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Various theoretical models predict the existence of exotic compact objects that can mimic the properties
of black holes (BHs). Gravitational waves (GWs) from the mergers of compact objects have the potential to
distinguish between exotic compact objects and BHs. The measurement of spin-induced multipole
moments of compact objects in binaries provides a unique way to test the nature of compact objects. The
observations of GWs by LIGO and Virgo have already put constraints on the spin-induced quadrupole
moment, the leading order spin-induced moment. In this work, we develop a Bayesian framework to
measure the spin-induced octupole moment, the next-to-leading order spin-induced moment. The precise
measurement of the spin-induced octupole moment will allow us to test its consistency with that of Kerr
BHs in GR and constrain the allowed parameter space for non-BH compact objects. For various simulated
compact object binaries, we explore the ability of the LIGO and Virgo detector network to constrain the spin-
induced octupole moment. We find that LIGO and Virgo at design sensitivity can constrain the symmetric
combination of component spin-induced octupole moments of binary for dimensionless spin magnitudes
~(0.8. Further, we study the possibility of simultaneously measuring the spin-induced quadrupole and
octupole moments. Finally, we perform this test on selected GW events reported in the third GW catalog. These

are the first constraints on spin-induced octupole moment using full Bayesian analysis.
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I. INTRODUCTION

There are theoretical models that predict the existence of
exotic compact objects that can mimic the properties of
black holes (BHs) [1-7]. Black holes and neutron stars
(NSs) could be part of a broader category of astrophysical
compact objects. The detection of the gravitational wave
(GW) signal from the coalescence of compact object
binaries by Advanced LIGO [8-10] and Advanced Virgo
[11,12] has enabled us to test the nature of these binaries.
Until now, the LIGO-Virgo-KAGRA (LVK) Collaboration
has reported the detection of O(100) GW events from the
mergers of compact object binaries [13—18]. The detected
GW signals suggest that the binary’s constituents are
consistent with BHs and NSs in general relativity (GR)
[19-21].

Boson stars are one example of exotic compact objects
that can represent an alternative to BHs [22,23]. Boson stars
are gravitational-equilibrium configurations of a massive
complex scalar or vector field. Proca stars are a particular
class of boson stars that are made up of vector fields
[24,25]. Another theoretically proposed exotic objects are
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gravastars (gravitational vacuum stars) or dark energy stars
[26-29] which have a de Sitter interior enclosed by a shell of
matter. Other alternatives are fermionic stars [30-35], dark
matter stars [36—41], and multicomponent stars [38,42].

However, there exist physical phenomena that can gen-
erate distinctive characteristics of exotic compact objects,
which differ from those of BHs and can be used to distinguish
between BH and non-BH compact objects. These physical
effects include deformation due to the tidal field of the
companion object in a binary system, tidal heating, and
deformations due to the spinning motion of binary constitu-
ents [43-46]. For example, the tidal deformability parameter
is predicted to be zero for a binary composed of Kerr BHs in
an axisymmetric external gravitational field [47-52]. In a
recent work, tidal-induced multipole moments are calculated
for a Kerr BH with the presence of nonaxisymmetric
perturbation [53]. However, exotic compact objects can have
nonzero tidal deformability [54-56]. Parametrizing the
gravitational waveform models in terms of these physical
effects, many model-agnostic tests have been proposed based
on the measurement of spin-induced multipole moments
[55,57,58], tidal deformability parameter [52,59-66], and the
tidal heating parameter [67-70].

The quasinormal mode spectrum of a perturbed remnant
BH after the merger can also be used to probe the nature of
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compact objects [71-73]. For a Kerr BH, all the quasi-
normal modes are uniquely determined by its mass and
spin-angular momentum [74], while for non-BH compact
objects, the quasinormal modes depend on additional
parameters [75-78].

In this paper, we focus on the deformations induced due
to the spinning motion of compact objects in a binary. To
fully understand the nature of compact objects, ideally, one
should include all the above-mentioned physical effects
along with spin-induced deformations. Studying all the
effects simultaneously is beyond the scope of this paper. In
particular, we focus on the next-to-leading order spin-
induced moment, the spin-induced octupole moment,
which is cubic in the self-spin effect [79—-84].

The leading order moment due to the self-spin inter-
action is the spin-induced quadrupole moment which is a
quadratic in the self-spin effect and has been studied in
great detail [19,57,85-87]. Based on the GW measure-
ments of spin-induced quadrupole moment parameters,
Krishnendu et al. [57] proposed a new method to distin-
guish between binary black holes (BBHs) and nonbinary
black holes (non-BBHs). Using the Fisher matrix analysis,
they showed that LIGO offers exciting opportunities to
constrain the parameter space of non-BBH systems by
measuring their spin-induced quadrupole moment. Later
in Ref. [85], this was extended to third-generation (3G)
ground-based detectors: Cosmic Explorer (CE) [88,89] and
Einstein Telescope (ET) [90,91]. Employing the 3G detector
sensitivities, Ref. [85] established the possibility of simulta-
neously measuring spin-induced quadrupole and octupole
moments. Similarly, the GW measurements of spin-induced
multipole moments using Laser Interferometric Space
Antenna [92-94], and Deci-hertz Interferometer Gravita-
tional wave Observatory [95,96] established that the space-
based detectors could measure the spin-induced multipole
moments with an unprecedented accuracy [86].

Reference [19] developed a Bayesian framework to carry
out the BBH nature test on real GW events based on the
spin-induced quadrupole moment. They performed the test
on GW151226 [97] and GW170608 [98], and found that
these events are consistent with BBH mergers in GR.
Subsequently, the LVK Collaboration employed spin-
induced quadrupole moment based tests to the second
and third GW transient catalogs. The individual event
bounds, as well as the combined bounds, provided support
for the BBH hypothesis within the allowed statistical
confidence [20,21]. More recently, Ref. [87] used the
measurement of the spin-induced quadrupole moment to
constrain the fraction of non-BBHs in a population con-
sisting of BBHs and non-BBHs.

This study presents the first detailed analysis, utilizing
full Bayesian methods, focused on measuring the spin-
induced octupole moment of compact binaries. While
measuring the spin-induced octupole moment, we fix the
spin-induced quadrupole moment to its BH value.

Additionally, we explore the possibility of simultaneously
measuring the spin-induced quadrupole and octupole
moments. Finally, we report the estimates on the spin-
induced octupole moment parameter from selected events
in the third GW transient catalog (GWTC-3).

A. Spin-induced octupole moment

The spin-induced quadrupole moment scalar for a
compact object can be schematically represented as [99]
0 = —xy’m?, where k is the spin-induced quadrupole
moment coefficient, m is the mass, and y is the magnitude
of the dimensionless spin parameter which is defined as

¥= S /m?, where Sis the spin angular momentum vector of
the compact object. According to the no-hair conjecture, k
takes a unique value for Kerr BHs which is unity (kgy = 1)
[52,100]. For other compact objects such as NSs, boson
stars, and garavastar, the value of k can be different from
unity. For NSs, « ranges between ~2 to 14 depending on the
equation of state [45,101,102]; for spinning boson stars
made up of self-interacting massive scalar field, x takes
value between ~10 to 150 [43]. For gravastars, x can take
even negative values [103,104]. Positive values of « are
generally associated with those compact objects that
undergo oblate deformation due to spinning motion, while
negative values of x refer to those classes of compact
objects which undergo prolate deformation. Hence a
precise measurement of « allows us to constrain the nature
of compact objects.

The next-to-leading order moment due to self-spin
interactions is the spin-induced octupole moment which
can be schematically written as [105]

0 = —iy’m*, (1.1)
where 1 is the spin-induced octupole moment parameter.
Note that the spin-induced quadrupole moment scalar is
proportional to quadratic in the component’s spin and
corrections due to «’s first appear with the self-spin terms
at second post-Newtonian (PN) order in the PN phasing
expression.1 The higher order corrections due to k appear at
3PN and 3.5PN orders. The spin-induced octupole moment
has cubic dependence on spin and first appears along with
the cubic self-spin terms at 3.5PN order. The value of 1 is
unity for Kerr BHs. For NSs, 4 takes value between ~4 and
30[45,101,102], and A4 ~ 10-200 for boson stars consisting
of a self-interacting massive scalar field [43].

The rest of the paper is organized as follows. In Sec. II,
we discuss the waveform model and parametrization of the
non-BBH nature. Section III explains the basic formalism
of the Bayesian analysis. The details of the simulation and
results are discussed in Sec. IV. The results from GWTC-3

'In the PN phase, a term proportional to v>" relative to the
Newtonian term (proportional to v™) is called the nPN order,
where v is the characteristic velocity of the system.
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events are shown in Sec. V. Section VI provides the
summary and outlook of the study. Throughout the paper,
weuse G =c = 1.

II. WAVEFORM MODEL AND
PARAMETRIZATION OF NON-BBH NATURE

The inspiral phase of a binary is well described by the
PN approximation [106]. The PN expansion is a small
velocity expansion in which the inspiral phase is expanded
as a series in powers of orbital velocity parameter v
[82,84,106—111]. The frequency-domain GW strain, within
the PN approximation to GR, can be written as

h(f) = Ael®) = Af-7/60¥(0) (2.1)
where A is given by
R 5/6
A o C(angles) I (2.2)

L

here M = (mm,)>>/M'/3 is the chirp mass of the source,
M = m; + mj, is the total mass of the binary, m, m, are the
component masses of the binary, and d; is the luminosity
distance to the source. Note that M and M are the source
frame chirp mass and total mass of the binary. These are
converted to the detector frame (redshifted) chirp mass and
total mass by multiplying a factor of (1 + z), where z is the
redshift to the source. We use the d; and z relation for a flat
universe [112]. The cosmological parameters are taken
from the Planck observation [113]. The factor C(angles)
depends on the angles describing the binary sky position,
orientation, and polarization angle of the GW signal.
The phase in Eq. (2.1) can be written as

3 ' i log i
W) = ot 201 s |3 (o gt g,

(2.3)

where ¢, and ¢, are the phase and time of coalescence,
respectively, n = (m;m,)/M? is the symmetric mass ratio,
and v = (zMf)'/3 is the PN orbital velocity parameter. The
coefficients ¢; and ¢\°® in Eq. (2.3) are the PN coefficients
which are the functions of masses and spin angular
momenta of the source. The values of these coefficients
up to 3.5PN order for quasicircular binaries can be found in
Refs. [84,111,114-118].

Waveform models for BBHs a priori assume the spin-
induced octupole moment parameter to be unity. To para-
metrize the non-BH nature of spinning compact binaries,
we rewrite Eq. (1.1) as

0 =—(1+6A)m*, (2.4)

where 04 captures the departure from Kerr BH nature. For a
Kerr BH, 64 = 0. In general, both the compact objects in a
binary system can have nonzero 6. Hence there are two
independent spin-induced octupole moment deformation
parameters 04;, where i = 1, 2 represent the heavier and
lighter components of the binary. Because of the strong
correlation of 64; with masses and spins, their simultaneous
measurement may yield uninformative posteriors (see
Refs. [57,85] for the spin-induced quadrupole moment
measurement). Hence following [57], we define the sym-
metric and antisymmetric combinations of the individual
spin-induced octupole moment deformation parameters as

(82 + 64y)

(61 — 64,)
2 ’ )

OAy =
' 2

Sty = (2.5)

We measure only 64, and assume 64, = 0, which amounts
to assuming 04, = 64, = o4, which means the two com-
pact objects are of the same nature and hold well for BBHs.
If a binary is composed of a non-BH compact object, this
would violate this condition leading to a nonzero value of
04, revealing the presence of a non-BH compact object in
the binary.

Similarly, the GW phase can be simultaneously para-
metrized in terms of the symmetric and antisymmetric
combination of deformations due to spin-induced quadru-
pole moment (o, dk,). Ideally, one should measure both
ok, and 84, simultaneously. However, the simultaneous
measurement would yield weaker constraints. As a first
step, we assume the BBH value for spin-induced quadru-
pole moments (0k, = 0, 5k, = 0) and focus on the meas-
urement of 64;. As a null test, this would independently
check the consistency of the spin-induced octupole moment
with the BBH nature in GR. Next, we vary both ok, and 54,
and obtain the simultaneous constraints on dk, and 64,. The
expressions for PN phasing with explicit «; and A
dependence are given in Eq. (0.5) of Ref. [57].

We use the IMRPhenomPv2 [119-121] waveform
approximant which is implemented in LALSimulation
[122]. IMRPhenomPv2 is a frequency-domain phenom-
enological waveform model that describes the inspiral-
merger-ringdown of a BBH coalescence in GR. The
inspiral part agrees with the PN phasing and merger-
ringdown part is calibrated using numerical relativity
waveforms. IMRPhenomPv2 is a single-spin precessing
waveform and accounts only for the dominant modes
(I,m) = (2,42). The deformations due to spin-induced
quadrupole moment (dky, dk,) have already been imple-
mented up to 3PN order [19]. We add the leading order
octupole deformations (64,,04,) at 3.5PN order in the
inspiral part of the waveform. Additionally, we include the
ok, and ok, corrections at 3.5PN order. We make neces-
sary modifications to BILBY [123] and BILBY_PIPE [124]
for parameter estimation. We perform Bayesian analysis
using BILBY to obtain posterior on d4,, ok, and other

024009-3



PANKAJ SAINI and N. V. KRISHNENDU

PHYS. REV. D 109, 024009 (2024)

104 non-BBH

A
NASNY \;\/\

hy(t) [107%2]
O

—10-

- BBH

AAAAAALRAARD

IAVETATATATAL AT

\I"

(X1, x2) =(0.8,0.7)
, ﬂﬂl\ A

|
.n,“

104

f,"_'\

hy(t) [107%2]
O

—-10-

VUV VYV

(X1, x2) =(0.3,0.2)

TH
AAANAARARRAARRAN ,
NV “;\ld'lll‘lljll

0.0 0.1 0.2

FIG. 1.
q = 1.2. The top panel is for high spins (y,x,) =
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Time-domain gravitational waveform for the BBH (dashed line) and non-BBH (solid line) system with M = 40M and

(0.8,0.7) and bottom panel is for low spins (y;,y>) = (0.3,0.2). Both the spins are

aligned with the angular momentum vector (nonprecessing). For non-BBH waveforms, the individual spin-induced octupole moment

deformations are 64; =

100 and 64, = 50 for primary and secondary components, respectively. We use the IMRPhenomPv2 waveform

model with non-BBH corrections to generate frequency-domain GW signal and take the inverse fast Fourier transform to convert it into
the time-domain signal. The BBH and non-BBH waveforms are aligned at time t = 0 and the instantaneous frequency at t = 0 is 35 Hz.

binary parameters. For sampling over the intrinsic and

extrinsic parameters, we use DYNESTY [125]
uses the nested sampling algorithm [126].

InFig. 1, we plot the time-domain BBH (64 = 0) and non-
BBH (64 # 0) waveform for high spins (y, y») =

and low spins (y1,x,) = (0.3,0.2). Spins are

III. A REVIEW OF BAYESIAN PARAMETER
ESTIMATION

We use the Bayesian parameter inference [127-129] to
obtain the posterior probability distribution on model
parameters @ given the data d from GW observations.
According to the Bayes theorem, the posterior distribution

sampler that

(0.8,0.7)
aligned with

the orbital angular momentum of the binary (nonprecessing).
The total mass and mass ratio are chosen to be M = 40M
and q = 1.2, respectively. The primary and secondary
components in a non-BBH system have (64,,64,) =
(100,50). The time-domain GW signal is generated by
taking inverse fast Fourier transform of the frequency-
domain waveform IMRPhenomPv2. The waveform for
(x1.42) = (0.8,0.7) is longer than the waveform with
(x1,x2) = (0.3,0.2). Notice that the dephasing between
BBH and non-BBH waveforms increases as the magnitude
of spins increases. In other words, the waveform has more
signature of non-BBH nature for high values of spins.

Note that the test relies on the assumption that our
parametric waveform model captures deviation from the
Kerr nature of BHs. A non-BBH can have different
properties such as additional fields, modes, and frequency
evolution. Therefore, any deviation from the Kerr nature
needs further investigation employing a non-BBH wave-
form model specific to a particular class of non-BH
compact object to identify the true nature of the compact
binary.
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p(0ld) =

on 0, given the GW data d, is given by

L(d|0)(0)
p(d)

= / £(d|0)z(0)d6

(3.1)

where £(d|0) is the likelihood function of the data d given
the model parameters @, and z(@) is the prior probability for
0. The term in the denominator p(d) is a normalization
factor which is obtained by marginalizing the likelihood
over the prior and is called the “evidence”,

(3.2)

Under the Gaussian noise assumption, the likelihood
function is given by

L(d|0) x exp (-% (d—h(0)|d - h(a))), (3.3)
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where h(0) is a template for the gravitational waveform

given by 6. The inner product (---|--+) is defined as
Shigh A*(f)B A(f)B*

where S,(f) is the one-sided noise power spectral density
of the detector and * represents the complex conjugation.
The limits of integration in Eq. (3.4) are fixed by the
detector sensitivity and the source properties.

The model parameters @ consist of BH and non-BH

(NBH) parameters h(0) = h(éBH, 5NBH). The dynamics of
a BBH in a quasicircular orbit is described by 15 param-
eters, namely, component masses, component spin vectors,
sky position and orientation of the binary, and phase at the
detector. The ok, and o4, are the non-BBH parameters that
are introduced in the waveform model to capture the non-
BBH nature of the compact object binary.

The one-dimensional posterior on Oygy can be obtained

by marginalizing over 5BH

p(éNBH|d) :/p<0|d>d5BH-

Using these Bayesian analysis methods and the waveform
model discussed in Sec. II, we obtain posteriors on spin-
induced multipole moments.

(3.5)

IV. CONSTRAINTS ON NON-BBH NATURE
FROM SIMULATED EVENTS

A. Simulation setup

We study the possible measurement uncertainties in the
spin-induced octupole moment deformation parameter
(64,) for various binary systems with different intrinsic
and extrinsic properties.

Network configuration: We consider a network of
three detectors (HLV): two advanced LIGO detectors at
Hanford (H) and Livingston (L) and an advanced Virgo
detector (V) in Italy. For noise power spectral density, we use
the design sensitivity curve of LIGO and Virgo detectors
[130]. All injections are zero-noise injections to avoid any
bias in the estimated parameters due to particular noise
realizations. It is equivalent to averaging over many noise
realizations. The detector noise only contributes to the
likelihood. We use a lower cutoff frequency of 20 Hz for
all three detectors and the upper cutoff frequency is the
Nyquist frequency which is 0.875 x (f,/2), where f is the
sampling frequency [18].

Masses: We consider three detector frame total masses:
20My, 40M, and 70M . The mass ratio for all three
systems is fixed to be 1.2. The Network SNR is fixed to be
40 by varying d; (see Table I).

Mass ratios: Three different mass ratios (g = m/m;)
are chosen to be 1.2, 3, and 5. The total mass is fixed to be
M = 40M . The network SNR is fixed to 40.

TABLE 1. Summary of the properties of simulated binary black
holes. We choose three detector frame total masses keeping the
mass ratio q = m; /m, and SNR to be fixed at 1.2 and 40, and
three mass ratios for fixed total mass M = 40M  and SNR = 40.
For M = 40M, and q = 1.2, we choose three network SNRs by
varying the luminosity distances d; as shown in the bottom row.
The sky location and orientation are chosen randomly but are the
same for all systems. For each system, we choose three spin
combinations (y;,x,): (0.3,0.2), (0.5,0.4), and (0.8,0.7).

q=12 M =40M, M =40M,
SNR = 40 SNR = 40 q=12
M q SNR
20My 40My T0Mg 12 3 5 40 80 120

d; [Mpc] 450 840 1225 840 700 570 840 420 280

Spins: For each binary system mentioned in Table I, we
choose three combinations of dimensionless spin magni-
tudes (y;, y»): (0.3,0.2), (0.5,0.4), and (0.8,0.7), which
represent low, moderate, and high spins, respectively. The
precession angles2 are chosen randomly but the same for all
systems. The injected values of these angles are (6,,6,) =
(05, 1), ¢JL = 03, and ¢12 =1.7.

A parameter: To investigate the detectability of the non-
BBH nature in the detected signal, we simulate binaries with
different values of 64, = {-100, =50, —15, 15,50, 100}.

Network SNRs: For M = 40M 5 and q = 1.2, we choose
three network SNRs, 40, 80, and 120. The corresponding
d; is mentioned at the bottom row of Table I. Note that
there is a slight variation in the SNR due to a change in the
magnitude of spins of the binary. For higher values of spins,
the SNR is larger. However, the difference in SNR due to
the choice of different spins is <5%.

Extrinsic parameters: The sky location (a,d) and ori-
entation (fyy) are chosen randomly but are the same for all
systems. The values of these parameters are a = 1.375,
0 =121, )y =0.4. The changes in sky-location and
orientation can affect the 64, estimates only through the SNR.

Priors: Binary black hole injections are generated with
ok, = 0 and 64; = 0. We use flat priors on 64, in the range
[-500,500], which is the same for &k,. The priors on
component masses are chosen to be uniform in the range
5, 100]M,.” The priors on (y. y») are uniform in the range
[0, 0.99].

*The angles between spins and the orbital angular momentum
vector (6,,0,), the difference between total and orbital angular
momentum azimuthal angles (¢;; ), and the difference between
the azimuthal angles of the individual spin vector projections onto
the orbital plane (¢;5,).

*For M = 40M, with q =3 and q = 5, the lower limit on
component mass prior is chosen to be 1M, instead of SM to
avoid any bias on the secondary component due to restricted prior
range.
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FIG. 2. Posterior probability distribution on spin-induced octu-
pole moment parameter 54, for three different values of spins:
low spin (0.3,0.2), moderate spin (0.5,0.4), and high spin
(0.8,0.7). Three different colors in each plot represent three
different masses. The 90% credible interval is marked by the
vertical lines in the respective colors. The black vertical line
represents the BBH value (64, = 0). The mass ratio is fixed to be
q = 1.2. The SNR is kept the same for all the masses by varying
the distances (see Table I). Sky location, orientation, and
precession angles are chosen randomly but the same for all.

B. Constraints on 04,

The main results from the simulated binaries are shown in
Fig. 2—4. These figures show the effect of fotal mass, mass
ratio, and SNRs on 64, posterior for three combinations of
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FIG. 3. Posterior probability distribution of 64, for three
different mass ratios (q = 1.2, 3, 5). The total mass is fixed to
be M = 40M . Other parameters are the same as Fig. 2.

spin magnitudes. In Figs. 5 and 6, we show the possibility of
detecting the non-BBH signature present in the signal for
different values of 04,. Finally, in Fig. 7, we show the
simultaneous bounds on dk, and 61,. Now let us examine
these figures in detail.

Figure 2 shows the posterior probability distribution on
64, for three spin combinations (¥, y»): (0.3,0.2), (0.5,0.4),
(0.8,0.7). For each spin combination, different colors show
the 64, posterior for three different total masses: 20M,
40M o, and 70M 5. The mass ratio is fixed to be 1.2 for all
systems. The vertical lines in respective colors represent the
90% credible interval. The black vertical line denotes the
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FIG. 4. Posterior probability distribution for three SNRs:
40,80,120. The total mass and mass ratio are fixed to be
40M g and 1.2. Other parameters are same as Fig. 2.

injected BBH value (64, = 0). Note that the SNR is fixed at
40 for these systems. It is evident from the figure that the
posteriors become more constraining as the spin magni-
tudes increase. This is expected because the spin-induced
octupole moment is proportional to the cubic in spin terms
[see Eq. (1.1)], and a larger value of spins increases the
contribution of the spin-induced octupole moment in the
waveform. Hence, higher spin values lead to better con-
straints on 04;. The posteriors for M = 20M, and M =
40M are similar and better constrained compared to
M = 70M . The better constraints on lower mass systems
can be attributed to the increased number of GW cycles in
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FIG. 5. Posterior distributions on 64, for different values of 64;.

The total mass, mass ratio, and SNR are fixed to be M = 40M,
q = 1.2, and 40, respectively. The dimensionless spins are chosen
to be (yi,x2) = (0.8,0.7). Other parameters are the same
as Fig. 2.

the frequency band of the detector. For M = 40M, with
(x1,x02) = (0.8,0.7), the 90% credible bounds on &4
are [—55, 64].

In Fig. 3, we show the A, posterior for different mass
ratios: 1.2, 3, and 5. The total mass and SNR are fixed to be
40M 5 and 40, respectively. The posterior on 84, is poorly
constrained for the higher mass ratio systems compared to
the lower mass ratio systems. Note that the 64, posterior for
q=1.2 with (y,x,) = (0.5,0.4) is better constrained
compared to the posterior for q=3 and q =15 with
(x1,x2) = (0.8,0.7). The mass ratio trend is consistent
with the spin-induced quadrupole moment measurement
[57] and can be attributed to the correlations among d4,,
mass ratio, and spins in the waveform.

Figure 4 shows the effect of SNR on 64, posterior for
fixed total mass (M = 40M ) and mass ratio (q = 1.2).
The SNR is varied by varying the luminosity distance to the
source. For all spin configurations, the posteriors become
narrower as the SNR increases. With an SNR of 120, the
04, posterior is constrained with good accuracy even for the
moderate spins (yy,y>) = (0.5,0.4). The 64, posterior for
SNR = 120 with high spins (y,x,) = (0.8,0.7) is well
constrained within [—14, 17] at 90% credibility. The con-
straints with high SNR systems give an idea of how the
posteriors on 04, would look like for 3G detectors such as
CE [88,89] and ET [91] which will observe events with
high SNR. Moreover, the better low-frequency sensitivity
of CE and ET would further improve the d/, constraints.

C. Detectability of the non-BBH nature
from 61, measurements

In the previous section, we injected a BBH signal
(64, = 0) and obtained constraints on d4,. In this section,
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FIG. 6. Corner plots for 64, and q for positive (top panel) and
negative (bottom panel) values of 64, injection. The parameters
are the same as Fig. 5. As the value of §/, increases, the
correlation between 04, and q increases. The correlations are
opposite for positive and negative values of 64, leading to
skewness in the 6, posterior.

we inject a non-BBH signal (64, # 0) to examine the ability
of the HLV network to recover the injected values of d4. In
Fig. 5, we show the posteriors corresponding to different
injected value of 04, for M = 40M, system with q = 1.2
and (y1.x2) = (0.8,0.7). The d; is chosen such that
network SNR is 40. The 04, posteriors peak around their
injected values. However, in order to rule out zero at 90%
credible level and identify the existence of non-BBH
characteristics, it requires |54, 2 50. We see that smaller
values of 64, are better measured compared to the larger
values. Also, note that the posteriors for positive (negative)
values of 64, show skewness towards the right (left). For
larger values of 4, the posteriors show larger skewness.

This trend can be explained by the correlation between
04, and q. Figure 6 shows the corner plot for 64, and q. The
top and bottom panels are for the positive and negative
values of 64, respectively. The correlation between 64, and
q increases as the injected 64, value increases. Moreover,
the correlations for positive and negative values of o/, are
opposite. The behavior of 54, posteriors in Fig. 5 can be
associated with the correlations of 64, and q as seen
in Fig. 6.

D. Simultaneous measurement of d4; and dk;

Till now, we have measured 04, by fixing ok, to zero.
Ideally, both 64, and ok, should be measured simultane-
ously to know the true nature of the binary. In this section,
we explore the ability of the HLV network to measure both
ok, and 64 simultaneously. Figure 7 shows the simulta-
neous measurement of ok, (left panel) and 64 (right panel).
The total mass, mass ratio, and spins are fixed to be
M =40Mg, q = 1.2, and (1, x,) = (0.8,0.7). Three col-
ors refer to three different SNRs: 40, 80, and 120. As
expected, when measured simultaneously, the posteriors for
both ok, and 64, are wider than the posteriors when both are
measured individually. Note that J«, posteriors are ~40—60
times more constrained than 4, posterior. However, as the
SNR increases, both ok, and 64, posteriors become more
constrained. For network SNR = 120, the 90% credible
bounds on &k, and &4, are [—1.5,3.7] and [-63,178],
respectively. HLV network shows promising results for
constraining the spin-induced quadrupole and octupole
moments together.

V. CONSTRAINTS FROM THE THIRD
GRAVITATIONAL WAVE
TRANSIENT CATALOG

Having studied the behavior of spin-induced octupole
moment deformation parameter 64, for various simulated
binaries, we report the constraints on §4, from the detected
GW events from GWTC-3. We choose events for which
the false alarm rates are lower than 1073 per year and
confidently detected in two or more detectors. Apart from
this, we make sure that the inspiral phase SNR > 6, and
there is evidence for nonzero spins. We follow the same
event selection criteria as that of Refs. [131,132]. These
events also contribute most of their SNR in the inspiral
(low-frequency) regime. By adhering to these condi-
tions, we analyze GW151226 [97], GW190412 [133],
GW170608 [98], GWI190517_055101, GW190519_
153544, GW191109_010717, and GW191216_213338
[18]. We use the publicly available GWTC-3 data for this
analysis and employ IMRPhenomPv2 waveform approx-
imant with 64 corrections in the inspiral part. We obtain the
posterior probability distribution on d4; by the Bayesian
parameter inference. The prior on 04, is uniform in the
range [—500, 500].
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mass ratio is q = 1.2. Spins are fixed to be (0.8,0.7).

Figure 8 shows the posterior probability distribution on
o4, for selected GWTC-3 events. The posterior distribu-
tions for 64, tend to provide limited information. The
posteriors for GW190412 and GW190517 show support
towards zero. The poor constraints on 64, can be attributed
to the low spins of these events [15,17,18]. From Eq. (1.1),
it is clear that the spin-induced octupole moment vanishes
for zero spins irrespective of the value of 1. Moreover, these
events have low SNR O(10-20) with the current sensitivity
of GW detectors. However, future 3G detectors, which are
expected to have O(10) fold improved sensitivity and
longer inspiral phases due to enhanced low-frequency
sensitivity, will enable us to impose stringent constraints
on 4.
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FIG. 8. Posterior probability distributions on 64, for selected

GWTC-3 events. The posteriors are obtained from the Bayesian
analysis of publicly available GWTC-3 data using IMRPhe-
nomPv2 waveform approximant with 84, corrections in the
inspiral part of the waveform.
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VI. SUMMARY AND OUTLOOK

In this work, we have developed a Bayesian framework to
constrain the nature of compact object binaries based on the
measurement of spin-induced octupole moment of binary
constituents. We have studied the expected bounds on spin-
induced octupole moment deformation parameter (51,) for
various masses, mass ratios, spins, and SNRs. We found that
the 04, posteriors are better constrained for binaries with high
spins (y1,x2) = (0.8, 0.7). Moreover, the constraints are
generally better for lower mass systems compared to higher
mass systems. Furthermore, the lower mass ratio (compa-
rable mass) systems provide better constraints compared to
the higher mass ratio systems. For a total mass of 40M ,, with
q=1.2, (y1.x2) = (0.8,0.7), and network SNR of 40, the
90% credible bounds on 54, are [—55, 64]. The constraint on
8 reduces to [—14, 17] for a network SNR of 120.

We injected different values of 4, to see the detectability
of the non-BBH nature present in the GW data. For the
highly spinning (y;,x») = (0.8,0.7) system, it requires
|62s] Z 50 for the 64, posterior to exclude zero at 90%
credible level and reveal the non-BBH nature of compact
object binaries.

Finally, we explored the possibility of the simultaneous
measurement of spin-induced quadrupole and octupole
moment parameters with the HLV network. Overall, for
spins (y1.x2) = (0.8,0.7) and an SNR of 120, the HLV
network showcases its potential to provide meaningful
insights into the nature of compact objects by measuring
spin-induced quadrupole and octupole moments together.

We obtain the first constraints on the 84, parameter
from detected binary black hole events [18]. The &4
posteriors provide limited information due to low spins of
detected GW events and limited sensitivity of current GW
detectors. In the future, 3G detectors will be able to put
stringent constraints on the nature of compact object
binaries by precisely measuring their spin-induced
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multipole moments. Moreover, combining the bounds
from multiple events will improve the combined bound
by ~1/+v/N, where N is the number of events.
Furthermore, implementing the spin-induced multipole
moment corrections to a more sophisticated waveform
with higher modes and precession may further improve
the bounds on spin-induced multipole moments. These
possibilities can be explored in a future study.
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