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Abstract

This paper formulates the standard Dirac theory without resorting to spinor
fields. Spinor fields mix bivectors and vectors which have different properties
in spacetime algebra. Instead the Dirac field is formulated as a generalized
bivector field. All the usual results of the standard Dirac theory fall out naturally
and simply. The plane-wave solutions to the Dirac equation are given and found
to give eight independent solutions. The solutions correspond to particle/anti-
particle energy states, spin :I:% along the direction of propagation and two
degrees of transverse polarization. Each solution has a double degeneracy
corresponding to an internal U (1) ® SU (2) symmetry of the Dirac equation.
One further advantage of this formalism is that it is completely formulated
without using a matrix representation of Clifford algebra instead of utilizing
the inherent geometric meaning of the algebra.

PACS numbers: 0350D, 0330

1. Introduction

The history of Clifford algebra is a long one, originating from the work of Grassmann [10] on
exterior algebra in the 1840s. However, it was not until 1878 that Clifford [2] defined these
algebras. It was the Dirac equation that ultimately elevated Clifford algebra to prominence.
More recently through the work of Hestenes [4—6], Clifford algebra has been shown to provide
the framework for a geometric algebra. This algebra Hestenes calls spacetime algebra. This
paper continues this trend by formulating the Dirac equation as a generalized bivector theory in
spacetime algebra, thus eliminating the need for spinors. Spinors are undesirable in a geometric
algebra being ideals in the algebra that mix vectors and bivectors. It should be noted that a
real Dirac theory does not allow one to formulate the Dirac equation as a generalized bivector
theory.

The paper begins by reviewing the two Clifford algebras capable of representing the
geometric algebra corresponding to Minkowski spacetime and the properties of these Clifford
algebras required for this paper. To take account of the Lorentz signature a general factor 7 is
introduced to account for the over all sign difference between the two choices. This allows one
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to compare the two choices at any stage of the development. The beauty of spacetime algebra
is that the Clifford multivectors have geometric meanings that exist without reference to any
matrix representation of the algebra. Moreover, there is nothing to be gained by introducing
matrix representations when there is no mixing of vectors and bivectors.

Next we review the introduction of an electromagnetic potential and formulate Maxwell
equations as a single compact equation. There is a large literature on this subject [7, 8].

Having dispensed with the preliminaries, the Dirac algebra is defined as the complexified
space of generalized bivectors. This space forms a complex eight-dimensional Clifford algebra.
Next we construct four (equivalent) forms of the Dirac equation on our Dirac algebra according
to clearly stated assumptions. These assumptions require that the Klein-Gordon equation is
satisfied and no special significance is given to any of the three spatial directions. The Dirac—
Hestenes equation [6] includes the Clifford element y'y? and makes no direct reference to .
Thus giving special significance to the y> direction.

Once a choice for the Dirac equation is made, the remainder of the paper constructs the
Dirac probability current, considers its transformation properties including CPT and derives
and interprets the plane-wave solution. In particular, the infinitesimal generators for boosts
and rotations are determined. The transformation under parity is used to introduce chiral fields
which leads to a grand Dirac equation invariant under Pin(3).

The plane-wave solutions give eight independent solutions. The usual particle/anti-particle
eigenstates of time reversal, spin :I:% in the direction of propagation and two degrees of
transverse polarization account for four of the eight independent solutions leaving a degeneracy
of two. This degeneracy is a result of a global gauge invariance under U (1) ® SU (2). The
next paper in the series explores the implications for local gauge theory focusing on the
U(1) ® SU(2) gauge group and electroweak theory.

The multivector fields have spin properties that depend on how they transform under
rotation. Multivector fields that transform through one-sided rotation transformations are
spin—% fields and through double-sided rotation transformations are integer spin fields. It is
important to note that spin-% fields need to be restricted to suitable ideals to guarantee closure
under transformation. A spinor space is an ideal of the spacetime algebra. In this paper the
generalized bivectors form a subspace but are not required to form an ideal.

2. Clifford spacetime algebra

In this section we construct the two Clifford algebras that represent spacetime and some of the
important properties of these algebras. Measurement of physical quantities requires a reference
frame. A reference frame consists of an origin and a collection of direction elements. We have
a single time direction which we denote by t and three spatial directions which we denote by
X, ¥ and Z. A 4-vector with components @®,a', a?, a®) is given by

s = aot + a1X + ar§ + asi. )

Addition is defined componentwise as is multiplication by a real scalar so these vectors form
a real four-dimensional vector space. We introduce a bilinear, distributive associative product
on vectors that gives the Lorentz metric when any vector is taken with itself. Hence

82 = aozfz + alzf(z + 0225\’2 + a3222 + apaq (f& + Ef() + Cloaz(s’f + ff’) + apas (ii\i + ii)

+a1a; (XY + §X) + ara3(YZ + 23) + aza, (ZX + XZ). 2)
Taking t& = —&t, &y = —§t, 12 = —2t, k§ = —§%, §2 = —2§, 28k = &2, 2 = —p and
%% = §2 = 2> = n where n = %1 gives the Lorentz metric. That is,

§* = 17(—ao2 + alz + a22 + Cl32). 3)
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In 4-vector notation ¢y = f, e, = X, ¢ = § and e3 = 2 This product generates a
16-dimensional real vector space with basis 1, eq, e[, e, e3, epe;, epe,, epes, e,e3, eszeq, ey,
ejees, epeses, epeser, epej ey, epeeres. The Clifford algebra CI(3, 1) is generated whenn = 1
corresponding to a Lorentz signature {—+++} and CI(1, 3) when n = —1 corresponding to a
Lorentz signature {+———}. Both spaces are isomorphic upon complexification through the
transformation e, > ie,,.

To make the notation simpler we use the Einstein summation convention. Hence our
general vector is written s = a’e,. If we only want to sum over space indices then we
will use Roman letters. In Clifford algebra there is no difference between covariant and
contravariant vectors, nevertheless, the notation is very useful for keeping track of signs. We
define a, = e,’a" and e* = e,”e,. A final notational convenience is to take concatenation
of indices for products of vectors to imply that all the indices take on different Values For
example e,, = e e, implies u # v. The quarternions are generated by 1= —neyy, J = —ne3
andk = —ney,. These are also the infinitesimal generators of rotation in the spacetime algebra.

The product ab of two multivectors a and b is associative but not commutative. In fact, it
is made up of a commutative inner product a - b and an anti-commutative outer product a A b.
They are given in terms of the Clifford product as

a-b=1(ab+ba) 4)
aAb=1(ab —ba) @)

and the Clifford product decomposes as ab = a - b+ a A b. The inner and outer products are
both non-associative. The outer product satisfies the Jacobi identity:

aAn(bAc)+bA(cAra)+cA(anb)=0. (6)

On restriction to linear combinations of e;, e, and ej3 the inner product is the dot product and
the outer product is equivalent to the cross product.

We define the following differential operator on spacetime algebra which behaves like a
combined grad, curl and div operator:

d=13" +%0" +§9” +29°
=e,0". @)
It has a number of important properties that we need. When applied to itself we obtain

d>=d-d+dAdwhered-d = —n0 = —n(d,% — V?) is the d’ Alembertian operator. The
anti-commutative part d A d = 0 if and only if 99" = 9”9*. In other words,d Ad = 0 on

continuously differentiable functions and consequently d*> = —n O is a scalar. If d is a scalar
then for any multivector A we have
d-dAA)=0 and dAa(d-A)=0. ®)

These identities encapsulate the well known identities div curl = 0 and curl grad = 0.

The quadvector * = neyjo3 gives a pseudo-duality on spacetime algebra: a multi-vector
A is taken to its pseudo-dual *A. This is not a true duality because *> = —1. The lack of a
natural duality is a reflection of the 4 spinorial nature of spacetime.

3. Adding an electromagnetic vector potential to spacetime

We take as our starting point a (electromagnetic) vector potential which we believe is more
fundamental than the corresponding (electromagnetic) field tensor. This has been demonstrated
by the Aharonov—Bohm effect [1, 9] where a vector potential has been shown to give a
topological phase shift in a region of space where the electric and magnetic fields are zero.
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Let A = A*e, be the vector potential. Then
dA=d-A+dAA 9

is the sum of a scalar part and a bivector part. The scalar partis a gauge termL = d-A = 9" A,
The bivector part is equivalent to a rank-2 anti-symmetric (electromagnetic) field tensor and
is given by F = %F "ve,, where F*' = 90" A" — 0¥ A*. Hence any vector potential gives rise
to a gauge scalar L = d - A and a bivector field F = d A A.

4. The electromagnetic bivector field

The electromagnetic bivector field is anti-symmetric and its components are those of the
electromagnetic field tensor. The eg; bivector components give the electric field as EX = F%
and the space bivector components give the magnetic field as B* = %ek pq F'P4. Given a vector
current J = J*e,, we demonstrate the Maxwell equations are dF = J. Since d A F is a vector
and d - F is a trivector then this equation decomposes into a homogeneous partd - F = 0 and
an inhomogeneous part d A F = J. The homogeneous Maxwell equations are the components
of the trivector terms given by d - F = 0. The inhomogeneous Maxwell equations are the
components of the vector terms given by d A F = J.

If the electromagnetic bivector field is given by a vector potential then F = d A A and
henced-F =d - (d A A) = 0. In other words, F arising from a vector potential implies there
is no magnetic charge. This is a well known property of the Maxwell equations. Nevertheless,
this does not preclude the existence of magnetic monopoles on a non-trivial topology, such as
the Dirac monopole [3].

Since J is a vector thend-J = 0, J* which when zero gives conservation of electric charge.
The Maxwell equations guarantee conservation of current becaused - J =d - (d A F) = 0.

5. Gauge freedom

A general gauge transformation of the electromagnetic potential is
A— A =A+dyx. (10)

This transformation leaves the electromagnetic bivector field unchanged, thus F' = d A (A +
d-x)=dAA+dA(d-x) =dAA =F. The gauge scalar becomes L = L + d’y. If one

chooses x such that L = —d?y then the gauge scalar vanishes and one has transformed to the
Lorentz gauge. The Maxwell equations for the vector potential are given by
dArdAA)=1]. (11)
If we impose the Lorentz gauge condition, that is, L =d - A = 0 then
d’A =]. 12)

6. Adding mass: the Proca equation

The Proca equation is a massive electromagnetic vector potential. Adding a mass term to
equation (12) gives d A (d A A) — nm?A = J. Current conservation requires d - J =
d-(dA(AA) —nm?d-A = —ym?L = 0. Hence the vanishing of the gauge scalar
is a necessary condition for current conservation. The Proca equation is

@ —qmHA =] L=0. (13)

This requires the Lorentz gauge condition. In other words, the Proca equation is not gauge
invariant.



Dirac theory in spacetime algebra: 1. The generalized bivector Dirac equation 1995

7. The Dirac algebra

The full Dirac algebra is taken to be the complexification of CI(3, 1) or CI(1, 3) depending
on the choice of metric (or n). Denote these choices by D(3, 1) and D(1, 3), respectively.
The complexifications of CI(3, 1) and CI(1, 3) are isomorphic according to the transformation
e, — ie,. This algebra may also be thought of as the real Clifford algebra generated by the
vectors ey, i€y, ey, iej, €, iey, e3, ies. Let D(4) denote the full Dirac algebra for a given choice
of . Hence D(4) = CI(1,3) @ CI(3, 1) as vector spaces. If = 1 then CI(3, 1) is the real
partof D(3, 1) and CI(1, 3) the imaginary part of D(1, 3). The reverse being true forn = —1.

The full Dirac algebra has an important decomposition. Define (D(4)), to be the scalar
part of D(4) generated by 1; (Dy); to be the vector part of D(4) generated by ey, e, e, and
es3; (D(4)), to be the bivector part of D(4) generated by eqy, €gy, €93, €23, €31 and ej2; (D(4))3
to be the trivector part of D(4) generated by ej,3, €923, €p31 and eg2; and (D(4))4 to be the
pseudo-scalar part of D(4) generated by *. These subspaces decompose the full Dirac algebra
into the direct sum D(4) = (D))o ® (D(4))1 ® (D(4))2 ® (D(4))3 B (D(4))4. In particular,
one can decompose an element u of D(4) thus

u = (o + (u); + (u)y + ()3 + ()4 (14)

where (u), € (D4)),. The concept of reversion amounts to reversing the order of
vectors constituting a given multi-vector. Formally, one defines the reversion of u to be
u = (u)y+ (u); — ()2 — (u)3 + (u)4.

The full Dirac algebra is a 16-dimensional complex Clifford algebra. In the next section
the Dirac field is constructed in terms from the scalar, bivectors and the pseudo-scalar. Call
the algebra spanned by these Clifford elements the (restricted) Dirac algebra. Generators for
this algebra are given by eg; and hence the Dirac algebra is isomorphic to the complexified
Clifford algebra CI(3, 0). Hence we denote the Dirac algebra by D(3) and call its elements
generalized bivectors.

8. Construction of the Dirac equation

In relativistic quantum mechanics Einstein’s law of mass—energy is given by the Klein—Gordon
equation. The Klein—-Gordon operator in Clifford spacetime is given by d>—nm?. This operator
is a scalar and consequently can act on any multi-vector field. Conservation of mass—energy
through the correspondence principle is given by the Klein—Gordon equation thus

(@ — nm*)p = 0. (15)

Hence any special relativistic quantum mechanical equation must imply the Klein—-Gordon
equation.
We seek to construct a Dirac equation of the form

Dy = myk (16)

where D is a Clifford linear differential operator and k is a fixed Clifford element. This equation
will be constructed according to the following list of assumptions:

(a) 9 satisfies the Klein—-Gordon equation,

(b) ¥ is a generalized bivector field,

(c) there are no preferred directions with respect to the space vectors e,
(d) the linear operator D is independent of spacetime position.
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Applying D to (16) gives
D*p = D(mypk) = m>Pk>. (17)

By assumption (a) and with out loss of generality we can assume D?> = d? and k?> = 5. Since
D is a linear differential operator it can be written D = a, 0" and by assumption (d) the a,, are
fixed Clifford elements. Hence

D> =) "a,9"*+) (a,a, +a,a,)9"9" (18)
"

w>v

and so D* = d? if and only if a,> = e,% and a,a, +a,a, = 0. One solution to this equation
is a, = e,. For this choice D = d. There are no other choices without violating assumption
(©).

The only choices of k consistent with assumption (c) are: 1, +ix, £iey and Fiej,; for
n = +1 and =i, £x*, +iey and Fie 3 for n = —1. The Dirac—Hestenes equation [6] makes
the choice k = e(;, violating assumption (c) and thus giving a special significance to es,
suggesting that the e; and e, directions are intrinsically different from the e; direction. If k
is the scalar or pseudo-scalar choice the only solution to diy = mwyk is ¥» = 0. To get a
non-trivial theory k must be +iey or +ie;»3. We then have four possible choices for k. Any
generalized bivector can be written as ¥ = e, + e231,, where ¢, and v, are vectors.
Hence the different choices of k provide alternative but equivalent ways for representing .
In this paper we make the choice k = —ie( and the Dirac equation is

idy = mapey. (19)

One may think that this equation singles out the time direction. However, this is just a
representation of Einstein’s mass—energy equivalence; that is, both the energy operator 13"
and the rest energy (or mass) term appear on the time vector ey.

9. The Dirac current

Define the Dirac adjoint of 1) to be 9" = {p* A generalized bivector can be written as
b = egth; + €231), where 1, and 1, are vectors. Hence ¥' = v*ey — 1p4ejp;. The Dirac
adjoint of v satisfies

ip'd" = —meyep’ (20)

with the convention that d” acts to the left. Note that d and d' are identical except for
their direction of action. Define the Dirac conjugate of 1 by ¢ = —neyptp'ey. Hence
¥ = eptp] — ejx315. From this one constructs the following positive-definite quantity:

(Wp)o =D [ P+ > v 1)
Iz "

The Dirac current is defined to be the vector J = J*e,, where J, = (eo1)'e,1))o. This current
is conserved because d-J = (eo(¢p d¥)ep)o+ (eoep  (dep))o = —imn(pTap)o+imn(hTap)y = 0.

10. Plane-wave solutions to the Dirac equation

We seek a plane-wave solution propagating along the x-axis of the form ¢ = Ae!(@/=+9),
Substituting into the Dirac equation one obtains

—(a)eo — kel)Aeo = mA. (22)
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Suppose A = a + beys + cey3 + deg; then

—(a)eo — kel)(aeo + be023 + ncepps + ndel) —mA=0
nwa + na)be23 — Nwcepi3 — na)dem - kanl - kbe()123 + kce23 +kd
—ma — mbe23 — mceg23 — mdem =0.
Collecting like terms gives
nwa + kd —ma =0
—nwd —ka —md =0 (23)
nwb +kc —mb =0
—nwc — kb —mc = 0.

This gives the following system of homogeneous equations to solve:

nw—m k 0 0 a 0
—k —nw —m 0 0 d 0
0 0 nw — m k b{ |0 24
0 0 —k —nw —m c 0

This system has a non-trivial solution if and only if the determinant vanishes; that is,
(—w?* +m? +k?)? = 0 or = +=+k? + m2. The general solution to this system is

a —(nw +m)a;
d k
= “ (25)
b (nw + m)a,
c —kay

Hence
A = ai(—(nw +m) + kegy) — az(kegioz — (nw + m)exs)
= ajeo((w + nm)ey + keg) + aze(key — (nw + m)ey). (26)
The other possibility for A is to take A = aeg, + beys + ces; + dej,. Substituting into the
Dirac equation gives
(—wey + kel)(anez + b7783 + cep3; + deou) —mA=0
—nwaep — ﬂa)b803 + nwces; + nwdelz + nkaelz — nkbe31 + nkceo3
—ﬂkde()z — maey — mbe03 — mce3; — mdelz =0.
Collecting like terms yields
—nwa — nkd —ma =0
nwd + nka —md =0 (27)
—nwb + nkc —mb =0
nwc — nkb —mc = 0.

Thus we have the following homogeneous system of linear equations to solve:

—nw —m —nk 0 0 a 0
nk nw—m 0 0 d| 10
0 0 —nw—m  +nk bl |0 (28)
0 0 —nk nw—m c 0
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This system has non-trivial solutions if and only if the determinant, which is (—w? + m? +k2)2,
vanishes. This occurs exactly when @ = ++/k? + m2. The general solution is

a kas
d —(w+nm)a
b |~ (kaz)S' 29
c (w+ nm)ay
Hence
A = az(kep — (@ +nm)eyn) + ag(keps + (w + nm)esy)
= keg(azey + ases) + (w + m)epz(ase; — azes). (30)
The most general plane-wave solution propagating along the x-axis is
¥ = {eglai((w + nm)ep + key) + k(azey + ases)]
+epo3[ax(keg — (nw +m)ey) + (nw + m)(ase; — azes)]}e @+, (31)

Considering that w can be positive or negative we have eight independent solutions instead of
the usual four. The interpretation of these solutions will be dealt with in a later section. The
norm of this solution squared is by (21)

YI? = 2w (@ +nm)(lai * + |az ] + las|* + |aal®). (32)
11. Electromagnetic coupling to the Dirac equation
In this section an electromagnetic vector potential A is coupled to a Dirac generalized bivector

field v using the minimal coupling condition. Namely, one replaces d with d + igA. This
substitution gives the minimally coupled Dirac equation

(id — gA)p = mapeo. (33)
Hence the minimally coupled Klein—Gordon equation is
(id — gA)*9 + nm*ep = 0. (34)

Expanding the brackets one obtains (id — gA)%t = —d* +g> A% — 2ig(A - d)p — igLap —
igF. The fourth term vanishes when the Lorentz gauge is imposed; L = d - A = 0. The
expanded form of the minimally coupled Klein—Gordon equation is

[—d? + npm?* + ¢°A%? —ig(2A - d + L)y — igFey = 0. (35)

The operator in the square brackets is a complex scalar operator. The last term provides
the spin interaction with the electromagnetic field. Note that for the coupled Dirac equation
the Dirac current is still conserved. A gauge transformation of the electromagnetic vector
potential A — A + d)x leaves the Dirac equation invariant if the Dirac field ) undergoes a
gauge transformation 1) +> e~19Xqp.,

12. Clifford fields on geometric algebra

Let I be the set of all numerically ordered sequences including the null sequence with out
repetition from the set {0, 1, 2, 3}. The set [ is finite and serves to label the standard multivector
basis. Hence any ¢ € D(4) can be written as

Y= e (36)

ael
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where each {* € C. One can restrict to the Dirac algebra D(3) by further restricting the set
I to those elements of even length. Given o € I define || to be the length of the sequence.
Define the conjugate of ¢ € D(4) by

P =) (=) yrei,e. (37)
ael
If n = —1 or whenever no part of ¢ coincides with D(3) then P = eofp*eo. Conjugation has
the property that Y = @. B
An inner product on D(4) is given by (9|e) = () for all ¥, ¢ € D(4). Clearly, it is
conjugate-linear in v, linearin ¢ and (pp)§ = >,/ (V¥ €p%ey)s = Y o/ (@¥ €ay¥ey)o =
(@1)o. Moreover, the norm is given by
[9? = (Yo
= (e ¥ ea)o
ael

= > (=Y Pepéaeoes

ael

= 1P

ael

with the last line being because e)é,epe, = (—n)™*!.
A Clifford field is defined to be a smooth map v : R* — D(4) such that

fR 4 (h(x)1h(x))o d*x < oo (38)

where x = x*e, denotes (x*) € R*. Denote the Hilbert space of Clifford fields by D5°(4).
The inner product for this space is

(Whlo) = fR (BP0 d (39)
for all v, ¢ € D5°(4). The norm squared is
wf =3 [ wreorats (40)
ael

where ¥(x) =), ¥%e, € D (4).
Every Clifford linear operator A can be decomposed as

A= Zeu,(A“ +iBY) (41)

ael

where A* and B* are real linear operators. The conjugate is defined by

A= Zéa(A“ —iB%). (42)

ael

Note that the operator U = e? satisfies U = eA.

13. Spacetime transformations

This section collects together the transformations for translations, boosts, spatial reflections,
rotations, translations, parity, time reversal and inversion in Clifford spacetime.
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Translation of a vector x by a vector a is given by X — X + a. Translation has a different
form to the others because it is inhomogeneous. A general homogeneous transformation that
preserves the scalar is of the form

x> UxU™! (43)
for some invertible U. Note that such transformations maintain or reverse the sign of the

pseudo-scalar. Two important properties of these type of transformations are: given two
multi-vectors x and y transforming according tox > X' = UxU~ ! andy > y’ = UyU~! then

(a) xy — UxyU~!,
(b) the inverse transformation is X’ — x = U~'x'U.

The specific form of the important transformations are given in the following list.

e Translation by a vector a:

X X+a. (44)
e Rotation anticlockwise about an axis n = n'i+ n2j + n’k where n> = —1 by an angle 6:
X > eMxe 2" (45)

e Boostin the direction m = m*eq (wherem? = 1) with speed v or rapidity ¢ = tanh™'(¥):

1 1
X > e2MPxe 2™M?, (46)

k

e Spatial reflection through the space plane perpendicular to the vector n = n”ey:

X > (xn)x(xn)"". 47
e Parity (P):

X > PxX = —nepxey. (48)
e Time reversal (T):

X > TX = —nesxens. (49)
e Inversion (/):

X > IX = —%X. (50)

The last three transformations satisfy /PTx = x. We call this result the /PT theorem. It is the
precursor to the CPT theorem.
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14. Transformation of equations

The Dirac, Maxwell and Klein—Gordon equations involve the operator d. The first step to
describing transformations of these equations is, therefore, to determine how d transforms.
Clearly, d is invariant under translations. Suppose then that we are given a homogeneous
transformation x +— x’ = UxU~!. Since this transformation is linear in X we can write
x" = R*,x" then '* = ";);—/:,‘8“ = R*,3". Hence d’ = UdU~!.

The Maxwell equations are invariant under the transformation

A A =UAU"!
F— F =UFU"! (51
J—=J=UJu .

We have FF = UdAU™' = UdU'UAU"! = d’A’ and dF = (UdU )(UFU™!) =

UdFU~! = UJU =J.
Consider the coupled Dirac equation. If U is a generalized bivector then the coupled Dirac
equation transforms under

P> =Uy (52)
A A =UAU .
This transformation is valid for boosts and rotations. We have (id’ — gA’)y’ = (UdU~! —
iaUAU YUy = U@d — gA)y = mUwpe; = map’es. When U is a vector or trivector
combination such as for spatial reflections, parity, time reversal and inversion one needs
transformations of the form

¥ > UypU™! (53)
A+ UAU™!
to preserve the generalized bivector nature of . Such a transformation leaves the Dirac
equation invariant if and only if U A ey = 0. Of these transformations only spatial reflections

and parity satisfy this condition. However, if U satisfies U - ¢y = 0 then the Dirac equation is
invariant under the transformation

¥ > ¢ = Uy U
A A =UAU"! (54)
q— —q.
This is the form of the transformation for time reversal and inversion. Under this transformation
the coupled Dirac equation becomes (id + gA)p* = —map*ey; taking the complex conjugate

of this one obtains the coupled Dirac equation again.

The coupled Dirac equation has an internal symmetry under the right action ¢ +— ¥U
whenever U A ep = 0. Hence it is invariant under any linear combination of 1, i, j k. These
generate the group U(1) ® SU(2). In conclusion the Dirac equation has a U (1) ® SU(2)
global gauge symmetry. The implications of this will be examined in the next paper of the
series.

15. Charge conjugation, parity and time reversal

In light of the previous two sections: since * - €y = 0 then charge conjugation is given by

P> o = —xpp, (55)
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Transforming the Dirac equation followed by complex conjugation gives the equation
(id + gA)p- = mipoey. Thus 1 is the corresponding solution to v for opposite charge.
Since ey A eg = 0 then parity is given by

P > Pp = —negipey. (56)
And since ejy3 - eg = 0 then time reversal is given by
Y =1pr = —neixspens. (57)

Note that time reversal has the effect of reversing charge. As usual the implication of this is
that the anti-particle has the opposite charge to its particle derivative. These transformations
satisfy the well known CPT theorem: CPTv) = —(—n)>*epe 2310 e a3€0% = #29p%> = 1p.

16. Infinitesimal generators

Infinitesimal generators of transformations play a vital role and are required to preserve the
inner product. Consider a one-parameter transformation R(6) with a self-adjoint Clifford
linear operator J as the infinitesimal generator. If the one-parameter group transformation is
to preserve the inner product then it must be unitary and so by Stone’s theorem of the form
R(#) =¥,

Consider a spacetime translation X +— X + a. We have (by Taylor’s theorem) that
PY(x) > P +a) = P(x) +a-dx) + O(a?) where d = eydey = 7(e " — €;3°). The
infinitesimal generators of this four-parameter transformation are —ie,, - d. The infinitesimal
generator for a spatial translation by a = a4 with 4> = 7 is P; = —ina - d. The momentum
operator in the e, direction is Py = P,, = —id*. The infinitesimal generator for time translation
is Py = P,, = —id°. To summarize a general translation of 1(x) by a = a*e,, is given by
’l/J — CiaHP’“{l).

Next consider a rotation by 6 about an axis n where n> = —1. The infinitesimal generator,
Jn, 1s derived as follows. We have (by Taylor’s theorem)

P(x) > e2™eh(exe2")
= (1+ 100 +00»))¥((1 + 1nd + 0(*)x(1 — ind + 0(6?)))
= (1+0(3n—n(mAx) - d) +06*)P(x). (58)

The last line because n A x is a spatial vector. Thus the infinitesimal generator is J,
imn AXx)-d— %n) with ¢ > en?4)p. For example, in the e; direction one has Ji =

ik AX)-d— %12) =i((x'9? —x?3") + 1ne;2). The scalar part is orbital angular momentum.
The bivector part is an intrinsic spin term. Define the three Cartesian total angular momentum
operators by Jix = J_e e, thatis (Ji, J2, J3) = J;. Jj, Ji). Moreover, one can decompose
J; into its orbital part and its spin part, thus J; = L; + S; where L; = i%eijk(xié)j — x/3%)
and S; = —i%emek. Now the outer product satisfies the conditions of a Lie bracket. Hence
the J;’s form a Lie algebra if we verify closure under the outer product. Since L;’s are scalar
operators and the Sy’s are fixed bivectors, then Ly ASpy = 0. Thus J; AJ; = L; AL; +S; AS;
with L; AL; = ii€;;*Li and S; A'S; = ile;;*Si. Hence the infinitesimal generators of total
angular momentum obey

Ji Y =ite o) (59)

and form the Lie algebra SU (2). Define the total angular momentum squared by J> = L?+S?,
where L? = > L;2and §? = > Sk2 = %(% + 1). Hence the S; operators correspond to spin
%, showing that generalized bivector Dirac fields represent spin % fields.
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Consider a general boost with rapidity ¢ along m (with m?> = 1). The infinitesimal
generator Ky, associated with this transformation is derived similarly to J, earlier:

1

1 1
P(x) > e2Mep(e2MPxe” M)
=(1+¢(3m+mAx)-d)+0(p?))P(x). (60)
Thus the infinitesimal generator is K, = i((x A m) - d-— %m) with 9 = eKm?a)(x). As
before define K, = K. ThenK, = —i(n(x9"+x"9%) + %e(),). The total angular momentum
operators and boost operators generate a Lie algebra which satisfies the usual relations
Jiny; = %iéiijk (61)
K; A KJ' = %iéijk.]k (62)
K,‘ /\Jj = %iél‘ijk. (63)

17. Chirality and the Dirac equation

The parity transformation gives rise to the notion of chirality. Denote the left chiral Dirac field
by 1, and require it to satisfy the Dirac equation idy; = m1),ey. The action of parity takes
the left chiral field to its right chiral counterpart denoted by 1. Thus ¥, = —neg;ey. The
right chiral field satisfies

id"ypg = —nmipgep. (64)

The infinitesimal generators for the restricted Lorentz group corresponding to intrinsic
spin are J; = —i%emek and K, = %e(),. These Clifford operators satisfy (61)—(63). These
operators also generate the Lie group SU (2) ® SU (2) with generators J; +iK; and J; — iK;.
Moreover, the chiral fields transform according to

1/)L N ei(Jknk0+iK,m"(p),¢L (65)
W o BT g (66)

Consider a vector () where 4 is a left chiral Dirac field and ¢ is a right chiral Dirac

field. Thus one can construct a grand Dirac equation invariant under the Clifford group Pin(3)
(or Lie group U (2)).

id 0 Y\ _(¢)( meo O
(0 ic—l"'><¢>_<¢)< 0 —nme ) ©n

The parity transformation is given by

<$>r—>—ne0(z)e0. (68)

18. Interpretation of the plane-wave solution

Recall the general plane-wave solution for a Dirac generalized bivector field propagating along
the x-axis. Let A = w + nm then from (31) we have ¢ = A(X, k) /@~ where

A(A, k) = a1 (—ni + keor) — ax(kepins — niens) +az(kepy — Aern) +as(kes + Aes)  (69)

and the energy is given by w = ++k% + m2. This gives the familiar prediction of particles
(w > 0) and anti-particles (w < 0). Applying a linear combination of the spin operators .S, and
S3 to A(A, k) one can show that no non-trivial choice of a;, as, a3, a4 gives rise to an eigenstate.
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However, the situation is different for spin along the direction of propagation. Applying the
spin operator S; to A(X, k) one finds

SIAGh, k) = —niesA(h, k)
= 3ni(ai(nhexs — kegis) + ax(—keor + nA) + az(kneos + Anes;)
+as(—nkep + Anerz)). (70)

Her.lce Sy = %1/: if and only if inal' = ap, —ina; = ay,ia3 = a4 and —ia4 = as. Introducing
arbitrary constants a and b one obtains

()=

(71)
(2)-(5)r
Substituting for ay, a,, a3 and a4 one obtains
A k) =aA (0, k)+bA_(\, k) (72)
where
A (A, k) = (—nA + kegr) (1 — ineas) (73)
A_(A, k) = (—nh + kegr)(e2 + ie3). (74)

Since S{A(X, k) = A (X, k) then S;A* (A, k) = —1A*(, k) and interpret A (%, k) €' ~**) as

spin up and A*(A, k) e/ ~**) as spin down. This spin is along the x-axis and can be thought of

as giving rise to left- and right-handed helicities. Each particle spin state is doubly degenerate.
Let P be the parity operator defined earlier in (56). Then

PAL (A, k) = £AL (A, —k). (75)
Define the following four chiral fields:
Vir = AQ, kel @™ Vir = AQh, —k)pe! @™

. _ (76)
wa — A()\., k),el(wl_kx) wiR — A()\., —k),e](wt_kx).

The vectors ($+z) and (—¢15fR) are +1-parity eigenstates of the grand Dirac equation. The

vectors (_‘f/;LR) and ( ﬁ:;) are — |-parity eigenstates of the grand Dirac equation. However,

the degeneracy remains corresponding to the U (1) ® SU(2) global gauge symmetry of the
Dirac equation.

19. Conclusion

This paper is a complete and elegant account of the Dirac equation in spacetime algebra.
It does not rely on spinors but instead expresses the Dirac field as a generalized bivector
field. The Dirac equation is minimally coupled to the electromagnetic potential. Maxwell’s
electromagnetism is reviewed here for this purpose. The transformation properties of the Dirac
equation are investigated and the CPT theorem is shown to follow naturally. The infinitesimal
generators corresponding to boosts and rotation are derived and found to generate a closed Lie
algebra. Parity is used to introduce the notion of chirality which leads to a grand Dirac equation
invariant under Pin(3). The plane-wave solutions of the Dirac equation are investigated and
found to give eight independent solutions corresponding to particle/anti-particle eigenstates
of time reversal, spin eigenstates of :I:% along the direction of propagation and two degrees of
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transverse polarization leave each with a degeneracy of two. This freedom is a result of the
internal U (1) ® SU (2) symmetry of the Dirac equation. The full implications of this will be
given in the next paper of the series.
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