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We study gravitational lensing of gravitational waves taking into account the spin of gravitational waves
coupled with a dragged spacetime made by a rotating object. We decompose the phase of gravitational
waves into helicity-dependent and helicity-independent components with spin optics, analyzing waves
whose wavelengths are shorter than the curvature radius of a lens object. We analytically confirm that the
trajectory of gravitational waves splits depending on the helicity, generating additional time delay and
elliptical polarization onto the helicity-independent part. We exemplify monochromatic gravitational waves
lensed by a Kerr black hole and derive the analytical expressions of corrections in phase and magnification.
The corrections are enhanced for longer wavelengths, potentially providing a novel probe of rotational
properties of lens objects in low-frequency gravitational-wave observations in the future.
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I. INTRODUCTION

Gravitational waves carry rich information to probe the
Universe and fundamental physics: particle physics,
nuclear physics, and tests for gravity theories. The network
of the ground-based interferometry of LIGO-Virgo-
KAGRA has detected gravitational waves from nearly a
hundred stellar-mass binary mergers [1]. Such data make it
possible to examine the physical models of neutron stars
and black holes at the extreme blink of coalescence.
Meanwhile, the planned space-based detectors, e.g.,
Laser Interferometer Space Antenna (LISA) [2] and the
DECi-hertz Interferometer Gravitational-wave Observatory
(DECIGO) [3] (see the current status reported in [4])
explore gravitational waves in a low-frequency band,
spanning 1 mHz-1 Hz and 0.1 Hz-10 Hz, respectively,
in order to probe binary evolution, background radiation,
and gravitational-wave propagation. In this paper, we
consider wave propagation in order to understand the wave
nature of gravitational waves.

One of the standard ways to describe gravitational-wave
propagation is to employ the geometrical optics for the
fiducial Einstein’s general relativity, as the wavelength is
well shorter than the size of a lens object in most of the
situations during propagation.1 In geometrical optics,
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'The cases where the short-wavelength approximation is no
longer accurate, i.e., wave optics, have been studied in, e.g.,
Refs. [5,6]. These effects are beyond our scope in this paper.
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Einstein’s general relativity predicts that (1) gravitational
waves propagate at the speed of light in a vacuum, (2) gravi-
tational waves are lensed in the same way as electromagnetic
waves are, and (3) gravitational waves possess the two
tensorial polarization modes. These predictions are able to be
examined with observations. In fact, the arrival-time differ-
ence between gravitational waves and electromagnetic
waves of the binary neutron star merger associated with a
gamma-ray burst, GW170817/GRB170817A [7], was mea-
sured, confirming that the gravitational waves propagate at
the speed of light with 10~'> precision. This gives strong
constraints on alternative theories of gravity that potentially
explain cosmic acceleration [8—13]. The polarization of
gravitational waves has been examined by the LIGO-
Virgo-KAGRA network of interferometry, constraining an
upper bound on nonstandard polarization modes [14-20].
We aim to explore further detailed physics of gravita-
tional-wave propagation in Einstein’s general relativity,
focusing on the coupling between the spin of gravitational
waves and rotational components of the background
spacetime on which waves propagate. Since this coupling
cannot be captured by geometrical optics, we develop a
way to derive the analytic solution in the regime where the
linear perturbation is valid. Provided the linear perturbation
works, one can always decompose a gravitational wave into
any basis, such as a set of monochromatic waves or a set of
wave packets, and then study the propagation of each
element of the chosen basis. One can then compute the
waveform at the position of the detector by taking an
appropriate linear combination, and the result should, of
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course, be independent of the choice of basis. In the present
paper we study monochromatic waves, for which the
propagation in the regime of validity of linear perturbation
is fully characterized by phases and magnifications once
the propagation of polarization tensors is specified.

There are various approaches to describe the propagation
around a rotating object taking the spin into account. One
of the approaches is based on the gravitational Faraday
rotation [21-25]. This approach treats the gravitational
Faraday rotation angle in the phase so that the equation of
motion appropriately determines the evolution of polari-
zation. The authors of the papers called this approach “spin
optics.” We follow this jargon throughout this paper. Other
approaches are the Souriau-Saturnini equations [26-29],
which are similar in form to the Mathisson-Papapetrou-
Dixon equations [30-33] for massless particles, and the
Berry phase approach [34-38] (see Refs. [39,40] for the
relation between these approaches). Note that the propa-
gation of monochromatic gravitational waves is considered
in the spin-optics approach, whereas localized wave pack-
ets are considered in the Souriau-Saturnini equation and the
Berry phase approach. As already mentioned above,
gravitational waves in the regime of validity of linear
perturbation can be decomposed into either a set of
monochromatic waves or a set of wave packets, the
propagation of each element of the chosen basis can be
studied separately, and one can finally take a linear
combination to compute the waveform at the position of
the detector.

The effect of spin tends to be more enhanced for longer-
wavelength gravitational waves as pointed out analytically
in [34] and numerically in [35-37,41,42], although these
papers consider the propagation of the wave packet differ-
ent from the monochromatic waves we focus on.
Furthermore, a study that investigates the scattering of
gravitational waves by a Kerr black hole using black hole
perturbation theory has shown that the spin effect on the
scattering amplitude becomes more pronounced for longer
wavelengths [43-45]. Thus, the spin effect tends to be
important for long-wavelength gravitational waves in
addition to the wave effects. However, despite their focus
on the wave effect of long-wavelength gravitational waves,
several studies aiming to determine the mass distribution of
lens objects by using the wavy nature of gravitational
waves [6,46,47] have neglected the evolution of the
polarization tensor, i.e., neglected the effect of spin. In
other words, the gravitational waves are treated as scalar
waves following a null geodesic. The treatment may not be
correct, and hence its validity needs to be investigated.

Ideally, one would like to completely incorporate both
wave and spin effects for gravitational waves whose
wavelength is not necessarily shorter than the radius of
curvature of a lens object, while it is a challenge. In this
paper, as a stepping stone toward the ideal calculation, we
propose a method to calculate the first-order correction to

the phase difference and magnification taking into account
the spin effect induced by dragged components of spacetime
for monochromatic gravitational waves with a wavelength
shorter than the curvature radius of the lens object. This
effect has not been taken into account in a previous study,
e.g., Ref. [48], whereas it has recently been addressed in [49]
by using the Walker-Penrose theorem to compute the
gravitational Faraday rotation. We apply our method to
gravitational waves lensed by a Kerr black hole in spin optics
and demonstrate its practical implementation for future
observations. Our results reveal two new points. One is
that there is an arrival-time difference between left- and
right-handed gravitational waves. The other is that linear
polarized gravitational waves lensed by a rotating lens
object generally tend to be elliptically polarized for longer-
wavelength gravitational waves, supporting the results of the
study about the scattering by a Kerr black hole [43].

The rest of this paper is organized as follows. In Sec. II,
we prepare the way to analytically calculate the phase and
magnification of left- and right-handed gravitational waves.
We demonstrate the application of our method to the
gravitational wave lensed by a Kerr black hole in
Sec. III. Finally, we conclude the paper in Sec. I'V.

Let us introduce the notation that we use throughout the
paper. The indices of tensors a, b, ¢, d, e, f, g, h run over 0
to 3, whereas spatial indices i, j, k, [ run over 1 to 3. The
round and square brackets of indices denote symmetriza-
tion and antisymmetrization, respectively; that is, T';) =
(Tab + Tba)/Z! and T[ab] = (Tab - Tba)/z!' Nabed and €abc
denote a four-dimensional and a spatially completely
antisymmetric tensor, respectively. The variables with a
bar denote the helicity-independent part of the variables.
The bold math symbols denote spatial vectors and oper-
ators. We use the unit ¢ = G = 1.

II. FORMALISM

We aim to derive the arrival-time difference and the
elliptical polarization of gravitational waves induced by the
coupling between spin and the rotational component of the
background spacetime. We define the metric as

ds? = ggpbh”dx“dx”, (2.1)

where ggih” is decomposed into the background and the
perturbation as

(phy)

9o~ = Yab + hab‘ (22)

To extract the physical degrees of freedom that correspond
to the gravitational waves, we impose the transverse-
traceless gauge, i.e., h%, =0=V?h,. Then the
Einstein equation Gab[gi,‘;hw] =0 is linearized, and we

obtain the wave equation as

Dhab + 2Racbdh6d = 0, (23)
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where [J := ¢“*V,V,. This equation is what we solve in the
whole paper.

We assume that the background spacetime on which
gravitational waves propagate is approximately stationary,
considering a situation where the rotational motion of a lens
object distorts the background much slower than the time
variation of gravitational waves. The stationary conditions
simplify the discussion without the loss of critical proper-
ties of spin optics, i.e., the helicity-dependent split of the
gravitational-wave trajectory.

Let the background spacetime be a stationary spacetime
throughout this paper. The stationary spacetime means that
there exists a timelike Killing vector (f‘(lt) parametrized by
t, i.e.,

38, = (0)"s.t. £, gy =0 and 5?,)52” <0

< Jtime coordinate f s.t. d,g,, = 0. (2.4)

The timelike hypersurface with constant ¢, X, := M /G is
the orbit space associated with 5?0’ where M is the
background spacetime manifold and G is the isometry
group of transformations generated by 5‘(1[). We express the

metric of the background spacetime as

Japdxdx? = g,,(dr — g;dx')? + y;;dxidx/,  (2.5)
where g,, g;, and y;; are the functions of the spatial
coordinate x’ and independent of the time coordinate ?.
The components of the inverse of the metric are
9" =1/(gu) + 9:9', ¢" = ¢, and ¢ = y". The determi-
nant is det(g,;,) = g, det(y;;). We introduce a normalized
Killing vector u“ as

w0 (2.6)
V"9
By definition, u“u, = —1. We define the induced metric
Yap Dy using u® as
Yab = Yap + UgUp. (27)

We also define the covariant derivative D, associated with
Yap aS

bby---by,
D,S"P " L,

b b did,---d
= VaCYCe,I}’cezz .. '}Qi]}/ él ceey dkkaS 142 eﬁezmel’ (2.8)

where Sb‘bQ"'f.ﬁL.z...C, is a spatial tensor and V, is the
covariant derivative associated with g,,.

We employ the spin optics and the diffraction formula
allowed to analytically calculate the phase of gravitational
waves along the trajectory. Spin optics is available in
situations where the wavelength is shorter than the

curvature radius of the lens object, whereas not capturing
all the wave effects. However, it is interesting to consider
such situations because the time delay and the elliptical
polarization generated from the rotational dragging by a
lens object are analytically understood.

A. Spin optics

As conventionally known in the context of gravitational
Faraday rotation [23,24,50-53], the polarization vectors are
revolved through the coupling between the polarization
vectors and the rotational dragging of the background
spacetime, generating a rotational angle. Spin-optics treats
the rotational angle as a helicity-dependent additional phase
shift. Following the previous studies [21,22,25,54], we
employ the polarization base tensor extended by the Fermi-
Walker parallel transport.

In this section, we define the basis as the circular
polarization vectors, the Fermi-Walker parallel transport,
and the modified dispersion relation in Secs. IIA 1 and
IT A 2, respectively. In Sec. II A 2, we analytically solve the
dispersion relation for the modified phase. In Sec. II A 3,
we supply an alternative explanation of the spin effect in the
language of the gravitoelectromagnetism.

1. Circular polarization basis
We introduce a tetrad {u?, e,%, e,%, e3*} associated with
the trajectory of the gravitational waves (see Fig. 1) which
satisfy the unit orthogonal conditions,

e,-ae- :5ij’ e[“ua:O.

(2.9)

As depicted in Fig. 1, we extend the base vectors ¢;“ in
the time direction by the Lie transport along the integral
curve of (fz’[) as

(2.10)

We extend the base tensors in the spatial direction by the
spatial Fermi-Walker parallel transport. The projected path

Path

Lie transport

Projdcted path

intg/ spatial direction

Fermi-Walker

parallel transport

FIG. 1. Transportation of the orthonormal base vectors.
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of the nongeodesic path generally is not spatial geodesic,
ie., eg‘Dae3b # 0, and then the base tensor transported by
the spatial standard parallel transport does not point in the
tangent direction of the spatial path. To get around this
problem, we extend the base vectors e;* in the space
direction by spatial Fermi-Walker parallel transport along
the spatial path as

FW)

DWe,a = 0, (2.11)
where Dgw) denotes the spatial Fermi-Walker derivative”
defined by

DE:SW)eia = e3cheia 4 faceic’

Fab = €340y — €304, (2.12)
and a® := e;"D,e;? is the acceleration for e;*. The base
tensor transported by the spatial Fermi-Walker parallel
transport is tangent to the spatial path (see Appendix C).

Next, we define the circular polarization base vector
using the tetrad. The circular base vector m® is defined by

1

= e+ i), .13)
By definition, the circular base vector satisfies
mam* =1, mym®=m,es® =mu’ =0, (2.14)
and
mim*t = —ie[lae];] +1(e‘1‘e}f +egeb).  (2.15)

2

Here, the asterisk denotes the complex conjugate. The
condition m“m, = 0 yields
m,V.m* = 0.

(2.16)

The circular polarization tensor is transported in the same
way as the tetrad base tensors,

£, m* =0, (2.17)
DIYima = 0. (2.18)

Note that the above extension of the base vectors is valid for
stationary spacetime. The extensions for the arbitrary
asymptotically flat spacetime are discussed in Ref. [55].

*Note that the sign of F,, oppositely flips between spacelike
and timelike Fermi-Walker parallel transport, making inner
products of Fermi-Walker parallel transport vectors invariant.

2. Dispersion relation

We introduce the dispersion relation in spin optics which
incorporates the effect of spin on the trajectory. We
compute the dispersion relation only for the right-handed
gravitational waves for the brevity of presentation.
Performing the complex conjugate in the following dis-
cussion gives us a discussion for left-handed gravita-
tional waves.

Considering the path away from the lens, we neglect the
second term in the left-hand side of Eq. (2.3) throughout
this paper. Provided that [V.A/A|, [Vm,,/m,,| < |[VS/S],
the right-handed metric perturbation can be decomposed
into the amplitude Ag, the polarization base tensor
myy, = m,my, and the phase Sy as

hRah = ARmaheiSR' (219)

The indices “R” and “L” denote right- and left-handed,
respectively. We use these indices only for polarization-
specific discussion and omit them when the polarization is
not specific.

Under the geometrical optics assumption, the equation of
motion (2.3) becomes

(ARmahchRV”SR — ZiARV"SRVL.mah
Ay, VoV, S — ZimabVCSRVCAR)eiSR

+ (’)((VSR)O) =0. (2.20)
In the standard geometrical optics, one collects the term
with O((VSg)?) and hence obtains the standard dispersion
relation V,SpV?Sg =0 from the leading order of
Eq. (2.20). In spin optics, on the other hand, the next-to-
leading order term —2i Az V°SgV.m,,;, is regarded as the
correction to the dispersion relation. This term physically
describes the modulation of the polarization tensor along
the trajectory, namely the gravitational Faraday rotation.
Note that this term flips its signature on the left-handed
mode. Contracting Eq. (2.20) with m*“®, the dispersion
relation and the Hamiltonian in spin optics are given by

1

H := Eg“b(VaS - UBa)(vbS - O'Bb) ~ O, (221)
where the helicity ¢ take 42 for the right- and -2 for the
left-handed gravitational waves. “~” denotes the equality
up to the first order of B where B, is defined by

B, = im**V ;m,,. (2.22)
The key is to use this dispersion relation instead of the
standard dispersion relation for massless particles in order

to take into account the spin effect. The next leading order
of Eq. (2.20) yields the conservation of the energy of
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gravitational waves as the same as in standard geometrical
optics approximation [22].
We define the wave vector and velocity as

k,=V,S, (2.23)
oH

(= S L — ke — o3, 2.24

X ok, k* —oB (2.24)

Here, we take the e3¢ as the direction of the spatial part of
the velocity. The explicit expression of e;* is given by

a._ NG ., a

€3 = — X — U

(2.25)

The coefficient of ¥ is determined so that the approximate
null condition Eq. (2.21) is satisfied.
Because of stationarity, we impose

£, 4 =05 =0, (2.26)

indicating that the phase velocity stays constant in time.
Since B, consists of the circular base vector which is Lie
transported along the Killing vector 5(“t), B, is also Lie

transported, i.e., £ ” B¢ = 0. Indeed, we immediately show
£, B* = 0, because the Lie derivative along any Killing

vector commutes with any covariant derivative, i.e.,
[£:, V] = 0 (see Appendix B). It means

£§mB“ =0,B=0. (2.27)
This equation and Egs. (2.26) and (2.24) lead to
£§mk“ =0,k =0. (2.28)

We define the frequency of gravitational waves @ as

= —& k,. (2.29)

Using Eq. (2.28) and a,gg;) = 0, the derivative of the
frequency is
6aa) = —éé)t)aakb - kbaaéz) = O (230)

Thus, we obtain

® = const. (2.31)

This is the consequence of the temporal isometry of the
background spacetime. We can separate the phase into the
time-dependent part —wr and space-dependent part S(x') as

S(t,x") = —wt + S(x'). (2.32)

To analytically solve the dispersion relation (2.21), we
additionally assume that the frequency is larger than |5,/

i.e., |B,| < |k,| on the path. Let us set S = S + oy where S
and oy are the zeroth- and first-order solutions of B,
respectively, where S is the helicity-independent part of
the S. Note that the helicity-dependent part oy is contained
in the spatial part of the phase S.
The zeroth order of B of Eq. (2.21) yields
V,3V45 = FV,3 ~ 0, (2.33)
where k, := V,S. The covariant derivative of this equation
yields the geodesic equation,
kPV k@ = 0. (2.34)
Equation (2.33) means S is constant along the curve tangent
to k,. Thus, the spatial part of S is associated with the time
part as
S(xf)) - S(xé) = w(t, — t,). (2.35)
t, — t, is the time between the source and observer that can
be obtained by solving the geodesic equation (2.34).
The first order of B of Eq. (2.21) yields
X,V ~ kB (2.36)
The right-hand side can be rewritten in terms of the

language of gravitoelectromagnetism and will be shown
in the next section.

3. Alternative description with
gravitoelectromagnetism

Recall that the spin optics is equivalent to the gravita-
tional Faraday rotation in the context of gravitoelectromag-
netism [51]. The right-hand side of Eq. (2.36), which is the
result of spin optics, can be better understood and simply
described with the gravitoelectric field E and gravitomag-
netic field B defined as

1Dy,
E:=-Dln,/—g, = T2, (2.37)
B :=curlg. (2.38)
The operator curl is defined by
curl ¢’ := €/*D g, = €% 0;g;, (2.39)

where we use ¢/¥GII"; = 0 in the second equality. €'/ =
el is the spatial antisymmetric tensor with €' = 1/,/7
and €153 = /7, where y :=det(y;;). In stationary space-
time, the Einstein equation and Bianchi identities can be
rewritten in the quasi-Maxwell form [56]
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divB =0, (2.40)
curl E =0, (2.41)
1
divE = — [E (v/=9.B)* + EQ}
1
— 1679, <th - EgttT>v (2.42)
curl(\/=g,B) = 2E x (\/=g,B) + 16n\/=g9,T, (2.43)
ORY = DIE/ + | (V=.B) (v=5.B')
~ (V=GaB)YY| + E'E
o1
— 879y (T” - EQUT> ) (2.44)

where ()R¥ is the spatial Ricci tensor associated with y; i
T, is the stress energy tensor of a matter, 7' := T7,, and
divE := D,E'. The gravitoelectric field is sourced by the
gravitational self-energy and the matter energy. The grav-
itomagnetic field is sourced by these currents.

We rewrite the right-hand side of Eq. (2.36) in terms of
the gravitomagnetic component B’

; a __ co%bsa
x,B% = im*°x*V ,m,,

& X,
— _ (1) m*b<e3a 4 ua)vamb
—Yu
17 xe i€y %c
I (1) *be uvam + (1) *hg?[)vamb
—9n i
i& X,
_ (e *béa V. m
—0y (1) Va™"b
C XC
_ (1) *b avaé(t)b
—9n
& x
()¢ . la b
- —q, [1 Q]Vaé:(t)b
$ine
== ——(tZ)gn ﬂade”a%bvcf(z)d
1
=3 Uiy eIV uy
I,
= \/—gnix -B. (2.45)

We have used Eq. (2.25) in the second equality, Eq. (2.6)
in the third equality, Eqgs. (2.14) and (2.18) in the
fourth equality, Eq. (2.17) in the fourth to fifth lines,

Taking the spatial metric as 7 =7ij/(—=gn), the final
expression is consistent with Eq. (102) in Ref. [21].

Eq. (2.15) and elfefvgcf(,),, = 0 due to the antisymmetry
Veép = =V which is found from the Killing

abed

equation £§m gap = 0 in the sixth equality, #*"““u,es;, =

Ze[feg] and V,npqr =0 in the seventh equality,
Egs. (2.6) and (2.25)" and 5y u, = 0 in the eighth
equality, and unPN uy = /=g un,0, (uy/
V=91) = /=i €70/ /= Gu) = \/=Gur" €709 =
/=0 b ;B'. Therefore, the gravitational Faraday rotation

angle can be written in a similar form to the Faraday
rotation in electromagnetism as

—Yu

5,V w5k B, (2.46)

x,V9 means the directional derivative in the direction of the
velocity.

B. Diffraction theory

We have analytically obtained the phase incorporating
the spin effect. In this section, we plug the solution of the
phase in the diffraction formula and evaluate the arrival
time and the magnification.

First, we introduce the diffraction formula, based on
Ref. [57]. Next, we evaluate the integral in the diffraction
formula on the lens plane in the diffraction formula (2.47)
using the stationary phase approximation that can be
applied to the gravitational wave with a wavelength shorter
than the typical length scale of the lens. In this paper, we
configure the position of the source, lens, and observer
shown in Fig. 2 so that the spin effect is at maximum. We
also assume that the background spacetime is asymptoti-
cally flat in the region far from the lens and the source is not
too far from the z axis, i.e., n < ¢&.

1. Diffraction formula

The diffraction theory of gravitational lensing is well
organized in Sec. 4.7 of Ref. [57]. In this book, the authors
applied the diffraction theory to the intermediate plane E’ to
the observer in which the background spacetime is approx-
imately flat. The lens configuration and the spin effect that
originated from the dragged component of the background
spacetime do not change the derivation of the diffraction
formula of gravitational lensing. Therefore, the standard
diffraction formula of gravitational lensing [48,57,58] can
be applied to the case in this paper, which is given by

Eos(M.0) _ (rs+15)o / ReeiSEnD (2.47)
E

gunlens 277.'11’5 To

4 a,b,c,d
NabedU 616263
u, ey, e, e3}.

=1 because of g=—1 for the tetrad
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FIG.2. Lens geometry on the t = const hypersurfaces. The true
source position is at # with respect to the z axis. The intersection
point between the lens plane and the gravitational waves path at €.
E is the lens plane. E' is the intermediate plane. r, is the distance
of the source from the lens plane E. r, and r,, are the distance of
the observer from the lens plane E and the intermediate plane E/,
respectively. The lens plane E is close to the intermediate plane E’
in the meaning of r, — r), < r,.

where &, and & 1ens are the amplitude at the observer with
and without the lens, respectively. The effect of spacetime
distortion is imprinted only in the phase S.

2. Stationary phase approximation

We evaluate the integral of Eq. (2.47) using stationary
phase approximation. In the stationary approximation, the
third- or higher-order Taylor expansion of the phase S at the
stationary point &, which is the solution of 9:S(Z) = 0, is
assumed to be much smaller than the second-order Taylor
expansion and hence neglects the higher-order terms. This
assumption is quantitatively translated into £/ < Mw [5].
In such a situation, the integrals around two stationary
points Z, which consist of the minimum point &, and the
saddle point E,4, are dominant. Performing the multiple
Gauss integral, the result that is the sum of the contribution
from the two stationary points (see, e.g., Ref. [57]) is
written as

Eobs (ry+ro)wexp(iS(8;) —inn;/2)
N Z rido /[det(VR VS(E))[ (2.48)

gunlens Jj=sud,min

where n;, =0, ng,y = 1, ® denotes the tensor product,
and V denotes the two-dimensional derivative on the lens
plane. V ® VS(E;) is the Hesse matrix at the stationary
points.

III. EXAMPLE: KERR BLACK HOLE

We apply our formalism to gravitational waves lensed by
a Kerr black hole as an example. Part of the calculation
follows Ref. [48]. We consider the lens geometry drawn in
Fig. 2. First, we introduce the phase. Next, we put the phase
into the diffraction formula (2.47). Finally, we evaluate the
integration using the stationary phase approximation and
estimate the arrival time delay and magnification difference
between left- and right-handed gravitational waves.

Here we introduce a bookkeeping parameter € as

(3.1)

where ¢ is typically in the same order as the Einstein radius

defined by
£ 4Mrr,
o

We assume the angular momentum per mass a, i.e., a Kerr
parameter, is in the same order as M, and then

(3.2)

gz O(e).

In addition, we assume r, is also in the same order as r,.
Then Eq. (3.2) yields

(3.3)

& <
Z~n==0 3.4
=00 (34)
To summarize, we assume the relation
M a ¢ ¢
—~—n~>~==0(e 3.5
FTE R )

Because y ~ O(e®), we calculate it up to the third order of
€. Hereafter, “~” denotes equality up to the third order of €.

A. Magnetic component

The explicit expression of the gravitomagnetic compo-
nents for the Kerr metric in the Boyer-Lindquist coor-
dinate is

_ 2aMrAsin(20)
N VI(p? =2Mr)* "
_ 2aM(r* = a*cos’ §)sin* @
VI (p? —2Mr)?

0 (3.6)

and its infinitesimal circulation is

4aM?>
=32 32 0y
p(p° = 2Mr)

curl(y/=g,B)

044027-7



KUBOTA, ARAI, and MUKOHYAMA

PHYS. REV. D 109, 044027 (2024)

where p and A is defined in Egs. (A2) and (A3),
respectively. Equation (3.7) is satisfied by Eq. (2.43).
Since the charge of the gravitational field is the energy,
the gravitomagnetic field sourced by the circular energy
current is analogous to the gravitomagnetic field sourced
by the circular electric current.

B. Phase

We calculate the phase separating the helicity-independent
and helicity-dependent parts based on the procedure
described in Sec. II A 2.

First, we get the helicity-independent part of the phase.
The covariant derivative Eq. (2.33) leads to the geometric
equation

kPV k= 0, (3.8)
where k, := V,S. Thus, S is given by the time from the
source to the observer multiplied by the frequency,5

_ obs
S= (0/ dr = w<tobs - tsou)‘
S

ou

(3.9)

Using the null geodesic equations (A15)—(A17),

E obs 2(p2 2 2aM —-L/E
to_ts:</ +/ )r(r +a>+ a r(a / )dr
sou E

sgn(k")AVR
obs g2cos’ @
+ de,
~/sou NG)

where E and L are defined in Egs. (All) and (A12),
respectively. The time is obtained in Ref. [59] up to O(€?).
Because the contribution of the rotation of the Kerr black
hole in the time is O(e?) [48], the time is the same as in the
Schwarzschild black hole up to O(e'). The time up to
O(e') is given by the summation of the Euclidean part and
the Shapiro time delay. Therefore, the eikonal is written as

(3.10)

S(x,y) = [const] + w[2M|x — y|*> — 4M log(x)]

+ [8@)] 4 [8)], (3.11)

where x and y are the dimensionless distances normalized
by the Einstein radius &g, which are defined by

3 nor, 4Mrr
xi=2 oyt , = . (312
é:E Y é:ErsJ'—ro éE rs+r0 ( )

The orders in the e expansion of each square bracket are
different, and the square brackets are listed in lower order
from the left. S and S are not written down because
they are not relevant to the main results in this paper,

I‘SSett(iir;g k;S: & the null condition k%k, = 49,5 =0 im-
plies wdt = dS.

although they can be computed by performing the pro-
cedure described in Ref. [59].

Next, we calculate the helicity-independent part of the
phase. It is the first-order solution oy in B of the dispersion
relation (2.21). y is the gravitational Faraday rotation angle
which is the solution of Eq. (2.46). The gravitational
Faraday rotation angle for a Kerr black hole is calculated
in Appendix D (see also Ref. [51]), which is given by

raM?

T (3.13)

X =
Finally, we sum them to obtain the solution of the
dispersion relation (2.21), which is given by

S(x,y) = [const] + o [2M|x — y|* — 4M log(x)]

raM 2]

300 ,maM |
¢ 4x3£§]35

+[8®] + (3.14)

The last term is an important result led by spin optics.

C. Stationary point

The stationary points x =X such that 9,§ =0 are
given by

1, / _
Xmin: |:§( y2+4+y)‘§:| + |:X1(131)n:|

=(3) 1 3n'aMy}
T ) (S — YI @3
N TS MR
1 wd B )
Xog~ |=(/y+4-y)2| +|x
sad |:2< y + y) y:|+|: sad
= (3) 1 3naM—y}
+ | Xy — 0= - —|, (3.16)
[ R T x g2 16w y
where
v _ L[ /2
X0 =2 (Vo2 +4£y). (3.17)

The sign is +/— for the minimum/saddle point. X(*) and
X©G) are not calculated in this paper. The final term in
Egs. (3.15) and (3.16) is the helicity-dependent part due to
the spin effect. The stationary points (see also Fig. 3) are
shifted from that of scalar waves by

_ 1 3naM
==X —X = — — .
X=Xl = 3z 1 1) 4082

(3.18)

D. Arrival-time difference

The gravitational Faraday rotation that is the last term
in Eq. (3.14) induces the arrival-time difference between
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source

n

o-J<0 o-J>0

6= 02|

>
observer

FIG. 3. Schematic illustration of the trajectory of the spin-0
particle (black lines), the gravitational waves with ¢ - J > 0 (blue
lines), and ¢ - J < O (red lines).

left- and right-handed gravitational waves. Substituting the
stationary points into the last term, we evaluate the arrival-
time delay between left- and right-handed gravitational
waves

|Sr(X) = SLX)|
w
1 27xaM?

“X0 e 28

6IRL

(3.19)

Since 6tg_, & 1/w, the arrival-time difference is large for
long-wavelength waves. The arrival difference between the
left-handed wave packet and the right-handed wave packet
calculated in Refs. [36,40] is Stg « 1/, which is
different from the order in Eq. (3.19). However,
Refs. [36,40], in which the authors consider that a wave
packet propagates near the Kerr black hole, are not
appropriate comparisons since the situation is different
from what we consider, i.e., the propagation of mono-
chromatic waves. Therefore, it is not a problem if the
frequency dependence is different from its result. As stated
in the Introduction, gravitational waves in the regime of
validity of linear perturbation can be decomposed into
either a set of monochromatic waves or a set of wave
packets, and the propagation of each element of the chosen
basis can be studied separately. For a given astrophysical
source of gravitational waves, the waveform at the position
of the detector can be computed by taking an appropriate

linear combination and should be independent of the choice
of basis. Confirming this explicitly is, however, beyond the
scope of the present paper and is left as a future work.
We estimate the arrival-time difference for a hypothetical
lens with the mass M = 10'?M, and the Kerr parameter
a=M at the distance r, =r, =D = Gpc. The factor
aM?/& is O(107) and X(V is O(1). Considering gravi-
tational waves with the frequency f = @/(27) = mHz in
the LISA band, the arrival-time difference is estimated to be

_ a M \:
O, ~ 1070 sec(1012 km) (1012 km)

D\=2/ f \!
| = . 3.20
(Gpc) (mHz) ( )
E. Magnification
The normalized magnification defined by
4Mw)?
(4Mw) (3.21)

" det(V ® VS(X.y))

where V denotes the derivative with respect to the lens
plane coordinate x. Those at the stationary points are
explicitly

e
Hmin| = |H Xmin |: i
bl = ) = 5 W A
( ) (1)2
[ o SOt Dbl
(mm (X2 4 1)3 16083
v +2 _(2)
|ﬂsad| |ﬂ(Xsad)|— |:_ :| |: Ha
2 2y\/y* +4 ¢
( ) (12
3X. 1 3raM
+[u§a31+ (;ad( “‘d() ) 3na 3], (3.23)
( sad _1)( +1)316w§E

where fi?) and ®) are not calculated in this paper. Only the
final term depends on the helicity. The magnification of
gravitational waves with ¢ = +2 is more enhanced than
that of scalar waves. Intuitively, this is because gravitational
waves with ¢ = +2 propagate over shorter distances than
scalar waves (see Fig. 3).

The magnification difference between left- and right-
handed gravitational waves is
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Since Sugy o« 1/w, the magnification difference is also
large for long-wavelength waves. This means that when the
source emits gravitational waves with a pure plus mode,
ie., |Er| = |EL| at the source, the observer receives the
elliptically polarized gravitational waves. It is more ellip-
tical for longer-wavelength gravitational waves. However,
since the factor aM?/&, is very small <O(107%) for a
wavelength shorter than the radius of curvature of a lens
object, dug_p is also small, where we assume a hypothetical
lens with a mass M = 10"?M, and the Kerr parameter
a = M at the distance r, = ry = Gpc.
The total amplitude is given by

2
’ gobs

gunlens ‘/’tmlﬂ | |/’l5dd |

+2 \% |/’£minﬂsad Sin(Ssad - Smin)7

where Sgyq = S(Xgq) and Spin = S(Xmin)-

(3.25)

IV. CONCLUSION

We have developed the method to study the gravitational
lensing of gravitational waves taking into account part of the
spin effect of gravitational waves. Combining the computa-
tional techniques developed in the literature for the spin effect
of gravitational waves as well as the ones for gravitational
lensing, we have developed for the first time a consistent
computation for gravitational lensing incorporating the spin
effect of the gravitational waves by using the diffraction
formula. We applied our formalism to the case of mono-
chromatic gravitational waves lensed by a Kerr black hole
conditioned by Mw > 1, and illuminated potential signa-
tures of the spin-induced gravitational time delay and the
elliptical polarizations for future gravitational-wave obser-
vations. We have shown in the case of a Kerr black hole the
time delay (3.19) between left- and right-handed gravita-
tional waves is more enhanced for longer-wavelength gravi-
tational waves. Furthermore, our results have also shown that
the magnification (3.24) depends on both the frequency and
the helicity of gravitational waves. For example, the mag-
nification of gravitational waves with ¢ = 42 is larger than
that of scalar waves in the lens geometry in Fig. 2. Notably,
we have found that the difference of magnification between
the left- and the right-handed gravitational waves is larger for
longer-wavelength gravitational waves. Our predictions for
the differences in phase and magnification could be observed
in future gravitational-wave detectors, potentially giving new
information on the rotation properties of a lens object and a
dragged spacetime.

In this paper, we focus on gravitational waves only
for Mw z 1. To investigate the regime Mw < 1, we need
to calculate the diffraction integral without relying on
the stationary phase approximation. Alternatively, one
can employ the path integral method [5], utilize the
Teukolsky equation, or numerically solve the FEinstein

equation [60]. These approaches are able to be extended
to the range of Mw > 1, making it worth comparing to our
results of spin optics. In conclusion, studying the theoreti-
cal computation of wave scattering by a spinning object is
still desirable in the future.
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APPENDIX A: BASIC MATERIALS
OF KERR SPACETIME

We write down the basic equations in the Kerr spacetime
based on [61]. The Kerr metric in the Boyer-Lindquist
coordinate is given by

2M 4Marsin* 6
ds? = —(1 ——2r>dt2 -2 G
p p

+ 'O—Zdrz + p*do* + Ezsinz 0d¢?, (A1)
A P
where
p* = r*+ a’cos’ 0, (A2)
A:=1r2—2Mr + a?, (A3)
Y= (12 + a?)? — a*Asin? 6. (A4)
The components of the inverse of the metric are
t r 0 ¢
¢ = A (A3)
0 0 # 0
—5E 00 SRR

In the Kerr spacetime, there are two Killing vectors and
one Killing tensor (see, e.g., [62]) given by

&) = (0)° = (1.0.0.0) (a6
g1 = (9,)" = (0,0,0,1), (A7)
Sap = 2A2[(anb) + rzgaba (AS)
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where [ and n are defined by

[4:=(r? +a* A,0,a)/A, (A9)

n?:=(r +a?,—-A,0,a)/A. (A10)
The constants of motion such as the energy E, azimuthal
angular momentum L, and Carter constant 2, correspond-
ing to each Killing vector and tensor, exist as

E:= _‘gzlt)pa = =P (All)
L:= gfl(p)pa = p(/n (Alz)
2= Eypp” — (L - aE). (A13)

In the case of monochromatic wave scattering that we
consider in the paper, £ = w. For a null geodesic with a
tangent vector p* = dx“/dv, writing Egs. (A11)-(A13) and
P*pa = 0 explicitly, we can obtain

dr P
24 L2 2, L
" a(aEsin*@ — L)+ (r* +a )A, (Al14)
d
2~ LEVR, (A15)
dv
do
P = +EVB, (A16)
dv
d¢ L aP
2 _(aE- a- Al7
n (a sin’ 9) T (A17)
where
P(r) == E(r* + a*) — aL, (A18)
R(r)E? :== P2 — A((L — aE)* + 2), (A19)
2 2o g L
O0)E =2 0| a°E- — . A20
(©) +eos (a sin? 0) (A20)

The signs in Egs. (Al5) and (A16) are positive for
dr/dv > 0,d0/dv > 0, and negative for dr/dv <0,
df/dv < 0, respectively.

APPENDIX B: COMMUTATION RELATION

We show that any Lie derivative along any Killing vector
is commutative with any covariant derivative for any vector
Ve V£V, and £,V,V, can be written as

va'ffvb = (vafc)(vcvb) + fcvavevb

+ (vavc)(vbéc) + VCVaVbch, (Bl)
£§vavb = ‘Ecvcvavb + (vafc)(vcvb)
+ (VaVe)(VipE). (B2)

Here, we use the property of the Killing vector (see
Appendix C.3 in Ref. [63]),
V. Viyé, = _Rbcadgd' (B3)
Using Eq. (B3), one can show that the Riemann tensor that
comes out when exchanging the covariant derivative of the
second term on the right-hand side of Eq. (B1) cancels with
that of the fourth term. Then the right-hand sides of
Egs. (B1) and (B2) are equivalent. Therefore, we obtain
[£:.9,]V, = 0. (B4)
Performing the same procedure for any rank tensor, one

can show any Lie derivative along any Killing vector is
commutative with the covariant derivative.

APPENDIX C: FERMI-WALKER
PARALLEL TRANSPORT

We explain the Fermi-Walker parallel transport follow-
ing [64,65]. The guiding principle of parallel transport is
that the inner product of vectors transported along a curve is
invariant. Standard parallel transport of a vector V¢ along
the integral curve of unit normal vector U is the transport
that satisfies

UV, ve = 0. (C1)
The standard parallel transported tangent vector along its
geodesic curve is the tangent vector of the destination (see
Fig. 4). However, the standard parallel transported tangent
vector along the nongeodesic curve does not coincide with
the tangent vector of the destination. The Fermi-Walker
parallel transport is the transport such that (a) the inner
product of transported vectors is invariant and (b) the
transported tangent vector along the nongeodesic curve
coincides with the tangent vector at the destination.

The Fermi-Walker parallel transport is the transport with
satisfying

VEWV“ = UPV, Ve 4 Fe, Vb =0, (C2)
where
~rab = Sgn(UCUc)(UaAb _Aan)’
A* = UV, U°, (C3)

where |U*U,| = 1. Indeed, VEN U® = 0 and the derivative
of the inner product between the tangent vector U“ and
Fermi-Walker transported vector V? along the curve is

d
5 UV = UMV, (U°V,) = APV, ~ U“F bV,

= A%V, — sgn(U°U,)UU, A"V, =0, (C4)
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A-d

Upt||Urwt

z:‘r+d‘r

non-geodesic curve

FIG. 4. Standard parallel transported vector Ug; and Fermi-
Walker parallel transported vector Uy of the tangent vector U¢
along the nongeodesic curve U*V,U® = A“.

where we have used U“A,, = 0. The first term of Eq. (C2) is
not necessary for the inner product with the tangent vector
to be invariant but is necessary for the inner product
between nontangent vectors. The two transports for the
geodesic curve, ie., A’ x U“, are equivalent because
of F ab — 0.

APPENDIX D: GRAVITATIONAL
FARADAY ROTATION ANGLE
IN THE KERR SPACETIME

Following Ref. [51], we calculate the gravitational
Faraday rotation angle y in Kerr spacetime, which is
defined by Eq. (2.46),

vV ;gtt B¢ — V ;gn‘ B.il.

XV = (D1)

Taking the parameter along the spatial path as 4 such that
#'D; == d/dA, Eq. (D1) yields

1
where €} ~ /=g, X' /w. %%, ~0 (2.21) leads to
? <dl>2
~ (=, (D3)
—Yu da

where (d/)* ~y;;dx'dx/ along the spatial path. This means
eswdl ~ /—g,e;dl=:,/—g,dl, and then Eq. (D2) is rewrit-
ten in the form

1
)(:E/ v—=g,B -dl (D4)

mediator o:, Kerr BH

b observer

FIG. 5. Path of integration.

Since this expression is similar to the Faraday rotation
angle in electromagnetic (see, e.g., [66]), this is called
“gravitational Faraday rotation.”

First, we calculate y for the case 7 = 0. Equation (D4)
into the surface integrate form for simplicity of calculation,
we take close path C = C1 + C2 drawn in Fig. 5.° The
distance between the lens and the point on the path C2 is
taken to be O(r,). The path CI routes near the lens,
whereas path C2 is away from the lens. Using the Stokes
theorem, Eq. (D4) leads to

1 1
zﬁ(\/——gnB) -dl = EL curl(\/=g,B) - dS, (D5)

where S denotes the area enclosed by the closed path C.
curl(,/=g,B) for the Kerr spacetime is

_ 4aM?
PP - 2Mr)?

curl(y/=g,B) 0. (D6)

Because rcurl(,/=g,B) — 0 as r — oo, the integral along
the path C2 is negligible.7 Therefore Eq. (D5) becomes

X%/ (\/——g;B)~dl:%Acurl(\/:§;B)-dA, (D7)

Cl

where dA’ = —y'e;,4drdf « —(9,)" is the infinitesimal
area of S. The path C1 is bending due to gravity.

*The path C2 is different from the one of Ref. [51].
"The integral along the path C2 is O(aM/r?).
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However, we can neglect the bending and the path Cl
approximate with the straight line since the order of the
integrand curl(\/=g,B) ~ O(¢®) is the highest order on
which we focus. Then Egs. (D6) and (D7) yield

1 re 1
X:—ZaMQ/ d,u/ dr—
-1 rorb(/’l) r

2 1 1
~——aM? dy——,
3a /—1 'ui”3

where y :=cosf and rc, is the distance to the path C2.
Since rc, is the same order as r;, we have neglected the
term with aM?/rd, = O(%) in the second equality. The
relation between 7,4, and u in the leading is

"'min ] (DS)

Thus, the gravitational Faraday rotation angle for Kerr
spacetime is

raM?
43

min

r=— (D9)

This expression is consistent with Ref. [S1]. For the
case {#0, y is multiplied by the additional factor
cos O [51]. However, since cosf; = 1 + O(e?), the con-
tribution of the additional factor is higher order, and hence
we neglect it.

Since the variable of integration in the diffraction
formula is &, we rewrite Eq. (D9) in terms of £. Let us
estimate the order of the difference between r.;, and &.
Here, we consider the path on the plane on which the

source

T's

£ len-s

FIG. 6. Flat geometry. r; is the distance from the lens to the
intersection point between z axis and the line extending the path.

source, lens, and observer are since the gravitational waves
we focus on propagate on the plane in the leading order.
The contribution of the distortion of spacetime in the length
of ryin and ¢ is higher order than the Euclidean part. Thus,
we estimate it for the flat spacetime (Fig. 6) in which the
path is straight and we can use the Pythagorean theorem.
The Pythagorean theorem yields &/ 7, = /72 + /1, =
1+ &/(2r2) + ---. Using 7, > r and Eq. (3.5), we have
E/rmin — 1 < O(€?). Since the order of y is O(e*), we can
replace r,;, in Eq. (D9) by ¢, as

raM?

X ==
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