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Abstract: We present the geometric optics expansion for circularly polarized gravitational waves on
a curved spacetime background, to subleading order. We call spin optics to the subleading order
geometric optics expansion, which involves modifying the standard eikonal function by including
a specially chosen helicity-dependent correction. We show that the techniques developed for the
propagation of electromagnetic waves can also be applied to gravitational waves in the limit of spin
optics. However, one needs to account for the difference in the photon and graviton helicity, which
we do here.
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1. Introduction

The geometric optics approximation can be applied to study high-frequency gravitational
waves. It states that in the infinitely large frequency limit, gravitational waves in the fixed
curved background behave as null ray trajectories, similar to electromagnetic waves [1-3].
The geometric optics expansion reduces the problem of solving the linearized Einstein field
equations to solving the ray and transport equations along these rays. In the geometric optics
limit, the backreaction onto the ray equations from the polarization vector is absent. Because
of this, the laws of geometric optics are no longer valid at large but finite frequencies.

The backreaction from helicity might cause ray trajectories to appreciably deviate from
geodesics. This effect in which the propagation of gravitational waves in the subleading
order in curved spacetime (orbital motion) depends on the helicity (spin) is also called
the gravitational spin Hall effect [4-7]. Thus, the spin-orbit interaction modifies the grav-
itational wave propagation from the original ray trajectory as determined by geometric
optics. Here, we present the covariant formulation of the Wentzel-Kramers—Brillouin
(WKB) analysis for polarized gravitational waves in the subleading order geometric optics
expansion in wavelength. We call the “spin optics” approximation to the WKB analysis
up to subleading order in the geometric optics approximation. The procedure here will be
similar to that developed for electromagnetic waves [5,8].

The spin Hall effect results from the interaction of the polarization/spin with the
orbital motion of the rays [9-11]. The effective ray equations describing this effect for
gravitational waves are similar to those for light. The spin Hall effect for light (also
called the optical Magnus effect [12]) is observed when electromagnetic waves travel in
an inhomogeneous medium [13,14]. Spin-orbit coupling results from the interaction of the
polarization degrees of freedom with the gradient of the refractive index of the medium.
As a result, transverse deflection of electromagnetic waves in a direction perpendicular to
the refractive index gradient occurs. The spin Hall effect for light can be explained in terms
of Berry curvature [15,16] and provides a correction to the geometric optics approximation,
which scales approximately as the inverse of the frequency (in the subleading order).
One can reinterpret the spin Hall effect from condensed matter physics in the context of
general relativity, where spacetime curvature itself plays the role of an inhomogeneous
medium [4,8,17-21]. In this setting, the gravitational spin Hall effect arises from the
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interaction of polarization with the spacetime curvature itself, resulting in a spin-dependent
correction of the particle dynamics.

A higher-order geometric optics expansion is not the only approach for calculating
the spin Hall effect for gravitational waves. Effects of spin on the trajectory of massive
particles have been worked out by [22-24]. The Mathisson-Papapetrou-Dixon equations
have been adapted to the massless case by the work of [25,26], and their equations can be
used to study the polarization-dependent correction on the trajectory of massless particles
(see [17] and the reference therein for details).

This article is the study of the propagation of gravitational waves through spacetime
curvature. Here we are not concerned about the two other subscopes of gravitational wave
physics, its generation and detection. We also provide applications depicting how gravita-
tional wave propagation evolves. Gravitational waves emitted by the source propagate over
cosmological distances before reaching the observer. Such waves might encounter inhomo-
geneities in the form of spacetime curvature during their propagation. If the length scale of
these inhomogeneities, which acts as a lensing object, is much larger than the characteristic
frequency of the gravitational waves, then the geometric approximation is valid. This is the
standard approach to studying gravitational wave propagation. Geometric optics approxi-
mation implies that we treat gravitational wave as a particle propagating in the geodesic
trajectory and its polarization tensor parallel transported along the geodesic. However,
the subleading order correction from the geometric optics for gravitational waves might
be necessary when studying gravitational lensing [27,28], which necessitates calculating
the higher-order geometric optics correction for gravitational waves. In realistic situations,
there are gravitational wave detectors that can detect waves with a wavelength of astro-
physical lengths. This implies that the waves under consideration will have wavelengths
comparable to or even larger than the Schwarzschild radius of astrophysical objects, and
the standard lensing phenomena will likely include wave effects that must be appropriately
taken into account. Spin-orbit coupling plays a role when analyzing the propagation of
spinning particles in an inhomogeneous medium when the wavelength of a particle is
small but not negligible compared to the inhomogeneity scale of the medium.

This article is organized as follows: In Section 2, we linearize the Einstein field equa-
tions with some simplifying assumptions, giving rise to the equations governing the
propagation of gravitational waves. Then in Section 3, we make a WKB approximation of
the metric perturbation and substitute it back into linearized Einstein equations to obtain
the gravitational wave solution in the high-frequency limit. In the leading order approxi-
mation in 1/w, the results are consistent with the geometric optics approximation. This
gravitational wave solution in the geometric optics limit can be represented by a set of
null tetrads satisfying some orthonormal and completeness conditions. The scalar product
of Fermi transported null tetrads satisfies those conditions everywhere along the null
trajectory of gravitational waves, provided that they are satisfied initially. Next, we cast the
gravitational wave equations in the form of Maxwell’s equations for electromagnetic waves.
In doing so, we can describe the circular polarization of the gravitational waves in terms of
the self-dual and anti-self-dual solutions of some bivector/field tensor. After laying the
foundations for the generalization of geometric optics, we will write the equations for the
trajectory and polarization of gravitational waves in the subleading order approximation.
In Section 4, we calculate the effect of spin-orbit coupling in a number of simple cases:
(1) gravitational lensing of gravitational waves in Schwarzschild spacetime and (2) the
propagation of gravitational waves in an expanding universe. Finally, we present some
concluding remarks and discussions in Section 5.

Throughout this article, we consider a Lorentzian manifold with the metric g, of
the signature (—, +, +, +). Similarly, we write the complex conjugate of z as Z, adopt the
Einstein summation convention and denote the covariant derivative by a semicolon (;)
(except in Section 2 and the related appendix, where we use V for convenience). We use
natural units where G = ¢ = 1; A denotes the affine parameter along gravitational wave
trajectories, and X = dx/dA. The sign convention used here is adopted by [1].
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2. Linearization of Einstein Field Equations

We begin by considering the Einstein field equations with vanishing cosmological constant

1
Rtxﬁ - ERgzxﬁ =0, (1)

where Ryp is the Ricci tensor, and R denotes the Ricci scalar. Here, we describe the
propagation of gravitational waves, treating it as a small metric perturbation around the
fixed background solution of the vacuum Einstein equations. We assume that the fixed
background, given by the metric g,4, describes the gravitational field of arbitrary strength,
and its perturbation is small, that is, h,p < gap-

Let g4p be the solution of Einstein equations in a vacuum

Ryp = 0. 2)
Consider another metric §,5, which is the result of a small perturbation hy g ON 8ap

gtxﬂ = 8up T hzxﬁ- 3)

Substituting this into Equation (2) gives, up to first order in /i, and its derivatives
(see [4])

(O163V V" — 2upg Vi V! + 810V V + 8 VIV = 5V Vo = 05V 7V )1y = 0. (4)
Now, taking the trace of this equation yields
YV VPhys — VAVl = 0. (5)

Using the available gauge freedom, we can further reduce Einstein’s field equations to
a hyperbolic system. Let us choose the Lorentz gauge condition such that

1
Vg — ngvahz =0. (6)
Substituting this back into Equation (5) gives
V*Vahi, = 0. @)

Again substituting Equations (6) and (7) into Einstein field Equation (4) gives (see
Appendix A)
VIV hap + 2Ry hY = 0, (8)

where we have used the following relation expressing the commutation of covariant
derivatives in terms of the Riemann curvature tensor R,y

VeVahy — VaVghy = Ryyghe — Ry ghy. ©)

Initial Conditions

Here, we assume that the gradient of the trace of the perturbation tensor /1,5 vanishes
initially. Then, Equation (7) ensures that V"‘hﬁ vanishes everywhere along the trajectory.
Thus, the field equations and the Lorentz gauge condition for gravitational waves reduce to

VIV b + 2Rgppoh™ = 0, (10)
V¥hap =0, (11)

respectively. Note the striking similarity of these equations with Maxwell’s equations and
the Lorentz gauge condition for electromagnetic radiation. This will be the case for their
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solutions as well, as shown below. We consider circularly polarized gravitational waves for
our calculations.

3. Formulation of Spin Optics

The spin optics approximation is valid when the typical wavelength of the waves is
small (but cannot be neglected) compared to the length scale of the variation of its ampli-
tudes and wavelength and the radius of curvature of the spacetime on which it propagates.
In that limit, waves can be approximated locally as rays propagating on an approximately
flat spacetime. The spin optics approximation can be expressed mathematically by using
the WKB ansatz

haﬁ _ aaﬂein’ (12)

where a*f is the slowly varying complex amplitude, and wS is the rapidly varying real
phase. Here, w is the characteristic frequency of the problem. In later calculations, we write
the wave vector [, = S,;, where semicolon ; denotes the covariant derivative. The wave
vector and the polarization tensor can be expanded in terms of w as

popgy iy (13)
= lp w a)z veey
ap ap
I
a"‘ﬁ = ao —+ ? + ﬁ + vy (14:)

Below in Section 3.1, we will use the Fermi propagated null tetrad. Two of its compo-
nents represent solutions for the trajectory and polarization of gravitational waves. This
Fermi propagation reduces the freedom in the transformation property of the null tetrad
m® — e$1M)m? by the condition

dS (M)
ar

This is why we cannot absorb higher-order phase factors such as S;(A) into the

=0 (15)

complex amplitude agﬁ by such transformations. We can recover the equations of geo-
metric optics by substituting this perturbation metric onto the source free wave equation
(Equation (10)) and the Lorentz gauge condition. Let us first start from the Lorentz condi-
tion, which can be written as

1 .
15a0ap + = (lgalaﬁ + I agap — iag ﬂ;“) =0, (16)

up to subleading order in w. We next substitute the perturbation tensor into the source-free
wave equation, which again, up to subleading order in w gives

B =2 alPlo, I + j}(a‘;‘ﬁzoﬂlg‘ + 201yl — i (a1, + 2a3ﬁ;yzg)> —0. (17)

Let us now calculate the identically vanishing quantity dg,p 1 + ag, B %8, which gives
the dispersion relation

2
loply + = (s — bg) 1§ = 0. (18)
In the above expression, we have used ﬁg’g Agap = a? and substituted
i/ -
27 (a“ﬁa“ﬁm - a“ﬁaaﬁm) = by. (19)

3.1. Introduction of Null Tetrad

In the geometric optics limit, the wave vector [ and the polarization vector m( sat-
isfying the wave equations can be identified with two components of a null tetrad (see
Appendix B). The remaining two components would then be a nonunique auxiliary null
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vector n§ and a complex conjugate 7iz5. A set of null tetrads ef = (ZS‘, ng, mg, rhg), where
i = {lp, no, my, My } represents the tetrad indices, would satisfy the following orthogonality
and completeness relationships

lgmo,x = lgloa = ngou = 0, mgﬁ”l()a = 1, (20)
ma‘mOa = Wl%moa = 0, (21)
Ny = Nyno, = Ngiigy = 0, ngloy = —1. (22)

Here Equations (20) follow from the geometric optics approximation (see
Equations (A5)), and (21) and (22) are purely by choice of ng, and myg,. In Section 3.2,
we will show that choosing my, to satisfy Equations (21) is equivalent to choosing the po-
larization state. In particular, these relations hold for circularly polarized waves. Moreover,
these components of the null tetrad also satisfy

Blh =0, mlgls =0=miflh, (23)
niglf =0, (24)

where Equations (23) are again from the geometric optics approximation (see Equation (A15)),
and loy;p = log;e is used in obtaining the first relation. Equation (24) is obtained by choice of
ng. To show that this choice is indeed possible, we introduce the Fermi derivative operator
D, along the ray [*, which gives the following relation when applied to the tensor A% [8]

DA = I§ A% — ws AP + APngu®, (25)

where w* = lg l/fxﬂ, and w” is an identically vanishing quantity in geometric optics. As [*I, =0,
we have D;I* = 0. A vector A* is Fermi propagated if its Fermi derivative D;A* = 0, and
it is easy to see that the scalar product of any two Fermi propagated vectors is constant.
From this, we can conclude that if the tetrad (1%, n®, m*, m") satisfies the orthogonality and
completeness relations similar to the one given in Equations (20)—(22) at some point on the
ray, and if they are Fermi propagated, they satisfy those relations everywhere on the ray.
Therefore, we Fermi propagate the frame of a null tetrad (1%, n*, m*,m") so that they satisfy
the orthogonality and completeness relations analogous to those in Equations (20)—(22)
along the ray. The components of this tetrad also obey

lgnfjg = wﬁnﬁn”‘, (26)
lgm,.”‘/3 = wﬁmﬁn"‘, (27)
1 = wPingn®. (28)

We can now use the freedom in the choice of null tetrad
1% — Al*, n® — A" n", (29)

to fix wPn p = 0, where A is a real function. This condition fixes the parameter A along

the ray up to its possible rescaling A — A~!A, and we call such a choice a canonical
parametrization [8]. Therefore, in the canonical parametrization, we have

lgnf;s =0, lgmf‘/3 = wﬁmﬁn"‘, lgrhf‘ﬁ = wﬁﬁaﬁn"‘. (30)
From these results, we can see that a null tetrad (lg‘, ng, mg, nﬁ"o‘) satisfying evolution

Equations (23) and (24) in the geometric optics limit naturally generalizes to a null tetrad
(1%, n*, m*,m") satisfying evolution Equations (30).
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3.2. Introduction of Polarization Basis

In the geometric optics limit, circularly polarized gravitational waves have amplitude
fAoap = AoMoa g Whose evolution is governed by the equation my, 8 lg = 0 (see Appendix B).
This means that the polarization is parallel propagated along the trajectory in geometric

optics. The same line of arguments used from Equations (A5)—(A10) can be used to show
that, in the spin optics approximation, the polarization tensor can be written in the form

Agp = AMmqmpg, (31)

provided that an arbitrary vector field ¢* in Equation (A7) satisfies

i i

Callp = —(Cusp + Epu) 1" — —(EpI" +8"1p) , = 0. (32)

We can keep track of the evolution of this polarization tensor by defining an antisym-
metric field analogous to electromagnetism,

Fgy i= Aqyp — Apys (33)

where the vector A, is given as
Ay = amyels/Z. (34)

The geometric optics approximation up to subleading order in 1/w assumes that the
typical length scale of variation of amplitude, polarization, and wavelength of gravita-
tional waves is negligible compared to the radius of curvature of the spacetime through
which the waves propagate. In this approximation, the curvature terms appearing in the
linearized gravitational wave equation, Equation (10), can be safely neglected, as seen from
Equation (17). In such a regime, the antisymmetric field Fg., satisfies

FIX,B;’Y + F"/(X;ﬁ + F,BV}“ =0, (35)
1., =o. (36)

Let us define the complex version of the tensor F*f as
F* = F+iF*, (37)

where F* = €,5,,F"" /2 is the Hodge dual of F*P. Here, €apyy 1S the Levi-Civita tensor in
four dimensions, and its components in the tetrad basis are il An Am A . As (F*)* = —F,
we have (F*)" = FiF*, a property by virtue of which we call F* self-/anti-self-dual
antisymmetric field for +/— sign. Now, the field F, ;% can be expanded by substituting
Equation (34) into Equation (33)

Fio = 2 Zape'™)?, (38)
where
2i (a,p @y
Zaﬁ = a(lﬁmAY — lymﬁ — 5 (71117 — 1 mg + Mey,8 — mﬁ;y)). (39)

For this self-dual field F, ;%, using the property that contraction of a self-dual field with
an anti-self-dual field vanishes, we obtain

Z,gm*nP =0, (40)
Zup (m“mﬁ - l“nﬁ) —0, 41)
Z,pl"iP =0, (42)
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By substituting the value of Z,4 from Equation (39), we can see that Equation (42) is
identically satisfied in the limit of geometric optics. However, Equations (40) and (41) give

mymo, = 0 = Ijm, (43)
These are the orthogonality relations given in Equations (20) and (21).

3.3. Equations of Spin Optics
3.3.1. Defining the Hamiltonian

We have shown in Section 3.1 that in the geometric optics limit, light travels along the
null geodesic

Bl =0, g5l =0. (44)
Let us take x*(A) to be the integral curve of I*. Then,

o dxg
b ="

= x(. (45)

Equation (44) can be recovered from Hamilton’s equations of motion if we define the
Hamiltonian as

1
H= Eg“‘glolxlo’g, (46)
Hamilton’s equations of motion are
dxg N JoH _ 4B
FT % =8 lOﬁr (47)
and dl oH 1 0
ow _ 082 _ 1 p 08w
ooy 20N (48)
where we have used Equation (47) and the relation
ag,xﬁ agVP
axg S8y, )
in obtaining this. Further simplification of this equation gives
Lg“ﬁxg) L8 _ DG (50)
dA 2°0709x0,  DAZ

where D /DA denotes the covariant derivative along the curve x*(A). The two Equations (47)
and (50) are identical to Equation (44), thereby demonstrating that the Hamiltonian de-
fined in Equation (46) correctly reproduces the geometric optics equations. The action

corresponding to this Hamiltonian is

1 -
A= 5 / 8 2oudA. (51)
This action corresponds to the dispersion relation in the limit of geometric optics,
and this dispersion relation is Equation (18) in the leading order approximation. Thus,

because of the subleading order terms of the dispersion relation Equation (18), the natural
generalization to spin optics would give an action of the form

A= % / 2adA + % / Do dA. (52)
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This action is analogous to that of electromagnetic waves considered in [8,29], where
the spin Hall effect of light is derived. The variation of the first term, which is the optical
path length, gives

o 2
%5 / P d) = / xa%w\ S % ;‘; SxdA. (53)

Similarly, the variation of the second term (which resembles the Berry connection in
optics) gives

1 ) 1 ; 1 Déx* 1 ; 1 .
3 / boitd) = — / Sbai ) + — / b r-dA = / bupitoxPdr — / by 0P i dA. (54)
The application of the variational principle 6.4 = 0 yields

DZXﬁ i 1
DAZ?

- (b,B;tX - b,X;‘B)X‘X =0. (55)

We can write the corresponding Hamiltonian as
H=x"1,—-L, (56)
where £ = x%%, /2 4 byx" /w is the Lagrangian. We substitute the canonical momentum

oL ) b
la:ﬁ:xtx‘F%/ (57)

into Equation (56) to obtain the Hamiltonian

1
H= ﬁ(wlo,x + 11y — by) (wly + 1§ — b%). (58)

3.3.2. Solving Hamilton’s Equations of Motion

Now, we substitute Equation (57) into the dispersion relation of Equation (18) to obtain

<lo/s + %(11/5 - bﬁ)) (15 + %(lf — bﬁ)> = xpxf = 0. (59)

Thus, in the leading order approximation in 1/w, ¥* = [ gives the tangent vector.
This equation implies that the gravitational wave trajectory in the spin optics approximation
is still null. It is not geodesic, however, as seen from the fact that

Dx* 1/, B
D GRS (©0)
We use the Hamiltonian of Equation (58) to calculate this quantity. This Hamilto-
nian has been solved by [8] to obtain the following equation for right-hand circularly
polarized rays:
D?x*

1
= akgglg, (61)

where k,xﬂ = bﬁ;,x — ba;ﬁ and b, = 2img Mop;q- This is our Equation (55), which has been
derived by using the variational principle. Comparing this with Equation (60), we obtain

li;p = bp,e. Further simplifying k,g, one obtains

Kep = ~2iRugyum " -+ 20 (il — ilmya ). 62)
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Substituting this back into Equation (60) gives

D2x" 2i _ 2

We thus obtain a nongeodesic trajectory in the spin optics approximation.

3.3.3. Polarization Equation

We can substitute w* = lg lf’:g from Equation (60) into Equations (30), which gives the
evolution of the polarization vector

B
1§l =0, (64)
mly =— (lﬁ — bl ) 1§ mgn”
2i )
== Rapoall momg minj, (65)

w1 )
Iyl =— (18, — b ) Iy mgn”

2i
=— —Ram(glo mgmgmgng (66)

These equations ensure that the set of tetrads (%%, n%, m*, m*) satisfy the normalization
and orthogonality relations in Equations (20)—(22) throughout the ray up to subleading
order in 1/w. To see this, let us first simplify Equation (65) as

Bl ~ %zg(zg‘ — b) goun 67)
As the covariant derivatives of mg, and ng are zero, we can write
mh = (If — b*)moqnl. (68)
Simplification of Equations (64) and (66) in a similar manner gives
nt =0, it = (1§ —b)rigunl, (69)

respectively. One can also write the subleading order of the component of tetrad **
differently by noting that w*lp, = 0 = w*ng,. This is how we have constructed the Fermi
propagated tetrad in Section 3.1. Therefore, w* can be written in the form

(18 — b*),5 = —femfy — 1, (70)
m1f (lia — ba) .
From this, one can write
1§ — b% = gith (Ing — bg)m + mb (Ing — b) . (71)

It is easy to see that Equation (68), in conjunction with Equations (69) and (71) taken as
the subleading order correction of the tetrad (x*, n®, m*,m") satisfies the scalar products of
Equations (20)-(22). The leading order terms of this tetrad are (18‘, ng, mg, 171"0‘) of Section 3.1.
Moreover, the subleading order terms of the Lorentz gauge condition of Equation (16) gives

Ay . N B i
7 my = —mOa ibymgy + m"o‘moﬁ;amo = —mg;a — §b“mg' (72)
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All of the polarization Equations (40)—(42) are not satisfied in the limit of spin optics,
thereby implying that the field, with the subleading order solution given by Equation (68)
and Equations (69) and (71), is not self-dual (see Appendix C). However, a self-dual
solution of these field equations should exist in the subleading order geometric optics
approximation. We can find this self-dual solution by first writing the Fermi-like derivative
operator as follows:

P 2 S e AR
DiA* = 1§ Al — wpAPn® 4+ APngw® — = (A M mp APm® — Xy Mg AP ), (73)
where A = mg‘nomﬁmg . The vanishing of this derivative D]A* = 0 implies

ZﬁA’X = wﬂA/gn _A/gnﬁw + — ()\ l”mﬁA‘Bm —)\ lﬂmﬁAﬁm ) (74)

and in that case, the scalar product of any two components of a tetrad (x%, n®, m*, m*)
are constant except that of m* with itself and that of m* with itself. This can be seen
by calculating

(u® va)/slg =u leﬁlﬂ—i—v uaﬁlﬁ ” (/\ l”mﬁuﬂm Uy — )\Pl”mﬂuﬁm va> (75)

This scalar product is non-zero only if u* = v* = m* or u* = v* = m*. A tetrad
with a vanishing Fermi-like derivative satisfies these conditions as well as the following
orthogonality and completeness relations everywhere on the ray if they satisfy them at
some point on the ray:

Xy = X%y = X0, =0,  mity =1, (76)
n*my = n“n, = n“m, =0, n*l, = —1, (77)
However, in general, m*m, # 0 and m*, # 0 along the circularly polarized ray in

the subleading order approximation. That is, the polarization vectors are not null like they
are in the geometric optics approximation. Moreover, the tetrad evolves as

1fnty =0, (78)
15mt = wPmgn® —2—/\ A7 (79)
Bt — wPriran® - I Mt

l mﬁ wrign® + w/\’”l me. (80)

The following simplification procedure is used to obtain Equations (68) and (69) and gives

mi’ (1f - b"‘)mo,xno 21/\7110, ni’ =0, (81)
il = (1§ — b")migenly + 2iAm}). (82)

These components of tetrads constitute a solution of the linearized Einstein field
equations in Lorentz gauge and are right-hand circularly polarized, as they also satisfy
Equations (40)—(42). Therefore, they are the solutions for the propagation of circularly
polarized gravitational waves in curved spacetime in the spin optics approximation.

4. Applications
4.1. Gravitational Lensing of Gravitational Waves

As a first application of the spin optics, we consider a localized object acting as a
lens for gravitational waves of frequency w. The point-like lensing object is described by
a Schwarzschild geometry of mass M. The geometric optics expansion for gravitational
waves is valid only when their wavelength is much smaller than the Schwarzschild radius
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of the lensing body (1/w < M) [30,31]. Detectors, such as pulsar timing arrays (PTAs) [32]
and the Laser Interferometer Space Antenna (LISA) [33], can collectively detect gravitational
waves across a wide range of wavelengths, ranging from 10® m to 10'” m (the corresponding
frequency range of 107°~1 Hz). Thus, the lensing of real gravitational waves by the
astrophysical objects in the wide mass range, including the galaxies, is likely to contain
effects not seen in the geometric optics approximation [27].

Here, we calculate the effect of spin-orbital coupling on gravitational wave lensing. In
the geometric optics regime, the angle of deflection of gravitational waves by gravitating
objects is the same as that of electromagnetic waves, and the maximum angle of deflection
is given by

4M
Mp = (83)
where M is the mass, and Ry is the radius of a gravitating object.

For the Schwarzschild geometry, the general vector tangent to the congruence of null
geodesics can be written as

1 L2 2M .
loy = <_E,1_2M B (- r>’0’Lsm9>’ o
r

where E and L are the constants of motion whose values are determined by the initial
conditions of the geodesic trajectory. The three other null fields, n*, m* and 7#, along
with I¥, form a set of null tetrads and satisfy the orthogonality and completeness relations
given as

2M
— 1 L2 2M
oy = 7 —E - Ezz(l)'o'“i“g ’
2(E2_L7( _2M)) 12 r r
p

r

| (55)
r 1L<1_ @) iEsin 6 B X

moy = —= | — ,0,1, ;o Moy = (mo;z) .

P\ e (o)

We now apply the following transformation relations

=1y, mh — mf+all),
ng — ”0 + amo + amo + adll), (86)

to the null tetrad such that the resulting tetrad will be Fermi propagated along the rays.
Here, the value of a can be evaluated in such a way that the transformed vector mg + alg
has vanishing covariant derivative to leading order:

(mg + alg) _Vlg = mh I +a 15 = 0. (87)

In a spherically symmetric spacetime, 2 can only be a function of r, thereby giving

B mOVl noy iEL(r — 3M)
" / / N am\\%/ 24" (88)
(-2 (1-%))

These transformed null tetrads satisfy Equations (20)—(24). These null trajectories lg
and polarization vectors m, constitute solutions of the linearized Einstein equations in the

geometric optics limit.
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Now, to obtain the first-order correction to the null trajectory, we substitute these
values into the propagation Equations (63), and we obtain

D%x?2  6iLM | v2La iE

DA2 ~  w r6 + s [0 12 oM !
r \/ 24 (1 - T)

D2xH

Integrating this equation up to second-order in M/r gives

1 2L LM?
.2_<c1 M 3M)’ 90)

r =\ Er4 2ErS

where C; is an integration constant. The first term, which gives a divergent result upon
integration, can be made to vanish by choosing C; = 0. We can see that ¥ # 0 for L # 0,
and in that case, the gravitational wave travels along a null nongeodesic trajectory even in
the Schwarzschild spacetime, due to the gravitational spin Hall effect.

We can now calculate the angle of deflection of gravitational waves in the 0-direction
while passing near a lensing object of mass M, using the relation (here, x, = 0 and x3 = ¢)

o = er = 2LM dr
7 WERVERZ 12

up to leading order in M /r. A photon starting from infinity and approaching the lensing
object within a closest distance of Rg has E = 1 and

1)

(92)

We can now integrate to obtain the total deflection angle up to leading order in M/7,

M

0 = 2(000 — 6p) = 2. 93)
wR3

This gives an additional deflection resulting from the spin-orbit coupling, which
agrees with the result obtained in Ref. [20], up to a numerical prefactor. For a lensing
object of mass M < Ry, this quantity may be too small to detect by LIGO [34]. This
deflection, however, is twice the deflection of electromagnetic waves due to the spin-orbit
correction [30]. Moreover, although w is only the expansion, it multiplies with the phase
S in Equation (12), thus flipping the sign of w from the positive to the negative sign
corresponding to the flip in the helicity of waves. As the subleading order corrections are
proportional to w, waves of opposite helicities give the more pronounced spin Hall effect.

4.2. Propagation of a Binary’s Gravitational Waves through an Expanding Universe

If we model the large-scale structure of the expanding universe by the line element
ds? = Ryt? (—dt2 +dr? + r2d6? + r? sin? 9114)2) , (94)

then no spin Hall effect is observed for gravitational waves sourced by a binary system.
This is because, in this spacetime, the null rays along which gravitational waves propagate
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in the geometric optics regime are the curves of constant 6, ¢ and t — r. A set of null tetrads
for such spacetime can be written as

low = R§(—1,1,0,0),
t4

TIOH = E(—l,—l,O,O), (95)
Rot?

Moy = ~2—(0,0,1,isin0), g, = (mo,)"

V2

This is indeed a Fermi propagated null tetrad along the rays that satisfy Equations (20)—(24).
Therefore, these null trajectories lg and polarization vectors mg constitute the gravitational
wave solutions of the linearized Einstein equations in the limit of geometric optics.

Using the propagation Equations (63), we obtain no first-order correction of the null
trajectory, thereby implying no spin-orbit coupling for the propagation of gravitational
waves in such a spacetime. Thus, the propagation of gravitational waves from a binary
does not deviate from the null geodesic trajectories in such spacetime. The absence of terms
with a subleading order correction in the geometric optics approximation in such spacetime
could be attributed to the fact that waves propagate in the curves of constant 6 and ¢. The
absence of orbital motion/angular momentum of gravitational waves propagating in such
spacetime causes spin-orbit coupling to vanish.

5. Conclusions and Discussions

We have presented calculations that account for the spin Hall effect of gravitational
waves on curved backgrounds and applied the results to some simple scenarios. The
equations of spin optics developed here for gravitational waves are shown to have the
exact same form as their electromagnetic counterparts. The only difference is a factor
of two, which correctly accounts for the difference in helicity between gravitational and
electromagnetic waves. This factor of two causes the deviation of gravitational waves from
the null geodesic trajectory to be twice that of electromagnetic waves, due to spin-orbit
coupling. It should also be noted that this deviation is frequency-dependent.

In leading-order geometric optics, the trajectory of light/gravitational waves is geodesic.
However, this is no longer true when the subleading order correction is considered. Once
we include the subleading order correction to the geometric optics, the diffraction effects
start to appear, and the propagation properties of waves changes. Wave-like effects differ
increasingly from the geometric optics as the wavelength increases relative to the length
scale of the inhomogeneity. The study of this effect, resulting from the propagation in
the Universe with the structure, also helps in disentangling the effects coming from the
intrinsic properties of the source or the nature of gravity in the strong field regime. As
gravitons/photons still travel at the speed of light, it takes longer for them to reach the
observer from the source [30]. Due to their helicity difference, it takes an even longer
time for gravitons than for photons. This frequency-dependent time delay for circularly
polarized waves might be observed in cosmological events such as neutron star mergers [35].
We can also note from Section 3.2 that electromagnetic and gravitational waves in the weak
field limit (up to the subleading order geometric optics approximation) follow the same
set of equations except for a difference in the factor of two that accounts for their helicity
difference. Therefore, the procedure for obtaining the subleading order correction described
here can be applied to massless particles of arbitrary spin (obviously, by taking into account
the difference in the spin of these particles).

There are different approaches to studying massless particles’ motion with spins in
curved spacetimes [17]. The similarity of our geometric optics approach to the quantum
mechanical approach used by [36] to obtain the gravitational spin Hall effect is evident
from the similarity of our Hamiltonian Equation (58) with theirs. This gives a similar
equation for the null trajectory deviating from the geodesic in the subleading order in 1/w,
where the term proportional to bg occurring in our Hamiltonian should be interpreted as a
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Berry connection. Similarly, the equivalence between the quantum mechanical approach,
for example, of Gosselin and the approach using Souriau-Saturnini equations [25,26] was
demonstrated by Ref. [17] (at least for the Schwarzschild spacetime). For the Schwarzschild
spacetime, the trajectory equations from all of these approaches closely resemble those used
in optics to derive the spin Hall effect, where spacetime is treated as an effective medium
with perfect impedance matching. This resemblance is particularly encouraging, as the spin
Hall effect has been verified experimentally in optics. In future work, we hope to rigorously
establish the equivalence of our spin optics approach with these different approaches.
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Appendix A. Deriving Gravitational Wave Equations

For simplification, we first write Equation (4) as
Vi Vg — 8upVu VI + VaVghly + 8apV Vs — VI Vahyg — VIVl = 0. (Al)
Next, we use Equation (5) to reduce this equation to
VuVFheg + Vo Vghi, = VIV hyg — VTV ghy = 0. (A2)

Further simplification can be achieved by using Equation (9) for the commutation of
covariant derivatives

Vo Vah} =VaVoh} — Rig G + RS, i

B Bay
=VaVyhy + Ry, b, (A3)
where we have used the relation Rg,m = —Rya = 0, which follows from Equation (2).

Substituting this into Equation (A2) gives

ViV hap + VaVhy — VoVl = VVahi = 2Repan i =0 (A4)

Further use of Equation (6) gives the linearized gravitational wave Equation (8).

Appendix B. Reproducing the Equations of Geometric Optics

From Equations (16)—(18), we can recover the results of geometric optics by substituting
ai‘ﬁ =0= 11’g . In the leading order approximation in w, the Lorentz condition Equation (16)
and the wave equation Equation (17) give

16‘110,15 =0= lgloa. (A5)

This equation allows one to write ag,5 = gy (c1 log + czmoﬁ), where cq and c; are arbitrary

constants, g, is an arbitrary vector, and g is a complex vector satisfying moﬁﬁag =1and

p

mogly = 0. As the polarization tensor ag,g is symmetric in its indices, we should also have

a0y = C1lon + c2mo,. Now, using the property ﬁgﬂ Agnp = a2, we obtain C% = ae'?. We can

further reduce the expression for g, by considering the gauge transformation

hz/xﬁ = htxﬁ - Ea;ﬁ - E,B;ou (A6)
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under which the linearized Einstein field equations presented above are invariant. Here,

_1
T w

Ey = gaﬁEﬁ ‘:zxeisf (A7)
are small arbitrary functions. This gauge transformation preserves the form of WKB ansatz
given in Equation (12) if

1 ,
a;,,e =y — a(ga;/s—i-@ﬁ;,x) —z(gﬁl“+§alﬁ), (A8)
is satisfied. The change in amplitude in the leading order approximation can be written as
A0p = A0ap — 1(oplon + Coalop)- (A9)

As Iy, /% = 0, the Lorentz condition of Equation (16) holds for arbitrary &y, satisfying
Goal§ = 0. This freedom in the choice of {o, can be used to choose ¢c; = 0. Moreover,
an arbitrary constant parameter ¢ from c3 can be absorbed in a redefinition of the phase
function S. We finally obtain

Agup = C3MoaMop = Mo Mop. (A10)

Note that it is equally legitimate to write ag,g = aox (c2mmop + C37itgg), Where gy
is the complex conjugate of mgg, and c3 is another arbitrary constant. However, as in
electromagnetism, if the polarization tensor with mz represents right-hand circularly
polarized waves, then the polarization tensor with g represents left-hand circularly
polarized waves.

We calculate do,xﬁt"‘ﬁ from Equation (17) while considering only the terms relevant to

p

the geometric optics approximation; that is, we take a’f = 0and I, = 0 to obtain

2

p i ag®P I =

lo;y + p Aouphyy ,-;4[0 =0. (A11)
Adding this equation to its complex conjugate gives

1 1
2 PRN0 A BT H _
I+ 5 (Foapay )mlo - ;(lOIo)m —0. (A12)
where
5 ap 1~P¢ v
Ty =: doupy” — anyaw (A13)

is the intensity of the wave (note that agﬂ = 0). These constitute a complete set of equations
for gravitational waves in curved spacetime in the limit of geometric optics.

We substitute the value of the polarization amplitude from Equation (A10) to
Equation (A11), which upon further simplification gives

a.
I+ 2218 + drioumiyglf = 0. (A14)

Since the term 7, 1117, ﬁlg is purely imaginary, and the remaining terms lg; gt 215 ap/a
are purely real, they should be separately zero, thereby giving

a;ﬁ
g +2-215 =0, migl =o. (A15)

These relations will be used below in Appendix C.
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Appendix C. Checking Self-Duality in the Spin Optics Approximation

To see that the subleading order solution of the tetrad (%%, n® m*,m*) given by
Equations (68), (69) and (71) is not self-dual, we calculate each of these equations sep-
arately, starting with Equation (42)

. 2ia a. - 2ia (1 N
Z“[;l“mﬁ = (— : I + mo,x;ﬁlgmg) = (213;“ — mg‘lomﬁmg) =0, (Al6)

where we have used Equation (A15) to arrive at this identity. Similarly, Equation (41) gives

B 2ia /a, B 2ia i B
Zup (m”‘m/8 - l"‘nﬁ) = ;( ; my — mo,x,./glgno> = (—mg;a - §b“mg — mOa;ﬁZS‘n()) =0, (A17)
where we have used Equation (72) to obtain this identity. Finally, Equation (40) gives
2ia B 2ia g\ _ 2ia-
Z,xﬁm"‘n’s = Z(—mowmong) = ;(mgnowmo) = Z/\’ (A18)

where A is one of the Newman-Penrose scalars. Thus, Equation (40) is not satisfied unless
A = 0. Thus, the tetrad (%%, n*, m®, 7i"), satisfying the scalar products of Equations (20)-(22)
does not give the self-dual solution of the field Equations (35) and (36).
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