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We present geometric optics expansion in the subleading order for the circularly polarized gravitational waves
on curved spacetimes. We call “spin optics” to the subleading order geometric optics expansion, which involves
modification of the standard eikonal function by including into it a specially chosen helicity dependent correc-
tion. We show that, the techniques developed for the propagation of electromagnetic waves could be applied to
gravitational waves (difference in their helicity should be accounted), in the limit of spin optics also.

I. INTRODUCTION

Geometric optics approximation can be applied to study high frequency gravitational waves. The result is, in the infinitely large
frequency limit, gravitational waves in the fixed curved background behaves as a null ray trajectory, just like electromagnetic
waves [6} 18, 9]]. Geometric optics expansion reduces the problem of solving linearized Einstein field equations to solving the ray
equations and transport equations along these rays. In the limit of geometric optics, the backreaction onto the ray equations from
the polarization vector is absent. Because of this, laws of geometric optics are no longer valid at large but finite frequencies.

Backreaction from helicity might cause ray trajectories to deviate from geodesics by an appreciable amount. 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 gravitational spin Hall effect [2, |10} 35 36]. Thus spin-orbit interaction modify the gravitational waves
propagation from the original ray trajectory of the geometric optics. We here present the covariant formulation of the Wentzel-
Kramers-Brillouin (WKB) analysis for the polarized gravitational waves in the subleading order geometric optics expansion in
wavelength. WKB analysis, up to the subleading order geometric optics, is called as “spin optics” approximation. The procedure
here will be similar to the one developed for electromagnetic waves [1}[10].

Spin Hall effect is the result of the interaction of the polarization/ spin with the orbital motion of the rays [11H13]. The
effective ray equations describing this effect for gravitational waves are very similar to those describing the gravitational spin
Hall effect of light. Spin Hall effect of light (also called optical Magnus effect [14]) is observed when electromagnetic waves
travels in an inhomogeneous medium [[15}[16]. The spin-orbital coupling comes from the interaction of the polarization degrees
of freedom with the gradient of refractive index of the medium. As a result, transverse deflection of electromagnetic waves
occurs in a direction perpendicular to the refractive index gradient. Spin Hall effect of light can be explained in terms of Berry
curvature [3l 4] and provides correction to the geometric optics, which scales approximately as the inverse of the frequency
in the subleading order. This phenomena of spin Hall effect from condensed matter physics could be imported to the general
relativity, where spacetime curvature itself plays the role of an inhomogeneous medium [[1,2} 5, 17-20]). Thus, gravitational spin
Hall effect is from the interaction of the polarization with the spacetime curvature itself resulting in spin dependent correction
on the particle dynamics.

Higher order geometric optics expansion is not the only approach for calculating spin Hall effect for gravitational waves. The
effect of spin on the trajectory of massive particles have been worked out by [26], [27] and [28]. The Mathisson-Papapetrou-
Dixon equations have been adapted to the massless case by the work of [25] and [24]], and their equations can be used to study
the polarization dependent correction on the trajectory of massless particles (see [S] and the reference therein for details) The
necessity in calculating the higher order geometric optics correction for gravitational waves arises because of the following
reasons. Subleading order correction from the geometric optics for gravitational wave might be necessary while considering the
phenomena of gravitational lensing [21} 22]. Spin-orbit coupling plays a role when analyzing the propagation of spinning parti-
cles 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 Sec. |lI, we linearize Einstein field equations whose solution gives the gravitational
waves. We also make a couple of initial assumptions on that linearized Einstein equations which will simplify our calculations
without losing the generality. Then in Sec. [, we make a WKB approximation to the metric perturbation and substitute it back
into linearized Einstein equations to obtain gravitational waves solution in the high frequency limit. Then, in the leading order
approximation in 1/w, we reproduce the results of geometric optics. We will show that this gravitational wave solution in the
limit of geometric optics can be represented by a set of null tetrad satisfying some orthonormal and completeness conditions.
Scalar product of a Fermi transported null tetrad satisfy those conditions everywhere along the null trajectory of gravitational
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waves provided that they are satisfied initially. We also cast the gravitational waves equations in the form of Maxwell equations
for electromagnetic waves so that we can describe the circular polarization of the gravitational waves in terms of the self dual
and the 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 the polarization of gravitational waves up to the subleading order
approximation. In Sec. we calculate the effect of spin-orbit coupling to a couple of simple cases: 1) gravitational lensing of
gravitational waves in Schwarzschild spacetime and 2) propagation of gravitational waves in the expanding universe. Finally,
we present some concluding remarks and discussions in Sec. [V}

In this article, we consider a Lorentzian manifold with the metric g,,,, of signature (—,+,+,+). Similarly, we denote the
covariant derivative by semicolon (;), write the complex conjugate of z as Z and adopt Einstein summation convention. We use
the system of units with G = ¢ = 1. A denotes the parameter of gravitational waves curves and & = dx/d)\. The sign convention
used here is adopted by [6].

II. LINEARIZATION OF EINSTEIN FIELD EQUATIONS

We consider the Einstein field equations with vanishing cosmological constant
1
Rap = 5Rgas =0, M

where I,z is the Ricci tensor and R denotes the Ricci scalar. Here, we attempt to describe the propagation of gravitational
waves treating it as small metric perturbation around the fixed background solution of vacuum Einstein equations.
Let gog be the solution of Einstein equations in vacuum

R.5 =0. 2)
We consider another metric g, 5, which is the result of small perturbation hqg on gag
Gop = gap + hap- )
Substituting this into Eq. ) gives, up to the first order in h, s and its derivatives (see [2]])
(0265V V" = gapg"’V V" + g7V Vs + gasVV°® = 65V Vo — 60V V ) hys = 0. (4)
Now, we take the trace of this equation to get
VoV hag — VOV oh = 0. (5)

We can further reduce Einstein field equations to hyperbolic system of equations by using available gauge freedom. We here
chose the Lorentz gauge condition such that

VO has — %gaﬁvahg —0. 6)
Substituting this back into Eq. (3)) gives
VeV hi; = 0. (7
Again substituting Egs. (6) and (7) into Einstein field Eq. () gives
VAV uhag + 2Rapsh™ =0, ®)

where R, is the Riemann curvature tensor.

1. Initial conditions

We here assume that the trace of the perturbation tensor /s vanishes initially. Then Eq. (7) ensures that 2/, vanishes every-
where along the trajectory. Thus, the field equation and the Lorentz condition for gravitational waves reduces to

VAV has + 2Rapup b =0, 9)
Vhas = 0, (10)

respectively. Note the striking similarity with Maxwell equations and Lorentz condition for electromagnetic radiations, so will be
the case for solutions also as we will show below. We also consider circularly polarized gravitational waves for our calculations.



III. FORMULATION OF SPIN OPTICS

Spin optics approximation is valid when the typical wavelength of the waves is very small (but could not be neglected) in
comparison to the length scale over which the amplitudes and the wavelength of the waves vary and the radius of curvature
of the spacetime on which the waves propagate. In that limit, waves can be approximated locally as a ray propagating on an
approximately flat spacetime. Spin optics approximation can be expressed mathematically by using the WKB ansatz

ha'B — aaﬁeiw57 (11)

where a®? is the slowly varying complex amplitude and wS is the rapidly varying real phase. Here, w is the 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

1o g
=+t + 24+ (12)
w w
af af
o a a
a®? = af + L+ 24, (13)
w w

Below in Sec. [lII B] we will use the Fermi propagated null tetrad among which two of its components represent the solution of
trajectory and polarization of gravitational waves. This Fermi propagation reduces the freedom in the transformation property
of the null tetrad m® — €*S*(\)m® by the condition

dS1(N)
d\

=0 (14)

This is the reason why we can not absorb higher order phase factors like S;()) into the complex amplitude agﬂ by such
transformations. We can recover the equations of geometric optics by substituting this perturbation metric onto the source free
wave equation (Eq. (9)) and the Lorentz gauge condition. Let us first start from the Lorentz condition, which can be written as

1 e
I§aoas + 5 (lg‘alag + [fapap — tag B;a) =0, (15)

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

« " 1 . B B
28 =2 aSPlo, 1l + = (a‘;ﬁzoulg + 20581, 1 — i (ag I, + 2a8 Wzg)) =0. (16)
Let us now calculate the identically vanishing quantity dowta’@ + ao,xﬂf“ﬁ, and this gives the dispersion relation
g, 2 B
logly + — (lig = bg) lg =0, (17)

where we have used &8‘5 apap = a? and substituted

1

2a2 (@*Paapu — a*’dapi) = by, (18)

in obtaining this equation.

A. Geometric optics limit

From the above equations Eqs. (T3)-(T7), we can retrieve the results of geometric optics by substituting afﬁ =0= lf . In the
leading order approximation in w, the Lorentz condition Eq. (T5) and the wave equation Eq. (T6) gives

lga()ag = 0 = lgloa. (19)

This equation allows one to write apag = aq (c1log + camog), where ¢1 and ¢y are arbitrary constants, a,, is an arbitrary vector
and mgg is a complex vector satisfying mogmg = 1and moglg = 0. As the polarization tensor ap.g is symmetric in its indices,
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we should also have a, = ¢1lps + c2moq. Now, using the property agﬂ aoap = a’, we get c3 = ae'®. We can further reduce
the expression for ag.g by considering the gauge transformation

h/oéﬁ = haﬁ - Ea;,ﬁ - Eﬁ;a» (20)

under which linearized Einstein field equations presented above are invariant. Here,

(1]

s 1,
o = gapZ’ = —Lac s, 1)

are small arbitrary functions. This gauge transformation preserves the form of WKB ansatz given in Eq. (TI)) if

1 ,
a;ﬁ = Qap — ; (fot;B + fﬂ;a) -1 (fﬁla + fal,@) s (22)
satisfies. The change in amplitude in the leading order approximation can be written as
Uhap = G0ap — 1 (oploa + Eoalop) - (23)

As lpo[°* = 0, the Lorentz condition of Eq. (T3) holds for arbitrary &, satisfying £y, !5 = 0. This freedom in the choice of &y,
can be used to choose ¢; = 0. Moreover, an arbitrary constant parameter ¢ from c3 could be absorbed in a redefinition of the
phase function S. We finally get

A0aB = cgm()amog = amoamog- 24)

Note that it is equally legitimate to write agag = @q (C2Moa + €304 ), oo being the complex conjugate of mg, and c3
being another arbitrary constant. However, as in electromagnetism, if the polarization tensor with m,, represents the right hand
circularly polarized waves, then the polarization tensor with my,, represents the left hand circularly polarized waves.

We calculate doaﬁtaﬂ from Eq. (16), while considering only the terms relevant to geometric optics,that is, we take a‘f‘ﬁ =0
and [, = 0, to get

2. .
b+ a—gawaoﬁng =0. (25)
Adding this equation with its complex conjugate gives

1 /. a
U+ = (aof,ﬁaoﬁ). I = (I8T,),, = 0. (26)

3

where

~l

Ty =: &Oagagﬁ — 50u o, = d()aﬁagﬁ 27

is the intensity of the wave (note that by our choice of initial conditions in Sec. , af . = 0). These constitutes the complete
set of equations for gravitational waves in curved spacetimes in the limit of geometric optics.
We substitute the value of polarization amplitude from Eq. (24) to Eq. (25), which on further simplification gives

“f 1§ + dimgam 51 = 0. (28)

los +2

Since the term moamg, ﬁlg is purely imaginary and the remaining terms l(’i st 2%*[0[3 are purely real, they should be separately
zero, thereby giving

a

los+2-210 =0, mly =0. (29)

a

These relations will be of use for further calculations.



B. Introduction of null tetrad

From Egs. and (29), we can see that the wave vector [$ and the polarization vector m§ satisfying wave equations in
geometric optics limit could be identified with two components of a null tetrad. Remaining two components would be a non-
unique auxiliary null vector n§ and a complex conjugate m. A set of null tetrad (1§, n§, m§, m§) would satisfy the following
orthogonality and the completeness relationships

lgm()a = lgloa = lgm()a = 0, mgm()a = 1, (30)
mGMmoa = MyMoa = 0, (31)
ngMoa = NGNoa = NgMoa = 0, ngloa = —1, (32)

where Eqgs. (30) follows from the geometric optics (see Eqs. (I9)) and Eqs. (31)) and (32) are purely by the choice of ng, and
Moq- Eqs.(ZI) do indeed follow from our assumption that the trace of polarization tensor h,g vanishes initially and in Sec.
we will show that this condition determines the polarization state. In particular, these relations hold for the circularly polarized
waves. Moreover, these components of null tetrad would also satisfy

Gply =0,  mply =0=rmgsly, (33)
ng.sly = 0, (34)

where Eqs. (33) are again from the geometric optics (see Eq. (29)) and we have used lpn;3 = log;q in obtaining the first relation.
Eq. (34) is by a choice of n§. 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 [1]]

DIA® = 1§ A% — wgAPn® + APngu®, (35)

where w® = lg l5. w® is an identically vanishing quantity in geometric optics. As (*l, = 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 tetrad ({¢, n®, m®, m®) satisfy the orthogonality and the completeness
relations similar to the one given in Eqgs. (30)-(32) at some point on the ray and if they are Fermi propagated, then they satisfy
those relations everywhere on the ray. So, we Fermi propagate the frame of null tetrad (1%, n®, m®, m®), so that, they satisfy
the orthogonality and the completeness relations analogous to the one in Egs. (30)-(32)) along the ray and also obey

lon% = wngn®, (36)
lyms = w’mgn®, (37)
lgm% = w’mgn®. (38)
We can now use a freedom in the choice of null tetrad
1 — Al% n® — A n, (39)

to fix w’ng = 0, where A is a real function. This condition fixes the parameter \ along the ray up to its possible rescaling
A — A7)\, and we call such choice a canonical parametrization [1]]. So, in canonical parametrization, we have

loﬁn% =0, lgm?ﬂ = w’mgn®, zgm?ﬁ = wlmgn®. (40)
These developments in the limit of geometric optics are the relations given in Eqs. (30)-(34). Now, as a generalization, we
assume that all these relations hold in the limit of spin optics also for the suitably constructed set of null tetrad.

C. Introduction of polarization basis

In geometric optics limit, circularly polarized gravitational waves has amplitude ag A

= amoamog Whose evolution is ruled
by the equation mg;, 5[5 = 0. This means, polarization is parallel propagated to the trajectory in geometric optics. Now, in spin
optics approximation, we can keep track of the evolution of gravitational waves polarization by defining an antisymmetric field,

in analogy to the electromagnetism

Fgy = Ay — Apyy, 41)



where the vector A, is given as
A, = amveis/z, (42)

Now, geometric optics approximation up to the subleading order in 1/w is based on the assumption that typical length scale
of variation of amplitude, polarization, and wavelength of gravitational waves is negligible compared to the radius of curvature
of the spacetimes through which the waves propagate. In this approximation, the curvature terms appearing in the linearized
gravitational wave equation Eq. (9) could be safely neglected, as could be seen from Eq. (T6). In such regime, the antisymmetric
field Fg satisfies

Fapiy + Fyaip + Fpyia =0, (43)
Fﬁvw =0. (44)

Let us define the complex version of the tensor F* as
Ft=F+iF", (45)

where F'* = €48, F'"" /2 is the Hodge dual of FoP Here, e, suv 18 the Levi-Civita tensor in four dimension and its components
in the tetrad basis is il A n A m A . As (F*)* = —F, we have (F*)" = FiF=*, a property by the virtue of which we call
F* self/anti-self dual antisymmetric field for +/— sign. Now, the field .7-";5 could be expanded by substituting Eq. {2)) into

Eq. @1)

W .
]:'-‘r = —2Z, 15/2’ 46
af 9 BE ( )
where
20 rap Ay
Zap = a | lgmy —lymp — — ( e e O mﬁ’w) : 47)

For this self dual field ]-';“ﬁ, using the property that contraction of a self dual field with an anti-self dual field vanishes, we get

Zosmnf =0, (48)
Zap (mamﬁ - lo‘nﬁ) =0, (49)
ZoplomP =0, (50)

By substituting the value of Z,45 from Eq. (7)), we can see that Eq. (30) is identically satisfied in the limit of geometric optics.
However, Egs. and gives

mgMmoe = 0 = [gMoq (51)

These are the orthogonality relations given in Eqs. (30) and (3T).

D. Equations of spin optics
1. Defining the Hamiltonian

In the limit of geometric optics, we have discussed in Sec. and that light travels in null geodesic
§loa =0, 1545 = 0. (52)
Let us assume x® () as the integral curve of [*. Then

d «
g = % = 2. (53)

Now, if we define the Hamiltonian as

1
H = 597 loalog, (54)



Then, the Hamilton’s equations of motion gives

dx§ OH 3
— = = g™l 55
X\ 8l0a g 035 ( )
and
dloa 0 1 n ag,u,u
= —gkgr 56
dx — o0xg 27070 Oxg (56)
where we have used Eq. (53)) and the relation
6905 ag*?
= “Gra . 57
al’oﬂ Jradps 8300# ( )
in obtaining this. Further simplification of this equation gives
d (gaﬂi‘oﬁ) ..., 00, D%
— ka2 — 9 —o, (58)
dA 2 0xoa  DX2

where D /DM denotes the covariant derivative along the curve 2*(\). The two Egs. (53) and (58)) we have obtained by solving
the Hamilton’s equations of motion are the two equations of Eq. (52). We have thus shown that the Hamiltonian defined in
Eq. (34) correctly reproduces the equations of geometric optics. The action corresponding to this Hamiltonian is

1
Ay = 5 /ig":b()ad)\. (59)
Now as a generalization to the spin optics, we consider the action of the form

A= 1/3’50‘x'&d)\+ l/baj;o‘d)\. (60)
2 w

This action is analogous to the one for electromagnetic waves considered by [34] and [1] to derive the spin Hall effect of light.
The variation of the first term, which is the optical optical path length gives

Dox® D%z, .

1 o .
5(5 / TTod\ = | Tq
Similary, variation of the second term, which resembles with the Berry connection of optics give

1 1 1 Déz® 1 1
—6/bafv“d>\ = —/6baa’c“d>\+ 7/ba7di - f/ba.ﬁx'o‘chﬁd)\ — 7/1;[,.&5955:&&&. (62)
w w w DA\ w ’ w ’

Application of the variational principle §. A = 0 yields

szﬂﬁ 1 .o
7D)\2 + a (bB;a — ba;ﬂ) z% = 0. (63)

We can write the corresponding Hamiltonian as
H =i, - L, (64)

where £ = &%&4/2 + b /w is the Lagrangian. We substitute the canonical momentum

la:£:$a+bﬁ7 (65)
oz w
into Eq. (64) to get the Hamiltonian
1
H = 5— (wloa + l1a = ba) (wlf + 17 — b%). (66)

2w



2. Solving Hamilton’s equations of motion

Now, for the subleading order calculations in the geometrical optics approximation, we first write the dispersion relation of

Eq. (T7) as
1 1 -
(105 + —(hp - b@) (15 + ;(Zf - bﬂ)) = igi” =0, (67)

where Eq. (63) has been used. One can see that in the leading order approximation in 1/w, #“ = [§ gives the tangent vector. This
equation imply that the gravitational waves trajectory in the spin optics approximation is still null. It is, however, not geodesic
as can be seen from the fact that
Di* 1
_ B
= = (s - ) 1 (68)

To calculate this quantity, we take the Hamiltonian of Eq. (66) for the gravitational waves trajectory we are considering. This
Hamiltonian has indeed been solved by [1]] to obtain the following equation for right hand circularly polarized ray:
D2z 1
_ aiB
Da = el ©9)

where k5 = bg.q — ba;p and by, = 21'7715 mog.q- This is our Eq. (63)), which has been derived by using the variational principle.
Comparing this with Eq. (68), we get [14.3 = bg.o. Further simplifying k3, one gets

kop = —2iRapumti? + 2i (m{gmm - mfﬁmw) . (70)
Substituting this back into Eq. (68) gives

D2z 21

_ o

e = e

We thus get non-geodesic trajectory in the spin optics approximation.
We now can substitute w® = [ I, from Eq. (68) into the Egs. (#0), which gives the evolution of the polarization vector

21
~viB 0~
PPl ~ -5 Ozgwlgmémlo’. (71)

Gt =0, (72)
1 21
gty = = (1o = b0 ) lgmant = = Ragnslgmmiimgnf, (73)
6= o e =0, o
i 1 o 2% Y s
lgmftﬂ = (lfa — bi) lgmantt = —;Rag,ﬂ;lo mgmgmgng‘. (74)

These equations assures that the set of tetrad (%, n®, m®, m®) satisfy the normalization and orthogonality relations Egs. (30)-
(32) throughout the ray up to the subleading order in 1/w. To see this, let us first simplify Eq. (73) as

lgmftﬁ e %lgm’l‘;ﬁ ~ élg (I = 0%).5 Moang - (75)
As the covariant derivatives of mg, and ng are zero, we can write
mhy = (I — b*) moani. (76)
Simplification of Egs. and (74) in the similar manner gives
nf =0, my = (If — %) moank, 77)

respectively. One can also write the subleading order of the component of tetrad £ differently by noting that w®lp, = 0 =
w*ngq; this is how we have constructed the Fermi propagated tetrad in Sec.[[IlIB] So, w® can be written in the form

=~ [e% -~ O 1 e}
lg (I =%).5 = —Fkmg — kMg, k= ——mg lg (lia = ba).g - (78)

From this, one is allowed to write

19— b =l (g — bg) m& +mb (Liz — bg) mg. (79)



It is easy to see that Eq. (76) in conjunction with the Eqs. (77) and (79) taken as the subleading order correction of the tetrad
(2%, n, m®, m®) satisfies the scalar products of Eqs. (30)-(32). The leading order terms of this tetrad is obviously the tetrad
(1§, n§, m§,mg) of Sec.[[II B| Moreover, the subleading order terms of the Lorentz condition of Eq. (I3) gives

Yo«

mg = —mg., — ibamg + mg‘ﬁzog;amg = —MQ., — %bamg‘. (80)

All of the polarization relations of Eqs. @8)-(30) are not satisfied in the limit of spin optics, thereby implying that the field
satisfying Egs. (30), (31) and (32) is not self-dual in the subleading order in 1/w. To see this we calculate each of these equations
separately, starting with Eq. (30)

a 2ia A:ov 50 a .~ 2ia 1 .
ZaplomP = - <_710 + Moaspl mg) == (210;,1 MG loa: 5m0> =0, (81)
where we have used Eq. (29) to arrive at this identity. Similarly, Eq.(49) gives
9 . 9 .
243 (Tho‘mﬁ - l"nﬁ) =28 (—mo m()a;glg‘ng) =24 <—m8‘.a - %bamg - momglg‘ng) =0, (82)
w \a w ’

where we have used Eq. to obtain this identity. Finally, Eq.(@8) gives

g _ 2ia 2ia

Zapmnl = — (meQ;gmgng’)‘) = A, (83)

2ia
(mnanssmi) = 55

where ) is one of the Newman-Penrose scalars. Eq.@8) is thus not satisfied unless X = 0.

We have thus shown that the tetrad (%, n®, m®, m®) satisfying the scalar products of Eqs. (30)-(32) does not give the self-
dual solution of the field Eqgs. @3) and @4). However, there should exist self-dual solution of these field equations in the
subleading order geometrical optics approximation. We can find this self dual solution by first writing the Fermi-like derivative
operator as follows

29 ~
DjA® = 1§ A% — ws APn® + APngu® — ;’ (/\;Ml“mBAﬁma - A;Mz“mﬁAﬂma) , (84)
The vanishing of this derivative D; A% = 0 implies
21 ~
lgA% = wgAPn® — APnguw® + ZZ (x\;ul“mgAﬁma - )\;Hl‘u’fh/@Aﬁ’ffla> ) (85)

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

43

(a%ba) 516 = a®ba.plf + b aa 5lf = = (/\ml“mﬁaﬁmo‘ba - X,meﬁa%%a) . (86)

This scalar product is non-zero only if a® = b* = m® or a® = b* = m®. A tetrad with vanishing Fermi-like derivative satisfy
these relations satisfy the following orthogonality and completeness relations everywhere on the ray if they satisfy at some point
on the ray:
%M = 3% = %My = 0, mme, =1, 87)
n“Mmeg = n%ng =Ny =0, n%l, = —1, (88)
However, in general, m*m, # 0 and m®m,, # 0 along the circularly polarized ray in the subleading order approximation. That
is, the polarization vectors are not null like in the geometrical optics limit. Moreover, the tetrad evolves as

lon% =0, (89)
24 ~
lymS = wlmgn® — =X, 1Hm® 90
o = wimpn® — =X, ltme, (90)
29
IS = wiii S ulrme 91
mi = w’mgn® + o wltm (C2Y)
Following the simplification procedure used to obtain Egs. (76) and (77) gives
mh = (1§ — b%) moanly — 2iNinly, ny =0, (92)
my = (IY — %) moant + 2iAml). (93)

These components of tetrad constitute the solution of linearized Einstein field equations in Lorentz gauge and they are right
hand circularly polarized as they also satisfy Egs. (@8)-(30). So they are the solutions for the propagation of circularly polarized
gravitational waves in curved spacetime in the spin optics approximation.
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IV. APPLICATIONS
A. Gravitational lensing of gravitational waves

Geometric optics expansion for gravitational waves is valid only when its wavelength is much smaller than the Schwarzschild
radius of the lensing body [29, 30]. However, pulsar timing arrays (PTAs) [31] and laser interferometer space antenna
(LISA) [32] could collectively detect the gravitational waves in the very wide range, ranging from 103m to 10'"m. Thus,
the lensing of gravitational waves is likely to give wave effects which is not considered in the limit of geometric optics. Lensing
objects in an optically thick regions could still be probed by the lensing of gravitational waves as unlike electromagnetic waves,
gravitational waves could travel in such dense regions without much absorption and scattering.

We here calculate the effect of spin-orbital coupling on gravitational waves lensing. In the geometric optics regime, the angle
of deflection of gravitational waves by gravitating objects is equal to that of electromagnetic waves and the maximum angle of
deflection is given by

Ap~ = (94)

where, M is the mass and Ry is the radius of a gravitating object.
We have for the Schwarzschild geometry, the general vector tangent to the congruence of null geodesics could be written as

1 L2 2M .
l()'u = <—E, 1_2M\/E2 7" (1 — T),O, LS]H9> . (95)

Now, the three other null fields n*, m# and m* which along with [# forms a set of null tetrad and satisfy the orthogonality and
completeness relations are given as

— 2N 1 L2 oM ,
Nop = 2<E2— 7(1_M)) <E,1_ E2f7 <1T),O,Lsm9>,

I iL (1— 2M) 01 iEsinf
AN e e R A o
T iL( 21:1) 1Esin6

Ovla_

Mo, =
N I R

We now apply the following transformation relations

=1, mb — mb + all), ng — nf + amy + amy + aalf, 97)

to the null tetrad such that the resulting tetrad will be F-transported along the rays. Here, the value of a can be evaluated in such
a way that the transformed vector m/; + al{j has its covariant derivative zero in the leading order:

(mly +all),,, 1§ = mly, 1 + a, 1515 = 0. (98)

In spherically symmetric spacetime, a could only be the function of r thereby giving

a_/moylonou _/ iEL(r —3M) __dr (99)
Vs (B2 = L (1 - 2))Y

These transformed null tetrads satisfy Eqs. (30)-(34). These null trajectories I and polarization vectors m/ constitute the
solutions of linearized Einstein equations in the limit of geometric optics.

Now, to get the first order correction of the null trajectory, we substitute these values into the propagation Eqgs. (71)) and we
get

D%*z?  6iLM [ v2La N iE D¢

= ; —— =0 for 2. 100
D)2 w 76 7"5\/E2 L (1 _ M) D)2 H 7& ( )
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Integrating this equation gives, up to the second order approximation in M /r

2
9,32_1((}1 2LM 3LM>’ aon)

+ +
w\ T Ert 2E7r5
where, C1 is an integration constant. For the problem of gravitational lensing, 42 — 0 as r — 0 and for this, we should have,
C1 = 0. We can see that 2 # 0 for L # 0 and in that case gravitational waves travels in the null non-geodesic trajectory even
in Schwarzschild spacetime as a result of gravitational spin Hall effect.

We can now calculate the total angle of deflection of gravitational waves from the lens of M using the relation (here, zo = 6
and x3 = ¢)

2
dO = (df? + sin’ 9d¢2)1/2 ~ (d0* + d¢2)1/2 ~ d¢ <1 + % (ZZ) ) ) (102)

where the last expression is the result of Taylor’s expansion based on the assumption df < d¢. For the photon starting from
infinity and approaching the lens to the closest distance of Ry, we should have £ = 1 and

Ry
L= —r (103)
Ro
We can now integrate to get the total deflection angle up to the second order expansion in M /r
4M  7.78097M?  2.35619M2
0=2(0, —0y) —7= (104)

R R2 - w2RE

The last term gives an additional deflection due to the spin orbit coupling and this quantity might be too small for the lensing
object of mass M < Ry in the frequency limit detectable by LIGO [33]]. This deflection, howeyver, is twice the deflection of
electromagnetic waves due to spin orbit correction [29].

We have also solved the trajectory numerically, up to the subleading order correction and plotted the resulting curves in
Mathematica using typical value of parameters (M = 1078, Ry = 10, L = 10,w = 100). Light is assumed to be emitted from
r = Ry = 10. The resulting curves are shown in Fig.[T]

_—
-

(a) On Scale (b) Exaggerated for visual

FIG. 1: Figure showing spin Hall effect of gravitational waves in Schwarzschild spacetime (the sphere on the figure is just
inserted for reference and does not represent the actual position of a gravitating object). Red (bottom) curve is for right hand
circular polarization, blue (top) curve is for left hand circular polarization; orange (middle) curve is the uncorrected trajectory;
green straight line (rear) is the direction of light emission.
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B. Propagation of binary’s waves through an expanding universe

If we model the large scale structure of the expanding universe by a line element
ds* = Rot® (—dt® + dr® + r2d6” + r sin® 0d¢?) (105)

then no spin Hall effect of gravitational waves from binary is observed during propagation. The reason behind this is on this
spacetime, null rays along which gravitational waves propagate in the geometric optics regime are the curves of constant 6, ¢
and ¢ — r. A set of null tetrad for such spacetime could be written as

lo, = R§ (—1,1,0,0),

t4
nO/J, = 5 (_17 _17O7O)a
Ryt? 106
Moy = \0/; (0,0,1,isin6), (106)
Ryt?
Ty = OT;(O,O,L—sine).

This is indeed F-transported null tetrad along the rays that satisfies Egs. (30)-(34). So, these null trajectories [/ and polarization
vectors mj{; constitute the gravitational waves solutions of linearized Einstein equations in the limit of geometric optics.

Now, using the propagation Egs. (71)), we get no first order correction of the null trajectory thereby implying that there is no
spin-orbit coupling for the propagation of gravitational waves in such spacetime. Thus, the propagation of gravitational waves
from binary is not deviated from the null geodesic trajectories in such spacetime. Absence of terms with subleading order
correction in geometric optics approximation in such spacetime could be attributed to the fact that waves propagate in the curves
of constant § and ¢. The absence of orbital motion/angular momentum on gravitational waves propagating in such spacetime
causes spin-orbit coupling to vanish.

V. CONCLUSION AND DISCUSSIONS

We have presented the calculations that account for the spin Hall effect of gravitational waves on curved background, and
applied it to some simple spacetimes. [2] have also developed the covariant formulation that accounts for this effect. However,
our results differ slightly from theirs, and this is primarily due to the difference in our eikonal function Eq. (TT) with theirs. In
their approach

* Amplitude h,p is assumed to be the function of the phase gradient {*, that is, hag = hag (A, [(N)).

WKB analysis with this form of eikonal, gives the following equation for the ray trajectory:

1 oB*
T4 = (l Ly L ) ) (107)

where Bg(A, (X)) is identified with the Berry connection of optics

i h h h h Om.,
Bﬁ()\, l()\)) = 5 (m“nga — maVQTNTLa> = imaVﬁmQ, nga = Vﬁma +T% 1

bl (108)

h
and Vg is called as horizontal derivative. These equations were obtained for circularly polarized waves whose amplitude has the
form

hag(AN 1L(N)) = amamg. (109)

As null tetrad (1%, n®, m®,m®) is supposed to be a linearly independent basis of 4-dimensional spacetimes onto which all the
tensors/vector can be projected, the partial derivative of m,, with respect to I, should be zero, that is, 9m,/9l, = 0 (see
appendix [A). By projecting amplitude hqop(A, (X)) into the null tetrad basis, its form in Eq. (T09) was indeed obtained by [2].
In that case,

Ba(A 1) = Bs(A) = bs(A)/2, (110)
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where bg is defined in Eq. (I8) and the ray trajectory given by [2] would be same as that of ours in Eq. (71).

All the equations of spin optics developed here for gravitational waves have the exact same form as for their electromagnetic
counterparts. The only difference here is the factor of two which correctly accounts for the difference in helicity between
gravitational and electromagnetic waves. This factor of two causes twice a deviation of gravitational waves from the null
geodesic trajectory than that of electromagnetic waves due to spin-orbit coupling. It should also be noted that this deviation is
frequency dependent.

In the leading order geometric optics, the trajectory of light/gravitational waves is geodesic. However, this is no longer true
in the subleading order correction. As gravitons/photons still travel at the speed of light, it takes longer time for them to reach
the observer from the source [29]]. It takes even longer time for gravitons than for photons owing to their difference in helicity.
This frequency dependent time delay for circularly polarized waves might be observed in cosmological events like neutron star
merging [7]. We can also notice from Sec. that electromagnetic and gravitational waves in weak field limit (up to the
subleading order geometric optics approximation) follow exactly same set of equations except for difference in the factor of two,
that accounts for their helicity difference. So, the subleading order correction procedure described here could be applied to the
massless particles of arbitrary spin (obviously, by taking account of the difference in spin of these particles).

There are different approaches for studying the motion of massless particles with spin in curved spacetimes [S]]. The similarity
of our geometric optics approach to the quantum mechanical approach used by [23] to get gravitational spin Hall effect is evident
from the similarity of our Hamiltonian Eq. (66) with his. This results in the 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 the Berry connection. Similarly, the equivalence between the quantum mechanical approach, for example of
Gosselin, and the approach that uses Souriau-Saturnini equations [24, 25]] at least for Schwarzschild spacetime is demonstrated
by [S]. The equations of the trajectory from all these approaches resemble closely, for Schwarzschild spacetime, to the method
used in optics to derive the spin Hall effect, where spacetime is treated as effective medium with perfect impedance matching.
This resemblance is particularly encouraging as spin Hall effect has been verified experimentally in optics. We are also looking
to establish the equivalence of our spin optics approach with these different approaches rigorously in the near future.

Appendix A: Partial derivatives of linearly independent vectors

Consider two linearly independent vectors 1 and m. Together they constitute two-space, whose elements can be written in the
form

v(l,m) = ¢11+ com. (A1)
Let us consider a vector w(l, m) = c¢m and calculate its partial derivative with respect to 1

ow* . w*(l+hm)—w*(1m) . cm®—cm®
oF — am hB = =0 (A2

Example: We take functions = and z-2. They generate function space, whose elements are of the form
2y _ 2
v(x, ) = 1z + cox”. (A3)
Now, we define a function w(z, 2) = cx? and calculate its partial derivative with respect to =

ow w (a: + h,x2) —w (a:, xQ) o cx? — cax?
o h = =0 (A9

Thus, the partial derivatives of two linearly independent vectors are zero irrespective of their functional dependence. However,
the total derivative might not be zero.
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