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Quantum spin dynamics in external classical fields
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Abstract. We study the quantum and classical dynamics of spinning particles
in the framework of the general-relativistic covariant Dirac theory. The exact
Foldy-Wouthuysen transformation for the most general case of a fermion in ar-
bitrary configurations of the gravitational, inertial and electromagnetic fields is
derived. We demonstrate the complete consistency of the quantum and classical
dynamics. As physical applications, we discuss prospects of probing spacetime
structure and using spin effects for gravitational wave detection.

1 Introduction

Understanding the dynamics of particles with spin (electrons, protons, neutrons, neutrinos) in
arbitrary electromagnetic, gravitational and inertial fields is important for many high-energy
and astrophysical problems. Moreover, in the consistent gauge-theoretic approach [1], spin of
matter is coupled to the spacetime torsion, and hence by measuring spin effects one can probe
the spacetime geometry, detecting a possibly nontrivial post-Riemannian geometric structure.

2 Electromagnetism and gravity in gauge-theoretic approach

The gauge-theoretic formalism underlies the modern physics, and it is convenient to work
in this framework when discussing the dynamics of particles with microstructure (spin and
dipole moments) in external classical fields. Fermion matter is a source for the gauge fields
which act as mediators of physical interactions. Here we confine our attention only to electro-
magnetic and gravitational interactions. In the general Yang-Mills-Utiyama-Kibble approach
[1], electromagnetism is based on the 1-parameter U(1) symmetry group with the potential
1-form A = A;dx’ as the corresponding gauge field, whereas gravity is based on the the 10-
parameter Poincaré symmetry group G =T4>S O(1, 3). The gravitational gauge potentials are
naturally identified with the coframe 9% = e;’dxi (4 potentials for the translation subgroup
T,) and the local connection I'”® = —T#* = [;*fdx’ (6 potentials for the Lorentz subgroup
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S O(1, 3)). For the multiplet of gauge potentials,

A;

e\ )
I

we have the corresponding multiplet of the electromagnetic and gravitational (“translational”
and “rotational”’) gauge field strengths:

F,'j = a,'Aj - BjA,»
Tij = 0ie% — djef + e —T ;5] . 2)
RUQB = ail"j“ﬁ — (9jFi"ﬁ + l",-yﬁl"j(” - l"jyﬁl",-‘”

For the sake of generality, we assume that the Maxwell tensor Fj;,

tensor 7;;% and the spacetime curvature tensor R;;* are all nontrivial.
The resulting Riemann-Cartan geometry reduces to the Riemannian spacetime when the

torsion vanishes 7;;* = 0. In general, one can decompose the connection into the sum

the spacetime torsion

Fiop = Tigp — Kigp 3)

of the Riemannian connection (denoted by the tilde, it satisfies Bie;’ —djef +ﬁﬁ“ef —Fjﬁ"ef =
0), and the post-Riemannian contortion tensor which is determined by the torsion,

Kiop = % (Taﬁi —Tigp + T, a) . 4

Let x' = (t,x%) be the local coordinates on the spacetime manifold. To study the dy-
namics of a spinning particle in an arbitrary external fields, one should choose a convenient
parametrization of the electromagnetic and gravitational variables. It is common to describe
A; = (= ®, A) in terms of the scalar and vector potentials, whereas the coframe e (gravita-
tional translational field) in the Schwinger gauge is parameterized as

ed=Vel, =W, (o0 -cK’s0).  a=123. )

WS assume that the functions @, A, V and K, as well as the components of the 3 X 3 matrix
W¢, may depend arbitrarily on 7, x.

3 Quantum and classical spin dynamics

In accordance with the equivalence principle (EP), which is a cornerstone of General Rel-
ativity theory, gravitational and inertial effects are locally coinciding for classical systems,
and motion of small bodies under the action of gravity does not depend on the mass. More
recently, the validity of EP for nonrelativistic quantum systems was demonstrated in the ex-
periments of Colella-Overhauser-Werner [2] and Bonse-Wroblewski [3], who measured the
phase shift of the wave function of a neutron affected by gravity and inertia, respectively. A
natural question arises whether EP can be extended to the relativistic quantum systems, which
requires the (comparative) analysis of the quantum and classical spin dynamics in external
gravitational and inertial fields [4-6].
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3.1 Dirac particle

We discuss the quantum spin in the framework of the relativistic Dirac theory. The dynamics
of a fermion particle with mass m and electric charge e is derived from the Lagrangian

in — @ - - 1 g ihv' o
L= = (07" Dath = Dolly"y) = me iy + 5= Mg ™ + = T Uyarys. ©)
The first two terms describe a spinor field with the minimal coupling to electromagnetism
and gravity which is encoded in the covariant spinor derivative
ie
h

In addition, we assume possible nonminimal couplings which are described by the two Pauli-
type terms in (6), where Mz = ' Fop + 0’ % Napuw F*” 1s the generalized polarization tensor,

Dy =i (0= 5 A+ 1T Pa,). ™

and T¢ = — % 7B Tup = {TO, T } is the axial torsion. The parameters ¢’, ', v’ characterize
the magnitude of the corresponding nonminimal couplings.
The components My, = ¢ Pq, My, = €, M are expressed in terms of the 3-vectors

M=uB+5€E, P=cdB-u'€lc, 8)
constructed from the anholonomic magnetic and electric fields which in the coframe (5) read

1
T detW

1 _
€, = — W'A(E + cK x B),, B¢ W%, B, 9)

‘v
where E = - VO - %4 and B =V x A.

Making use of the gravitational field parametrization (5), the Dirac equation derived from
(6) can be recast into the Schrodinger form ih%—*’t’ = Hy with the Hermitian Hamiltonian

H = ﬁmc2V+ ed + %(anhaoz” + a“?—"’anb) + %(K~ n+mn-K)

h
+ZC(E~Z—T75)—,8V(E~M+ia-P). (10)
Here: @ = By; X are the spin matrices; w# = —ihV — eA is the kinetic momentum operator,
and the gravitational (both, GR and post-Riemannian) effects are encoded in
= V3—/ ~ V == V3—/ >
Fly=VWrs T = Ve“”‘l",a:;)\?+ % 70, 20=— T % T (11)
c

To reveal the physical contents of the theory, we use the method developed in Refs. [7—
9] to construct the unitary transformation from the Schrodinger picture (10) to the Foldy-
Wouthuysen (FW) representation. The resulting FW Hamiltonian reads:

h h
7—(FW=ﬁe’+e<D+%(K~7r+7r-K)+§H~Q(1)+§Z-Q(2). (12)

Here I = SX is the polarization operator, and we introduced the 3-vector operators

mc* (1 (1
Q) = _{ {7, €PF€, 7.0, V}}+§{Z,{ne,(2eab6¢d,,afec

2\ 7
2
3T D+ e {% ((F ' ma) V2, ~ vz@b{fdc,nd})}
(1
- ie“’”{—, (F s ma) VP, — Vﬂ{?"c,m)}, (13)
45 €
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2 (1 1., : i
Q= %{;,{m,ﬁ}, (g (€T o = FL0aKT + K07 )
_ l?’f (6db'—a 6d(l—'b)]}} + E E ﬁ l VZ%(/Z
27l 2 2 e’
2V a 02 l abq—d e
M 2h{T {6PF, T VM, ), ne}} (14)

where the curly brackets { , } denote anticommutators, and

2
€ = \/1112c4V2 + %6“"{771,,?%}{@, F.1, T =2¢? + (€, mPV). (15)

It is important to emphasize that is an exact result in all terms which are of the zero and the
first orders in the Planck constant 7, and we did not make any assumptions about the weakness
of the external fields. In other words, our findings are applicable to any configurations of
external fields which can be arbitrarily strong. Although the final formulas look similar to
those derived earlier in [10], one should notice that now (11) include the contributions from
the nontrivial torsion field.

3.2 Classical particle with spin

Classical theory of spin was developed quite early after the concept of spin was introduced
for elementary particles [11-15]. This theory underlies the analysis of dynamics of polarized
particles in accelerators and storage rings.

The motion of a test particle is described by its 4-velocity u® and by the 4-vector of spin
S @ which satisfy the normalization, u,u® = ¢?, and the orthogonality, S ,u® = 0, conditions.
By neglecting the second order spin effects [16, 17], the dynamical equations for the spinning
particle in external electromagnetic and gravitational fields read

Du® e

= —ZF%, 16
dr m B (16)
DS*“ ’ i 1 e 11 2 01 u’ @ @
— = —(/-2)uK Sﬁ—EF,BSﬁ—£[ ﬁ+§(u Mﬁy—uﬁMy)}Sﬁ. (17)

The laboratory-frame components of the vector S do not describe the physical spin of a
particle: We have to recall that spin, as the “internal angular momentum” of a particle, is
determined with respect to the rest reference frame.

We denote the physical spin by s. Using the general scheme developed in [10, 18, 19],
we reduce the system (16)-(17) to

ds
— =QXs. 18
dr § (18)
Notice that u® = {y, yv} with the Lorentz factor y. We find the precession angular velocity
e y vXCey
Q=—(-Bp+— 19
m ( TTyr1 2 ) (19)
as a function of the external fields which enter via the effective fields:
2
Gr = €6-Lyyxa+rleg, (20)
eh e
2
By = B+ Z[A——v(v A)]+— @1
eh
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Here the polarization current combines the effects of nonminimal couplings
1
A=M+-vXP, (22)
C
whereas the gravitoelectric and gravitomagnetic fields

8=5—@vx7‘, B:Eﬂ@(i—ﬁo) 23)

encompass GR terms &, B and the torsion contributions.

3.3 Consistency of quantum and classical spin dynamics

The quantum spin dynamics is determined from the commutator of the polarization operator
I = BX with the FW Hamiltonian (12):

il i

— = ﬁ[q{FW, M) = Q) XE+Qu xIL 24
To derive the corresponding semiclassical expressions from the quantum results, we should
evaluate all anticommutators and neglecting the powers of 7 higher than 1 in (13)-(15). Then
(24) reduces to (18), and we can verify that Q = Q) + £y is exactly equal to (19) after we
notice the identifications [10]

2 ’ 3
c € vy c b J Y UaUe
7:h =, - , F Fé¢ ;= — —. (25
B ol T ey T 1y v €(e +mc?V) @b eltd = ] v ¢ 25)

This general result is of fundamental importance for the comparison of the dynamics of a
quantum and classical spinning particle in external fields for the proof of the validity of the
equivalence principle, extended to relativistic quantum systems.

4 Physical effects: probing spacetime structure

Making use of the theoretical framework outlined here, one can establish observational
bounds on spin-torsion coupling from the dynamics of freely precessing nuclear spins in a
uniform magnetic field B. From the data [20] of the experiment with '*Hg and °'Hg atoms
devoted to the search of a hypothetical scalar-pseudoscalar interactions, we derive [18] the
strong restriction on the absolute value of the spacetime torsion:

fic y
ch T|-|cos®] <2.2x 1072 eV, IT|-|cos®] < 4.3x 107 “m™. (26)

Here O is the angle between B and the torsion T. One can further improve these bounds by
approximately one order by making use of the more recent experimental data [21].

As another application, one could develop a novel technique to probe gravitational waves
by observing the spin dynamics in a magnetic resonance setup [10]. In the local coordinates
(t, x, y, 2), the spacetime geometry of a weak gravitational wave is given by

R 1+w@ w® 0
V=1, K=0, W= wg l-wg 0| 27)
0 0 1
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The two independent polarizations of a wave with the frequency w propagating along the
z axis are described by the functions wg = wg)(p) and wgy = wg(p) of the phase ¢ =
w(t — z/c). Suppose wgy = 0 and wg, = go cos ¢, and we apply a constant homogeneous
magnetic field in the plane of the wave front: B = (By,0,0), with By =const. Then from
(9) we find the field acting on the spin: B = (By, Bow),0). Thereby, the resulting field
configuration reproduces the magnetic resonance conditions, when the spin is affected by the
constant homogeneous magnetic field along x superimposed with an additional alternating
field in the perpendicular plane (y,z). Computing the probability of the spin-flip we find
that the effect is quadratic in the wave amplitude go. However, one can expect that also the
polarization effects which are linear in gy can possibly show up in the analysis of the spin
components orthogonal to initial spin polarization.

5 Conclusion

Our results on the quantum and quasiclassical equations of motion of spinning particles are
of direct operational relevance and they form the basis for many experiments in high-energy
physics and astrophysics. Important applications range from the study of polarized beams
in accelerators and storage rings to the development of novel methods of gravitational wave
detection.

The experimental study of the action of a gravitational wave on spin might provide a
useful supplementary technical tool for the existing modern experiments (LIGO/VIRGO). In
particular, one could search for a very weak (possibly amplified by means of an applied mag-
netic field) effect of the gravitational wave on spin in coincidence with the standard signal.
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