Eur. Phys.J. Plus (2021 136:984 THE EUROPEAN
https://doi.org/10.1140/epjp/s13360-021-01982-2 PHYSICAL JOURNAL PLUS

Regular Article

Check for
updates

Pseudoclassical description of relativistic particles
interacting with electromagnetic fields and weakly
interacting with matter fields

D. M. Gitman-22@®), D. A. Ivanov'?, A. F. de Souza’

1 Department of Physics, Tomsk State University, Tomsk, Russia 634050
2 P.N. Lebedev Physical Institute, 53 Leninskiy Prospect, Moscow, Russia 119991
3 Institute of Physics, University of Sao Paulo, Rua do Matdo, 1371, Sao Paulo, SP 05508-090, Brazil

Received: 26 April 2021 / Accepted: 21 September 2021
© The Author(s), under exclusive licence to Societa Italiana di Fisica and Springer-Verlag GmbH Germany,
part of Springer Nature 2021

Abstract Starting from an equation for causal propagator describing Dirac particles inter-
acting with electromagnetic fields and weakly interacting with matter fields, we derive a path
integral representation for the propagator. An effective gauge invariant action, which appears
in the representation, is interpreted as a pseudoclassical action for the Dirac particles. Quan-
tization of the action is nontrivial due to its gauge invariant nature as well as due to ordering
problems that arise in course of a realization of commutation relations in a Hilbert space.
The Dirac equation in the background under consideration appears as a quantum equation
of motion in the constructed quantum mechanics, justifying, thus, the interpretation of the
action. The path-integral representation allows one to calculate effectively the propagator
and with its help emerging quantum currents. Studying these currents one may detect effects
similar to the chiral magnetic effect. Pseudoclassical equations of motion in the nonrelativis-
tic limit generalize nontrivially the Pauli quantum mechanics with external electromagnetic
field.

1 Introduction

Construction of classical and pseudoclassical (models with Grassmann variables that describe
spinning degrees of freedom) models of relativistic particles as well as their quantization (the
first quantization) attracts attention already for a long time due to various reasons. First, the
interest in such models was initiated by the close relationship with problems in string theory
and gravity, but now it is clear that it is an important problem itself whether there exist
classical model for any relativistic particle whose quantization reproduces, in a sense, the
corresponding field theory, or one particle sector in the corresponding quantum field theory.
One of the basic, in the above-mentioned set of models, is the pseudoclassical model of a
Fermi particle with spin 1/2, proposed first in the works [1-3], investigated and quantized
in many works, see for example [4—16]. A generalization of the pseudoclassical action of
a spinning particle with an anomalous magnetic momentum was given in Refs. [17,18].
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A noncommutative version of Berezin—Marinov action is constructed in Ref. [19]. In Refs.
[20,21], a pseudoclassical model whose quantization reproduces the quantum theory of Weyl
particles was proposed. Here, a pseudoclassical model of relativistic spin-one particle, both
massive and massless with an action, with a Chern—Simons term was considered as well.
Quantum mechanics constructed for the massive case proves to be equivalent to the Proca
theory and for massless case to the Maxwell theory. Pseudoclassical model for a massive Dirac
particle in 2+ 1 dimensions was constructed in Ref. [22] and then extended for arbitrary even-
and odd-dimensional cases in Refs. [23—28]. Pseudoclassical actions of spinning particles in
a non-Abelian background and in a torsion field are proposed in Refs. [29,30], respectively.

At the first glance, the construction of pseudoclassical actions and the corresponding pseu-
doclassical mechanics of relativistic particles has no direct physical applications, due to the
difficulties of physical interpretations of the related pseudoclassical trajectories in spaces
of Grassmannian variables. However, such physical quantities as propagators of relativistic
particles can be represented in the form of functional integrals with kernels including such
actions, see e.g., Refs. [12,27]. The path integral representations often serve as an efficient
method for calculating such propagators, see e.g., [31-33]. Moreover, path integral represen-
tations of propagators underlie the so-called worldline technique in sting theory and QFT,
see e.g., [34,35] and references there.

In this respect, one should mention that there exist works [36,37] in which models of
relativistic particles with only Bosonic variables are constructed and a quantization of which
also leads to quantum mechanics of particles with spin. On the one hand, the Bose nature of
trajectories in such models makes the use of these trajectories for describing physical effects
clearer, but on the other hand, the structure of such models, as a rule, is technically more
complicated than the structure of pseudoclassical models, and the construction of functional
integrals with the corresponding to the model actions is still an open task. Nevertheless,
relatively recently [38], it was shown that Bose trajectories of a classical model describing
massless charged chiral fermions in an external magnetic field can alternatively be used to
calculate the chiral magnetic effect.!

All this once again emphasizes the importance of studying classical and pseudoclassical
models of chiral particles interacting with various external background fields.

In Refs. [41,42], on the basis of the standard model, an effective relativistic-wave equation
describing Dirac particles interacting with electromagnetic and matter fields was considered.
The equation reads:

{[i9y = g Ay y" —m — yu [VE ) Pr + V[ () PL]} ¥ (x) =0, (1

where g and m are particle charge and mass, respectively, A, (x) are potentials of an external
electromagnetic field, Vﬁ r are effective potentials of the electroweak interaction with a
background matter (of left and right electrons respectively), Pr g = (1 F y)/2 are the
chiral projectors, y*, u = 0, 1,2, 3, y5 = iy0y1y2y3, are Dirac gamma-matrices,2 and
¥ (x) are four-component Dirac bispinor. By analogy with the behavior of chiral particles in
external electromagnetic fields, one can hope for an appearance of anomalous currents due
to the interaction with some specific structures of the matter. Technically, the study of such
currents may be carried out by analogy either with the Vilenkin method [40] based on an
analysis of specific solutions of Eq. (1), or on an approach used in work [38], where the key

' Chiral magnetic effect is the generation of an electric current along an external magnetic field induced by
chirality imbalance, see e.g., [39]. Apparently, the first theoretical description of the effect belongs to Velenkin
[40].

2 [yt yV e = 2R, Nuwvn”’ =8y, nuv = diag(l, =1, =1, 1), [A, Bl+ = AB £ BA.
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role was played by a classical action and classical trajectories associated with chiral particles.
In this regard, in the present study, we focus our attention on a possibility constructing a
path-integral representation for the causal propagator of particles under consideration and
with its help to derive a pseudoclassical action for these particles. We believe that a further
analysis of both the propagator and the action may be useful in finding the above-mentioned
anomalous currents, and, thus, may represent a new possibility in studying the chiral effect
due a combination of electromagnetic and electroweak interactions.

In the present article, starting from an equation for causal propagator describing Dirac
particles interacting with electromagnetic fields and weakly interacting with matter fields,
we derive a path-integral representation for this propagator. An effective gauge-invariant
action, which appears in the representation, is interpreted as a pseudoclassical action for
the Dirac particles. Quantization of the action is nontrivial due to its gauge invariant nature
as well as due to ordering problems that arise in course of a realization of commutation
relations in a Hilbert space. The Dirac equation in the background under consideration appears
as a quantum equation of motion in the constructed quantum mechanics, justifying, thus,
the interpretation of the action. The path-integral representation allows one to calculate
effectively the propagator and therefore emerging quantum currents, in the same manner
as done in Refs. [31-33] in the case of Dirac particle in a magnetic field. Pseudoclassical
equations of motion in the nonrelativistic limit generalize nontrivially the Pauli quantum
mechanics with external electromagnetic field.

2 Causal propagator of a Dirac particle interacting with electromagnetic field and
electroweakly interacting with matter fields

2.1 Defining equations

To begin with, let us rewrite Eq. (1) as follows:

'[9 -ir k@] -mlew =0, @
where

Py =iy — Ay, Ay(x) = gA,(x) + Vo (x),
Vi(x) = [V’L( )+ Ve )], 3)

Kt (x) =

NM—N

[VE@) = VW],

Then, using the identity

3lyPyS = in"eapnyPyty’, 4)

where g4, is a completely antisymmetric tensor with the normalization £y123 = 1, we can
represent Eq. (2) to the following form:

I:@vy —m— *K (x)gozﬁ,uvy 14 i|l1/(x) =0. 5)

The corresponding causal Green function S°(x, y) (the propagator) transformed by y> matrix,
§%(x, y) = SS(x, y)p? satisfies the inhomogeneous equation

[%r” —mI* — %K“(x)salgwl"ﬂl"“l"v] Sx,y) =8W(x —y), (6)
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where five matrices ', n = (u, 4),T* = ysy“, r+= y5 are introduced. These matrices
form a 5-dimensional representation of the Clifford algebra,

[r, 1*’"]+ =2"", " = diag(1, —1, -1, —1, —1).
2.2 Path integral representation for the propagator

We note that in fact, the propagator has lower spinor indices (8(x, y) = S';ﬂ (x, y)) that are
omitted in Eq. (6). In contrast with Schwinger work [43], we represent only the spatial part

of the propagator as a matrix element of an operator Sgﬁ:

Sep(x. y) = (x|S541y).

Here, |x)—are eigenvectors of some coordinate operators X K whereas ﬁ,l are the corre-
sponding operators of momenta, all these quantities satisfy the relations:

XHx) = xMx), (xly) = 8*(x — y), / |x)(x] dx = 1,

[P X0] =it} Bulpy = pulp). (plp) = 8% = ).

/ Ip)(pldp =1, (x|Pyuly) = —id,8%(x — y), (x|p) = 2m) 2eP*.
Equation (6) implies the following representation for the operator S';ﬁ:

$C= A", A=, —mr— %K%aﬂwrﬂr“r“,
K% = K%(X), [T, = —P, — A, (X),
[ 1] = =iF (), B = 9,6, — 0ph, 7)

Here and in what follows, the lower spinor indices are omitted again.

Through the use of identity (4) and transformation propagator with 3> matrix, we have
ensured that the operator Ais represented by terms that contain an odd number of I'-matrices
only. Now, one can consider the operator Aasa pure Fermi operator, if one treats I'-matrices
as Fermi operators. In general case, an inverse operator to a Fermi operator can be presented
by means of an integral over a super-proper time (A, x) of an exponential with an even
exponent [12]. In the case under consideration, such a representation reads:

o0 ~ A~
Al :/ dk/ei(A(A2+i€)+xA) dy.
0

where the pair (X, x) is the super-proper time with A being Grassmann even variable and x
being a Grassmann odd variable that anticommute with I' matrices and therefore with A by
the definition, and

~

A= —m? - %Faﬁrarﬂ — R? 49, K000 r2rs

x—X "

+ %50[}3“1}[170(7 I%ﬁ]—‘rrurv ) au[e“ = [a/LKM (x)]

S¢ = /00 d)»/eii'%g(}"’()dx,
0

Thus, we obtain:
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A0, ) =2 {mz By %Faﬁr‘”rﬂ +R?
- lim"" Rplie®™r,r, — auk“rorlrzﬁ}

+ <ﬁvrv —mTt %Ie"‘saﬂuurﬂ[‘“r”) X

o0 A
5S¢ (Xouts Xin) = [ dx / (xoutle ™ %0 |xi) dx. ®)
0

Now, one can represent the matrix element entering in the right-hand side of Eq. (8) as a
path integral following a universal (suitable for a wide class of operators, in particular, for the
operator A (), x)) discretization procedure technique represented in detail in Refs. [12,27].
The result reads:

- 0 o0
S¢(Xout, Xin) = €xp (iF” ! )/ dko/‘ﬁx@p@k@n
0

ao"

x /dxo/.@x@v/ DY
Y (O)+y (1H)=0

1
X exp{i/ A(@z—m2+2iFa5¢“wﬁ —
0
A e0Buy g w041,2 3
die Lo Ky + 160, K* -y =y )
. o 4 2i o B v
+2i | Poyp® —myp +§K Saﬂuvw W‘Iﬂ X
— iV " + pi 4+ wh+vidT + Y (DY O} ,_, - ©)

Here, x(7), p(t), A(7), m(7) are even and x (7), v(t), ¥"(r) are odd trajectories, obeying
the boundary conditions x(0) = xj,, x(1) = xou, A(0) = Xo, x(0) = x0, and &, =
—Pv — Av (.X ) .

The representation (9) can be considered as a Hamiltonian form of the path integral for
the propagator. Integrating it over the momenta p, we obtain a Lagrangian path integral
representation for the propagator:

~ )
S¢(Xout» Xin) :exp(lr" aeln)/ deO/ %(E)DE/ dxo
Xout
/Dxf Dx/Dn[Dv[
X0 Xin Y (0)+y ()= 9
X ) P
- —2ilF,
xexp{/o[ze 2( iFapy®yl)
. a )
— 3 (Ag —di) +i (M—mw“—gw“da)x
e

— i 4 e+ vR]dT + Y (DY O],y - (10)

where
M? =m* + K* — 160, K"y ¢ y2y?,
du = _ZiS;LvaﬂKvwalhﬁ»
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and the measure ./ (e) reads:
A
M (e) :/@pexp [%/ epzdt].
0

3 Pseudoclassical action of Dirac particle interacting with electromagnetic field and
electroweakly interacting with matter fields

3.1 Derivation of the action

The integral over the time 7 in the exponential expression (10) can be understood as an
effective, nondegenerate Lagrangian action. It has two different parts. The first part, which
consists of two terms with derivatives é and y, can be understood as a gauge fixing term Sgr,

1
SGF :/ (mre+vy)dr,
0

that corresponds to the gauge conditions ¢ = x = 0. The second part may be treated as a
gauge invariant action

T %2 e
:/ [_7 = & (M2 = 2y ) — i (Aq — do)
0
+i (% —my* - %w“da) X iwnt/'f"] dr (11)

of the Dirac particle interacting with electromagnetic field and electroweakly interacting with
the matter fields. The derived action is a generalization of Berezin—Marinov action [1] to the
background under consideration. It is easy to check that this action is invariant under the
gauge transformations (a time reparameterization)

d d .
0x = 3%, Se=—(e€). Ox=_—(x§). SY"=V"§
T dt

with an even parameter &.
Lagrangian equations of motion corresponding to action (11) have the following form:

8s 1 [x? 1, 5

— i v i By —
%= (? — txw/x“x) ~3 (M — 2iFeg ) =0,
8-S T 2
L:ﬂ_mvﬂ_,wa , =0,
Sx e 3
8-S .
8://4 = 2iy* +imy =0,
5§ =2ty + 2e | iF wﬂ+%a K egma Pyt
81//0‘ = o Ba 3 o Buva

X
+ 2idyx — i x — digpupa i KPP =0,
e

58S d (x4 —1
(aim + Ay — da) + iem‘uu,a‘p;ﬂ/ﬂ;

sx®  dt e
+ 8e(3 0 KOy Y2y — i (30Ap)
.
+ £ (d,) — eK" (04 K,0) + ;’xm/xﬂ(aadﬂ) =0. (12)
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3.2 Quantization of the action

One can quantize the action (11) to confirm its above given interpretation. For this, we first
carry out a Hamiltonian analysis of the corresponding pseudoclassical theory following Refs.
[16,44] . Since the action (11) is gauge invariant, there are constraint (in particular, first class
constraints) in the Hamiltonian formulation. Introducing canonical momenta py, Pe, Py, Py,
to the coordinates x4, e, x, ¥", respectively,

oL L. .

Do = 774 =—— (e —iYax) —qAq +dy .
ox e
oL 0L 9L

Pe:fZOaPX:ri.:Ovpn: r- :_iwns
de ax ayn

we see that primary constraints @ (1) = 0 are:
oV =P, =0, " =P, =0, &) =P, +iy, =0, (13)

and the Hamiltonian H reads:

H=-— % (7% +220d® + 2iFopy Y’ — M?)
1
+iy <%1/f"‘ —my” + g‘ﬁ“da> :

Conditions of the conservation of the primary constraints in time allow us to find secondary
constraints ®® = 0:

1
O = Zoy — my + Judy = 0. (14)
&P = P 4 22,d% + 2iFopyy? — M? = 0. (15)

There are no other connections in the theory. One can see that the Hamiltonian H appears to
be proportional to constraints, as one can expect in the case of a reparameterization-invariant
theory [45].

One can go over from the initial set of constraints to the equivalent one (@ W =0, 1y 2=
0), where: .
i
2

The new set of constraints can be explicitly divided in a set of first-class constraints, which

T2 =0+ 5 (8,07/09") @5 (16)

is (@1(12) =0, T = O) and in a set of second-class constraints, which is 053(:[) =0.
On this stage, we are able to perform an operator quantization. To this end, we perform
only a partial gauge fixing, by imposing the supplementary gauge conditions qble = 0 to the

primary first-class constraints <1)1(1§ =0,
@G:)(, @g:e—l/m.

Thus, on this stage we reduced our Hamiltonian theory to one with the first-class constraints
T1,2 = 0 and the second-class constraints ¢ = 0, ¢ = <<Dl(1§, @G) . Generalizing the Dirac

quantization method for systems with first-class constraints [44], we believe that commutation
relations between operators are calculated according to Dirac brackets with respect to the
second-class constraints ¢ = 0 only. At the same time second-class constraints operators

@ Springer



984  Page 8 of 10 Eur. Phys. J. Plus (2021) 136:984

must be equal zero. The operators fl,z corresponding to the first-class constraints 772 = 0
are not zero, but define restrictions on physical state vectors, they annulate the physical states.

The second-class constraints ¢ = 0 have a special form [16], one can use it for direct
eliminating of the variables e, P,, x, and Py, from the consideration. In this case, the Dirac
brackets with respect to the constraints ¢ for the variables x, p and " are reduced to ones

with respect to the constraints dﬁéi) and can be easily calculated. The only nonvanishing Dirac
brackets of this kind are:

nm

{xot, pﬁ}D(‘pé,],)) = 8%" {wn7 wm}D(q)é,ll)) = %r)

They define commutation (anticommutation) relations for the operators X, p and 1/}” that
correspond to the variables x, p and ¢", respectively,

[£, pp]_ =i {x*, Pﬁ}mg;)) =i,

A 1
[0 ], = (" g, = =5 (7

Besides, the following operator equations hold true:
&V =B, +iy, =o0. (18)

Operators that satisfy commutation relations (17) and Eq. (18) have to be realized in a
Fock space. As such a space, we chose a space of four columns ¥ (x) (bispinors) that depend
on x%. At the same time, we chose X% to be operators of multiplication by x¢, and

A oy iy
Po = —ida, Y = Eysy“, gt = 5y5 : (19)

The first-class constraints 7 2 as operators have to annihilate physical vectors T 2¥(x) =
0. One can easily verify that in virtue of Egs. (19), (16) and (18), these conditions are reduced
to following ones:

22
dPw(x) =0

. , 20
Pw(x) =0 @0)

Ti W (x) =0 = {
where qsl@g are operators, which correspond to classical functions from Eqgs. (14) and (15).
There is no ambiguity in the construction of the operator qsfz). Thus, taking into account the

above realizations of the commutation relations, we see that the first equation éfz) U(x)=0
reproduces the Dirac equation (5),

SPW(x) =0 = [3%)/” —m— %K“(x)eaﬂwﬁy“y”] ¥(x)=0. (2D

As to the construction of the operator Cﬁ(z), according to the classical function dﬁf) from
Eq. (15), we meet here an ordering problem since, in the general case, the function d52(2)
contains terms with products of the momenta and some functions of the coordinates. For
such terms we choose the symmetrized (Weyl) form of the corresponding operators, which,
in particular, provides the hermicity of the operator 032(2) . At the same time, one can see
that such a correspondence rule provides the consistency of the two equations (20). Indeed,
in this case, it turns out that 0352) = (é{Z))z’ such that second equation (20) appears to
be a consequence of first equation (20), and therefore is equivalent to Dirac equation (21).
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Thus, we see that the presented above operator quantization of action (11) reproduces the
quantum theory of spinning particle interacting with electromagnetic fields and electroweakly
interacting with matter fields. This fact justifies the above interpretation form of the action.

3.3 Nonrelativistic limit

Let us consider equations (12) in the nonrelativistic (low-energy) limit. To simplify the
analysis, we chose the gauge conditions x = 0 and e = 1/m that had appeared in the above
Hamiltonian formulation. Following Berezin and Marinov [1], we realize o -matrices as as
o =21 ekﬂwlljfj , such that

il SN
Wlp—— kil o wflpzzsfak.
In the limit under consideration, we have:
. r S dx!
vO~0, O~1, it =
dx

Using standard expressions for stress tensor components, see definition (7),
- - - 1 ..
Foi = —E; = 00A; — 0;Ag, T :Sl'ijk, szié‘k”Fij
in Eq. (12) and disregarding terms of higher orders in external fields, we obtain:
oo~ . 1d
mo=E + - [v x H] —V (0K) — - (0Kp)
c cdt

1
+ — (vo) VKo, (22)
Cc
j 2(.h H+K-—Kpo
o=|-[-— —Ko— | xo|,
h \2mc Oc

~ ~ 1 ..
Ei=qEi —@Vi —3Vo). H*=gqH 4 2 (8:v; —;Vi).

where

where E; and H; are three-dimensional components of the electric field and magnetic fields,
respectively.

We note that in the absence of the potentials V“ 1. of the electroweak interaction (V/* =
K" =0, see Eq. (3)) with a background matter, the low- -energy limit equations coincide with
ones that could be obtained from the Pauli equation. In this regard, it would be interesting to
derive an analogue of the Pauli equation in the background under consideration and compare
its low-energy limit with equations (22).
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