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A new approach to quantization of the relativistic Majorana field is
presented. It is based on the expansion of the field into eigenfunctions of
the axial momentum — a novel observable introduced recently. Relativis-
tic invariance is used as the main guiding principle instead of canonical
formalism. The hidden structure of the quantized Majorana field in the
form of real Clifford algebra of Hermitian fermionic operators is unveiled.
All generators of the Poincaré transformations are found as solutions of
certain operator equations, without invoking the principle of correspon-
dence with classical conserved quantities. Also, operators of parity P and
time-reversal 1" are constructed.
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1. Introduction

The Majorana field is a very interesting object of theoretical studies for
several reasons. First, it is the most fundamental fermionic field. The more
popular Dirac field is, in fact, composed of two Majorana fields [1]. Further-
more, it is still not excluded by experiments that neutrinos are quanta of the
Majorana field, see, e.g., [2]. In various attempts to go ‘beyond the Standard
Model’ the Majorana neutrinos play an important role. Recently, Majorana
fermions have been widely discussed also in condensed matter physics, see,
e.g., [3, 4].

Quantized Majorana field was introduced already in the pioneering work
[1], straightaway in a remarkably modern form, after a noteworthy discussion
of pseudoclassical Majorana field in terms of bispinors with anticommut-
ing components, including the Hamiltonian formulation. As regards recent
theoretical works involving the quantized Majorana field, we would like to
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mention works on description of neutrino flavor oscillations, see, e.g., [5]
and references therein, and works on the discrete symmetries P and PC, see,
e.g., |6] and references therein.

Our paper is devoted to quantization of a classical Majorana field. Let us
stress that this classical field should not be confused with the more popular
pseudoclassical Majorana field which has anticommuting components and
is considered already in [1]. In our paper, the pseudoclassical field is not
considered. The classical Majorana field has commuting components. It can
be considered in three equivalent forms: as a four-component complex Dirac
bispinor subject to the condition of invariance under the charge conjugation;
as a complex two-component spinor which appears in the general solution
of that condition; or as a four-component real bispinor obtained by taking
the real and imaginary parts of the complex spinor, see, e.g., [7, 8. We
prefer the latter form because it is in accordance with the fact that the set
of real numbers is the proper algebraic number field for linear space of the
Majorana bispinors'.

There are several reasons for our interest in quantization of the clas-
sical Majorana field. Quantization of classical fields usually begins with
a Lagrangian, canonical momentum and Hamiltonian formulation, but in
the case of classical Majorana field, there is a problem. Our preliminary
investigation shows that the classical massive Majorana field has a nonstan-
dard, nonlocal Lagrangian, as opposed to the pseudoclassical Majorana field
for which one can use essentially the Dirac Lagrangian. Quantization of
this latter field is rather straightforward because one can use the canonical
quantization. Quantization of the classical Majorana field is less obvious,
and this fact makes it interesting. In the quantization presented below, we
do not need the classical Lagrangian at all.

The main feature of the quantum theory of the Majorana field is well-
known: it predicts a relativistic, spin-1/2 particle, without an antiparti-
cle [1]. We would like to check whether one can arrive at this theory starting
from an expansion of the classical Majorana field into eigenfunctions of the
so-called axial momentum, a novel observable which has been introduced
and discussed in our earlier papers [9, 10]. This expansion is distinguished
by the fact that both the eigenfunctions and all coefficients are real, like the
field. This is the second part of our motivation.

There is also a third reason. In the literature, the quantum Majorana
field is often obtained by quantizing the complex Dirac field first, and next
imposing the condition of invariance under the charge conjugation, see, e.g.,
Section 6.2.3 in [2]. Such a shortcut procedure, however, requires a certain

1 We prefer the convenient term ‘bispinor’ because there are four components, not to
suggest that the Majorana bispinor is composed of two spinors. A more precise term
is ‘real spinor’.
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amount of care, as pointed out in [11] and [12]. Therefore, we would like
to have a complete in itself quantization in which only the Majorana field
is considered. Such a self-contained approach seems to be missing in the
literature.

We consider only the massive Majorana field. When the field is massless,
a local gauge symmetry is present, see Section 5.2 in [7]. In consequence,
the structure of the quantum theory is very different from the massive case.
We shall not study it here in order to keep the size of the paper within
reasonable limits.

It turns out that the presented below new path to the old result offers
interesting insights. As the most important one, we would consider the
appearance of the real Clifford algebra generated by the so-called Majorana
basis of Hermitian fermionic operators. This algebra seems to be the right
mathematical structure for the quantized Majorana field. Another virtue of
our approach is that it shows how one can construct the quantum theory
essentially by maintaining the relativistic invariance. Last but not least,
we see that eigenfunctions of the axial momentum can successfully replace
eigenfunctions of the ordinary momentum (i.e., the plane waves) in mode
expansion for the Majorana field, and perhaps also for the Dirac field.

The plan of our paper is as follows. In Section 2, we briefly recall the
expansion of the classical Majorana field into eigenfunctions of the axial
momentum [10]| for convenience of the reader and in order to fix notation.
Section 3 is devoted to the quantization. The Majorana basis of operators is
introduced and generators of the Poincaré transformations are found. The
Fock space and particle interpretation are constructed in Section 4. In Sec-
tion 5 we investigate the Majorana field operator in the Fock space. Section 6
contains explicit construction of operators representing in the Fock space the
space inversion (unitary P) and the time-reversal (antiunitary 7'). Summary
and remarks are presented in Section 7. In Appendix A, we have collected
useful formulas pertinent to the Lorentz boosts and the Wigner rotations.
Appendix B contains formulas helpful in computations of commutators in
Sections 3 and 4.

We use the Minkowski metrics n = diag(1,—1, —1, —1). Throughout the
paper, summation over repeated indices is understood.

2. The classical Majorana field in the axial momentum basis

In this section, we fix the notation for the classical Majorana field and
remind the axial momentum operator with its eigenfunctions called the ax-
ial plane waves. Next, we recall the expansion of the field in the basis of
the axial plane waves presented in [10] and adjust it for the present goal.
The amplitudes b*(p) introduced in this expansion are to be replaced by
Hermitian operators in the process of quantization.
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Let us begin with the Dirac equation for the classical Majorana field ¢ (x)

" Ouip(x) —mip(x) =0, (1)
where m > 0 and all matrices y* are purely imaginary. We use the following
matrices:

0 _ 0 o2 1_,f 0 2_,( 0 o
v o9 O ) v 0 1'2 9 v o1 O )
. 0 o . 0 o
3 _ 3 _ s 0.1.2.3 0
v = Z<03 0>7 75—17777—2(_00 0)-
Here, o) are the Pauli matrices and o is the two by two unit matrix. All
four components ¥ of the Majorana field are real-valued functions on the
Minkowski spacetime M.
The space of solutions of Eq. (1) is invariant with respect to the Poincaré
transformations
(@) = S (L@ — a)) | (2)

where the four-vector a represents a translation in the Minkowski spacetime
and L a proper ortochronous Lorentz transformation. The four by four real
matrix S(L) obeys the condition

S(L)THS(L) = LK, +".
We shall consider also the discrete symmetries P and T'
wP(tv :B) = UPiVOw(ta —33) ’ wT(ta m) = 77T707577Z)(_t7 CB) ) (3)

where the numerical factors np,nr are equal to 1 or —1.
The axial momentum operator has the form of [9]

D5 =~V .
Its normalized eigenfunctions, called the axial plane waves, read
Pp(x) = (27) "2 exp(ivspe) v,

where v an arbitrary real, constant and normalized bispinor, vTv = 1, T de-
notes the matrix transposition. The matrix exp(ivyspx) is real and orthog-
onal, because v; = —v5 and ’yg = —v5. Thus,

petp(@) = pup(®), / 0z 62 (@) () = 5(p — q).

Note that exp(iyspx) = cos(px)ly + iyssin(px). A detailed discussion of
rather interesting properties of the axial momentum operator is given in [9]
and [10].
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The general solution of the Dirac equation (1) can be written as time-
dependent superposition of the axial plane waves, see Section 4 in [10],

1 d3p

¢(33>t) = (27T)3/2 E7p

(ei75(pm_Ept)U+(p) +e—i75(p$—Ept)rU7(p)> s (4)

where E, = y/p?+m? > 0, and v4(p) are real bispinors which obey the
following relations:

(Ep’vo —~ p”‘v’“) Y50+(p) = £mox(p).

Note that p denotes eigenvalues of the axial momentum, not of the standard
momentum.

Next, we express the bispinor v_(p) by v4(p) and introduce a basis
ea(p), @ =1,2,3,4, in the linear space of real bispinors v (p),

(p) = my/Ey ea(p) b*(p)

The coefficient m,/E, is introduced in order to give the functions b*(p) the

dimension cm®/? consistent with the postulated anticommutators (8) below.
We obtain
m &’p —iyspr . L ivspr, op o
V@) = o [ [ e | o)V B). (9

where p = (p*) = (Ep, p", 0%, p°)", pr = Ept—pz, and p,y* = By —piak.
Note that because 5 anticommutes with fy" the order of matrices matters,
e.g., exp(iyspx) puy* = puy* exp(—iyspx).

The basis eq(p) is obtained by applying Lorentz boosts H(p) to the
rescaled Cartesian basis at p =0

o . o

63(0):\%’ ea(p) = S(H(p))ea(0);  H(p) P=p,

where (]g): (m,0,0,0)T. The index n = 1,2,3,4 enumerates components of
the bispinor e,. Bispinors are represented by matrices with one column and
four rows. The explicit form of H(p) can be found in Appendix A. The
coefficient 1/4/m is introduced in order to ensure that the basis bispinors e,
have the same dimensionality as v, , which is cm'/2.

The choice of the basis made above implies the following Lorentz trans-
formations of the functions b:

" S(R(L,p))ap V" (17 (P)) (6)
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where the matrix R(L,p) = H~'(p) LH(I~!(p)) leaves (]%) invariant. There-

fore, it represents a rotation, known as the Wigner rotation. The matrix

S(R(L,p)) is real and orthogonal, see Appendix A. The argument [~!(p) of

b? on the r.h.s. of formula (6) is the spatial part of the four-vector L™ !p: the

i*® component of the three-vector [=1(p) is equal to (L1} p* + (L71)} E,.
In the case of translations, ¢'(x) = ¥ (z — a). In consequence,

b (p)ea(p) = b2 (p) exp(ivspa) es(p)

and )
b(p) = exp(irspa)asd’ (p) (7)
because
exp(iyspa) eg(p) = exp(iv5pa)ag €a(Pp) -

The matrix exp(iyspa) in (7) is real and orthogonal.

Real-valued functions b*(p) parameterize the space of real solutions of
the Dirac equation (1) for the classical Majorana field. They are not re-
stricted by any constraints.

3. Quantization: the algebraic part

Here, we consider algebraic aspects of the would-be quantum operators.
The actual realization of them as Hermitian operators is possible only when
we introduce a Hilbert space, e.g., the Fock space defined in the next section.
For convenience, we shall use the term ‘operator’ already in the present
section. .

The quantized Majorana field (x) is obtained by replacing the real-
valued functions b®(p) with Hermitian operator valued functions b*(p)?,
which obey the anticommutation constraints®

5(p), (@)], = rap(p) 15— q).

where k,g(p) are real-valued, dimensionless functions of p, ka3(P) = Kga(P),
and [ is the identity operator. We demand that these constraints are invari-
ant with respect to the Lorentz and translation transformations (6) and (7).
Simple calculations show that in this case, kog(P) = Ko 6o, Where kg is a
real, dimensionless, positive constant. Rescaling the operators Ba, we may
put k9 = 1. Thus,

(p), ¥(9)], = das 13(p — ). (®)

Such a set of Hermitian fermionic operators is known in condensed matter
physics as the Majorana basis of operators.

2 In fact, they turn out to be operator-valued generalized functions of p.
3 We anticipate the fermionic character of the field.
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The crucial point to be addressed is the relativistic invariance of the
quantum theory. In such a theory, transformations (6) and (7) should be
implemented by unitary operators U (A, a), where A € SL(2,C). SL(2,C) is
the universal covering group of the proper ortochronous Lorentz group. The
two groups are isomorphic in a vicinity of the unit element. Thus, A can
be regarded as a function of the Lorentz transformation L. For a detailed
discussion of the relation between these two groups see, e.g., [14]. Our task is
to find the operators U (4, a). To this end, it suffices to consider infinitesimal
transformations, i.e., from a small vicinity of the unit element. Then

PO ~
U(A(L),a) 21 +ia"P, + §w’“’M#u,

where a# parameterize translations in the spacetime and w,, = —w,, pa-

rameterize the proper orthochronous Lorentz group around Iy, namely L =

expw, where w = (w")). Since M, = —M,,, there are six independent

generators of Lorentz transformations.
The Hermitian operators

_; oU (09, a) 7 i . OU(A(L),a =0)

=i Q
da* a=0 ul/ Owhv w=0

P -

are identified with, respectively, the total four-momentum and the total
angular momentum of the field — the most important observables for the
quantized field. The matrix oy appears because it is the unit element in
the SL(2,C) group. In the second formula (9) the matrix A is regarded
as a function of the Lorentz matrix L. The operators Jf’ﬂ, MW are called
the generators of the representation because they essentially determine the
representation U(A(L),a) [13].

In the case of translations, the postulated quantum version of condi-
tion (7) reads

U~V (00, a) b*(p) U(og, a) = exp(i’y5pa)a5i7’8(p) :

Differentiating both sides of this formula with respect to a* and putting
a = 0, we obtain the condition for P,

(B ®)] = —pu(15)as V(P (10)

where pg = E, = \/p? +m?. As shown in Appendix B, there is a general
formula for operators satisfying such conditions. Condition (10) has the form

of formula (B.1) with 15“ and 745(P, q) = ipu(75)apd(P — @) in the place of
X and zas(P, q), respectively. Formula (B.2) gives the following Hermitian
operators:
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1 . .
Pu=3 /d3ppp, b*(p) (v5)ap VP (p) + d,. I, (11)

where d,, are arbitrary real constants. These operators commute with each
other o
B B] =0
as expected for the generators of translations. This can be checked with the
help of formulas (B.3), (B.4).
Similar, but more tedious calculations give the generators MW. In order
to obtain conditions for MW analogous to (10), we postulate the quantum

version of the Lorentz transformation (6)
E,
Ep

U~ (A(L),0) b%(p) U(A(L),0) = 2 S(R(L,p))as b7 (171 (0)) - (12)
We differentiate both sides of formula (12) with respect to wj;, and next
we put w = 0. This gives the following condition for M ik
0 r O

o) = § [P0 i (0 - ) ). (9

Calculations giving the r.h.s. are explained in Appendix A. Formula (13) has
the form as in (B.1) with

: 17 . 9
Jk — 2 |~d A —q) — —pF —
Map(P: ) = [v Y Lﬁ 5(p—q) <p] opr P apj> dap 6(P — q)

in place of zo5(p, q). Formula (B.2) gives

My = ¢ [Epinw) [, Vo)

; . .0 o N
vy [@0iw) (v o~ s ) G

where djp = —dj; are arbitrary real constants.

Similarly, differentiation of formula (12) with respect to wor at w = 0
gives the condition (see Appendix A for details of the calculation of the
r.h.s.)

[Moja b (p)} = :

( 055 — °0rj) (7 )aﬁ 6’8(17)

E,
/ (( P op Eq%)5<p—q>)6“<q>,<15>

Ns

l\.')\s
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which is satisfied by

. i 1 7 b
Moj = o / d’p (p"65j — 1°615) b (D) (777*) s 0 (D)

E,+m
1 [ @b @) (B~ By ) 0 — @)+ dosl . (10
4 Popi - T10qi I
where the real constants do; are arbitrary.

The generators should obey certain commutator relations which follow
directly from the properties of the Poincaré group, see, e.g., [13]. In the
parameterization of the Poincaré group introduced above formula (9), they
have the form of

[ﬁu,ﬁy] -0, (17)
[MPM PM] =1 (TMPPA - WAPP) ) (18)

[Maﬁa Mw/] =1 (WauMﬁu — Tow Mgy — 13 Mow + nBVMau> . (19)

where 7, are components of the Minkowski metric tensor.
Our operators (11), (14), and (16) do not obey the commutation rela-
tions (18), (19) unless the constants d,, d,,, vanish. To show this, we use

formulas (B.3), (B.4) from Appendix B for the terms with the b* operators.
It turns out that already these terms alone satisfy commutators (18), (19).
The terms with the identity operator of course give vanishing contributions
to the Lh.s. of commutators (18) and (19), but they explicitly appear on the
r.h.s’s. In this way, we obtain from (18), (19) the following conditions:

0 = Nupdy — Muvdy 0 = Napdsy — Navdpu + Ngyvday — Nppda

which imply that dy = 0 and d,, = 0. Nevertheless, we shall keep these
constants nonvanishing. The reason is that we prefer the normal ordered
generators in the Fock space, discussed in the next section, because their
eigenvalues are consistent with the particle interpretation. Indeed, the nor-
mal ordered generators are regarded as physical observables for the quantized
field, in particular as its total four-momentum and total angular momentum.
The normal ordering can be interpreted as a special choice of the constants
dy, d;w4- Thus, because we insist on having the particle interpretation,
the relativistic invariance of the model critically depends on whether the
normal ordered generators, and not the ones above, obey the commutator
relations (17), (18), and (19).

4 In this case, the constants are given by integrals over p which are divergent unless
there is a cutoff.
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Note that the Poincaré generators contain the imaginary unit ¢ as an
overall coefficient. Therefore, the operator U(L(A),a) contains products of
the operators Ba(p) with only real coefficients. Thus, the algebraic struc-
ture described above is a real, infinite-dimensional Clifford algebra with the
operators b®(p) as its Hermitian generating elements.

4. The complex Fock space and particle interpretation

First, let us introduce two annihilation and two creation operators a(p),
&;\L(p), where A = 1,2

~

ax(p) = cxad®(p),  al(P) = ciab* (), (20)

where ¢y, are constants, * denotes the complex conjugation, o = 1,2, 3,4.
By assumption, these operators have the following anticommutators:

al(p), a0(@)], = ddp-a) 1. (21)

ap) al@] =0, [ap). ddla), =0. (22)

Inserting formulas (20) and using anticommutators (8), we obtain from of
(21), (22) constraints for the constants ¢y, namely

CraCoa =0, Craloa = Oro - (23)

These constraints do not have a unique solution because their L.h.s.’s are
invariant with respect to arbitrary transformations of the form of ¢, =
cx303q, where Og, form a real, orthogonal, four by four matrix.

With the Fock space and particle interpretation as the goal, we would like
to obtain the four-momentum operator in the form typical for the quantum
theory of free fields. In our case, it reads

Py = /d?’ppua;(pmp), (24)

where pg = /p?+m2, X = 1,2, and : : denotes the normal ordering
of products of the operators &,\,&T/\. We start from formula (11) for the
operator P/m in which we substitute

b%(P) = Gar(P) + cralt}(p) - (25)
This formula is inverse to (20). The constants cyq, ¢}, obey conditions (23).
In the resulting expression for P#, there are unwanted terms with the prod-

ucts axa, and &ir\ &i-. These terms vanish when the constants c), obey the
following conditions:

Cra (75)115 Cop=0. (26)
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If we add yet another condition, namely,

CAa(’Y&S)aBC;B = Oxo 5 (27)

the four-momentum operator acquires the form

- 1
Pu= [ (l®)is®) - oxp)alp) + 1.
In the last step, we apply the normal ordering and drop the term d,I. On a
heuristic level, one can say that the term generated by the normal ordering,
which is proportional to I, is canceled by the term d,I with appropriately
chosen constant d,. The final form of the four-momentum operator is given
by formula (24).

At this point, it is clear that we may use the standard Fock space as the
complex Hilbert space for the quantized Majorana field. In particular, the
Fock vacuum state |0) is defined by the conditions

a1(p)|0) =0,  a(p)[0) = 0. (28)

The Fock basis of quantum states of the field is created by the operators
&; (p) acting on the vacuum state. Such states are eigenvectors of the :]5“:
operators. Note that the Fock space is linear over the set of complex num-
bers C, while the classical Majorana field is real-valued.

We see that the energy operator :Fy: is non-negative. Let us recall that
when quantizing the Dirac field at a certain stage, one has to redefine the
vacuum state: an empty vacuum defined by conditions analogous to (28)
is abandoned in favor of the state known as the Dirac sea, otherwise, the
energy operator is not bounded from below. In the Majorana case, such
redefinition is not needed. In this sense, the Dirac sea is absent here.

Condition (27) is satisfied if ¢, are components of two orthonormal
eigenspinors of the matrix 5 corresponding to eigenvalue +1. Thus,

(’75)04,6’0;5 = C;a

(0 = 1,2 enumerates the eigenvectors). Since 75 is imaginary, ¢, give other
two eigenspinors which correspond to the eigenvalue —1. Condition (26)
is then reduced to cyg ¢yo = 0, which coincides with the first condition
in (23). Also, the second condition in (23) is satisfied if the eigenspinors
are orthonormal. The eigenvalues of 5 are double degenerate, hence the
orthonormal eigenspinors are not fixed uniquely. We take

0

1
oy 0 N
(Cla)_\ﬁ 1 ) (C2a)_\/§ 0
0 1
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The resulting relation between the operators b and a, d; can be summa-
rized in the matrix form

() i 0 —i 0 @Ep;
b*p) | _ 1 ] 0 i 0 —i az(p
Bo) |~ 1 0 1 il (p) (29)
b (p) 01 0 1 al(p)

The matrix on the r.h.s. of formula (29) (with the factor 1/v/2 included) is
unitary.

The three generators of spatial rotations, : Mlg 5 M23A2, and : Mgl :
are obtained from formula (14). We use formula (29) for b“(p), next we
apply the normal ordering, and remove by hand the terms proportional to
the identity operator I. It turns out that the spin part comes out in a
nonstandard form, namely M12 D 01,M23 D 02,M31 D o3. Therefore, we
apply additional unitary transformation

(o )=2(am ) 0

1 1 —i
-1 1)
This transformation cyclically permutes the Pauli matrices®
Q'o1Q =03, Qlo2Q =01, Qlo3Q =02

Anticommutators of the operators dy(p), ci)]t (p) have the form of (21), (22)
of course,

with the matrix @

), di@)] | = Srdp—a) 1.
), di@] =0, [d@) dola)] =0.
+ +
Definition (28) of the vacuum state can be equivalently written as
CZ,\(P)W =0.

Transformations (29) and (30) together give the following unitary transfor-
mation:

b'(p) i1 i1 L (p)
{)2(p) _ 1 : —1 - -1 dAQ(p) (31)
) | 2|1 - 1 i | dlp
bt (p) 1 ) 1 —3 d2T (p)

® It follows that Q® commutes with the Pauli matrices. Indeed, Q* = exp(im/4)o0
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Transformation (30) applied in the four-momentum operator gives
B = [@ondle)ine).

The final result for the generators Mik reads

t Mg = €igg /dgp d) (p) <_;(Uj))\n + 10, Ejmnpmain> dy(p).  (32)
Here, (o), denotes matrix elements of the Pauli matrices and ¢;;; is the
totally antisymmetric symbol, €123 = +1. We notice the spin part with the
Pauli matrices and the angular momentum part with the derivatives 9/9p™.

The generators of boosts : Moy, : are obtained from formula (16) in a
similar manner

N A €11 1! ) 0 k A
i [@dfte) (520 s =i (B + 4 ) ) o).
(33)
The normal ordered generators satisfy commutator relations (17), (18),
and (19). This can be checked with the help of formula (B.5) from Ap-
pendix B. We conclude that the constructed quantum model in the Fock
space is relativistically invariant. .
The index A = 1,2 can be related to the eigenvalues of the operator 3,
which is the 3" component of the spin operator

=g / &p &} (p)(0:) ndy ()

in the single-particle subspace of the Fock space. Such a subspace is spanned
on the basis states

IpA) = d](p)|0),

which are eigenstates of :PH: and 23
PrpX) =p'lpA), ) =3lpl),  Sp2)=-3lp2),

where p = \/p? + m2.
The general single-particle state has the form of [¢) = [d®p ¥x(p) |PA).
Such states form a subspace of the Fock space which is invariant under the

Poincaré transformations generated by the operators : P,:, : M, :, and
:Mok ;. In fact, we have obtained the unitary irreducible representation of
the Poincaré group in the single-particle subspace of the Fock space. It is
characterised by spin-1/2, the time-like four momentum p,p* = m? > 0,
and the positive energy £, > 0.
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5. The field operator in the Fock space

The quantum field operator in the Fock space is obtained from for-
mula (5) by replacing the classical variables b®(p) with the operators b*(p)

m d3p

. » 1 . .
b(z,t) = @n?? | JE, [6 75m+me”5’“pm“75} ea(p) b%(p), (34)

where b%(p) are to be eliminated with the help of relation (31).

This form of the field operator can be significantly modified. First, using
the definition of the basis e4(p) and formula S(H(p)) 'p,y*S(H(p)) =
mAY, we may rewrite it as

~ m d3p

Y(x,t) = (27) 3/2 \/7
+e*Wﬁ<Pw*Ept>w%5} ea(0) b*(p).

(p) {ei%(m—Ept)

Next, we substitute exp(+iyspzr) = cos(px)ly £ iy5 sin(pz) and notice that

0 —1 0 0
. . . 0 0 1 0 0 0

the matrices ivs5, 9", and v v = 0 0 0 1 merely permute
0 0 -1 0

the basis bispinors e, (0) and, in some cases, change their sign. The sin and
cos functions are expressed by exp(+ipa) functions. Finally, we introduce
the creation and annihilation operators using formula (31). After all these
steps, we obtain the field operator in a more transparent form

e~ # ux(p) dx(p) + ™ v3(p) d)(p)| . (35)

qﬁ(w,t) = \/Ffl/(;j_% {

where v1(p) = S(H(p))vi, va(p) = S(H(p))v2, and
0 1
1| i 1| o
el 2T o
0 i

The constant bispinors vy, v} are normalized eigenvectors of the matrix +°
oy = vy, Yov} = —vi. (36)
The definition of the boosted bispinors vy (p), v2(p) implies that

(m’y + pZ'YO'YZ) A(p) = Ey uA(p), mva(p) =0x
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where vy (p) = vl(p)’yo. The first equation shows that they are eigenvec-

tors of the Hermitian matrix m~? + pi4%4¢ (which coincides with the Dirac
Hamiltonian), while the second one gives the normalization of the boosted
bispinors. For the boosted complex conjugate bispinors, v (p) = S(H (p))v}
and v3(p) = S(H(p))v;, we have

*

(17" +p"°7) vi(=p) = ~Bpvi(-p),  vi(P)v;(P) = —dxs -

The quantized Majorana field obeys the Dirac equation. First, using
formulas (35) and (36), we write

- dPpym
miy(x,t) = S(
V@t = | erE,
Next, we apply on the r.h.s. the formula S(H (p))m~°S(H(p))~! = Pyt
d*p /m [eﬂp

V(2m)3Ep

e Py S(H (p))v3 d) (p)] = i7" 0,i(x).

H(p))[e™7 m %oy d(p)— e mr 03 d](p)] -

mij (e, 1) = * puy"S(H(p))vx da(p)

The field 1&(33, t) obeys also the following equation:

B (x,t) = i [:PO;, nes t)} . (37)

It has the form of the evolution equation for quantum operators in the
Heisenberg picture. For this reason, we may consider :%: as the Hamiltonian
of the quantized Majorana field, and the time-dependent field ¥ (x,t) as the
field operator in the Heisenberg picture. It is an important conceptual step.
The point is that the presented above quantization is not based on canonical
formalism, in particular, we have not considered any classical Hamiltonian.
The operator :Py: has been introduced in Section 4 as the generator of time
translations in the context of representations of the Poincaré group, not as
a quantum version of certain classical Hamiltonian.

The field operator (35) is local in the sense proper for fermionic fields:
bilinear local operators of the form zﬂo‘(:c)AagﬁfB (x), @/A;a(y)Baﬁqﬁﬁ(y), where
Aup, Bap are complex numbers, commute if (z — y)?2 < 0. The commutator
of such operators is proportional to the anticommutator [¢*(z), ¥°(y)]+
which can be calculated easily

R I (o E GRS

where A(x — y) is the Jordan—Pauli function, A(x —y) = 0 if (x — y)? < 0.
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Let us close this section with a remark on the well-known current den-
sity j#(z) = ¥ (z)y*(z), where v is the classical Majorana field, ¥(z) =
w(x)TfyO. Its existence poses a puzzle. Because the current is conserved,
Ouj" = 0 if ¢ is a solution of the Dirac equation (1), there exists the con-
served charge Q = [ d3x j°(x,t). Usually, such a conserved charge is associ-
ated with a U(1) symmetry, or rather SO(2) because the field is real — we
invoke here the inverse Noether’s theorem. However, in the Majorana case,
it is hard to point out such a symmetry. Analyzing this problem, the first
question is about the existence of Lagrangian for the classical real-valued
Majorana field, because a Lagrangian is needed in the Noether theorem.
Rather surprisingly, it turns out that the answer is not quite trivial. Since
this topic clearly lies far outside the scope of the present paper, we will not
pursue it here. (We plan a separate manuscript devoted to it.) Instead, let
us consider the quantum counterpart of the current density j#(x). In order
to write it, one has to regularize the product of field operators preserving
the Hermiticity of the current. We choose the point-splitting regularization,

@) = 5 (@™ + ) + b +0™0())

where the four-vector € is constant and non-vanishing. Since all matrices
~04#* are symmetric,

N 1
o _ -
.]6 (:E) 2
= 1Tr A imIy — Y 0 70 ) A(=€) =0
2 oxV ‘
The last equality follows from Tr v* = 0 and 0A(—¢)/02z” = 0. This result

for the regularized current suggests that the current and the related charge
may not exist in the quantum theory of the Majorana field.

(1°9") g |47 @), 07 + )]

6. The discrete symmetries P and T

6.1. The space inversion P

As mentioned in Section 2, the space of solutions of the Dirac equation (1)
is invariant with respect to the transformation

TZJP(% t) = UPiVO?/)(—fBa t) ) (39)

which represents the space inversion P : & — —x. The coefficient np is real.
Note that (¢p)p(x,t) = —n% ¢(x,t). Since P? = I, we expect that (¢yp)p
is physically equivalent to . This is the case when 77123 = 1%, Inserting

5 Tt is a well-known fact that the overall sign of fermionic fields is physically irrelevant.
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formula (5) for the Majorana field in (39) and using the definition of the
basis bispinors e, (p), we obtain the corresponding transformation of the
functions b*(p)

b3(p) = npi(75)apb’ (—p) . (40)

The space inversion can be implemented in the quantum theory by con-
structing a unitary operator P in the Fock space such that

P (p)P~" = npi(15)ash’ (). (41)

Formula (41) and transformation (31) give
Pd\(p)P' =npidi(-p), Pd{(p)P' =-npid{(-p). (42)

The second formula in (42) determines the linear operator P provided
that we know how it acts on the vacuum state. We assume that the vacuum
state is invariant”

PJ0) = |0). (43)

This assumption is consistent with the first formula in (42). (It would be
inconsistent if, for example, on the r.h.s. of that formula there was the
operator cii) The basis in the n-particle sector of the Fock space is formed
by vectors

1 - R R
[P1AL, PoA2, - PR AR) = ?dil(m)dL (P2).---d{ (p,)]0). (44)
It is clear that
P |p1)‘17 p2)‘2a .. pn)‘n> = (777P/L)n | - p1>‘17 7p2)\27 T pn)‘n> . (45)

Note that the |(—npi)"| = 1, therefore, transformation (45) does not change
the norm of the basis vectors. Formulas (43) and (45) are taken for the
definition of the operator P in the Fock space. In order to calculate its
action on an arbitrary state, it is sufficient to expand that state in the (44)
basis. Formulas (42), as well as the unitarity of P, now reappear as easy to
prove theorems. .

The four-momentum operator : P, : has the standard four-vector trans-
formation law with respect to the space inversion, namely,

P .po pl = :150:, PP pl=_ P,

7 Discussion of this point within the general framework of the relativistic quantum
theory of fields can be found in Section 3.4 of Ref. [14].
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Transformation law of the field operator ¢) mimics formula (39) for the
classical field

Pip(x, t) P! = npir (-, 1) .

To see this, compute Pi(x,t)P~! using formulas (35) and (42). Next,
recover the matrix 4° with the help of Eqgs. (36), and move it to the left using
formula S(H (p))y° = v°S(H(—p)). In the last step, change the integration
variable from p to —p.

6.2. The time reversal T

Time reversal T acts on the classical field as follows:

Yr(z,t) = nry s (, —t). (46)

It is a symmetry of the Dirac equation (1) in the sense that if ¢ (x,t) is a
solution of it, so is Y¥r(x,t). The coefficient nr is real. Similarly as in the
case of space inversion, n% = 1 and (¢r)r(x,t) = —tpr(z,t). Calculations
analogous the ones leading to formula (40) give
0
b3(p) = 11 (1°75) 45 0" (=)

In order to implement this transformation in the Fock space, we seek a
unitary, or antiunitary, operator T' such that

~

T (p)T" = nri (1°75) .50 (—) (47)
Moreover, it should leave the vacuum state unchanged
T10) = 10). (48)

It turns out that the unitary option has to be abandoned, as expected on
the basis of general experience with other models. To see this, let us assume
that 7" is unitary, hence linear. Operators b®(p) in (47) are expressed by
d*(p) according to formula (31). Simple algebraic calculations show that

Td(p)T ' = —nridi(-p), Tda(p)T ' =nrid(-p).

Here, the linearity of the operator T has been used in order to move this
operator close to dy(p), to the position as on the Lh.s.’s of the formulas right
above. We see that condition (48) is not consistent with these formulas, e.g.,

T di(p)T~|0) = 0, while dj (—p)[0) = | —p2) #0.
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On the other hand, antiunitary T is antilinear, hence, when moving this
operator close to dy(p), one has to complex conjugate coefficients encoun-
tered on the way. In this case, we obtain

Tdi(p)T~" =nridy(—p), T dy(p)T" = —nridi(-p). (49)

These formulas are consistent with (48) and we may proceed with the defi-
nition of the operator T as in the case of space inversion P.

Now, equipped with the definition of the operator 1T', we return to for-
mulas (49) which change their status: from a conjecture to an easy to prove
theorem. We can derive also the transformation law of the field operator 1[1
It resembles formula (46) for the classical field

Tojp(x, )T~ = 9yt (, —t) . (50)

The field operator is given by formula (35). When computing the Lh.s.
in (50), one has to remember about the complex conjugation due to the an-
tiunitarity of T. The matrix 7995 is recovered with the help of the following
formulas:

-0 * -0 * * - 0 * -0
V1 = 1Y Y5V, V2 = =19 Y5V, Up = TV 52, Vg = vy Y501 -

7. Summary and remarks

We have shown how to quantize the classical Majorana field starting
from its expansion into the eigenfunctions of the axial momentum. The
model has the particle interpretation with a single spin-1/2 fermion. There
is no antiparticle, as expected in the case of Majorana field. The constructed
quantum model essentially coincides with the results of other approaches to
quantization of the field, which is the desired outcome. Also, the discrete
symmetries: unitary P and antiunitary 7, have been implemented in the
model (the charge conjugation is trivial, C = I). It is clear that the same
eigenfunction expansion can be used also in the quantum theory of the Dirac
field.

As for differences with other approaches to quantization of the Majorana
field: (a) Our approach is self-contained — we do not refer to the quantized
Dirac field. (b) The mode expansion (5) is novel. (¢) On a more technical
level, we have made the specific choice of the basis bispinors ey (p), as de-
scribed in above formula (6). Due to it, the coefficient functions b%(p) in
formula (5) have clear relativistic transformation laws (6), (7). The concrete
form of basis bispinors vy in formula (35) is a consequence of that choice.
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The presented quantization is not based on canonical formalism. In-
stead, we have used as the guiding principle the relativistic invariance. In
particular, the operator : Py: has been introduced as a generator of time
translations, without reference to a correspondence with a classical Hamil-
tonian. Noteworthy is also the fact that there is no need to consider the
Dirac sea when searching for the vacuum state.

The fact that the expansion (5) has led to the expected quantum model
confirms that the axial momentum is a useful quantum mechanical observ-
able, in spite of its apparent peculiarities discussed in [9, 10].

On a more general ground, we think that probably the most interesting
aspect of our work is the appearance of the Majorana basis of operators,
b*(p), in the context of quantized relativistic fields. These operators were

replaced by the annihilation and creation operators ay(p), &T\(p) in Section 4
with the goal of obtaining the standard Fock space and the particle inter-
pretation. That construction provides a particular complex representation
of the Majorana basis of operators. A very interesting question arises about
the existence and features of other representations.

Appendix A

The Lorentz boosts and the Wigner rotations

Calculations in Sections 3 and 5 require detailed knowledge of the Lorentz
boosts and of the Wigner rotations. For convenience of the reader, we have
collected relevant formulas in this appendix. Most of them are well-known,
perhaps except formula (A.2) which is found in the monograph [14].

The proper orthochronous Lorentz matrices in a vicinity of the unit ma-
trix Iy can be written in the exponential form, L = exp(w), where w is
four by four real matrix. Its elements w", obey the condition Wy = —Wyy,
where w,, = 1usWwW",, Nux are components of the Minkowski metric. With
this parametrization, S(L) = exp(wy.[v*,7"]/8). In the Majorana represen-
tation, the matrices y* are purely imaginary, S(L) are real, and S(L)Ty" =
v°S(L)~!. As the independent parameters on the Lorentz group, we take
w2, w3 w!? and W with i = 1,2, 3.

Let us stress that we rise or lower indices using the Minkowski metric,
for example, woi = —wY%. Moreover, the §;; denotes the Kronecker symbol
(not tensor), which always takes values 0 or +1. In this notation, the trivial
Lorentz transformation L = I; has matrix elements denoted as (I4)",,, where
(11)% =1, (I1)*}, = dix, (I1)'q =0, (I4)°, = 0. All this may sound trivial,
but the reality is that in the calculations reported below, it is very easy to
make a sign mistake related to the level of indices.
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The matrix elements H", (p) of the boost H(p) have the following form:

B ‘ P - Py’
HO — p 0, — 1 — v = Q0;i+— .
o(P) ) H%(p) = H'o(p) ’ H ](p) 5w+m(m—|—Ep)

m m

(A1)

The matrix H(p) is symmetric. It turns out that (H(p))~! = H(—p). In
the case of this boost,

S(H(p)) = nu(p)y"~", (A.2)
where

E i
mt By P (A.3)

no(p) = \/W7 ni(p) = m7

see Exercise 2.4.9 in [14]. Note that p; = —p’, p = (p').
In Section 3, we use infinitesimal form of the Wigner rotations

R(L,p)=H '(p) LH (I""(p)) .

In the case of rotations, the Lorentz matrix has the block diagonal form

1 ‘ 0 0 O
0
In=1 ¢ R
0
It turns out that
R(Lr,p) = Lr .
In the linear approximation around 4, which is sufficient for our purposes,

Lr & Ij + w, where w = (w")) with % =w’; =0, and

S(Lr) 2 I+ YW |y 4k ] /4, 1T () 2wt
i<k

These formulas are used on the r.h.s. of formula (12) in the derivation of
condition (13).
In the case of infinitesimal boosts, L =2 14 4+ L, where

0 0 0
0w’y wy wiy

1
SL = W
w? 0
0
3
Wo
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Furthermore, [~1(p)! & p' — w'(E,, and R(L,p) = I; + §R, where

12

. 1 . .
(5730“ =0, IR, =0, IR, FoR <w’0pk - wkop’> )
P

The first term on the r.h.s. of formula (15) comes from

1 .
S(R(L,p)) = L + 50Ra: |7,7"]

and the second term from \/Ep-1,/E, b*(1"!(p)).

Appendix B

The commutator equations

Formulas (B.2)—(B.5) shown below facilitate calculations in Sections 3
and 4. We seek a Hermitian operator X which obeys the condition

X0 0)] =i [Parapa Vi), (B.1)
where the real-valued functions z,4 are antisymmetric in the following sense:
':Uoc,@(pa q) = _xﬂa(qap) .

Condition (B.1) is satisfied by the Hermitian operator

. 3 . .
X = - [@pdq b p)ran(p. @) Via) + ol (B2)

where ¢ is an arbitrary real constant. This can be checked with the help of
anticommutators (8) and the formula [AB,C] = A [B,C]+ — [4,C]+ B.
Let

V=) [ luas(p. ) Via) + ol
where dj is an arbitrary real constant, and the real-valued functions y,g(p, q)

are antisymmetric in the above sense. The commutator of the Hermitian
operators X and Y is given by the formula

o 1 - .
K] =5 [Epda b @0 (@), (B.3)
where

was (P, @) = / 05 (20 (D $)3(5: @) — Yon(P. )Tpp(5.0) - (BA)
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Thus, the ‘matrix’ w for the commutator is given by the commutator of the
‘matrices’ x and y.

Commutators of the Poincaré generators discussed in Section 4 can be
checked with the help of formula (B.5) below. We consider operators W
and Z

W= / Ppdiq df (p)wi(p,q)di(q), 7= / Ppd3q d] (p)zin(p, @)di(q),

where i,k = 1,2 and wy, z;; are (generalized) functions of p,q. Their
commutator has the following form:

.2) = [ @ d] pira(p.a)di(a). (B.5)
where

rik(p,q) = /d3s (wij(p, 8)zjk(s,q) — zi;(p, s)wjk(s,q)) .
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