Journal of Physics: Conference Series

PAPER « OPEN ACCESS You may also like

- Magnetoresistance in the

Fundamental operators in Dirac quantum fertomagnetinsulatorfferromagnet tunnel

junction

mech an iCS Lu Hong-Xia, Dong Zheng-Chao and Fu

Hao

- Bell's Inequality for a System Composed
of Particles with Different Spins
Shahpoor Moradi

To cite this article: Alexander J. Silenko et al 2020 J. Phys.: Conf. Ser. 1435 012027

- An exact dynamical solution to a linear
chain doublet exciton with exponential

memory
M A Ratner and C E Swenberg

View the article online for updates and enhancements.

@The Electrochemical Society
\ Advancing solid stat electroch ience & technology

243rd ECS Meeting with SOFC-XVIII

More than 50 symposia are available!

Present your research and accelerate science

Boston, MA « May 28 — June 2, 2023

Learn more and submit!

This content was downloaded from IP address 217.21.43.91 on 27/10/2022 at 08:45


https://doi.org/10.1088/1742-6596/1435/1/012027
https://iopscience.iop.org/article/10.1088/1674-1056/17/2/053
https://iopscience.iop.org/article/10.1088/1674-1056/17/2/053
https://iopscience.iop.org/article/10.1088/1674-1056/17/2/053
https://iopscience.iop.org/article/10.1088/0253-6102/52/1/06
https://iopscience.iop.org/article/10.1088/0253-6102/52/1/06
https://iopscience.iop.org/article/10.1088/0022-3719/11/4/014
https://iopscience.iop.org/article/10.1088/0022-3719/11/4/014
https://iopscience.iop.org/article/10.1088/0022-3719/11/4/014
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjssCPBKyUKYYVA-WEDyAPMIL34n_Ihp8vDy1Ga9HhOWa5mYXsfx9de9WNY24WPuzLgDk8v4Q2RLMxiGZhJ3wSAOHFh0uWKlLeXC-fPp8S1dp46O1NN1Zd820Sd4lysR5CIgJMgbLH8Err154BxQ-_BiEPWa9no0zlA0kwpeVgdqG5fWOBtHoG5XIqHoRKnmtF2lUhgQUKJrDSHMEj41Jzo6DVYKE8bNxJKWSkW-sADZR5GPcygyT7hMG8grFGGBNw4wipZxuPfqF7k5ak_kMzOOLcCuuBOpk5TuRRZOxVd0AuQ&sai=AMfl-YSbjkKSLx-5bmeX8xuAnOomAu34Ule5d5t3SXjb-wKCIsDrDlgfAPwDdOgsaczxCMsg9EoQJQ2A85wf4G08Tw&sig=Cg0ArKJSzJ9dPo53TX2_&fbs_aeid=[gw_fbsaeid]&adurl=https://ecs.confex.com/ecs/243/cfp.cgi%3Futm_source%3DIOP%26utm_medium%3Dbanner%26utm_campaign%3D243Abstract

XVIII Workshop on High Energy Spin Physics "DSPIN-2019" IOP Publishing
Journal of Physics: Conference Series 1435 (2020) 012027  doi:10.1088/1742-6596/1435/1/012027

Fundamental operators in Dirac quantum mechanics

Alexander J. Silenko!?3, Pengming Zhang?, Liping Zou!

'nstitute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China
2Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, Dubna
141980, Russia

3Research Institute for Nuclear Problems, Belarusian State University, Minsk 220030, Belarus
4School of Physics and Astronomy, Sun Yat-sen University, Zhuhai 519082, China

E-mail: alsilenko@mail.ru; zhangpm5@mail.sysu.edu.cn; zoulp@impcas.ac.cn

Abstract. Old achievements and more recent results in a solution of problem of the position
and spin in relativistic quantum mechanics are considered. It is definitively shown that quantum-
mechanical counterparts of the classical position and spin variables are the position and spin
operators in the Foldy-Wouthuysen representation (but not in the Dirac one). The probabilistic
interpretation is valid only for Foldy-Wouthuysen wave functions.

1. Introduction

A very important problem of relativistic quantum mechanics (QM) is a determination of the
position and spin operators. A transition to relativistic QM leads to a dependence of these
fundamental operators on a representation. Pryce [1] has shown the nontriviality of forms of
the position and spin operators for a spin-1/2 particle and has obtained some possible forms.
In the manifold of positive-energy wave functions in the Dirac representation, Newton and
Wigner [2] have determined localized eigenfunctions and the position operator having commuting
components. Foldy and Wouthuysen have shown [3] its equivalence to the radius vector operator
in the Foldy-Wouthuysen (FW) representation. It has been established [3] that quantum-
mechanical counterparts of the classical variables of the radius vector (position), momentum,
angular momentum, and spin of a Dirac particle are the operators , p, L = x X p, and
s = h3/2 in the Foldy-Wouthuysen (FW) representation. These conclusions which are also
based on the results obtained by Pryce [1] and Newton and Wigner [2] have been confirmed in
a lot of publications.

Unfortunately, these achievements were not reflected in textbooks and were missed by many
researchers. The short analysis of the problem has been given in Ref. [4]. In the present work,
we reproduce well-known (but sometimes forgotten) arguments in favor of a definite connection
between classical variables and corresponding operators which shows the special role of the FW
representation. We also put forward some new arguments given by a contemporary development
of theory of the FW transformation.

Our analysis is based on Refs. [4, 5]. We use the system of units & = 1, ¢ = 1 but include
h and c explicitly when this inclusion clarifies the problem. The square and curly brackets,
[...,...] and {...,...}, denote commutators and Poisson brackets, respectively. The standard
denotations of Dirac matrices are applied (see, e.g., Ref. [6]).
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2. Connection between fundamental classical variables and operators of relativistic
quantum mechanics

One of great achievements of QM in the last century was a determination of a definitive
connection between fundamental classical variables and operators of relativistic QM. For a
Dirac particle, this connection is nontrivial because it corrupts the connection between energy,
momentum, and velocity. The consideration was based on the Poincaré group (inhomogeneous
Lorentz group [1]). This group is formed by ten independent fundamental quantities P, =
(H,P), Ju (p,v = 0,1,2,3) defining the four-momentum and the total angular momentum
and characteristic for the dynamical system [1, 7, 8, 9]. The antisymmetric tensor J,, is defined
by the two vectors, J and K. The fundamental quantities are the generators of the infinitesimal
space translations P = (P;), the generator of the infinitesimal time translation H, the generators
of infinitesimal rotations J = (J;), and the generators of infinitesimal Lorentz transformations
(boosts) K = (K;) (i = 1,2,3) [1, 7, 8, 9, 10, 11, 12, 13]. These ten generators satisfy the
following Poisson brackets [1, 7, 8, 9, 10, 11, 12]:

{PLvPJ}:O) {-PZaH}:Ov {JZ)H}:Oa {JZaJ]}:ez]kaa {‘]’LvP]}Ze’ijPku (1)
{Ji. K;} = eju Ky, {Ki,H} =P, {K;K;}=—eyrJr, {Ki Pj}=0d;H.

Counterparts of these generators in QM are ten corresponding operators. A connection
between the classical and quantum mechanics manifests itself in the fact that the commutators
of these operators are equal to the corresponding Poisson brackets multiplied by the imaginary
unit i. For a free particle, Eq. (1) describes the Lie algebra of classical motion which leads to
the ten-dimensional Poincaré algebra. The only additional equation which should be satisfied
defines the orbital and spin parts of the total angular momentum:

J=L+S8, L=QxP. (2)

There is some latitude in the definition of the position, orbital angular momentum (OAM), and
spin. An exhaustive list of appropriate definitions has been presented in Ref. [1].

A consideration of the particle position variables ); brings the following Poisson brackets
1, 8, 9]:

{Qi, P} = 6ij, {Qi,Jj} = eijuQr, {Qi K} = 3 (Qi{Qi, HY +{Qi, H}Q;) — t6ij.  (3)
It follows from Egs. (1) — (3) that

Equations (1) — (4) should be satisfied for any correct definition of fundamental variables.
However, these equations do not uniquely define the fundamental variables and different sets of
the variables Q, L, S can be used [1]. The Poisson brackets for the conventional particle position
are equal to zero:

{Qi,Q;} =0. (5)
The property (5) is equivalent to the commutativity of operators of the particle position
components and is not trivial (see Ref. [1, 9]). Other sets of fundamental variables violating
Eq. (5) can also be used [1]. Equations (1) — (5) describe a classical Hamiltonian system.
Equations (1) — (5) allow one to obtain the following Poisson brackets [1, 9, 14]

{Qi, L} = eijuQr, {Qi,5;} =0, {P,S;} =0, {LiLj} =ejjule, {55} = eijrSk.
(6)
Evidently,
{Li, Sj} = 0. (7)
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The main variables of a free spinning particle in CM are specified by Egs. (2) and

SxP
H=+/m?+ P2, K:QH—miH—tP (8)

(see also Refs. [11, 12] and Eq. (A.23) in Ref. [15]). In Refs. [9, 10, 15, 13], the last term in
the relation for P has been missed. The Poisson brackets (6) and (7) show that the variable
Q defined by Eq. (5) does not depend on the spin and is the same for spinning and spinless
particles with equal Q, P, and H. For a particle ensemble, the variable @ defines the position
of the center of charge. A violation of the condition (5) leads to a dependence of @Q on the spin.

The well-known deep connection between the Poisson brackets in classical mechanics (CM)
and the commutators in QM remains valid in any representation. The commutation relations
for free spinning Dirac fermions allow one to establish definitive forms of operators in the Dirac
and FW representations corresponding to basic classical variables.

In CM, the position vector satisfying Eq. (5) is the radius vector R. For a free Dirac
particle, the most straightforward way for a determination of the position and spin operators in
any representation is the use of the FW representation as a starting point. The reason is a deep
similarity between the classical Hamiltonian (8) (which is spin-independent for a free particle)
and the corresponding FW Hamiltonian [3]

0
Hrw = B/ m?2 + p?, p=—ih—. (9)

or

The lower spinor of the FW wave function ¥ gy is equal to zero if the total particle energy is
positive. The Hamiltonian (9) results from the FW transformation of the Dirac Hamiltonian

Hp =pPm+ - p. (10)

The remaining operators read

1 sSXp
=1 , l=qxp, K=—-(qH+Hq) - — tp, 11
j=1l+s qaxp laH +Hg) — = —tp (11)
where q is the position operator.

The operators being counterparts of fundamental classical variables should satisfy the
relations [cf. Egs. (1) — (7)]

[pi,p] =0, [pi, H] =0, [, H] =0, [i,J5] = iejnin, [jisj] = i€ijupr,
i, Kj] = ieijn Ky,  [Ki, H] = ipi, [Ki, Kj] = —iegjrje, [Ki,p;] = i0i;H,

i, K;] = % (g5 l@is H] + @i, H] @j) — itdi,  ai, 0] = i85, (@, J;) = ieijuan,
9i,5]] =0, [si,pi] =0, [li,s5] =0, [li,lj] = iegle, [si,85] = ieijs,

[¢i,q;] = 0. (13)

Let us first consider the set of operators p, Hp, j, K, q, sp, where sp = h3/2 and all these
operators are defined in the Dirac representation (in particular, the position operator is the
Dirac radius vector ). Some of commutators in Eq. (12) which contain K are not satisfied by
these operators. This fact follows from a noncoincidence of the position operator in the Dirac
representation with 7 which has been shown for the first time in Ref. [1].

A consideration of the set of operators p, Hrw, 7, K, q, s defined in the FW representation
leads to an opposite conclusion. In this representation, the definition of s is the same (s = A% /2)
and the position operator q is equal to the FW radius vector &. We can check that Eqs. (12),
(13) are now satisfied. Thus, the counterparts of the classical Hamiltonian, the position vector,

(12)
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the orbital angular momentum (OAM), and the spin are the operators Hpw, €, € X p, and A3 /2
defined in the FW representation. The operators p and J are not changed by the transformation
from the Dirac representation to the FW one and the counterpart of the classical variable K is
the FW operator (11) with g = x.

Evidently, the Hamiltonian (9) commutes with the OAM and spin operators.

The counterparts of the fundamental classical variables can be determined in any
representation. In the Dirac representation, they are defined by the transformation of the
corresponding FW operators [3, 9, 11, 12, 13, 14] which is inverse with respect to the FW one.
The Dirac operators of the position (“mean position” [3]) and the spin (“mean spin angular
momentum” [3]) are equal to [1, 3, 16]

Exp iy iy-pp
e _|_ —_— =,
2¢(e+m) 2 2e%(e+m)

m yxp  p(Z-p)
S=—-_3_ = /m?2 2, 15
2¢ e 2e(e +m)’ ‘ mirp (15)

g=X=7r— (14)

The conventional spin operator corresponding to the classical rest-frame spin commutes with
the OAM operator, the Hamiltonian, and the position and momentum operators in any
representation. The validity of the above-mentioned results on the position, spin, and other
fundamental operators in the Dirac and FW representations has been demonstrated by numerous
methods. The Newton-Wigner (NW) method [2] (see also Ref. [17]) occupies a special place
among them. Newton and Wigner have investigated localized states for elementary systems.
They have shown [2] that the operator (14) (NW position operator) is the only position operator
with commuting components in the Dirac theory which has localized eigenfunctions in the
manifold of wave functions describing positive-energy states. The fundamental conclusion that
the NW position operator g and the radius vector in the FW representation a« are identical has
been confirmed in many papers [18, 19, 20, 21, 22, 23, 24, 25, 26].

The equivalence of the classical spin S and the FW mean-spin operator has also been proven
in Refs. [18, 24, 25, 26, 27, 28, 29, 30]. A rather important result has been obtained by
Fradkin and Good [30]. They not only have confirmed Eq. (15) for the spin operator in the
Dirac representation but have demonstrated that the result obtained by Foldy and Wouthuysen
remains valid for a Dirac particle in electric and magnetic fields. The FW mean-spin operator
s defines the rest-frame spin [30] and is, certainly, invariant relative to Lorentz boosts.

Dirac particles in (1+1) dimensions have been considered in Refs. [31, 32]. In the FW
representation, wavepackets described by the (1+1)-dimensional Dirac equation also behave
much more like a classical particle than in the Dirac representation [31, 32].

Thus, the correct forms of conventional operators of the position and spin of a free Dirac
particle are defined by Eqgs. (14) and (15) in the Dirac representation. In the FW representation,
these operators are equal to the radius vector « and to the spin operator 23 /2.

3. Classical limit for a Dirac fermion in external fields

Contemporary relativistic QM presents important additional arguments in favor of the
conclusions made in the previous section. Relativistic methods giving compact relativistic FW
Hamiltonians for any energy [33, 34, 35, 36, 37, 38, 39, 40] allow one to establish a direct
connection between classical and quantum-mechanical Hamiltonians. To find this connection,
it is convenient to pass to the classical limit of relativistic quantum-mechanical equations.
Importantly, this procedure is very simple in the FW representation. When the conditions of the
Wentzel-Kramers-Brillouin approximation are satisfied, the use of this representation reduces
finding the classical limit to the replacement of operators in the Hamiltonian and quantum-
mechanical equations of motion by the respective classical variables [41]. This property leads
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to the conclusion that the quantum-mechanical counterparts of the classical variables are the
corresponding operators in the FW representation.

It Ref. [30], the equation of spin motion has been derived in the Dirac representation
and its classical limit has been obtained. A particle with an anomalous magnetic moment
(AMM) has been considered and the initial Dirac-Pauli equation has been used. In the classical
limit, Fradkin and Good have obtained the equation [30] coinciding with the famous classical
Thomas-Bargmann-Michel-Telegdi one [42, 43]. The presence of the Thomas term shows that
the both equations are derived for the rest-frame spin & but not for the spin in the lab frame
or in the instantaneously accompanying one. The distinction between the rest frame and the
instantaneously accompanying one can be made only for an accelerated particle.

The interaction of a spin-1/2 particle possessing the AMM g/ and the electric dipole moment
(EDM) d with electromagnetic fields has been described in Ref. [44]. To compare the position
and spin operators with their classical counterparts, the weak-field approximation can be used
and terms in the relativistic FW Hamiltonian [44] proportional to h? and defining contact
interactions can be disregarded. For the uniform fields, the gauge ® = —E -x, A = (B x x)/2
can be applied. In this case, the general Hamiltonian derived in Ref. [44] takes the form [4]

HFW:ﬁ\/m2+ —Eme)Q—eE-aﬁLQ-s, Q=Qupm + LeDM,

QMDMzi{ B(2+a) B+Bts(p-Bp+ L (2 +a)px B, (16)
Qoo = 5% [BE - pPEE+ ] s=3, c=\/m? 72,

where a = (g — 2)/2, g = 4me(uo + p')/(eh), and n = 4med/(eh) is the “gyroelectric” factor
corresponding to g. The equation of spin motion is given by

% = %% = %(QMDM + Qpepy) X X. (17)
The operator Q,;pas is in compliance with the operator of the angular velocity of spin rotation
in the Dirac representation obtained in Ref. [30]. The Hamiltonian (16) is similar to the
corresponding classical Hamiltonian. The operator €2 also corresponds to the classical expression
for the angular velocity of spin rotation (see Refs. [45, 46, 47] and references therein).

A consideration of a Dirac particle in gravitational fields and noninertial frames also shows
that the FW position and spin operators are the quantum-mechanical counterparts of the
corresponding classical variables. This statement has been definitively proven in many papers
devoted to this problem [48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58].

The basic role of the FW representation in nonstationary QM has been proven in Ref.
[59]. The classical time-dependent energy corresponds to the time-dependent expectation
value of the energy operator. The latter is the Hamiltonian in the Schrédinger QM and in
the FW representation (but not in the Dirac representation) [59]. The energy expectation
Values are defined by [59] E(t) = [ \IJ (r,t)Hpw ()Y pw (7, t)dV . In the Dirac representation,

=/ \IIE (r, t)H(t) ¥ ( , )dV, Where H(t) is the energy operator which defines the energy

expectation values by averaging. Since H(t) does not coincide with the Dirac Hamiltonian and
the difference is not small, the Dirac Hamiltonian does not correspond to the classical one in
the nonstationary case [59].

4. Probabilistic interpretation of a wave function

The difference between the position operator (14) and the radius vector r in the Dirac
representation is very important. It is generally accepted that nonrelativistic Schrodinger QM
admits a probabilistic interpretation of the wave function. The classical center-of-charge position
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R corresponds to the Schrodinger position operator (the radius vector x). In the relativistic
case, R is a counterpart of the FW position operator equal to the radius vector operator x.
This property unambiguously follows from our analysis and has been first established in Ref.
[3]. As a result, just the FW wave function being an expansion of the Schréodinger wave function
on the relativistic case admits the probabilistic interpretation. The wave function in the Dirac
representation cannot have such an interpretation [4, 5] because the Dirac radius vector r is not
a counterpart of the classical position.

The assertion that the quantity op(r) = \I'TD(r)\I/ p(r) is the probability density of the particle
position [60, 61, 62] is therefore incorrect. In fact, the probability density of the particle position
is equal to o(x) = orw(x) = \I/}W(.’D)\Ilpw(w) [4, 5]. This statement has also been made in
Refs. [11, 58] and has been implicitly used in Refs. [63, 64, 65, 66]. In expressions for gp(r)
and gpw (), the variables » and @ are identical. The quantities pp and gy can significantly
differ [4, 62, 67, 68]. A general connection between the Dirac and FW wave functions at the
exact FW transformation has been obtained in Ref. [68]. In this case, upper spinors in the two
representations differ only by constant factors and lower FW spinors vanish.

Certainly, Ypyw = UpwV¥p and \II}W\I/FW = (\IITDUgvlv)(UFW\IlD), where the operator
U E‘}V in (\IITDU EI}V) acts to the left. However, the self-adjointness of operators manifests at
the integration but cannot be used in any fixed point of a domain of definition. Therefore,

O U = (UL UZL ) (Urw ¥ p) # 0w,

and opw # op. The probabilistic interpretation of the FW wave function allows one to calculate
expectation values of all position-dependent operators, e.g., the mean squared radius and the
quadrupole moment.

5. Summary

We have fulfilled the analysis of problem of the position and spin in Dirac QM. This analysis
unambiguously shows that the quantum-mechanical counterparts of the classical position and
spin are the position and spin operators in the FW representation (but not in the Dirac one).
A consideration of a Dirac fermion in external fields presents important additional arguments
in favor of this conclusion. The probabilistic interpretation is valid only for FW wave functions.
We can conclude that the basic representation in relativistic QM is the FW one because it
provides for a direct similarity between the relativistic quantum-mechanical operators and the
classical variables.
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