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Abstract: The relativistic positive-energy wave equation proposed by P. Dirac in 1971 is an old but
largely forgotten subject. The purpose of this note is to speculate that particles described by this
equation (called here Dirac particles) are natural candidates for the dark matter. The reasoning is
based on a fact that the internal structure of such particles simply prohibits their interaction with
electromagnetic fields (at least with the minimal coupling) which is exactly what is required for
dark matter. Dirac particles have quite unusual properties. In particular, they are transformed by an
infinite-dimensional representation of the homogeneous Lorentz group, which clearly distinguishes
them from all known elementary particles described by finite-dimensional representations and hints
to a physics beyond the Standard Model. To clarify the topic, a brief review of the main features of
the above-mentioned Dirac equation is given.
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1. Introduction

A tremendous number of various astrophysical observations collected during the last
century are explained by postulating the existence of invisible (i.e., not interacting with
electromagnetic fields) matter. Such a hypothetical substance goes under the name of dark
matter, and according to different estimates, it constitutes ~ 85% of the total matter content
of the universe (see, e.g., reviews [1-3] and references therein). Though dark matter is a
predominant ingredient of the universe, its composition remains unknown. A great number
of different candidates have been proposed [1-3], but none have of course been confirmed
so far.

The purpose of this short note is to suggest a (seemingly unexplored) possibility that
dark matter is made up of particles obeying the so-called new Dirac equation proposed
by P. Dirac [4] 40 years after his famous (old) equation [5]. Both equations are relativistic
wave equations. The usual (old) Dirac equation describes particles with positive energy
as well as antiparticles with negative energy and is one of the best known equations in
physics. The principal feature of the new equation is that all its solutions have only positive
energies (thus, antiparticles are absent or, at least, not described by the same equation).
For relativistic equations, such property is unusual. The relativistic invariance implies
that E2 = p2 + m?, and in general, there exist solutions with positive as well as negative
energies: E = +,/p2 + m?. Though today negative energy solutions simply indicate the
existence of antiparticles, the search for relativistic equations with only positive energies
continues to persist (see, e.g., [6] and references therein).

It was E. Majorana [7,8] who first constructed a relativistic wave equation with only
positive energy solutions. It appears that it becomes feasible provided one considers
particles transformed by an infinite-dimensional representation of the homogeneous (i.e.,
without translations) Lorenz group. Usual relativistic particles (scalars, spinors, vectors,
etc.) realise finite-dimensional representations of the Lorentz group, and their equations
necessarily have positive and negative energy solutions. The positive-energy Majorana
equation formally has form of the usual Dirac equation:

(T#9, —m)¥(x) =0 1)
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but with the difference that its eigenfunctions ¥ (x) have an infinite number of components
(labeled by two non-negative integers) and matrix I'* is an infinite-dimensional matrix
derived from the requirement of the relativistic invariance (whose explicit form could
be obtained from expressions in Section 4). This equation explicitly describes an infinite
number of particles with all integer and half-integer spins and masses decreasing with
spin: m(j) = m/(j+1/2) [7,8]. Equation (1) should not be confused with another much
better-known Majorana equation for self-conjugate particles with spin-% [9].

The distinction between finite-dimensional and infinite-dimensional representations
of a group is that for the former, the action of group generators mixes a finite number
of wave components (e.g., four for the usual spinors) but for the latter, such action re-
quires an infinite number of components. Mathematically, it is well established that the
homogenous Lorentz group has both finite and infinite-dimensional representations (see,
e.g., [10,11] and references therein). All known elementary particles are classified accord-
ing to finite-dimensional representations of this group, yet particles associated with its
infinite-dimensional representations are not usually taken into account.

In the new equation, Dirac found an elegant way (see below) to select one state from
an infinite tower of Majorana solutions. Particles described by the new Dirac equation are
also transformed by an infinite-dimensional representation of the Lorenz group, which
markedly differentiates them from all known elementary particles. Such particles can be
called positive-energy Dirac particles, but for the sake of brevity, in this note, they are
referred to as Dirac particles.

Another characteristic feature of these Dirac particles is a nontrivial fact that they
cannot interact with electromagnetic fields (at least with the minimal coupling). Such a
no-interaction theorem is related with the internal structure of the new Dirac equation
and is not imposed by simply postulating that the charge of Dirac particles equals zero.
This propriety emerges as a byproduct of Dirac’s construction, and in the past has been
considered as a serious defect of the new Dirac equation, but it is exactly what makes
Dirac particles a natural candidate for dark matter, which by definition is a substance not
interacting with electromagnetic fields.

In the literature, there are articles that relate Dirac particles and dark matter (see,
e.g., [12], besides others), but in these papers, the term 'Dirac particles” indicates solely
spin-1 particles obeying the usual Dirac equation [5]. Dirac particles discussed here are
of a different nature as they satisfy the new Dirac equation [4] and are transformed by an
infinite-dimensional representation of the Lorentz group. To the author’s knowledge, such
particles were not considered previously as candidates for dark matter.

The purpose of the paper is to attract wider attention to this potentially important
subject and to serve as a brief introduction to Dirac particle properties. As such issues are
largely undeveloped, the discussion below is restricted only to principal features of Dirac
particles leaving aside many important questions.

The plan of the paper is the following. In Section 2, the main properties of the new
Dirac equation are discussed. Section 3 is devoted to the investigation of the relativistic
invariance of this equation and to the meaning of the infinite-dimensional representation
of its solutions. By construction, the new Dirac equation is an overdetermined system of
equations, and consequently, one can derive additional equations that are indicated in
Section 4. Section 5 deals with the no-electromagnetic-interaction property of the new Dirac
equation, which is of primary importance for the conjectured relation of Dirac particles
with dark matter. In Section 6, the interaction of Dirac particles with gravitational fields
is shortly treated. Section 7 gives an overview of the discussed topics. For clarity, certain
useful formulas are presented in Appendix A, and for completeness, the tetrad formalism
is recalled in Appendix B.

2. New Dirac Equation

The usual Dirac equation [5] describes relativistic fermions with spin % and mass m
and is one of the most important and the best-known equations of mathematical physics.
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Much less attention has been attracted to another Dirac work [4], written about 40 years
after the famous paper [5], in which a different relativistic equation (called the new Dirac
equation) was proposed and analysed.

The new equation has the functional form similar to the usual Dirac equation:

(7"0u —m)¥ =0 )

but with an important difference in that column-vector ¥ depends on two sets of variables:
four space-time coordinates x* with u = 0,1,2,3 and two “internal’ (auxiliary) variables q;
and g, arranged in the following manner:

n

¥(x,q) =Q®(x,q), Q= ;’§ 3)

94
where components g3 and g4 are the momenta in the ‘internal” space

J 0
= —i—, = —i— 4
qs an qa 92 (4)

The choice of such column-vector Q corresponds to the following commutation rela-
tions:

;9] =B,  B= < _01 (1) > (5)

As for the usual Dirac equation, y# are 4 x 4 matrices obeying y#y" 4 yVo# = 2y
with the metric tensor of the Minkowski space ##” = diag(—1,1,1,1) (cf. (A1)).

Function ®(x, q) in (3) depends on both sets of coordinates (i.e. on six variables), and
it is the only one unknown function. Thus, the new Dirac equation corresponds to an
overdetermined system of four equations in one unknown function:

Pid(x,q) =0,  Pj=(7"9, —m)jqy. 6)

To ensure the consistency of these equations, it is necessary that the commutator of
any two P; equals zero. Using (5) one finds

[P, B] = ((v"0u — m)ip (" 9, — m))jk @)

where y# T are the transposed gamma-matrices. In the new Dirac equation, these matrices
have to be chosen to fulfil the requirement

Byt = —1"B. (8)

By construction, matrix f is an antisymmetric matrix (cf. (5)), and this requirement
means that By* are symmetric matrices.
Under these conditions, the above commutator becomes

[13] pk} = lﬁ]k( — nﬂvayav + m2) (9)

which implies that all four equations (6) are consistent iff ®(x, g) as a function of x obeys
the Klein—-Gordon equation:

(—1"0,0, +m*)®(x,q) = 0. (10)

It is this additional relation that differs the new Dirac equation from the Majorana
Equation (1) [7] and permits us to select one state from an infinite number of
Majorana solutions.
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It is plain that (10) is a necessary condition for the existence of a solution of the
new Dirac equation. It could be obtained by, e.g., the multiplication of (2) with (3) by
QB (v"9y + m) and using the fact that QT8 Q = 2i (see (A4)). The sufficiently of this
equation is more subtle. Usually, one refers to the Frobebius theorem (see, e.g., [13] and
references therein), which (in the simplest setting) states that in order for a system of
linear differential equations to have a solution, it is necessary and sufficient that their
commutators (more general, Lie brackets) lie in the their span. The important ingredient of
this theorem is the fact that commutators cancel second derivatives, which is not valid for
the considered problem. Therefore, the statement that (10) is the sufficient condition for the
existence of solutions of the new Dirac equation requires additional investigations.

It has been proved in [4] that these equations determine massive relativistic particles
(the Dirac particles) with only positive energy and zero spin in the rest frame. In the next
publication [14], Dirac showed that when the noncommutativity of different variables
is ignored, Dirac particles could be considered as vibrating spherical shells similar to
Zitterbewegung of particles obeying the usual Dirac equation.

The simplest solution of the new Dirac equation is the plane wave of the following
form [4]:

1 1 .
®(x,q) = Cexp (—Zaq% — qu% +cq1g2 + zpyx”) (11)
where py = +/ p2 + m? > 0, C is a normalisation constant, and coefficients a, b, c are

_mtip,_ m—ip P2

a= , = , = . (12)
po + p3 po + p3 po + p3

The positivity of Dirac particles” energy is attested by the fact that negative energy

solutions with pg = —y/m? 4 p? lead to non-normalised functions and have to be excluded.

3. Infinite-Dimensional Representation

The relativistic (co)variance of the new Dirac equation means that a linear Lorentz
transformation x'* = Al x? (" = n”PAgAz) of a solution

D(Ax,q) = U(A)D(x,q) (13)

is also a solution of the same equations. Here, U (A) is an operator acting on g variables.
The inspection of Equation (3) shows that it will be the case if the following two
conditions are fulfilled:

u-lou=vq, Vv l=9qA (14)

where matrix V' = Vj;(A) acts on spinor indices. Indeed, under such changes, Equation (3)
transforms linearly; thus,

Pd(Ax,q) =UVPP(x,q) =0. (15)

The explicit expressions of V and U can easily be obtained from the infinitesimal
Lorentz transformations

1
Ay =08) +al =8 + Saq (1), (16)

where 4 X 4 antisymmetric matrix a4y describes six parameters of the Lorentz transformation
and matrices I°? are generators of Lorentz transformation

(1) = yersd — e (17)
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These generators obey the commutator relations of the Lie algebra of the Lorenz group
[ch Ikr] — ndklcr + chrldk _ ﬂdrICk _ ﬂCkldr ) (18)
It is plain that V and U should be of the following form:
— 1 cd _ i cd
V =exp (Each ), U =exp (Eacds ) (19)
In the first order of 4, unknown X and S are determined from the following commutators:

Xl =9I  iQS]=ZQ (20)

whose solutions are

1 1,—
cd _ (. cnd _ Adac cd _ = cd
zl = (v —1hr), s =2(QzQ) 1)
where Q = QTB. Because BXT = —X B one has
pvT=v-lp (22)

which implies that Q' = VQ also obeys the commutation relations (5) and u-lou =
Qv

It is well known that = obey Equation (18), thus realising the four-dimensional
(spinor) representation of the Lie algebra of the Lorenz group. As matrices fX are
symmetric (cf. (5)), it follows from (A5) that spin operators i5° from the above equation
obey the same commutator relations (18), i.e., they also realise a representation of the Lie
algebra of the Lorentz group.

The explicit form of these operators is presented in (A8). These operators are a distinct
feature of the new Dirac equation. When acting on an L; function ®(x, ) depended on
auxiliary variables q; and g, (ie., [ |®(x,q)[?dg < oo for arbitrary x), they lead to an
infinite-dimensional representation of the homogeneous Lorentz group. A simple way to
see it explicitly is to write the function as an infinite series in suitable functions of g1 and
g2- A convenient choice is eigenfunctions of the harmonic oscillators H; = %(q% +¢%) and
H, = 1(43 + 3) (the Hermite functions): Hiw (q;) = (m + 3)¢m(qi) (cf. (A19))

O q) = Y Aun (X)) bn(72) 23)

n,m=0

(Due to a symmetry of the new Dirac equation, integers m and n are of the same parity.)

Coefficients Ay, (x) form an infinite number of wave function components of Dirac
particles. The action of operators S on functions ¢, (q1) and ¢, (g2) induces a trans-
formation of A, corresponded to an infinite (and unitary) representation of the homo-
geneous Lorenz group (see, e.g., [7,8,10,11,15]). Its explicit form can be obtained from
Equation (A21). In a sense, an infinite ladder of coefficients A, is hidden in the de-
pendence of an eigenfunction on variables g1 and g5, and function ®(x, q) is a concise
generating function of these coefficients.

Spin matrices X equal the commutator of two y-matrices: 24 = il v%). Similarly,
spin operators S° also can be written as the commutator of two operators (cf. (A5), (A6)):

s =i[re, ], r°= —i(@ch). (24)

Operators S° together with T¢ form a representation of the group SO(3,2) [16,17] (see
also Appendix A).
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From (13), it follows that
®(x,q) = U(A) P(A™'x,q). (25)

This invariance leads to the conservation of the total momenta [4] [ = M — iS4,
M = x99 — x49¢ are the usual momenta and S represent the spin momenta.

4. Additional Equations

The new Dirac equation (6) is an overdetermined system of equations and any lin-
ear combination of these equations is also a valid equation; thus, Mp] ® = 0 with any
4 x 4 matrix M. Multiplying this equality by Q and summing over spin indices, one obtains
16 equations quadratic in Q: oM (Y*9y —m)QP = 0. When M = +°, one obtains identical
zero and the remaining 15 equations (corresponded to M = 1, o#, TH, 45q#, respectively)
take the following form [4,18]:

(T#9, + m)CD 0, (26)
(’a% + M9, +mIM)® =0, 27)
(TH9¥ — TVar + mSVV) -0, (28)
(eymﬁsv“aﬁ) (29)

The first of these equations is (up to a notation) the positive-energy Majorana
Equation (1) [7], and the last one coincides (up to a factor) with the Pauli-Lubanski
(pseudo)vector, indicating that field ® has zero spin.

The Majorana Equation (26) is a characteristic feature of positive-energy equations.
All solutions of such equations, in a way or another, obey this equation. Though the form
of the Majorana equation is similar to the usual Dirac Equation (2), they lead to different
conclusions. The main point is that, contrary to the usual 7° matrix, which has positive
and negative eigenvalues (see (A1)), operator I' has the form (cf. (A8))

o= i((—agl +}) + (—%, + ). 30)

When acting on L, functions of 41, g2 invariant over inversion, as in (23), it has only
positive eigenvalues equal to 3 (2] + 1) with integer j > 0. It is this property that implies
that particles described by the Majorana equation have masses decreasing with the spin:
m(j) = m/(j+1/2).

In Dirac’s approach, the above equations are just consequences of Equation (6). It
was argued in [18] that Equation (27) may be chosen as the fundamental one, leading to
the same plane wave solution as in (11). A more general equation has been considered in
that reference:

(z'xaf* 15, + mFV)CD -0 31)

with a parameter x. It has been shown that this system of equations is consistent only
for two values x = % and x = 1. The first one corresponds to the Dirac Equation (27),
and the second one gives a new equation describing particles transforming by an infinite-
dimensional representation of the Lorentz group but with spin % in the rest frame. Contrary
to the Dirac particles described in this note, such spin-% particles permit the interaction
with electromagnetic fields.

5. No-Interaction Theorem

The principal goal of the new Dirac equation was the construction of a relativistic
equation with only positive energy solutions. But for the relation with dark matter advo-
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cated here, the most important is another unusual fact: that Dirac particles cannot interact
with electromagnetic fields.

Usually, the interaction of a particle with an electromagnetic field A is introduced
within the so-called minimal coupling by the substitution 9, — D, = 9, + ieA,(x) into
the wave equation. The remarkable propriety of the new Dirac equation is that this
standard procedure leads to the inconsistency of resulting equations, which means that
that Dirac particles cannot interact with electromagnetic fields (at least with minimal
coupling). This fact had been briefly mentioned in the very end of the Dirac paper [4]
and has been discussed in detail in [19] (see also [20]). For completeness, that reasoning is
presented below.

Let us consider the new Dirac equation with minimal coupling:

(v#Dy, — m)QP(x,q) =0, Dy, =0y +ieAy(x). (32)

Applying the operator (y#D, + m) to this equation, one finds
pplymg P YDy q
((UWDFDV —m?) + iezwfpw) Qd(x,q) =0 (33)

where F,, = 0, Ay — dy Ay and TH = %(’y”'f’ —7VH).

To remove the first term in (33), (which corresponds to the Klein-Gordon equation
with the minimal coupling), let us multiply (33) by an antisymmetric matrix G such that
Tr(GB) = 0 and convolute the result with QT. According to (A4), it will cancel the Klein—
Gordon term. Besides 16 independent products of the above o matrices, there are five
matrices with such proprieties: By°y* and f7°. Let G;j be one of these five matrices. After
the indicated transformations, Equation (33) takes the form

Fw,h;-WCD = 0, h]P“/ = QTG]»ZVVQ (34)

where h;l " are certain operators constructed from ten possible symmetric bilinear combina-
tions of ;. Using properties of <y-matrices (cf. (A9) and (A10)), one obtains

— 1 = 1
(Q'YS'YAZWQ) _ Ee/\]w.ol"p , (Q')/SZHV Q) = geHW\PSAp (35)

where S* are antisymmetric spin operators introduced in (21), and I'* is defined by (24).
Therefore, the above equations take the form

EWT'® =0,  Fu5"®=0. (36)

Here, ﬁlﬂf = %ew‘o 51—},,5 is the dual electromagnetic tensor.

In [19], it was argued that from (36), it follows that if F,, # 0, all operators I'* and
S = i[l"”, 1""] annihilate ®(x, g), which means that ®(x, q) is independent on g, and
consequently, the new Dirac equation with the minimal coupling of electromagnetic fields
has no nontrivial solution. In other words, Dirac particles cannot interact with nonzero
electromagnetic fields.

Practically all works on this subject have stressed this "drawback’, and many papers
have been devoted to generalisations of the new Dirac equation, which would permit
the electromagnetic interaction. It appears that it can be carried out only by considerable
complications of the equation, e.g., by considering higher-order momentum terms [18,19],
or by increasing the number of ’intrinsic” variables [21] or by introducing parabosonic
constituents [17,22].

The no-electromagnetic-interaction theorem has been considered in the past as a
serious disadvantage of the new Dirac equation, and to a great extent, it was responsible for
the loss of interest to this subject. But it is exactly what is required for dark matter, which,
by definition, is a substance whose characteristic property is that it does not interact with
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electromagnetic fields. Dirac particles cannot be connected to electromagnetic fields not
by simply postulating that they have zero charge but because their relativistic equation is
inconsistent in the presence of the fields. It is this property that makes Dirac particles an
ideal and natural candidate for the illusive dark matter. In a sense, merely the existence
of particles transforming by an infinite-dimensional representation of the Lorenz group
implies the existence of dark matter.

6. Gravity and Dirac Particles

The interaction of elementary particles with gravitational fields has attracted a certain
attention from the very beginning of wave mechanics [23,24]. Due to the smallness of the
gravitational interaction, only very special experiments are possible at the present time (see,
e.g., [25]), and such a subject is mostly of a pure theoretical interest. But for Dirac particles,
this problem is more fundamental, as they seem to interact directly only with the gravity
(as some other dark matter candidates).

A usual way to describe spinors in gravitational fields (i.e., in a curved space) is the
tetrad formalism (see, e.g., [23,26]). In a nutshell, it consists to introduce tetrads (vierbeins)
1, (x) instead of (symmetric) metric tensor g,y (x), such that

gu(x) =t ()t (X)y,  y=diag(—1,1,1,1). (37)

For completeness, the main formulas of the tetrad formalism are presented in Appendix B.
Using the indicated rules, any given relativistic equation in a flat space (without gravity) can
be transformed in a covariant manner to a curved space (with gravitational fields).

However, the new Dirac equation is not just one equation but an overdetermined
system of equations, and it is not clear which of the many (almost) equivalent equations
in a flat space (cf., (2), (3) and (26)—(29)) have to be converted to a curved space. Different
equations may and will lead to different answers. For example, it is claimed in [27] that
the use of Equation (31) with x =1 (i.e., for spin-% particles) leads to a consistent theory in
gravitational fields.

A natural way of introducing gravitational fields into the new Dirac Equations (2) and (3)
consists of transforming these equations themselves to a curved space. Using formulas
from Appendix B, it is easy to check that the transformed equations can be written in two
equivalent forms:

(#QDy —mQ)® =0, (9D} —m)QP =0 (38)

where ) .
i .
Dy =0y, + Ewwbsab, Dy =0y + 5 @yap (2% +is) . (39)
As2Q =i[Q, S] (cf. (20)), these two expressions are consistent. (For clarity, covariant
derivatives acted on different quantities are denoted here by different symbols.)

As above, one can derive many consequences of that equation. In particular, by acting
on this equation by (4" D;, + m), one concludes that

(Q(g"DyDy = m?) +£Q[Dy, D] )@ = 0. (40)
Using (A38), it can be rewritten as follows:
(Q(g”"DVDV —m?) + %2?‘” Q wasﬂj)cp —0. (41)

where R, is the Riemann curvature tensor.
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This equation has a form similar to (33), and the same arguments can be applied
to cancel the first (scalar) term. Therefore, the necessary conditions for the existence of
solutions require that the following two expressions are zero (cf. with Equation (36)):

MTVR ),y ST =0,  eMSHR) ST = 0. (42)

Contrary to the interaction with electromagnetic fields, these equations may have
nontrivial solutions. The point is that R ap 5% is an antisymmetric tensor of the second
degree. When the metric is without torsion, there is only one such tensor, S),. It means that

RypapS™® = S), W (43)

where W is a scalar operator. By convoluting the above equation with S and using (A14),
one obtains

R 2
W = fgs/\PR/\pabS“b@. (44)

Substituting (43) into (42) and using identities (A15) shows that all Equation (42)
become automatically zero.
Multiplying (41) by Q, one finds that

1
(g””DVDV —m?+ ESWRWbs”b)cp =0. (45)

It is plain that the same equation can be obtained directly by the transformation
Equation (27) to the curved space and applying the covariant derivative to the result.

The corresponding equation for the usual Dirac equation has been derived in [24], and
it has the similar form:

1
(g”"DHDV —m?+ EZ”“RvyubZ”b)‘{’ —=0 (46)

with the difference being that ¥ is a usual four component spinor, and due to (A24),
(A35) and (A36), the term with the Riemann tensor can be reduced to a scalar curvature
R = gV)‘gﬂpva\p

1 1

EZ”"RVW;,Z“” =R (47)

The above arguments demonstrate how the main obstacle to the interaction of Dirac
particles with electromagnetic fields can be overcome in gravitational fields, but unfor-
tunately, they do not prove the existence of its solutions. The author is not aware of
mathematical results, which could be applied for such overdetermined equations, and
further investigations are desirable.

7. Conclusions

The relativistic invariance implies that elementary particles are transformed by irre-
ducible representations of the Lorenz group. All known elementary particles correspond to
finite-dimensional representations. But infinite-dimensional representations of the homoge-
neous Lorenz group do exist, and it is natural to conjecture that particles related with such
representations exist as well.

The new Dirac equation describes the simplest of such particles with zero spin in the
rest frame. Originally, this equation has been developed as an example of a relativistic wave
equation whose all solutions have only positive energies. Similar to all known positive-
energy equations, solutions of the new Dirac equation obey also the infinite-dimensional
Majorana equation. But the latter has too large a spectrum of possible solutions. To select a
single solution, the new Dirac equation is constructed to be not an isolated equation but an
overdetermined system of equations such that one of its consequences is the Klein-Gordon
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equation with a fixed mass. This construction necessarily requires that all these different
equations are consistent (i.e., have the same solutions), which is a nontrivial statement.

A Dirac particle is described by one function depended on four usual space-time
coordinates and two additional variables. The later are only dummy variables introduced
in such a way that the expansion over them generates an infinite number of particle wave
components corresponding to the infinite-dimensional representation of the Lorenz group.

It was proved that the resulting equations have no common solution when electro-
magnetic fields are introduced into the new Dirac equation within the minimal coupling. It
means that Dirac particles cannot, in principle, interact with electromagnetic fields (with
the minimal coupling) but it comes as a consequence of their internal structure and has not
been imposed ad hoc. Consequently, if Dirac particles exist they will automatically have
dark matter properties.

The distinctive property of Dirac particles is that they have only positive energy which
infers the absence of Dirac antiparticles. Thus, Dirac particles break the CPT theorem but
without violating any fundamental law. It signifies that such particles might be a new
source of observed matter-antimatter asymmetry.

Dirac particles (as well as other particles transformed by infinite-dimensional repre-
sentations of the homogeneous Lorentz group) are unusual, interesting, and potentially
important objects, which may be a clue to a new physics. Their characteristic properties are
peculiar, and to a large extent, counterintuitive. To summarise:

¢  They have spin zero (in the rest frame) but are not scalars.

e They obey covariant relativistic equations but have only positive energies, and conse-
quently do not have antiparticles.

*  Their equations are linear in the momenta but do not permit the minimal coupling to
electromagnetic fields.

Unfortunately, Dirac particle investigations are undeveloped. No usual textbooks have
mentioned their existence, no standard models incorporate them, and many important
questions remain unanswered. At the present stage of the study, it seems that Dirac
particles are sterile and can interact directly only with the gravity. Detailed examinations
of the interaction of Dirac particles with usual matter through gravitational loops and
their production during the Big Bang are essential to give them the status of established
elementary particles capable of explaining dark matter.

Such inquiries are not straightforward and require the development of new methods,
but the possibility that Dirac particles could dominate the universe clearly stresses the
importance of the topic and the necessity to investigate it seriously.
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Appendix A. Useful Relations

e The choice in [4] is equivalent to the following gamma matrices obeying (8): 7° = 8,

e G P e (R P L R
and .
P = (7 0 ) (A2)
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where o; are the usual 2 x 2 Pauli matrices

0= (05) = (P G) (b %) w

When working with quadratic operators in Q, the following two formulas are useful.

(a) For an antisymmetric matrix Gjx = —Gy; there is an operator identity

i
Q"GQ = q;Gpar = —5Tr(GB) - (A4)
(b) Let us consider the following transformation of a 4 x 4 matrix A (see, e.g., [17]):
D:A%D(A):%QAQ, Q=q"p. (A5)

If BA and BB are symmetric matrices, then the direct calculations prove that this
transformation preserves commutator relations

[D(A), D(B)] = D([A, B]) . (A6)

The spin operators, which realise the infinite-dimensional representation of the Lorentz
group, are defined in (21): S = JQXQ. Rewriting them by components gives

P = AR, = amoa),
s® = %(‘71613 +aag2), S = %(qm ~ ) 0
s® = i(q% ta - -3, ¥ = %(‘71‘72 1)

The components of vector operator I = —10°Q are
= %(q% +@ ), = %(WM —0193), (A8)
r2 = %(%%Jr%%)r F3:%(q%+q%—q§—qi)-

In the calculations, the following identities are also helpful (see, e.g., [17]):

nv

7 (v”vv — 7”7”) = e poyPn” (A9)

and ,

S (1 =) = M =gt e e (A10)
Here, ¢#'f7 is the completely antisymmetric tensor with "2 = 1.
For convenience, the commutators of spin operators S and I' are listed below:

[SCd Skr} — i(i]Cder + 77drsck _ ndkscr _ Ucrsdk) (A11)
[re, 4] = —is, (A12)
[SCd, I"b} — i(ﬂCbrd _ ”dbrc) . (A13)

These commutators are the periphrases of the corresponding relations for the usual
7y-matrices.
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e The above operators obey a number of identities (see e.g., [18]):

3 1
Sap S = —5  TaI'=g, (A14)
¢S, Sy =0, €S, T =0, (A15)
r,s% = —%rh, sr, = —%r“, (A16)
s, sbe = %(17” — 2T T° — 38¢) . (A17)

e Letusintroducea5 x 5 metric tensor 748 = diag(—1,1,1,1 — 1) with A,B =0,...4
and denote §*7 = I, Ten antisymmetric operators S and $*? with a,b = 0,...3
form a representation of the group O(3, 2) as the above commutation relations can be
rewritten in the form (cf. with Equation (18))

[SCD, SKR] — -(nCKSDR + ﬂDRSCK _ ﬂDKSCR _ ﬂCRSDK) (Alg)

where majuscule letters are from O to 4.
*  The Hermite functions used in the expansion (23) have the form (see, e.g., [28])

bu(q) = (2"n!\/E) 71/2Hn(q)efq2/ 2 (A19)

where H;(q) are the Hermite polynomials. These functions are orthogonal:

| on@en(@)da = o (a20)

and obey the following relations:

1) = 3013 o), (a2)

#@) = 20— S ).

The use of these identities permits one to rewrite any equation in auxiliary variables
q; in the form of infinite-dimensional matrices without these variables.

Appendix B. Tetrad Formalism

A tetrad (vierbein) is, by definition, a set of (usually orthogonal) vectors th (x) defined
in all space points x which transform the true symmetric metric tensor of a curved space
" (x) locally into the flat Minkowski metric tensor 7 = diag(—1,1,1,1) (see, e.g., [26])

Map = b ()t} () g (x) - (A22)

Here Latin, (resp., Greek) letters indicate flat (resp., curved) coordinates.
The curved-space gamma matrices are determined as follows:

T (x) = ta (x)7". (A23)
These 4 x 4 matrices obey the relation

FHO)T () + 7 ()7 (x) = 28" (%) (A24)
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For clarity, all quantities multiplied by tetrads will be indicated by the same letter as
in the flat space but with a tilde:

Lu(x) =t (I, ZW(x) = () (0=, §(x) = ()t (1) (A25)

At a fixed point, a (symmetric) metric tensor is determined by ten components, but
there exist sixteen tetrads. The remaining six free parameters correspond to six-parameter
local Lorentz transformations, which preserve the Minkowski metric tensor.

It is well known that to conserve a local invariance, it is necessary to change the usual
derivatives to covariant ones:

0, ¥(x) — D, ¥(x) = (9, + Cy)¥(x) (A26)

where C, is a connection whose explicit form depends on a quantity ¥(x) on which
the derivative acts. In general, if under the infinitesimal local Lorentz transformations
xt = x4 al (x)x¥ (cf. (16)) a field ¥(x) transforms in the following way ¥ (x) — ¥(x) +
()87 (x), then

Cp = Wyap 8™ (A27)
with certain coefficients w,,;;, depending on quantities considered. It is common to denote a
covariant derivative by D), but a care should be taken when its explicit expression is used

in calculations. For vector (and tensor) fields, w,;; = I';qp, and it is called the Christoffel
symbol. Different cases are indicated in Table Al.

Table Al. Covariant derivatives of different quantities.

Contravariant Lorentz vector VH — VF 4 aK(JC)V)L D, V¥ =9,VH + F’; A yA

Contravariant tetrad vector Vb — Vb ab(x)ve DVt =9, Vb + w, bVe
Usual Lorentz spinor Y = ¥+ Jag(x)Z?¥ DY = (9 + w,pX) ¥
Dirac particle Q= @+ Lay(x)S7PP Dy® = (3 + b, S P

For covariant quantities, the connections change the sign. When tensors are considered,
it is necessary to add the corresponding connections for each index. For matrices (and
operators) such transformation corresponds to the commutator with the connections.

Covariant derivatives transform in the same way as the corresponding quantities in
the flat space. In particular, they have to commute with the rising and lowering indices
with the metric tensor. Therefore,

Dugun =0,  dugun — Thugpr — T g5 =0 A28
v&8uA ’ v&uA vu&BA vASup . ( )

This relation implies that

= Low(a 9 9 rh, =T} A29
A T 58 (9v8pr + 9280w — Fp&y), vA = L (A29)
Similarly, it is convenient to require that
Dot," =0, 9t +T), 4wyt =0 (A30)
which leads to
w, b= t?( — a,,tf, + l"ﬂytﬁ) , Wyeh = —Wype - (A31)

The same answer can be obtained from

X ) i ) 1
DA'(x) =0, %3 () +TH A" () + [gv, P (0] =0, g = ;@™ . (A32)
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In the same way,

D (x) =0, 3l x) +T" P (x) + [G, [#(x)] =0, Gu= %wwhsab. (A33)

By definition, the commutator of two covariant derivatives acting at a covariant vector
is determined by the Riemann curvature tensor R, A

[Dy, DJJAp =Ry Ar,  Ryyp™ =0T, — 9,00, + 9Ty — T0,T0 . (A34)

It is known that the Riemann tensor obeys the symmetry relations (see, e.g., [26])

Rvy/\p = _Ryw\p = _RvypA = R/\pvy (A35)
and the Bianchi identity
va\p + Rypur + RW\W =0. (A36)
As Dyt," = 0 it follows that Dy, Dy t," = 0, from which one proves the validity of
the following identity:
A
aﬂwﬁb B a‘/wpatb + wﬁcwfxb - wgcw;b = _Rvyp t/\u tpb : (A37)
Using this expression, one obtains
i
[D,, D)@ = ivabS“b@. (A38)
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