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Abstract

The claim found in many textbooks that the Dirac equation cannot be written
solely in terms of Pauli matrices is shown to not be completely true. It is only
true as long as the term (i in the usual Dirac factorization of the Klein—
Gordon equation is assumed to be the product of a square matrix § and a
column matrix 1. In this paper we show that there is another possibility
besides this matrix product, in fact a possibility involving a matrix operation,
and show that it leads to another possible expression for the Dirac equation.
We show that, behind this other possible factorization is the formalism of the
Clifford algebra of physical space. We exploit this fact, and discuss several
different aspects of Dirac theory using this formalism. In particular, we show
that there are four different possible sets of definitions for the parity, time
reversal, and charge conjugation operations for the Dirac equation.

Keywords: Clifford algebra, Dirac equation, spinors

1. Introduction

In the beginning of quantum mechanics, the explanation of the splitting of a spectral line into
several components in the presence of a magnetic field (the Zeeman effect) posed an addi-
tional challenge to the brilliant minds that were trying to construct the quantum theory.
Among those scientists, Pauli made a remarkable contribution to understanding of the Zee-
man effect. In 1924, reasoning in the opposite direction of the models developed so far [1],
Pauli proposed that the origin of the multiplicity of a spectral term is the radiant electron
itself, instead of the atomic core [2]. Then, in 1925, Uhlenbeck and Goudsmit published the
idea of the spin as a new degree of freedom associated with a self-rotating electron [3].
Meanwhile, quantum mechanics emerged in the form of matrix mechanics by Heisen-
berg, and in the form of wave mechanics by Schrodinger, where the dynamics is described by
a C-valued function (the wave function). In 1926, Heisenberg and Jordan applied the new
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matrix mechanics to the spin model [4], and then Pauli started to study how to incorporate the
spin in Schrodinger’s wave mechanics. Pauli published his results in 1927 [5]. In order to
incorporate the spin in wave mechanics, Pauli used the wave function ¥ (x, ¢, S;), where S, is
a variable which takes values i% (in & units). In other words, this means that the wave
function incorporating spin has values in a two-dimensional vector space over C, which we
denote by S.

In order to construct the Hamiltonian operator, Pauli noticed that, in matrix mechanics,
angular momentum matrices satisfy

MM, — MM, = iM,,
where (a, b, ¢) = {(x, y, 2), (¥, 2, X), (z, x, y)} and i = V—1, with
IMP> = M7 + M; + M? = m(m + 1),

for m=0,1,2,...or m=1/2,3/2, ..., and required that the spin angular momentum
operators (sy, Sy, §;) satisfy the same relations, that is,

S8, — SpSq = 1S, (1

but with

1(1 3
o an)-2
2\2 4
But what are these spin angular momentum operators (sy, Sy, ;)?
In order to solve that question, Pauli introduced matrices (o, 0», 03) given by

_ (01 _ (0 =i (10
"1_(1 o)’ "2_(1 0)’ "3_(0 —1)’ @

and defined (sy, sy, s;) as

1 1 1
Sy = —0, 8, = —0n, S8, = —0;. 3
S y = 50 : = 5% 3)
Then, Pauli considered w(x, t, %) and w(x, t, —%) as the components of a two-component
vector
e t)
W, 1) = N ©)
(1. =)
writing the wave equation as

where the Hamiltonian H for the motion of an electron in an electromagnetic field described
by the vector potential A = (A, Ay, A;) and scalar potential ¢ is given by

1
H=——lo1(p, — €A + 02(p, — eAy) + 03(p. — eAIV + ¢9, ©)

where p, = —ihd, with a = x, y, z, and we have taken ¢ = 1. Therefore, Pauli made the
identification S = C2.

Pauli was aware that his theory had to be complemented in order to include relativistic
effects, particularly to obtain the correct gyromagnetic factor of the electron. Schrodinger was
already studying a relativistic version of wave mechanics using the Klein—-Gordon equation,
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but the results were incompatible with experimental data. It was Dirac, in 1928, who solved
this problem [6].

In a standard approach to the Dirac equation—see, for example, [7, 8]—and following
Dirac’s original derivation, one starts with a first-order equation for | (x, 1)) € CV of the
form (Einstein summation convection is assumed throughout this paper)

(0, + a* O (x, 1)) = mBlY(x, 1), )

where of (k = 1, 2, 3) and 3 are supposed to be N x N matrices over a field K, and in order
for this equation to be squared to the Klein—Gordon equation for each of the components of
|1 (x, t)), the quantities o (k = 1, 2, 3) and 3 have to satisfy

ook + akal = 2601, (8)
alf+ ol =0, B2=1, &)

for j, k =1, 2, 3, where [ is the identity matrix. As well-known, the smallest number N for
which the above relations are satisfied is N = 4, and in this case K = C and |[¢(x, 1)) is a
four-component complex-valued column vector.

The use of a C*-valued wave function is clearly a generalization of the C?-valued wave
function used by Pauli. But is this the only possibility for the wave function space? Since it is
reasonable to suppose that Dirac looked for a CV-valued wave function as a generalization of
Pauli’s C2-valued wave function, we might ask first if there is another choice for the spinor
space S besides C2.

In his 1972 Gibbs lecture, Dyson [9] enumerated some situations where the progress of
both mathematics and physics has been retarded by the lack of mutual communication; he
referred to these situations as ‘missed opportunities’. One of these missed opportunities
described by Dyson is the role played by the quaternions in the development of physics and
mathematics. The quaternions H are defined by the set of elements
{a + bi + ¢ + dk|a, b, c,d € R} with associative products defined by ij = —ji =k,
jk = —kj =i, ki = —ik =j, and i> = j> = k> = —1. However, it is well-known that the
quaternion units , j and k can be written in terms of Pauli matrices as

i=—ioy, j=—ioy, k= —ios. (10)
From this, we see that we can define (sy, sy, s;) by
1 J .k
S =1—, 8§, =1=, §, =1i—. 11
> v =13 e =1 (11)

Now there is room to speculate what space S one could choose if (s, sy, 5;) are defined
as in equation (11). It is no surprise that one chooses, in this case, S = H. Indeed, if we are
looking for a generalization of a C-valued function, a H-valued function is a natural candi-
date, and since a quaternion can be seen as a pair of complex numbers, the number of degrees
of freedom required to describe the spin space is matched with this choice. As a matter of fact,
the Pauli equation can be written in terms of a quaternionic wave function, but this will not be
discussed here since it would divert us from the main issue.

A H-valued wave function ) = a + bi + ¢f + dk can also be written, because of the
representation equation (10), as a 2 x 2 matrix v of the form

w—[g _Cfi)—(m — ioy [Y¥), (12)
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where a = a — id, = c — ib, and * denotes complex conjugation, and the column

_ 3%
matrices [¢)) = (g) and —io, ) = ( s ) (which will be interpreted later). Note that we

OZ*
are omitting the dependence of the wave function on the space and time variables.

Now let us look at the factorization of the Klein-Gordon equation under this perspective,
that is, considering the possibility that the wave function could be written in terms of a matrix,
which we will denote by . Note that an arbitrary 2 x 2 complex matrix ) has the same
number of degrees of freedom as |1)) € C*. Then, in this case, the matrix multiplication 3|1))
in equation (7) is replaced by (. But the matrix multiplication Gy can be seen as an
operation in the space of v, that is, we have an operator 3 given by 3 (v)) = (. In this case,
equation (7) is replaced by

ih(0; + a*)p = mB (). (13)

Let us consider now the possibility that 3 could be an arbitrary R-linear operation on the
space of the wave function. In order to square equation (13) to the Klein—-Gordon equation,
the matrices of (k = 1, 2, 3) must satisfy the same relation in equation (8), and for 3 we
must have

Blay) + alBW) =0, i=1,2,3, (14)
(B’ @) = iBGEBW)) = —¢. 15)

The matrices o can be chosen as the Pauli matrices, but 3 (1) cannot be taken as ) because
in this case the relation 3o/ + o/3 = 0 (i = 1, 2, 3) cannot be satisfied, since the maximum
number of (linearly independent and mutually anticommuting) 2 X 2 complex matrices is
three. So, let us keep the choice of a* as Pauli matrices, and look for a matrix operation such
that equations (14) and (15) hold. From equation (8), we have that

B(a'al) + B(alal) = 28YB(I).
But, from equation (14), using ¥ = o/,

B(a'al) = —alB(a)).
Then, we have

a'Bal) + a/B(a) = =28YB(),
which is satisfied for

B = —a'Bd), i=1,2,3. (16)
Using equation (14) again, we have

Ba') = —a'B¥) = —a'BNB ' DHBW) = B(@)B DB ®),
and from linearity, we conclude that 3 must satisfy

B(p) = BB DB®). (17)
Now, using equations (15), (16) and (17), we have

—al = (iB)* (o)) = —iBa/B1)) = —iB{a)) B~ () B> ().
Let us also write

B(iy) = €iB @),

that is, 3 is C-linear or C-antilinear according to ¢ = 1 or ¢ = —1, respectively. Then, we
have
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—ad = —eadB2(D),
and consequently
B2() = e.

But, since the matrices o are chosen as the Pauli matrices, we have relations like

a'a? = ia’. Let us see the effect of 3 on this relation; on the LHS, we have

Ba'a?) = B@@HB B = (—a)BDB ) (—aHBU)
= ala?B() = i3B(),
and on the RHS,
B(iad) = €iB)(a?) = —€ia’B (),
and comparing both expressions, we conclude that we must have ¢ = —1. Thus, 3 is such that
Biy) = —iB ). (18)

Using equations (16) and (18) we can conclude, after writing an arbitrary 2 X 2 complex
matrix as a linear combination of the Pauli matrices and the identity matrix, that

X X
s« D)=(4. S)po (19
and from equations (15) and (18) that
8% = —1I. (20)
B () remains to be found. Let us suppose, for simplicity, that it is a diagonal matrix,
Bd) = g 2 . From equations (19) and (20), we conclude that we must have xy* = —1.
Therefore, a simple solution is
B) = ((1) 91) = 03, (1)
and then
* *
o a) -5 %) @
Note that we can also write
B) = adj(¥as, (23)
where adj(2/") denotes the classical adjoint (adjugate) matrix of ¢/ and f denotes a Hermitian
conjugation.

We see, therefore, that it is possible to write the Dirac equation using only Pauli matrices,
as long as the fourth matrix needed in the factorization process is replaced by a matrix
operation, which is the one defined in equation (23). This new form of Dirac equation is given
in equation (13). The matrix ¢ is a2 x 2 complex matrix, which can be written, in analogy to
equation (12), as

v =(1) — io ). (24)
It is interesting to see the role played by |£) and |n). In fact, using equation (23), we have

BW) = (In) oz |£)*), (25)
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and from equation (13) we obtain

ih(0; + %) |€) = mln) (26)
and

(0, + a*d)(—ioy) In)* = m (o) |§)*. 27
But (a* = o, (o?)* = —a? and (o)* = o3, and it follows that

ih(0; — a*p)|n) = ml€). (28)

This suggests that |€) and |n) can be interpreted as left and right spinors—and we will see
later, after analyzing how they transform under a Lorentz transformation, that this is indeed
the case. However, unlike in the usual factorization process, where left and right spinors are
combined in the form of a column matrix, they have appeared combined in the form of a
square matrix!

What have we missed for not using quaternions, or for not thinking in terms of qua-
ternions, in some moment in the development of quantum mechanics? The mathematical
structure behind the above discussion concerning the factorization of the Klein—Gordon
equation using 2 X 2 complex matrices is called the Clifford algebra of physical space, or
simply the algebra of physical space (APS) [10]. This algebra of 2 x 2 complex matrices
M2, C) is isomorphic to the algebra of complexified quaternions C ® H. The interesting
fact here is that C, H and M (2, C) ~ C ® H are all examples of a Clifford algebra, and one
is a particular Clifford subalgebra (the even subalgebra) of another, that is, if we denote the
even subalgebra by a plus sign as superscript, we have C ~ H* and H ~ (C @ H)" [11-13].

But, is there any advantage in using 2 x 2 complex matrices instead of C*-valued column
matrices in Dirac theory? We believe that there is, and we classify the advantages as com-
putational, didactical and epistemological. The computational advantages are seen, for
instance, when we notice that, in many cases, a square matrix possesses an inverse matrix,
whereas a column matrix does not. The existence of an inverse element makes it easier to
manipulate some mathematical expressions, and the proof of Fierz identities is a very good
example of this computational advantage, as we will see (in section 4). The didactical
advantages are manifested by the fact that the same mathematical structure that can be used to
study mechanics, in particular rigid body kinematics (in terms of the Cayley—Klein para-
meters) [14], and electromagnetism (see appendix) can be used to study quantum mechanics.
In other words, there is no need for an additional mathematical structure in relativistic
quantum mechanics besides the one already used in classical mechanics and electro-
magnetism. In order to grasp the epistemological advantages, we must take into account the
fact that the 2 x 2 complex matrix algebra is in fact a representation of an algebra constructed
from entities with a clear geometrical meaning. This is the APS. The elements of this algebra
are the representatives of geometrical objects that are oriented line segments, oriented plane
fragments, and oriented volumes. For this reason, the original denomination given by Clifford
for this mathematical structure was geometric algebra.

The main objective of this paper is to present Dirac theory formulated exclusively in
terms of the APS. The use of Clifford algebras in Dirac theory has been extensively discussed
by Hestenes (see, for example, [15, 16]), but Hestenes’ approach is based on the so-called
spacetime algebra, that is, the Clifford algebra of Minkowski spacetime. The spacetime
algebra is not the Dirac algebra of gamma matrices usually introduced in quantum mechanics
textbooks; indeed, the Dirac algebra is the complexification of the spacetime algebra. But,
while the spacetime algebra has half of the dimension of the Dirac algebra, it is still too large
for the sake of formulating Dirac theory, since the APS has half of the dimension of the

6
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spacetime algebra. In this sense, we can say that the approach to Dirac theory using the APS
is a minimalistic one, that is, the APS is the smaller algebraic structure suitable for the
formulation of Dirac theory.

Applications of the APS in physics have been widely discussed [17-25], and we aim here
to complement the presentations concerning relativistic quantum mechanics. This paper is
organized as follows. In section 2 we introduce the APS and discuss its main properties. We
discuss its matrix representation and its relation to the 3 operation previously discussed. In
section 3 we introduce the concept of paravectors. The need for this concept comes from the
fact that the APS is an algebra for a three-dimensional space, and we need to describe vectors
in a four-dimensional space (the spacetime). We also discuss how to deal with Lorentz
transformations in this formalism, as well as its matrix representation. In section 4 we
introduce the Dirac equation with an electromagnetic coupling. Using the APS, we discuss
Weyl spinors, the Lorentz covariance of the APS form of the Dirac equation, the bilinear
covariants and Fierz identities. In section 5 we prove some conservation laws associated with
the Dirac equation. Finally, in section 6 we discuss the effect of parity, time reversal and
charge conjugation operations in the Dirac equation using the APS. We show that we have
four different possible sets of definitions for these operations.

2. The Clifford APS

The real Clifford algebra Cf of the Euclidean 3-space (R3, g) is the associative algebra
generated by {v|]v € R’} and {al|a € R} subject to the condition [11-13]

vu + uv = 2g(v, u), (29

where g(e;, e) = ¢; for {e;} (i =1, 2, 3) being the canonical basis of R3. We call this
algebra the APS. An arbitrary element of Cf; is a sum of elements of the form

eliehzes?, (30)

with i, = 0 or 1 G = 1, 2, 3), and the case y; = p, = p; = 0 understood as the unit. In this
case there is a Z,-gradation and we call an element in equation (30) a k-vector according to
Hy + oy + p3 = k. A O-vector is, therefore, a scalar; a 1-vector is a vector associated with a
class of equipollent line segments; a 2-vector is a vector associated with the equivalence class
of oriented plane fragments with the same area and direction; and a 3-vector is a vector
associated with the equivalence class of volume elements with the same orientation and
volume. The 3-vector

i = eere; = €173 (31)

deserves special attention since it belongs to the center of Cf and i> = —1; it is called the
pseudo-scalar of Cf;. We denote the vector space of k-vectors by A\ (R*) = /\; and adopt the
convention that /\o = R and /\; = R>. An arbitrary element of A = ©I_o/\; is called a
multivector. The projectors /\ — /\; are denoted by ( ), that is, the projector { ), extracts
the k-vector part of a multivector. We also use the notation e; = e;e; for i = j.

The Clifford product of a vector and an arbitrary k-vector A; can be decomposed as

VAk:V'Ak+V/\Ak, (32)
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where the interior and exterior products are defined, respectively, as
VoA = (VA1 = SO0 — (DA
VA A= (WA = 3 (A (- DEAL) (33)
We can also define three operations in Cf called grade involution (or parity, denoted by a

hat), reversion (denoted by a tilde) and (Clifford) conjugation (denoted by a bar), respectively
as

A= (DM, A= (DDA A=A = A, (34)
The name reversion operation comes from the property where
AB = BA. (35)

Conjugation is the composition of grade involution and reversion. From its definition, grade
involution satisfies

AB = AB. (36)
Therefore, conjugation satisfies
AB = BA. (37)

The following table summarizes the effect of these operations on k-vectors:

Elements of C4 are called even if A = A and odd if A = —A. The set of even elements is
closed under the Clifford product and is called the even subalgebra Cf;". A very important
feature of Clifford algebras is that even subalgebras are also Clifford algebras, and in this case
we have

ctt ~ HL (38)

Another distinguished feature is that the vector space of 2-vectors is isomorphic to the
vector space of 1-vectors; this isomorphism is provided by the Hodge duality x, which is
given by A = iA, such that iA, € A3 ;.

Finally, a useful property is that [11-13]

(AB)o = (BA)o, (39)

whose interpretation will be clear in what follows.
The nabla operator V is defined as

V = €0, (40)
where 0; = % and e =e; for i =1,2,3 as the Cartesian coordinate basis. From

equation (32), we can decompose the action of V on a k-vector A; as

VA, =V - A + V A A (41)



Eur. J. Phys. 37 (2016) 055407 J Vaz Jr

When we have a vector v, this results in

Vv =divv + i rot v, (42)
where

divv =V - v, 43)
and

rotv=V xv=—iV Av, (44)

where in the last equality we identify the vector product with the Hodge dual of the exterior
product [11, 13], that is, given vectors u and v,

uxv=—i(uAv). (45)

2.1. Matrix representation

Let us consider the matrix representation of C4. From the theory of the representations of
Clifford algebras, we know that Cf; >~ M (2, C). If we represent the vectors e; by the Pauli
matrices g; (i = 1, 2, 3), we obtain that an arbitrary element A € Cf, that is,

A =ap+ ae; + ae; + azes + apey + apzes + azers + apsi (46)

is represented by the matrix A = rep(A) given by

_(a 33
A= ( a Z4) @7
where
21 = (ao + a3) + i(ap + a), 2 = (a1 + ap3) + i(az + az),
73 = (a1 — a;3) — i(ay — an), 74 = (ap — a3) — i(ap — an).
When this is restricted to A, € Cl5" we have
*
wpy —w
A, = ( j) (48)
%) W]
where

wi=ag +iap, wy = a3+ ida.
Note that this is exactly the same type of matrix as in equation (12), and it is a consequence of
the fact that C/5" ~ H. Note also that
1
(A)y = EReTr(A). (49)

This result reflects in a property like the one in equation (39).
The operations of grade involution A and reversion A are expressed in this matrix
representation as

% * * %

R i i =z ~ . 7z
rep(A) = adj(A) ( . ) rep(d) = AT( " i) (50)

—3 % 3 24
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If we compare rep(A) with equation (23) we see that

B(W) = rep(es). (51)

3. Paravectors and Lorentz transformations

Four-dimensional (spacetime) vectors can be described in the APS in terms of paravectors,
that is, elements of Ag @ /\;. Important examples are momentum p = mv, electromagnetic
potential A, proper velocity v and spin s, that is,

p=E+p, A=¢+A, v=yvy+V, s =59+ s, (52)

where we use ¢ = 1 and E is the energy, p is the momentum, ¢ is the scalar potential, A is the

vector potential, and, for example, for a particle in the rest frame, v = 1, v =0, so = 0 and

s = %e3. Paravectors can also be defined as elements a of the APS that satisfy a = a.
Four-dimensional scalar products can be defined as

Uy = %(HV + vii). (53)

If we write u = ug + u and v = vy + v, it is easy to see that
UV =ugvy — u-Vv. 54)

For the momentum p we have
Il = pp = E? — p* = m%. (55)

Four-dimensional bivectors can be described in the APS in terms of biparavectors, that
is, elements of A; @ /\,. Important examples are the electromagnetic field F and the intrinsic
electromagnetic moment S,

F =E +iB, S=d+im, (56)

where E and B are the electric and magnetic fields, respectively, and d and m are the electric
and magnetic moments, respectively. Biparavectors can also be defined as elements B of the
APS that satisfy B = —B.

The four-dimensional wedge product can be written in the APS as

UNy = %(uﬁ — vii). (57)
Note that
UAV = vou — UgV —u AV
. (58)
= yogu — ugv +1u X v,
where u X v = —iu A v is the vector product [11, 13].

Now suppose it is given a scalar quantity. Then the question arises: is this scalar quantity
a pure scalar or is it part of a paravector? In the same way, given a vector, how can we
identify it as part of a paravector or as part of a biparavector? The answer to these questions
comes from the behavior under Lorentz transformations. A pure scalar quantity does not
change under a Lorentz transformation, but a scalar quantity that is part of a paravector
changes; on the other hand, a vector can be distinguished as part of a paravector or as part of a
biparavector according to its different transformation rules in each case.

10



Eur. J. Phys. 37 (2016) 055407 J Vaz Jr

The Lorentz transformation of a paravector p can be written as
p—p' = RpR, (59)

where R is such that

RR = RR = 1. (60)
We can write R in the form [11]

R = +e'/?, (61)
with

Q=v+1i6. (62)

When v = 0 this element describes through equation (59) a rotation in the plane with a
normal vector 6/60 by the angle § = |6|, whereas when 0 = 0 it describes a boost in the
direction of the relative velocity v of the reference frame, such that v/v = v/v, and with
rapidity v = |v|. A Lorentz transformation described by R can be written in terms of the
composition of a rotation U and a Lorentz boost L as

R=1LU, (63)
where L and U satisfy L = L' = L and U = U~ = U, respectively.
The Lorentz transformation of a biparavector B is
B+ B’ = RBR, (64)

with R as in equation (60). It is important to note the difference in the transformation rules in
equation (59) and in equation (64); therefore, given a vector quantity, it is part of a paravector
or of a biparavector if it transforms under a Lorentz transformation as in equation (59) or as as
in equation (64), respectively.

3.1. Matrix representation

Let us consider, for example, the matrix representation of the paravector p = E + p. From
equation (47), we have

E+py, p —ip,

. = I 65
m+%l%m)<m@> (65)

that is, paravectors are represented by Hermitian matrices.
Lorentz transformations satisfy equation (60), that is, R~! = R. In terms of matrices, this
equation reads
rep(R™) = R™! = adj(R) = rep(R), (66)
where we use the fact that the matrix representation of R is the composition of the operations
in equation (50), since R = R = R . But, since adj(A) = det(A)A"! for an arbitrary invertible
matrix A, we conclude that

det(R) =1, (67)
that is, R = rep(R) € SL(2, C). The matrix representation of R given by equation (61) is
R = e¥2, Q=v+i6, (68)

where v = rep(v) and 6 = rep(6).
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4. Dirac equation
The Dirac equation in the APS is [18, 19]

O, + V)vies = m + e(d — Ay,
where ) is an element of C4 (in fact, it is a field, ¥ = ¥ (x) = ¥ (¢, x)), that is,

Y = co+ cre; + €y + c3€3 + cipepp + C3€13 + c3€23 + C€123€123
= (co + ici23) + (c12 — ic3)epy + (c13 + icr)es + (ca3 — icp)ers,

and V is given by

v = e a_ _|_ e 6_ _|_ e a_
"o *ox? Tox3d
The Dirac operator 0 is
8 = 6[ - V,

(69)

(70)

(71)

(72)

and then the operator in equation (69) can be identified with 0. Using the Dirac operator,

equation (69) can be written in the simple and elegant form

hovies = m + eAq),

(73)

where A is the electromagnetic potential paravector. The four-dimensional Laplacian

(d’ Alembertian) is
O0=0? - V2= 00 = d0.
The Dirac equation can also be written in the form
ihope; = H[Y]
with the Hamiltonian H given by

H[y] = —hViies + mi) + e(p — A)i).

The momentum operator p = ep; is

PlY] = —hVijies.

4.1. Weyl spinors

Let ¢y = (¢ % ¢) and
fi= %(1 + e3).
Using esf, = £f,, we can write
V=0 + P+ 1)
= fitesf i f+ Y (—eyf
= + vef + (¥, — enf
=&+,

(74)

(75)

(76)

(77)

(78)

(719)

where &, 17 € Cf5". Using this decomposition of 1 in the above form of the Dirac equation we

get
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ih(0; + V)&, —ih(0, + V)nf_=m&f +muf, + e(d — A, + e(d — A)nf_, (80)
which can be decomposed into two equations, that is,
in(0; + V)¢, = mnf, + e(d — A)f,, (81)
—ih(0, + V)nf =mé&f +e(p — A)nf . (82)

The last equation can be transformed into an equation in the algebraic ideal C4 f, with the use
of the grade involution, and then

ih[(d, + ied) + (V — ieA)|&f, = maf, , (83)

ih[(D, + ieg) — (V — ieA)]nf, = méf, . (84)

In this way we are tempted to identify the left and right components of v with {f, and nf,,
respectively; however, from equation (79) we see that 1) can be written as a sum of elements
belonging to two different ideals of C;, that is, ones of the form C4 £, and if we associate the
left component of ¢ with the ideal C4f,, it is natural to associate the right component of
with the ideal C4f . This situation can be handled with the identification of the left and right
components of ¢ as

&L=y, nf, = Yges. (85)
Note that ¢, € Chf, and 1r € Chf, such that

ih[(0; + iep) + (V — ieA)]y = migeys, (86)

ih[(0; + iep) — (V — ieA)]ype 3 = myy. 87)

The spinor field ¥ can be written as

U =Yy + Ugens, (88)
with

Y= vg = deaf (89)
The effect of a Lorentz transformation on 1) (see next subsection) is given by

v ¥ = R = Ryy + Rigens, (90)
that is, the left component transforms as

Pp = YL = Ry, C2))
and the right component transforms as

Uy = U = Rug. 92)

4.1.1. Matrix representation of Weyl spinors. Using the definitions given by equation (89),
we can identify the components of ¢ with the ones of 1| and 1. Let us denote the matrix
representation of these objects by v, ¢ and ¥, respectively. Then

V= (o —ioay}),  v=(¥r 0.,  ve=(0 ¥y (93)
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where we denote

_ Yy B YR (0 —i
wL(wu), %[wm), == 3) %)
and by * the complex conjugation. Note that
D= (¢ —iny), G =(0 i), g = (iowf 0). (95)

In this way, the transformation 1 — 1)/ = R is
U VRe* _ (”1 F3) Ui VR
Q/J/Lz ;21* 2By, wﬁl

which gives, for the column vectors,

wlu :(rl "3)(¢L1) wiu _ 5 (¢R1)
wle )\, ’ 1/};12 —r3* 7’1* Vro >

that is,

P Py = Ry, Yy = Y = adj(R) Yy (96)
If we use R as in equation (68), it follows that

¢£ = Wi/ 2 | 1% = eVHi0/ 2 97)

showing that 1, and )y transform under different and non-equivalent SL(2, C) matrix
representations of the Lorentz transformation R.

4.2. Lorentz covariance
Let us multiply equation (69) on the left by a Lorentz transformation R, that is,

HR (0, + V)vie; = mR( + eR(¢p — A)ep, (98)

But, since RR = RR = 1, we can write

iR (0, + V)RRiie; = mRY + eR(¢ — A)RRi). (99)
The Dirac operator 0 and the eletromagnetic potential A transform as in equation (59), that is,

0" = ROR, A = RAR. (100)
Then, in equation (99), we have

R@, + V)R = RORy = 0 =, + V', (101)
and, similarly,

R(6 — A)R= (RARy = A = ¢/ — A. (102)
The transformed equation is, therefore, of the form

W@y + Vvies = mi + e(@ — A, (103)
where the transformed spinor is

V' = R. (104)

The APS version of the Dirac equation has, as expected, Lorentz covariance.

14
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4.3. Bilinear covariants

The electromagnetic and kinematic properties of the electron are described in Dirac theory in
terms of quantities that are constructed as bilinear expressions involving the 1 spinor [26].
The so-called bilinear covariant quantities of Dirac theory are given, in terms of the APS, by
[18, 19]

o+iw=pel =y,  j=i, S = —diesh,  s=vest, (105)

where we define
p=+or+w?, tanf=2. (106)
o

The bilinear covariants can also be used in order to classify spinors, as in [11].
It is interesting to note that ¢) can be written, using p and 3 defined above, as

Y = Jpel’/?R, (107)

where R is an element of Cf such that RR = RR = 1, that is, R describes a Lorentz
transformation—see equation (60).

The so-called Fierz identities [28] can be easily proven using the APS. These identities,
in terms of the APS, are

lj? = 0% + W, Lj1? = —Isl?, (108)
jes=0, jAs=—(w+ io)S, (109)

where we use equations (54) and (57), and [j|*> = jj, |s]* = s5. The proof of these identities
can be easily done using equation (107). In fact, for the first one, we have

7= 00 = @ = Yp @2 = pe ) = peil2pelt/2 = p2. (110)
The second one follows from
55 = vesih(—ey)h = —pe /2 (e3)%) = —pe1H/2peil/? = —p2. (111)

The third and fourth ones follow from
J§ = (e = —pe™ P/ pesh = —i(o — iw)S, (112)

5 = vesi = pe V2 = i(o — iw)S. (113)

and the use of equations (54) and (57).

5. Conservation laws

The conservation laws in Dirac theory have been exploited using the spacetime algebra in
[15, 29]. One interesting aspect in those approaches is that the conservation laws have been
proved directly from the Dirac equation, and not from a Lagrangian one. In this section we
follow the same approach and prove the conservation of probability and the conservation of
energy—momentum directly from the Dirac equation, but using the APS.

15
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5.1. Conservation of probability

A conservation law in the APS can be written in the form
(0 + V) +) =0, (114)

where j, € Mo is a density and j € /| a three-dimensional current, as can be easily verified;
indeed, we have

(O + VU +Ddo =0y + Vijg + 0 + V- j+V Ajlo=0ij, +V-j=0,
(115)

where we use equation (32) and the fact that 94 € A1, Vj, = gradj, € \i
and V Aje Aa

Let us write a paravector as Mi,. Since a paravector has to satisfy
UiMy = (Y Map,)~ = 1, M1y, we see that it has to be of the form )My with M = M.
From equation (105), we have two 4-dimensional currents of the form z/)Mﬂ), for
M = {1, es}, in Dirac theory. Let us see if there is any conservation law associated with these
quantities. In order to do this, we will look for an expression for ((9;, + V)(1)M1))) using
only the Dirac equation. For the sake of generality, we consider an arbitrary paravector M.

Let us apply grade involution to Dirac equation equation (69), that is,

(0, — V)ies = mp + e(p + A)i. (116)
If we multiply it by M7 on the right, and then apply (8, + V) to the result, we obtain
m@d, + VYWMY) = h(Od)iesMd + h((D, — V))iesMd, )
+ el (0, — V))iesMO; — e[(9, + V(¢ + A)D) M
— e[(¢ + APIMO) — eel[(¢ + A)DIMO;D.

(117)

But, from Dirac equation equation (69), if we apply the operator (9, — V) on its left, we have
m? em A~ e .

Uy = —ﬁw - ﬁ@ + Ay — %(ﬁt = V(¢ — A)vlies. (118)

If we apply grade involution to equation (118), and use the result in equation (117), and after
this use again Dirac equation equation (116), it follows that

@, + V) (M) = —%fm‘emﬂ; - %w — A)iesM + YMOD + elyMIp.  (119)

Now we calculate the scalar part of this expression. First, we note that, because of
equation (39), we can write

- . ~ e

(YMOp) + e/pMOjp)o = (YM [ (O + V) 1), (120)
where we denote

~ e —— ~ ~ .

Y (0 + V) = 0 + Oppel. (121)
If we apply the reversion operation to the Dirac equation as in equation (69), we obtain

(0, + V) = iesm) + eiesi(d — A). (122)

Now, if we take the scalar part of equation (119), and use equation (122) in equation (120),
and use again equation (39), it follows that
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(O + VWMD) = — %(ieszbfb)o + %amﬂwo

) (123)
+ %((gﬁ — A)i[M, e3])o,

where [M, e;] = Me; — esM. We can simplify this expression if we remember
equation (105), that is,

=0 +iv, P)=pp=o0— iw (124)
Using this in equations (123) and (39) again, we get that

(@, + V) WMD)y = 72’"7”<e3M>o + 86 — A)ilM. e, (125)

Let us consider M = 1. Since (e31)y = 0 and [1, e3] = 0, it follows that

(B, + V)Yih)y =0, (126)
that is, the probability current paravector j = 97 is conserved in Dirac theory. For M = e;,
we have (e32)y = 1 and [es, e;] = 0, and then

- 2
(0, + V)vesdyo = 72’”7“’ — 2 5in . (127)

that is, the spin density 1e3) is not conserved, unless 3 = 0 or § = . It is interesting to
observe that the free particle solutions of the Dirac equation satisfy 5 = 0 and § = 7 [27].
There are two other interesting relations that follow from equation (125) for M = e; and
M = e;, namely

(@, + Vyverd) = zﬁﬂ«cb ~ Aderd (128)
(@, + V)vesd)o = —%«d) ~ Ay, (129)

5.2. Conservation of energy—momentum

Another important conservation law is the energy—momentum one. The above discussion
shows that it cannot be associated with a paravector of the form Mz); it has to be of a
different form. In order to obtain the expression for the conservation of energy—momentum,
we first take into account the fact that, associated with the electric current paravector ej, there
is the electromagnetic field F = E + iB, satisfying Maxwell’s equations, which in APS
formalism is written as

O+ VYE +iB)=e(p — ). (130)

In the appendix, we show that the scalar, vector, bivector and trivector parts of this single
multivector equation correspond to the usual four Maxwell’s equations. We also show, in the
appendix, how to obtain from equation (130) the Poynting theorem in the form

oU~+ U + f=0, (131)

where U is the paravector defined as U/ = u + g, with u and g being the energy and
momentum densities, respectively, and U/ (j = 1, 2, 3) are the paravectors defined as
U = S/ — r*e; where S’ are the components of the energy flux vector S (the Poynting
vector) and 7/%e; is the flux vector associated with the g’ component of g = g/ ¢ (andg =S
since ¢ = 1). Moreover, f is given by
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f=e{E +iB)(p+ 1))os1 = €eE - j + e(pE +j x B), (132)

where we identify the vector part of f with the Lorentz force density.
Conservation of energy—momentum follows if we obtain from the Dirac equation an
expression like

0T+ 0T =f, (133)

where 7 and 77 (j = 1, 2, 3) are paravectors that play the role of mechanical counterparts of
the quantities as in equation (131), in such a way that

OU+ T) + ;U + T)) = 0. (134)

An expression like equation (133) can be obtained from equation (118). In order to do it,
we first note that the last term on the RHS of equation (118) can be written as

0 = V(¢ — AP =10, — V)@ — A)]Y — (¢ + A0 + V)]
1 2(¢0; + A - V). (135)

If we use the Dirac equation in the second term of the RHS of equation (135), and then use the
result in equation (118), we obtain

Oy = — 20— S0, - V)6 — A)lties + S (6? — M)
K2 h h? (136)

- 2%@@ + A - V)iies.

_Now, let us multiply equation (136) on the right side by Hy", where ¢ denotes either 1)
or ¢, and H is an element of A, @& /\; such that [H, e;]. After some calculations, which we
leave for an appendix, we obtain

O (hOWHY + edrbiesHYYoe1 — O(ROIYHY — eAlbiesHY)oe1 = —e(FiiiesH D)oo
(137)

We want to identify the RHS of equation (137) with f as in equation (132). Since
) = p + j, we need to choose H = ie; for this to hold. Then, we have

I (hdies — edp)Vyosr + O{(—hdijies — eAlp) Yo = f. (138)

Note that this equation has the form of equation (133). Let us introduce the following
notation:

T% = ((hdsbies — eg)d)o, TY = ((hdpjies — egyp)vel)y,  (139)

T10 = ((—hdijies — eAlp)i)o, T = ((—ho'jies — eAlp)Pel). (140)
Now we can define the paravectors 7 and 77 (j = 1, 2, 3) as

T=T%+ TYe, (141)

Ti = T/ 4 Tite, (142)

in such a way that equation (138) can be written as
0,T + 8ij =f, (143)

which is of the form of equation (133). Then, from equation (134) follows the conservation of
the total (mechanical and electromagnetic) energy—momentum.

18
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6. CPT and APS

Let us consider, in the formalism of the APS, the effect of the parity (P), time reversal (T) and
charge conjugation (C) operations on the Dirac equation, as given by equation (69), and on
the v spinor.

6.1. Parity

Under parity (P) transformation, the transformed Dirac equation must have the following
form:

1m0, — V)P[ylies = mP[{] + e(¢ + A)P[y], (144)

where P[] is the parity-transformed 1) field. Now we need to find a transformation that takes
the above equation in the original Dirac equation. Since there does not exist U € Cf; such that
Ue; = —e;U fori = 1, 2, 3, this transformation cannot be simply of the form P[¢] = UyV.

However, since €; = —e;, we can use grade involution as part of this transformation, and look
for an expression for P in the form
Ply] = UV. (145)

where U and V are elements of Cf;.
Using equation (145) in equation (144) and comparing the result with equation (69), we
can see that we must have:

() U'le;U = e, () U~'0 =1, (iii) VesV~1 = e, Gv) Vv-l=1, (146)

where i = 1, 2, 3. Condition (i) implies that U belongs to the center of Cf, that is,
U € Ao @ A\3. However, condition (ii) implies that U = U , that is, U is an even element.
Therefore, from these two conditions we conclude that U = 1. On the other hand, from
condition (iii) we have four possibilities, V = {1, e, ies, i}. But condition (iv) implies that
V= V, an even element. Therefore, we have two possibilities: V = {1, ies}. In principle the
most general expression for P(v)) is a combination of these two cases, and can be written in
the form

P[] = e, (147)
where « is an arbitrary real constant, and we remember that ie; = ey;.
Note that
P[] = o e, (148)

which is a solution of the original Dirac equation since the original i field appears to be
multiplied by an arbitrary phase.

Remark. We have excluded the possibility that V = {e;, i} because of condition (iv) which
demands V to be an even element. If, however, we have considered instead the alternative

condition (iv-a) VV~! = —1 then V would be an odd element, and the solution for the parity
transformation would be of the form

PBly] = desein (149)
However, the condition (iv-a) VV~! = —1 would change the sign of the term with the electric

coupling, that is, it would change e — —e. But this is not what is expected for a parity
transformation! Nevertheless, a parity transformation of the form 3 can be considered in the
case of an uncharged particle.
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6.2. Time reversal

Under time reversal (T), the transformed Dirac equation has the form

h(=0; + V)T[]ies = mT/[qﬁ + e(p + A)T[Y]. (150)
If we suppose that T[] = UV, we must have
() U le,U = e, () U0 =1, (iii) VesV1 = —ej, GvV)Vv-1 =1,
(151)

where i = 1, 2, 3. From conditions (i) and (ii) we conclude that U = 1. From condition (ii)
we conclude that V = {e,, e,, ie, ie;}, and from condition (iv) that V must be an even
element.

The most general expression for T[] is therefore

T[Y] = dieje”e, (152)
where ( is an arbitrary real constant. It is interesting to note that
T2 = 1 (153)

for all values of ( in equation (152).

6.3. Charge conjugation

Under charge conjugation (C), the transformed Dirac equation has the form

1@, + V)C[lies = mC[y] — (¢ — A)C[]. (154)
If we suppose that C[¢] = UyV, we have
() U le;U = e, () U0 =1, (iii) VesV—1 = —e;, G(v)Vv-l=—1,
(155)

wherei = 1, 2, 3, and then U = 1 and V = {e|, e,}. The most general expression for C[v/] in
this case is therefore

Cly] = ejelies, (156)
We also note that
ct=1 (157)

for all values of @ in equation (156).

6.4. Commutation relations and CPT

The commutation or anticommutation relations between P, T and C, as given by
equations (147), (152) and (156), depend on the values of «, O and 6. Therefore, we can
remove at least some of this arbitrariness, by requiring some definite commutation or
anticommutation relations between P, T and C. For example, we can see that
[P, TI(¥)) = 2ive,e”®sin v,
and if sina = 0, we have [P, T] = 0. Similar relations can be obtained in other cases.
Let us summarize the possibilities that we have:

@ [P, T]=0<«sina=0, (158)
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@) {P,T} =0<>cosa =0, (159)
(iii) [P,C]=0<cosa =0, (160)
(iv) {P,C} =0<«<sina =0, (161)
(v) [C,T]=0<>cos(d —pB)=0, (162)
(vi) {C, T} =0<«<=sin(@ — 3) =0. (163)
In relation to the composition of C, P and T, we have
CPT(¢)) = ipe@—a—Mies (164)
and therefore
i (CPT)Y?=-1l<cos2(@ —a—-pB) =1, (165)
(ii) (CPT)?2 =1<=>cos2(f0 —a — 3) = —1. (166)

6.5. Four different sets for C, Pand T

From the above subsection we can conclude that there are four different possible sets of
definitions for the operators P, T and C, apart from the arbitrariness of a real constant 3. These
four sets are as follows:

() The operators in this case satisfy

[P, TI={P,C} ={C, T} =0, P2=1, T?=—-1, C* =1,

(CPT)?? = —1, (167)
and they are defined as
PlYl =1, TPl =ideefs,  Cly] = e el (168)

(II) In this case the operators satisfy
{P’ T}:[P, C]:[Cs T]:O, P2:_1s

T2=-1, C>=1, (CPT)?=—1, (169)
and they are defined as
Ply] = ites, T[] = ihe; e/ies, Cly] = ey eies, (170)

(IIT) In this case the operators satisfy
[P, TI={P,C} =[C, T] =0, P2=1, T?= -1, C* =1, (CPT)? =1,

171)
and they are defined as
Pl =19, Tyl =ideef™,  Cly] = de,eie. (172)
(IV) In this case we have
{P, T} =[P,C]={C, T} =0, P2=-1, T2=-1, C*>=1,
(CPT)? =1, (173)

and they are defined as
Ply] =iges, T[] = ite e, Cly] = e, efies. (174)
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Remark. Case (I) is the set of C, P and T operators used in Dirac theory [11] written in terms
of the APS. Case (II) has the same relations, equation (169), that are satisfied by ELKO
spinors [30-33]. ELKO spinors have been considered as candidates to describe dark matter
and to probe non-trivial topologies in spacetime [34]. However, ELKO spinors are not Dirac
spinors and do not satisfy the Dirac equation [35], and the fact that we have obtained the same
commutation /anticommutation relations deserves additional studies. In order to have a better
understanding of cases (III) and (IV), it is convenient to note that, in all the above cases, the
operators CP have the same form, that is, all can be written as

CP[] = ejedies, (175)

where 6 = (8 for cases (I) and (I), 6 = B + 7/2 for case (IIl), and 6 = 3 — 7/2 for case
(IV). We also notice that, for cases (I) and (II), we have {CP, T} = 0, and for cases (IIT) and
(IV), we have [CP, T] = 0. Moreover, in all cases, (CP)2 = —1. Then, if we consider the
operators CP, T and CPT, we can construct a multiplication table for cases (I), (II), (II) and
(IV). According to Wigner [36, 37], there are four different classes of C, P and T operators,
which can be summarized in the following table:'

| 1| CP | T |CPT

1 1 CP T |CPT
CP|CP| -1 CPT | —T

T | T |ee’CPT| —¢’ |—€CP
CPT|CPT| —e€e'T |—€¢'CP| ¢

The four Wigner classes correspond to (e, eh=1{a,1D,d, -1, (-1,1), (=1, —1)}. The
fact is that all the cases (I), (I), (IIT) and (IV) correspond to the Wigner classes with e =1;
furthermore, cases (I) and (II) have ¢ = —1 and cases (III) and (IV) have ¢ = 1. The
differences between cases (I) and (I) in one Wigner class and between cases (III) and (IV) in
the other Wigner class can be described by the different definitions of the parity operator; that
is, in cases (I) and (IIT) we have the standard definition P [¢/] = [p, while in cases (II) and (IV)
we have the nonstandard definition P[¢)] = ites. Possible physical interpretations of cases
(IIT) and (IV) require further investigations; we must bear in mind, however, the possibility
that they may be just spurious solutions, due to the fact that we are working with multivectors.
Anyway, we believe we are facing an interesting scenario to compare different approaches to
Dirac theory.

6.5.1. Matrix representations of C, P and T. Let us use equations (93) and (95) in order to
write the matrix representation of the C, P and T operators acting on Weyl spinors. We will
use, for the action of an operator O, the notation

OW) = (W — o2 (WO)k)- (176)

(D) The matrix representation of equation (168) is
WL = Yr, @D =Py, @)L = —einyy, (77)
WOr =Y, @Hr = ePory, YO = Vi . (178)

! Our notation differs slightly from [37]; the correspondence is CP = iX and T = —if, where ¥ and 0 are the
notations used in [37].
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(II) The matrix representation of equation (170) is

@O =iy, @)L =Pyl @O = elnyf, (179)

WP = =iy,  @Nr =ePorpy, WO = —elnry). (180)
(IIT) The matrix representation of equation (172) is

WP =g, @W@DHL =P, WO = e, (181)

WOr =Y, @DHr =ePoypy, @ = —eori]. (182)
(IV) The matrix representation of equation (174) is

W =igg, @D = ePomyl, @O = —eVinyy, (183)

@P)r = =iy, @D = ePortpy,  WPOR = eioyepy. (184)

7. Conclusions

The assertion that the Dirac equation cannot be written solely using the algebra of Pauli
matrices is not completely true. It is true only if we suppose that the quantity 3 () in the
mass term is given by a matrix product. We have shown that there is another possibility given
by B(1)) = adj(y/") o3, where adj(¢)") is the classical adjoint (adjugate) matrix of ¢/ and ¥
denotes Hermitian conjugation. We have interpreted this other possibility in terms of the APS,
and used this fact to write the Dirac equation in the APS, and exploited some of its properties.
The Dirac spinor, in this formalism, is an arbitrary multivector of Cf. Left and right spinors
appear naturally as the left and right columns of the matrix representation of the Dirac spinor.
The proof of the Fierz identities is a remarkable example of the fact that the possibility of
having an invertible element (the matrix 1) facilitates calculations in the APS formalism. The
conservation of probability and of energy—momentum followed from the Dirac equation,
without the need for using the Lagrangian formalism. In the discussion of energy—momentum
conservation, we touch on the use of the APS in electromagnetism (discussed in more detail
in the appendix). We have also discussed how to implement the parity, time reversal and
charge conjugation operations in the APS formalism, and arrived at four different sets of P, T
and C operators, which, to the best of our knowledge, have not appeared before in the context
of Dirac theory.

Many other aspects of Dirac theory can be discussed using the APS formalism, but we
believe that, with this presentation, we have made our point, namely that the use of the APS
formalism has some advantages over the usual formalism of Dirac matrices and column
spinors, and should be considered as an alternative and powerful tool in relativistic quantum
mechanics, and that could have been in current use if at some point in the development of the
theory of the spin, some choices, in particular those involving the use of quaternions, had
prevailed.

Appendix A. Proof of equation (137)

In this appendix, in order to prove equation (137), we use an approach similar to [15], adapted
to the APS [38]. Let us start with equation (136), that is,
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2 2
Oy = — % - %[(a, — V)(6 — A)]dies + %wz — Ay

(185)
- 2%@5@ + A - V)iies.

which we will multiply on the right by H1)f, where ¢/ denotes either ¢ or ¢, and H, for the
moment, is an arbitrary element of the APS. Let us consider the expression of the form
OwH)'. We want to consider its paravector part, which we will write as ((IH1))q 1. Since a
paravector a satisfies a = a, we have

(OYH 001 = %<D¢H¢"‘ + PHDDYer

- %[axa,ww + PTHODY 01 — O{OWHY + DTHONe,

— (OWHOY + O P HIDYz1 + (DIPHIN + O;bHODYoz],  (186)

where, because of the use of the summation convention, we have written V2 as
V2 = 9,071 with 8/7¢p = ;). In order to have an expression of the form of the RHS of
equation (133), we must have

(O pHIA + 0D A DY0e 1 — (DIWHIY + 8;0A D)0y =0, (187)

which is satisfied if

U=,  H=-H. (188)

The condition A = —H means that H is an element of A2 @ As. Then, in this case, it
follows that

(OYHY)os1 = OO H o1 — 90TV H)oe 1, (189)
where we have used the fact that paravectors satisfy a = . Because of this, we also have
(VHE)oe1 = (VHE)y = —(VHE)oe1 = (PHY)oe1 = 0. (190)

Now, if we take the paravector part of the result of equation (185) multiplied on the right
by Hv), and use equations (189) and (190), we obtain

O(OpHY)ow1 — O {(0pHY)ge1 = — %([(31 — V)(¢ — A)InbiesHYoa

¢ ~ (191)
- 2%([(¢at + A - V)yliesH)og .
The first term of the RHS can be written as
([0, = V)(¢ — A)]viesH] Yooy = (016 + V - A + E + iB)giesH)oe 1, (192)
where we use
E =-0A — V¢, iB=V AA. (193)
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In relation to the second term on the RHS, we can write

(160, + A - V)PliesHD)oor %q(m +A - V)iliesHT
+ YiHes [V (¢0; + A - V) 1ow1

1 - | (194)
= 5¢<3z¢le31'11/)>0@1 + EA/ (0;viesH)oe

1 . ~ 1., . -
+ 5¢<7/11He33z¢>0@1 + EA’ (YiHe301))oe1 -

If we suppose that

[H, e3] =0, (195)
it follows that

~ 1 ~ 1 -

([(90; + A - V)YliesHY)oq1 = 5¢5r<¢ie3H¢>oel + E(A - V)(iesH)og - (196)
If we use equations (192) and (196) in equation (191), and use the fact that

(OrpviesH Yo + ¢Oi(iesHYog1 = I (pyiesHY)oe, (197)

(V - A)(WiesH)oo 1 + (A - V) (YiesH D)oo = O(ATiesH)oz1,  (198)

we obtain
O (hOpHY + eprhiesHY)oe — 0;(hOIpHY — eAliesHY) s = —e(FiiesH Yo .
(199)
with F = E + iB.
Appendix B. Electromagnetism in the APS
Maxwell’s equations can be written as a single equation in the APS, namely
@ + V)(E + iB) = py — o (200)

where p, is the electric charge density and j is the electric charge current. The usual set of
four equations follows from the projection of this multivector equation in its k-vector parts for
k=0, 1,2, 3. If we expand the LHS of equation (200), we have

OE + i9B + divE + irot E + idivB + i’ rot B = p, — jj- (201)

where we have used equation (42), and taking its k-vector parts we obtain the usual
Maxwell’s equations,

(Yo = divE = p,,

(h = rotB - JE =j,, 202)
(Y = irotE+ioB =0,

()3 = idivB =0.

The Poynting theorem follows easily from Maxwell’s equations in the form of
equation (200). First, for convenience, let us apply grade involution to equation (200), writing
Maxwell’s equations in an equivalent form as
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@ — V)(~E + iB) = py + jo. (203)
Now, let us multiply it on the left by E + iB and take the paravector part,
((E + iB)(@ — V)(—E + iB))os1 = ((E + iB)(py + jo)oo1- (204)

The content of this expression is known as the Poynting theorem. Let us prove this. The RHS
is

(E +iB)py + jplos1 = E - jy + pE + jy x B=F. (205)
In order to calculate the LHS, we will use (A)e = (A + A)/2, that is

((E + iB)@ — V)(—E + iB))oe; = %[(E 1 iB)(®, — V)(—E + iB)

(206)
. D — .
+ (—E —iB) (0, — V)(E — iB)].
After expanding the terms, we obtain
. . E’> + B> iBE — iEB
((E +iB)(©0, — V)(-E + iB))¢q1 = —8,( 5 + 3 )
) iBe/E — iEe/B N Ee’/E + Be'B .
2 2
(207)
The term
u= %(E2 + B?) (208)
is the energy density of the electromagnetic fields, and the term
M:—iE/\B:EXB:S:g, (209)

represents the momentum density g of the electromagnetic field, which is equal to the

Poynting vector S since we are using ¢ = 1. The next term in equation (207) is

iBe/E — iEe/B
2

%[BJ'E + (B Ae)E — EB/ — E(e/ A B)]

= i(EABAe)=GEAB)-e/=—(E xB)-e/=—-S-¢e/,

(210)
which gives the energy flux along the direction of e/. The last term can be calculated using
ve/ = 2v/ — e/v, and we have

J i ) ) JE2 B2
EeE;_BeB:E/E—l—B/B— e/E —;—eB

2 2
E2 4B,
2

= (EfEk + B/B* — e, = e, @211)

The quantity 7* is the Maxwell stress tensor.
Finally, using all the above expressions in equation (204), we obtain
—Ou — O,g — 0,8/ + 0;%e, = E - j, + p,E + j, x B, (212)

The scalar part of equation (212) is the Poynting theorem and the vector part is the
momentum version of the Poynting theorem [39]. If we define the paravectors I/ and Uf/
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(G=123),

U=u+g, 213)
W= Si — rite, 214)

we can write equation (212) as

oU~+ U + f=0. (215)
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