IOPScience

Home

Search Collections Journals About Contactus My IOPscience

Electron interaction with the spin angular momentum of the electromagnetic field

This content has been downloaded from IOPscience. Please scroll down to see the full text.

2017 J. Phys. A: Math. Theor. 50 085306
(http://iopscience.iop.org/1751-8121/50/8/085306)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 130.39.180.108
This content was downloaded on 01/03/2017 at 19:52

Please note that terms and conditions apply.

You may also be interested in:

Topological force and torque in spin-orbit coupling system
F.J. Huang, R. Qi, Y. D. Li et al.

Foldy--Wouthuysen transformation, scalar potentials and gravity
U D Jentschura and J H Noble

Spin--orbit coupling and the conservation of angular momentum
V Hnizdo

Spin precession of a particle with an electric dipole moment: contributions from classical

electrodynamics and from the Thomas effect
Alexander J Silenko

Rotating fields and particle-like states of electron-positron systems
P F Browne

Radiation reaction, renormalization and conservation laws in 6D

Yu Yaremko

Mathisson--Papapetrou equations in metric and gauge theories of gravity

M Leclerc

Spin-orbit forces in P-wave baryons from a three-quark flux-tube potential

1 J Ford

Electron spin couplings in ion-atom collisions

M D'Souza and A Kumar

iopscience.iop.org


http://iopscience.iop.org/page/terms
http://iopscience.iop.org/1751-8121/50/8
http://iopscience.iop.org/1751-8121
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience
http://iopscience.iop.org/article/10.1209/0295-5075/79/10004
http://iopscience.iop.org/article/10.1088/1751-8113/47/4/045402
http://iopscience.iop.org/article/10.1088/0143-0807/33/2/407
http://iopscience.iop.org/article/10.1088/0031-8949/90/6/065303
http://iopscience.iop.org/article/10.1088/0031-8949/90/6/065303
http://iopscience.iop.org/article/10.1088/0305-4470/14/3/010
http://iopscience.iop.org/article/10.1088/0305-4470/37/3/035
http://iopscience.iop.org/article/10.1088/0264-9381/22/16/006
http://iopscience.iop.org/article/10.1088/0954-3899/15/11/008
http://iopscience.iop.org/article/10.1088/0022-3700/12/6/010

10P Publishing Journal of Physics A: Mathematical and Theoretical

J. Phys. A: Math. Theor. 50 (2017) 085306 (5pp) doi:10.1088/1751-8121/aa5575

Electron interaction with the spin angular
momentum of the electromagnetic field

R F O’Connell

Department of Physics and Astronomy, Louisiana State University, Baton Rouge,
LA 70803-4001, United States

E-mail: oconnell @phys.lsu.edu

Received 30 May 2016, revised 18 December 2016
Accepted for publication 22 December 2016
Published 20 January 2017 @
CrossMark
Abstract
We give a simple derivation and expansion of a recently proposed new
relativistic interaction between the electron and the spin angular momentum of
the electromagnetic field in quantum electrodynamics (QED). Our derivation
is based on the work of Mgller, who pointed out that, in special relativity,
a particle with spin must always have a finite extension. After generalizing
Mgller’s classical result to include both rotation and quantum effects, we
show that it leads to a new contribution to the energy, which is the special
relativistic interaction term. In addition, we show that all relativistic terms
involving spin terms arising from the Dirac equation may be obtained by this
method.

Keywords: angular momentum of electromagnetic field, spin effects, Mgller
interaction

A new relativistic interaction term in quantum electrodynamics (QED), which, in particular,
couples the spin angular momentum of light and the election spin, was initially proposed on
the basis of symmetry arguments [1] and verified in a complex calculation involving the Dirac
equation and the Foldy—Wouthuysen transformation [2]. In many ways, this is a surprising
result, since it did not appear explicitly in the avalanche of work on QED following Dirac’s
work. Moreover, since the orbital momentum properties of light are now of much interest, we
are motivated to provide a simple derivation and physical explanation. In addition, we show
how this result may be written in a revealing manner as an interaction between the magnetic
moment of the electron and the magnetic moment of the electromagnetic field. In addition, we
show that all such spin terms arising from the Dirac equation may be obtained by this method.

Our derivation is based on the work of Mgller [3], who pointed out that, in special relativ-
ity, a particle with structure and spin S (its angular momentum vector in the rest system K©)
must always have a finite extension and that there is a ‘... difference Ar between the simul-
taneous positions of the center of mass in its own rest system K® and system K (obtained
from K© by a Lorentz transformation with velocity v)...". After generalizing Mgller’s result
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to include both rotation (see (6) below) and quantum effects (see (7) below), we derive what
we call ‘hidden energy’, which is the new relativistic interaction term, in addition to the usual
spin—orbit interaction term.
We refer to Ar as a hidden position and it is given by [3]
Sxv
Ar = > (1

mc

As we have previously shown [4], if we take the time derivative of Ar, we obtain the hidden
velocity Av. Next, we work to order ¢ 2 (asin [1, 2]), so that we can neglect the very small
second order terms, which arise in the relation between the hidden velocity and the hidden
momentum, as well as in the time dependence of the spin, to obtain an expression for the hid-
den momentum

Sxa SxF

A = - ’ 2
P 02 m02 ( )

where

p=my, 3)
a is the acceleration, and F is the external force acting on the particle. The existence of hidden
momentum is now a well-documented phenomenon in electromagnetism [5], but it also plays
an important role in the general relativistic treatment of spinning particles [6, 7]. However, it
should be emphasized that equation (2) is not unique in the sense that it depends on the coor-

dinate system chosen and, in the coordinate system used in the derivation of the Dirac equa-
tion [6, 7], Ap is —1/2 of the result given in (2). In essence, this is related to the fact that, in

special relativity, spin is described by a second-rank tensor S,3 = —S§, or by an axial 4-vector
SH which reduces to the 3-vector S when the particle velocity is zero.
Explicitly,
1
Sa == eaﬁo"r SBUUT’ (4)
2
and
§o8 = gabor 5 U, &)

The relation between S,3 and S is not unique [8] but depends on the choice of the so-called
spin supplementary condition, which in turn depends on the coordinate system chosen. Popular
choices are S*°U, 3="0 and §%ps =0, where Uj and pj are 4-velocity and 4-momentum vec-
tors. However, as is clear from [6], these choices are not suitable for treating an accelerating
particle, and, instead, we introduced a new supplementary condition, given in (6) below, which
we showed to be consistent with Dirac’s coordinate system. In addition, we showed that our
new choice was the basis for explaining the difference in results obtained by Schiff [9] and by
Barker and O’Connell [6]. In fact, Schiff’s choice corresponded to the Ar given in (2) whereas
Barker and O’Connell [7], using Dirac’s coordinate system, obtained —Ar/2. The factor of 2
provides an important clue when we recall the famous factor of 2 that arose from the Thomas
precession (rotation) after he took into account the extra Lorentz transformation arising from
acceleration. Since acceleration always plays a key role, the popular choices mentioned above
refer to non-inertial frames of reference and, as we showed in [7], Dirac’s choice (essentially
what Jackson [10] refers to as the non-rotating frame) actually corresponds to the choice of an
inertial frame given by

28" 4 SiU; = 0, (6)
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which incorporates the Thomas spin—orbit contribution [10]. On the other hand, Mgller’s
choice, S*?Us = 0, corresponds to the choice of the rest frame of the electron (a non-inertial
frame) and thus the quantum generalization does not include the Thomas contribution.

Furthermore, the results of [6] were based on a potential derived from a one-graviton
exchange between two Dirac particles, from which the classical spin precession results
were obtained by letting Y2fioc — S. Thus, it is clear that, in the Dirac coordinate system, the
quantum generalizations of equations (1) and (2) are

hoxv
Ar=————, 7
2 2mc? M
and
hoxa
AP —_ T 8
2 2c? ®)
where P is the canonical momentum, given by
P=p+eA, )

and where A is the vector potential of the electromagnetic field.

Here, we wish to apply the above expressions to incorporate spin effects into the non-
relativistic quantum Hamiltonian for a point structureless particle, in a potential V(r), with
charge e, interacting with the electromagnetic field, given by [11]

H= L(P — A + V(). (10)
2m

We also use the Coulomb (radiation) gauge, which is a common choice [11]. Thus, introduc-

ing spin effects via the above equations implies that, to order ¢ 2,

AH:—eA~£+P~£+AV(r). (11)
m m
Thus,
AH:—eA.E-FP-E_d—V(Ar.?)' (12)
m m dr
Using (7), we see that
dv h 1dV
——(Ar-r) = - - X
dr( ) dmc? r dra rx»)
1 1 dv

= ——( L), 13
2m?c? r dr ( ) (13)
where L is the angular momentum of the electron. There is a very familiar result [10, 11] for
the spin—orbit interaction.
Next, turning to the first term in (12) and using (8), we obtain

eh

AH = —eA - AP/m = 2 A - (o X a). (14)

m02
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Taking a = (eE/m), where E is the electric field (but noting that the external force may be
generalized to include magnetic contributions) and rearranging the cross product, we obtain

our basic result 5

e“h

The expectation value of AH; is the hidden energy. It will be recognized that this term is
exactly the same as the Hayg interaction term of Mondal et al, which all their many applica-
tions are based on. Further physical insight is obtained by recognizing that (E x A) is the spin
angular momentum density of the electromagnetic field [12]. Thus, the corresponding magn-
etic moment M.y, is (e/2mc) (E X A), and recalling that the magnetic moment of the electron
M. is (eh/2mc) o, we see that

AH, = My - M. (16)

In summary, Mgller’s special relativistic hidden position, extended to include rotation, leads
to hidden momentum and hidden energy, whose quantum version leads to the usual spin—orbit
term as well as a new expression for the interaction of the electron spin with the spin angular
momentum of the electromagnetic field. Finally, using (8), we see that the second term in (11)
may be written as

AH, = —ho - (a x P)/4mc? (17)

a result obtained by Hehl and Ni [13] in a tour-de-force calculation necessitating the use of
three successive Foldy—Wouthuysen transformations. In the particular case where a = eE/m,
we obtain the well-known result [14]

AH, = —eho - (E x P)/4m*c>. (18)

In conclusion, we have shown that all relativistic terms involving spin terms arising from
the Dirac equation may be obtained from a rotation and quantum generalization of Mgller’s
observation and, in particular, we have given an explicit expression for the electron interaction
with the angular momentum of the electromagnetic field.
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