longitudinal parity eigenfunctions is given by

> /dkek ko) U™ () Up ™ (1)

r,T—=%
= (22)3 /dk O(k - ko) II"(E)(cosk - @y cosk - @y +sink - @y sink - ;)
T
= [I"(Vy) §(xy — ). (346)

The combined completeness relation is thus

Z Z/dk@ (k- ko)@bkﬁxﬂ (332)@51:; (z1) = Zd(22 — 1) (347)

K,T—+ A=0

7.8. Wave packets

The plane wave solutions considered in this section are not normalizable as ordinary
functions. Rather, integrals over products of solutions should be interpreted in the sense
of distributions or generalized functions, like the delta function [26]. That is, they provide
a well-defined value for an integral when they are included in the integrand together with
a suitable weight, or test function. However, the plane waves can provide the basis for
an expansion of a normalizable wave packet as a sum and integral over a complete set of
solutions of the Maxwell equation. If fA ( ) is a suitable function, we write

S [ k0 v 0) (348)

and ¥y is a solution of the Maxwell equation

VO, Wy (x Z / dk fA )10, Yy (x) = 0. (349)



Further, ¥ will be normalized if fiﬁ) is, because

[ @) = S5 [ak [ 10 [ douli@ ol @0 ®)

KA KN

S / ak [ 17w =1 (350)

In view of the orthonormality (in the generalized sense) of the plane-wave solutions, Eq. (348)
may be inverted to give

FO k) = / da o) () 0y (). (351)

where we have specified ¥;(x) = ¥¢(x)|,_,, and the time dependence of the wave function
is given by Eq. (348).

An example is a normalized photon wave packet which at ¢ = 0 has (approximately) a
wave vector kg, a transverse polarization vector él(l%o), and a Gaussian envelope of length
a and width b centered at & = 0:

1 2 i e (k . (2022 2
e = _(_) ( ﬁl(kO)%))elkO'we (/L ), (352)

1 ~
azbh \ 3 T - ko & (

where x| = x - kokoand x| = = — x|. For a and b large compared to |ko| ™!, the packet has
a functional form that resembles a positive-energy transverse plane wave. From Eq. (351),
we have

2 2 % 7 — —K 2(1

where ky = k - ko ko, ki =k — Ky, for A =1,2,

Wy — Lt i B ) e (0

FOk) = ek <I+T~kr~k0) & (ko), (354)
and

. 1 4 a s
FO(k) = —=él(k)é (ko) (355)

SIS

FOk) = —=éb(k) T koé (ko). (356)

The wave packet has small longitudinal components, because FO(”)(IAC) is not necessarily
zero unless k = +ky. It has negative-energy components, but they are also suppressed,

particularly as a,b — oo, because for k — —, the exponential factors in Eq. (353) favor k =
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—ko, and for A = 1,2, F{"(—kq) = 0 as compared to F\™ (kg) = 051. Thus a cancellation
between the upper-three and lower-three components of the wave function suppresses the
contribution of negative-energy eigenstates to the wave packet.

The expectation value of the Hamiltonian H, Eq. (208), is

(Up | H| V) = —ihc/dw Lpr(.’B) a - VU(x) = hc|ko| = hwy, (357)
and the expectation value of the momentum P, Eq. (209), is

(| P|¥y) = hko. (358)

The initial probability density Q(x) is

1
3
Qm) = Ul(@)¥y(z) = — (—) o 2(ef /a2l /v?) (359)
with
/dm Qlx) = 1, (360)
and the initial energy density F(x) is
1 ~
E(x) = l(x)H V() = hwoQ(z) — 5 ficko - VQ(). (361)
The real part of the energy density is proportional to the probability density for the photon,
and the imaginary term, which vanishes upon integration to arrive at the expectation value
in Eq. (357), reflects the change in the initial probability density at the point & due to the
motion of the wave packet. At a fixed point in the path of the wave packet, the probability

density increases as the packet approaches and decreases after the maximum of the wave
packet has passed by. The time-dependent probability density is

Q) = V(@) ¥y(x) = [e7 ™M), (362)
and the change at t = 0 is
0Q 1 il
Sl = e ()
= Zm Ui (z)H ¥y(x) = —cko - VQ(x). (363)

h

The gradient produces a vector that points toward the maximum of the wave packet, so
that on the forward side of the packet ko - VQ(x) is negative and the probability density is
increasing, as expected. Eq. (363) also shows that the wave packet is initially moving with

velocity ¢ in the direction of ko.
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The time dependence of the wave packet, Eq. (352) at t = 0, is given exactly by Eq. (348).
However, approximations may be made in order to obtain a more transparent expression.
In view of the exponential factors in Eq. (353), the assumption that a,b > |ko|™" implies
k ~ kg, and

Fin)(’%) ~ F)EH)(H’%0> = 0105+ (364)
so that from Eq. (348), ¥y — ¥}, where

) o
a (3) / dk:( ,;1:(’“) . )e_i(kct—k-m) o [(roten) o /askd 2/a]
.

Uz) =
f() 8

This is a normalized positive energy wave function with polarization €; that is an exact so-
lution of the Maxwell equation v#9, ¥¢(x) = 0. Further simplifications are the replacements

k — ko in the polarization vector matrix and k| — k- ko in the exponent, which yield
Vi — U§, with

lp}/(l’) — ajb (3)4 ( e:l(lf()) )/dke_i(kfcoct—k-w) e—[(ko—kll)2“2/4+kf_b2/4]

87‘(‘% 7T3 T - ko 61(’250)
1 ~
1 ~ N 2
- 5 (33) < é1(ko). ) oiteot—hoa) o~ [(4-Row)’ /et 2] (366)
a?2 b T T - k?o 61( 0)

which is an approximate wave function with a normalized Gaussian probability distribution

1
Q”([L’) _ % (%)2 e—Z[(ct—ko'w)z/aQ—i-wi/bQ]’ (367)
a T

that moves with velocity ¢ in the ko direction.

7.9. Conservation of probability

The formulation of the Poynting theorem in Sec. 4 can be reinterpreted here to demon-
strate conservation of probability. We define the probability density four-vector to be

¢"(x) = V()Y ¥(x), (368)
where in the previous section Q(z) = ¢°(z). For the source-free case, 5 (z) = 0, Eq. (57) is

0, V() ¥ (z) = 0, (369)

which is the statement of conservation of probability

50 (@) +cV-g(z) = 0. (370)
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Applying this relation to plane-wave states gives consistent, although trivial, results. We
have

) = (@) Yi(x) = (21)7, (371)

which reflects the fact that the probability distribution for a plane wave is uniform through-
out space and not normalizable. For transverse plane waves, A\ = 1,2, the probability flux
vector is

(v) ecyiii(w) = (2m) "k, (372)
and for longitudinal plane waves q(z) = 0.
For the wave packet in Eq. (352), at t =0

q(z) = I%Oqo(x), (373)

so Eq. (363) is essentially the conservation of probability equation evaluated at t = 0.
Conservation of probability is valid for any solution of the homogeneous Maxwell equation
from the definition of the probability density operator. However, it also happens to be valid
for the wave packet represented by ¥§, which is not an exact solution of the wave equation.
The wave equation is not satisfied by ¥/, because there is a small extra term resulting from
the gradient operator acting on the perpendicular coordinate & ;. On the other hand, gq(x)
for LPJ’! is proportional to koand kg -V, = 0, so there is no corresponding extra term in

V - q(x).

glz) = o)

)

8. Angular momentum eigenfunctions

Radiation emitted in atomic transitions is characterized by its angular momentum and
parity. In this section, wave functions that are eigenfunctions of energy, angular momentum,
and parity are given; they are also classified according to whether they are transverse or
longitudinal. The three-component angular-momentum matrices given here are to some
extent parallels of the three-vector functions of [27].

8.1. Angular momentum
The spatial angular-momentum operator is given by

L = zxp=—-ihxxV, (374)

and following the example of the Dirac equation, the total angular momentum is given as a
3 x 3 matrix by [5]

J = L+hr, (375)

where it is understood that the first term on the right side is a 3 x 3 matrix with L for
diagonal elements and zeros for the rest.? (In order to adhere to convention, we denote

4In some works, where electric and magnetic fields or the vector potential are three-vector valued fields,
the spin operator is represented by a cross product. For example, Corben and Schwinger [27] write J,® =
L.®+ie, x ®, where ® is a vector potential, and in Edmonds [28], spin is represented symbolically as iéXx.
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both the current three-vector and the angular-momentum matrix by J. In either case, the
meaning should be clear from the context.) The extension to a 6 x 6 matrix is

J 0
J = <O J):wx’P—l—hS (376)
and we have
(H,T] = 0, (377)

so eigenfunctions of both energy and angular momentum may be constructed. The vanishing
of the commutator follows from the relations

[t-V,L] = —iht xV, (378)
[T-V, 1] = iTxV, (379)
r-v,J] = 0. (380)

It is of interest to see that J commutes with H only for the (relative) combination of L and
T given in Eq. (375). To obtain eigenstates of the square of the total angular momentum
J? and the third component of angular momentum 72, given by

J? = (f ;2) (381)

J3 0
jg = <0 J?’)’ (382)

we construct matrix spherical harmonics that are analogous to conventional vector spherical
harmonics and are three-component extensions of the Dirac two-component spin-angular-
momentum eigenfunctions. Orthonormal basis matrices are given by

and

1 0 0
eV=10|, eV =111, =101, (383)
0 0 1
and they satisfy the eigenvalue equations
2" = 2&v), (384)
eV = pev), (385)

where the 2 may be regarded as s(s + 1), with s = 1 as the spin eigenvalue. The matrix
spherical harmonics are

Yi@) = Y (Im—v1v|lljm)y" ()" (386)
Y 48



with vector addition coefficients and spherical harmonics in the notation of [28]. The spher-

ical harmonics satisfy the eigenvalue equations

L*y"(&) = RU(+1)Y"(@),
LY™&) = hmY"(),

(387)
(388)

and by their construction, the matrix spherical harmonics are eigenfunctions of the total

angular momentum:
JY(&) = B+ 1) Y(#),
PY[(®) = hmYj (@)
Explicit expressions in terms of spherical harmonics are
(GJ+m)(j+1—m m—1/ 4,
- Y @)
V@) = Jiom @) 7
U=—m)(G+14+m) rm+1 (s
VS Y (@)

(G+1—-m)(F+2—m) vy m—1/ 4,
Termei - Vi (8)

A 1 1 .
Y. (@) = _\/ +]+T 2]—:-3+m Vi (@) |,

(G+2+m)(G+14m) ym+1 4
Torme - Y (@)

J=1+m)(i+m) v m—1 4
= (25— 1)%] Y; (w)

Y;T (2) = /G (;VJL)(JI;-m Ym (&)
(—1-m)(j—m) m+1(@)

(2j—1)2j Jj—1

These functions are orthonormal
/d‘Q 1/]2;?(53) }[]7311 (53) = 6j2j16l2l15mwn1>
which follows from the relations

/ A2 Y (&) Y™ (&) = St S

et glvn) — 5

12148

DU 1jomilm—viv)im—v1vllljm)=d,,
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(389)
(390)

(391)

(392)

(393)

(394)

(395)

(396)

(397)



and they are complete

Z Y7 (#2) Y] (1) = I 6(cos 0 — cos 1) 6(do — ¢1), (398)

jlm

based on the relations

D Um—vy Ll Ljm)(I1jmllm—w 1) =0, (399)
J
e et =, (400)
D V(@)Y (&1) = 6(cos by — cos ) (b2 — ), (401)
lm

where 0;, ¢; are the spherical coordinates of &;.
An alternative set of matrix angular-momentum eigenfunctions is

1

X{"(&) = NI LY (&), (402)
: 1
X"M@) = ———=171-28LY"(2), 403
(Z) VS () (403)
X&) = &Y"(#) (404)

For j = 0, X{°(#) = X3°(£) = 0. From a comparison of Eqs. (391)-(393) to Egs. (402)-
(404), one has

x{"®@) = Y}(@), (405)
im o J mo s J+1

X" (&) = — 25+ 1 Y;’j+1($) - 2+ 1 Y;‘j—1(w)> (406)
im o g+l o J "

X&) = — 27 +1 Y}j+1($) + 25 +1 Y;’j—l(w)- (407)

In view of the relations in Eqs. (405)-(407), the functions X7™(&) are eigenfunctions of J?
and J? with
JX]M®) = R+ 1) X]"(@), (408)
PXI™M&) = hm X]"(&). (409)
This can be confirmed directly from the definitions in Eqgs. (402)-(404) with the aid of the
commutation relations
(L', L] = ihelLt, (410)
(L', 2] = iheja® (411)
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and the tau matrix identities in Sec. 3, which provide the operator identities

J'Ly = L., (412)
[J,r-&] = 0, (413)
J&, = &L (414)
These functions are orthonormal
/dﬂszan( )Xhml(@) = 5i2i15j2j15m2m1> (415)
and they are complete
> X (d) XM (&1) = T 6(cos 6y — cos61) 6(¢a — ), (416)

ym
where the latter fact may be seen from the completeness of the matrix spherical harmonics
and the relation

ZX”” ) X7 (& Z £) Y (21). (417)

The parity of the elgenfunctlons is given by

X{"(~2) = (~1PX{"(2), (418)
XP"(—8) = (17XP(@) (419)
XJ (@) = (17X (@), (420)

which follows from Y/"(—&) = (—=1)’Y"(&).

8.2. Helicity eigenstates

Special cases of the transverse plane-wave solutions in Eq. (217) are circularly polarized
states with the polarization vectors in Eq. (216). They can be grouped with the longitudinal
plane-wave states in Eqgs. (237) and (238) with the polarization vector in Eq. (236). These
polarization vectors are summarized here as

1 0 0
él(ég)_ 0 ) éO(ég)_ 1 ; é—l(ég)_ 0 )
0 0 1

where we have changed the label for A from 2 to —1 for this section.

The states have a well-defined helicity; they are eigenfunctions of the operator for the
projection of angular momentum in the direction of the wave vector J - k [5, 29]. In view
of the relations

L-ketk= — (421)
T kék) = Me(k) (422)

for the polarizations considered here, we have
T ki@ = Av(@) (423)

for these states.
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8.3. Transverse spherical photons

Transverse spherical wave functions are given by

. jm (s
¢T(E’+)(IIJ) _ L foi (M) X7 (2)
! V2 —Ki<T -V fo,(r ) X" (&)
1 —T Vfw] X]m

Yo (@) = —= (425)
’ V2 Kifo (r) XI™ (&

(424)

where 7 = |z| and j > 1. They are transverse because V! L, = VI 7 -V =0, so that

ov (V) g (@) = ¢l (), (426)
m (V)4 e (z) = o. (427)

The wave functions are eigenfunctions of angular momentum with eigenvalues given by [see
Eq. (380)]

T2 @) = B+ 1) qugmw), (428)
Tl (@) = hmyy 50 (@), (429)
and they are eigenfunctions of H, with eigenvalue xhw
Hq?bw]m ( ) = _1hca V,l?bw]m ( )_K'hw,gbw]m ( )’ (430)
provided
(7245 ) £t X" @) 0. (431)
which is true if
1 02 jG+1)  W?
(r a2 T g2 * 0_2) fuslr) =0 .

Solutions of Eq. (432) are spherical Bessel functions given by [30]

Ji(wr/c)
fos(r) . (433)
WY (wr /)

We employ the normalized solution

fui( gi(wr/c) (434)
- 5=



for the wave functions; any other linear combination of spherical Bessel functions (with
j > 1) is not integrable as r — 0. The parity of the wave functions is

Py r(@) = (1)l ), (435)
Pusm@) = (179,07 (@), (436)

This provides the conventional parity and angular-momentum attributes for electric and
magnetic multipole radiation. Namely, @DE(J'?J)(w) is magnetic 2j-pole or Mj radiation and
wf(j;;)(m) is electric 2j-pole or Ej radiation.

Alternative forms for the lower three components in Eq. (424) or the upper three com-
ponents in Eq. (425) are obtained by writing (see Appendix D)

10 1 .

which yields

Y L) Xin@) = 2 T @) - Y e xgna s

Relations among spherical Bessel functions provide

LA fas0) = S [+ Dgea(r) = ) (139)
o) = E g lfeg0)+ fogia(r) (440)

which together with Egs. (406) and (407) yield the second alternative form

Sr eV LK @) = | [$ L (D V@) 4[5 g (0 V@), (4)

This latter form is useful in calculating the wave function orthonormality and completeness
relations.
An analogous longitudinal function is obtained by writing [Eq. (D.6)]

V., = &———71 &L, (442)

and

CRE) = VL0V

fus(r) X3 (&), (443)



so that
T-VF™x) = 0.
From the additional relation

0
yfw-(r) =

w 1
c27+1
together with Eqs. (406) and (407), one has

[ foim1(r) = (G + 1) fu i (r)],

imiay N g+l . m
F)"(x) = \/29+1 Jojoa(r) Y- 1(w>+\/m fojrr(r) Y (2).

The orthonormality of the transverse wave functions is given by

K2,T T(k1,m
/d ,lvbwg gzmi ( ),lvbwl(,jimi)(w) = 5&2&157r27r15j2j15m2m15(w2_w1)>

which takes into account the integral

/0 Ar 72 [y (1) fors() = 6(ws — wn).

The completeness relation for the transverse wave functions is

/ dw Z ¢wgm 5(;;?”(331) = HT(V2) 5(%2 - wl),

0 KTjm

which is shown in some detail by writing

T(k,m )t _ Sg.;m(a:Q’ wl) 0
Z¢w]m me (®1) = ( 0 Sim(w2,$1) 7
where

SIM (@2, 1) = fui(r2) X{" (@2) fuy (r) X" (21)

2

+% |:T . V2fw,j(r2>X{m(£2)} |:T . Vlfwd(’f’l)X{m(@l)}T ,

and
S (s, 1) = ITL(V5)[SI" (@5, @1) + B () F™ ()|
= I(92) | fo ()Y} (@) fus (1) Y} (21)
g (r2) Y (@2) g (r) Y (@0)

g 12) Y51 (@) foga(m) Y (@),

(444)

(445)

(446)

(447)

(448)

(449)

(450)

(451)

(452)



which gives

00 . 1
/ deSj)m(:cg,wl) = I (Vy)—(ry — 1)
0

XZ[ )Y (1) + Y (#2) Y (80) + Y (@2) Y57 (@)
= Hs (Vz) o(x2 — 1), (453)
based on
/0 Ao fus(r2) fogl) = ——8(ra = 1), (454)

8.4. Longitudinal spherical photons
Longitudinal spherical wave functions are

0
1
Uign(@) =+ ( ) , (455)
"\ Vg ()Y (&)
_ 1 [ Vsgri(r)Yi" (&)
Pgml@) = ¢ ( - (456)
0
It follows from the identity 7 - V V = 0 that they are longitudinal
(V) @) = w5 (). (457)
(V)5 (@) = 0 (458)
and that they are eigenfunctions of H, with eigenvalue 0
Hy (@) = 0, (459)

with no condition on g. However, in order to have a complete set of longitudinal wave
functions, a set of functions, indexed by the parameter k is specified here. The form of the
plane-wave longitudinal solutions in Eqgs. (237) and (238) and of the expansion of a plane
wave in spherical waves suggest the choice

Irj(r) = k\/gjj(lﬁ“) (460)

for the radial wave function, where k is a free parameter. This set of functions provides an
infinite orthonormal set of degenerate (w = 0) basis functions for each j.

From the form of V in Eq. (442) and the fact that XJ™ (&) and XJ™(&) are eigenfunc-
tions of angular momentum, it follows that the longitudinal spherical wave functions are
also eigenfunctions of angular momentum

T2 (@) = B+ 1) o (), (461)

T (@) = g;w,%&’:n( z). (462)



They have parity given by

P @) = (1) (@),
Pu ' lx) = (174 ().

(463)
(464)

With spherical Bessel functions for the radial wave functions, we have, following Eqgs. (442)

o (446),

V m ~ j m ~ j _'_1 m ~
- = g ()Y (&) = \/m Grj—1(r) Y71 (2) + \/2j+1 Grg+1(r) Y7 (&), (465)

This identity facilitates calculation of the orthonormality relation for the longitudinal wave

functions, which is

/d ¢k232m2( )wkljlml( ) = 57T27F16j2j15m2m15(k2_k1)7
with
/ Ar 2 oy 1) g s (r) = (ks — k).
0

The completeness relation for the longitudinal wave functions is

/ deWJm k]m (331) = HL(V2)5($2_w1)’

Tjm

which follows from

e - T @e) 0
kjm k]m T 0 T,gm(w2,:c1) ’

where
im V. SVTS m( 4 mx [ 2,
)" (22, @) = —%Qk,j(@)gk,y’(ﬁ)yj (@2)Y]™ (1),
2

and

Vi ()Y (&) = =k gi;(r)Y" ().
Thus from

o 1

/ dk gi j(ro)grj(r1) = ——0(re — 1),

0 a7
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(467)

(468)

(469)

(470)

(471)

(472)



we have

/mdeTgm(w%wl) = ITY(V,)d(zy — x1), (473)

0 -
which provides Eq. (468). That result, together with Eq. (449) gives the full completeness
relation.

As an illustration of a role of the spherical functions, we revisit the example of a point
charge at the origin, for which

1
v (z) = ——1 (V”’). (474)

0

In view of the integral

& 1 1
— e —_ = 4
/0 dk‘kgk,o(r) \/QTJ (475)
one has
q > L(—
v(x) = — o /0 dk ) (), (476)

which is the analog, for spherical solutions, of Eq. (248) for plane wave solutions.

9. Maxwell Green function

A solution of the Maxwell equation for the electric and magnetic fields ¥(x) given a
specified current source =(z), as they are related in Eq. (52)

WV (x) = Z(x),

can be found with the aid of the 6 x 6 matrix Maxwell Green function Dy(xs — x1), given
by

2
Dulra =) = Y [k v ) 000 — 1)
A;O )
- Y [k R o - ),
A=0

(477)

where @D,(:E/\) (x) is given by Eq. (217), (237) or (238), and Eq. (251). In view of the relations

708 Yiox (12) = 0, (478)
’yuag (9(152 - tl) = Y (5(Ct2 - Ctl), (479)

%05‘ 9(t1 - tg) §7 —Y0 5(Ct2 — Ctl) (480)



and the completeness of the wave functions, we have

Yu0% Dy — 1) = Z0(z2 — 1) (481)
and
Dylws — 11)7, 05 = —I(xs — 1), (482)
where
Mo —x1) = Olcty —cty) (xa — ). (483)

In terms of the Green function, a solution for the electric and magnetic fields is
U(zy) = /d41'1 Dy(w2 — 21) Z(21), (484)

as is confirmed by the application of 7,094 to both sides. In Eq. (484) d*zy = cdt;da;. A
separation into transverse or longitudinal solutions may be made by restricting the sum over
polarizations to A = 1, 2 for a transverse solution or A = 0 for a longitudinal solution.

The Maxwell Green function also may be written as an integral over the four-vector k
of the plane-wave solutions. For this it is useful to make the separation into transverse and
longitudinal components. For the transverse part we have

2
Dylwy —x1) = Z/dk w,ﬁ\)(a}g)@g}?(ml) e W(2=t) g1y — 1)
A=1

2
Y [k QT @) e ), (489
A=1
and we employ the identities

: [ee} —iko(ctg—ctl)
—iw(ta—t) g(p _ ) — Ak — 486
¢ (t2 =) o7 ) k(1 +16) —w/c’ (486)

. i 00 e—iko(ctg—ctl)
—ewlt) g — ) = — [ dk (487)

21 J_ oo ko(l41d0) +w/c’
where the limit 6 — 07 for the integral is understood. We also have
+ + W+
a- k(@) = [kl (@) = 0 (@), (488)

Together these relations yield [see Eq. (228)]

2 —iko(cta—ct1)
e —(+)
[ Vs (@) P (1)

DT _ — i / 4
Mo =) = 52D [ 4 Fo(1+10) —a -k
= 58



e—iko (Ctz —Ctl)

2T
+k50(1 +1i0) + o - k ¢I(C,A)(w2)¢k,,\($1)}
- & / A4k e kolet2—ct) ot ) ( (r-k)?* 0 )

(2m)4 YVko(1+10) — v - k 0 (7-k)?
i e—ik-(:cg—xl)
— HT 4 4
g 192 [t S (489)

where d*k = dky dk, and Cr indicates that the contour of integration over kg is the Feynman
contour, which passes from —oo below the negative real axis, through 0, and above the
positive real axis to +oo; this is equivalent to including the factor (1 4 id) multiplying kg in
the denominator and integrating along the real axis.

For applications, it is useful to consider an alternative form for the transverse Green
function. Taking into account the relation

-~ 1 ~ ko —y -k
o' (k ot (k) ————
Oy oy gy Oy
k(T k)? -1k 1
B ( -k —k(r-k)? )2+ (490)

we have, from Eq. (489),

: 00 T : ik-r
T _ — 1 —iko(cta—ct1) ]f(] Hs (V> 17T V €
DM(ZL'Q [L’l) 1 /_ dk‘o € ( EPEUR v/ —k’o HST(V) dk 7]{:2 T o

1 00 m e—iko(ctz—ct1) < ko H;F(V) iTt-V ) ei(k§+15)1/2\1‘\
pu— 0 -

a2 ), —iT-V  —k (V) ||
1 - —iko(cta—ct1)
N % N dkg e tholetz—cta
.22 (12 iS22 s i(k2+i6)1/2|r|
y 2/@(7‘ 1/7;) ) (kg +19) A72' 7 L’ (491)
(kg +10)'/2 T - # —ko(T + 7) 7|

where r = a9 — x1, the gradient V is with respect to r, and the branch of the square
root in the exponent is determined by the condition Im(k2 +1i6)'/2 > 0, which specifies that
(k2 416)'/2 — |ko| for real values of ky. In the last line of Eq. (491), higher-order terms in

(ko |r|)~t are not included, but the exact expression follows from the formulas in Appendix
E.

For the longitudinal Green function, we write
L _ _ (+) —(+) —e(cta—ctr) 0 -
Dyi(wa —x1) = [ dk iy (@)t (1) e (t2 — 1)

- / ke ) () By (1) e 6ty — 1), (492)

where damping factors with ¢ > 0 are added so that the Green function falls off for large

time differences. In addition, we assume that the longitudinal wave functions are solutions
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of the Maxwell equation with an infinitesimal mass m. included, as given in Eq. (259), in
order to be able to use the Feynman contour to specify the path of integration over ky in
relation to the poles of the integrand. We employ the identities

. 2(t t1)/h (ct " )9 i [e’e) dk e—iko(ctz—ctl) 493
—imec®(ta—t1 —e(cta—cty to — ¢ -
‘ ¢ (t2 =) o | oo ko + i€ — mec/B (493)
3 e} —ik‘o(ctz—ctl)
_ imecz(tz—tl)/h e(cta—cty) 9 t—1 _ i d]{j € 494
e e (t1 — t2) o ) Oko—iE—i-meC/ﬁ (494)
and
V(@) = R (Es), (495)
o k() = 0 (496)
to obtain
i e—iko(ctz—ctl) _(+)
DL (zy — = — [ d% (+)
N = a1) 2 [k‘o + i€ — mec/h O (@2) 10 (1)
e—iko(ctz—ctl) (_) _(_)
"o — e+ mec/h Vo (22)¥k0 ("”1)}
i e—iko(ctz—ctl) _(K)
- P (%)
27 Jop © ko — A0mec/h ;wk,o("’?)wkvo(ml)
i e—ik‘-(:cz—:cl)

= v (vy) [ A% ————. 497
(2m)* (V2) /CF Yk, —mec/h (497)

Here the limit ¢ — 0 would be undefined without the mass term. A concise alternative
expression for the longitudinal Green function is obtained by the substitution of the partial
completeness relations that follow from Eqs. (243) and (244) into Eq. (492):

Dyi(wo — 1) = I"(Vy)6(xy — 1) < IG(tQO— h) IH(tlo— ) ) : (498)

The transverse and longitudinal Green functions in Eqs. (489) and (497) differ only by
the type of projection operator and the infinitesimal mass term in Eq. (497). However, such
a mass term in the last line of Egs. (489) would not change the relation of the path of
integration over kg to the location of the poles of the integrand, so it could also be included
in that expression. In particular, the poles in Eq. (490) at ky = 4 (k? — ié)l/ ? would move to

ko = £ [k? + (mc/h)? — 15]1/ ?. These poles lie on curves in the second and fourth quadrants
of the complex ky plane, whereas the Feynman contour passes through the first and third
quadrants. Thus, we may write Dyj(z2 — 1) + Di(x2 — 21) = Dy(xe — 1), with

D i dig e 499
M(Te — 1) = (27T)20/(JF W“ku—mec/h' (499)



This result is a covariant Green function for the Maxwell equation which is of the same form
as the well-known Green function for the Dirac equation. A formal coordinate-representation
is

1

s O =) o)

Dy(xo — 1)

The fields given by Eq. (484) represent a particular solution of the Maxwell equation.
Any solution of Eq. (484) for = (x;) = 0, such as the field of a static charge distribution, may
be added to the particular solution, and the sum will be a solution with the same source
function. In fact, even if the three-vector current density vanishes in the distant past and
future, there could be a static charge distribution that persists, with or without a net total
charge, for which the fields would be non-zero indefinitely. To deal with this case, we obtain

an expression that takes into account the possible fields in the past and future by writing
the time derivative

«—0

0
M/dmlDM(xz_xl)%W(!El) = /dwlpM(!)ﬁz—ZEl)%alW(m)

+ / day Dy (2 — xl)%@lo V(xy), (501)
and for fields that vanish for large space-like distances, we write
/d:z:l V.- Dz — o)y ¥(z1) = /d:z:l Dyi(ws — 1)y - V1 ¥(2))
+/da:1 Dy(zg —x1)y - VW (21) =0, (502)

where the result is zero, because it may be written as an integral over the bounding surface,
by the Gauss-Ostrogradsky theorem. The sum of Egs. (501) and (502) is

9,
d(ctq)

/dw1 Dy (z2 — 21) 70 ¥ (21)

_ SH n

= dw1 DM($2 — S(Zl)”}/u 8 1 Sp(l’l) + d.’E1 DM(LL’Q — xl)%ﬁl lp(l’l)

= —/diEl 5(1’2 — ZL’l) W([L’l) + /diEl DM([L’Q — ZL’l) E([L’l) (503)
Integration of Eq. (503) over ¢; from t; to t¢, where t; < ty < t¢, yields

W(IQ) = /dwl DM(IQ — ZI,’l)”}/O W(Il)

— /da:l Du(xe — 1)y ¥ (x1)

t1=t; t1=t¢

te
+C/ dtl /dacl DM(ZL'Q — [L’l) E([L’l) (504)
i
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or
2

U(ry) = /dml Z/dkf[ ;(:A)(%W;)?T(xl) U (z1) +¢1(CT,\)(352)¢1(¢7_A)T($1)W($1)

t1=t; t1=t :|
A=0 1=t 1=tf

tg
‘l‘C/ dtl /diEl DM(ZL'Q — ZL’l) E(l’l) (505)
ti

As a consistency check of this expression, we note that it properly reduces to the expected
result for the field of a constant charge distribution. In this case, the current source term
vanishes, the initial and final fields are the same, and they are purely longitudinal. As a
result, only longitudinal functions with no time dependence will contribute to the sum over
states, which is just the longitudinal completeness relation, and Eq. (505) reduces to the
proper identity.

10. Applications of the Maxwell Green function

The Maxwell Green function is used here to calculate the radiation fields of a point
dipole source as an example of an application. Only the large distance transverse fields are
considered, and they are given by

Wd(l'g) = /d4113'1 DE/I(:I;Q — ZL’l) Ed(l’l), (506)

with the source term

Si(z) = (‘“Ost(Ow) et ) (507)

The classical source for dipole radiation is a charge ¢ with position
xq(t) = xgcoswqt (508)
which produces a current density

Ja(z) = qo(x —wa(t)) ®alt)
~ —wqdd(x)sinwgt, (509)
where d = g xy. This is the real part of
jx) = —iwgdd(x)e (510)

which is the source current for the radiation [17]. For the transverse Maxwell Green function,
we use the expression on the last line of Eq. (491). Integration over t; yields a factor
270 (koc — wq), and evaluation of the integration over kg follows. The result is

C/dtl DI\T/I(ZL'Q — [L’l) Ed(l'l)
A2 i iklr|
_ _:U’OCk ( (T T) T-T ) ( Js(wl) ) € e—lwdtz N ’ (511)

Ari T-F  —(7-7)? 0 7]
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where k = wq/c. Since the source is point-like at the origin &1 = 0, 7 = x5, and

k? (T ’ i)2 ds eik\a:\ —iwqgt
Uy(x) = e < rad. 2 e +.... (512)

The time-average differential radiated power, based on Egs. (54) to (59) with a factor 1/2
from the time averaging [17] is

dId . 1 2 A . Ce€p o9— N
ck? ck?
= d(r-2)Y2di=——[d*— (& -d)?

which is the well-known result.
A more realistic example is the radiation produced by a Dirac transition current, which
is given by

—pgc gt (z 2¢ ot (@) oy () e it
() = ( 1o 35()):<eo¢f() SO@() ) (514)

where ¢; and ¢ are the initial and final hydrogen atom Dirac wave functions, here ca is the
4 x 4 Dirac matrix, and
E, — E;

is the frequency corresponding to the energy difference of the transition. The factor of 2
multiplying the matrix element accounts for the difference between a classical dipole moment
and the quantum mechanical dipole moment operator in Eq. (520). (See the footnote on p.
407 of [17].) We have

c/dt1 Dy (w2 — x1) Ep(a1)
" a2 B o - f iklr|
: ( S Ty ) (JS o ) et (516)

- 4dmege T-F —(T-7F) 0 7]

where k = w;s/c. For distances far from the source atom, |@,| > |@|, k ~ # ~ &,, and in
the exponent k|r| = k|xs| — k- x; + ..., which yields

Up(xg) = /d4x1D1\T/I($2—$1)ED($1)
k . 7 2 'if ) 1]6‘2132‘ .

dmegc T- fcgéf(wl) |5
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The average radiated power is

dr, 1 . ce — -
d—(]; =3 3 &y - S(xs) = IO x3 Up(z2)y - kWp(x0)

_ k2 /dwl jifT(wl) eik-wl (T . i;:)2 /da:’ jz’f(w/)e—ik.w’l

32 m2eyc s ts
2
ake - /% ik-x / n 2 1. —ik-x’ /
:;WUE;EZ/ﬂm@@yamyaek¢Wm/£m¢ymngm-aek di(x)),
A=1

(518)

where a = €2 /4nephic is the fine-structure constant. The radiated power integrated over
directions of the vector k may be interpreted as fw; s A; s, where A,y is the radiative transition
rate for © — f, that is, the probability that the atom providing the source current makes a
transition from state i to state f in one second. This gives

A = 5 fan 3 o

which is the same as the relativistic radiative transition rate given by QED (see Appendix
F). In the dipole approximation e*® — 1, (i |a f) = ik (i |z| f), which follows from the
identity [H, x| = [ca - p, x| = —ihca, where H is the Dirac Hamiltonian, and integration
over k yields the familiar result

é(k) - ae®® éx(k) - aemiFe

i% (519)

[(F ] 3) " (520)

11. Summary

In Eq. (52), two of the Maxwell equations, Egs. (2) and (3), are written in the form of
the Dirac equation without a mass, but with the addition of a source term =(x):

Y0, U(z) = Z(x),

where the gamma matrices are 6 x 6 versions of the Dirac gamma matrices in Eq. (46), and

E (x —pocds(x
Wm:(méé)’ ﬂ@:<uo()>

from Eqs. (47) and (51). The source-free version of this equation, with = (z) = 0, can be
written as a Schrodinger-like equation from Eq. (45) or (252)

ihgﬁ(x) =HV(x), (521)

ot
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where the Hamiltonian, Eq. (208),
H=—-ihca -V

is the analog of the Dirac Hamiltonian for the electron. The factors of A are not essential
here, but they are introduced to provide the conventional units of frequency and energy. As
with the Dirac wave functions, where all four components are necessary to describe an elec-
tron bound in an atom relativistically, all six of the components of the photon wave function
apparently are necessary to properly account for the space-time properties of electromag-
netic fields. There are three polarization degrees of freedom, two for radiation and one for
electrostatic interactions, and relativistic covariance requires twice that many components.
Alternatively stated, six complex functions are necessary to describe the six components of
the electric and magnetic fields, and they are coupled by the Maxwell equation and Lorentz
transformations.

According to Eq. (521), as in Eq. (258), the time dependence of the solution is given by

U (x) = e TPy (x). (522)

The time-independent solutions may be expanded in eigenfunctions of the Hamiltonian with
eigenvalues F,, given by

Hu,(z) = E,U(z), (523)

where n is a set of parameters that characterize the state represented by the wave function.
For each eigenfunction, one has

7, (z) = e BN (), (524)

The eigenfunctions are orthonormal

/ da U () U, (T) = Sy, (525)
and they are complete

D (@) (@) = 6(a2 — 1) (526)

The state index n includes continuous variables, so Eq. (525) has delta functions in those
variables on the right-hand side, and the summation symbol in Eq. (526) includes integration
over those variables.

States considered in detail in this paper are propagating plane waves in Secs. 7.1 and
7.2, standing plane waves in Sec. 7.7, and angular-momentum eigenstates in Secs. 8.3 and
8.4. The propagating plane-wave states are eigenfunctions of the momentum operator in
Eq. (209)

P=—-ihIV.
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This operator commutes with the Hamiltonian, [H, P] = 0, and eigenstates of both energy
and momentum are given in Eqgs. (217), (237), and (238). These plane-wave states are further
characterized by polarization vectors given in Eq. (210) or (235). Linear combinations of
the traveling plane waves, combined to give standing-wave parity eigenfunctions, are in
Egs. (329), (330), and (339) to (342). The angular-momentum operator, Eq. (376), is

J = xxP+hS,

where the spin matrix, Eq. (154), is

T 0
S = ( 0 T ) ’

and 7 is given by Eqgs. (15) to (17). One has [H,J| = 0 in Eq. (377), and simultaneous
eigenfunctions of energy, angular momentum squared J 2, third component of angular mo-
mentum J3, and parity are given in Eq (424), (425), (455), and (456). All three sets of
eigenfunctions listed above are shown to be orthogonal and complete, as in Eqgs. (525) and
(526).

The eigenfunctions considered here are not normalizable wave functions. However, they
provide basis functions for the expansion of a normalizable wave packet, as discussed in
Sec. 7.8. For the sum

Up(@) =Y folnl), (527)
from the orthonormality of the eigenfunctions one has
fo = / da ¥ (z) Uy () (528)
and

[t v@) @) = 315 =1 (529)

for suitably chosen f,,. For the example of a Gaussian wave packet in Eq. (352), the expec-
tation value of the Hamiltonian, in Eq. (357), is

(Up|H| V) = o,

where wy = c|ky| is the frequency corresponding to the wave vector kg of the wave packet. It
is clear that Eq. (357) applies in more generality than just to the wave packet in Eq. (352). If
the Gaussian shape function were replaced by any normalized real function, the expectation
value of the Hamiltonian would still be exactly hwy. For the wave packet in Eq. (352), the
expectation expectation value of the momentum operator, Eq. (358), is

(Ur| P ¥y) = hhko,
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and the expectation value of the projection of the angular momentum in the direction of the
wave vector is

<wf‘J-l%o‘wf> — hél(ko) T - o & (Ro), (530)

where the result depends on the polarization state represented by él(l;:o). For circular
polarization, Eq. (216), the expectation value is +h, while for linear polarization, Eq. (215),
it is 0. The real part of the energy density is hwy times the probability density

Re Vi(x)HU(x) = hwoVl(x)¥(x) (531)

for the wave packet.
For any wave packet, represented by ¥y, the photon probability density four-vector
defined in Eq. (368) is

qr(z) = Vple)y" (o), (532)

and the differential conservation of probability is given by Eq. (370)

%qg(l’)“‘CV'q]f(l') = 0. (533)

This is valid for any solution of the homogeneous Maxwell equation. By integrating over
a closed volume and converting the divergence to an integral of the normal component of
the vector over the surface, one obtains a statement of conservation of probability for the
volume. If the surface of the volume is taken to infinity in all directions, where the wave
function vanishes, this expression shows the time independence of the normalization of the
wave function

% / de U}(z) Uy(z) = 0. (534)

Of course, this does not give meaningful results for a plane wave, because in this case, the
probability density is constant over space and is not normalizable.

For electromagnetic fields and photons, Lorentz invariance is a necessary consideration.
In Secs. 6.4 and 6.5 it is shown that

VOV () = E'(w),

where the primes indicate that the field and source have been transformed by either a rotation

or a velocity boost. For rotations represented by the vector u = 6, the transformed field,
in Eq. (144), is

V'(z) = R(u)UR(u)2),
where R(w) is the coordinate rotation operator in Eq. (103) and

R(u) = e 5™
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in Eq. (153). The source term transforms in the same way. For velocity transformations,
corresponding to the velocity v = ctanh (0, Eq. (165) is

V'(z) = V(o) UV (v)z),
where V' (v) is the coordinate velocity transformation operator in Eq. (123) and

V(v) = e&?

- (07)

in Eq. (170). The transformation of the source term under a velocity boost is noteworthy.
In the presence of a non-zero source, the Maxwell equation is invariant, but the left- and
right-hand sides do not transform separately. As shown in Sec. 6.5, the derivatives acting
on the fields produce terms that combine with the original source term in such a way as to
produce the velocity transformed source term, even though it is the three-vector current. In
the absence of sources, the transformation reduces to a more conventional form.

In the case of photon wave functions, sources are taken to be absent and the wave
functions are solutions of the homogeneous Maxwell equation. The Lorentz transformations
of the plane-wave functions are explicitly shown in Secs. 7.5 and 7.6. As with the Dirac
equation for an electron, the eigenvalues in Eq. (523) may be either positive or negative,
and here they also may be zero, for both plane-wave and spherical-wave eigenfunctions. The
negative eigenvalues, which are associated with relativistic invariance, are necessary in order
to have a complete set of solutions satisfying Eq. (526). It is relevant to note that for the
six-component wave packet in Eq. (352), there is an interaction between the upper-three
components and lower-three components, evident in Eq. (354), that suppresses the role of
the negative energy states.

In Sec. 5, Egs. (86) and (87), orthogonal transverse and longitudinal projection operators
are defined:

- ( oY (wv) 0 ) . ( I (v) 0 )
(V) = T , (V) = L ,
0 I (V) 0 I (V)

where from Egs. (70) and (71)

in Eq. (169), where

(r- V)
vz o

V,Vi
I (v) = T

I (V) =

These operators commute with the Hamiltonian, the momentum operator, and the angular-
momentum operator

(K, 1] = [P, 1T] = |F, 1] = 0, (535)
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where II represents either projection operator, IIT(V) or II*(V), so all the eigenstates
considered in this paper are classified as being either transverse or longitudinal, with

o (v)v,(z) = ¥, (), (536)
IH (V) (z) = (), (537)

respectively. The transverse states describe radiation and have non-zero eigenvalues in
Eq. (523), while the longitudinal states correspond to electrostatic interactions, with an
eigenvalue of zero. An exception is that the longitudinal states may have a non-zero eigen-
value if a hypothetical mass term is considered, as discussed in Sec. 7.4. The projection
operators commute with rotations, but not, in general, with velocity boosts. However, as
shown in Sec. 7.6.1, the velocity transformed transverse plane-wave states are also transverse.
This corresponds to the fact that radiation may be treated relativistically independent of
electrostatic interactions. On the other hand, as shown in Sec. 7.6.2, the velocity transformed
longitudinal states have both longitudinal and transverse components, corresponding to the
fact that moving charges may excite radiative transitions. Both transverse and longitudinal
states are necessary in order to have a complete set, as in Eq. (526).

A solution of the inhomogeneous Maxwell equation may be obtained with the Maxwell
Green function, as discussed in Sec. 9. The Green function satisfies the equation

%05 DM(ZL'Q — ZL’l) = I5($2 — 1’1)
in Eq. (481), and a solution of the Maxwell equation is given by

W(l’g) = /d4113'1 DM(ZEQ —1’1) E(l’l)

in Eq. (484). It is shown, by summing over the complete set of plane-wave solutions, that
the Green function is

- i d4k e—ik-(mz—xl)
M(x2_l'1) - (271')4 /CF vﬂku—mgc/h

in Eq. (499), which is the same form as the Dirac Green function, except that here it is a
6 x 6 matrix instead of a 4 X 4 matrix. In this equation, Cg is the Feynman contour and
the infinitesimal mass is included to resolve an ambiguity in the longitudinal contribution.

In Sec. 10, applications of the Maxwell Green function are made, including a calculation of
radiation from a Dirac-electron current source. In this example the six-component Maxwell
formalism couples radiation to the Dirac current relativistically with a result that is the
same as the result of a calculation that starts from Feynman-gauge QED.

12. Conclusion

We conclude that the criteria for properties of a single-photon wave function proposed

in the introduction are met by the formalism described in the subsequent sections. In
69



particular, the example of a photon wave packet provides a normalizable solution of the wave
equation whose properties can be verified by explicit calculations. It yields the unanticipated
result that for virtually any probability distribution, under rather mild assumptions about
the form of the wave packet, the expectation value of the Hamiltonian is exactly (H ) = fwy,

where wy is the frequency associated with the wave vector of the packet.

Appendix A. Velocity transformation of electromagnetic fields

The velocity transformation of electromagnetic fields is derived here without invoking
potentials for completeness. With the aid of the identity V! 7 - cB = (V x ¢B)/, Egs. (1)

and (2) may be written as
VIE. = mcp,

OE!
oct

~V!F.cB = —ppcd,

C

or

where

is the field tensor [see Eq. (38)] and
_ cp
J = ( i ) |
Since V(v) gV (v) = g, Eq. (A.3) is equivalent to

0. V(v)gV(v) F(2)V(v) = poJ"(2)V(v)

or

A gV() F (V' (v)z) V(v) = ped (V'(v)z) V(v).

Assuming the current transforms as a four-vector,
J(z) = V(v)J(V ' (v)z),
Eq. (A.3) will be invariant if the field tensor transforms according to
Fl(z) = V(v)F(V ' (v)z) V(v).
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Direct calculation yields®
1 0 —E"(x
F'(a') = E( . ,( ) ) (A.10)

where 2/ = V(v) x and
E! = E.cosh(— 9.9 FE(cosh¢—1)—7F -9 cB.sinh(, (A.11)
¢B! = ¢B.cosh(— 9.9 -cB(cosh(—1)+ 70 E.sinh (. (A.12)

These relations are equivalent (up to the velocity sign convention) to the electric and mag-
netic field transformations in [17], and in the spherical basis they are

E. = E,+ (7 -9)?Es(cosh( — 1) +iT-®%cBgsinh(, (A.13)
cB! = c¢B,+ (1-9)*cBs(cosh( — 1) —iT -9 Esinh (. (A.14)
The Cartesian transformation in Eqgs. (A.11) and (A.12) can be written as
V() = e Koy (), (A.15)
where
K = < _07: Z ) (A.16)
and

Ue(z) = (C%C(z) ) (A.17)

Similarly, the Cartesian form of the rotation transformation, corresponding to the operator
in Eq. (153), is

vz = S (x), (A.18)

where
S = (Z 2) (A.19)
The components of the matrices in Egs. (A.16) and (A.19) have the commutation relations
8] = ens (A.20)
[S/CJ = e KF, (A.21)
[/@',z@" = e St (A.22)

characteristic of the Lie algebra of Lorentz transformations.

k

>The identity €;j1 = €500 + €, 079" + €;;,9%9" may be useful here.



Appendix B. Inverse Laplacian

For cases where the integral definition of the inverse Laplacian converges poorly, we use a
generalized definition that includes a damping factor to resolve ambiguity in the intermediate
steps of the calculation. From the equation

_ !
e €le—a’|

(V2 — 62) W = —47T5<w — w/), (Bl)
one has
1 1 eclz—=l
—(x—-2) = — ——. B.2
V2 — e (@ —2) At |x — o' (B-2)
Multiplication by f(«’) and integration over &’ yields
1 1 € |z—a|
V2 —¢ 4m |z — |
We thus have, for example,
1 ik-x 1 ik-x 1 ik-x
v ¢ = —7]{2_‘_626 === (B.4)

by direct calculation of the integral.

Appendix C. Coulomb matrix element

The calculation of the Coulomb field matrix element in Eq. (248) requires evaluation of
the integral

(C.1)

—elz|

which is defined with the convergence factor e The inverse transformation requires the

integral

k. B
dk — e**  — lim [ dke Kl = ik
/ K| =0 K|

2rx
1—
|3

which confirms the result that
iq L q ( T )
—— [ dk — r) = ——— )
/(27)3 € k| Vko () dreglx)? \ O
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Appendix D. Separation of the transverse and longitudinal gradient operators

The transverse gradient operator 7 - V is separated into radial and angular parts by
writing

TV = 17217 &7-V4+a2l7-V
) - 1
= Er@—r-ﬁzvsﬁngrﬁﬁ;ng (D.1)

where the line over the gradient operator indicates that it does not act on the unit vector
directly to the right. That term is

_ 1 1
T &V,zl = T-@<VS@1+—@S@§——I)
T

r
1 1
Thus
10 1
Acting on L, the transverse gradient operator yields
1 1
T-VL, = —QTT-@LS——@5L2, (D.4)
r Or hr

where LIL, = —L?.
For the longitudinal gradient operator Vg, the identity

vV = @%—%QXL (D.5)
provides
1
vV, = ‘S%—ﬁr & L. (D.6)

Appendix E. Exact transverse Green function

The exact transverse Maxwell Green function follows from Eq. (491) together with the
relations

—w|7| —w|7| 1
v Y (1 + ) (E.1)
7| 7| wlr|
and
1 e vl 1 1 e vl 1
— - 4 — 1 — e vlml E.2
vz or| i ) v —x| |x] w? 7] (L—e™"), (E.2)



which yield
Vivi e—wirl ripd g=wirl ( rird ) (e_““” el 1
yve — 55 _

R I R BE wlr? T WP T W
and
e_w|r| e_w|r| e_w|r| e_w|r| 1
It (v _ 2 _9p pf E.4
) T D 2R et e e ) (B

Appendix F. Radiative decay in quantum electrodynamics

In QED, the radiative decay rate of an excited state may be obtained from the imaginary
part of the radiative correction to the energy level of that state

h) Ay = —2Im(AE), (F.1)
where the sum is over all states with a lower unperturbed energy. This gives a correction

to the level that, roughly speaking, results in an exponentially damped time dependence for
the population of the state:

|e—iAEt/h|2 — o~ g Aist (FQ)

For one-photon decays, the rate is included in the second-order self-energy correction to the
level. An expression derived from Feynman-gauge QED that includes some of the real part
and all of the imaginary part of this level shift in hydrogen-like atoms is given by [31]

ah?c? 1 ki k! o 1 .
AE, = — de=1(6;) — — J plkx I —ik-x
4n? /hck<E k(’l k2)<o‘e H—FE,+hck—1i5 " ° >
ah?c? 1< .
= - _ k 1k~a:
A /MKE k§Z< ‘e* f>
z> (F.3)

Ef—E—l—hck: <

where H is the Dirac Hamiltonian. The integrand is real, except for the imaginary infinites-
imal in the denominator, for which

1

Im Ef—Ei—i—th‘—i(S — Wd(Ef—Ei—i‘hC/{Z) (F4)
and hence
2
_ ake ~ (1. ik-x ~ (1 —ik-x| -
zf:Alf = Zf:—QW /d(}k;<z ér(k) ae f> <f érk) - ae z>, (F.5)

with the restriction 0 < Ey < E; on the sum over f. The contribution to the decay rate
from each final state f coincides with Eq. (519) for the transition rate A;;.
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