Eur. Phys. J. C (2019) 79:796
https://doi.org/10.1140/epjc/s10052-019-7311-5

THE EUROPEAN ()]
PHYSICAL JOURNAL C e

updates

Regular Article - Theoretical Physics

Particle-antiparticle duality from an extra timelike dimension

Marcos R. A. Arcodia2-?, Mauricio Bellini!-2

1 Departamento de Fisica, Facultad de Ciencias Exactas y Naturales, Universidad Nacional de Mar del Plata, Funes 3350, C.P. 7600 Mar del Plata,

Argentina

2 Instituto de Investigaciones Fisicas de Mar del Plata (IFIMAR), Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET),

Mar del Plata, Argentina

Received: 20 June 2019 / Accepted: 15 September 2019
© The Author(s) 2019

Abstract It is a well known fact that the usual complex
structure on the real Clifford Algebra (CA) of Minkowski
spacetime can be obtained by adding an extra time-like
dimension, instead of the usual complexification of the alge-
bra. In this article we explore the consequences of this
approach and reinterpret known results in this new context.
We observe that Dirac particles and antiparticles at rest can
be interpreted as eigenstates of the generator of rotations in
the plane formed by the two time-like coordinates and find
an effective finite scale for the extra dimension when no EM
fields are present (without postulating compactness). In the
case of non-vanishing EM fields, we find a gauge condition
to preserve such a scale.

1 Introduction

Since the theory of Kaluza-Klein was proposed [1,2], the idea
of a five dimensional spacetime has been widely explored in
physics. The Kaluza-Klein theory allows the unification of
the Einstein field equations and Maxwell electromagnetism
by considering a 5D manifold with a compact fifth coordi-
nate.

In the early nineties Wesson along with collaborators pro-
posed the existence of a non compact extra dimension and
presents the theory of space-time-matter (STM) or induced
matter theory (IMT) [3,4], as a way to induce 4D Einstein’s
equations from a 5D Ricci-flat manifold, making use of the
Campbell-Magaard theorem.

Following the ideas of IMT, applications to particle
physics and quantum mechanics have also been considered
[5-8]. In these regard, physical quantities (charge, mass) are
obtained as geometric parameters from a higher-dimensional
spacetime. Since one is adding an extra dimension to the
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spacetime, the nature of it (space-like or time-like) must be
taken into account. Spacetimes with time-like extra dimen-
sion (generally referred to as two-times spacetimes, e.g. [9]),
and space-like extra dimension (e.g. [10]), has been consid-
ered with different applications in cosmology and particle
physics.

In this article we are interested in analyzing the Dirac
theory and the consequences of an extra time-like dimension
in spacetime from a Clifford algebra point of view. We shall
also provide an interpretation for what we call the time plane
and relate it to the particle/antiparticle character of a Dirac
spinor field.

Theories with more than two time-like dimensions has
been proposed [11], and also plenty of work has been done
on spaces of signature (+ — — — +) in the context of anti de
Sitter spaces [12,13].

Previous studies has been made in 5D spinors [10, 14-16],
but in this article we focus more on the nature of the extra
dimension and the structure of the Clifford algebra without
studying gravitational cases. A central part of the Dirac the-
ory, which sometimes is not thoroughly studied, is the Clif-
ford algebra (or geometric algebra) of spacetime [17-19].
Starting from this algebra, the spinors are defined as rep-
resentation spaces for it, and then we introduce the Dirac
equation.

Interestingly, an extra dimension naturally emerges on
the Dirac theory if we take into account the following fact:
the ordinary Minkowski complex Clifford algebra can be
obtained as a real algebra with an extra time-like dimension
[17,18], as will be detailed in the article. This is a very well
known fact in the theory of Clifford algebras. Indeed, we can
not distinguish (except for grading) between the complexi-
fied 4D Minkowski Clifford Algebra and the real 5D Clifford
algebra: they are isomorphic.

In this work we consider the existence of a time-like extra
dimension, we analyze its Clifford algebra and Spin group.
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Then, we obtain the related massive 4D Dirac equation (with
and without an electromagnetic potential) from a massless 5D
Dirac equation. We observe that the particles and antiparticles
rest solutions for the Dirac field, can be seen as eigenvectors
for the generator of a rotation in the defined time plane. We
also conclude that, when an electromagnetic field is present,
in addition to the time plane rotation we also have a gauge
transformation on the spinor.

In this article we don’t ask for the extra dimension to be
compact, but, when no electromagnetic fields are present,
we obtain an effective scale for this dimension. Additionally,
in the presence of electromagnetic fields we obtain a gauge
condition to keep the aforementioned scale.

2 Clifford algebras preliminaries
2.1 Definitions and general results

Given a real n-dimensional vector space V with a bilinear
symmetric form ¢ : V x V — R, wesay that ® : V — R,
defined by ® (v) = ¢(v, v), is the associated quadratic form
and we call the pair (V, ®) a quadratic space. If the form ¢ is
non-degenerate we say the quadratic space is regular. Since
p(a,b) = w, one doesn’t lost information
when passing from ¢ to ®.

An important subgroup of the group of linear isomor-
phisms on this vector space is the group of isometries that
we shall denote by O(®), and define by

0(®) = {f € Aut(V) : ®(f(v)) = ®(v) Vv e V).

An important subgroup of this group is that composed by
positive determinant transformations, SO(®):

SO(®) = {f € O(D) : det(f) > 0}.

For any quadratic space, one can build an associative uni-
tary real algebra CI(®), called the Clifford algebra (CA) for
(V, @). Itis possible to define that algebra in different equiv-
alent ways. Here, we shall do it as follows: Let {eq, ..., e,}
be a basis for the vector space V, and ¢;; the matrix elements
of the bilinear form ¢ in the given basis. The CA is defined
by the generators {E1, ..., E,}, with the relations:

EiE; + EE; = 2¢;j1, ey

where 1 is the unit in CI(®). We shall just mention that this
algebra can also be constructed as a quotient algebra of the
tensor algebra modulo certain ideal [19], but we shall not go
further in this subject. Since the tensor algebra is generally
considered a real algebra, the CA also happens to be a real
algebra. Because there is an injective function from V to the
CA, via ¢; — E;, by abuse of notation we shall refer to the
generators of this algebra as ¢;. In the same way, we shall
refer to the subspace spang{Ei, ..., E,} € CI(®),as V. It
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happens that this algebra s finite dimensional with dimension
2" [18].

We have that a basis for this algebra is the set:
ej...e; : 1 <ip<ir<-- <ip=<n. 2)
Using this fact, we will say that an element of the form
> i-j AYeie; is a bivector or 2-vector and in general a k-
vector is an element of the form:

E : 1.0
A"l "eil...eik,

i <--<ig

and a 0-vector is an element proportional to 1. We call A, (V)
or just /\; the vector space of k — vectors, which means
/\i = V. It can be seen that dim(/\;) = (}). Hence there
is just one independent n-vector and also one independent
0-vector for every quadratic space. The unitary n-vector is
also called the pseudoscalar of the algebra.

We define the grade involution a on a basis element
eiy...ei as: ale; ...e,) = (—DFe;, ... e;,, and extend it
to any element as an algebra homomorphism on C1(®).

It can be proven that this morphism induces a Z grading
in the algebra, splitting it into ClI(®) = ClI(®)° @ CI(d)',
where CI(®) = {x € CI(®) : a(x) = (—1)'x}. It is true
that CI(®)" is a subalgebra of Cl(®) while CI(®)! is not.
Furthermore, it happens that

@)’ = P /\i(V) and Cl(®)' = /\i(V).

i even i odd
We define reversion, t, on a basis element ¢;, ...ej, as
t(ej, ...e,) = e ...e;,,and extend it as an algebra anti-

morphism (meaning ¢ (a.b) = t(b).t (a), details can be found
in [17,19]).

Using the previous functions we define the Clifford conju-
gation on any CA element x asx = (fo)(x) = (@ ot)(x).
This is an algebra anti-morphism and in a basis element
ej, ...e; itcanbe seentobe¢;, ... ¢; = (—1)kel~k ...e.

Last, we define the norm N (x) of an element x in the CA
as N(x) := xX = Xx. An important feature of this function
is that N(v) = —®(v)1 forany v € V.

Although the algebra is constructed as a real algebra, from
a real quadratic space, in occasions we need to work with
the complexified version of the algebra. Roughly speaking
complexifying the algebra consists in allowing scalars in the
linear combinations to be complex numbers, transforming an
R-algebra into a C-algebra. Mathematically this is attained
by building the algebra Clc (®) := C® CI(P) with the prod-
uct trivially defined.

It can be shown that any regular quadratic space admits an
orthogonal basis, in the following sense: For every regular
quadratic space there’s a basis {eq, ..
such that:

'9epsep+17 ~~-yep+q}
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0 i#]j 2.3 The Spin group and its Lie algebra
plee) =11 i=je(l.....p} : 3)

-1 i=je{p+1,....p+q}

with p + ¢ = n. We say that (p,q) or {+,+,---, +,

S————
p—times
—, —, .-+, —} is the signature of ¢.
—
g—times
We will denote the quadratic form of signature (p, g) as @ 4
and its CA as Cl,, 4.

2.2 The Clifford-Lipschitz group and its Lie algebra

In the CA there are certain groups with special properties.
All of them are subgroups of the group of units, C1(®)*, of
the given Clifford Algebra. These groups are closely related
to the isometries of the quadratic space and to the well known
adjoint action of the CA. In this section we will briefly
define the Clifford—Lipschitz group and also give its Lie
algebra without proof. Detailed calculations can be found
in [17]. Let x € CI(®)*, then there exists x~! such that
1 = xx~! = x~'x. The Clifford—Lipschitz group I'(®) is
defined as follows:

[(®) ={x eCl(P)*:xvx" e VVveV) )

Here we are using the injection V < Cl(®) from Sect. 2.1
for xvx~! to be well defined.

As itis explained in [17] the Lie algebra of this Lie group
is the set:

y(®) = /\2(V) ® Z(ClI(P)) , (5)
with Z(CI(®)) the center of the CA:
Z(Cl(®)) = {x € CI(P) : xa = ax Ya € CI(D)}, (6)

and the Lie algebra bracket being the commutator in the CA,
[x, y] =xy —yx.

In particular, we have Z(Cl;3) = Rl = /\, and
Z(Clh3) = R1 @ Ri = C, with i = egejezezes, the pseu-
doscalar of Cly 3.

As in the previous section, we will call I', 4 the Clifford—
Lipschitz group of the bilinear forms considered in 3.

Since we are dealing with Lie groups and given the dis-
crepancies between the physics and mathematics literature,
it is a good point to state what definition we are going to use
for a generator of an element § in a Lie group G.

Recall that if G is a Lie group, then it is a manifold, and its
Lie algebra g is defined as the tangent space of that manifold
at the point 1 € G. Given an element S € G connected to the
identity, there exists a path g : [0, 1] — G, with 8(0) =1
and (1) = S. We say that %h:o is the generator of S.
Observe that the generators of elements in G belong to g the
Lie algebra of G. It can be seen that this is a good definition.

The Spin group of a certain CA, Spin(®), is a subgroup of the
Clifford-Lipschitz group. This group is defined as follows:

Spin(d)
={x eCl(®) |xvx ' eVVveV; Nx)e{-1,+1}}.
@)

We will call Spin(p, ¢) the Spin groups of the bilinear forms
defined in 3.

An important property of this group is that it is a double
cover of the isometry group for the quadratic form ®. This
is stated in the following theorem:

Theorem 1 There exists a surjective group homomorpism
Ad : Spin(®) — SO(P) with ker(Ad) = {—1,+1}. The
mapping Ad is given by:

Ad(S)(v) = SvS™,

recall that we use the injection in Sect. 2.1 in order to have

V C Cl(®).

This surjective group homomorphism can be extended to
the Clifford—Lipschitz group:

Ad : T(®) — O(P) if dim(V) is even, with ker Ad = R*1
Ad: T'(®) —» SO(P) if dim(V) is odd, with ker Ad
=R*1 @ R*I, where I =e;...¢,
(8)

The function Adisindeed a Lie group representation. Ad is
called the adjoint representation or adjoint action of Spin(®P)
(or the Clifford—Lipschitz group).

It is well known that any real CA is isomoprhic to a finite-
dimensional matrix algebra over R, C or H (or direct sum
of these algebras), while any complex CA is isomoprphic to
a finite-dimensional matrix algebra over C (or direct sum of
these algebras) (see [17,18]).

In the framework of the Dirac theory one works with the
matrix form of the CA, and with what is called the regular
representation of the CA (which induces a representation of
the Spin group). In this case the representation space is the
space of spinors (actually algebraic spinors), which are the
column vectors for which the CA matrices represent a linear
transformation. For instance, if C1(®) = M (2, C) then, a
spinor is an element in C?.

It happens that the space of spinors can be identified with
aminimal left ideal in the CA. We will not enter in the details
of this construction (see [17,18]) but this is a very well known
fact in the CA theory, and indeed it would be a more elegant
way to introduce spinors; however, for sake of simplicity, we
content ourselves with the definition given above.

Let W be a spinor, then an element in A € Cl(®) acts on
W just by left multiplication using the matrix representation
stated above, ¥V —~ AW.

@ Springer
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The Theorem 1 is an important result because for every
isometry of the vector space V it provides an element (two,
actually) in the Spin group. If we further require the ele-
ment in the Spin group to be connected to the identity, we
get uniqueness. In this sense, the morphism Ad tells us how
does a spinor change when we perform certain coordinate
transformation in SO(®).

Reciprocally, if we decide to make a transformation in the
space of spinors W +— S®, with S € Spin then, Ad gives us
the corresponding transformation induced by itin V.

As will be clarified in the following sections, the vector
space V will model the coordinate spacetime, while the space
of spinors corresponds to a spin 1/2 physical field. Hence,
the relation between the adjoint representation and the reg-
ular one reflects the relationship between coordinate space-
time and internal space for the configuration of the field. In
this sense the elements in the kernel of Ad are somehow an
internal symmetry of the theory of spinors.

It can be seen that the Lie algebra spin(®) of this Lie group
is given by:

spin(®) = /\Z(V), ©)

and that by virtue of the previous theorem, the following Lie
algebra isomorphism holds: spin(®) = so(P).

3 Clifford algebras in physics and applications to the
Dirac theory

3.1 The Minkowski real CA and its complexification from
an extra dimension

As stated in the previous sections, the CA is associated
to a particular quadratic space. In the realm of physics
we encounter this kind of spaces in different contexts. For
instance in Newtonian mechanics, space is modeled as the
quadratic space R3 with the Euclidean quadratic form (which
happens to be a norm), however, the case we will pay
more attention to in this article is that of special relativ-
ity. In this theory space-time is modeled as a Lorentzian
4-dimensional space. This is, the vector space R*, with coor-
dinates (xo, x1, X2, x3) (which we will generically refer to
as x,,) together with the Minkowski bilinear form, whose
components in the Cartesian basis are:

1 u=v=0

nw=93-1 p=v=j; je(l,2,3}. (10)
0 w##v
It is said that we adopt the signature {+ — ——} or (+ —

——) or 1, 3. We will call this quadratic regular space the
Minkowski space-time, and refer to it as R!3, Thus, the real
CA corresponding to this spacetime, Clj 3(R), will be the
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algebra generated by elements {e,, : u € {0, ..., 3}} with
the relation:
epey +eye, = 277;1,1)1, (11)

According to the well known classification of CA, the real
algebra for the Minkowski spacetime with this signature is
isomorphic to the algebra of 2 x 2 matrices with entries in
the quaternions.

In this article we are going to work with the Dirac the-
ory of spinors. This theory is derived partially from quan-
tum mechanics, which postulates the existence of a complex
Hilbert space of physical states, hence we need to use the
complex CA, Cl; 3(C). This algebra is well known to be
isomorphic to the complex algebra of 4 x 4 matrices with
complex entries, M(C, 4). There are infinite matrix repre-
sentations for the generators as matrices in M (C, 4), but the
more popular are perhaps the Dirac and Weyl representations.

We will pay special attention to the following known fact:
the CA of R!3 can be “complexified” in an alternative way
[18], which allow us to keep working with real Clifford alge-
bras. The complexification is accomplished by adding an
extra time-like dimension, x*, to the Minkowski spacetime
and taking the real CA of the 5D spacetime with signature
{+ — — — 4}, R>3. This is possible because the following
isomorphisms hold:

Ch3([R) = M(C, 4) = ClL 3(0). (12)

In this case, the imaginary unit in Cl; 3(C) is identified with
the pseudoscalar epejeze3e4 in the SD real algebra. This iden-
tification works because the pseudoscalar squares to —1, and
it also lies in the center of the algebra, Z(Cl, 3). Thus, we
have that Z(Cly3) = C.

It is important to be careful when working in Clp 3(R),
since we shall use the name i to refer to the pseudoscalar, but
we are by no means complexifying Cl 3(R). Reciprocally,
when we complexify the theory in the usual way, this fifth
dimension emerges naturally as the matrix element ys, which
squares to 1 and is associated with the chirality of the Dirac
spinor fields. Since the isomorphism 12 holds, the represen-
tations of Clj 3(C) and Cl 3(R) are equivalent, and hence
the spaces of spinors are isomorphic.

In this article we shall explore the consequences of consid-
ering this extra dimension as a real physical one, particularly
in the subject related to the particle/antiparticle interpreta-
tion of the spinor field. Following the spirit of the theory of
Induced Matter [20,21], we will obtain the massive 4D Dirac
equation from a massless 5D Dirac equation.

In what follows we will name the 5D coordinates x 4, and
the 5D Minkowski metric nap = diag(l, -1 —1—1,1),
hence uppercase latin scripts range from O to 4. The 4D
coordinates will be named x, and the 4D metric n,, =
diag(1, —1 — 1 — 1), hence lowercase greek scripts range
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from O to 3. We shall use latin lowercase scripts (e.g. i, j, k),
that take the values 1, 2, 3.

Although 12 establishes that the algebras Cl, 3(R) and
Cl; 3(C) are isomorphic, the isomorphism is not univocally
determined. Hence we have to pick an isomorphism that will
allows us to do the calculations and provide physical inter-
pretations.

If we define the tilded elements:

€, = —leqe, = —epererezey (13)
for u € {0, ..., 3}, then we have the following:

€y = ejexe3 ; €| = epere3 ; €y = ejepez ; €3 = epejen.
(14)

Using this, we can see that the algebra generated by
{eo, €1, €2, €3} is a subalgebra of Cly 3, and is equal to the
algebra generated by {ep, e1, 2, e3}.

Definition We will call a vector V“éﬂ, a tilded 4-vector, in
opposition to an ordinary 5-vector V4e,.

An interesting feature of this treatment is that the elements
ie, now belong to the vector space /\, (R?3), whichis the Lie
algebra of the group Spin(2, 3) and hence, the vectors gen-
erating the algebra can also be seen as generators of certain
coordinate transformations preserving the 5D metric tensor
in the Spin group. Recall that, for instance, ege; is the gener-
ator of a boost in the direction x1 and eje; is a generator of a
rotation in the plane x; — x». If we think of transformations
in a space of functions in R”, then & is the generator of a
translation in the & direction.

Since i€, = e4e, € /\2(R2’3), ieg is the generator of a
rotation in the plane of the two time coordinates, and the ele-
ments ie; € /\Z(Rm), are the generators of Lorentz boosts
with respect to the extra time and in the spatial direction
x;. Furthermore, it can be easily seen that ¢,¢, = eje,,
and hence rather [é,, é,] or [e,, e,], can be considered as
a generator or a Lorentz transformation in the 4D space
(x0, X1, X2, x3). Also, if we consider a Lorentz transforma-
tion in the 4D spacetime (xo, ..., x3) with xl’t = A"uxy,
we know that there exists an element S € Cl, such that
Se,S™! = AV, e,. Now, if we do the same computation on
the ¢, we have the same relation, namely, Sé,lS_1 = AY;é,.
This is due to the fact that § = exp (¢*P e, eg), with &P skew-
symmetric. Thus, S commutes with e4 in €, = —iese,,, and
we arrive to the stated conclusion. This is important because it
implies that, when restricted to the 4D space-time, a 4-vector
V*#e,, transforms in the exact same way as the element V¢,
Note that since i ey = e4eg commutes with e e, we can have
a spinor that is simultaneously a spin eigenvector and an
eigenvector for the 2-time plane rotation generator e4e.

Given a general spinor field ¢ we can define its bilinear
covariants [17,18], which are quantities that transform as

tensors under an isommetry of the quadratic space. Bilinear
covariants of order k with 0 < k < n can be defined in an
n-dimensional vector space, for instance, in 4D Minkowski
spacetime we define the scalar, vector, bivector, axial vector
and pseudoscalar covariants:

o =Py, I =gty S = ’Evﬁw, s
K" =9y y"y, o =iyy’y, (15)

where y° = iy%y!y?y3. It is known that in Minkowski
spacetime this quantities determine the spinor field up to a
complex factor [18]. Note that this are sixteen real numbers
while the real components of a spinor are only eight, hence
they can not be all independent. Indeed they are related by
the Fierz—Pauli—Kofink identities [18,22]:

— Sy + 06,77 Sup = €uvap I KP, (16a)
JJH + Ky K =0=J,K", (16b)
It = w? + 0. (16¢)

Being able to express a spinor in terms of tensor quanti-
ties allows us to reduce their degrees of freedom by means
of Lorentz transformations on the base vector space. For
instance, provided that vector covariant J* in Eq. 15 is time-
like, we can perform a Lorentz boost on the spinor to remove
the spacial components of J#. Also, once the boost is made,
the axial vector transform to a pure spatial vector (due to
16b), and we can perform a rotation to align the axial vector
components to one of the axis of our frame, say the z-axis.
Hence, the components of the spinor are reduced from eight
to two, by removing six degrees of freedom (three from the
boost and three from the rotation). It can be shown that regu-
lar spinors (which implies J* is time-like) in four dimensions
can be written in the chiral basis in the form [14,22]:

B2

0
oif2 | (7)

0

V=9

Thus, although a spinor in four dimensions (as well as in
five) have eight real components, not all of them are genuine
degrees of freedom, since they can be removed by Lorentz
transformations. As it can be seen from 22, the genuine
degrees of freedom of a regular spinor in four dimensions
are only two.

Let’s note that in five dimensions the set of bilinear covari-
ants amount to 32 quantities while they are only 16 in the
4D spacetime, however, since the spinor is determined up to
a complex factor by the 4D bilinear covariants there must
be some redundancy in the five dimensional case. Indeed,
the fact that we have a central pseudoscalar in the alge-
bra provides this redundancy. For instance the pseudoscalar
Y1y = Iy of the 5D spinor is just the scalar multiplied by
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the complex unit. As a result, it is enough for us to consider
only the following bilinear covariants:

o=, VA= —igety, M= L1t Py, (18)

where o is the scalar, VA the pseudovector and M AB the
bivector. We have picked these particular covariants because
they are all real. As we will explain later, we pick a matrix
representation satisfying y, = ¢, = —ie4e, and e4 = ys
(with yp and ys in the Dirac representation), which is equiv-
alent to picking f = %(1 + éo)%(l +ieye>) as the primitive
idempotent generating the algebraic spinors (this also makes
¥ = ¢ Ty0 and hermitian adjoint coincide with Clifford con-
jugation). Hence, in terms of the gamma matrices the bilinear
covariants are:

o =Py, VE=yyyty = K4,
V3 = —igy Y =w, MM = gylty = JH, (19)
MM =gyt vy = SM.

Lets note that the following equations hold:

VaVA = —¢2 (20a)
MagMAB = —v,vA =62 (20b)
Myp VA =0. (20¢)

As we can see, the pseudoscalar is not an independent quan-
tity any more, but the fifth component of the pseudovec-
tor V4. Hence in addition to the removal of the six degrees
of freedom in four dimensions, we can eliminate the pseu-
doscalar by a time-time rotation, amounting to a total elimina-
tion of seven degrees of freedom. Note that the order of these
transformations is important. One possibility is to perform
a time-time rotation making w = 0, and then continue with
the usual three boosts setting J/ = 0 and the three rotations
aligning K’ with the z-axis. Because of 16b, performing the
time-time rotation after the other six transformations, would
create a non-vanishing space component for J#, interfering
with the work of the original boosts. In conclusion, we can
set the spinor 22 to have w = 2¢2 sin 8 = 0, reducing it to
the form:

<
Il
<

1
0
e @)
0

which is in agreement with the previous work [14].

Since we are in a 5D spacetime, we could also wonder if
we it would be possible to use the three boosts with respect
to the extra time to remove degrees of freedom from the
spinor 22. This would seem paradoxical since there are at
most only two degrees of freedom left to remove. In order to
perform such a boost, note that while U A will transform as a
vector under the transformation, J* = M** will transform
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as the components of a rank two tensor. We have arrived at
the spinor 22 by aligning the space vector K/ to the z-axis,
hence K! = K? = 0, also K° = 0 (because J' = 0),
which amounts to V4 = 0,0,0,K 3 ). Any boost involv-
ing directions x and y would ruin our alignment of K? with
the z-axis, hence those are not free boosts for us to per-
form. However, we can perform an extra-time boost in the
z-direction in order to set V4 = 0. This will then reduce the
form of the spinor 22 to 21, which sets w = 0. Note that this
reduction would be equivalent to the one made using a time
plane rotation.

For singular spinors the discussion is very similar. Let’s
observe that o = 0 is an independent condition, but w = 0 is
not as strong as in four dimensions. If we assume o = 0 and
o = 0then V*V, = —V4v4 = —w? = 0, however we can
perform a rotation in the time plane to make V* = w # 0,
hence the case reduces to the case of regular spinors with
B = 72, (since 0 = 2¢% cos(B) = 0). In accordance with
reference [14] we arrive at the conclusion that every singular
spinor can be written as:

oiT/4

0
o |- (22)

0

V=9

e

3.2 Dirac equation in Minkowski spacetime R"3 from R?3
for neutral matter

If we consider the four dimensional Minkowski spacetime
R!3. The Dirac equation in the complexified Clifford algebra
Cl; 3(C) is:

. mc
i€y — =~ =0, (23)

with W a Dirac spinor, m the mass of the spinor field and i the
complex imaginary unit. In this section we shall consider the
Minkowski 5D spacetime with an extra time-like dimension,
R?3 described in the previous section. An important thing
to state about the coordinates is that, although x¢ and x4
are time-like, all the coordinates have dimensions of length;
hence xg = cty and x4 = ct4. Since xg and x4 are both
time-like, we will call the plane xo — x4 the time-plane.

Within the Induced Matter Theory (IMT) [3-8,20,21], a
way to treat mass in the 4D spacetime is to induce it from
a 5D spacetime, as a property of the particle motion in the
fifth direction. In our case, we shall apply this to the Dirac
equation. In order to arrive to a massive 4D Dirac equation,
we shall propose the massless 5D Dirac equation :

epdBw =0, (24)
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which can be written in the following form:

e W 4 00" =0 == (e4e,) "W 4 (e4)*9*W =0
= (e4e,)0MW + W =0. (25

Using the elements ¢, defined in the previous section and

4 . S
assuming 9*W = z%\l—' = — 55U, the equation is written:

16,0 — %\v —0, (26)

and due to the fact that the elements ¢, obey the rules for
the Clifford algebra Cl; 3, we recover the familiar 4D Dirac
equation.

Let’s solve the Dirac Eq. 26, subject to the condition
"W = 0 Vi e {l,2,3)}. This is, the spinor field is homo-
geneous in space, but may change in time. Then the equation
is written:

120900 + %W = e4009°W — %\If —0

0 mc
= eqe0d ¥V = 7‘1’ 27

Multiplying by eges on both sides we get:

oW = %a)ew. (28)

Let’s recall that 8° is the generator of time-translations and
epe4 is a generator of a rotation in the plane xo — x4. Hence,
this equation provides an equivalence between two trans-
formations of the spinor field that we are to explore. Since
we have 3*W = —mc/hW, it follows that W (xo, ..., x4) =
D(xg,...,x3) exp(— € x4). The 4D spinor solutlon ®, can
be Fourler-expanded

D(x0, ..., x3)
- Z/dpA'(pO,...,p3)eXp (—i7xu)u,-, (29)
i=1

with {u1, uy, usz, us} a basis for the spinor vector space and
Al : RY3 — C, functions. The integral is taken on the
surfaces p’p, = m 2c¢2(= pAps = 0). The fact that 3°
is the generator of translations in the (time) direction x°,

means that the operator defined by

0 na0yn
exp (o) = ) T (30)
n=0 :

complies with

exp (aao)\ll(xo, cooxq) =W(xg+ o, X1, ..., X4). 31

With some care we will write

exp (xoao)‘l/(o, Xl .o.,Xq4) = s X4), (32)

where the left hand side must be interpreted as: taking the
spinor W as a function of xo, applying exp(ad®) (with & an
external parameter) and then substituting o by the value xg

W (xg, X1, ...

and xo = 0, in the initial state. This is important because
the operator exp(xoao), where x( is a variable, is NOT the
translation of magnitude xg in the direction x.

Since we are to work with rest solutions (8]‘\11 =0), pk =
0 holds forevery k in Eq. 29, and since the integral in the same
equation is taken over p“ p, = 0 we get that (po)2 =m?c?,
which implies p° = 4mc and we obtain for the full spinor:

4

: mc mc
W (x0, = A{ — X0 — —
(x0, x4) ;[ Oexp< i hxo hx4>
+Bé exp <i%xo — %M)]lli, (33)
and for xo = 0:
W(0, x4) = Z Al exp ( - —x4)ui, (34)

with Af) = Af) + B!, and all of these numbers are com-
plex constants. By virtue of Eq. 28, and due to the fact that
[0, egea] = 0, we have:

S a 0\n n
0
eXp aa \I' = Z ( ) v = Z(mca) (806'4) Y
= ! n!
=exp (m;(x 6064)111. (35)

The quantity exp (“f*ege4) € Clp3 can be computed via

the series expansion in Eq. 35. We know that (i epes)? = 1,
which implies

. . 1 if n is even
(ieves)" = 1| . (36)

iegeqs ifmis odd

Hence,we have

mca —imco
exp Teom = cosh P 1
+ sinh <_lmca>ieoe4. 37)

Using the identities cosh(ix) = cos(x) and sinh(ix) =
i sin(x), together with the fact that cosh is even and sinh
is odd, we have

exp <$eoe4) = cos (mh >1 + ln( 7 )6034 (38)

Combining this result with Eq. 35 and recalling the definition
ieg = eqeq, we get for rest spinor solutions
0 -~
> 80i| v (0, )C4) .

mexo .. [ mcx
\Il(xo,X4)=[cos< p )1—zsm(
(39)
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In this fashion we obtain the “coordinate-time evolution” for ~ we obtain
the field from the initial value, using an element on the Spin Imeca .
group of the 5D Minkowski space. VHe, > cos < )Voeo + Ve (44)

3.3 Time evolution in coordinate space-time

The advantage of the treatment here is that the “time-
evolution” operator represents also a coordinate transforma-
tion and not only an internal transformation of the spinor.
Since this operator is the exponential of a real multiple of
eseq, it belongs to the real Lie group Spin(2, 3) and hence the
adjoint action will transform a vector V44 into another vec-
tor V'4e 4, with V["V’A = V4 VA, Let’s consider a 5-vector
VHe, + V*es and see how it is transformed by the element

exp (5% ege4) via the adjoint representation. We have

mca —mco
exp <Teoe4> (ei) exp ( 3 eoe4)
mco 1 + . mco mco 1
= | cos sin i| cos
7 7 epey |e; 7
~sin (—mca)eoe4i| (40)
h
= | cos mee 1+ sin mea cos mee 1
- n M\ T )0 n
(%5 e
— Sin T epeéy e = ée;.

Therefore the transformation in SO(2, 3) does not affect the
three spatial components of a vector V'. Computing analo-
gously for ep and e4, we obtain

6‘064)

c —mco
6064) (eo) exp ( 5

m
ep > exp

h
_ 2mca . 2mca @1
= cos 5 ep — sin . e4
mea —mca
e4 > exp (Teo&;) (eq) exp ( 5 eoe4>
2mco . [ 2mca
= cos P €4 + sin p eo 42)

. Using this, a vector Ve, transforms according to

0 2mca 4 . (2mca
V* cos + V7 sin 2
h h
4 2mca 0 . 2mca ;
+| V7 cos 5 — V7sin T eq+ Vie;.

(43)

This transformation is a rotation of angle 2mca /i on the
plane of two times xo — x4. Note that if we take the projection
of this 5-vector on the hyperplane orthogonal to the direc-
tion x4 (the 4D space {x4}1), Ve, and compute the adjoint
action on it, and then project again on the same hyperplane

@ Springer

. This is clearly not an isometry, since V'*V, — V*V, =
sin(2mca /1) VOVy, which in general is not zero. This is not
a problem since the quantity that should be preserved by the
Spin(2, 3) group is the 5D norm.

3.4 The rest solution and the particle-antiparticle character

Let us recall that in the usual CA Cl, 3, the generators e,
admit the Dirac matrix representation given by the gamma
matrices. In particular the matrix yy representing e is written
in the form

100 O
010 O

w=100-10 | (45)
00 0 —1

which clearly means that the basis of spinors {uy, ..., usq}is

a basis of eigenvectors for the matrix . The interpretation
of the Dirac spinor as a particle or antiparticle for the rest
solution (p' = 0) is given precisely by the eigenvalue of yy,
associated to the eigenstate in consideration. If it’s +1, it is
a pure particle state and if it is —1, it is a pure antiparticle
state.

Now, the treatment given in this article is different. We
have decided to add an extra time-like coordinate and to inter-
pret the ordinary 4D Clifford algebra as a subalgebra of it.
In our case the elements appearing in the Dirac equation are
not e, but ¢, = —ie4e,, and because of this fact, the par-
ticle/antiparticle interpretation of the rest solution should be
given by the eigenvalues of ¢q instead of eg alone. As was
stated before, seeing the 4D CA as this particular subalge-
bra generated by ¢,,, has the advantage that ie,, lies in the
Lie algebra of the Spin(2, 3) group and hence it is the gen-
erator of certain coordinate isometry. Due to the facts stated
above, and in order to work in a spinor basis of pure par-
ticle/antiparticle rest states, we need to change our matrix
representation: instead of taking eq to be diagonal and equal
to yp, we demand ey = —iesqep = Y. By consistency of the
CA commutation relations, this implies also that €, = y,,,
forevery u € {0, ..., 3}. Recall that e4 = y5, hence we have
€, = Yu = —iyse,, and multiplying by iys on both sides,
we have ¢, = iys5y,. With this, the new representation for
the generators ey4 is given by

00 —i 0 0010
fooo =il [-im o)  fooo1
“=lioo ol %=\ o io)' “|1000)|"
0i 0 0 0100

(46)
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where the matrices oy are the well known Pauli matrices (with
Giz = 1). Since ¢ is diagonal, we have that the basis

1 0 0

u; = 0 u) = . u3z = 1.

1=1ol> ©2=1o|> ®B=11]"

0 0 0
0
0

us= | 47)
1

isabasis of eigenstates of eg = —ieseq with | and u, having

eigenvalue 41, and u3 and u4 having —1 as eigenvalue.
Let us use this fact for the rest solution 39, with the integral
expansion 34

i=1

2 4
WO, xh) =Y Ahe™ T U + Y Aje” T u (48)
j=3

In the following, when writing u; we will be assuming i €
{1, 2} and when writing u , j € {3, 4}. Applying the operator

¢y 0
exp( —ll‘l;le

mcxo .. [ mcxo .
cos 1 —isin eo |u;
h h
mcxg .. [ mcxo
= | cos 1 —isin u;
h /]

mexo\, Lo (mexo o ]
cos | — is Pl LY
= [cos (%)1 +isin <%>:|uj

. MCX(Qy

i
— 7 .
=e " uj.

€p) on the u; and u; we have:

(49)

Putting this back in Eq. 39, and with 48, we have

2
w0 xt = Z Age_%(x”ix(’)ui

i=1

4
+ Y Afem Ty (50)
j=3

Hence, a full particle rest solution will be characterized by
A(j) = 0, and a full antiparticle rest solution by Af) =0, as
usual. We can see that in both cases the solution oscillates
in ordinary time, while it’s damped in the extra-time. Let
us note, that we have solved only the rest case because it
was sufficient for us and it simplified the calculus. However,
one can build any solution in the series expansion 29 with
p' # 0 by just taking a representant S in the Spin group
of the Lorentz transformation A’ that takes (mc, 0, 0, 0) to

certain (po, pl, pz, p3), and then transforming the spinors
u; into the states u; = Su;.

The possibility of a possitive mass associated to neutrinos
and negative mass to antineutrinos was considered by Barut
and Ziino in [23]. In the article mentioned, they work under
the hypothesis that neutrinos obey a Dirac equation with pos-
sitive mass and antineutrinos the same equation but with a
negative mass term. Under this assumption a relationship
between these two types of particles is obtained, accounting
to an explanation of the parity violation for neutrinos and the
non-existence of a right-handed neutrino.

On the contrary, in this article, we only consider a positive
mass Dirac equation, which in the rest frame it reduces to the
ordinary Dirac equation for particles, and to the negative mass
Dirac equation for antiparticles. Since our treatment follows
classical single Dirac equation, the particle/antiparticle char-
acter of the fermion is an instrinsic property only defined
in the rest frame, which makes particles and antiparticles
not absolutely separable, meaning that a boost in a given
direction will in general mix positive eigenstates with nega-
tive eigenstates of ¢q. Instead, the treatment provided in [23]
duplicates the fermion space, incorporating a mass opera-
tor which determines the particle/antiparticle quality, allow-
ing a strong symmetry between chiral fermions and Dirac
fermions.

Recall that the chiral decomposition of spinors is really
succesfull in four dimensions because the projections Pr =
%(1 +ys) and Pp = %(1 — y5) commute with every element
of Spin(1, 3), hence neither the boosts nor the rotations mix
right and left chiral spinors. We see that in five dimensions
this spliting is lost since now we can perform boosts in the
extra time x4, mixing left and right chiral spinors. However,
particles and antiparticles do not constitute such an elegant
decomposition, since, as stated above, the boosts always mix
them. We may think though, that particles and antiparticles
wouldn’t mix under extra time boosts, and that would have
been the case if we had identified particles and antiparticles
with eigenvectors of eq, but since we considered e instead,
this is not the case.

The question of discrete symmetries in this theory is a
very interesting point. In the work of Barut and Ziino, the
fact that particles and antiparticles are parity eigenstates is
central to the inference of other discrete transformation laws.
If we imitate that principle in our formalism, the parity trans-
formation would have to be { — e, but this will only be
the parity transformation for tilded vectors.

Another possibility is to consider the ordinary parity trans-
formation ¥ > ep, which on vectors reads:

ey ey, e > —e; and eq > —ey. (629

We see that when restricted to the first four coordinates, it
is the ordinary parity transformation. This parity transforma-
tion would produce an inversion in the sign of rest mass, since

@ Springer
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p* = imc/h would change to —imc/h. This accounts for a

parity violation in the Dirac equation which doesn’t show up
in four dimensions, but that is compatible with [23]. A dis-
advantage of choosing this parity transformation is that we
lose the identification of particles and antiparticles as parity
eigenstates.

From the reasoning above, we see that some of the discrete
transformations may have no straight forward definition in
the five dimensional approach. The topics of parity, charge
conjugation and time reversal are very interesting topics to
study, in particular in relation with [23], where they obtain
a covariant charge conjugation operator. Nonetheless, this
treatment would be too extensive to be treated here, and we
plan to explore it thoroughly in future work.

3.5 The effective scale of the spinor field in the extra
dimension

Since 8*W = —mc/hW holds for any spinor solution, all
massive spinors decay exponentially in the extra dimension.
We see that if we assume that the extra coordinate doesn’t
extend to —oo, then after some extra-time the field val-
ues get very small, the exponential damping constant being
mc/h, the inverse of the reduced Compton wavelength for
the particle. Then for a given particle after a time of order
li/mc* = A/c the field is 90% smaller than initially. This
would mean that even though we didn’t propose the extra
dimension to be bounded, the field would only extend over
a finite region of it, of the order of the Compton wavelength
(or A/c in units of time).

3.6 Charged Dirac fields with an electromagnetic field

The 5D massless Dirac equation has the global U (1) symme-
try givenby W > /W, where « is areal number. QED intro-
duces the electromagnetic field as the gauge field required to
make this symmetry alocal one. This is, the theory is invariant
for ¥ > €W with « (x) a function on the coordinates of
the space-time. Usually « is a function of the four variables
of space-time, but since now our spacetime has five coor-
dinates, let’s consider « = «(xp). This induces the gauge
covariant derivative:

DB :83+i%AB,

with the transformation for the spinor and gauge field A%:

Vs ey,

i (52)
AB > AB — 1—83 o,

q
where ¢ is the charge of the field W in consideration. In
this way we get an electromagnetic 5-vector potential. In

consequence, we have the massless Dirac equation
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epDBW =0, (53)

with DB .= 98 +i %AB . Proceeding as in the previous sec-
tion we multiply on the left by e4 and get

ié, D"V + D*W =0, (54)

withe,, = —iese,, asinthe previous sections. In order for the
4D Dirac equation to be fulfilled, we require D*W = — .
We see that the 4-electromagnetic vector potential in the 4D
induced CA is the tilded vector A*¢,,, since it is the quantity
appearing in the Dirac equation. If we further require the
solution to comply with D/W = 0, then what is left is the
equation

i5oDOW — %xy —0. (55)

Multiplying by —ieg = —eseq = eges on both sides, and
using D? = 9% + i £ A% we obtain

O = (%em - i%AO) W, (56)

Let’s note that the condition we are asking for (D'V = 0)
doesn’t make the field homogeneous. Hence now we have
v = \Il(xo,xl, x2, x3,x4).

In the previous section we went from Eqs. 28-35 very
easily, because [89, eges] = 0. Here we have %eom —i%AO
in the right hand side of 56, instead of just %eom. This
leads us, unless A° doesn’t depend on xg, to the fact that
[89, MCepey — i%AO] # 0. Hence, the equation in the Lie
algebra representation doesn’t pass so easily to the Lie group
representation.

3.6.1 The case 3°A° = 0.

In this case, we are in the conditions of neutral matter and by
the same procedure we write:

mcx

W(xa) = exp ( 0 poeq — i%ono)\P(O, xi.xq)  (57)

In the previous section we interpreted the right hand side of
Eq. 39 as an equation in the algebra A, (R%3) which is the
Lie algebra so(2, 3), however, we see now in Eq. 56 that
the right hand member doesn’t lie in /\,(R>?) but rather
in \,(R*%) @ Z(Cl(2, 3)), which is the Lie algebra of the
Clifford—Lipschitz group I'p 3 (cf. Sect. 2.2). This group con-
tains all the elements that under the adjoint action on the CA
transform vectors into vectors. Indeed the adjoint action of
exp(—i %AOXO) on every element of the CA is the identity,
since this element sits on the center of the CA. This can be
put as follows: Additionally to the coordinate transforma-
tion that we have in the absence of electromagnetic field,
there is also an internal transformation, which has no coordi-
nate consequences, and that corresponds to the internal local
gauge freedom of the theory. Note that this case contains
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every electrostatic potential A%Xx1, x2, x3, x4). If we further
ask for the cyclic condition to hold [20,21] (potentials not
depending on the 5th coordinate), we have A = A0(x)).
Now, if we decide to use a basis of eigenvectors of epes for
the spinor, as in Sect. 3.4, we have that a +i eigenvector
solution is

W) = exp (lm;xo _ i%ono) Wy, (58)
and a —i eigenvector solution
W) = exp ( - @ - i%on()) W (59)

This is quite different from what we obtained in Sect. 3.4,
where the eigenvalue of epes alone determined the parti-
cle/antiparticle state. Now this interpretations has to change,
since an antiparticle state has an opposite charge and, as we
see in the equations above, solutions associated to differ-
ent eigenvalues of epes have the same charge. It happens
that the interpretation of a particle/antiparticle in the charged
case has not only to do with the coordinate rotation in the
time-plane, but also with the local gauge transformation of
the spinor in 57. In the neutral matter case, it was sufficient
with changing the sense of a rotation in the time-plane, but
now we also have to change the sense of “rotation” in the
local gauge transformation, passing from exp(—i %ono) to
exp(i %ono)- Of course, the antiparticle covariant derivative
is now different, with the opposite sign charge, and in con-
sequence the Dirac equation satisfied is different. Note that
when putting g = 0, we recover everything in Sect. 3.4.

3.6.2 The case 3°A° + 0.

In this case we have:

[a", %em - i%AO} = —i%aO(AO)l,
which makes a little harder to see the interpretation of the
time evolution as a coordinate transformation. However, it is
simple to solve directly the Eq. 56, and then interprete the
time evolution accordingly. Combining 56 with D'¥ = 0
and D*V = —mc /AW, we have the solution

cXQ mcxg4
epeq —
h h

m .q
W (xy) = exp ( — zEF(xA)>\IIO, (60)
with 8 F = AB. If we assume the solution to be separable,
then F is written as F(x4) = F%(xo) + F! (x;) + F*(x4) and
consequently we can separate the dependence on xq, from
the rest of the coordinates

mcx
W(xa) = exp ( 5

Therefore, we recover the interpretation given in the previ-
ous case: the time evolution is a rotation in the time plane,

0 epes — i%FO(w) Wo(x;. xq).  (61)

together with an internal local gauge transformation, which
now is not linear in time. And also, the antiparticle solution is
obtained by changing the sense of rotation in the time-plane
and in the internal transformation. The same observations
about particle and antiparticles for the case 3°A® = 0 can be
made here.

3.7 Propagation in the extra dimension and 5D gauge fixing

Since D*W = (8* + iq/hA*)W = —mc/hW holds for the
charged spinors, then
0w = —<i2A4 + @)\p,

h n
and in addition to the exponential decay in the case of neutral
matter, there is also a propagation in the extra dimension. The
only possibility that would forbid propagation in the extra
time would be the Sth component of the vector potential being
zero or imaginary. In order to have the same confinement as
in the non-charged case we could ask for the gauge condition
A* = 0, and in this case the extra dimension has the same
effective extension for both the charged and the neutral case.
Let’s note that this condition, would imply that the theory is
invariant only under the local gauge transformation exp(i),
with 3% = 0. This is, the field have the same phase along
any line (xg, x;, x4 = A), with A ranging over R. Note also
that if in addition we ask for 9*A* = 0 VY then FABF 5 =
F*VF,, and we recover the classical QED Lagrangian.

4 On ghosts and tachyons in this two-times physical
theory

The typical problems in theories with more than one timelike
dimension are the existence of tachyons and the existence of
ghost fields (negative norm states). This two issues makes it
difficult to quantize the theory [11].

As exposed in [9], the momentum in the extra dimension
is related to the mass of the particle, hence tachyons are not
a problem since there’s no superluminical propagation in the
4D spacetime.

Regarding ghost fields, if we assume the following
Lagrangian density:

L=Ue 02 W — 040 e W | (62)

then the corresponding 5-current associated to the phase
shift symmetry is given by:

Ja = iWiyesV, (63)

and if we look at the Oth component, we get Jo =
i lI/Tyon\Il = \Iﬁy5 W, which is not positive definite. Indeed,
none of the components J4 equals the probability density
ARV
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However, recall that we have defined the 4D induced CA,
as the one having generators {¢,}. In this context, the same
equations of motion can be obtained from the following
Lagrangian density:

R A e e AP I

L
2
i
+5 (Wt — 9ty w)) (64)
which, after imposing 9*W = — %W is written as:
Wiype, dhW — arwiype, w
L= = W™ L imWtpw. (65

2

This is the usual Dirac Lagrangian, since ¢, = y,, and
hence we have the usual conserved 4-current:

T =Yy ¥ = Uiye,w. (66)

In this way, the problem of ghosts is solved by considering J
as the physical quantity, and not J. Of course, J4 is a 5-vector,
while J~M is a 4-vector. This means that when performing
a Lorentz transformation involving the extra coordinate, in
general ju won’t obey a vector transformation rule, while
Ja will. Indeed, using this tilded current, the Dirac theory is
completely unchanged.

Note that although J* is not obtained as the vector bilinear
covariant of the field, it is a projection of the 3-vector bilinear
covariant of the 5D CA (since each ¢, is a 3-vector), hence,
the information is present in a bilinear covariant of the theory.
This change from the, let’s say, “vector current” to this “3-
vector current” is related to the equivalence of Lagrangians
(62) and (64) once we impose the constraint 9t = — 7
This also implies that the 5 current J4 is always conserved,
while J, 1« is only conserved once we introduce the aforemen-
tioned constraint.

5 Conclusions and prospects

In this article we have obtained the 4D Dirac equation for
spinors from a 5D massless equation. In order to do so, we
have exploited the fact that the Dirac theory naturally comes
equiped with an extra timelike dimension. Hence, follow-
ing the principles of induced matter theory [3,4,20,21] we
have studied the Dirac equation in a 5D spacetime of sig-
nature 2, 3. Analyzing the Dirac equation for neutral matter
(or absence of EM fields) and the Clifford algebra structure
of the 5D space-time, we have provided an interpretation for
a particle/antiparticle states, as eigenstates of the generators
of rotations in the time-plane. In the charged case (with the
presence of an EM field), by performing a similar analysis
we have seen that in addition to the rotation in the time-plane,
there is an internal gauge transformation in two opposite
directions that separates particles from antiparticles. Addi-
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tionally, we have observed that although the extra dimension
was not proposed to be bounded, the effective extension of
the field over it is of the order of the Compton wavelength of
the particle.

In the absence of EM fields, the interpretation of particles
and antiparticles given in this article could be analyzed by
studying high order representations of the group SO(2, 3).
In just the same way spin up and down are the two states
associated to the s = 1/2 representation of the SO(3) group,
the particle and antiparticle states could be the two states of
a particular representation of the group (or some subgroup
of) SO(2, 3). If the extra dimension is a physical one and
representation theory predicts more states of matter (other
than matter/antimatter), it should be possible to try to observe
them in experiments.

The relation of our work with [23] is still to be further
explored, particularly in relation to C, P, T and CPT sym-
metries. An interesting proposal would be to combine our
analysis with the formalism of positive mass particles / neg-
ative mass antiparticles.

The main success of the Kaluza-Klein theory lies on its
unification of Einstein field equations and Maxwell electro-
magnetism. It also introduces the Lorentz force on a test
particle in the geodesic equations of motion. Due to these
facts an interesting approach to induce an EM field in the
Dirac theory (alternative to the used above) would be given
by working with the original Kaluza-Klein metric [20,21].
In this way, we would have a non trivial 5D manifold and
by working on the Clifford and spinor bundles we could try
to obtain QED in absence of gravity. This is something we
would like to do in the future since it would also allows us to
work with gravitational fields.
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