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Gravitational waves provide a unique probe of the strong-field regime of gravity, offering access to
physics beyond the classical black hole paradigm. We explore how space-based observations of extreme-
mass-ratio inspirals (EMRIs) by the Laser Interferometer Space Antenna (LISA) can be used to test for
departures from the Kerr geometry, and in particular for the breaking of its axial and equatorial symmetries,
as expected in quantum-gravity-inspired alternatives to Kerr black holes such as the fuzzball proposal. By
introducing generic multipolar deformations encoding potential symmetry breakings and performing a
systematic parameter estimation analysis, we forecast LISA’s ability to constrain such departures from the
Kerr geometry in the strong-field regime. We show that EMRI signals with realistic signal-to-noise ratios
can constrain several higher-order multipoles of the primary, opening a new observational window onto
strong-field deviations from the Kerr geometry. In particular, we find that LISA can constrain generic
nonaxisymmetric mass quadrupole deformations at the 10−4–10−2 level and axisymmetric mass octupole
deformations at the 10−1 − 100 level, providing concrete observational targets for strong-field deviations
from the Kerr geometry, such as those that may arise in fuzzball and other exotic-compact-object scenarios.
Our results demonstrate that precision measurements of EMRI waveforms will transform LISA into a
powerful laboratory for fundamental physics and offer precise constraints on quantum-gravity-motivated
models of compact objects.
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Introduction. One of the main challenges in theoretical
physics is the construction of a consistent quantum theory
of gravity that reconciles the principles of quantum
mechanics with those of general relativity (GR). Among
the many attempts to get into the realm of quantum gravity
we have string theory, which provides a concrete frame-
work to address this problem. It also offers a microscopic
description of black hole (BH) thermodynamics that
resulted in the derivation by Strominger and Vafa [1] of
the Bekenstein-Hawking entropy [2,3] by counting, for
certain supersymmetric black holes in string theory, the
degeneracy of underlying quantum states.

Following this result, considerable effort has been
devoted to understanding the spacetime realization of
individual BH microstates. Rather than appearing as small
quantum corrections localized near a classical horizon, it
has been found that large classes of microstates admit
smooth, horizonless geometries that reproduce the same
asymptotic charges as the corresponding classical BH
solutions while differing from them at horizon scales
[4–7]. These results led to the fuzzball paradigm [8], in
which individual BH microstates are described by distinct
horizonless configurations, and the classical BH geometry
with an event horizon emerges only as a coarse-grained
thermodynamic description of an ensemble of such states
[5,8]. That is, in the fuzzball picture, the notion of event
horizon is replaced by a quantum region with structure
extending over scales comparable to the would-be horizon
radius. Hence, deviations from the classical Kerr geometry
may persist at horizon scales and can potentially affect
strong-field observables. The fuzzball model has also been
advocated as a concrete resolution of the BH information
problem, as it removes the need for information loss behind
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an event horizon while remaining consistent with BH
thermodynamics at the coarse-grained level [8–11].
Then, the fuzzball model offers the possibility that

sufficiently precise probes of strong-field gravity could
be sensitive to quantum-gravitational structure, even for
astrophysical-size objects. In this context, gravitational
wave (GW) observations provide an alternative to particle
colliders for testing aspects of string theory. In particular,
GW observations of binary BH coalescences provide a
unique and promising avenue for such tests, as they directly
encode the nonlinear dynamics of spacetime in the radiative
sector of the strong-field regime.
The current second generation of ground-based GW

detectors, LIGO, Virgo and KAGRA [12], has already
carried out tests of GR and fundamental physics that
include [13–18]: Inspiral-merger-ringdown consistency
tests, parametrized deviations from post-Newtonian dynam-
ics, constraints on modified dispersion relations, bounds on
additional GWpolarization states, and limits on the graviton
Compton wavelength. However, their current sensitivity is
not enough to probe horizon-scale quantum structure of the
type predicted by the fuzzball paradigm, which motivates
the need for the next generation of GW detectors [19,20].
On the ground, third-generation detectors such as the
Einstein Telescope [21] and Cosmic Explorer [22] are
expected to improve the GW strain sensitivity by approx-
imately one order ofmagnitude, allowing for amuchbroader
science case including fundamental physics [23–25]. In
space, the Laser Interferometer Space Antenna (LISA) [26]
will access the millihertz GW band, between 10−4 Hz and
1 Hz, enabling a rich and complementary science program
[27–29], targeting massive BH binaries and extreme-
mass-ratio inspirals (EMRIs), LISA is expected to revo-
lutionize our knowledge of BHs and the gravitational
interaction [30,31].
In this work, we advocate for the use of LISA GW

observations of EMRIs [32,33] as a tool for testing the
fuzzball paradigm. EMRIs are binary systems consisting of
a primary with mass M∈ ½105; 107�;M⊙, the putative
massive BH (with mass M∈ ½105; 107�M⊙), and a secon-
dary compact object, typically a neutron star or a stellar-
mass BH (with mass m ∼ ½1; 102�M⊙) orbiting the primary
along a highly relativistic inspiral trajectory. Due to the
extreme mass ratios involved, q≡m=M ≪ 1 (typically
10−6 < q < 10−4), EMRIs are long-lived GW sources that
can emit, within the LISA frequency band, of the order of
N ∼ q−1 ∼ 104−6 cycles of a highly phase-coherent GW
signal that encodes very precise information about the
geometry of the primary, effectively providing an exquisite
probe of its multipolar structure. We then expect that EMRI
observations with LISAwill give access to the strong-field
regime around massive compact objects [33,34], making
them a powerful laboratory for testing exotic compact
objects, such as those of the fuzzball paradigm, and more
generally for strong-field deviations from the classical BH
description predicted by GR [35].

Framework to test fuzzballs with EMRIs. The exterior
geometry of a stationary and axisymmetric compact object
in vacuum GR is uniquely characterized by its gravitational
multipole moments defined at spatial infinity [36–38], the
mass and current moments: fMl;Slgl¼0;…;∞. For a Kerr
BH [39], the BH uniqueness (no hair) theorems [40–42]
imply that all these multipole moments are completely
determined by the BH mass M and magnitude of its spin
angular momentum jSj (with the spin parameter satisfying:
jaj≡ jSj=M ≤ M). They follow the remarkably simple
closed-form relations [37]

Ml þ iSl ¼ MðiaÞl: ð1Þ

In general, fuzzball microstates need not satisfy the
symmetries of the Kerr family (see [5,8,43]) and in general
they can break both axisymmetry and equatorial symmetry,
leading to a multipolar structure that is not constrained by
the Kerr relations (see [44,45] for accounts on exotic
compact objects and their consequences). Observational
constraints on fuzzballs have been discussed in [46–50].
However, the analysis presented here is not exclusive to

fuzzballs. Any horizonless or exotic compact object, or
even a beyond-GR black hole, whose multipole moments
deviate from the Kerr values in the way we parametrize
would produce the same observational signatures. Our use
of the fuzzball paradigm is therefore representative of a
broad class of near-horizon modifications of the Kerr
geometry rather than a unique prediction of it, and
the bounds we derive are, strictly, constraints on Kerr-
symmetry-breaking multipoles. Is important to remark that
our analysis does not involve any specific fuzzball model.
The deformation parameters are treated agnostically as
proxies for such deviations, and no quantitative mapping
between a specific microstate solution and the constrained
moments is assumed. We also note that whether generic
fuzzball microstates possess multipole moments observ-
ably different from Kerr is under debate. Typical micro-
states are expected to be observationally indistinguishable
from the corresponding black hole, and only atypical or
diffuse configurations would give multipole deviations
large enough to be detectable [51]. Our forecasts should
therefore be understood as model-independent constraints
on Kerr-symmetry breaking.
To determine the extent to which a space-based observa-

tory such as LISA can constrain deviations from the
standard EMRI scenario, i.e., a MBHþ NS/BH in GR,
we need to build an EMRI waveform model in which the
multipolar structure of the primary is extended beyond the
Kerr metric. That is, an EMRI model where a number of
multipole moments are promoted to independent physical
parameters so that the model can encompass fuzzballs as
well as other exotic compact objects of interest, such as
boson stars or gravastars. In practice, this means we have to
modify both the orbital dynamics of the secondary as well
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as the inspiral dynamics driven by gravitational radiation
reaction due to the time-dependent EMRI spacetime geom-
etry. However, the radiation-reaction timescale is much
longer than the orbital timescale, Trr ∼ q−1Torb ≫ Torb,
which allows for a separate treatment. Finally, we need a
prescription to evaluate the EMRI waveforms given the
EMRIdynamics anduse them to derive projected constraints
on deviations from the Kerr multipolar structure. This
program was initiated by Ryan [52–56], who demonstrated
its feasibility and showed that the classic LISA design
[57–59] could allow for the measurement of three to five
multipole moments, corresponding to one to three indepen-
dent tests of the Kerr hypothesis [55].
Later, Barack and Cutler, using their analytic Kludge

(AK) EMRI model [60], which contains all the main
ingredients of the EMRI dynamics in a Newtonian and
post-Newtonian fashion, were able to introduce the mass
quadrupole,M2 (¼ −Ma2 ¼ −S2=M for a Kerr BH), as an
additional independent parameter [61]. Recent studies have
shown [32] that LISA can constrain fractional deviations
away from the Kerr mass quadrupole Q at the level of
∼10−4–10−2. Fransen and Mayerson [62] went beyond by
including a current quadrupole and an axisymmetric mass
octupole moment as independent parameters. The contri-
bution from these parity-odd moments breaks equatorial
symmetry, which is one of the two fundamental symmetries
of the Kerr metric. They found that LISA could constrain
such symmetry-breaking effects at the level of 10−2 [62].
In this work, we incorporate the axisymmetric and

nonaxisymmetric components of the mass quadrupole
and octupole, thereby constraining the two fundamental
symmetries of the Kerr spacetime (equatorial and axial
symmetry) within a single framework and providing a new
observational avenue to test fuzzballs with LISA EMRI
observations. Whereas previous analyses treated equato-
rial-symmetry breaking [62] and axisymmetry breaking
[63,64] separately, we combine both within a single theory-
agnostic EMRI model and, for the first time, compute
the dissipative (radiation-reaction) contributions of these
axisymmetric and nonaxisymmetric quadrupole and octu-
pole moments to the secular inspiral. This provides a joint
LISA forecast on the breaking of both Kerr symmetries, of
direct relevance to fuzzballs and other Kerr-symmetry-
breaking compact objects.

20-parameter EMRI model for testing the fuzzball
paradigm. Probing deviations from the Kerr spacetime
does not require to include arbitrarily high multipole
moments. Already at the quadrupole-octupole level, non-
axisymmetric components of the mass quadrupole, such as
polar or axial configurations, we can place stringent
constraints on non-Kerr geometries [63,64], in particular
in complex effective geometries like the ones expected
from fuzzballs. Here, we go beyond the work of [62] by
incorporating all possible symmetry breakings at the

quadrupolar and octupolar level within a theory-agnostic
single model. We parametrize these deviations from the
Kerr geometry through the nonaxisymmetric mass quadru-
pole and axisymmetric mass octupole. These moments
serve as proxies to quantify LISA’s sensitivity to violations
of axisymmetry and equatorial symmetry, respectively.
In principle, one could also introduce the current quadru-

pole to probe violations of equatorial symmetry. However, it
was shown in [62] that its inclusion affects the results only at
the level of ≲10%, and we therefore neglect it here. We
could also include the polar nonaxisymmetric octupole
moment, which captures simultaneously violations of the
axial and equatorial symmetries. However, since the non-
axisymmetric quadrupole and the axisymmetric octupole
already provide independent and more stringent constraints
on these symmetry breakings, the inclusion of this additional
moment does not significantly improve the parameter-
estimation accuracy. For this reason, we do not include it
in our EMRI model.
Taking all these considerations into account, we con-

struct a semianalytic EMRI waveform model that provides
a computationally efficient description of the inspiral while
allowing for a generic multipolar structure of the EMRI
primary. While highly accurate EMRI waveforms are being
developed within the gravitational self-force program
[65,66], as well as through adiabatic and postadiabatic
reductions (see, e.g., [67–69]), such models are difficult to

TABLE I. Parameters of our 20-dimensional EMRI model.

Symbol Description

Intrinsic parameters

M Mass of the primary
μ Mass of the secondary
S̃ ¼ a=M Dimensionless spin magnitude of the primary
eLSO Orbital eccentricity at the LSO
cos λ Cosine of orbital inclination (L̂ · Ŝ)
γ̃LSO Pericenter angle at the LSO
ΦLSO Mean orbital anomaly at the LSO

Extrinsic parameters

tLSO Time of LSO crossing (scaled to 1 mHz)
θS Polar angle of the EMRI sky location
ϕS Azimuthal angle of the EMRI sky location
θK Polar angle of the primary spin orientation
ϕK Azimuthal angle of the primary spin orientation
αLSO Azimuth of the angular momentum L̂ at the LSO
DL Luminosity Distance to the EMRI system

Dimensionless Multipole deviation parameters

Q̃ Spheroidal quadrupole moment
Q̃þ Polar nonaxisymmetric quadrupole moment
ψQ Argument of the nonaxisymmetric quadrupole
Õ Spheroidal octupole moment

Õþ Polar nonaxisymmetric octupole moment
ψO Argument of the nonaxisymmetric octupole
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generalize to non-Kerr geometries. Our approach instead
prioritizes flexibility, enabling a systematic exploration of
deviations in the multipolar structure of the central compact
object, the EMRI primary. As in the AK model [60], the
underlying orbital dynamics of our model is Newtonian.
However, rather than introducing post-Newtonian correc-
tions in a phenomenological way, we derive the orbital
dynamics and the radiation-reaction effects consistently
from the multipolar gravitational potential and the quad-
rupolar emission approximation, respectively (see [70] for
details). The resulting model defines a 20-dimensional
parameter space. We neglect the spin of the secondary
compact object, but aside from this simplification, the

orbital dynamics is completely generic. The complete set of
parameters is summarized in Table I, where we distinguish
between intrinsic EMRI properties, extrinsic parameters
describing the source location and orientation, and a set of
multipolar parameters characterizing the primary.
The orbital dynamics is described within an effective

one-body framework at leading order in the mass ratio. The
conserved quantities associated with the orbital motion are
the energy (E), arising from time-translation invariance,
and the z-component of the orbital angular momentum
(Lz), arising from axial symmetry. In spherical coordinates
ðr; θ;ϕÞ, they are given by

E ¼ 1

2
μðṙ2 þ r2θ̇2 þ r2sin2 θϕ̇2Þ

−
M
r
þMQ

2r3
ð1 − 3 cos2 θÞ − 3MQþ

2r3
sin2 θ cos½2φQ� −

MO
2r4

ð5 cos3 θ − 3 cos θÞ − 15MOþ
2r4

sin2 θ cos θ cos½3φO�; ð2Þ

and

Lz ¼ r2sin2 θϕ̇ −
2S sin2 θ

r
; ð3Þ

where S denotes the spin of the EMRI primary (aligned
with the z-axis), Q and Qþ denote the axisymmetric and
nonaxisymmetric quadrupole moments, respectively, while
O and Oþ are the corresponding octupole moments. The
angles φQ and φO parametrize the orientation of the
nonaxisymmetric deformations. The orbital equations of
motion are derived from the associated Lagrangian and
expressed in terms of the standard orbital elements describ-
ing eccentric and inclined motion. The multipolar structure
of the central object modifies the effective potential,
inducing corrections to orbital frequencies and precession
effects.
The inspiral evolution is driven by gravitational radiation

reaction. We compute the energy and angular-momentum
fluxes using the quadrupole formula for gravitational-wave
emission (see, e.g., [71]):

dE
dt

¼ 1

5

�
⃛Mij

⃛Mij −
1

3
ð ⃛MkkÞ2

�
; ð4Þ

dLi

dt
¼ −

2

5
ϵiklhM̈kj

⃛Mlji; ð5Þ

with ϵikl the three-dimensional Levi-Civita symbol. Using
the solution of the orbital motion, we express these fluxes
in terms of the orbital variables and expanding perturba-
tively in the post-Newtonian parameter ϵ2 ¼ M=r. We then
average these fluxes over an orbital period to obtain
the secular evolution equations for the orbital parameters.

In this way, our EMRI model incorporates, for the first time
within this framework, the dissipative contributions of both
axisymmetric and nonaxisymmetric quadrupole and octu-
pole moments to the secular evolution of the orbital
frequency and eccentricity (see [70] for details).

Forecasts for LISA constraints on fuzzballs. The waveform
is generated by first integrating the orbital evolution
equations backward in time from the last stable orbit
(LSO), including the secular evolution of the orbital
elements ðν; e; γ̃; αÞ under gravitational radiation reaction.
The orbital inclination λ is kept fixed, as its secular
variation is negligible over the inspiral timescale.
Then, at leading quadrupolar order, the far-zone metric

perturbation in the transverse-traceless (TT) gauge (see,
e.g., [71,72]) is

hTTij ðtÞ ¼
2

DL

�
PikPjl −

1

2
PijPkl

�
ÏklðtretÞ; ð6Þ

where DL is the luminosity distance to the source, tret ¼
t −DL is the retarded time, and Pij ¼ δij − n̂in̂j is the
projector orthogonal to the unit vector n̂ pointing from the
detector to the source. The tensor Ikl denotes the radiative
mass quadrupole moment defined, which at leading order is
given by I ij ¼ μxixj.
The detector response is obtained by projecting the TT

metric perturbation onto the LISA constellation using the
standard long-wavelength approximation, including the
time-dependent modulation induced by the orbital motion
of the detector [58,73] (see also [60] for the implementation
in the AK model). For the signal analysis, we employ the
orthogonal time-delay interferometry (TDI) channels of
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LISA and adopt the corresponding instrumental noise
model (see Appendix B in [70] for details).
Parameter uncertainties have been estimated through a

Fisher matrix analysis. Because the Fisher matrix is often
ill-conditioned due to strong correlations among parame-
ters, as is the case here, we compute its pseudoinverse using
singular-value decomposition. A small cutoff is applied to
the singular values in order to regularize the inversion and
ensure numerical stability. We also performed a series of
consistency checks (see [70] for details) to validate both the
correctness of our dynamical equations and the robustness
of the matrix inversion procedure. In particular, we have
checked that for standard EMRIs we get equivalent fore-
casts as in other studies [32].
For the purposes of testing the fuzzball paradigm, we

focus on the estimation of the nonaxisymmetric quadrupole
moment, associated with the breaking of axial symmetry
(ΔASB ≡ ΔQþ), and of the axisymmetric component of the
octupole moment, associated with the breaking of equato-
rial symmetry (ΔESB ≡ ΔO). Since only the loudest EMRI
events are expected to be useful for such tests, we consider
one-year-long EMRI signals, which is a conservative
assumption. We adopt the LISA noise curve from [74].
As a representative system, we consider an EMRI consist-
ing of a secondary of mass μ ¼ 10M⊙ inspiralling into a
primary of mass M ¼ 106M⊙ and dimensionless spin
S̃ ¼ S=M2 ¼ a=M ¼ 0.25, with eccentricity at the LSO
eLSO ¼ 0.1. The typical signal-to-noise ratio (SNR) asso-
ciated with this type of EMRI event is ∼30. Then, we find
we can constrain ESB at the 5.5 × 10−1 level, while ASB
can be constrained at the 1.1 × 10−2 level, as illustrated in
Fig. 1. These results indicate that LISAwill constrain ASB
with substantially higher precision than ESB, with the
achievable accuracy differing by more than one order of
magnitude (a factor ∼50).

InTable IIwepresent theLISAmeasurementaccuracies for
ESBandASBacrossEMRIprimarymasses, each normalized
to SNR ¼ 30. The axial constraint (ASB) is tightest for the
lightest primaries, which accumulate the most strong-field
cycles, reaching ΔASB ≃ 1.3 × 10−3 at M ¼ 105M⊙, and
degrades towardM ¼ 107M⊙ as the inspiral leaves the most
sensitive part of the LISA band. The equatorial constraint
(ESB), carried by the higher-order axisymmetric mass octu-
pole, remains weak throughout, ΔESB ¼ Oð10−1–1), and is
effectively unconstrained at M ¼ 107M⊙. We restrict the
analysis to M ≥ 105M⊙. At M ¼ 104M⊙, the system is an
intermediate-mass-ratio inspiral, where spin–orbit and spin-
spin couplings not included here become relevant.
Figure 1 shows that the constraints on ASB are both

tighter and more robust than those on ESB over a wide
range of the eccentricity as measured at the LSO, eLSO (the
initial eccentricity in our simulations is in general signifi-
cantly larger). This difference arises because ESB enters
through a higher-order multipole moment, the axisymmet-
ric mass octupole, which is more difficult to measure
independently in EMRI observations than the leading
quadrupolar contributions governing ASB. More precisely,
within the mass-multipole sector that we consider, equa-
torial symmetry is broken only at octupole order, since the
mass quadrupole is equatorially symmetric, whereas axial
symmetry is already broken at quadrupole order by Qþ.

Conclusions and discussion. The results of our study
demonstrate the strong potential of EMRI observations with
LISA [26,27] to probe the geometric structure of the most
compact objects in the Universe. By measuring the subtle
imprintsof themultipolar structureof theEMRIprimary in the
gravitational waveform, LISA will enable precision tests of
whether the most compact astrophysical objects are well
described by the Kerr solution of general relativity.
Our analysis shows that, for representative EMRI systems
with SNR ∼ 30, LISA can constrain deviations associated
with axial-symmetry breaking at the ∼10−2 − 10−3 level
and equatorial-symmetry breaking in the mass multipole

TABLE II. LISA measurement accuracies for equatorial (ΔESB)
and axial (ΔASB) symmetry-breaking parameters from EMRI
observations, quantifying deviations from the Kerr geometry.
We have performed simulations for three EMRI primary masses,
M ¼ 105; 106; 107M⊙, and secondary mass μ ¼ 50M⊙, with each
source normalized to SNR ¼ 30. The dimensionless primary spin
is S̃ ¼ 0.25 and the eccentricity at the LSO is eLSO ¼ 0.1. The
orbital angles at the LSO are γ̃LSO ¼ π=2, and αLSO ¼ ΦLSO ¼ 0,
with inclination λ ¼ π=3. The sky-location and spin-orientation
angles are ðθS;ϕS; θK;ϕKÞ ¼ ð2π=3; 5π=3; π=2; 0Þ.
M 105M⊙ 106M⊙ 107M⊙

ΔESB 5.98 × 10−1 4.85 × 10−1 3.16 × 100

ΔASB 1.34 × 10−3 7.42 × 10−3 7.64 × 10−2

FIG. 1. Constraints on the breaking of the two fundamental
symmetries of the Kerr metric, equatorial and axial symmetry,
shown as a function of the eccentricity eLSO, for a LISA EMRI
observation. The central object has mass M ¼ 106M⊙ and spin
S̃ ¼ 0.25, while the secondary has mass μ ¼ 10M⊙. The angular
parameters are fixed according to Table II.
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sector at the ∼10−1 level. Moreover, these constraints
improve significantly for primary masses in the range
M ∼ 105–106M⊙, where EMRI signals are optimally located
within the LISA sensitivity band. We also find that ASB is
consistently measured with higher precision and robustness
thanESB, reflecting the fact that it enters at quadrupolar order,
whereas ESB is associated with higher-order multipolar
structure. These results establish concrete observational
targets for testing strong-field deviations from Kerr and, in
particular, for exotic compact objects such as fuzzballs.
Our framework (see [70] for details) allows us to

incorporate a general multipolar structure for the EMRI
primary that captures the leading dynamical effects that
leave measurable imprints on the gravitational waveforms.
Despite its simplified nature, and although it is based on
underlying Newtonian dynamics as the AK model, our
approach yields parameter-estimation forecasts in agree-
ment with previous studies that include relativistic orbital
effects. This supports the robustness of our conclusions and
shows that LISA will be sensitive to deviations in the
multipolar structure of ultracompact objects.
These results motivate extensions of our framework

along several directions. First of all, we can specialize
the analysis to exotic compact objects for which we have
detailed theoretical knowledge of their dynamics. This is
still challenging, as such objects appear in complex theories
and, as in the fuzzball case, they are expected to lack the
symmetries that can simplify the problem. Nevertheless,
some progress has been made in related settings, including
EMRIs with boson star primaries [75,76] and systems
involving point scalar charges orbiting topological stars
[77–79]. A complementary research direction is to incor-
porate relativistic orbital effects in the EMRI dynamics, by
modeling the motion as geodesics of a perturbed stationary
and axisymmetric spacetime describing the fuzzball model.
Although this would provide a more faithful description of

the strong-field regime, it is very challenging due to the
limited knowledge of the analytic form of the metric of
these exotic compact objects. However, some progress may
be achieved by working in the slow-rotation (low spin)
approximation.
Another promising direction is to extend our analysis

to IMRIs, characterized by mass ratios in the range
10−4 ≲ q≲ 10−2 (see [80]). These systems may arise if
IMBHs exist either in globular clusters or as companions to
massive BHs in galactic nuclei [28]. Although IMRIs
typically produce shorter-duration signals than EMRIs,
their dynamics is more intricate, with spin-orbit and
spin-spin couplings playing a more relevant role, with
the spin of the secondary compact object contributing
non-negligibly. These effects will certainly introduce
additional structure in the gravitational waveform, which
may enhance parameter-estimation accuracy and lead to
more stringent constraints than those obtained in the
present study.
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