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Abstract

The propagation of test fields, such as electromagnetic, Dirac, or linearized grav-
ity, on a fixed spacetime manifold is often studied by using the geometrical optics
approximation. In the limit of infinitely high frequencies, the geometrical optics
approximation provides a conceptual transition between the test field and an ef-
fective point-particle description. The corresponding point-particles, or wave rays,
coincide with the geodesics of the underlying spacetime. For most astrophysical ap-
plications of interest, such as the observation of celestial bodies, gravitational lens-
ing, or the observation of cosmic rays, the geometrical optics approximation and
the effective point-particle description represent a satisfactory theoretical model.
However, the geometrical optics approximation gradually breaks down as test fields
of finite frequency are considered.

In this thesis, we consider the propagation of test fields on spacetime, beyond
the leading-order geometrical optics approximation. By performing a covariant
Wentzel-Kramers-Brillouin analysis for test fields, we show how higher-order cor-
rections to the geometrical optics approximation can be obtained. The higher-
order corrections are related to the dynamics of the spin internal degree of free-
dom of the considered test field. We obtain an effective point-particle description,
which contains spin-dependent corrections to the geodesic motion obtained using
geometrical optics. This represents a covariant generalization of the well-known
spin Hall effect, usually encountered in condensed matter physics and in optics.
Our analysis is applied to electromagnetic and massive Dirac test fields, but it can
easily be extended to other fields, such as linearized gravity. In the electromag-
netic case, we present several examples where the gravitational spin Hall effect of
light plays an important role. These include the propagation of polarized light
rays in black hole spacetimes and cosmological spacetimes, as well as polarization-
dependent effects on the shape of black hole shadows. Furthermore, we show that
our effective point-particle equations for polarized light rays reproduce well-known
results, such as the spin Hall effect of light in an inhomogeneous medium, and the
relativistic Hall effect of polarized electromagnetic wave packets encountered in
Minkowski spacetime.
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Hall effects are well know in many areas of physics and represent the basis of
many applications of practical interest. The most basic example is the ordinary
Hall effect, discovered by Edwin Herbert Hall in 1879 [100]. This effect is observed
for charged particles travelling in a conductor in the x direction, when a magnetic
field is applied in the transverse y direction. Then, due to the Lorentz force, the
charged particles are deflected in the z direction. The magnitude of the deflection
is related to the magnitude of the applied magnetic field and the absolute value of
the charge, while the direction of the deflection is given by the orientation of the
applied magnetic field along the y direction and the sign of the charge.

The ordinary Hall effect, despite its simplicity, successfully captures the main
features of Hall effects in general. That is, a particle (or localized wave packet)
with some internal degree of freedom and travelling in the x, under the influence
of some external agent, acting in the y direction, gets deflected in the z direction,
and the orientation and magnitude of the deflection depend on the internal degree
of freedom. In the case of the ordinary Hall effect, the internal degree of freedom
is represented by the charge of the particle. Thus, Hall effects can be viewed as a
consequence of the coupling between the external and internal degrees of freedom
of particles or wave packets.
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In this thesis, our attention is directed towards spin Hall effects, which represent
a subclass of Hall effects where the relevant internal degree of freedom is the
spin of a particle or wave packet. The main mechanism behind spin Hall effects,
representing the coupling of external and internal degrees of freedom, is called
the spin-orbit interaction [158, 71, 37]. The spin represents the internal degree
of freedom, and the orbital part represents external degrees of freedom, such as
position and velocity.

Examples of spin Hall effects are commonly encountered in many areas of physics,
such as condensed matter physics or optics. The spin Hall effect of electrons can be
observed for electrons travelling in certain materials exhibiting spin-orbit coupling.
In this case, electrons with opposite spin get deflected in opposite directions, trans-
verse to their direction of propagation [158, 71]. Similarly, in optics one observes
the spin Hall effect of light. This effect is present for polarized light propagating
in a medium with inhomogeneous refractive index. In this case, the polarization
represents the spin internal degree of freedom. Light rays of opposite circular po-
larization are deflected in opposite directions, perpendicular to their direction of
propagation and to the gradient of the refractive index [37]. These effects have
been intensively studied for the past 40 years, leading to solid theoretical foun-
dations, as well as many experimental observations. Beyond their primary role
in fundamental physics, spin Hall effects are playing an important role for many
applications in metrology [179], spintronics [174, 108], photonics [118, 178], optical
communications [111] and image processing [180].

In optics, the spin Hall effect of light is usually derived by considering the WKB
approximation of Maxwell’s equations in a medium with inhomogeneous refrac-
tive index [33, 31, 148]. At the lowest order in the WKB approximation, one
obtains the well-known geometrical optics ray equations, and there is no coupling
between the external (position and velocity of the ray) and internal (polariza-
tion) degrees of freedom. However, by taking into account terms of higher or-
der in the WKB approximation, one obtains effective ray equations containing
polarization-dependent correction terms, representing the spin Hall effect of light.
In this case, the evolution of the polarization involves the Berry connection, and
the polarization-dependent terms in the effective ray equations are represented by
the corresponding Berry curvature. This approach emphasizes the fact that the
mathematical description of physical phenomena in terms of fields is fundamental,
while any point-particle description should be viewed just as an approximation
of the underlying fields. The WKB approximation facilitates the transition from
the field equations to the effective point-particle description, and the spin Hall
effect of light is represented by polarization-dependent corrections arising in the
effective point-particle description. In this case, the effective point-particle dy-



namics is expected to approximate the dynamics of a localized wave packet of the
electromagnetic field (e.g., a polarized laser beam). This is actually the case, as
confirmed by several experiments [103, 36].

Given the important role of spin Hall effects in condensed matter physics and
optics, it is natural to explore the possibility of similar effects arising in general
relativity. In particular, we are interested in studying the dynamics of particles or
wave packets with spin internal degree of freedom, on a fixed spacetime background
representing a solution of the Einstein field equations. In this context, any spin-
dependent propagation of a particle or wave packet, which arises solely due to the
presence of the gravitational field, is referred to as a gravitational spin Hall effect
[128].

In general relativity, the motion of free-falling test particles without any internal
structure is represented by the geodesics of the underlying spacetime. For a broad
range of astrophysical applications, such as the motion of planets or the propa-
gation of light rays, the geodesic motion provides a good approximation. How-
ever, test particles can also have internal structure (such as spin, electric charge,
Yang-Mills charge, etc.), which can mutually interact with the external degrees
of freedom. There are several approaches within general relativity that study the
dynamics of particles or wave packets with internal degrees of freedom [128]. For
example, the well-known Mathisson-Papapetrou-Dixon equations are meant to de-
scribe massive test particles with spin [59]. Various extensions of these equations
for the massless case have also been considered [160, 152]. Another approach is
the use of WKB-type approximations for field equations such as Maxwell’s equa-
tions [85, 84, 154] or the Dirac equation [9, 147]. This can lead to spin-dependent
extensions of the usual geometrical optics results.

However, the previously mentioned models do not provide a satisfactory de-
scription of gravitational spin Hall effects. Each model suffers from at least one
serious drawback, such as lack of covariance, limited applicability to a small class
of spacetimes, or lack of proper physical interpretation. Furthermore, there are
also contradictory claims between some models, as discussed in [128]. The main
goal of this thesis is to provide a covariant derivation of the gravitational spin Hall
effect, which does not suffer from the same drawbacks as the previous models, and
which should settle previously encountered inconsistencies.

The gravitational spin Hall effect of light is derived by using the WKB ap-
proximation for the vacuum Maxwell equations on a fixed spacetime background.
The derivation is covariant and the considered spacetime is arbitrary. We obtain
an effective point-particle description, consisting of a set of ray equations and a
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transport equation for the polarization. The ray equations contain polarization-
dependent corrections to the null geodesics, representing the gravitational spin
Hall effect of light. We present these results in close analogy with the description
of the spin Hall effect of light in optics - the transport equation for the polarization
is expressed in terms of the Berry connection, and the correction terms in the ray
equations are expressed in terms of the Berry curvature.

Considering the WKB approximation for the Dirac equation on a fixed spacetime
background, we derive the gravitational spin Hall effect of electrons. Formally, the
derivation follows the same steps as in the electromagnetic case, and the resulting
point-particle dynamics is also governed by the corresponding Berry connection
and Berry curvature.

The present derivation of the gravitational spin Hall effect opens the way for
several applications. It is shown that in certain black hole spacetimes (such as
Schwarzschild or Kerr) the gravitational spin Hall effect of light results in a po-
larization dependent scattering of light rays. Even though the effect is small, the
presence of a finite scattering angle suggests that the effect could be measurable
sufficiently far away from the black hole. Furthermore, it is shown how the gravi-
tational spin Hall effect of light can affect the observation of black hole shadows.
While there is no effect of Schwarzschild black holes, the shadows of Kerr black
holes are modified in a polarization-dependent way.

There are several natural directions in which the results of this thesis can be
extended, some of which are currently being investigated by the author. First of
all, the procedure presented here for the derivation of the gravitational spin Hall
effect could easily be applied for studying the propagation of gravitational waves
on a fixed spacetime background, within the framework of linearized gravity. This
should lead to a derivation of the spin Hall effect of gravitational waves. Sec-
ond, instead of the WKB approximation, one could use the more general Gaussian
beam approximation [143] (see also Ref. [130]). This has the advantage of pro-
viding a much clearer transition between wave packet dynamics and point-particle
dynamics, and it is expected that the shape of the wave packet could also affect
its propagation, as suggested in Ref. [30]. Lastly, the effective ray equations de-
scribing the gravitational spin Hall effect should be studied in more detail. One
important aspect that should be addressed is the existence of conserved quantities
for the effective ray equations, as well as any possible relations with conservation
laws associated with the underlying field equations. This is partially answered in
section 2.4.3, where it is shown that in certain spacetimes, such as Kerr, one can
use the Lagrangian formulation of the effective ray equations to obtain conserved
quantities. However, this approach can only provide conserved quantities associ-
ated with Killing vector fields, and it is not clear if the effective ray equations also
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admit conserved quantities associated to Killing tensor fields (such as a generalized
version of Carter’s constant for spinning particles).

1.1. Overview of the thesis

We continue this introductory chapter with a brief overview of spin Hall effects
in general, based on [128]. This is meant to introduce the basic concepts used
in the description of spin Hall effects, such as the Berry phase, and to provide
an overview of the currently available descriptions of spin Hall effects in general
relativity. In Chapter 2 we present the main results of this thesis, based on [129].
The gravitational spin Hall effect of light is derived by means of a covariant WKB
analysis of Maxwell’s equations on a fixed arbitrary spacetime background. The
treatment is in close analogy with well-known derivations of the spin Hall effect in
optics. The spin-orbit interaction is represented through the Berry phase, and the
correction terms in the modified ray equations are represented in terms of the Berry
curvature. The modified ray equations are examined in several particular cases,
and it is shown how several known results are recovered. A Mathematica code has
been developed for numerically integrating the modified ray equations on a given
spacetime background. The code can be found in Appendix A.7, and can easily
be used to explore further examples. In Chapter 3, we perform a semiclassical
analysis of the massive Dirac equation on a fixed arbitrary spacetime background,
along the same lines as in the previous chapter. We obtain the dynamics of the
internal spin degree of freedom in terms of the Berry connection, and we propose
a derivation of modified ray equations, describing the spin Hall effect of electrons
on a curved spacetime background.

1.2. Spin Hall effects in materials

In condensed matter physics, the spin Hall effect (SHE) of electrons was first pre-
dicted in 1971 [72, 73], and describes the appearance of a spin current, transverse
to the electric charge current propagating in a material. The effect was first ob-
served by Bakun et al. in 1984 [11] as the inverse spin Hall effect, and only later
on, in 2004, was the direct spin Hall effect observed in semiconductors [110]. The
source of this effect is the relativistic spin-orbit coupling between a particle’s spin
and its center of mass motion inside a potential. Detailed reviews about the spin
Hall effect of electrons can be found in [158, 71].
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A similar effect, called the spin Hall effect of light, is present in the case of
electromagnetic waves propagating inside an inhomogeneous optical medium. In
this case, the spin-orbit coupling comes from the interaction of the polarization
degree of freedom with the gradient of the refractive index of the medium, resulting
in a transverse shift of the wave packet motion, in a direction perpendicular to
the gradient of the refractive index. The first known examples related to the spin
Hall effect of light are the Goos-Hénchen effect [91], originally reported in 1947,
and the Imbert-—Fedorov effect [79, 104], reported in 1955. These effects involve
polarization-dependent transverse shifts of light beams undergoing refraction or
total internal reflection. A recent review of these effects can be found in [32]. Later
on, polarization-dependent propagation of light inside an inhomogeneous optical
medium was reported under the name “optical Magnus effect” [63, 114], in analogy
with the Magnus effect experienced by spinning objects moving through a fluid.
This was followed by the work of Onoda et al. [131] (who introduced the term
“Hall effect of light”), Bliokh et al. [33, 34, 36] and Duval et al. [67, 68, 65]. The
first experimental observation of the spin Hall effect of light came in 2008 [103, 36].
Reviews about the current state of the research can be found in [37, 116].

Focusing on the spin Hall effect of light in inhomogeneous media, we briefly
review the main mechanism behind the effect, and we present the correspond-
ing equations of motion. We discuss the different types of angular momentum
that electromagnetic waves can carry, and how spin-orbit interactions of light re-
sult from the conservation of the total angular momentum. Next, the notion of
the Berry phase is introduced, and its relation to the spin Hall effect of light is
explained. Finally, the equations of motion of polarized light rays in an inhomo-
geneous medium are introduced.

1.2.1. Angular momentum of light

It is well known that electromagnetic waves can carry angular momentum [106].
Following classical Maxwell’s theory, the angular momentum density is given by
the cross product of position vector x with the Poynting vector E x B. The
total angular momentum of the electromagnetic field is the space integral of this
quantity [106]:

J= eo/x x (E x B) dx?, (1.1)
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where € is the vacuum permittivity. Furthermore, the total angular momentum
can be split into two parts:

3
J:S+L:€0/(EXA)dx3+€OZ/EZ(XXV)Ald.f?) (12)
i=1

In general, the above split is gauge dependent, due to the presence of the vector
potential A. However, this issue can be resolved by imposing the Coulomb gauge

A% =(0,A), V-A=0. (1.3)

In this case, the above split of the total angular momentum coincides with the
gauge invariant definition for spin and orbital angular momentum [39]. The first
term, S, represents the spin angular momentum, and can be associated with the
polarization of the electromagnetic wave. The second term, L, represents the
orbital angular momentum and was mostly ignored until the early 1990s, when it
was shown that Laguerre-Gaussian light beams carry well defined spin and orbital
angular momentum [3]. Detailed reviews about how the angular momentum of
light shaped the last 25 years of developments in the science of light, covering
both theoretical and experimental ground, can be found in [8, 17, 35].

When considering the propagation of light in inhomogeneous optical media, it
is convenient to adopt the paraxial beam approximation. This means that the
considered electromagnetic wave packet does not spread significantly during its
propagation, so it can effectively be described by a ray trajectory. Within this
approximation, considering a beam with mean wave vector P (and P = |P|),
the total angular momentum of light can be split into three distinct components
(37, 35]:

e Spin angular momentum (SAM): this corresponds to the first term in Eq. (1.2),
and it is related to the polarization of electromagnetic waves. The SAM per
photon can take values 0 = +h, and in flat spacetime it is aligned with the
direction of propagation of the beam:

S=o0 (1.4)

<l

e Intrinsic orbital angular momentum (IOAM): this is characteristic for elec-
tromagnetic beams with helical wavefronts, such as Laguerre-Gaussian [3],
Bessel [171] or exponential beams [26]. Beams with IOAM are generally
described by a topological charge ¢, which represents the twisting degree
of the wavefronts. The IOAM per photon can take any integer value £ =
0, +h,£2h, ..., and in flat spacetime it is aligned with the direction of prop-
agation of the beam:
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P

Lint = L”F. (1.5)
e Extrinsic orbital angular momentum (EOAM): this is in direct analogy with
the mechanical angular momentum for massive particles, and it is present for
beams propagating at a distance from the origin of the coordinate system
(the origin might correspond to some special point of an applied external
potential). The EOAM is given by the cross product of the centroid of the

propagating beam, R, and its momentum, P:

Lext = R x P. (1.6)

The second term in Eq. (1.2) is the sum of the IOAM and EOAM. Thus, the total
angular momentum of paraxial light beams can be written as:

J :S+L: S+Lint+Lext- (17)

The conservation of the total angular momentum will induce the spin-orbit interac-
tions of light, resulting in the spin Hall effect of light and other related effects [37].
For example, if we consider a system where only SAM and EOAM are present,
the conservation of the total angular momentum will induce the spin Hall effect
of light. Another possible example is a system with IOAM and EOAM, where the
conservation of the total angular momentum will result in a similar effect, called
the orbital Hall effect [30, 37]. In particular, IOAM plays a special role since the
topological charge £ can take any integer value, thus one can in principle prepare
beams that carry significant amounts of angular momentum. Optical beams with
IOAM up to 10*h per photon have been reported [81].

Furthermore, the discussion presented here is not limited to electromagnetic
waves. The same splitting of the total angular momentum can be considered
for any other spin-field, and the conservation of the total angular momentum
will give raise to the corresponding spin-orbit interactions. In particular, it is
worth emphasizing that electrons carrying IOAM are attracting a lot of attention
[168, 123, 113, 16, 28], and gravitational waves carrying IOAM have also been
theoretically studied in [27, 112, 29, 12].

1.2.2. Berry phase

The Berry phase plays a central role in the description of SHEs, both in Optics
[131, 37, 31], and in Condensed Matter Physics [19, 127, 157, 175]. For example,
by considering relativistic wave equations, such as the Dirac equation or Maxwell’s
equations, the evolution of the spin degree of freedom will be influenced by the
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Berry phase, while the spin-orbit coupling will imprint the effect of the Berry phase
on the corresponding point-particle equations of motion, resulting in a SHE.

As originally described by Michael Berry [20], the adiabatic evolution of a quan-
tum system changes the wavefunction by an additional phase factor, referred to as
Berry phase or geometrical phase. The quantum system is considered to remain
in some nth eigenstate of the Hamiltonian H(R):

H(R) |V, (R)) = E,(R) |V,(R)), (1.8)

where R = R(t) represents the set of parameters varying adiabatically. The adi-
abatic evolution of the parameters is considered in the sense of Kato [109], and it
will define a parallel transport of the wavefunction along the path in parameter
space [51]. A well-known example of such a system is a spin—% particle in a slowly
changing magnetic field B(¢) [51]. In this case, the set of parameters R(t) is iden-
tified with the magnetic field B(t), and for magnetic fields of constant magnitude
the parameter space will have S? topology.

When the parameters R vary along a closed loop C' in parameter space, such
that R(0) = R(T'), the wavefunction acquires an additional Berry phase 7, (C):

W (R(T))) = (i ly 2RO g, (R(0))) (1.9)

7(C) :ij€<\lln(R)\VR|\I/n(R)> “dR — ]iAR.dR. (1.10)

The Berry phase can be expressed in terms of the Berry vector potential, Ag, also
called the Berry connection. Furthermore, if we consider an arbitrary hypersurface
in parameter space, such that 0¥ = C, and by using Stokes’ theorem, we can
rewrite the Berry phase as:

b)) )

In the above expression Fg is called the Berry curvature, since it describes the
geometrical properties of the parameter space. In analogy with classical electro-
dynamics, we can think of Ar as a “magnetic” vector potential, and of Fr as the
corresponding “magnetic” field in the parameter space. Then, one can regard the
Berry phase 7,,(C) as the flux of Fg through the surface ¥ [51].

Shortly after Berry’s original paper, an elegant mathematical formulation was
introduced by Barry Simon, who represented the geometrical phase factor by the
holonomy of a connection on a Hermitian line bundle [155]. Later on, general-
izations of the Berry phase were introduced by Wilczek and Zee for systems with
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degenerate spectra [173], and by Aharonov and Anandan for systems undergoing
general cyclic evolution, that is not necessarily adiabatic [2, 4]. Extensions for
noncyclic evolution exist as well [151, 126, 137].

From the definition of the Berry phase presented above, one might conclude that
this is a purely Quantum Mechanical effect, and it should not be present at the
level of classical theories. However, as it can be seen from [89, 5], the Berry phase
naturally occurs in classical field theories as well.

Generally, the study of SHEs involves the propagation of localized wave packets
inside some inhomogeneous medium. Nevertheless, it is instructive to look at the
following basic example. If we consider electromagnetic waves described by clas-
sical Maxwell’s equations, we can easily see how the Berry phase arises naturally,
without considering any Quantum Mechanical effects [25, 45, 88]. The intrinsic
topological structure of Maxwell’s equations in vacuum is revealed as soon as one
performs a plane wave expansion for electromagnetic waves. Using this descrip-
tion, electromagnetic waves are characterized by a wave vector k and a complex
polarization vector e(k), together with the transversality condition k - e(k) = 0.
Furthermore, the space of possible wave vectors is constrained by the dispersion re-
lation (also called on-shell condition) [k|* = w?(k), which implies that the k-space
will have S? topology [45]. The polarization vectors e(k) form a 2-dimensional
complex vector space, and due to the transversality condition they will lie in a
tangent plane to the spherical space of k vectors.

By identifying the parameter space from the standard treatment of the Berry
phase with the k-space of electromagnetic waves, one can see how the Berry phase
arises at the classical level [98, 99]. Considering an electromagnetic wave that
follows a closed loop in k-space, the polarization vector e(k) will be parallel trans-
ported around this loop, and, due to the curvature of the k-space, it will get rotated
by a geometrical phase factor proportional to the solid angle enclosed by the loop
[51] (a visual example of this process is also presented in [88]). This rotation of
the polarization vector was already known in 1938, when it was investigated by
Rytov [150], followed by the work of Vladimirskii [170] (for this reason, the effect
is generally referred to as Rytov or Rytov-Vladimirskii rotation). The effect was
experimentally observed for the first time in 1984 by Ross [145], followed by the
work of Chiao, Tomita and Wu [48, 165].

Even though it will not be considered in the present review, a similar effect,
called the Pancharatnam phase, will also arise if the polarization state space is
identified as the parameter space and the adiabatic evolution of the polarization
vector is considered [135, 21]. This effect was also observed experimentally [22].

10
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However, regarding curved spacetime, there are few theoretical studies discussing
the Berry phase, and no experimental results. A first study of the Berry phase for
waves propagating in a weak gravitational field was presented in [44], and further
developed by several authors [10, 52, 6, 43, 42, 80, 134].

1.2.3. Spin Hall effect equations of motion

The spin Hall effect of light in inhomogeneous optical media can be viewed as a
consequence of the spin-orbit coupling between SAM and EOAM, resulting in the
helicity dependence of the ray trajectories. In terms of the Berry phase, the spin
Hall effect of light can be described by considering k-space as parameter space.
Then the Berry curvature of k-space will act as a “Lorentz force” on “charged”
particles, where the “charge” will be represented by the helicity of photons. Thus,
the spin Hall effect of light can be viewed as a consequence of Berry curvature in
momentum space [131].

The point-particle equations of motion describing the spin Hall effect of light
have been obtained by different authors, using different methods. These include
postulating an effective ray Lagrangian or Hamiltonian [131], using geometrical
optics with a modified eikonal ansatz for Maxwell’s equations [33, 34], or consid-
ering a mechanical model for photons, as inspired by the description of spinning
particles in General Relativity [67].

Considering an inhomogeneous medium with a refractive index n(X), the equa-
tions of motion of polarized light rays, describing the spin Hall effect of light are
[148]

. cP P PxP
n, Ny +s D3

where s = +1, depending on the state of circular polarization of the light ray.

(1.12)

The last term in the X equation is the correction term that determines the spin
Hall effect of light and can be interpreted as a Lorentz force produced by the Berry
curvature in momentum space, with the photon helicity acting as a charge [37]. As
will be discussed in 2, a similar Berry curvature term appears in the description
of the gravitational spin Hall effect of light, along with other terms related to the
curvature of spacetime.

In the limit of very short wavelengths, the spin Hall effect of light is suppressed,
and we recover the classical equations of motion for photons in a medium with
arbitrary refractive index n. The spin Hall effect of light becomes more visible as
one increases the wavelength, but one should keep in mind that these equations
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1. Introduction

were derived under the assumption that the wavelength is much smaller than the
length scale over which the medium properties vary significantly.

The theoretical predictions of Eq. (1.12) were first verified in 2008 by Hosten and
Kwait [103]. Their experiment used the technique of quantum weak measurements
to amplify the small transverse shift coming from the spin Hall effect of light. This
was followed a few months later by the experiment of Bliokh, Niv, Kleiner and
Hasman [36]. In this case, the authors managed to amplify the spin Hall effect
of light by multiple reflections inside a glass cylinder. Afterwards, the effect was
detected by several other groups, using different experimental methods [97, 115,
119, 159]. A more detailed account of the experimental results can be found in

37, 158].

1.3. Spin Hall effects in general relativity

Considering the dynamics of a localized wave packets or a spinning particle, by
the gravitational spin Hall effect, we mean any spin-dependent correction of this
dynamics, in comparison to the dynamics of a scalar field or geodesic motion. This
should extend to general relativity the spin Hall effects known from condensed
matter physics and optics. The role of the inhomogeneous medium is now played
by spacetime itself, and the spin-orbit coupling is a consequence of the interaction
between the spin degree of freedom and the curvature of spacetime. This effect
is expected to be present for all spin-fields (some examples are the Dirac field,
electromagnetic waves and linear gravitational waves) propagating in a nontrivial
fixed spacetime.

One motivation for studying the gravitational spin Hall effect comes from the
fact that electromagnetic waves propagating in a curved spacetime are formally
described by the same set of equations as electromagnetic waves propagating inside
some optical medium, in flat spacetime. The properties of the optical medium can
be related to the components of the metric tensor describing the curved spacetime
[142, 23, 24]. This type of analogy was first recognized by Eddington, who sug-
gested that the gravitational light bending around the Sun could also be obtained
if we consider an appropriate distribution of a refractive material [74]. This was
later developed by Gordon [92], and Plebanski [142]. For a more recent discussion
see [23, 24].

Following Plebanski [142], a spacetime described by the metric tensor g,, can
be viewed as an effective medium with perfect impedance matching, described by

12



1.3. Spin Hall effects in general relativity

a tensorial permittivity €;;, a tensorial permeability 1;;, and a magnetoelectric
coupling vector «; (here, Latin indices run from 1 to 3):
€ =p” = —y/—det gg—, a; = o (1.13)
goo Joo

This correspondence is an example of what is called analogue gravity [14], where
certain properties of a curved spacetime are reproduced in laboratories using other
physical systems. However, this analogy has its limitations and should be used
with care. The main limitation is that it breaks covariance, and simply writing the
metric using different coordinates can result in analog materials with completely
different properties [78].

The experimental observation of the spin Hall effect of light in inhomogeneous
optical media, together with the correspondence to curved spacetime, suggests
that this effect should also play a role for waves propagating in curved spacetimes,
in which context it is usually neglected. It is conceivable that the gravitational
spin Hall effect might have experimentally observable consequences, for example,
in the form of corrections to gravitational lensing.

Various approaches have been proposed in the literature in order to describe the
gravitational spin Hall effect. A detailed review of these theoretical models can be
found in Ref. [128]. Below we briefly mention these models, together with their
main features and limitations.

1.3.1. Spinning particles in general relativity

The equation for the worldline of a massive spinning test body in the context
of the pole-dipole approximation was first derived by Mathisson [122] and Papa-
petrou [136] by integrating the conservation law of the energy momentum tensor
V., T* for a multipole expansion of the energy momentum tensor T*”. A covari-
ant derivation was given by Tulczyjew [167] and Dixon [57]. The latter contains
multipole expansions to any order; see also Ref. [156]. There are many alternative
derivations in the literature [156, 144, 169, 160, 13]. A Hamiltonian formulation
for the Mathisson-Papapetrou-Dixon equations can be found in Ref. [13], and the
systematic presentation of the Hamiltonian for different orders in spin can be found
in Ref. [169]. A particularly transparent derivation can be found in Ref. [161], and
a slightly more general derivation in Ref. [59]. A more mathematical derivation,
including a full discussion of the symplectic structure of the phase space of the
dynamic variables, can be found in Ref. [160], albeit only available in French. For
the definition of multipole moments see Ref. [58].
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1. Introduction

The Mathisson-Papapetrou-Dixon equations are given by:

1
P = _gR“mu”S“, (1.14)
Sof — plogfl (1.15)

where u* denotes the four-velocity of the particle (the timelike unit tangent vector
of the worldline u*u, = —1), p* is the total momentum of the particle, and S*” is
the totally antisymmetric spin tensor. The system (1.14)-(1.15) has 10 equations
for 13 unknowns (3 for u*, 4 for p* and 6 for S*”) and is therefore underdetermined.
In particular, we are missing an equation that determines u*. This is usually fixed
with so called spin supplementary conditions. The most commonly used spin
supplementary conditions are the following ones:

e Tulczyjew-Dixon: S*p, =0
e Pirani: S"u, =0 [141]
e Corinaldesi-Papapetrou: (0;),5** = 0, for stationary spacetimes.

Note that the worldlines obtained from different spin supplementary conditions do
not coincide. They are usually interpreted as different gauge choices for the “center
of mass” of the extended bodies [53]. According to Dixon [59], the Tulczyjew-
Dixon spin supplementary condition, S*p, = 0, is the only spin supplementary
condition that fixes a unique world line for an extended body, without requiring
the introduction of any other additional structure. For a review on the effect of
the different spin supplementary conditions and their physical interpretation, see
[54, 55]. For the Tulczyjew-Dixon spin supplementary condition, m = p*u,, can be
interpreted as the mass, which is constant along the worldline. For the Pirani spin
supplementary condition, the mass is given by p*p,, = m, which is again conserved
along the worldline. For both spin supplementary conditions, the magnitude of
the spin, s = %SWS“”, is constant along the worldlines. It was shown in [53]
that various choices are in fact physically equivalent, provided that higher-order
quadrupole terms are ignored. Therefore, choosing a spin supplementary condition
comes down to practicality and personal preferences.

The fact that the Mathisson-Papapetrou-Dixon equations can be adapted for
massless particles was first mentioned by Souriau [160], and then worked out in
detail by Saturnini [152] (both references only available in French). They start
with the Mathisson-Papapetrou-Dixon equations (1.14) and (1.15), assume the
Tulczyjew-Dixon spin supplementary condition, S*p, = 0, S* # 0, and the
momentum to be null, p#p, = 0. They obtain the following set of equations, to
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1.3. Spin Hall effects in general relativity

which we will refer to as the Souriau-Saturnini equations:

AN e e (.16

= S\/—geaﬁp"Raﬁ,\VS’\”Rpm&SVépu (1.17)
8RQ5AVSO‘BS)‘V ’ ’

SH = pligg (1.18)

where ¢ is the metric determinant.

In Ref. [152], Saturnini showed that for a certain choice of initial condition for
the spin, a radially ingoing null geodesic would satisfy Eqgs. (1.16)-(1.18) and the
observation of redshift would not change for massless particles with spin. Us-
ing numerical simulations, he also observed that, for certain initial conditions in
Schwarzschild spacetimes, the Eqgs. (1.16)-(1.18) with different helicities produce
trajectories that are symmetric with respect to the plane of a reference null geodesic
with zero spin. However, he deemed the effect to be too small to be observable.

In Ref. [68, 65], Duval et al. present a derivation of the spin Hall effect of light
by using a symplectic framework, similar to the one introduced by Souriau and
Saturnini in the context of spinning particles in curved spacetime.

In Ref. [66], Duval and Schiicker studied the Souriau-Saturnini equations in a
Robertson Walker spacetime. By numerically integrating Eqgs. (1.16)-(1.18) with a
non-zero orthogonal component in the spin vector, they obtained spacelike spiral
trajectories that wind around a reference null geodesic, or equivalently, a reference
trajectory for a spinning massless particle with zero orthogonal spin component
in the spin vector. They argue that, for “reasonable cosmologies, redshifts, and
atomic periods”, the physical distance between the spiral and the null geodesic
is of the order of the wavelength, even though according to their analysis it is in
principle unbounded.

In Ref. [70], Duval, Marsot, and Schiicker extended the analysis to Schwarzschild
spacetimes. For the numerical simulations, they assumed initial conditions at
the perihelion, the point of closest approach to the star on the trajectory. From
their perturbative analysis, they recover two deflection angles, one between the
trajectory and the geodesic plane, given by:

0 27T’

and one between the geodesic plane and the momentum carried by the spinning

photon:
GM )\

5
2mrg
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1. Introduction

Here, s = 41 is the photon helicity. This second deflection angle is proportional
to the one derived in [95]. It is reassuring that the deflection angle comes out
similarly with two completely different methods.

The Mathisson-Papapetrou-Dixon equations and the Souriau-Saturnini equa-
tions represent a covariant description of spinning particles on arbitrary spacetime
backgrounds. However, at least in the massless case, it is not clear to what extent
are these equations approximating the behavior of localized electromagnetic wave
packets in curved spacetime.

1.3.2. Relativistic quantum mechanical approach

The first connection between the motion of spinning particles in curved space-
time and the spin Hall effect was introduced by Bérard and Mohrbach in 2006
[19]. The authors studied the adiabatic evolution of a Dirac particle by using
the Foldy-Wouthuysen transformation [82] and presented a generalization of this
method for arbitrary spin-fields by using the Bargmann-Wigner equations [15],
and a generalized version of the Foldy-Wouthuysen transformation [46, 107]. In
this way, the position operator of spinning particles acquires an anomalous con-
tribution, related to a non-Abelian Berry connection [19]. Based on this method,
Gosselin, Bérard, and Mohrbach studied the gravitational spin Hall effect of elec-
trons [94] and photons [95] in a static gravitational field.

Restricting attention to the case of photons discussed in Ref. [95], the authors
describe electromagnetic waves using the Bargmann-Wigner equations of a mass-
less spin-1 field. In general, the Bargmann-Wigner equations describe massive or
massless free spin-j fields, and consist of 25 coupled partial differential equations,
each equation having a similar structure as a Dirac equation [15, 96]. Considering
the case of a spin-1 field in the curved spacetime described by the metric g,,, the
Bargmann-Wigner equations take the following form:

(=" Vi +m) g, 00 Vo, = 0, (1.21)
(—Z'FL’YMVN + m) U, = 0, (1.22)

o0y T a1y

where the field V,,,, is a completely symmetric 4-spinor of rank 2, the primed
indices are contracted, the gamma matrices satisfy {y*,~"} = 2¢*, and V, is the
covariant derivative for spinor fields. When setting m = 0, it can be shown that
these equations are equivalent to the homogeneous Maxwell’s equations [96].

In order to obtain the equations of motion describing the gravitational spin
Hall effect of photons in a static gravitational field, Gosselin et al. [95] used a
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1.3. Spin Hall effects in general relativity

generalized Foldy-Wouthuysen transformation, together with their semiclassical
diagonalization procedure described in [19, 93]. Even though their results describe
a general static spacetime with torsion [95], here we will restrict our attention to
the particular case of a Schwarzschild background, with the metric expressed in
isotropic coordinates as is Eq. (2.211). In this case, the following equations of
motion, describing the gravitational spin Hall effect of photons, were obtained by
Gosselin et al. [95]:

: . P P xP
P = —cPVF, X:cﬁF%—s 5

(1.23)

where F' =, /—;ﬁ contains the metric components, s = +h is the photon helicity,

P = h/\ is the magnitude of the photon momentum, and the vector notation
is P = (P, P, P,), X = (X,Y,Z). The gravitational spin Hall effect is given
by the second term in the equation for X. Clearly, this is a helicity dependent
correction, which vanishes when we neglect the helicity of the photon. In this case,
the equations of motion reduce to the usual null geodesics, and describe ordinary
light bending around a Schwarzschild black hole. Also, the gravitational spin Hall
effect correction term is proportional to the wavelength A of the photon, since
PxPox A P! and PP o« A3, Thus, the gravitational spin Hall effect
vanishes in the limit of very short wavelengths or infinitely high frequencies.

An alternative derivation of Eqgs. (1.23) can be obtained by treating the Schwarz-
schild spacetime as an effective inhomogeneous medium. By using the equivalence
between Maxwell’s equations in curved spacetime and inside a material in flat
spacetime, as discussed in Eq. (1.13), an effective refractive index can be attributed
to the Schwarzschild spacetime, n = 1/F, and the same methods as for the spin
Hall effect of light in inhomogeneous optical media can be applied. For example,
Egs. (1.23) can be easily obtained by inserting n = 1/F into Eqgs. (1.12).

One of the main disadvantages of the method used in [95] is that the use of
the Bargmann-Wigner equations blurs the connection with Maxwell’s equations,
while the Foldy-Wouthuysen transformation, and the semiclassical diagonalization
procedures unnecessarily introduce Planck’s constant, giving the general impres-
sion that the gravitational spin Hall effect is of quantum mechanical origin (this
is clearly not the case, since Planck’s constant cancels in the second term in the
equation for X) Another drawback of the approach of Gosselin et al. is that
their treatment is limited to static spacetimes, and it is not clear how the method
should be extended to more general spacetimes.
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1.3.3. Geometrical optics approach

The geometrical optics approximation is widely used in general relativity for vari-
ous wave equations. The starting point for this approach is a WKB ansatz

U(z) = Alz, VS(x), e|eS@/e,
Alz, VS(z), 6] =Y €"Ay [z, VS(x)]. (1.24)

n=0

where S(x) is a rapidly oscillating real phase function, A is a slowly varying am-
plitude (this is a scalar, vector, tensor or spinor, depending on the nature of the
considered field), and a small expansion parameter €. Note that, in contrast to most
of the physics literature on the subject, we are explicitly allowing the amplitude
A to depend on the phase gradient V.S. This is justified by the mathematical for-
mulation of the WKB approximation [18, 76], where V.S determines a Lagrangian
submanifold of T* M, and the amplitude A is defined on this Lagrangian subman-
ifold, by a transport equation. The WKB ansatz is inserted into the considered
field equation, and the result is analyzed at each order in e.

The standard treatment for the propagation of electromagnetic waves in general
relativity is achieved by investigating Maxwell’s equations in curved spacetime.
Null geodesics can be obtained from Maxwell’s equations by considering the low-
est order geometrical optics approximation [124, 139, 140]. However, at this level
of approximation, there is no influence of the polarization degree of freedom on
the ray trajectories. To obtain a theoretical description of the gravitational spin
Hall effect, higher-order terms should be considered in the geometrical optics ap-
proximation.

Starting with Maxwell’s equations in curved spacetime, and by considering cer-
tain corrections to the standard geometrical optics approximation, several authors
obtained polarization-dependent trajectories for light rays in a curved spacetime
[85, 86, 177, 61, 62, 154, 84] (see also [101] for a more general discussion). However,
some of the predictions presented in these papers are in contradiction with the re-
sults discussed in sections 1.3.1 and 1.3.2. For example, polarization-dependent
trajectories were predicted in [85, 177] on a Kerr spacetime. However, according
to the authors, this effect disappears in the limit of a Schwarzschild spacetimes,
in contrast to what we discussed in the previous sections. Another problem of the
approach presented in [85, 177] is that it only works for stationary spacetimes, and
it is not clear how to extend it beyond this regime.

A similar procedure was applied in [177] to study the propagation of gravitational
waves, with similar results as discussed above. The only difference comes from the
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1.3. Spin Hall effects in general relativity

fact that gravitational waves are described by a massless spin-2 field, so we have
helicity s = 2. These claims are in contradiction with the results of Yamamoto
[176], which predicted a spin Hall effect for gravitational waves propagating in
Schwarzschild spacetimes.

The geometrical optics approach has also been used for studying the gravita-
tional spin Hall effect of massive Dirac fields [147, 9]. It has been shown by these
authors that the resulting ray equations coincide with the linearized Mathisson-
Papapetrou-Dixon equations.
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2. Gravitational spin Hall effect of light

This chapter contains the main results of the present thesis - a covariant deriva-
tion of the gravitational spin Hall effect of light, based on a WKB analysis of
the vacuum Maxwell’s equations. The presentation closely follows Ref. [129], with
some extra examples and details added.

We start by introducing the vacuum Maxwell’s equations on a fixed background.
Then, the WKB approximation is used to obtain an approximation of the Maxwell
field action. At the lowest order in the WKB expansion parameter e, the cor-
responding Euler-Lagrange equations reproduce the well-known results of geo-
metrical optics, while the first-order correction terms describe polarization ef-
fects, crucial in the derivation of the gravitational spin Hall effect. Using these
Euler-Lagrange equations, we derive an effective dispersion relation, containing
polarization-dependent correction terms. The transition between the effective dis-
persion relation and the effective ray equations describing the gravitational spin
Hall effect of light is realized by considering the effective dispersion relation as a
Hamilton-Jacobi equation and applying the method of characteristics. Then, the
effective ray equations are analyzed, and several examples are presented.

2.1. Maxwell’s equations

We consider electromagnetic waves in vacuum as test fields on a Lorentzian man-
ifold (M, g,.). These can be described by the electromagnetic tensor %,g, which
is a skew-symmetric real 2-form, satisfying the vacuum Maxwell’s equations [124,
Sec. 22.4]

VoF s =0,  ViFpy=0. (2.1)

Electromagnetic waves can also be described by using the electromagnetic four-
potential &/, which is a real 1-form. Then, the electromagnetic tensor %,z is
obtained as

Fop = 2V oA g, (2.2)

and Eq. (2.1) becomes [124, Sec. 22.4]
Dds=0, D/ =vVV,—-VV,. (2.3)

This equation can be obtained as the Euler-Lagrange equation from the following
action:

1 1 .
J = _/ 'z /g FupF*’ = _/ d*z \/gA*D, P, (2.4)
4 Ju 2 Jm
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2.2. WKB approximation

where the last equality is obtained using integration by parts.

Note that the physically relevant quantity is always the electromagnetic tensor
Fap, while the electromagnetic four-potential &, can, in general, contain pure
gauge terms. In the following, we shall adopt the Lorenz gauge for the electro-
magnetic electromagnetic four-potential &/,:

Vad® = 0. (2.5)

2.2. WKB approximation

In general, finding exact solutions for the vacuum Maxwell’s equations (2.3) is
not possible, and certain approximations need to be considered. Since we are
interested in describing the propagation of electromagnetic waves in vacuum, a
natural choice is the WKB approximation, which we introduce below.

2.2.1. WKB ansatz

We assume that the electromagnetic four-potential &, admits a WKB expansion
of the form

Ao(x) = Re [Au(x, k(z), )eS@/] |

An(m, k(x),€) = Ao, k(1)) + €Ay (2, k() + O(2), (26)

where S is a real scalar function, A, is a complex amplitude, and € is a small
expansion parameter. The gradient of S is denoted as

k,(x) =V,S(x). (2.7)

In general, higher-order terms can be kept in the expansion of the amplitude A,
in Eq. (2.6). However, as we shall see in the following sections, for the purpose of
describing spin Hall effects we can ignore terms of O(e?).

Note that we are allowing the complex amplitude A, to depend on the phase
gradient k,(x), in order to emphasize that A, is defined on the Lagrangian sub-
manifold z — (z, k(x)) € T*M. Such a dependency is often ignored in the physics
literature, but it is generally present in mathematically rigorous treatments of the
WKB approximations, such as Refs. [18, Sec. 3.3] or [76]. In particular, the de-
pendency of A in k appears naturally in the geometrical optics equation (2.39),
and we observe in Sec. 2.3.4 that the polarization vector and the polarization
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2. Gravitational spin Hall effect of light

basis naturally depend on k, which is why the k-dependence was introduced in
Eq. (2.6).

The small expansion parameter € indicates that the phase of the vector potential
rapidly oscillates and its variations are much faster than those corresponding to the
complex amplitude A, (x, k, €). We consider a timelike observer traveling along the
worldline A\ — y®(\) with proper time A. Then, we can see the relation between ¢
and the wave frequency w measured by this observer:

(64
we= Tk (2.8)

€

Here, t* = dy®/dA\ is the velocity vector field of the observer. The phase function
S and € are dimensionless quantities. Working with geometrized units, such that
¢ =G = 1[172, Appendix F], the velocity ¢* is dimensionless, and k, has the
dimension of inverse length. Hence, w has the dimension of the inverse length, as
expected for frequency. Then, the observer sees the frequency going to infinity as
€ goes to 0.

We can illustrate the validity condition of the geometrical optics approximation
for a Schwarzschild black hole, with Schwarzschild radius rs. For a source of light
that is falling into the black hole, the gravitational redshift formula implies that
the frequency w, measured by an observer at infinity in the rest frame of the
central object is smaller than the frequency measured by an observer at a finite
distance from the black hole. Then, a criterion for the high-frequency limit to hold
is

€ = (Woots) t < 1. (2.9)

Note that we could have taken any observer at a finite distance from the black
hole as a criterion. The choice of the observer at infinity provides the simplest
expression.

2.2.2. WKB analysis of the Lorenz gauge

Maxwell’s equations in the form (2.3) do not have a well-posed Cauchy problem. In
particular, they admit pure gauge solutions. This problem is usually eliminated by
introducing a gauge condition. Here we shall focus on the Lorenz gauge condition

Vod® = 0. (2.10)

We reproduce here, in the context of a WKB analysis, the classical argument
regarding the gauge fixing for Maxwell’s equations (see, for instance [49, Lemma
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2.2. WKB approximation

10.2]). Using the identity
Da’gﬂﬁ - Vavﬁﬂﬁ = —V5nga + Ragﬂﬁ, (2.11)

one observes that, if Maxwell’s equations (2.3) and the Lorenz gauge (2.10) are
satisfied, then the wave equation

— VAV, + Ropd® =0 (2.12)

holds. Conversely, by solving Eq. (2.12), with Cauchy data satisfying the constraint
and gauge conditions, one obtains a solution to Maxwell’s equations in the Lorenz
gauge.

Note that we consider here approximate solutions to Maxwell’s equations
D, Pods = 0(). (2.13)

Hence, it is sufficient to consider that the Lorenz gauge is satisfied at the appro-
priate order:

Vod® = 0(e). (2.14)

We reproduce the standard argument recovering Maxwell’s equation in the Lorenz
gauge from the wave Eq. (2.12), taking into account that we are considering only
approximate solutions. Assume that the wave equation holds:

— VPV sy + Rapd® = O(). (2.15)
Upon inserting the WKB ansatz, this is equivalent to

kPksAog = 0,

2.16
Z'/{iﬁk‘/gAla + Aoavﬁk’g + QkﬁV[nga =0. ( )

Furthermore, assume that the initial data for the wave equation (2.15) satisfy

ko Ag® =0,
oo (2.17)
vaAo —f—lk’aAl =0.
Equation (2.15) implies that
VAV (Vad®) = O(e7Y). (2.18)
The initial data (2.17) for Eq. (2.15) imply that, initially,
Vod® = 0(e). (2.19)
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2. Gravitational spin Hall effect of light

Observe that the condition
TV 5 (Vaod®) = 6() (2.20)

is automatically satisfied, where T is a unit future-oriented normal vector to the
hypersurface on which initial data are prescribed. Hence, the equation satisfied by
the Lorenz gauge source function (2.18) admits initial data as in Eqgs. (2.19) and
(2.20) vanishing at the appropriate order in € [at O(e') and O(c°), respectively].
This implies that Maxwell’s equations

D Pod g = 0(), (2.21)
which can be expanded as

kP Agipha) = 0,
2k°V 5 Ao — (VA0 +iksAi”) ko — KPV o Agg (2.22)
— A’V gko + AoaVk? +ikPlgAr, = 0,

are satisfied in the Lorenz gauge

]i]aAoa =0

VAo + ik A =0 (2.23)

V.d® =0(") & {

2.2.3. Assumptions on the initial conditions

We end this section by summarizing the initial conditions that we shall use in the
WKB ansatz for Maxwell’s equations.

1. The Lorenz gauge (2.23) is satisfied initially. This condition is used to obtain
a well-defined solution to the equations of motion, as discussed in Sec. 2.2.2.

2. The initial phase gradient k, is a future-oriented null covector. As will be
seen, the condition that k, is null is a compatibility condition that follows
from the Euler-Lagrange equations and the Lorenz gauge condition (2.23) at
the lowest order in €; cf. dispersion relation (2.31) below.

3. Initially, the beam has circular polarization; cf. Eq. (2.70). In Sec. 2.3.4 we
show that the initial state of circular polarization is conserved. In Sec. 2.4.2
this assumption ensures a consistent transition transition between the effec-
tive dispersion relation and the effective ray equations. Heuristically speak-
ing, due to the spin Hall effect, a localized wave packet that initially has
linear polarization can split into two localized wave packets of opposite cir-
cular polarization. While this does not represent a problem at the level of
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Maxwell’s equations (which are partial differential equations), the same be-
havior cannot be captured by the effective ray equations (which are ordinary
differential equations) obtained in Sec. 2.4.2.

2.3. Higher-order geometrical optics

2.3.1. WKB approximation of the field action

We compute the WKB approximation for our field theory by inserting the WKB
ansatz (2.6) in the field action (2.4):

J= / d'z \/gRe (A%65/) D Re (Age's/)
M
= 1/ d*z /g [A*O‘e_is/gf)aﬁ (Ageis/e) +c.c.} (2.24)
4 m
+ 1/ d'z /g [Aaeis/eﬁaﬁ (Ageis/e) —|—c.c.} .
4 m

If S has a nonvanishing gradient, then e*¥/¢ is rapidly oscillating. In this case, for

f sufficiently regular, the method of stationary phase [64, Sec. 2.3] implies

/ Atz /g eF 2@ f(z) = O(€?). (2.25)
M

Upon expanding the derivative terms in Eq. (2.24), and keeping only terms of the
lowest two orders in €, we obtain the following WKB approximation of the field
action [for convenience, we are shifting the powers of €, such that the lowest-order
term is of O(€%)]:

—J = /M d*z \/E[DQBA*C‘Ag — %%ﬂpaﬂ (A**V,Ag — AgV ,A*) | + 0(€?),

(2.26)
where
D)= lkﬂk“ég - lkakﬂ,
, 20 T (2.27)
VHD P = [rsP — Z§HkP — _guﬂk
(e (% 2 [e% 2 Q-

Here, D_? represents the symbol [87] of the operator Daﬁ , evaluated at the phase

v
space point (z,p) = (x,k), and we are using the notation V#D_? for the vertical
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2. Gravitational spin Hall effect of light

derivative (Appendix A.1) of D_”

.~, evaluated at the phase space point (x,p) =
(z, k).

The action depends on the following fields: S(z), V,.S(x), Aa(z,V.S), V,, [Aa(z, V.S)],
A (z,VS), V,[A*(z,VS)]. Following the calculations in Appendix A.2, the

Euler-Lagrange equations are

DAz —ie <%MDCJ3) V, Az — %6 (VﬁﬂDaﬁ) Ag = 0(%), (2.28)
D,PA* 4 e (%ﬂDj) V, A" 4 % (vﬁmaﬂ) A = (), (2.29)

v, (%“Daﬁ) A ay - (%M%”Doﬁ) (A™V, Ay — A3V, A7) | = 6(e2).
(2.30)

In the above equations, the symbol D_? and its vertical derivatives are all evaluated
at the phase space point (z, k). Note that the same set of equations can be obtained
in a more traditional way, by inserting the WKB ansatz (2.6) directly into the field
equation (2.3), or by following the approach presented in Ref. [60]. More generally,
a detailed discussion about the variational formulation of the WKB approximation
can be found in Ref. [166].

2.3.2. Zeroth-order geometrical optics

Starting with Eqs. (2.28)-(2.30), and keeping only terms of 6(€), we obtain

DAy =0, (2.31)
DAy =0, (2.32)
v, [ (%“Dj) Ag™Ags| = 0. (2.33)
Equation (2.31) can also be written as
1
DAz = 3 (kK62 — kak®) Ags = 0. (2.34)

The matrix D,” admits two eigenvalues when £k, is not a null covector. The first
eigenvalue is %kuk“ with eigenspace consisting of covectors perpendicular to k.
The second eigenvalue is 0 with eigenvector k,. When k, is null, the matrix Daﬂ
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2.3. Higher-order geometrical optics

is nilpotent. It admits a unique eigenvalue 0 whose eigenspace is the orthogonal
to ko, which contains the covector k..

The Lorenz gauge condition (2.23) implies that Ay, is orthogonal to k,. Hence,
a necessary condition for Eq. (2.31) to admit a nontrivial solution is that k, is a
null covector. It is also possible to deduce that k, is a null covector without using
the gauge condition. For completeness, we present this argument below.

Equation (2.34) admits nontrivial solutions if and only if Ays is an eigenvector
of D.? with zero eigenvalue. Two cases should be discussed: k, is a null covector,
or k, is not a null covector.

Assume first that k, is not a null covector, k#k, # 0. Then, Eq. (2.34) leads
to

kﬁAoﬁ
Ap, = ———k,. 2.
O kjuk}“ ( 35)
This entails that
Aok =0 or  Fupg= Vg = 0(). (2.36)

In other words, when £, is not a null covector, the corresponding solution is, at the
lowest order in €, a pure gauge solution. Since the corresponding electromagnetic
field vanishes, we do not consider this case further.

If k, is null, k*k, = 0, Eq. (2.34) implies
k° Ays = 0. (2.37)

This is consistent with the Lorenz gauge condition (2.23) at the lowest order in
€. A similar argument can be applied for the complex-conjugate Eq. (2.32), from
which we obtain k,Ay™ = 0.

Using Eqgs. (2.31)-(2.33), we obtain the well-known system of equations governing
the geometrical optics approximation at the lowest order in €:

k k=0, (2.38)
K Agy, = kaAg™ =0, (2.39)
Y, (k" Fy) =0, (2.40)

where Jy = Ag™* Ay, is the lowest-order intensity (more precisely, %, is propor-
tional to the wave action density [166]). Equation (2.40) is obtained from Eq. (2.33)
by using the orthogonality condition (2.39). Using Eq. (2.7), we have

Viko = Vak,, (2.41)
and we can use Eq. (2.38) to derive the geodesic equation for k,,:

KV, k, = 0. (2.42)
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2.3.3. First-order geometrical optics
Here, we examine Egs. (2.28) and (2.29) at order €' only:
D,PAy, —i <%“Daﬁ) V, Aos — % <vﬁﬂpaﬂ> Agg =0, (2.43)
D.BA 4 (%ﬂpf) V, Ay + % (Vﬁ#Daﬁ) Ag* = 0, (2.44)

Using Eq. (2.27), we can also rewrite Eq. (2.43) as follows:

1

1 1
'V Ao = ke VA — §k6vaA0ﬁ — §kakﬁA15

- - - (2.45)
+ EAOQVM]{” — ZAOBvﬁka — Z—leﬁvakﬁ =0.
Using Eq. (2.41), we can rewrite the last two terms as
1 1 1
— Z—leﬂvﬁ/fa - ZAoﬁvakﬁ = —§Aoﬁvakﬂ. (2.46)

Using Eq. (2.39), we also have
0= Vo (ksAs) = ksVado® + A’ Vaks. (2.47)
Then, Eq. (2.45) becomes

1 1
K'Y Aoa + 5 A0 Vb = Ska (VAo + ik, Ar) = 0. (2.48)

The last term can be eliminated by using the Lorenz gauge (2.23). The same steps
can be applied to the complex-conjugate Eq. (2.44):

1
KV Ape + 5 Ao Vi = 0,
2.49)

1 (
k'Y, Ag™P + §A0*5V#k” =0.

Furthermore, using the lowest-order intensity %, we can write the amplitude in
the following way:

Apq = V0004, Ag™ =/ SFpay™, (2.50)

where aq,, is a unit complex covector (i.e., ag*“ag, = 1) describing the polarization.
Then, from Eq. (2.49), together with Eq. (2.40), we obtain

k“VHaoa = /{;“Vuao*a =0. (25].)

The parallel propagation of the complex covector ag, along the integral curve of
k* is another well-known result of the geometrical optics approximation.
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2.3. Higher-order geometrical optics

2.3.4. The polarization vector in a null tetrad

We observed that the polarization vector satisfies the orthogonality condition
k“ag, = 0. (2.52)

Consider a null tetrad [138, Sec. 3| {kq, Na, Ma, Mq } satisfying

mem® =1, kon® = —1,
ko k® = nen® = mem® = mam® = 0, (2.53)
k,m® = k,m* =n,m* =n,m* =0

Note that we use the metric signature opposite to that used in Ref. [138, Sec. 3].
The covectors ng, ma, M, are not assumed to be parallel-propagated along the
geodesic generated by k“. It is only k., that is parallel-propagated along the
geodesic generated by k%, in accordance with Eq. (2.42). Since the null tetrad is
adapted to the covector k,, the orthogonality conditions (2.53) imply that m,, and
m, are functions of k,. The polarization covector ag, is orthogonal to k., so we
can decompose it as

oo (2, k) = z1(x)me(z, k) + 20(x)Mo(x, k) + 23(2) ko (), (2.54)

where zq, 25, and z3 are complex scalar functions. Since ag, is a unit complex
covector, the scalar functions z; and z, are constrained by

ZTZl -+ Z;ZQ =1. (255)

It is important to note that the decomposition (2.54), and more specifically, the
choice of m,, requires choosing a null covector n,. Fixing n, is equivalent to
choosing a unit timelike covector field ¢, that can represent a family of timelike
observers. We can always take n, as

1
ta = —ka - 2.56
2ew ewn ( )

Once n, (or t,) is fixed, the remaining SO(2) gauge freedom in the choice of m,
is described by the spin rotation

ko = Koy N &5 Ny Mg > €9@my,, (2.57)

for ¢(x) € R. Polarization measurements will always depend on the choice of m,
and m,. However, as shown in Sec. 2.4.2; the modified ray equations describing
the gravitational spin Hall effect of light do not depend on the particular choice
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2. Gravitational spin Hall effect of light

of m, and m,. Thus, we can work with any smooth choice of m, and m, that
satisfy Eq. (2.53).

Using Eqs. (2.54) and (2.42), the parallel-transport equation for the polarization
vector becomes

0= /{“Vuaoa

2.58
= 21k"V mg + 2k"'V g + mok?'V 21 + Mo kH'V 20 + koMY 2. ( )
Contracting the above equation with m®, m®, and n®, we obtain
'V 2 = —2m kMY myg,
EMN 20 = —2om® KMV g, (2.59)
k'V 23 = —(zam® + 20m®)E*V yng,.

Recall that in the above equations, the covectors m, and m, are functions of x
and k(z). The covariant derivatives are applied as follows:

K'Y yme = KMV, [mo (2, k)]
h v
= K+ <vﬂma> (z, k) 4+ Kk (V k) (V”ma) (z, k) (2.60)
h
= k'V mq,

h
where V, is the horizontal derivative (Appendix A.1). It is convenient to introduce
the two-dimensional unit complex vector

2= (2) : (2.61)

which is analogous to the Jones vector in optics [83, 31, 148, 149]. We also use the
Hermitian transpose z', defined as follows:

2= (21 ). (2.62)
Then, the equations for z; and z; can be written in a more compact form:
k'Y 2z = 1k' B, 05z, (2.63)

where o3 is the third Pauli matrix,

oy — ((1) _01) , (2.64)
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2.3. Higher-order geometrical optics

and B, is the real 1-form extending to general relativity the Berry connection used
in optics [31, 148]:

; h h h
B,(z,k) = % (m"‘Vuma — mavumo‘> = 1MV, my. (2.65)

Furthermore, if we restrict z to an affinely parametrized null geodesic 7 +— x*(7),
with z# = k*, we can write
2 =1k"B,03z, (2.66)

where Z = 2%V ,z. Integrating along the worldline, we obtain

2(7) = (eigm e_gm) 2(0), (2.67)

where ~ represents the Berry phase [31, 148],

v(m) = / drk"B,,. (2.68)
70

Using either Eq. (2.59) or Eq. (2.66), we see that the evolution of z; and 2, is decou-

pled in the circular polarization basis, and the following quantities are conserved

along k*:

1 =2}z + 2520 =212,

s= 2tz — 232 = 2032

(2.69)

Based on our assumptions on the initial conditions (Sec. 2.2.3), we only consider
beams which are circularly polarized, i.e. one of the conditions

Z(O):G)) or 2(0):(2) (2.70)

holds. Thus, we have s = +1, depending on the choice of the initial polarization
state.

The results described in this section are similar to the description of the polar-
ization of electromagnetic waves traveling in a medium with an inhomogeneous
index of refraction [31].

2.3.5. Extended geometrical optics
Now, we take Egs. (2.28)-(2.30), but without splitting them order by order in e.

Our aim is to derive an effective Hamilton-Jacobi system that would give us O(¢)
corrections to the ray equations.
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2. Gravitational spin Hall effect of light

Effective dispersion relation

By contracting Eq. (2.28) with A** and Eq. (2.29) with Ag, and adding them
together, we obtain the following equation:

DA™ A, — %6 (%“Dcﬁ) (A*V, A5 — AgV,A™) = O(e2). (2.71)
Using Eqs. (2.27) and (2.39), we can rewrite the above equation as follows:

1
ék“k“u(Ag*aAoa + GAo*aAla + GAl*aAoa)

- %k“ (Ag™*V Aoy — Aoa Vi A0™) (2.72)
+ %ka (AO*HVILAOQ - AO“VMAO*C") = @(62).

Using Eq. (2.39), we obtain
0= A"V, (kaAo®) = kaAg™"V ,Ag™ + Ay AV ko, (2.73)
so we can write
e (A" Ag® — APV, Ag™) = — S0 e Ag™ 1 A% = 0 (2.74)
ZaO,uO_O uO)__Euozo 0o — Y :
where the last equality is due to Eq. (2.41). Then, Eq. (2.71) becomes

1
§kuk“(A0*aAoa —|— EAO*QAla —|— EAl*aAoa)

ic (2.75)
— 51@“ (A0**V ,, Apg — ApaV, A0™) = O(€%).
Let us introduce the O(e') intensity
I =y = Ag** Agy + €Ag™ ALy + €A Agy + O(€2). (2.76)
Then, we can rewrite the amplitude as
Ao =V Tty = VI (000 + €ara) + O(€%), (2.77)
where a,, is a unit complex covector. Then, from Eq. (2.75) we obtain
1 1€ o *a 2
5/@/{“ - Ek“ (a0™V 006 — 0oV ,a0™) = O(€%). (2.78)
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2.3. Higher-order geometrical optics

This can be viewed as an effective dispersion relation, containing 0(¢€) corrections
to the geometrical optics equation (2.38). Finally, let us introduce

L€ *Q *Q
K,=k,— by (@™ V a0 — @06V ao™) (2.79)

and rewrite the effective dispersion relation as

1
§KuK“ = 0(e?). (2.80)

It is worth noting that this equation can also be obtained directly from the effective

field action (2.26), specifically by varying the latter with respect to 7.

Effective transport equation

Using Eqgs. (2.27), (2.38), and (2.39), the effective transport equation (2.30) be-
comes

Vi [k (Ag™ Aoy + €Ag™ Ary + €A™ Ag,) — %QW (A" 'V, Age — A0 Vi, Ag™)

1€ 1€

7 (A Vad" = A Vado™) + 7 (A Vads® = A" Vo Ao™)

B %ka (Ag™ A" + A" Ag") | = 0(€%).
(2.81)

We can perform the following replacements in the above equation:

Ag™ " Vo Agt = Vo (Ag™A") — Va A" Ap”,

2.82
VaAg™Ag® = Vo (Ag™Ar") — Ag™ V4, Ap”. (2.82)

After rearranging terms, the effective transport equation becomes

V/.L k* (Ao*aAOa +€eAg A, + €A1*QA0a) - %QW (Ao*avqua - AoaVqu*a)

- %AO“ (VaAo™ — ko Ay*®) + %AO*“ (VaAo® + ikadr®)

v %va <A0*[QA0“]> — 0(e).

(2.83)
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The last term above vanishes due to the symmetry of the Ricci tensor:

V“Va (AO*[QAOH]> = V[Mva} (AO*O{AOH>
= (Ray, — Ry’ Ao™ Ag"

avp puro

- (RCW — R#a) AO*QAOM
=0.

(2.84)

Furthermore, after using the Lorenz gauge condition (2.23), we are left with the
following form of the effective transport equation:

VM kM(AO*aAoa + EAO*aAla + EAl*aAoa)
. (2.85)
— %QMV (AO*avona . AOQVVAO*Q) — @(62).

Introducing the intensity # and the vector K*, we obtain
vu{f [’f 2 (00" 00— v>] } SV, (TN = 0(&). (2.86)

This is an effective transport equation for the intensity ., which includes O(e)
corrections to the geometrical optics Eq. (2.40). As discussed in Ref. [166], the
direction of K* coincides with the direction of the wave action flux.

2.4. Effective ray equations

2.4.1. Hamilton-Jacobi system at the leading order

The lowest-order geometrical optics equations (2.38) and (2.40) can be viewed as
a system of coupled partial differential equations:

1
59" Kk, =0, (2.87)
V, (Fok') =0, (2.88)

where k, = V,S. Equation (2.87) is a Hamilton-Jacobi equation for the phase
function S, and Eq. (2.88) is a transport equation for the intensity % [125]. The
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2.4. Effective ray equations

Hamilton-Jacobi equation can be solved using the method of characteristics. This
is done by defining a Hamiltonian function on 7 M, such that

1

H (z,VS) = égu”kﬂkl, = 0. (2.89)
It is obvious that in this case, the Hamiltonian is
1
H<:U7p) = §guypup1/- (290)

Note that in contrast to the dispersion relation (2.89), the Hamiltonian (2.90) is
a function on the whole phase space T*M, with p, being an arbitrary covector.
Hamilton’s equations take the following form:

OH

= — =4¢"p,, 2.91
o (2.91)
OH 1

. _ _ - OZB

b= = 2%9 PaDs- (2.92)

Given a solution {z*(7),p,(7)} for Hamilton’s equations, we obtain a solution of
the Hamilton-Jacobi Eq. (2.89) by taking [90, p. 433]:

Sz (1), pu(m)) = /Tl dr [i*p, — H(z,p)] + const. (2.93)

70

Note that the above equation represents an action, with the corresponding La-
grangian related to the Hamiltonian (2.90) by a Legendre transformation [1, Ex. 3.6.10].
The Euler-Lagrange equation is equivalent to the geodesic equation [1, Th. 3.7.1]
and with Hamilton’s equations (2.91) and (2.92). Once the Hamilton-Jacobi equa-
tion is solved, the transport Eq. (2.88) can also be solved, at least in principle
[125]. However, our main interest is in the ray equations governed by the Hamil-
tonian (2.90). The corresponding Hamilton’s equations (2.91) and (2.92) describe
null geodesics. These equations can easily be rewritten as

B 4 Thyii’ =0, (2.94)
or in the explicitly covariant form:

P’V pt ="V, it = 0. (2.95)

2.4.2. Effective Hamilton-Jacobi system

The effective dispersion relation (2.80), together with the effective transport equa-
tion (2.86) introduce O(e') corrections over the system discussed above:

| .
59" kuk, — %k“ (40" V 4ge — 00V ,a0™) = O(€2), (2.96)
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VM{J |:l€“ - %Eg‘“’ (ap™V, a0, — aocyvuag*a)} } = 0(é%). (2.97)

Using Eq. (2.54), the effective dispersion relation becomes

1 .
59“”@’% — %k“ (210,2 — 8,272) — esk* B, = O(¢?), (2.98)
where B, = B,(x,k) is the Berry connection introduced in Eq. (2.65), and s =
+1, depending on the initial polarization. Using Eq. (2.67), together with the
assumption on the initial polarization, we can write:

— %k” (270,2 — 0,2"2) = esk”0,. (2.99)

Since the value of s is fixed by the initial conditions, the only unknowns are the
phase function S and the Berry phase 7. We can write an effective Hamilton-Jacobi
equation for the total phase S = S + esy:

N1
H (2,95) = 59" ki, + sk O,y — eskV B, + O(¢?)
1 L ~ (2.100)
= §g“l’V#SVVS — €sg" B, V,S + O(€?).

The phase S represents the overall phase factor, up to order @ (€%), of a circularly
polarized WKB solution, &, = Re(v I maee’¥¢) or g, = Re(v/ Finge e'e),
depending on the state of circular polarization. As discussed in Ref. [33], the Berry
phase 7, which comes as a correction to the overall phase of the WKB solution,
is responsible for the spin Hall effect of light. The corresponding Hamiltonian
function on T*M is

1
H(w,p) = 59" pupy — €59" pu B (. p), (2.101)

and we have the following Hamilton’s equations:

OH v

= a. = gMVpV — €S (BM +pavHBoc) ) (2102)
apu

_ oH 1. . 5 .

bu=—5 = 509" Paps + €spa (0u9"" Bs + 970, Bs) . (2.103)

These equations contain polarization-dependent corrections to the null geodesic
Egs. (2.91) and (2.92), representing the gravitational spin Hall effect of light. For
e = 0, one recovers the standard geodesic equation in canonical coordinates.
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2.4. Effective ray equations
We can also write these ray equations in a more compact form

(0 e (2
(o) = (5 ) (2), 210
14 'Pv

where the constant matrix on the right-hand side is the inverse of the symplectic
2-form, or the Poisson tensor [121].

Noncanonical coordinates

The Hamiltonian (2.101) contains the Berry connection B,,, which is gauge depen-
dent. The latter means that B, depends on the choice of m, and m,; for example,
the transformation m, — m.e’ causes the following transformation of the Berry
connection:

By, — B, —V,¢. (2.105)

This kind of gauge dependence was considered by Littlejohn and Flynn in Ref. [117],
where they also proposed how to make the Hamiltonian and the equations of mo-
tion gauge invariant. The main idea is to introduce noncanonical coordinates such
that the Berry connection is removed from the Hamiltonian and the symplectic
form acquires the corresponding Berry curvature, which is gauge invariant. This
is similar to the description of a charged particle in an electromagnetic field in
terms of either the canonical or the kinetic momentum of the particle. The Berry
connection and Berry curvature play a similar role as the electromagnetic vector
potential and the electromagnetic tensor [51].

We start by rewriting the Hamiltonian (2.101) as
H(z,p) = Ho(z,p) — esg"'puB,(2,p), (2.106)

where Hy = %g“”pup,,. Following Ref. [117], the Berry connection can be written
in the following way, by using the definition of the horizontal derivative:

h
' By(x,p) = ip"m*V , mg

= ip"mV me +ip"p, 1, m Vom, (2.107)
OH, 0H, v

=1 Omav#ma — z’—omavpma.
Op,, Oxh

The Berry connection can be eliminated formally from the Hamiltonian (2.101)
by considering the following substitution on 7% M:

XH=at+ iesma%“ma, (2.108)
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P, =p, —tesm®V, m,. (2.109)

It is possible to obtain this substitution as the linearization of a change of coordi-
nates. For more details, see Appendix A.4.

Since the symplectic form transforms nontrivially under this substitution, (X, P)
are noncanonical coordinates. The Hamiltonian (2.101) is a scalar, so we obtain

H'(X,P) = H(z,p)

- H (X“ — iesmo‘%“ma, P, + iesmavﬂma)
(2.110)
OH, v OH,
— H(X, P) — ies=——m*V¥"mg + ies—1n®V yma
ozt Op,,
= Hy(X, P).

In the new coordinate system (X, P), we obtain the following Hamiltonian:
1
H'(X,P) = 5g“”(X)PuPV. (2.111)
The corresponding Hamilton’s equations can be written in a matrix form as
(1 OH"
(jg ) _ 7 (g}lg) , (2.112)
1 ap,

where T is the Poisson tensor in the new variables. Following Marsden and Ratiu
[121, p. 343|, we obtain

es (F,,)"™" O+ es (Fyp) M
T = w o, % vy 2.11
<_5Z —es(Fyp) —es (Fyy) ’ ( 3)

jz vp

where we have the following Berry curvature terms:
(¥ = (e, — om0, )
(Fiz),, = i<vumavumo¢ -V, m*V,mq +m*V,V,mq — maV[ny}mo‘>,
(Fo) ' = — (Fy)" =i (%ﬂmav,,ma - v,,ma%ﬂma) .
(2.114)

The Poisson tensor in noncanonical coordinates 7" automatically satisfies the Ja-
cobi identity, since it is a covariant quantity obtained from the Poisson tensor in
canonical coordinates T through a change of variables on the cotangent bundle.
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Simplified expressions for the Berry curvature terms can be found in Appendix A.3.
Now we can write Hamilton’s equations in the new variables:

X = P4 esP” (Fyp), ) + esTS, PoP? (Fpp)™ (2.115)
By = T4, PaP’ — esP" (Fya),, — €518, PaP? (Fup)", . (2.116)

The last term on the right-hand side of Eq. (2.115) is the covariant analogue
of the spin Hall effect correction obtained in optics, (p x p)/|p|®, due to the
Berry curvature in momentum space [37, 148]. This term is also the source of the
gravitational spin Hall effect in the work of Gosselin et al. [95]. In Eq. (2.116), the
second term on the right-hand side contains the Riemann tensor and resembles the
curvature term obtained in the Mathisson-Papapetrou-Dixon equations [59].

Given a null covector P,, the class of Lorentz transformations leaving P, invari-
ant define the little group, which is isomorphic to SE(2), the symmetry group of
the two-dimensional Euclidean plane [163]. In terms of a null tetrad { P, n, m,m},
the action of the little group can be split into the following types of transformations

[47, p. B3]
Type 1: P— P nw—n,
m mei¢, m The_w,
Type 2: P— P n—n+am-+am+ aaP,
m—m+alP, mw—m+aP,

(2.117)

where ¢ is a real scalar function and a is a complex scalar function. The trans-
formations of Type 1 are the spin rotations mentioned in Sec. 2.3.4, while the
transformations of Type 2 can be considered as a change of observer ¢,, based on
Eq. (2.56). It can easily be checked that the Berry curvature terms in Eq. (2.114)
are invariant under Type 1 transformations. However, the Berry curvature terms
are not invariant under Type 2 transformations. As a consequence, the ray equa-
tions (2.115) and (2.116) depend on the choice of observer. It is shown in the
following section how this observer dependence is related to the problem of local-
izing massless spinning particles [38, 163].

2.4.3. Lagrangian formulation of the ray equations
The ray equations obtained in Egs. (2.102) and (2.103) or in Egs. (2.115) and
(2.116) can also be obtained from a Lagrangian formulation. The Lagrangian for-

mulation can be helpful for deriving conserved quantities when considering certain
spacetimes.
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2. Gravitational spin Hall effect of light

In the case of the ray equations (2.102) and (2.103), the action and the La-
grangian can be written as

S(I#’i‘#7p#7pﬂ) :/dTL(xu)':tuapuap#)7 (2]—18)

where the Lagrangian L is the Legendre transformation of the Hamiltonian given
in Eq. (2.101):

. . . 1 v v
L(z", &", py, pu) = "py — 59“ Puby + €59" pu By (,p). (2.119)

Note that in this case, the Lagrangian is defined as a function on T7*M, and the
corresponding Euler-Lagrange equations

oL d 0L
dxr  dr dir 0 (2.120)
oL d 0L

- 2.121
Op,  dt 0p, 0 ( )

give the ray equations in Egs. (2.102) and (2.103). Furthermore, the Lagrangian
in Eq. (2.119) can be extended to describe the dynamics of the Jones vector z, as
in Eq. (2.66). We can write

. i€, 4. I v
L =i"p, + E(ZTZ —312) — 59“ Puby + €5g" B (2, p) + A(z'z — 1), (2.122)

where A is a Lagrange multiplier, used for constraining the Jones vector to satisfy
2tz = 1. In this case, the Lagrangian is a scalar function defined on TT*M x TC?,
and the corresponding Euler-Lagrange equations are

% _ %% _0, (2.123)
g_]i _ %g_]i 0, (2.124)
% _ d;‘i% 0, (2.125)
(?)_5 _ %% 0, (2.126)
2Tz =1 (2.127)

Here, Eqgs. (2.123) and (2.124) are the same as the ray equations (2.102) and
(2.103). Keeping in mind that s = zfo32, Eqs. (2.125) and (2.126) are the same
as Eq. (2.66) and its complex conjugate.
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2.4. Effective ray equations

A Lagrangian formulation of the ray equations (2.115) and (2.116) in noncanon-
ical coordinates can be obtained in the following way. We start with the same
Lagrangian as in Eq. (2.119), but now we use capital letters X and P for the
coordinates on TT*M (this is just for notation consistency; we are not doing a
coordinate transformation). At the lowest order in €, the Lagrangian is

L=X"P, — %gWPMPV, (2.128)

and the corresponding Euler-Lagrange equations are
XM= pr, (2.129)
P, =T, PP’ (2.130)

Keeping terms of order €', the Lagrangian is
y 1 v v
L=X"P, - §g“ P,P,+ esg"" P,B,(X, P). (2.131)

Using the definition of the Berry connection B, and the definition of the horizontal
derivative, we expand the order €' term in the above Lagrangian:
h
9" P,B, = iP"m*V m,
= iP*R® (9yma — T8 mg) + iPPmT] 4P, VPm, (2.132)
= iP*m*V my + iP*LY s Pom®VPmy,

Using the lowest-order ray equations (2.129) and (2.130), we can rewrite the above
equation as

" P, B, = i PV ymg, + iPT7, PV P,
= XPimOV yma + Pim®Vrm, (2.133)
= X“(Bx)u + PH(Bp)“,

v
where we introduced the notation (B,), = im*V,m, and (B,)"* = im*V'm,.
The Lagrangian can now be written as

. 1 .
L=X"(P,+es(By)u) — ég“”PMPV + esP,(By)", (2.134)

and the corresponding Euler-Lagrange equations

oL d 0L

S 2.1
oXr dr 9Xm 0 ( 35)

Y
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— = =0, (2.136)

are the same as the ray equations (2.115) and (2.116). This Lagrangian can also be
extended to include the dynamics of the Jones vector z, exactly as in the previous
case.

2.4.4. Comparison with Mathisson-Papapetrou-Dixon
equations

In this section, we show how the effective ray equations in noncanonical coordinates
can be written in a similar form as the Mathisson-Papapetrou-Dixon equations.
We start with the effective ray equations (2.115) and (2.116), together with the
evolution equations for z and z:

Xt = P4 esPY(Fy)! +esTy, PP (F,p)", (2.137)
P, = T§,PuP’—esP” (Fu),, — €T3, PaP’ (Fuy)”, (2.138)
i = iP"B,osz, (2.139)
¢ = —iP"B,zos. (2.140)

where s = Zogz = £1 (last equality is based on the choice of initial conditions).
Keeping in mind the fact that P, is a coordinate on phase space, we have VP, =
BX%PQ — I'%,,P,. Then, based on the results in Appendix A.3, the components of
the Berry curvature can be rewritten as

0
(Fpp)™ = @T;)Qm“‘m”]?
2
(Faa)yy = iRagm®m” + ——mi®m? [PpPUFpaF‘ZB
! D7) ' (2.141)
—t, P7(PT0, Yty + Pgrgﬁvﬂta)] ,
2i

v

mo_ o 7 o Bl (. p o
(Fpl’)y - (Fl’p) v (tapa)Zmum ( PPF B +tO‘P thﬁ) ’
where ¢t represents the 4-velocity of a family of timelike observers. Inserting these
expressions into the ray equations, we obtain

2i€s

«

X0 = pr4 mPmP PV tg (2.142)

«

P, = T9,PyP’ — csPYiRngum®m® + ——

Pam[amﬁlpprgapvvytﬂ, (2.143)

g
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2.4. Effective ray equations

2 = iP"B,o03z, (2.144)
¢ = —iP'B,zos. (2.145)

In order to compare these ray equations with the MPD equations, we define the
spin tensor as

S5 = iezosz(mmP — mPm®) = 2iesml“m”. (2.146)

We take the derivative of S* (note that this is not the covariant dot used in the
MPD equations):

: d
S8 = 2esmlom? + 2iesd—m[°‘mm. (2.147)
T

Using Eqs (2.144) and (2.145), it is straightforward to show that § = 0. Keeping
in mind that m® and m® are functions of X* and P,, we obtain

. d
S8 — 2jes—mlomP]
dr

., 0 -0
— %%es | XPF——(mlem + P.—— (mlem?!
zesl 8x“(m m”) 4+ “Gpu(m m™)

= 2ies [X #V,(mlemy — xXrTe mlemPl — XPT8 mleme! + PV (mlom?)

(2.148)
We can now introduce the covariant dot used in the MPD equations as
250‘5 = X'V ,8% = §oB 4 Xrre gef 4 X8 gor 2.149
Dr o H o + mp + mp ’ ( ) )
and we obtain
D 608 _ 2ica XM (mlom®) + 2ics P (mlem”)
Dr = 2ies X"V, (m'“m™) + 2ies P, V" (m'“m™). (2.150)

Using the expansion of the vertical and covariant derivatives of m® and m® intro-
duced in Appendix A.3, we obtain:

D 2ies
—gab —
DT t, P°

(P"V,t,) (PomlPmfl — PPmlems) . (2.151)

Furthermore, using Eq. (2.142), the equation above can be rewritten in the fol-
lowing form:

D

Dr

58 = paXxFh — pfxe (2.152)
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2. Gravitational spin Hall effect of light

We can now rewrite the ray equations in a similar form as the MPD equations:

D 1

— Xt = PpH SHB PVt 2.153
DT + to Po Vil ( )
D 1
D—TP“ = — 5PVPMWS‘IB, (2.154)
D . .
— 5 = pexf_ pfxa 2.155
- , (2.155)
where D D
X! =X, HPu= P~ rg,P.X’. (2.156)

This form of the effective ray equations resembles what one obtains by starting
with the MPD equations

D 1
D—TPH = — §P”RQ5WS°‘B, (2.157)
D . .
D—Saﬂ = P*XP - pfxe (2.158)
.

and fixes the evolution equation for the worldline X* by imposing the spin sup-
plementary condition
Sty = 0. (2.159)

2.5. Examples and applications

In this section, we study the modified ray equations describing the gravitational
spin Hall effect of light on several background spacetimes. The examples including
the relativistic Hall effect and Wigner translations, the optical metric, and the
cosmological spacetimes are treated analytically. The examples exploring the ray
equations on a Schwarzschild and Kerr background, as well as the section on black
hole shadows are treated numerically, based on the Mathematica code presented
in Appendix A.7.

When working with the modified ray equations, in either the canonical form
given in Egs. (2.102) and (2.103) or the noncanonical form given in Egs. (2.115)
and (2.116), one needs to specify the background metric g,,, and the choice of
polarization vectors m® and m®. The polarization vectors are needed to compute
the Berry connection and the Berry curvature. A particular choice of polarization
vectors can easily be constructed by introducing an orthonormal tetrad (e, )*, with
(eo)* = t* representing our choice of a family of timelike observers. Adapting the
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polarization vectors used in optics [148], we can write p* = P%(e, )", v* = V%(e, )",
and w" = W%(e, )", where the components of these vectors are given by

PO 0 0
P! 1 [ —-P? 1 pPLpP3
Pt = , Ve =— , W= —— , (2.160)
P2 Pp pl PpPs P2P3
P3 0 _(Pp>2
where
P, =/ (PY)* + (P?)?,
p (P + (P?) (2.161)

Py = /(P + (P2)* + (P9

The vectors v* and w* are real unit spacelike vectors that represent a linear po-
larization basis satisfying Eq. (A.19). They are related to the circular polarization
vectors m® and m® by Eq. (A.18). Using this particular choice of polarization vec-
tors, the Berry connection and the Berry curvature terms can be computed, and
the modified ray equations can be integrated, either analytically or numerically.

2.5.1. Relativistic Hall effect and Wigner translations

The relativistic Hall effect [38] is a special relativistic effect that occurs when
Lorentz transformations are applied to objects carrying angular momentum. In
particular, consider a localized wave packet carrying intrinsic angular momentum
and propagating in the z direction in Minkowski spacetime. If a Lorentz boost
is applied in the x direction, then the location of the Lorentz-transformed energy
density centroid is shifted in the y direction, depending on the orientation of the
angular momentum. This shift corresponds to the Wigner translation [163, 69,
40].

The following example shows that an effect analogous to the Wigner translation
discussed in Ref. [163] appears in the effective ray equations (2.115) and (2.116).
We consider the Minkowski spacetime in Cartesian coordinates (¢, x,y, z), with

ds* = —dt* + da? + dy?® + d2?, (2.162)

and we want to compare the effective rays obtained from Egs. (2.115) and (2.116)
with two different choices of observer. In the first case, we consider the standard
orthonormal tetrad

€y = 815, €1 = 6?90, €y = 6’y, €3 — 82, (2163)
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2. Gravitational spin Hall effect of light

where (eg)* is our first choice of observer. With this orthonormal tetrad, the
polarization vectors are defined as in Eq. (2.160), and the Berry curvature terms
can be computed. The ray equations reduce to the geodesic equations

Xt=pP'  P,=0. (2.164)

In order to describe light rays traveling in the z direction, we impose initial con-
ditions X*(0) = (0,0,0,0) and P,(0) = (—1,0,0,1), and we obtain

X*(1) = (1,0,0,7),
(7)) =(—1,0,0,1).

As a second case, we apply a time-dependent boost in the z direction to the
standard orthonormal tetrad in Eq. (2.162). We obtain

(2.165)

eé = 09sht8t — sinh t 0,, 6:2 =0, (2.166)

ey = —sinht 9, + cosht 0y, ey = 0.,
where (ef)* is our second choice of observer. Note that (ef)” represents a family
of observers boosted in the x direction, with the rapidity of the boost represented
by the time coordinate ¢. The polarization vectors are chosen as in Eq. (2.160),
but this time with respect to the orthonormal tetrad in Eq. (2.166). The Berry
curvature terms in Egs. (2.115) and (2.116) can be explicitly computed, and we
obtain

XF =P esP” (Fp) )t (2.167)
P, =0, (2.168)
where

0

= 0
P (Ep) ) = ——1 (2.169)

8 [(ep)rP ) | F=

_Py

We impose the same initial conditions as in the previous case: X*(0) = (0,0,0,0)
and P,(0) = (—1,0,0,1). Since the frequency is defined as w = —(ej)" P, /¢, the
small parameter € can be identified with the wavelength of the initial light ray, as
measured by the observer (ej)* at the spacetime point z# = X*#(0). Then, the ray
equations can be analytically integrated, and we obtain

X*(7) = (1,0, —setanh 7, 7) ,

Pu(1) = (=1,0,0,1). (2.170)
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Thus, given a circularly polarized light ray traveling in the z direction and two
families of observers (e)* and (e;)*, which are related by boosts in the x direction,
we obtained the polarization-dependent Wigner translation in the gy direction,
Ay = setanh 7, in agreement with [163, Eq. 28]. Note that the Wigner translation
is always smaller than one wavelength.

Recovering the results of Ref. [163] suggests that a worldline X#(7) representing
a solution of Eqgs. (2.115) and (2.116) could be interpreted as the location of the en-
ergy density centroid of a localized wave packed with definite circular polarization,
as measured by the chosen family of observers.

2.5.2. The optical metric

Consider a fixed spacetime metric g,, and a dielectric medium with a varying
refractive index n sitting in the rest frame of a timelike observer u*. It has been
shown in Ref. [92] (see also Ref. [164]) that the combined effect of the background
spacetime and the dielectric medium on light rays can be studied by using the
optical metric

G = G + (L = 072w, u,. (2.171)
Here, we show how the effective ray equations (2.115) and (2.116), together with
the optical metric, can be used to recover the well-known equations describing the
spin Hall effect of light in an inhomogeneous medium [63, 114, 131, 33, 34, 67, 68,
36, 148].

We write the optical metric as
Guv = Nuw + (1 - n_Q)Uuum (2.172)

where 7, is the Minkowski metric, n = n(t, z,y, z) is the refractive index of the
medium, and v = 0, represents the rest frame of the medium. We also consider
the following orthonormal tetrad associated with the optical metric g,

ep =n0;, e =0, ex=20, e3=0.. (2.173)

The choice of orthonormal tetrad is mainly motivated by the choice of a timelike
observer t* = (eg)* performing the optical experiment. Note that, outside the opti-
cal medium where n = 1, this timelike observer reduces to the standard Minkowski
observer 0y, which is generally assumed in the optics literature, when studying the
spin Hall effect of light. In this case, the effective ray equations (2.115) and (2.116)
in noncanonical coordinates reduce to

X* = PM4esS PP (F,,)", (2.174)
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b,

= TI§,P.P% (2.175)

where we have the following coordinate components:

—TL2P0
)
Pt = QWPV = i; = ( n]i__)PO> , (2176)
P

3 v 0

LG, PaP” (Fpp)™ = PxP 5 (2.177)
[(P1)2+(Py)2+(Ps)2]%/2

4, PaP’ = n(Py)*9,n = n(Py)” (%Z) : (2.178)

We can restrict to the case where the refractive index is time-independent: n =
n(x, y,z). Furthermore, we can use the Hamiltonian to remove the equation for
P():

1
H = §gMVPMPV =0 = (P0)2n2 = (Pl)z + (P2)2 + (P3)2 = PQ, (2179)

where we introduced the notation P = \/(P;)% 4 (P2)% + (P3)2. The ray equations
reduce to

. nP
Xr = : 2.180
(P + 68P};<3P) ) ( )
. P2
P, = —Vmn, (2.181)
n

To obtain the same form of the ray equations as in optics, we have to reparametrize
the rays in terms of X° = T instead of 7. We have X° = nP, and

dXxi dX P ®ExP
T odr T oap T (2182
dP, dP P

These are the effective ray equations describing the spin Hall effect of light in
an inhomogeneous medium, obtained in Ref. [148, Egs. 90 and 91|. These ray
equations can also be rewritten in the form presented in Ref. [31] by rescaling the
momentum and time, as mentioned in Ref. [148].

20



2.5. Examples and applications

2.5.3. Cosmological spacetimes
Robertson-Walker spacetime

The propagation of polarized light in a Robertson-Walker spacetime has been
studied in [66] by using the Souriau-Saturnini equations. The authors obtained
polarization-dependent ray trajectories, but with the difference between the po-
larized rays and the null geodesic being smaller than one wavelength.

Here, we perform a similar analysis using the ray equations (2.115) and (2.116).
We consider the Robertson-Walker line element

ds* = —dt* + A*(t,z,y, 2) (do® + dy” + d2°) (2.184)

where

a(t)
Alt,z,y,z) = ) 2.185
(t.2,9,2) 14+ B2+ y2 4+ 22) ( )

As in [66], we consider the flat A-CDM model, with K = 0 and

1/3

cosh(x/S_At) -1
cosh (\/3_At0> -1

a(t) = ag (2.186)

Furthermore, the following orthonormal tetrad is considered:
€y — 8t, €1 = (AQ)_l/Q@C, € = (AQ)_W@y, €3 = (AQ)_l/QaZ, (2187)

where e is our choice of observer. With this choice, the polarization vectors can
be defined as in (2.160), and the Berry curvature terms can be computed. The
modified ray equations reduce to the null geodesic equations

it = pH (2.188)
e = T§pa” (2.189)

Note that, while there are no polarization-dependent effects for the particular
choice of observer used here, picking some other accelerated observer could result
in a nonzero effect, as discussed in Sec. 2.5.1. Such effects would still be limited
to displacements smaller than one wavelength. This suggest that the polarization-
dependent effect obtained in [66] is of the same nature. However, the choice of the
observer is not particularly clear in [66], since it is encoded in the choice of spin
supplementary condition used for deriving the Souriau-Saturnini equations.
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Kasner spacetime

As another cosmological example, we consider the Kasner line element

ds® = —dt* + t*'dz”® + t*?dy* + t*3d2?, (2.190)
where ¢, ¢ and c3 are real constants, satisfying
C1+Cy+c3= (Cl>2 —+ (C2)2 -+ (63)2 =1. (2191)

Furthermore, we consider the orthonormal tetrad
€y = (3t, €1 = (t201)_1/28$, €9 = (t262)_1/2ay, €3 = (t263)_1/283, (2192)

where (eg)* represents our choice of a family of timelike observers. In this case,
the effective ray equations (2.115) and (2.116) become

X* = PHLesPY (pr)y" , (2.193)
b, = T4,P.P" (2.194)
where
—P,
—2¢1
pi — ;202]}; . (2.195)
723 Py
0
pv (F ) mo_ —(190)2752 (02 - 03)P2P3
Py [(P1)2t2(02+03) + (P2)2t2(03+01) + (P3>2t2(01+02)] (03 —_ Cl)PgPl
(Cl - 02)P1P2
(2.196)
1
2¢—2c1 24—2c2 24—2c:
re PaP’B _ Cl(Pl) t +CQ<P2) t —f-Cg(Pg) t 3 0 (2197)
Bu t 0
0

Using the Hamiltonian, we have
1
H=5g"Pp =0 = (Py)? = t721(Py)? + t722(Py)% 4 t723(Py)%. (2.198)

Thus, we can eliminate the equation for Py, and we obtain:
VPPOX0) 20+ (PP(X0) % & (PP (X0

0)—2c1 es(ca—c2)psp2
Pl (X ) —I— (P1)2(X0)17c1+c2+c;3+(P2)2(X0)1+c17c2+03+(P3)2(X0)1+cl+c27c3

P2(X0)—2cz + AL es(c1—c3)p1ps )

(XO)1—c1+c2+C3+(P2)2(X0)1+c1—c2+C3 +(P3)2(X0)1+31+c2—¢:3

X =

0)\—2c3 es(ca—c1)pap1
P3(X ) + (Pl)z(X0)1—51+c2+53+(P2)2(X0)1+51—c2+C3+(P3)2(X0)1+c1+c2—C3

(2.199)
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P, =0. (2.200)
If we set ¢; = 1,9 = ¢3 = 0, the equations reduce to

V(PP (X072 + (B)? + (By)?

. Pl (XO)_2
Xu P —I— esP1 Py y (2201)
2T AP PO PP (X2
Ps = By B (X0 (B2 (X0)?
P = 0, (2.202)

This system of ordinary differential equations can be integrated, and we obtain

X9(r) = \/ (P + [(Po)? + (Py)?2(7 + C1)?

()2 + (P3)? ’

X1(7) = — arctanh [%(T + Ch) | + Co,
2 - P1P3
X5(r) = B(r+ C1) - 63[(132)2 + (P)22(r + Cy) +0Cs, (2.203)

3 P1P2
[(P2)? + (P5)?]*(7 + C1)

where C1, Cy, C3, Cy are integration constants. In order to analyze the O(e!) terms,
it is convenient to reparametrize the rays in terms of X°. From the first equation,

we obtain:
o [(XO2[(P)? + (B)%] + (P1)?
T+ Cl = :i:\/ [(P2)2 n (P3)2]2 , (2.204)

and the O(e') terms are proportional to 1/X°. Thus, the polarization-dependent
correction terms decay as 1/X?, so any polarization-dependent effects would quickly
become unobservable.

In the more general case, where ¢; # ¢y # c3 # 0, it is not so straightforward to
integrate the ray equations (2.199) and (2.200) analytically. The main difficulty is
represented by the computation of the integral

1
dt
\/(Pl)Qt*M T (Pg)Qt*QCZ’ + (P3)2t7203

(2.205)

where P, P, and P5 are constants.
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2.5.4. Schwarzschild spacetime

To illustrate how the polarization-dependent correction terms modify the ray tra-
jectories on a Schwarzschild background, let us provide some numerical examples.
For convenience, we perform the numerical computations in canonical coordinates
(z,p) and treat 2° as a parameter along the rays (the same results can also be
obtained using the ray equations in noncanonical coordinates (X, P), using the
code presented in Appendix A.7). Hence, Egs. (2.102) and (2.103) become

i' =1, (2.206)

givpV — €S (BZ + paviBa)

i = - , (2.207)
g%p, — €s (BO —|—p°‘VOBa)
5, — 209" Pabs + espe (9:9°7 By + 9" 0:Bs) (2.208)
g%p, — €s (BO + pO‘VOBa)
and pg is calculated from
1
59" Pupy — €s9"puBu (2, p) = 0. (2.209)

This equation can be solved explicitly, using the fact that the velocity ¢ is future
oriented:

1 %
Po = ﬁ [ - (90 pi — ESQO”BH)
(2.210)

+ \/ (99p: — esg”By)* — g% (¢¥ipip; — 2esp;gBy) |

Note that in general B, depends on py. However, since this is an O(e') term, we
can replace the 0(e") expression for py in B,

To compare with the results of Gosselin et al. [95], we consider a Schwarzschild
spacetime in Cartesian isotropic coordinates (t,x,y, z):

Ts

1— I\ s \4
2:_ 4R 2 1 S 2 2 2 2911
ds <—1+£_§> dt —I—( +—4R> (dz” + dy” + dz*), ( )
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(a) (b)

Figure 2.1.: Results of numerical simulations illustrating the gravitational spin Hall
effect of light around a Schwarzschild black hole. The effect is exag-
gerated for visualization purposes. The two figures present the same
rays from different viewing angles. The central sphere represents the
Schwarzschild black hole, and the small orange sphere represents a
source of light. The blue and the red trajectories correspond to rays
of opposite circular polarization, s = +1, while the green trajectory
represents a null geodesic. We take r, = 1, and we start with the
initial position z*(0) = (—50r,, 15r,,0), and initial normalized mo-
mentum p; = (1,0,0). The wavelength A is set to a sufficiently large
value to make the effect visible on this plot.

where ry = 2GM/c? is the Schwarzschild radius and R = /22 + y2 + 22. We also
define the following orthonormal tetrad:

1+ 15 s\ 2
€0 = 1 Zif Ok, €1 = (]- + Z_}%> Or,
B ) (2.212)
s \ ™ s \ ™
€y = (1 + E) ay, €3 = (1 + E) 8Z,

where t* = (eg)* is our choice of observer.

The Berry connection B, can be explicitly computed by introducing a partic-
ular choice of polarization vectors, using Eq. (2.160) and the orthonormal tetrad
(2.212). We now have all the elements required for the numerical integration of
Egs. (2.206)-(2.208). For this purpose, we used the NDSOLVE function of Mathe-
matica [105]. For these examples, we used the default settings for the integration
method, precision and accuracy.

55



2. Gravitational spin Hall effect of light

~

LD N

Figure 2.2.: Results of numerical simulations illustrating the gravitational spin Hall
effect of light around the Sun. The effect is exaggerated for visualiza-
tion purposes. The separation distance d is observed from the Earth.
The blue and the red trajectories correspond to rays of opposite cir-
cular polarization, s = 41, while the green trajectory represents a
null geodesic. We take r;, = 3 km, and we start with the initial posi-
tion 2°(0) = (—107r,, 3 x 10°r,0), and initial normalized momentum
pi = (1, O, 0)

After obtaining a numerical solution (z(t),p(t)) to Egs. (2.206)-(2.208), in or-
der to ensure the gauge invariance of our results, we have to evaluate the gauge-
invariant noncanonical quantities (X (t), P(t)), as given in Eqs. (2.108) and (2.109).
These are the quantities used to represent the trajectories in Figs. 2.1 and 2.2. A
comparative discussion between the use of canonical and noncanonical ray equa-
tions in optics, together with numerical examples, can be found in Ref. [148].

As the first step, we numerically compare our ray Eqs. (2.206)-(2.208) with
those predicted by Gosselin et al. [95]. This is done by numerically integrating
Egs. (2.206)-(2.208), as well as Eq. (23) from Ref. [95]. Up to numerical errors, we
obtain the same ray trajectories with both sets of equations. However, while the
equations obtained by Gosselin et al. only apply to static spacetimes, Eqgs. (2.206)-
(2.208) do not have this limitation.

The results of our numerical simulations are shown in Fig. 2.1, which illus-
trates the general behavior of the gravitational spin Hall effect of light around
a Schwarzschild black hole. [The actual effect is small, so the figure is obtained
by numerical integration of Eqgs. (2.206)-(2.208) for unrealistic parameters.] Here,
we consider rays of opposite circular polarization (s = +1) passing close to a
Schwarzschild black hole, together with a reference null geodesic (s = 0). Except
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for the value of s, we are considering the same initial conditions, (z°(0), p;(0)), for
these rays. Unlike the null geodesic, for which the motion is planar, the circularly
polarized rays are not confined to a plane.

As another example, we used initial conditions (z'(0), p;(0)) such that the rays
are initialized as radially ingoing or outgoing. In this case (not illustrated, since it
is trivial), the gravitational spin Hall effect vanishes, and the circularly polarized
rays coincide with the radial null geodesic.

Using these numerical methods, we can also estimate the magnitude of the grav-
itational spin Hall effect. As a particular example, we consider a similar situation
to the one presented in Fig. 2.1, where the black hole is replaced with the Sun.
More precisely, we model this situation by considering a Schwarzschild black hole
with r; =~ 3 km. We consider the deflection of circularly polarized rays coming
from a light source far away, passing close to the surface of the Sun, and then
observed on the Earth. This situation is illustrated in Fig. 2.2. The numerical
results are based on the initial data presented in the caption of Fig. 2.2. When
reaching the Earth, the separation distance between the rays of opposite circu-
lar polarization depends on the wavelength. For example, taking wavelengths of
the order A ~ 107 m results in a separation distance of the order d ~ 107! m,
while for wavelengths of the order of A &= 1 m we obtain a separation distance of
the order d ~ 1075 m. Although the ray separation is small (about six orders of
magnitude smaller than the wavelength), what really matters is that the rays are
scattered by a finite angle. Therefore, the ray separation grows linearly with dis-
tance after the reintersection point. This means that the effect should be robustly
observable if one measures it sufficiently far from the Sun. Furthermore, massive
compact astronomical objects, such as black holes or neutron stars, are expected
to produce a larger gravitational spin Hall effect.

As a consistency check, we also performed the numerical computations using
different coordinates, such as the standard Schwarzschild spherical coordinates
and Gullstrand—Painlevé coordinates. The results are independent of the choice
of coordinates. However, the polarized rays are not invariant under a change of
observer. This is due to an effect analogous to the Wigner translations discussed
in Sec. 2.5.1. For example, instead of the static observer introduced in Eq. (2.212),
one could consider a free-falling observer. In this case, the ray trajectories pre-
sented in Figs. 2.1 and 2.2 are slightly modified, due to the Wigner translations,
and preliminary investigations indicate that these modifications are smaller than
one wavelength, as in the case discussed in Sec. 2.5.1. It is not clear how to separate
the purely gravitational effect from the observer-dependent Wigner translations.
However, this is not a problem. The Wigner translation represents the observer-
dependent ambiguity in defining the location of the ray on a single-wavelength
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2. Gravitational spin Hall effect of light

scale and remains bounded. In contrast, the purely gravitational effect can affect
the angle of light scattering off a gravitating object and thus the ray displacement
associated with this effect accumulates linearly with the distance. This means that
the latter effect dominates at large distances.

2.5.5. Kerr spacetime

Here, we present some numerical examples of polarized light rays experiencing
the gravitational spin Hall effect in Kerr spacetimes. In this case, due to the
complexity of the ray equations, it is more convenient to use the ray equations
in noncanonical coordinates. The Kerr metric is considered in Boyer-Lindquist
coordinates (t,r,0, ¢), with the components of the metric tensor g,, given as

2mr 2mar sin? 0
-1+ > 0 O —SmarsnC
0 0 0
2mar sin? 0 [(T‘2+a2)2—a2A sin? 9] sin? @
zmarsin’ ) -
Y =1%+a®cos? 0, A =7r*—2mr +d?, (2.214)

where m is the mass and a is the spin parameter. Furthermore, we consider the
following orthonormal tetrad (e, )":
2 2
r+a a
eg = Oy + Oy,
T VEA T VEA Y

€1 = éaTa
VX (2.215)

1

ey = —=0p,
asin 6 1
e3 = O + Oy.
’ N ‘ sin V% ?

This orthonormal tetrad is used to define the polarization vectors as in Eq. (2.160),
and the Berry curvature terms can be explicitly computed. This example is im-
plemented in the Mathematica code provided in Appendix A.7.

As initial conditions for the equations of motion (2.115) and (2.116) we need to
prescribe X#(7 = 0), P,(r = 0) and s = 1. Note that § = 0, so the initial state
of circular polarization is preserved. In order to ensure that P,(0) is null, we write
it as

(2.216)

o8



2.5. Examples and applications

Figure 2.3.: Results of numerical simulations illustrating the gravitational spin Hall
effect of light around a Kerr black hole. The effect is exaggerated for
visualization purposes. The initial conditions are prescribed such that
the reference null geodesic remains in the equatorial plane. The Kerr
black hole spin parameter a = 0.99, and the angular momentum of the
black hole is directed along the positive z axis. The equatorial plane
is also plotted.

with (k1)?+(k2)?+(ks)? = 1. Here, (ky, k2, k3) represent coordinates on the celestial
sphere of the observer (eg)*, located at the spacetime point z#(0). Alternatively,
one can also use spherical coordinates (p,1) on the celestial sphere, such that
(k1, ko, k3) = (sin p cos 1, sin psin i), cos p).

Note that (eo)"P,(0) = 1, so the frequency measured by the observer (eg)" at
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2. Gravitational spin Hall effect of light

(a) (b)

Figure 2.4.: Results of numerical simulations illustrating the gravitational spin Hall
effect of light around a Kerr black hole. The effect is exaggerated for
visualization purposes. The Kerr black hole spin parameter a = 0.99,
and the angular momentum of the black hole is directed along the
positive z axis. The equatorial plane is also plotted.

the spacetime point X*#(0) is

- ()" Bu(0) 1 (2.217)

€ €

Thus, with the given choice of initial data, the small parameter € can be identified
with the wavelength of the light ray.

The equations of motion (2.115) and (2.116) are also constrained by the Hamil-
tonian function H = %g“”P#Py = 0. We can use this constraint to eliminate one
of the equations of motion, and to ensure that P, remains null, despite possible
numerical errors. We choose to use the Hamiltonian to solve for Fy:

= [ _ip 0ip)2 0 (gipp)]" 2.218
0 gOO g i + (g z) g (g ) ]) ) ( )

and eliminate the Py equation of motion.
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Based on these assumptions, and using the code presented in Appendix A.7, we
present here some polarized ray trajectory examples. In Fig. 2.3 we have an exam-
ple where the initial conditions are prescribed such that the reference null geodesic
remains in the equatorial plane. As in the Schwarzschild case, the polarized rays
are not planar, but there is still a symmetry between right-handed and left-handed
circular polarized rays when reflecting with respect to the equatorial plane.

In the more general case, where the reference null geodesic is not restricted to
the equatorial plane, the behavior of the polarized rays becomes more complicated,
and there is no obvious symmetry between right-handed and left-handed circular
polarized rays. An example is presented in Fig. 2.4. Further examples can be
easily explored using the Mathematica code provided in Appendix A.7.

2.5.6. Black hole shadows with polarized light

The shadow of a black hole can be defined on the celestial sphere of an observer as
the set of ray trajectories on which no light from a background source can reach
the observer [120, 132, 133, 56]. Given the recent observation of the black hole
shadow of the supermassive black hole M87 [77], there is great interest in the study
of black hole shadows, and it is natural to ask if the polarization of light can have
any effect on the shape of black hole shadows.

We can use the Mathematica code which computes the ray trajectories of po-
larized light to obtain the shape of black hole shadows, as seen by certain ob-
servers. We numerically determine the black hole shadow, as seen by an observer
t" = (eg)* at the spacetime point X*(7 = 0), by performing backwards ray tracing.
More specifically, this means that we compute multiple ray trajectories using the
Mathematica code presented in Appendix A.7, with initial conditions X*(7 = 0)
and P,(t = 0) as in Eq. (2.216), where P,(7 = 0) is determined by different
points (k1, ko, k3) on the celestial sphere of the observer. Given a particular point
(k1, ko, k3), if the corresponding ray falls into the black hole (i.e. hits the event
horizon), then (ki, ko, k3) is part of the black hole shadow on the celestial sphere
of the observer.

As a first example, we investigate the black hole shadow of a Schwarzschild black
hole. In this case, we immediately find that the black hole shadow obtained with
the polarized rays is identical to the black hole shadow determined by the null
geodesics, so polarization has no effect on the shape of Schwarzschild black hole
shadows. The shadow is spherical, as discussed in [133].

In the case of Kerr black holes, the polarization of light will have a nontrivial
effect on the shape of the black hole shadow. Consider a Kerr black hole with
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Figure 2.5.: Black hole shadows with polarized light for a Kerr black hole

a = 0.99, and we set € = 0.9 (e is suppose to be much smaller than one, but we
take this value for the sake of visualization). In Fig. 2.5 we present the obtained
black hole shadows, as seen by observers t* located at r = 10, and at different
radial positions 0 = 7, 2, 7, 555 The black hole shadows are plotted in the kg — k3
plane. The green lines represent the edge of the black hole shadow computed with
the geodesic equations (s = 0), while the red and the blue lines represent the edge

of the black hole shadows computed with Egs. (2.115) and (2.116), with s = £1.
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In this chapter, we perform a similar WKB analysis of the Dirac equation. In
contrast to Ch. 2, where the WKB ansatz was used to obtain a high-frequency
approximation of Maxwell’s equations, here we are using the WKB ansatz to per-
form a semiclassical analysis of the Dirac equation. In this case, the expansion
parameter in the WKB ansatz is Planck’s constant A.

We start by introducing the Dirac equation on a fixed spacetime background,
together with a fixed electromagnetic field &,, = 2V, 4/,). Using h as an expan-
sion parameter, we define a WKB ansatz for the Dirac field, and a semiclassical
approximation of the Dirac action is obtained. At the lowest order in &, we obtain
ray equations that are timelike geodesics, while at the next order in A we obtain a
transport equation for the internal spin degree of freedom along the correspond-
ing timelike geodesics. This transport equation is described in terms of the Berry
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3. Gravitational spin Hall effect of Dirac fields

connection. Following similar steps as in Ch. 2, an effective dispersion relation
is derived and the corresponding effective ray equations describe the gravitational
spin Hall effect of Dirac fields. The correction terms in the effective ray equa-
tions are expressed in terms of the Berry curvature. The effective ray equations in
noncanonical coordinates have a similar form to the Mathisson-Papapetrou-Dixon
equations at linear order in spin. Thus, our WKB analysis is in agreement with
the results presented in Refs. [9, 147].

3.1. The Dirac equation

Consider a Lorentzian manifold (M, g,, ), which is a solution of the Einstein field
equations, admitting a spin structure [50, p. 416]. A Dirac field ¥ is a section
of a vector bundle with fiber C*, associated with the spin frame principal bundle
Sping ; (M) via the representation p(A) = A, where A € Spin(3,1) = SL(2,C) [50,
p. 418]. The Dirac field ¥, of charge e and mass m, satisfies the Dirac equation

(ihy'V,, — eyt d, —m) ¥ =0, (3.1)

where &, is the electromagnetic vector potential, and 7* are the spacetime gamma
matrices, which are related to the flat spacetime gamma matrices, v¢, by the tetrad
fields (eq)": v = (eq)"y*. The spinor covariant derivative V, is defined by a spin
connection on the spin frame bundle Spinz,(M). Given a spin structure on M,
the Levi-Civita connection on the Lorentz frame bundle L(M) determines a spin
connection on the spin frame bundle Sping ; (M) [50, p. 419]. The spinor covariant
derivative V,, acts on the spinor fields as

1

V¥ = <a“ - Z—lw““baab) v, (3.2)
where o, = %[’ya, ), and wu"“b is defined as
w, ™ = (), V,(e")". (3.3)

We are using the same symbol, V,, for both spinor covariant derivatives and the
covariant derivatives of tensor fields, associated with the Levi-Civita connection.
This should not cause any confusion, since the type of covariant derivative is
determined by the object on which it acts. The vector potential &, is not included
in the definition of the spinor covariant derivative, because these are of different
order in h.
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3.2. WKB approximation

The Dirac equation is the Euler-Lagrange equation for the following action:

J:/ d*z /g UDV, (3.4)
M

where W = W10 and the Dirac operator is

D =iV, —ed A" — m. (3.5)

Since the action is invariant under U(1)-transformations ¥ +— ¢® W, the following
Dirac current j* is conserved:

V" =0, G = Uy, (3.6)

3.2. WKB approximation

We assume that the Dirac field admits a WKB expansion of the form

U(z) w[x,ku(x),h]eis(m)/h,
P, k@), B) = ol ky(2)] + Iahi [z, ky(2)] + O(R?),

(3.7)

where S is a real scalar function, v is a complex amplitude spinor, and Planck’s
constant h represents a small expansion parameter. The gradient of S is denoted as
k,(z) = V,S(x). Note that we are allowing the amplitude ¢ to depend on k,(z).
This is justified by the mathematical formulation of the WKB approximation [18,
76], where k,(z) determines a Lagrangian submanifold = — (z, k(z)) € T*M, and
the amplitude ) is defined on the Lagrangian submanifold.

3.3. Semiclassical expansion

The semiclassical analysis of the Dirac equation is usually performed by inserting
the WKB ansatz (3.7) into the Dirac equation (3.1), and analyzing the results
order-by-order in A [146, 9, 147, 162]. However, we find it more convenient to
perform the semiclassical analysis at the level of the action (3.4). The advantages
of this variational approach are extensively discussed in Ref. [166].
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3. Gravitational spin Hall effect of Dirac fields

3.3.1. WKB approximation of the Dirac action

A variational formulation of the WKB approximation for the Dirac field is obtained
by inserting the WKB ansatz (3.7) into the action (3.4):

J :/ d4$\/§ (IZG—Z'S/TL) D (weiS/ﬁ)
M

(3.8)
= / d*z /g (D + iy V) ¢ + O(R?).
M
where
D = —~"y, —m,
T (3.9)
v, =k, +ed,.

The action depends on the phase function S(r), the amplitudes ¢ (z, V.S) and
Y(x, VS). Performing a variation of the action with respect to these fields (since
the amplitude ¢ depends on V.S, the variation of the action must be performed

as in [129, Appendix B]), we obtain the following Euler-Lagrange equations:

D + iy V ;b = O(h?), (3.10)
UD — k()" = 0(h?), (3.11)
V. (V') = 0(R%). (3.12)

Equations (3.10) and (3.11) can also be obtained by directly inserting the WKB
ansatz into the Dirac equation, and Eq. (3.12) represents the WKB approximation
of the conservation law given in Eq. (3.6).

3.3.2. WKB equations at order i°

At the lowest order in £, the Euler-Lagrange equations (3.10)-(3.12) reduce to

Dy = 0, (3.13)
VoD =0, (3.14)
V,.jo" =0, (3.15)

where we introduced the notation jo* = 1y for the conserved Dirac current at
the lowest order in h. Using Egs. (3.13) and (3.14), we can obtain an alternative
expression for jo*. We start by writing the following identities

Yoy* (mabo) = — oy vy Yo,

_ - 3.16
(%m) Y1ho = =, 07" 7 1o. ( )
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3.3. Semiclassical expansion

Adding these two equations and using the anticommutation property of gamma
matrices, Y*v" + y'y* = —2g*”, we obtain

) - 1
Jo!' = oYy = EJOU“, (3-17)

where we defined the lowest-order intensity as % = 1)y1y. The transport equation
(3.15) can be rewritten as
V.. (Fvt) = 0. (3.18)

Using Egs. (3.13) and (3.14), we can write
- 1
0= —¢0D’¢0 = jo (—’UMUM + m) . (319)
m
Thus, we obtained the dispersion relation

vt = —m?. (3.20)

Observing that
ZV[VU#] = —e%,

ns

(3.21)

and we can differentiate the dispersion relation (3.20) to obtain the Lorentz force
law:
vV v, = et F,,. (3.22)

Equations (3.13) and (3.14) are homogeneous systems of linear algebraic equa-
tions for the unknown amplitude ¢y [146, 9, 147]. In order for these systems to
admit nontrivial solutions, the determinant of the matrix D must be zero. This
condition is equivalent to the dispersion relation (3.20):

det(D) =0 & v =-m’ (3.23)
Under the restriction v,v* = —m?, the matrix D has rank 2. We can introduce
a 4-spinor basis {3, X9, Iy, o}, where ¥; and 3, are eigenspinors of D, with
eigenvalue zero, and II; and II, are eigenspinors of D, with eigenvalue —2m [146,

9, 147):

DY, =0, 4D =0, (3.24)
DI,y = —2mll,,  HaxD = —2mlly4, (3.25)

where A, B = 1, 2. Furthermore, the 4-spinors satisfy the orthogonality relations

SAYp = —IuTlp = dap, (3.26)
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and the resolution of identity
Y X — 400, =1,. (3.27)

Here, and in the following, we are assuming an additional summation convention
over repeated capital indices, such as

2
EASA = Z(EASA) = 2121 + 2222. (328)
A=1

Then, Egs. (3.13) and (3.14) are satisfied if the amplitude v is an eigenspinor of
D, with eigenvalue zero. The most general form for 1 is

Yo(x,v) =/ Fo(x) [21(2) X1 (2, v) + 22(2)Ea(z,v)] = / Fo(x)242 4, (3.29)
where z; and zy are scalar coefficients, satisfying the constraint
2121 + 2929 = ZpzA = 1. (330)

Note that, since the matrix D explicitly depends on v, its eigenspinors will in
general also depend on v,. As mentioned in Sec. 3.2, this can be viewed as a
consequence of the amplitude 1 being defined on the Lagrangian submanifold
determined by v,,.

3.3.3. Ray equations

Equations (3.18) and (3.20) is a system of partial differential equations

L s m?
§g (ka + 6'5270[) (kﬁ + 6%5) = —7, (331)
Vo |Fo (K +ed™)] =0, (3.32)
where k, = V.5, and the unknowns are S and %;. The first equation is a

Hamilton-Jacobi equation for the phase function S, and the second equation is
a transport equation for the intensity % [125]. The Hamilton-Jacobi equation
can be solved using the method of characteristics. This is done by defining a
Hamiltonian function H on T*M, such that

1 2
H (2,V5) = 59° (ko + cdla) (ks + esls) = —m?. (3.33)
In this case, the Hamiltonian is
1
H(z,p) = 59“’6 (pa + edy) (pp + edp) , (3.34)
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and Hamilton’s equations take the following form:

_oH

it = —— = pt + ed*, 3.35
. (3.35)

. 9H 1, o oo

bu=—5— = 59", (Pa+ edlo) (s + o) — (P + e *) Aoy (3:36)

Introducing the kinetic momentum v, = p, + e, Hamilton’s equations can be
written in the more compact form

it = ot (3.37)

1
b, = —590‘5’”@&@5 + ev* Fop. (3.38)

Given a solution {z*(7),p,(7)} for Hamilton’s equations, we obtain a solution of
the Hamilton-Jacobi equation (3.33) by taking [90]:

Szt (1), pu(m)) = / drL(z,&,p,p) + const., (3.39)

where
L(1:7x7p7p) :x“pu—H(x,p) (34())

is the corresponding Lagrangian. The ray equations (3.35) and (3.36) can also be
obtained as the Euler-Lagrange equations corresponding to the Lagrangian L.

Once the Hamilton-Jacobi equation is solved, the transport equation (3.32) can
also be analyzed (See Ref. [125]). However, our main interest is in the ray equations
governed by the Hamiltonian (3.34) or by the Lagrangian (3.40). The ray equations
(3.35) and (3.36) describe timelike trajectories of massive charged particles. These
equations can easily be rewritten as

B4 Thpii? — e F, " =0, (3.41)
or in the explicitly covariant form:

VOVt = 3V 3! = ex* F 1. (3.42)

3.3.4. WKB equations at order A'

Considering the Euler-Lagrange equations (3.10) and (3.11) at order h' only, we
obtain

Dty = —iy"V ,abo, (3.43)
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1D =iV by (3.44)

Given 1y, these are two inhomogeneous systems of linear algebraic equations,
where the unknowns are 1, and ;. For any inhomogeneous system, the general
solution can be written as the sum of the solution for the homogeneous system
and a particular solution for the inhomogeneous system. We can write 1, as

Yy (x,v) = by (2)21(x,v) + bo(z)Xa(x,v) + (2, v), (3.45)

where b o are scalar coefficients, and 1), is a particular solution of the inhomoge-
neous system. The system will admit nontrivial solutions if and only if the right
hand side of the inhomogeneous equation is orthogonal to all solutions of the trans-
posed homogeneous equation. Such solutions are always a linear combination of
Y1 and ¥5. Therefore, we have the following solvability conditions [146, 9, 147],
which impose constraints on y:

SV uabo = BV uthy = 0, (3.46)
VH@Z)()’YM21 = VH@/)W“EQ = 0. (347)

We can rewrite these equations by using the expansion of 1y given in Eq. (3.29)
and the transport equation (3.18) as

1 _
V'V 24 = §5ABZBVM"UM —mX A"V, Xpzs,

1 B (3.48)
UuV#ZB = §§A5ABV#U# — mEAEAv“VHEB.

Using the identities

_ 1 _ _
LAY = E(sABU‘u = 0apV" =m (V,Z4"S5 + Zav"V,S5), (3.49)

we obtain
vV 24 = iMapzp,
poA T TARED (3.50)
vV, Zp = —iZsMap,
where the 2 x 2 hermitian matrix M has components
m o= _
Map = — (Za7"V,.Ep — V,E47"S5) . (3.51)

Using the properties of the eigenspinors, given in Eqs. (3.24)-(3.27), the matrix
components Mg can be rewritten in the following way:

MAB = %UH (SAVMEB - VHEAEB) - ZguuiAUuVEB' (352)
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3.3. Semiclassical expansion

Here, the first term represents the Berry connection, and the second term repre-
sents the so-called “no-name” term. The “no-name” term was first introduced in
a general context by Littlejohn and Flynn in Ref. [117], and its role in the WKB
approximation to the Dirac equation was discussed in Ref. [162].

We can write Eq. (3.50) in a more compact form by introducing the following
2-dimensional unit complex vectors:

z= (Z) , 2= (2 ). (3.53)

We also introduce the following notation for the Berry connection and the spin
tensor:

i _

BHAB(ZL’,U) = 5 (EAVMZB — VNZAZB) s
. o (3.54)
S AB(.I',U) = 52,40’ ZB,

where 0" = %(’y”fy” — v¥~y*). The Berry connection B, is a 2 x 2 matrix-valued
one-form, while S is a 2 x 2 matrix-valued tensor. Depending on the context,
we will sometimes omit the matrix indices A, B. Then, Eq. (3.50) can be written
as

vV 2z =1 (U“Bu — EQ%WS’“’) z,
2 (3.55)
VV,z = —iz (VB — 5@,5#”) .

If we restrict z to a worldline 2#(7), which is a solution of the ray equations (3.37)
and (3.38), we can write

z=1 (U”BM — gfﬁwS“”) Z,
_ e (3.56)
S iz (1, - Somus).

These equations describe the evolution of the spin degree of freedom along the
worldline z# (7).

It is important to emphasize how the covariant derivatives act on the eigenspinors
>4, which are defined on the Lagrangian submanifold. Using the horizontal and
vertical derivatives defined in Appendix A.1, we obtain

VI, 54 = 04, [Sa(r, )
_ (%MEA) (2,0) + v (V,0,) (%VEA) @) (35

h v
=o'V, X4 + et F, V4.
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The expression for the Berry connection becomes

1 _ h h _ ) _ v v
VB ap = %w <2Av#23 - vuzAzB) + %wgw (EAV"EB - v"2A23> .
(3.58)

3.3.5. Geometric definition of the Berry connection

A general discussion about the geometry of the transport equation arising from the
WKB approximation of multicomponent wave equations can be found in Ref. [76]
(see also Refs. [117, 75, 41]). Here, we specialize this discussion to the case of
the Dirac equation, focusing on the geometry of the Berry connection and the
corresponding Berry curvature.

The WKB approximation of multicomponent wave equations generally results in
a Hamilton-Jacobi equation for the phase S and a transport equation for the am-
plitude 9. In the present case, the Hamilton-Jacobi equation for S was discussed
in Sec. 3.3.3, and the transport equation for 1y is split into two parts. The first
one describes the evolution of the intensity % and is given in Eq. (3.18), while
the second one describes the evolution of the spin degree of freedom, as presented
in Eq. (3.56).

Since the amplitude vy is defined on the Lagrangian submanifold, the Berry
connection has to be defined as a connection on an appropriate 4-spinor bundle
with the base space the Lagrangian submanifold. Furthermore, the amplitude
is an eigenspinor of D, with eigenvalue A = 0, so the appropriate bundle is then the
A-eigenbundle of the 4-spinor bundle with base space the Lagrangian submanifold.
Then, the Berry connection has to be a Lie algebra-valued one-form defined on
the Lagrangian submanifold. This is clearly not the case for B,, which is a Lie
algebra-valued one-form on spacetime.

A connection one-form defined on the Lagrangian submanifold has to be con-
tracted with a tangent vector to the Lagrangian submanifold. By construction, the
tangent vectors to the Lagrangian submanifold are the Hamiltonian vector fields.
Working in (z,v) coordinates, the Hamiltonian vector field corresponding to the
ray equations (3.37) and (3.38) is

G, v g,
Xpp =o' oo+ (T, 00" + ev” Fyp) 0, (3.59)
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3.3. Semiclassical expansion

We can obtain the appropriate definition of the Berry connection as follows. Using
the definition of the horizontal derivative, we can rewrite Eq. (3.58) a

VW Bap = %v“ (SAV,S5 — V,5455)

% (Fp vV + ev” Fyy,) <2A%“ZB — %“EAZB) (3.60)
AB(Xn),
where

Bap = L (SaV,5p — V,EaTp) du + > (EA%HEB - %“2A23> dv, (3.61)

l\DIs

are the components of the appropriately defined Berry connection, which is a
Lie algebra-valued one-form defined on the Lagrangian submanifold. The corre-
sponding Lie algebra is u(2), since the one-form 9 takes values in the space of
two-dimensional Hermitian matrices.

The curvature of the connection 98 can be calculated using the standard defini-
tion [51, Sec. 2.3.2]
F=d3 —i|%, AB|. (3.62)

This is the Berry curvature, and it plays an important role in the spin Hall ef-
fect correction to the ray equations, as we will discuss in the next sections. In
coordinates, the expression of the Berry curvature is

F = (Fpp)pda"ds” + (F),/dv"dv, + (Fpp ), dv,dz” + (Fpp) wdv'dv”,  (3.63)

where
(P = 250 2P i), (@), G
eI CONCRC R
() == (B, = 200 T g @1, o)
and
(Be) s = 5 (2aV,E5 — V,24%5) , (3.67)
(B, = % (SA%MEB - %MSAEB> . (3.68)
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3. Gravitational spin Hall effect of Dirac fields

Using the properties of the eigenspinors, given in Eqs. (3.24)-(3.27), the compo-
nents of the Berry curvature can be explicitly computed, as shown in Appendix

A5:

1 (6% 1 o «
(Fxx)uy = _ERuuaﬁS B + ﬁvpvgrgurﬂys ’B, (369)
s
(Fpp)" = ﬁsu ; (3.70)
v v 1 av
<pr)ﬂ = - (Fxp) w _EUPFIPMS . (3.71)

3.4. Effective dispersion relation and spin-orbit
coupling

In the standard WKB treatment, the equations for each individual order in h are
set to zero. The resulting ray equations (3.37) and (3.38) are used for determining
the transport of the spin degree of freedom, through Eq. (3.56). However, with
this approach there is no backreaction from the dynamics of z(7) on the rays
z#(7) and v(7). In order to properly take into account the spin-orbit coupling
between the spin dynamics and the ray dynamics, we derive here an effective
dispersion relation, containing O(h') corrections to the dispersion relation given
in Eq. (3.20). This represents a weaker condition when compared to the standard
WKB treatment, where terms of different order in A are set to zero individually.
Instead, here we only require that the combined sum of the terms of order A’
and h! vanishes. The effective dispersion relation is obtained by taking the Euler-
Lagrange equations (3.10)-(3.12), but without treating terms of different orders
in h separately. The effective dispersion relation is then treated as an effective
Hamilton-Jacobi equation, and the resulting ray equations contain spin-dependent
correction terms, describing the gravitational spin Hall effect of Dirac particles.

3.4.1. Effective dispersion relation

Starting with Eqgs. (3.10)-(3.12), we can write

U (Yv, +m) Y — iV, = O(h?), (3.72)
U (Y0, +m) Y + ihV 1y = O(h?). (3.73)

By adding these two equations, we obtain

_ _ o _
0+ mit — (597,00 = V) = O() (3.74)
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3.4. Effective dispersion relation and spin-orbit coupling

The Dirac current j;* = 1y#1) + O(h?) can be rewritten in a different form. Using
Egs. (3.10) and (3.11), we can write

Dyt (map) = Yy* (=7 v, + ihy Vo) + O(h?)
(vm) v1p = (=7 v, — AV, 07") Y1 + O(h?)

Adding these two equations, we obtain

(3.75)

1 - 1 _
it = —%w (Y9 +A) Y+ ;—m (VYY" Vih — Vohy y1p) + O(h?)
— i Iyaly — ﬂ v (. _ /s i T v 2
=~ — o= g™ PV = Vi) + 5=V, (P0) + O(R?). .

Using the above form of j;#, Eq. (3.74) can be rewritten as
1o ik, - h B
EWWW ~om? (VoV utho — V,ibotho) + %quu (Voo™ 1o)
- % (Vo Vb — Vboyahy) = —mapy) + O(R?).
We expand the 6(h) terms using Eq. (3.29):
%U“ (VoV, b0 — V,ibothy) = Z;{O

Using Egs. (3.13) and (3.14), we can write:

(3.77)

ht
v (2'V,2 = V,212) + —Ov“zTBMz_ (3.78)
m

h - v h 7 v h . v
%quy (oo™ 4po) = %Vu (vutboc™4ho) — %%0“ YV,

1h - _ eh _
= Rvu (Uu¢07u7y¢o - UH@/JOYVV“@/JO) + Rguy¢oa“”¢
ih -, -, eh =
= —4—V,, (moy o — moy o) + —Futhoo™ 1)
m 4m
Ghjo v
= 5 %WzTS“ z.
(3.79)
We also have
ih, - - 1h %,
2 (V07" Vutbo — Vo' thy) = Qmo v (£TV,z = V,2le)
+ — "' B,z — F 2" S 2
m 2m

Combining the above equations, we obtain the effective dispersion relation
1 ih eh m?

5“#”“ - Ev“ (V2 =V, 22) — W'ZB,z + ?97#1,55“”2 =—0 (3.81)
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3. Gravitational spin Hall effect of Dirac fields
3.5. Effective ray equations

In this section we derive effective ray equations containing spin-dependent cor-
rection terms. These equations are meant to describe the gravitational spin Hall
effect of electrons. We start with the effective dispersion relation (3.81) and treat
it as an effective Hamilton-Jacobi equation for the phase function S.

1 i .
29 (ko + eddy) (ks + edly) — = (35 — 32)
2 2 3.82
€h m2 ( . )
— h(k* + ed®) 2Byz + 7,%555&52 =-5+ O(h?).

We define the corresponding Hamiltonian function

L1
H(ZL’,p,Z, 27272) - 59 6(pa+€.9ia) (p5+6.Q¢13> - —(Z

h
—h(p*+ed*)ZByz + %gagiSaﬂz,

Z—2zz)

(3.83)

and we solve for the phase function S as in Sec. 3.3.3:
T1
S(x*(11), pa(m1), 2(11), 2(11)) = / drL(z,,p,p, 2, %, Z, 2) + const., (3.84)
T0

where the Lagrangian is

1 h )
L =i%, — —¢*° (pa + edy) (pp + edp) + % (22 — z2)

2
« a\ = eh = Qaf
+h(p* +ed*)ZByz — ?%aﬁzS z.

(3.85)

Note that the Lagrangian is a scalar function defined on T'(T*M x C?), and the
effective ray dynamics is given by the Euler-Lagrange equations

— 2=, (3.86)

where u € {z#,p,, z,Z}. The Euler-Lagrange equations are

0B, h 058
i =" — hzB'z — w*z z+ e—?a[gé—z, (3.87)
Opu 2 op,,

1
Py = _§gaﬁ,uvavﬁ —ev oy + W ZBa 2 (3.88)

a = eh— «a
+ehd® 2By — 72(3"}[35 7).z,
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3.5. Effective ray equations

=i (B, - ggWSW) 2, (3.89)
i =iz (0B, S%WS‘“’> . (3.90)

These equations contain spin-dependent correction terms of ©(h') to the ray equa-
tions obtained in Egs. (3.35) and (3.36). The O(h') terms reflect the spin-orbit
coupling between the external and internal degrees of freedom, resulting in the
gravitational spin Hall effect of localized Dirac wave packets.

3.5.1. Noncanonical coordinates
The effective ray equations (3.87)-(3.90) can also be formulated as a Hamiltonian
system on the symplectic manifold 7*M x C2. Considering canonical coordinates

(x,p, 2, Z), the corresponding Hamiltonian function is

1 h
H(xz,p,2,Z) = —gof (pa +edy) (ps + ) — h(p* + eA*) ZByz + %QQBZSO‘B,Z,

2
(3.91)
and the symplectic 2-form is
QO =dx* Ndp,, + ihdz N dZ. (3.92)
In this symplectic setup, Hamilton’s equations are [1, Sec. 3.3]
O(Xy, - ) = dH, (3.93)

where the Hamiltonian vector field Xy can be expressed in coordinate form as

0 0 o .0
Xg=tl—+py—+2i—+2—. 3.94
0 TPy T T s (3:94)
By solving for the components of the Hamiltonian vector field, we obtain the
effective ray equations (3.87)-(3.90) in the following form:

. OH . oH

T _8_pM7 Pp = @7 (395>
_ i0H . ioH

“TThoz " T hoz

As a first step towards noncanonical coordinates, we rewrite the Hamiltonian, sym-
plectic form and effective ray equations in the new coordinate system (x,v, z, Z),
where v, = p, + ed,,. In these new coordinates, the Hamiltonian is

1 h
H(z,v,2,2) = 590‘51)&1)6 — hv,ZByz + %%ﬁzsaﬁz. (3.96)
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3. Gravitational spin Hall effect of Dirac fields

Applying the standard coordinate transformation rules for 2-forms, the symplectic
form can be expressed in the new coordinates (x,v, z, Z) as

Q = eFopdrda’ + dz® A dv, + ihdz A dZ. (3.97)

Using Eq. (3.93), we can obtain the effective ray equations as the components of
the Hamiltonian vector field in the new coordinates:

x’“za—H ) :—8—H+ei”3‘7
82);17 a ozt i (398)
i OH P 0H
“TThoz " T hor

In order to eliminate the Berry connection from the Hamiltonian, we perform the
following coordinate transformation:

XH =a! + hz(B,)"z, (3.99)
P, =v, — hz(B,) .z — ehF,,Z2(B,)" =. (3.100)

The Hamiltonian function becomes

H(x", vy, 2,2) = H(X" — hzZ(By)"'z, Py + hz(By) 2 + ehF,, 2(B,) 2, 2, Z)

_ 0H _
=H(X" P,,2,%) — hmz(%p)“z
oH _ _ v 2
+ haT [2(Ba) 2 + eF1 2(Bp)" 2] + O(I7).
i
(3.101)
Thus, the Hamiltonian in the noncanonical coordinates (X, P, z, Z) is

_ 1 af eh = qaf )

H(X,P,z2z) = 59 P,Ps + ?9a525 z+ O(h). (3.102)

Applying the same coordinate transformation to the symplectic form, we obtain:

Q = eFopdX*dX" + dX* N dP, + ihdz N dZ

= 8('%x)5 a(‘%@”)a e Jé] = a(‘%p)ﬁ a(‘%fﬁ)a e
—hz{ R ]de AX? —hz | e~ ap, | X 4P
0(RBe)g  0(B,)" (R,  0(%,)"

— hz — P,dX? — hz Pl _ P P,dP

hz[ ap. e ]zd o d hz op. P, 2dP,dPgs
+ hZ(By)adX* N dz + h(By)ozd X N dZ
+ hz(B,)*dPy A dz + h(B,)*2dP, N dz + O(R?).

(3.103)
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3.5. Effective ray equations

The effective ray equations in noncanonical coordinates (X, P, z, Z) are

. OH 9(B,)"  0(B.)
Mo 12~ p _ v
X =ap, +hX"z { oXV oP, |~
L [0(%,)"  0(%,)" (B Es o R
+ hP,z { 0P, op, 2+ hz(Bp)'z + hz(B,)H = (3.104)
. OH ., vy [0(Ba),  0(Ba),
P“__ﬁXN JVM—hXZ{ axr axn ]z
5 = 9 (‘%jﬂﬁ)u 9 (ggp)” = . =
— hP,z { op,  oxn } 2 — hZ(RBy) 2 — hz(RBy)uz (3.105)
i=i [Xa(ggx)a + Po(B,)* — gaysﬂ 2, (3.106)
f= iz [Xa(gsm)a + Bo(B,)" — 39«;”5“”} . (3.107)

Inserting the expressions of z and Z into Egs. (3.104) and (3.105), we obtain:

- H ) A
XH = ST + hXVZ (Fpm)yﬂz + hPl,Z(F )V/LZ _ %Z[(‘%p>u, g;aﬁsozﬁ}z (3108)
P,u = gX + €X'j9’—yu — hXV (Fm)wz — hP,,Z(F ) z + %Z[(%:ﬁ)u, gaﬁsa,ﬁ]z.
i

(3.109)

Since the ray equations are correct up to error terms of O(h?), we can replace
Xt = Pr+6(h') and P, = T%,P,P° + eP’%,, + O(h') on the right hand side
in the above equations. Furthermore, using the expressions for the components of
the Berry curvature given in Egs. (3.69)-(3.71), we can simplify some terms:

hX"Z(Fp) 'z + hP,Z(F,,)" 2 = hPYZ(E,,) "z + hT?, P, P Z(F,,) ">
+ ehP*Fp 2(F,p)"" 2 + O(Rh?)
h — 1" P,P'Z S‘”‘z—l—in P,P°zS""%

m2 Ve

h
+ e—P“ For 28"z + O(12)
eh og 5
= PO Fa2S O(h?).

(3.110)
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3. Gravitational spin Hall effect of Dirac fields

hXYZ(Fyy)ypz + hP,,Z(Fxp)VMz = WPYZ(Fyp)upz + A0, P, P72(Fyp)" 2
+ ehP® F o Z(Fyp)’ 2 + O (1)
h

h
=-3 PYR,,0528% 2 + ﬁP”PpPgFZVFgMZS“ﬁz

h
+ 5 BPT BT I 25z

oVt pa

6FL «@ g = v
+ 5P P, 3 Fa 257 2 + O(H?)

h eh
_ v s Qaf o o = Qfv 2
= —=P"RyuaszSz + — PO PIY (F0 257 2 + O(1).

2
(3.111)

Thus, the effective ray equations in noncanonical coordinates can be written in
the simplified form

X# = Pr 4 G—ZPO‘&'WESV”’Z + ?Ofaﬂz (%“Saﬂ — i[(B,)", Saﬂ]) z (3.112)
m

. h eh
P, =T4,PP’ + eX"F,, + 519”}?,%43zsaﬂz + WPQP,,PP 5 Far 257 2

I
h h
- %%B,staﬂz - %%55 (57— i[(Bu) s S)) 2, (3.113)
i=i (P“Ba - S%WSW> 2, (3.114)
P= iz <PaBa . g.%WS“”) . (3.115)

In Egs. (3.112) and (3.113), the terms involving the derivatives of S’ and the
“no-name” term F,55% can be rewritten as in Appendix A.6. Furthermore, in
the absence of an external electromagnetic field F,3, Egs. (3.112) and (3.113) take
the same form as the Mathisson-Papapetrou-Dixon equations at linear order in

spin. This is in agreement with the results of the WKB analysis presented in
Refs. [9, 147].
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A. Appendix

A.1. Horizontal and vertical derivatives on T*M

Let (z*,p,) be canonical coordinates on 7% M. Considering fields defined on T*M,
such as u,(x,p) and v*(x, p), the horizontal and vertical derivatives are defined as
follows [153, Sec. 3.5]:

%Muoa = iuaa (Ala)
Oop,,

h 0 - s 0

v,u,uoz = @ua - Fauua + Fuppaa_ppuaa (Alb)

%,uva — iva’ (A2a)
Opy,

%va— ava+Fav"+F" ivo‘ (A.2b)

e oH upPo op, ’ ’

The extension to general tensor fields on T*M is straightforward. Note that, in
contrast to Ref. [153, Sec. 3.5], we have the opposite sign for the last term in
the definition of the horizontal derivative. This is because our fields, u,(z,p) and
v*(x,p), are defined on T*M, and not on T'M, as is the case in the reference
mentioned before. The horizontal and vertical derivatives can also be extended to

spinor fields W (x, p) defined on T*M:

R (A.3)
opy,

h 0 /- o 0

V“\If = %\If — Zw“ O'ab\I/ + F#ppo-a_pplll7 (A4)

We can make use of the following properties:

h v v v

V., V] =0, [V V"]=0,
h h v
ViPa = Vygap = V¥gas = 0.

(A.5)

81



A. Appendix
A.2. Variation of the action

Here, we derive the Euler-Lagrange equations that correspond to the action

J:/ d*r /g %, (A.6)
M
where the Lagrangian density is of the following form:

P = £Z<S(a:), VuS(2),Aalz, VS(2)], V, {Aalz, VS(2)]}, A7)
A%z, VS(2)], V,, {A* [z, VS()]} ) . '

Here, S(z) is an independent field, while A, and A** cannot be considered inde-
pendent, since they depend on V,S. Following Hawking and Ellis [102, p. 65], we
define the variation of a field ¥; as a one-parameter family of fields V;(u, z), with
u € (—e,¢e) and x € M. We use the following notation:

0V, (u, )

u=0

Note that the derivative with respect to the parameter © commutes with the co-
variant derivative, so we have:

d 05
@VMS(U,x) = Vu (a) s (AQ)
d 0A.  OA, _ [0S
@Aa (u,z,VS(u,x)) = 5 + v (6_u) : (A.10)
ST A 2, V(0 2))] = | A 2, V0 2)
du du
(A.11)

0A, 0A, S
= Vi { o T ov,5 " (%)} ‘
We consider the variation of the action, taking special care when applying the
chain rule:

s
du

&

0F
_ 4
0 _/Md‘”@{_as“+avu5“v“s)

u=0

4
0A,

o0&
aA*a

X%
OV, A,

0%
oV, A

0A,

+ V.S

[AAa—k 04 g (AS)} +

ov,5 "
aA*OL
ov,.5

v, {AAQ + v, (AS)}

+

[AA*‘“ + v, (AS)] +

*Qu aA*a
v, [AA oo gV (AS)] }

(A.12)
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A.3. Berry curvature - electromagnetic case

Integrating by parts, and assuming the boundary terms vanish, we obtain:

47 0 0% 0% 0
o= — [ ¢ v, Vaa+ (2L v, %L ) as
du| /M x\/g{ <8Aa V“avﬂAa) i (aA*a V“avﬂA*a)
0% 0% A, (0% 0% gA* [ 0F 0%
= AS — = -V, -V, AS 5.
T st Vel v s T av,s (8Aa v avVAa> Tov.s <aA*a v avVA*a) S }
(A.13)

Since the above equation must be satisfied for all variations AS, AA,, and AA**,
we obtain the following Euler-Lagrange equations:

0% 0% )
9L g, 9 Ald
oA~ Vrgy, a0 (A-14)
0 0z
oA, Vo4, =0 —
0 0%  0A, [0F 0% DA ([ 0 oz \1 .,
25~ Vrlov,s T av,s (8Aa - V”av,,Aa> T ov,s (aA*a - ”8V,,A*a) = 0(e).
(A.16)

Furthermore, Eq. (A.16) can be simplified by using Eqs. (A.14) and (A.15). Thus,
as a final result, we have the following set of Euler-Lagrange equations:

& o0&

It T 2
oA~ Vg, aa O
o0& o0& )
a—%—v#m —@(6 ), (Al?)
o0& o0& )
5 " Vegv,g ~ 0l

A.3. Berry curvature - electromagnetic case

In order to calculate the Berry curvature terms (2.114), it is enough to use a tetrad
{t*, p*, v*, w*}, where t* is a future-oriented timelike vector field representing a
family of observers and p® is a generic vector, not necessarily null, representing
the momentum of a point particle (ray). The vectors v® and w® are real spacelike
vectors related to m® and m® by the following relations:

m® = (v +iw®), m® = (v* —dw®) . (A.18)

Sl
Sl -
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A. Appendix

The elements of the tetrad {t, p*, v*, w*} satisfy the following relations:

tata = _17 PaP = K, tozpa = —Ew, Uava = ¢

(A.19)
L0 = tawy = Pt = paw® = v,w® = 0.

Note that the vectors v* and w® depend of p* through the orthogonality condition,

while ¢ is independent of p*. We start by computing the vertical derivatives of
the vectors v* and w®. Using the tetrad, we can write:

VHy® = @ Mt 4 ot p® + 3t v® + e w?, (A.20)
op,,
VHw® = = d"t* + do"'p” + d3Hv® + dyFw?, (A.21)
P

where ¢;# and d;* are unknown vector fields that need to be determined. Using
the properties from Eq. (A.19), we obtain

v €w
V™ = ———— Mt — ————"p" + c'w?,

€W + K €W + K A 99
v €W 1 ( ' )
Viw® = o———wht” — ———wh'p” + d3"v

€e“w? + K €“Ww? + K

Applying the same arguments to the terms V,v, and V,w,, we also obtain

V0o = — R (ewpe V07 + Kkt,V ,07) t,
———— (pe V07 — ewt,V,07) po + fr,w
2, .2 o §2 g 14 o [ Ak R}
WA (A.23)
Vi, w, = — o (ewpeV ,w” + Kt V,w7) t,
+ R (PoV,w — ewtos V,w?) po + g3,Va-

Note that the fields cq,, d3,, f1,, and g3, are undetermined within this approach,
but this is not a problem, because they do not affect the Berry curvature.
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A.3. Berry curvature - electromagnetic case
Al3l1l Fpp

We compute (Fp,,)"™" by using Eq. (A.22) and setting x = 0. Since the vertical
derivatives commute (see Eq. (A.5)), we can write

() = (Vo = P,

v v v v
= V"v*V*w, — VFo*V w,
2
= v
€2w?
21
= 2m["m“].
€2w

(A.24)

v

wH

A3.2. F,,

We have

(Fm)w = i(VMmaVVma -V, m*V, mq + mO‘V[HVwma — mav[uvy]m“)

(A.25)
The last two terms can be expressed in terms of the Riemann tensor:
i(M VT = MoV Vi) = —iBagumm’. (A.26)
The first two terms can be computed using Eq. (A.23) and x = 0:
(Fua)o = i( Vi Voma = VuinV,m, )
=V, 0V, w, — V,0°Vyw,
1
_W (pavuvgppvuwp - pavuvappvuwp
— ewpy V07t Vo’ + ewp,V, 0,V W
(A.27)

— ewt, V, 07 p, Vb + ewtavyv"ppvuw”>
1

W (pavumgppvump - pavumappvump
— ewp,V,mt,V,m" + ewp,V,mt,V ,m"

— ewt,V,mp,V,m’ + ewtavum"ppvump).
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A. Appendix

A.3.3. F,; and F,,

Since (F;),) = — (Fyp)" . it is enough to compute only one term. Using Egs. (A.22)
and (A.23), a d setting k = 0, we obtain

(v“mav Mo — Vl,ma%“ma)

v
(e} «
=V,v V“wa — V0V, w,

1
= 2.2 [(pavyw — ewt,V,w7) v" — (p,V, 07 ewtgvyva)wu}
€
= 2112 [(Pavum" — ewt,V,m?)m" — (p,V,m° — ewt,V,m?) m"} ,
€

(A.28)

A.4. Coordinate transformation

The substitution from Egs. (2.108) and (2.109) can be obtained, up to terms of
order €2, as a linearization of the following composition of changes of coordinates on
the cotangent bundle 7* M. Consider the family of diffeomorphisms (®.) generated
by the vector field on M

Y = isimoVArmadon, (A.29)

that is to say
d
d—CDE(x) =Y (P (x)) with ®g(z) = . (A.30)
€
By construction, the Taylor expansion in a coordinate chart of ®, at order €' leads

to Eq. (2.108). &, naturally lifts to the cotangent bundle using the pullback ®*:
PF: (2,p) = (Pe(x), po dP Mo (2))- (A.31)

Note that the choice of the lift is not unique. The mapping ®! is, at order one in
€, in coordinates,

(2", p,) = (2 + isem™V my, p, — i€spsOun (M*VPmy)). (A.32)
Consider next the translation of the momentum variable defined by

U, : (z,p) — (z,p—€o), (A.33)

where o = is(M*V ,ma+pp0en (M*VPmy))dz*. The linearization in € of the diffeo-
morphism W, o® " provides by construction the change of variables in Eqgs. (2.108)
and (2.109).
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A.5. Berry curvature - Dirac case
A.5. Berry curvature - Dirac case

Using the definition of the covariant derivative for spinor fields, given in Eq. (3.2),
we can rewrite the components of the Berry curvature as

(Em)w = vu (%m)y -V, (ng)u —1 [(9558)/“ (ggx)u] ) (A'34>
(Fpp)™ =V (B,)” = V" (B,)" — i [(B,), (B,)"],  (A35)
(Fa),” = = (Fup)’y = Vo (By) = V" (Ba), — i1 [(Bo)s (B,)']. (A.36)

We insert into the above equations the definition of the components of the Berry
connection

1 = _
(Ba) iap = 2 (2aVuZp — V,E4X5), (A.37)
(Bp)" ap = % (EA%“EB - %HEAEB> : (A.38)

and we use the orthogonality properties of the eigenspinors:

i} V,Su4Ss + 54V, Sp = 0,
SuSp=dup = ol DT TATE (A.39)
VFSASE + SAVAS, = 0.

We obtain
(Foe)pap = 184V ViZp) —i(V,V Ea) S5 (A.40)
+ 22’(V[“ZA)(]I4 — ECZC)(V,,}EB), (A.41)
(FPP)WAB = Zi(v[#ifl)(]h - ZC‘EC)(VV}EB% (A-42>
(pr)uVAB = (Fxp)yuAB - 2i(v[#iA)<H4 - Zcic)(V”}ZB). (A.43)

Furthermore, using the resolution of identity given in Eq. (3.27), we obtain

(Frea)yyap = 124V Vi 2g) —i(V, V) 24) 5 (A.44)

— 2i(V, X)) el (V) XR), (A.45)

(B = —2i( VIS0 TeTo (VIE5), (A.46)

(pr>uyAB = = (Fa:p)VMAB = —Zi(V[HiA)HCﬁc(VV}ZB). (A,47)

The commutator of spinor covariant derivatives can be expressed in terms of the
Riemann tensor as

1
(V,V, =V, V, )V = —ZR#,,pgypy”\I/,
oy o (A.48)
(V,V, =V, V¥ = Z—lRWpU\If’y ~e.
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Using these relations, we can write
s = 1 o
i(EaVVySe = ViViySals) = =5 RuwosS . (A.49)

The remaining terms that need to be computed are of the form IZICVMEB or

ﬁC%“EB. For this purpose, we can use the fact that ¥4 is an eigenspinor of
D, with eigenvalue zero, while 114 is an eigenspinor of D, with eigenvalue —2m.
We start with

[I,DYp = 0. (A.50)

Taking the vertical derivative of this expression, we obtain:
0 = (V“ﬁA)DEB —I— I:IA(VMD)EB + ﬁAD(V”EB)
— 14(V*D)Sp — 2mlI(VFSp) (A.51)
= —ﬁA’}/HZB — ZmﬁA(%“EB),

and we can finally write
_ 1 -
HAVMEB = ——HA’}/MZB (A52)
2m

Similarly, by taking a covariant derivative of I14D¥z = 0, we obtain

0 = (VMI_IA)DZB —I— I:IA(VMD)EB + ﬁAD(VMEB)
= ﬁA(V#D)ZB — ZmﬁA(V#EB) (A53)
= —(Vuva)ﬁAvaEB — QmﬁA(VMZB),

However, since we are working on 7*M, with coordinates (z*,v,), we have

a g g
V,ﬂ)a = %’UQ — Fuavo- = _F#Q,UO" (A54)

Thus, we can write
u 1 u a 1 o T fo
HAVMEB = ——2m (VHUQ)HA”}/ EB = —2mngWHAfy EB (A55)

Using Egs. (A.52) and (A.55), we arrive at the final form for the components of
the Berry curvature:

uv

1 1
— _ngﬂSaﬁ + 50U, 7,5, (A.56)

14 1 v
(Fpp)™ = ﬁsu 5 (A.57)
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A.6. “No-name” terms

v v 1 ov
(FIH)M = - (Fa?p) m = _varzas . (A58)

The components of the Berry curvature were also calculated in Ref. [162], although
only for the case of Minkowski spacetime. Restricting to Minkowski spacetime,
the only nonzero component of the Berry curvature is (F},,)", and in this case our
result agrees with the result presented in Ref. [162, Eq. 30].

A.6. “No-name” terms

Using the definition S*’ and (%,)", we can rewrite the last term in Eq. (3.112)
as

VESB _ i[(B,)H, S = % [(%ﬂiA)aaﬂzB n SAOQB(%@B)]
+ i [SA(%“EC) - (%NSA)ZC] L) S
- }ISAJO‘/BEC {ic(%ﬂzB) - (%NSC)EB}
= i [2(%’@@ + EA(%MEC>EC - (%MSA)ECEC} oS

1_ v _ v v
+ ZEAO'QB |:2(V“EB> - ECEC(V“EB) + 20(V‘u20)23:|
(A.59)

Using Eqgs. (A.39) and (3.27), the above expression simplifies to
P —ifcgy ) 5°7) = 1[92 - (P EZeSe] o5
15 [(805,) - mese(9ry)
_ %(%HEA)(L — SeSe)o* g
+ 550" (I~ Se5e) (V455)
= L (PEelle0™ S — S TleTlo(V455)

(A.60)
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Inserting Eq. (A.52) and its complex conjugate into the above expression, we
obtain

v 1 - = I & u
VS —i[(Bp), 5] = —S 4y Tlellco™ S g + — S 40 Tl Sp
4dm, 4dm

1 - - 1 - =
= —ZA’}/'“(Zcxc — H4)O’a'BZB + RZAO'QB(ZCzJC — ]14)’}/”23

dm
1 - _ 1 - _
— 4_2 A (BeEe —1)oPLp + —S 0% (ZeXe — IS5
m 4dm
1 1 _
= WP“S‘M - RZA(W“JW + 0Py L

(A.61)

The anticommutator v*o®® + 0®#4# can be rewritten in a different form by using
the properties of the gamma matrices. We consider the flat spacetime gamma ma-
trices 7, which are related to the spacetime gamma matrices by the orthonormal
tetrad as 7" = (e,)"v*. For the flat spacetime gamma matrices, we can write the
following relation:

be . a ac,. b

,ya,yb,yc — _nab,yc — Py + n*y + Z'edabcfyd'75, (A62)

where 7% is the Minkowski metric tensor, with signature — + ++, and 7° =

iv9y'y2~3. Using this relation, we obtain

VCa 4 gBaC = gedaben 5 (A.63)
and
0% 4 0P = o) (@)’ (ec) €’
= 2(eq)”(en)" (ec)" (ea) e 77°,

We can perform a similar calculation for the last term in Eq. (3.113). First, note
that by using the properties of the covariant derivative, we can write

FapuzS2 + FopzS 2 = (V Fap) 252 + FopZV 5% 2. (A.65)

The last term in Eq. (3.113) becomes VS — i[(B,),, S*], and we can apply
the same steps as before. We obtain

(A.64)

1 _ _ 1_- _
V.S —i[(By)u, S = —§(VM2A)HCHCUWZB — §EAUQ5HCHC(VMEB).
(A.66)
Using Eq. (A.55) and its complex conjugate, we obtain

a . a 1 o (v i «a S « ]
VS = il(Ba), 5] = == PT, (Say Telloo™Sp + Ba0* el D)

1 1 _
= =5 PP S 4 = Py TY S (v 0 + 0%77) T,

4m
(A.67)
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A.7. Mathematica code for computing ray trajectories

A.7. Mathematica code for computing ray
trajectories

We provide the Mathematica code used for the numerical integration of the non-
canonical ray equations (2.115) and (2.116). The present version of the code is
written for the case of a Kerr spacetime, together with the orthonormal tetrad
introduced in Sec. 2.5.5. However, it can easily be adapted for other cases by
modifying the metric and the orthonormal tetrad.
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ni}= (* BLOCK 1 - Definitions and initializations =x)
Clear[a];

(» Assume all variables are real x)

$Assumptions = Element [xO[t], Reals] &&
Element[x1[t], Reals] & Element [x2[t], Reals] & Element [x3[z], Reals] &&
Element[p@[t], Reals] & Element [pl[z], Reals] & Element[p2[z], Reals] &&
Element[p3[t], Reals] & Element[s, Reals] && x1[z] > 0 & Element[a, Reals];

(» Coordinates =x)

(% XK %)
X={x0[z], x1[z], x2[c], x3[z]};

(» P, *)
P={p@[z], pl[t]l, p2[z], p3[t]};

(% Py x)
p={pllcl, p2[c], p3[cl};
(» BL coordinates in Kerr (t, r, , ¢) = (x0, x1, x2, x3) *)

M=1; (* mass x)
rs = 2M; (» Schwarzschild radius =)

r2+a?cCos[0]12/.r->x1[t] /.06 ->x2[t] /. ¢ > Xx3[t];
rl-rsr+a’?/.r->x1[t] /.0 ->x2[t] /. ¢ »x3[t];
A= (r?+a?)®-a2asin[e]? /. r-x1[t] /. 0> x2[t] /. ¢ > Xx3[z];

P

>
1]

(* Metric g,, *)

—(1—£) 9 0 - rsarSin[e]?
= b
] Z o ]
g-= A /.r->Xx1[t] /.6 ->x2[t] /. d->Xx3[t];
0 0 = (2]
_rsarsinfe]? o 0 AM
b b

(* Inverse metric gt =)
ig = Inverse[g] // Simplify;

(* Orthonormal tetrad (e,)* and dual tetrad (da)u, with (el)* = t* %)

r2 + a2 a
3 9) a)

Vza  =za

eo = { }/7.roxifc] /.0 x2[t] /. ¢ > x3[1];
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el = {o, /5 50,0} /.r>x1[t] /.6 x2[t] /. ¢ »x3[t];
pH

e2={o, 0, «/1/}:,0} /.r>x1[t] /.6 >x2[t] /. ¢ »x3[T];

aSin[e]? 1
e3={———,0,0, ———} /. roxl[z] /. 8-> x2[t] /. ¢ > Xx3[T];

V= sin[e] V= sin[e]
ed.g) // Simplify;
el.g) // Simplify;
e2.g) // Simplify;
e3.g) // Simplify;

w N I-\ o
1]
—_——

(* Christoffel T'iy = igi’“( OkBnj + Oj8mk - OmBik ) *)

T =
4
_Table[(z ig[[111[[m]] (D[gLIMII[[31], X[[k11] +D[glImI]1[[k1], X[[3111-DIgIIFIILI

m=1

k11, X[[m111)) | // Simplify, {i, 1, 4}, {3, 1, 4}, {k, 1, 4}];
(*+ Riemann Rijg = 8cTiyy - 01Ty + TigI™y - Ti,TMg *)
Riem=Tab1e[(D[r[[in [[11100311, X[ (k111 -D[T[[i110[k1I[[311, X[ 111 +

4
Z(F[[i]][[k]][[m]] TLImII[[11] 0031 -0 0411 (2110 m] T [m1][[k11[[31]1)
m=1

simplify, {i, 1, 4}, {j, 1, 4}, {k, 1, 4}, {1, 1, 4}] // Parallelize;

(% P4 = gH%Py %)

4
Pu = Table| [Z (ig[[u11[[al]l P[[a] ])] // simplify, {u, 1, 4}] // Parallelize;
a=1

(» P, at lowest order in e€: P, = —ig“B,uP‘,PB = T%,P.PP )
Pd =

4 4
Table[[ZZ (T[La]1[[B11[[K]1PLlal] Pul [/311)] /1 simplify, {u, 1, 4}] // Parallelize;

a=1 =1

(* H = %g“VPuPV =0 => P = g%(-geipi + \/(geipi)2 - gaegijpipj) *)
pto =
4 4 2
igrrayarrann? [—[Z(ig[[l]][[il]P[[i]])]+[[Z(ig[[111[[inP[[i]])] -ig[[1111I

i=2 i=2
4
1]] (Z

i=23

Mb

(iglri110[311PLIi1] P[[j]])]] ] // Simplify;

[
N
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(» Polarization vectors =x)
(» P¥ = Kk(ea)* => ki = (di) P* x)

4

ki= ' (d10[u1]Pullul]) // Simplify;
a

k2 = 3’ (d20u11Pullul]) // Simplify;

4
k3= ' (d3[[u1]Pul[u]]) // SimpLify;

u=1
(» Definition of the linear polarization covectors v, w and vectors vu, wu =)

-k2 k1 . .
V= dl + d2| // Simplify;
\/ k12 + k22 k1?2 + k22
k1 k3 k2 k3 +/ k12 + k22
W= di + d2 - d3| //
\/ k12 + k22 \/k12 + k2% + k32 \/ k12 + k22 \/k12 + k2% + k32 A k12 + k22 + k32
Simplify;
4
vu = Table[[ZZ:(ig[[j]] [[i1] v[[i]])] // simplify, {j, 1, 4}] // Parallelize;
1
4
Wu = Table[[

=1
D (iglI311 L1411 WL [i]])] // simplify, {j, 1, 4}] // Parallelize;
=1

1

(* V,v* = 9,v* + T%,,V° x)

4
Dvu = Table[[D[vu[[a]], X[[ul]l +Z (T[Lall[[u]11[lP]1] VullP]]) | // Simplify,

p=1

{u, 1, 8}, {a, 1, 4}] // Parallelize;
(* 2y *)
Dkvu = Table[D[vu[[a]]l, P[[u]]] // Simplify, {u, 1, 4}, {a, 1, 4}] // Parallelize;

(* VWog = O W - TPuaW, *)

4
Dw = Table[[D[w[[a]], X[[u]]] -Z (TLIPIILIKIT[[allw[[p]])| // Simplify,

p=1

{u, 1, 4}, {a, 1, 4}] // Parallelize;

o]
* — W, *
(x 2wy )

Dkw = Table[D[w[[a]], P[[u]]] // Simplify, {u, 1, 4}, {a, 1, 4}] // Parallelize;

(* (Fpp)vu = %%_%%
opy Op.  Opu Opy

Fpp =
4
Table| [Z (Dkvu[[v]1][[a]] Dkw[[u]][[a]] -Dkvu[[u]][[a]l]lDkw[[v]][[all)| // Simplify,

a=1
{v, 1, 4}, {u, 1, 4}] // Parallelize;
(* I.Jv(l:pp)w‘ *)
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In[286]:=

4
fpp = Table|[ [Z (PAL[v11 Fpp[[v11[[k11)| // Simplify, {u, 1, 4}] // Parallelize;

v=1

(* (Fxx)vu = R%uWaVP + VWOV, Wy - V, VAV, W, %)

4 4
Fxx1 = Table| (Z (Riem[[a]1[[B1][[1I]I[IvIIW[[a]] vu[ [/311)],
=1

a=1p
{v, 1, 4}, {u, 1, 4}] // Parallelize;

4
Fxx2=Tab1e[( (Ovu[[v]1[[al]Dw[[u]][[a]] -Dvu[[u]][[a]]Dw[[v]] [[a]])]:

a=1

{v, 1, 4}, {u, 1, 4}] // Parallelize;

fxx1 = Table| (Z Pul[v]] Fxx1[[v]] [[u]])] // simplify, {u, 1, 4}] // Parallelize;

<

4
(
=1
a
fxx2 = Table| [Z (PuL[v1] Fxx2[[v]][[K] ])], {u, 1, 4}] // Parallelize;
=1

v

fxx = fxx1 + fxx2;

.
(x (Fpx) ¥ = Vv vo 2% - 2oy, &)
opy op,

4

Fpx = Table[[ (Dvu[[v11[[al] Dkw[[u]1][[a]l] -Dkvu[[u]]1[[al]lDW[[v1][[all )| // Simplify,
=1

a

{vs 1, 4}, {u, 1, 4}] // Parallelize;

4
fpx = Table[[ (PuL[v]] FpX[[v]] [[u]])], {4, 1, 4}] // Parallelize;
v=1
a
fxp = Table|[- [Z (PA[[v1] Fpx[[k]]1[[V] ])], {u, 1, 4}] // Parallelize;

v=1

(» Trajectories x)

Clear[a, s, €];

pu = Table[Pu[[i]], {i, 2, 4}];

pd = Table[Pd[[i]], {i, 2, 4}];
fxxi = Table[fxx[[1]], {i, 2, 4}];
fxpi = Table[fxp[[i]], {i, 2, 4}];

(» EOM x)

EOMO = {D[X, t] == Pu, D[p, t] ==pd} /. pO[t] - pto;
EOM1 = {D[X, t] == Pu+s e fpx+se fpp, D[p, t] ==pd-se fxxi-se fxpi} /. pO[t] - pto;
EOM2 = {D[X, t] == Pu-se fpx-se fpp, D[p, t] == pd+s e fxxi +s e fxpi} /. p@[t] - pto;

(» Initial conditions %)

(» integration time tmax, small parameter/wavelength €, Kerr parameter a «x)
0 = 0;

max = 5 x 10;
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e=7x10"1;
a =90 /100;

(+ spin/polarization x)
s=1;

(* initial position *)
x01i = 0;

x1li = 10 rs;

x2i =7 /2;
n//2+7r/4-+ﬂ;

x3i

(* initial normalized momentum Pid =*)

¥=r/(24/10);

p=n/2;

Pid = (-d@+Sin[y] Sin[p] d1+Sin[¥] Cos[p] d2 + Cos[¥] d3);
pli = -Pid[[2]] /. T - 0;

p2i = Pid[[3]] /. T - 10;

p3i = Pid[[4]] /. T > ©0;

(» initial data vector x)
id = (X /. T > @) = {x0i, x1i, x2i, x31} & (p /. © » t@) = {pli, p2i, p3i};

(» stop if integration hits event horizon x1 = 2rs x)

tint@ = tmax;
horizon@ = WhenEvent [x1[t] < 1.01 (M +4 M2 - a2 ], {"StopIntegration", tint@

IA

]
(o]
—~
[—
e

tintl = Tmax;

A

horizonl = WhenEvent[xl[r] <1.01 (M+ \/ M? - a2 ), {"StopIntegration", tintl = t}];
tint2 = tmax;

horizon2 = WhenEvent [x1 [t]

IA

1.01 (M + M2 - a2 ), {"StopIntegration”, tint2 = t}];

(» Integration =x)

s010 = NDSolve [EOMO && id && horizon@, {x@, x1, x2, x3, pl, p2, p3}, {t, tO, tmax}];
soll = NDSolve [EOM1 && id && horizonl, {x@, x1, x2, x3, pl, p2, p3}, {t, tO, tmax}];
sol2 = NDSolve [EOM2 && id && horizon2, {x@0, x1, x2, x3, p1, p2, p3}, {t, O, tmax}];
(» Plots «)

(» Plot range =)

range = 10 rs;

tplot® = Min[tint@, tmax];
tplotl = Min[tintl, tmax];
tplot2 = Min[tint2, tmax];
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(» 3D Plot «)
arrowl = {Arrowheads[0.025], Arrow|[
Tube[{{-0.9 range, -90.9 range, 0}, {-0.9 range + range / 4, -0.9 range, 0}}, 0.2], -0]1};
arrow2 = {Arrowheads[0.025], Arrow[Tube[{{-9.9 range, -0.9 range, 0},
{-0.9range, -0.9 range + range / 4, 0}}, 0.2], -01};
arrow3 = {Arrowheads[0.025], Arrow[Tube[{{-90.9 range, -0.9 range, 90},
{-90.9 range, -0.9 range, range /4}}, 0.2], -0]};
arrowtextl = Text[Style["x", Large, Bold], {-0.9 range + range /3.5, -0.9 range, 0}];
arrowtext2 = Text[Style["y", Large, Bold], {-0.9 range, -0.9 range + range /3.5, 0}];
arrowtext3 = Text [Style["z", Large, Bold], {-©.9 range, -0.9 range, range/3.5}];
frame =
Graphics3D[{Yellow, arrowl, arrow2, arrow3, Black, arrowtextl, arrowtext2, arrowtext3}];
walll = Graphics3D[ {Transparent, EdgeForm[Thick], Polygon[ { {-range, -range, -range},
{-range, range, -range}, {range, range, -range}, {range, -range, -range}}l}1];
wall2 = Graphics3D[ {Transparent, EdgeForm[Thick], Polygon[ {{-range, range, -range},
{-range, -range, -range}, {-range, -range, range}, {-range, range, range}}1}1];
wall3 = Graphics3D[ {Transparent, EdgeForm[Thick], Polygon[{{-range, -range, -range},
{-range, -range, range}, {range, -range, range}, {range, -range, -range}}1}1;
source = Graphics3D[ {Specularity[White, 5], Orange,
Sphere[ {x1iSin[x2i] Cos[x31i], x1i Sin[x2i] Sin[x3i], x1i Cos[x2i]}, ©.2rs]}];
plane = ContourPlot3D[z == @, {Xx, -range, range}, {y, -range, range},
{z, -range, range}, Mesh » None, ContourStyle - Opacity[0.5]];

BH = Graphics3D [ {Specularity [White, 3], Black, Sphere[{0, @, 0}, M+ A\ M? - a2 1115

go

ParametricPlot3D[{Evaluate[(x1[t] Sin[x2[z]] Cos[x3[z]]) /. sol@][[1]],
Evaluate[ (x1[c] Sin[x2[z]] Sin[x3[z]]) /. sol@][[1]],
Evaluate[ (x1[z] Cos[x2[z]]) /. sol@][[1]]},
{t, tO, Tplot@}, PlotStyle -» {Thick, Green}, PlotPoints - 3000];
gl = ParametricPlot3D[{Evaluate[ (x1[t] Sin[x2[t]] Cos[x3[z]]) /. sol1][[1]],
Evaluate[ (x1[c] Sin[x2[z]] Sin[x3[z]]) /. soll][[1]],
Evaluate[ (x1[z] Cos[x2[z]]) /. sol1][[1]]},
{t, tO, plotl}, PlotStyle » {Thick, Red}, PlotPoints - 3000];
g2 = ParametricPlot3D[{Evaluate[ (x1[t] Sin[x2[t]] Cos[x3[z]]) /. sol2][[1]],
Evaluate[ (x1[c] Sin[x2[z]] Sin[x3[z]]) /. sol2][[1]],
Evaluate[ (x1[z] Cos[x2[z]]) /. sol2][[1]]},
{t, 9, tplot2}, PlotStyle » {Thick, Blue}, PlotPoints - 3600];

Style[Show[gO, g1, g2, BH, source, plane, walll, wall2, wall3,
frame, PlotRange -» {{-range, range}, {-range, range}, {-range, range}},
Boxed -» False, Axes - False, ViewPoint -» {1.5, 4, 1.5}], Antialiasing - True]

(* Individual Plots =x)
Show[Plot [{Evaluate[(x1[z]) /. sol@][[1]1]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "X1", PlotRange - All] N
Plot[{Evaluate[(x1[z]) /. sol1][[1]1}, {z, t@, tplotl}, PlotStyle » {Red, Dashed},
PlotLegends - Automatic, PlotLabel -» "X1", PlotRange - All] B
Plot[{Evaluate[(x1[z]) /. sol2][[1]]}, {t, t@, tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends —» Automatic, PlotLabel -» "X1", PlotRange - All] |
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Show[Plot[{Evaluate[(x2[z]) /. sol@][[1]]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "X2", PlotRange - All] R
Plot[{Evaluate[(x2[z]) /. sol1][[1]1]}, {t, t@, tplotl}, PlotStyle - {Red, Dashed},
PlotLegends -» Automatic, PlotLabel -» "X2", PlotRange - All] B
Plot[{Evaluate[(x2[z]) /. sol2][[1]]}, {t, t@, tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends » Automatic, PlotLabel - "X2", PlotRange - All] ]

Show [Plot [ {Evaluate[(x3[z]) /. sol@][[1]]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "X3", PlotRange - All] s
Plot[{Evaluate[(x3[z]) /. sol1][[1]1]}, {t, t@, tplotl}, PlotStyle - {Red, Dashed},
PlotLegends - Automatic, PlotLabel -» "X3", PlotRange - All] )
Plot[{Evaluate[(x3[c]) /. sol2][[1]1}, {t, t@, tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends - Automatic, PlotLabel - "X3", PlotRange - All] ]

Show [Plot [ {Evaluate[ (p1[z]) /. sol@][[1]]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "P1", PlotRange - All] 5
Plot[{Evaluate[(p1[z]) /. sol1][[1]]}, {t, t@, tplotl}, PlotStyle - {Red, Dashed},
PlotLegends —» Automatic, PlotLabel - "P1", PlotRange - All],
Plot[{Evaluate[(p1l[c]) /. sol2][[1]11}, {z, t@, Tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends » Automatic, PlotLabel -» "P1", PlotRange - All] |

Show[Plot [{Evaluate[(p2[z]) /. sol@][[1]1]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "P2", PlotRange - All] 5
Plot[{Evaluate[(p2[z]) /. sol1][[1]]}, {t, t@, tplotl}, PlotStyle » {Red, Dashed},
PlotLegends —» Automatic, PlotLabel - "P2", PlotRange - All],
Plot[{Evaluate[(p2[z]) /. sol2][[1]]}, {t, t@, tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends - Automatic, PlotLabel -» "P2", PlotRange - All] |

Show[Plot [{Evaluate[ (p3[z]) /. sol@][[1]1]}, {t, t@, tplote},
PlotStyle - Green, PlotLegends -» Automatic, PlotLabel -» "P3", PlotRange - All] B
Plot[{Evaluate[ (p3[c]) /. sol1][[1]1}, {z, t@, tplotl}, PlotStyle » {Red, Dashed},
PlotLegends - Automatic, PlotLabel -» "P3", PlotRange - All] B
Plot[{Evaluate[(p3[z]) /. sol2][[1]]}, {t, t@, tplot2}, PlotStyle » {Blue, Dotted},
PlotLegends —» Automatic, PlotLabel - "P3", PlotRange - All] ]
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