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Wave packets propagating in inhomogeneous media experience a coupling between internal and
external degrees of freedom and, as a consequence, follow spin-dependent trajectories. These are
known as spin Hall effects, which are well known in optics and condensed matter physics. Similarly,
the gravitational spin Hall effect is expected to affect the propagation of gravitational waves on
curved spacetimes. In this general-relativistic setup, the curvature of spacetime acts as impurities in
a semiconductor or inhomogeneities in an optical medium, leading to a frequency- and polarization-
dependent propagation of wave packets. In this letter, we study this effect for strong-field lensed
gravitational waves generated in hierarchical triple black hole systems in which a stellar-mass binary
merges near a more massive black hole. We calculate how the gravitational spin Hall effect modifies
the gravitational waveforms and show its potential for experimental observation. If detected, these
effects will bear profound implications for astrophysics and tests of general relativity.

Introduction. In optics and condensed matter
physics, the dynamics of wave packets carrying intrinsic
angular momentum can generally depend on spin-orbit
interactions [1–3]. This mechanism describes the mutual
coupling between the external (average position and mo-
mentum) and internal (spin or polarization) degrees of
freedom of the wave packet and is generally responsible
for the spin Hall effects [1, 2, 4, 5]. These effects have
been observed in several experiments [6–9], and have led
to a broad range of applications in spintronics, photonics,
metrology, and optical communications [5, 10, 11].

Similarly, spin-orbit interactions are also predicted
to affect the dynamics of wave packets in gravitational
fields through the gravitational spin Hall effect (GSHE),
be it for electromagnetic [12–15] or linearized gravita-
tional [16, 17] waves propagating on curved spacetimes
(see also Refs. [18–21]). This implies a certain univer-
sality of spin Hall effects across different physical sys-
tems. The analogy that we can make between the gen-
eral relativistic setup and other areas of physics is that
black holes (BHs) in spacetime play a role similar to
impurities in a semiconductor or inhomogeneities of an
optical medium. Thus, under the influence of gravity,
wave packets carrying intrinsic angular momentum (as is
the case with electromagnetic and gravitational waves)
follow frequency- and polarization-dependent trajecto-
ries, reducing to geodesic motion only in the limit of
infinite frequency, i.e. geometrical optics (GO). Given
this frequency dependence, we expect gravitational waves
(GWs) to represent the most favorable avenue for observ-
ing the GSHE.

GWs offer a precision probe of astrophysical phenom-
ena [22, 23], carrying information on strong field dynam-
ical gravity. Due to their low frequency, the GSHE is
much less suppressed for GWs than for electromagnetic
signals. A fraction of GW sources may merge in a high-

curvature region. For example, active galactic nucle-
uss (AGNs) or globular cluster binary formation chan-
nels [24, 25] provide ideal candidates for a detectable
GSHE signal. As the number of recorded GW events
grows, so will the prospect of such a detection.

In this letter, we present compelling theoretical and
numerical evidence for astrophysical configurations for
which the GSHE is measurable on GW signals at the
current detector sensitivity in optimal situations. We
will discuss the GSHE, its imprint on waveforms, and the
prospects for detection. A more detailed account of our
results can be found in our companion paper, Ref. [26].

Gravitational spin Hall effect. We investigate the
lensing of GWs in hierarchical triple BH systems, where
two stellar-mass BHs merge and emit GWs in the prox-
imity of the third, much larger BH, which acts as a lens.
We assume that the merging BHs are much smaller than
the lens, so that we can use the following idealized model:
the lens is represented by a fixed background Kerr BH,
and the merging BHs are treated as a static point source
of GWs. The emitted GWs are treated as small met-
ric perturbations of the background Kerr BH, and are
described by the linearized Einstein field equations.

In the GO approximation, the propagation of GWs is
described by the null geodesics of the background space-
time [27, Sec. 35.13]. However, this does not take into
account the general relativistic spin-orbit coupling be-
tween the internal and external degrees of freedom of
a wave packet. This appears as higher-order correc-
tions to the GO approximation [12, 13, 16], resulting in
frequency- and polarization-dependent wave packet prop-
agation (GSHE). The equations of motion that describe
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Figure 1. Two bundles of GSHE trajectories connecting a
source at (5Rs, π/2, 0) to an opposite observer. The back-
ground BH is Kerr with a = 0.99M . For each bundle we plot
the s = ±2 trajectories deviating from the geodesic trajectory
(black line) with increasing ε.

the GSHE are [13, 16]

ẋµ = pµ +
1

p · t
Sµβpν∇νtβ , (1a)

ẋν∇νpµ = −1

2
Rµναβp

νSαβ . (1b)

Here, external degrees of freedom are represented by
xµ(τ), the worldline of the energy centroid of the wave
packet, and the average wave packet momentum pµ(τ).
The internal degree of freedom is represented by the spin
tensor Sαβ , which encodes the angular momentum car-
ried by the wave packet. The timelike vector field tα

represents the 4-velocity of observers that describe the
dynamics of the wave packet [13] and Rµναβ is the Rie-
mann tensor. Here, we consider circularly polarized wave
packets, for which the spin tensor is uniquely fixed as

Sαβ =
εs

p · t
εαβγλpγtλ, (2)

where s = ±2, depending on the state of circular polar-
ization, ε is the Levi-Civita tensor and ε defined as

ε =
c2λ

GM
≈ 0.1

(
40 Hz

f

)(
5× 104M�

M

)
, (3)

is the wavelength λ of the GW in units of the back-
ground black hole mass M , with f being the frequency.
The GSHE vanishes if ε → 0 and Eq. (1) reduce to the
geodesic equations of GO.

We model the hierarchical triple BH system as a Kerr
background BH of mass M and spin parameter a, to-
gether with a static source of GWs placed close to the
BH and a distant static observer. We use Eq. (1) to
study the propagation of GWs between the source and
the observer. The GSHE will be seen by the observer

as a time delay between the frequency and polarization
components of the waveform.

In Fig. 1, we show an example of two εs-parameterized
bundles of trajectories that connect a source and an ob-
server. Typically, there exist two distinct bundles of tra-
jectories that directly connect a source and an observer,
and several other bundles of trajectories that loop around
the BH. We shall mainly focus on the directly connect-
ing bundles and ignore the ones that loop around the
black hole, as the latter correspond to highly demagni-
fied signals. The connecting trajectories are determined
numerically, as outlined in Ref. [26, Sec. II.C]. This also
yields the time of arrival of an εs-parameterized ray in-
tersecting with the observer’s worldline.

Time delays. The GSHE ray propagation induces
a frequency- and polarization-dependent time of arrival.
The observer proper time of arrival along the nth bundle

is denoted by τ
(n)
GSHE(f, s), and we write the time delays

as

∆τ (n)(ε, s) = τ
(n)
GSHE(ε, s)− τ (n)

GO, (4a)

∆τ
(n)
R−L(ε) = τ

(n)
GSHE(ε, s = +2)− τ (n)

GSHE(ε, s = −2), (4b)

where τ
(n)
GO is the geodesic proper time of arrival. The first

equation is the dispersive GSHE-to-geodesic delay, and
the second is the birefringent delay between the right-
and left-polarized rays. We find that both the GSHE-
to-geodesic and right-to-left delays can be well approxi-
mated as a power law in frequency with proportionality
factor β and exponent α as

∆τ ≈ β
√
−g00|xobs

(
2c

Rs

1

f

)α−1
1

f
, (5)

where Rs = 2GM/c2 is the Schwarzschild radius of the
background BH. For the GSHE-to-geodesic delay we de-
note the power law parameters by α, β and in the case of
the birefringent delay by αR−L, βR−L.

We find α ≈ 2 and αR−L ≈ 3, independently of the
configuration. On the other hand, the proportionality
factors β and βR−L are determined by the mutual ori-
entation of the source and the observer with respect to
the background BH and its spin. The origin of the power
law scaling and the dependence of the GSHE on the con-
figuration are discussed in Ref. [26, Sec. III.A]. Note
that βR−L is typically subdominant, but only zero in the
Schwarzschild metric.

Gravitational waveforms. The GSHE-induced
time delay measured by the observer is frequency-
dependent and weakly polarization-dependent. A gravi-
tational waveform in a terrestrial detector typically spans
a frequency range 50 − 1000 Hz and therefore its fre-
quency components are delayed – either positively or
negatively, depending on the sign of β – with respect
to the original waveform emitted by the source. The fre-
quency components of the unlensed waveform h̃0(f, s) are
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Figure 2. The waveform of a 50 and 35 M� merger propagated along the two n-indexed bundles shown in Fig. 1 (top and

bottom rows). The geodesic delay between bundles is τ
(2)
GO − τ

(1)
GO = 50 ms for this configuration. We assume λmax/Rs = 0.1,

where λmax is the largest wavelength at 40 Hz, and report the mismatch M. The GSHE is a frequency-dependent phase shift
in the inspiral part of the the signal.

phase shifted so that in the circular polarization basis the
GSHE-corrected waveform is

h̃GSHE(f, s) =
∑
n

e−2πif∆τ(n)(f,s)
√∣∣µ(n)(f, s)

∣∣h̃0(f, s).

(6)

The sum runs over the different images, that is, the bun-
dles connecting the source and observer [26, Sec. II.E].
The magnification factor µ(n) has a negligible dependence
on f and s, so we will use the GO limit [26, Sec. II.B].

In Fig. 2, we show an example of the GSHE-induced
frequency-dependent delay on an IMRPhenomXP [28] wave-
form of a 50 and 35 M� binary BH merger. The merger
frequency is ∼ 225 Hz, we set the lower frequency limit to
40 Hz and the background BH mass M = 5×104M�. In
this case, the maximum value of ε is 0.1, and the GSHE-
to-geodesic delay is

∆τ ≈ 3 ms β

(
5× 104M�

M

)(
40 Hz

f

)2

. (7)

Due to the inverse quadratic scaling with frequency, the
delay of the merger components is ∼ 30 times less than
that of the early inspiral at 40 Hz. The GSHE introduces
a frequency-dependent phase shift in the inspiral part of
the waveform, which is analogous to a nonzero graviton
mass if β > 0 [26, Sec. IV.E].

As a measure of distinguishability of the GSHE imprint
on the waveform, we calculate the mismatch M assum-
ing a flat detector sensitivity [26, Sec. II.E]. In Fig. 2, for
the configuration given in Fig. 1, we find that for the two
bundles β ≈ 2 and − 1.7 and thus M ≈ 30 and 21 %.
The GSHE is clearly distinguishable even for a mod-
erate signal-to-noise ratio (SNR) [29]. We further as-
sess detectability using the equivalence of the GSHE (in
the limit ∆τL−R ∼ 0) to tests of the modified disper-
sion relation for GWs, as both predict a phase shift
∝ 1/f2 on the waveform. Posterior samples of the an-
alyzed LIGO-Virgo-Kagra (LVK) events [30–32] trans-
late into ∼ O

(
10−2

)
90% c.l. limits on |β|, assuming

M = 5× 104M� [26, Sec. II.D], in good agreement with
the mismatch criterion.

Detectability. Throughout this work, we have as-
sumed a fiducial background BH mass of 5× 104 M�. In
this regime, the wavelength of GWs detectable by terres-
trial observatories is sufficiently large to deviate from the
GO propagation without requiring a wave optics treat-
ment [33, 34] – the regime in which our GSHE calcu-
lation applies. We identify two favorable configurations
that yield |β| & 1: aligned source and observer (Fig. 1)
and non-aligned source-observer, where a strongly de-
flected trajectory grazes the shadow of the background
BH. Both configurations are apparent in Fig. 3, where
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Figure 3. The GSHE-to-geodesic delay magnitude β as a func-
tion of the initial emission directions from the source com-
puted with εmax = 0.01. These are parameterized by Carte-
sian coordinates k2 and k3 on the celestial sphere of the source,
and the central white region represents the background BH
shadow. The source is placed at (5Rs, π/2, 0) and the “ob-
server” is defined as the point where the εmax trajectory in-
tersects the sphere of radius 50Rs. Each pixel represents an
ε bundle of trajectories.

the dispersive GSHE amplitude is shown as a function of
the emission direction for a source at (5 Rs, π/2, 0) (fol-
lowing Ref. [26, Sec. III.A.3]). The outer ring of |β| & 1
corresponds to magnified bundles of trajectories toward
observers closely aligned with the source-BH system. The
inner region around the BH shadow boundary consists of
bundles that are strongly deflected or even loop around
the BH. These trajectories reach non-aligned observers
but are strongly demagnified.

We calculate that in the scenario of Fig. 3, approxi-
mately 5% of the initial directions on the source celestial
half-sphere facing the BH yield |β| & 0.5, further scaling
as the inverse square of the radial source distance from
the background BH. Translating probabilities to the ob-
server frame introduces a Jacobian element |µ|−1. This
reflects how magnified images require a precise source-
lens-observer alignment, while demagnified images are
generic: there is at least one strongly deflected trajectory
grazing the lightring and reaching any observer. Trajec-
tories with |µ| � 1 and |β| & 1 are the primary con-
tributors to the probability, even when accounting for
demagnification.

To estimate the detection probabilities, we define the
effective GSHE observable volume

VG =

∫
dz
dVz
dz

(z)

∫
d|µ|Pdet

dΥobs

d|µ|
, (8)

via an integral over source redshift and magnification of
the product of comoving differential volume dVz/dz, de-
tected fraction Pdet [35] and probability of observable
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Figure 4. Effective volume for a 30 + 30 M� non-spinning
binary observed by Cosmic Explorer, as a function of the dis-
tance to the background BH and its mass.

GSHE in the observer sphere dΥobs/d|µ|, both depend-
ing on the sources’ properties and SNR. Fig. 4 shows VG
for quasi-circular, non-spinning 30 + 30M� binary coa-
lescences observed by Cosmic Explorer [36] as a function
of the mass of the background BH and its distance to the
source (see Ref. [26, Sec. II.E] for details). The detection
rate is Ṅobs ≈ RVG , where the merger rate R(M, rsrc) is
assumed to be constant.

Configurations where the GSHE is detectable may
be realized in dense, dynamical environments, such as
globular and nuclear star clusters [37–39]. These re-
gions are expected to host a population of stellar- and
intermediate-mass BHs: stellar binaries may then merge
close to a more massive object, either by chance or be-
cause of its effect on the binary. In the most favorable
case, rsrc ∼ 5 Rs and M ∼ 5 × 104M�, next-generation
detectors reach an effective volume ∼ 30 Gpc3. An-
other potential scenario consists of stellar-mass binary
BHs in AGNs. There, BHs are expected to migrate radi-
ally inward due to interactions with the gas and become
trapped close to the innermost stable circular orbit of the
background BH [40] (red region in Fig. 4). In this case,
the high mass of the background BH & 107M� severely
suppresses the chance of observation by ground detec-
tors. Nevertheless, our calculation is conservative in this
limit, as our simulations do not resolve well the high β
regime, which dominates the probabilities for large M .

The GSHE is a promising probe of the BH merger en-
vironment due to the frequency-dependent time delay. In
addition, we expect to receive multiple, shortly spaced,
images of the same merger along various bundles con-
necting the source and observer. The delay between the
images and their relative magnification can be used to
retrieve information about the BH mass and the orienta-
tion of the source-BH-observer system. The GSHE may
add additional information, including a direct constraint
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on the background BH spin if the birefringence effect
∆τR−L is observed.

Conclusion. We analyzed the GSHE on lensed grav-
itational waveforms. The GSHE is a strong field effect
that describes the propagation of polarized wave pack-
ets, such as GWs. The GSHE produces a frequency-
dependent delay in the inspiral part of the waveform,
while keeping the merger and ringdown relatively un-
changed, as shown in Fig. 2. The delay has a charac-
teristic dispersive 1/f2 dependence, mimicking a nonzero
graviton mass when β > 0 and may appear as a violation
of Einstein’s theory if not correctly taken into account.

We identified two promising scenarios for the detec-
tion of the GSHE. One in which the source and observer
are aligned, leading to magnified images, and the sec-
ond in which the two are not aligned but the image is
strongly deflected. Both cases require the GW source to
be sufficiently close to the background BH at ∼ 10 Rs.
AGNs and globular clusters might be favorable environ-
ments for such events. Although the number of such
events is unknown [24], next-generation ground detec-
tors are likely to detect the GSHE from sources within
O(30)Rs from intermediate mass BHs. The dependence
on background BH mass and source frequency implies
that detection prospects will be best for lighter BHs and
low-frequency space-borne detectors [41–46]. This will
require developing the GSHE beyond GO [47] and static
sources.

A detection of the GSHE in agreement with general
relativity will be a strong indication of a binary merging
close to an intermediate-mass or massive BH. It would
directly inform binary formation scenarios, probe their
close environment, and provide exquisite constraints on
a large class of alternative gravity theories [48, 49]. In
summary, GW observations offer potential for experi-
mental verification of the GSHE. The GSHE is a com-
pelling probe of GWs propagating in strong gravitational
fields, potentially enabling novel applications in astro-
physics and fundamental physics.
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