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While the majority of gravitational wave (GW) events observed by the LIGO and Virgo
detectors are consistent with mergers of binary black holes (BBHs) on quasicircular
orbits, some events are also consistent with nonzero orbital eccentricity, indicating that
the binaries could have formed via dynamical interactions. Moreover, there may be GW
events which show support for spin precession, eccentricity, or both. In this work, we study the
interplay of spins and eccentricity on the parameter estimation of GW signals from BBH
mergers. We inject eccentric signals with no spins, aligned spins, and precessing spins using
hybrids, TEOBRESUMS-DALI, and new numerical relativity simulations, respectively, and study the
biases in the posteriors of source parameters when these signals are recovered with a quasicircular
precessing-spin waveform model, as opposed to an aligned-spin eccentric waveform model. We find
significant biases in the source parameters, such as chirp mass and spin precession (y,), when signals
from highly eccentric BBHs are recovered with a quasicircular waveform model. Moreover, we find that
for signals with both eccentricity and spin-precession effects, Bayes factor calculations confirm that an
eccentric, aligned-spin model is preferred over a quasicircular precessing-spin model. Our study
highlights the complex nature of GW signals from eccentric, precessing-spin binaries and the need for
readily usable inspiral-merger-ringdown eccentric, spin-precessing waveform models for unbiased

parameter estimation.

DOI: 10.1103/jdkc-651z

I. INTRODUCTION

The most recent catalog of gravitational wave (GW)
transients released by the LIGO-Virgo-KAGRA (LVK)
[1-3] Collaboration contains 158 confident compact binary
merger signals, of which 153 likely originate from binary
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black hole (BBH) mergers [4,5].1 There is increasing
evidence from the mass and spin distributions of these
binaries that hierarchical mergers—systems that contain
one or more remnants of previous mergers, which can only
occur in densely populated environments—are present in
the data [e.g., [6-11] ]. Individual events can be pointed to
as most likely having formed hierarchically: for example,

'"The 158 mergers quoted here are the subset of the 218
mergers reported in [4] that are used to infer population properties
in [5]. The latter paper has a stricter threshold for inclusion than
the main catalogue (false alarm rate FAR < 1 yr~! as opposed to
astrophysical probability p, ., = 0.5).

Published by the American Physical Society
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GW231123, with component masses of =137 and
~104M and high component spins, exhibits component
characteristics typically expected for merger remnants [12].
Binaries that merge in densely populated environments
form dynamically. Hierarchical mergers are a small per-
centage of the total population that merges in dynamical
environments [e.g., [13—16]]; a small subpopulation of
hierarchical mergers indicates that a larger fraction of the
population forms dynamically [17].

In addition to hierarchical mergers that have a distinct
mass and spin distribution, dynamical environments are
predicted to produce binaries with non-negligible orbital
eccentricity in ground-based gravitational-wave detectors
[e.g., [17-20]]. This is in contrast with isolated evolution,
through which binaries circularise before they enter the
frequency band of the current generation of advanced-era
ground-based GW detectors [21]. The exception is binaries
that evolve as a constituent of isolated triples, which can
merge with detectable eccentricities due to the driving
influence of the tertiary [e.g., [22-24] ].

In dynamical environments like globular clusters (GCs)
and active galactic nuclei (AGN), as well as in field triples,
the subset of mergers that have detectable eccentricity close
to merger is a small fraction of the total population (~5% to
~10%) [e.g., [17,18,22,25]]. A confident detection of an
eccentric binary would be a smoking gun for nonisolated
evolution. There are several claims that some BBH signals
detected by the LVK are more consistent with eccentric
than quasicircular orbits: for example, GW190521,
GW200129, and GW200208_22 have all been identified
by more than one independent study as possible eccentric
mergers [e.g., [26-33] ]. However, none of these claims are
iron clad: all of these analyses use waveform models that
are restricted to aligned BH spins, and the effects of
eccentricity have known degeneracies with the effects of
misaligned-spin-induced orbital-plane precession [34-36].
Meanwhile, all catalogs of the LVK so far have used
waveform models that assume quasicircularity [4,37-40].

Improvements in detector sensitivity have facilitated
higher detection rates and higher signal-to-noise ratios
(SNRs), enabling more detailed and accurate characteriza-
tion of both individual binaries and the overall population.
However, with increasing SNR, waveform models used for
inference are required to include more physics and have
greater faithfulness to numerical relativity simulations: in
new regions of parameter space, we are now seeing
significant differences in parameters recovered with differ-
ent waveform models [e.g., [12] ]. Neglecting the effects of
orbital eccentricity or spin precession has already been
shown to lead to biases in recovered parameters with
detectors at third-observing-run sensitivity [26,36], and
with increasing sensitivity we can expect that the impacts
and extents of these biases worsen.

Several complete (inspiral-merger-ringdown), cutting-
edge eccentric waveform models (including TEOBRESUMS-

DALI [41] and IMRESIGMA [42] which we have used in this
study) containing both eccentricity parameters (eccentricity
and mean/relativistic anomaly at the reference frequency) as
well as higher-order modes are now available and efficient
enough for use with highly parallelized or machine learning-
assisted Bayesian inference codes [e.g., [43—45] ]; see also
[43,46-76] for other eccentric waveform models, including
TAYLORF2ECC [77,78] used in this study. Recently, new
waveform models have been developed that also include the
effects of spin-induced precession, although these are
limited by being inspiral-only models [79] or by being
computationally expensive [80,81]. Simulations of BBH
mergers occurring in field triples, GCs, and AGN show that
detectably eccentric mergers from these channels are likely
to also have misaligned spins [e.g., [7,18,82] ]. Itis therefore
a matter of urgency that we understand, and are able to
mitigate the biases that originate from analysing eccentric
and/or spin-precessing signals with waveforms that neglect
one of the two effects.

Preliminary attempts have been made to quantify and
mitigate the extent of biases that arise from analyzing
eccentric and/or spin-precessing signals with models that
neglect one or both of these effects. Romero-Shaw et al.
[34] demonstrate that an eccentric or precessing signal can
be confidently and correctly identified via comparison of
Bayes factors as long as the signal is of adequate length. Xu
and Hamilton [35] show that for high-mass, short signals,
eccentricity lower than 0.2 at 10 Hz is insufficient to mimic
precession. Divyajyoti et al. [36] find that for low-mass
systems, low eccentricities do not mimic spin precession.

In this work, we aim to quantitatively and comprehen-
sively address the effects of eccentricity and spin preces-
sion. We perform injections of eccentric signals in zero
noise and carry out parameter estimation with varying
degrees of spin complexity, using waveforms from different
families, to study the effect of spins and eccentricity on the
source parameters.

We observe that for all spin configurations the bias in
chirp mass and spin-precession parameter (y,) generally
increases with an increase in the injected eccentricity
value. For more highly eccentric systems, y, posteriors
show higher values when recovered with waveform
models that neglect eccentricity, with a generally increas-
ing trend that sees some variation due to the value of
mean anomaly. When the injection is both eccentric and
spin precessing, eccentric analyses tend to recover the
injected eccentricity values, while precessing posteriors
are biased.

The paper is organized as follows. In Sec. II, we give an
overview of the novel numerical relativity (NR) simulations
used for injections and the Bayesian inference techniques
used. We present the results for nonspinning eccentric
binaries in Sec. III A, aligned-spin eccentric binaries in
Sec. IIIB, and precessing-spin eccentric binaries in
Sec. III C. We conclude with a discussion in Sec. IV.

103022-2



BIASED PARAMETER INFERENCE OF ECCENTRIC, SPIN- ...

PHYS. REV. D 113, 103022 (2026)

TABLE I.

List of nonspinning, eccentric NR hybrid simulations used in this study. Columns include a unique hybrid/NR simulation

ID for each simulation used in constructing the hybrids, total number of orbits (N,) after hybridization, mass ratio (¢ = m,/ms,),
eccentricity (e,), and the mean anomaly (/5,) at a reference frequency of 20 Hz. See Sec. II A for further details.

S. No Simulation ID Norbs q ey Ly

1 SXS:BBH:1132 53 1 0.000

2 HYB:SXS:BBH:1167 48 2 0.000

3 HYB:SXS:BBH:1221 56 3 0.000 e
4 HYB:SXS:BBH:1355 41 1 0.159 4.903
5 HYB:SXS:BBH:1356 39 1 0.216 1.518
6 HYB:SXS:BBH:1357 36 1 0.302 1.423
7 HYB:SXS:BBH:1358 35 1 0.302 1.398
8 HYB:SXS:BBH:1359 36 1 0.302 1.316
9 HYB:SXS:BBH:1360 31 1 0.397 6.150
10 HYB:SXS:BBH:1361 31 1 0.397 6.165
11 HYB:SXS:BBH:1362 25 1 0.493 4.834
12 HYB:SXS:BBH:1363 25 1 0.493 4.8717
13 HYB:SXS:BBH:1364 46 2 0.159 3.764
14 HYB:SXS:BBH:1365 44 2 0.193 1.621
15 HYB:SXS:BBH:1366 39 2 0.304 5.209
16 HYB:SXS:BBH:1367 40 2 0.304 5.139
17 HYB:SXS:BBH:1368 40 2 0.303 5.254
18 HYB:SXS:BBH:1369 28 2 0.493 0.593
19 HYB:SXS:BBH:1370 28 2 0.493 0.648
20 HYB:SXS:BBH:1371 52 3 0.189 3.769
21 HYB:SXS:BBH:1372 48 3 0.279 1.729
22 HYB:SXS:BBH:1373 48 3 0.279 1.805
23 HYB:SXS:BBH:1374 35 3 0.476 5.868
TABLEII. Spinning, eccentric NR simulations in increasing order of eccentricity from the ICTS catalog (Sec. II B) used in the work.

Columns include a unique NR simulation ID for each simulation, number of orbits (Ng,), mass ratio (g = m;/m,), total mass (M)
injected, reference frequency (f.r) at which eccentricity and mean anomaly are defined, eccentricity (e,r), mean anomaly (/.),
effective spin parameter (y.) defined in Eq. (3), and spin-precession parameter (y,,) defined in Eq. (4). Eccentricities ey and mean

anomalies [y were estimated from the waveforms using the gw_eccentricity package.

S. No. Simulation ID Norbs q M fref Cref et Xeff Xp
1 EccContPrecDiff007 30 2.5 72 20 0.080 0.466 0.00 0.41
2 ICTSEccParallel15 73 5.0 48 21 0.097 6.057 0.30 0.00
3 ICTSEccParallel08 16 5.0 90 22 0.121 4.946 0.05 0.00
4 EccContPrecDiff008 40 1.0 40 24 0.123 0.649 0.00 0.50
5 ICTSEccParallel17 42 5.0 54 20 0.132 3.384 -0.55 0.00
6 EccPrecDiff002 159 1.0 30 20 0.315 2.162 0.20 0.20

II. METHODOLOGY
A. Numerical relativity hybrids

For carrying out nonspinning, eccentric injections, we
choose hybridized NR simulations, constructed in Chattaraj
et al. [83]. These hybrid NR simulations are constructed
by starting with eccentric, nonspinning NR simulations
available in the public SXS catalog [84] and hybridized
with post-Newtonian inspiral waveforms [77,85-87].2 The

*It should be noted that the hybrids described in Chattaraj et al.
[83] are not identical to the hybrids used in this study due to a
difference in the PN prescription.

hybrids are labeled by an ID, which is the SXS simulation
ID for the corresponding NR simulation used in the
construction of the hybrids. The details of hybrids used
in this study are given in Table L.

B. Numerical relativity simulations

We run eccentric and/or precessing simulations of binary
black holes using numerical relativity. The simulations
were performed using the Spectral Einstein Code (SpEC)
developed by the Simulating eXtreme Spacetimes (SXS)
Collaboration [88]. SpEC employs a multidomain spectral
discretization [89-92] to solve a first-order representation
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of the generalized harmonic system [93]. Excision surfaces
are placed within apparent horizons [90-92,94], and con-
straint-preserving boundary conditions are used for the
outer boundaries [93,95,96]. Superposed Kerr—Schild ini-
tial data [97] is constructed using Spells [98,99], which
solves the extended conformal-thin sandwich equations
[100-102]. The waveforms are postprocessed, wherein
they are extrapolated to infinity using scri [103] and
corrected for the center-of-mass drift [104]. The SpEC code
was also optimized to make the most of the available
hardware, enabling running simulations for longer, more
efficiently. For the purpose of this study, we make use of a
subset (see Table II) of these that fit our requirements.
Specifically, we choose simulations such that the set
includes diverse spin magnitudes and orientations while
restricting to relatively low mass ratios (¢ < 6) so as to
remain in the parameter space where the analysis waveform
IMRESIGMA is validated. We simulate at two different
resolutions for the purpose of testing convergence. More
details on the numerical simulations are presented else-
where [105].

We use these NR simulations to inject aligned-spin and
precessing-spin eccentric signals with different parameters.
Additionally, we use the waveform TEOBRESUMS-DALI [41]
to inject aligned-spin eccentric signals with uniformly
increasing values of eccentricity to study the trends in
the source parameters.

C. Bayesian inference

In this work, we use Bayesian inference and stochastic
sampling techniques to estimate the posterior distributions
of the source parameters of the injected signals. The
Bayesian posterior probability for a parameter 6, given
the data s and a GW model h, is given by

-

s _ p(516.h)p(0.h)
=" W

where p (5|6, h) represents the likelihood, p(6) s the prior,
and p(5|h) represents the evidence. Further, Bayes factors,
which can be calculated between recoveries with eccentric
and quasicircular models, are defined as

P(§|hE)

P(Elhe)’ @)

Bg)c =

where E and C correspond to eccentric and quasicircular
recoveries, respectively, and 4; enumerates the waveform
approximants under consideration.’

3For more information about the method, see Ref. [106].

D. Parameter estimation

To estimate parameters, we use the PyCBC
Inference Toolkit [106] and BILBY [107], and
explore the parameter space that includes chirp mass
(M), mass ratio (g), luminosity distance (d; ), inclination
angle (z), time of coalescence (), phase of coalescence
(¢.), right ascension (a), declination (§), and polarization
angle (y). For aligned spin recoveries, we use two
additional parameters corresponding to the z components
of the spin vectors viz. (y,, and y,,). For recoveries with
spin precession, we use isotropic spin distribution sam-
pling the six spin components in spherical polar coor-
dinates viz. the spin magnitudes (a;) and the spin angles
(Sl@, Sﬁl’).4 For recoveries with spins, we also obtain
posteriors on two additional spin parameters. The first
is the effective spin parameter, y.;. This parameter
captures the spin effects along the direction of the angular
momentum axis and is defined as [108,109]

Yutp = My, + My, (3)
eff m] +m2 )

where y;, and y,, are the components of the two spin
vectors in the direction of the angular momentum vector.
The other parameter is the spin-precession parameter, y,,
that measures the spin effects in plane with the orbit of the
binary and is defined in terms of the perpendicular spin
vectors, S;, = |L x (S; x )|, where S; is the individual
spin angular momentum vector of the compact object in
the binary with mass m;, and L represents the unit vector
along the angular momentum axis of the binary. The
effective spin-precession parameter can be written as
[110-112]

1
= AL 4SS5 ) @

where, Ay =2+ (3/2q) and A, =2+ (3¢g/2) are mass
parameters defined in terms of the mass ratio g =
my/my > 1.

For eccentric recoveries with TAYLORF2ECC [77,78], we
sample on the eccentricity parameter (e), and for eccentric
recovery with IMRESIGMA [42], we sample over eccentricity
(e) as well as the mean anomaly (/) parameter in addition to
the standard parameters for aligned-spin recovery. The
complete information on the prior models and ranges, along
with the sampler settings used for the analysis is included in
Table III in the Appendix.

We use the HLV network [1,3] with design sensitivities
of Advanced LIGO [113] and Virgo [114] detectors to
perform all the parameter estimation analyses shown here.

“Where i = [1,2] corresponds to the binary components, and
® and @ indicate the polar and azimuthal angles, respectively,
used in spherical polar coordinate system.
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All injections performed in this work include only the
dominant modes (£ = 2, |m| = 2) of gravitational radia-
tion and are performed in zero noise. The injections are
created for BBH mergers at a luminosity distance of
410 Mpc, inclined at an angle of 30° with the line of sight.
We have arbitrarily chosen the a, J, and y angles to be
164°, 60°, and 60°, respectively. The geocent time was set
to 1137283217s.

We follow the approach of computing eccentricities from
the waveform at a quadrupolar mode reference frequency of
20 Hz. To calculate the eccentricity and mean anomaly
values, we use the package gw eccentricity
[115,116], which estimates the eccentricity values using
the frequency evolution of the waveform.” For systems with
0 eccentricity, the value of mean anomaly is not defined,
hence the blank fields in Table I.

III. RESULTS

A. Eccentric and nonspinning binaries

We inject nonspinning, quasicircular as well as eccentric
signals using IMR hybrids constructed in Ref. [83] and
described in Sec. ITA. They have mass ratios of
g =(1,2,3). In addition, we also use a quasicircular
SXS simulation (SXS:BBH:1132). We set the total mass
of the system to M = 35M,. Details of the simulations
used in this study, including their eccentricities and mean
anomaly values at the reference frequency of 20 Hz, are
shown in Table I.

First, we explore the biases introduced in the source
parameters recovered via parameter estimation of GW
events when eccentricity is ignored; i.e., we inject an
eccentric signal but do not use eccentric waveforms
for recovery. For this exercise, we use the phenomeno-
logical waveform model IMRPHENOMXP [118]. We then
analyze the signals with an eccentric waveform model
TAYLORF2ECC (which uses the same PN prescription as
IMRPHENOMXP) to get bounds on the eccentricity param-
eter. Since the signals simulated here are low mass
(M = 35M ), they are inspiral dominated, and an inspiral
model such as TAYLORF2ECC should suffice.

In the top two panels of Fig. 1, we show the recovered
marginal distributions of chirp mass (M,) and effective
spin precession (y,) when the hybrid injections are ana-
lyzed with a spin-precessing quasicircular waveform
model. We observe that the bias in M generally increases
with the value of the injected eccentricity, although there
are small variations seen due to a dependence on the mean
anomaly values.® We also find that for low values of
eccentricity, the y, posteriors are either peaking near zero

3See also [117], an alternative framework for measuring
eccentricity directly from the waveform.

In the following section, we fix the mean anomaly values for
the injections and see that the variation in the trends is quite
reduced.

or returning the prior distribution (uninformative).
However, for high eccentricities, the y, posteriors peak
at higher values. This indicates that the recovery of an
eccentric nonspinning signal with a noneccentric precess-
ing model may result in a false indication of precession for
sufficiently high values of eccentricity.

In the bottom panel of Fig. 1, we show the recovered
marginal distributions of the eccentricity parameter as a
function of the injected value of eccentricity.

Further, we calculate Bayes factors in favor of the
eccentric model over the circular and find that, on average,
as the eccentricity increases, the Bayes factors (Bg/c)
increase, with variations due to different mean anomaly
values. This comparison of Bayes factors is done in a more
organized fashion in the next section for aligned spin
eccentric injections, where the injected mean anomaly
values are fixed.

B. Eccentric and spin-aligned binaries

We inject aligned-spin eccentric signals using the
waveform model TEOBRESUMS-DALI [41] and recover
them using IMRPHENOMXP in quasicircular, precessing
configuration, and with TAYLORF2ECC in the aligned-spin
eccentric configuration. As in the previous case, the
total mass is taken to be 35M, and here, we choose
to inject signals with mass ratios g = 1.25,2,3. The
injected spin magnitudes are y, = y», = 0.3 = y.s [refer
to Eq. (3)]. We also explore the antialigned spin case
(12 = x2, = —0.3 = ypp) for ¢ = 2. We vary the eccen-
tricity from O to 0.35 in steps of 0.05 to analyze the
behavior of the recovery posteriors, when all the other
parameters are kept the same across injections, for a given
mass ratio.

Figure 2 shows the bias in the chirp mass posteriors
when an eccentric signal is recovered with a quasicircular
waveform in the precessing-spin configuration. The bias
increases as a function of increasing eccentricity, following
the same general trend as seen in the nonspinning injection
cases (Sec. IIT A). Additionally, as the injected mean
anomaly value is the same for all signals here, there are
no significant variations in the observed bias as opposed to
the nonspinning case. We also observe in Fig. 3 that even
though the injections are aligned spin, the y, posteriors
peak at higher values at large eccentricities. This indicates
that a quasicircular precessing-spin waveform is unable to
reliably recover the true value of the spin-precession
parameter (0 in this case) when the injected signals have
high eccentricity.

Furthermore, we observe that the trends remain roughly
the same as the mass-ratio varies. However, this may
change when higher modes are included in injections
and/or recovery of the eccentric signals. In this work,
we have included only the (¢ = 2, |m| = 2) modes, and we
leave the analysis of eccentric signals with higher modes
for future work.

103022-5
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Injected e;9

FIG. 1.

The recovery of various parameters of nonspinning hybrid injections (see Sec. II A). The colors red, blue, and green indicate

mass ratios 1, 2, and 3, respectively. The horizontal dashed lines in the top two plots denote injected values for the respective parameters.
The small black lines inside the violins mark the median values of the posteriors, and the small white lines denote the 90% credible
intervals. Top: recovery of chirp mass (M) parameter with IMRPHENOMXP [118] waveform in precessing-spin configuration. Middle:
recovery of precessing spin parameter (y,,) when the injections are recovered with IMRPHENOMXP in precessing-spin configuration.
Bottom: recovery of eccentricity (e,;) parameter at a reference frequency of 20 Hz when the injected signals are recovered with
TAYLORF2ECC [77,78] in nonspinning eccentric configuration. The bottom and top labels on the horizontal axis list the injected values of

eccentricity (e,y) and mean anomaly (/).

Further, we pick three aligned-spin systems (tabulated in
Table II) from the local catalog of numerical simulations
discussed in Sec. II B, inject them, and recover with the
quasicircular precessing model. We find the same result as
before and are denoted by the first three cases in Fig. 5 (left
panel). A detailed discussion on the results of NR simu-
lations is included in the following section.

Since an analysis with a quasicircular precessing-spin
waveform yields high values of y,,, it is natural to analyze

these signals with an eccentric and aligned-spin wave-
form and compute the corresponding Bayes factors. The
Bayes factors, for aligned-spin and anti-aligned spin
injections with TEOBRESUMS-DALI, comparing the eccen-
tric aligned-spin recovery with quasicircular precessing-
spin recovery are shown in Fig. 4. We find that for high
values of eccentricity, the eccentric and aligned-spin
model is considerably preferred over the quasicircular
precessing-spin model. This is in agreement with the
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Bl 4 = =2, Xer=0.3
aa q=2, Yerr= —0.3
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€20

FIG. 2. Recovery of the chirp mass (M,) parameter when
injections are aligned-spin eccentric signals, generated using the
TEOBRESUMS-DALI waveform model. The colors red, blue, and
green indicate mass ratios 1.25,2, and 3, respectively, for aligned-
spin injections whereas the antialigned spin case for ¢ = 2 is
denoted in olive. The horizontal dashed lines denote injected
values for the respective mass ratio cases. The small black lines
inside the violins mark the median values of the posteriors, and
the small white lines denote the 90% credible intervals. The
injected signals are recovered with the IMRPHENOMXP waveform
model in the precessing-spin configuration.

conclusions drawn in Romero-Shaw er al. [34] where
Bayes factors prefer an eccentric model for signals with a
sufficient number of cycles in the band. It can be seen that
for the antialigned case (shown in olive in Fig. 4), while
the general trend is consistent with the aligned-spin cases,
the Bayes factors are lower. This may be due to the
differences in waveform modeling where IMRPHENOMXP,
in general, performs better than TAYLORF2ECC for neg-
ative spins since it is better calibrated in that region of
parameter space. Since TAYLORF2ECC is an inspiral-only
waveform, for the computation of the Bayes factor, we
truncate the likelihood calculation at 110 Hz for both
models in accordance with the choice of total mass as
described above.

C. Eccentric and spin-precessing binaries

We inject eccentric precessing-spin signals using NR
simulations run with the SpEC code, detailed in the

g=1.25

00 005 01 015 02 025 03 035
€20

FIG. 3. Recovery of spin-precession parameter (y,) when
injections are aligned-spin eccentric signals generated using
the TEOBRESUMS-DALI waveform model. The colors red, blue,
and green indicate mass ratios 1.25, 2, and 3, respectively, for
aligned-spin injections whereas the antialigned spin cases for g =
2 are denoted in olive. The horizontal dashed line denotes the
injected value. The small black lines inside the violins mark the
median values of the posteriors, and the small white lines denote
the 90% credible intervals. The injections are recovered with
IMRPHENOMXP in the precessing-spin configuration.

Sec. II B. Due to the varying length of the simulations,
we have used different total masses for the injections
to include all the cycles. Also, different simulations
have different values of eccentricity, mean anomaly,
mass ratios, and spins. The details of injection parameters
for various simulations used are given in Table II.
We analyze these signals in precessing-spin configura-
tion using the quasicircular waveform IMRPHENOMXP.
As many of these signals are short in duration, for
eccentric recoveries, we use the IMR eccentric,
aligned-spin model IMRESIGMA for the analysis, instead
of TAYLORF2ECC.

Figure 5 shows recovery of the spin-precession param-
eter (y,,) and eccentricity (ey) at a reference frequency of
20 Hz. On the left, we show the recovery of y, when the
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@&— q=1.25, xerr=0.3
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FIG. 4. Aligned spin injections with TEOBRESUMS-DALI. Bayes
factors for the eccentric aligned-spin recovery with TAYLORF2ECC
over the quasicircular precessing-spin recovery with IMRPHE-
NoMmxP. The IMRPHENOMXP analysis is truncated at 110 Hz to
facilitate a fair comparison in the calculation of the Bayes factors
against TAYLORF2ECC.

injections are recovered with IMRPHENOMXP in a quasicir-
cular precessing-spin configuration. The posteriors are
arranged in ascending order of injected eccentricity (e,q)
at a reference frequency of 20 Hz, calculated using the

Recovery with IMRPhenomXP

0.8

0.6 4 —

Xp

04{ ¥

0.04 * * *

€20

FIG. 5.

gw_eccentricity package. For comparison, the
injected values of y, are shown as red stars on the plot.
In the panel on the right, we show the recovery of
eccentricity parameter (e,;) when the injection signals
are analyzed with IMRESIGMA in aligned-spin eccentric
configuration. These posteriors are arranged in ascending
order of injected y, values. The red stars denote the injected
value of eccentricity (e,) for reference. Since the definition
of eccentricity is different in the IMRESIGMA waveform as
compared to the value calculated using the gw_eccen-
tricity package for the injections, the eccentricity
posteriors have been converted to the values computed
from the gw_eccentricity package.

It can be seen that with an increase in injected
eccentricity, the posteriors on the y, parameter are
consistently overestimated, and for high eccentricity
values, the recovered y, posteriors exclude the injected
values within 90% credible intervals. On the other
hand, with an increase in the y, values, the eccentricity
posteriors are not significantly affected. Even for y, of
0.5, the aligned-spin eccentric waveform is able to
recover the injected value of eccentricity within
90% credible interval. A further calculation of Bayes
factors (Fig. 6) confirms that with an increasing value
of eccentricity, an eccentric aligned-spin waveform
model (IMRESIGMA) is consistently preferred over a

Recovery with IMRESIGMA

5 : * S g
0304 = S = = g g
= 2 2 = =
= = = S S
g & g 2 2
0254 = = 3 2 83
i @ s 8 3
w w wn ®) O
5 5 5 3 3
0.204 = = = m 23]
o
o~
)
0.15 4
T *
* - x*
0.10 4 * - S
— A *
0.05 4 5
@
0.00 0.00 0.00 0.20 0.41 0.50

Panels show the recovery of the spin-precession parameter (y,) and eccentricity (e5y) when the injections are using the NR

simulations described in Sec. II B and Table II. The small black lines inside the violins mark the median values of the posteriors, and the
small white lines denote the 90% credible intervals. Left: recovery of the spin-precession parameter (y,) when the injections are
recovered with IMRPHENOMXP in quasicircular precessing-spin configuration. The posteriors are arranged in ascending order of injected
eccentricities (e,9) at a reference frequency of 20 Hz calculated using the gw_eccentricity package. The injected values of y,, are
shown as red stars on the plot. Right: recovery of the eccentricity parameter (e) at a reference frequency of 20 Hz when the injection
signals are analyzed with IMRESIGMA in aligned-spin eccentric configuration. The posteriors are arranged in ascending order of injected
X p values. The red stars denote the injected value of the eccentricities (e,). For clarity, we have assigned different colors to different
simulations, and these are consistent across both panels. As the definition of eccentricity is different in the IMRESIGMA waveform as
opposed to the value calculated using the gw_eccentricity package for the injections, the posteriors for eccentricity have been
converted to the values obtained from the gw_eccentricity package for the IMRESIGMA waveform for a fair comparison with the

injected values.
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250

loge BF (eAS / PS)

FIG. 6. Bayes factors for eccentric aligned-spin recovery over
quasicircular precessing-spin recovery when the injection signals
are created using the NR simulations described in Sec. II B and
Table II. Both are IMR recoveries where IMRESIGMA is used for
the former, whereas IMRPHENOMXP is used for the latter. The y,,
values corresponding to the simulations at each eccentricity are
mentioned for each point on the plot.

quasicircular  precessing-spin ~ waveform  model

(IMRPHENOMXP).7

IV. CONCLUSIONS

We have performed parameter estimation of eccentric
signals with varying degrees of spin complexity to study
the effect of spins and eccentricity on the source param-
eters.” We start with nonspinning signals in Sec. III A,
where we inject hybrids and recover with a quasicircular
precessing waveform. We observe that for high values of
injected eccentricity, the posterior on the spin-precessing
parameter (y,) deviates away from the injected value of
zero. This indicates that at high eccentricities, a quasicir-
cular precessing waveform is unable to distinguish eccen-
tricity from precession effects, and such signals should be
further investigated by analysing with eccentric waveform
models. We also see biases in the chirp mass parameter,
which is similar to the biases obtained in Divyajyoti ef al.
[36] and Das et al. [119]. In these works, the hybrid
injections were recovered with a quasicircular nonapinning
waveform.” Slight variations are seen in the general trend

"We note that due to differences in modeling approach between
the two waveform models, there may be some systematics which
affect the Bayes factor values, but we believe the overall trend
would not be affected considerably since the injections have been
made using NR simulations.

The parameter biases observed in these results are dependent
on SNRs, which, in this study, fall in the range of typical SNRs
observed in the GW event catalogs.

°In Das et al. [119]. The injections were for a 40M, system,
whereas in this paper, we use 35M systems, although the
general trend for the biases remains the same.

for biases, which can be attributed to the differences in the
mean anomaly values.

To mitigate the effect of mean anomalies, in the
following section (Sec. IIIB), we inject aligned-spin
signals using the waveform TEOBRESUMS-DALI, with the
same mean anomaly values. In this case, we observe clear
trends in the bias of chirp mass parameters when these
aligned-spin eccentric signals are analyzed with a quasi-
circular precessing-spin waveform. Moreover, we observe
that with an increase in the injected eccentricity value, the
posteriors on y, peak away from zero, again indicating that
a quasicircular precessing-spin waveform may not be
sufficient to recover the correct spins of eccentric signals.
Although a further investigation into these signals reveals
that when Bayes factors are calculated between an eccentric
aligned-spin recovery and a quasicircular precessing-spin
recovery, the eccentric model is clearly preferred over a
quasicircular model, and the Bayes factors increase with
eccentricity.

Finally, in Sec. III C, we analyze a few NR simulations
of systems that are both spin precessing and eccentric. Due
to the varying lengths and other properties of these
simulations, the injected signals differ in total mass, mass
ratio, spin values, eccentricities, and mean anomaly.
Nevertheless, we observe interesting trends. When these
eccentric, spin-precessing signals are analyzed with a
quasicircular precessing waveform, the recovered poste-
riors on y, deviate from the injected values. This deviation
is low at low values of eccentricities, but becomes
significant as eccentricity increases. On the other hand,
when the same signals are analyzed with an eccentric,
aligned-spin waveform, the recovered eccentricity poste-
riors are not significantly biased as the injected y,
increases. This suggests that, when an eccentric and
spin-precessing system is detected via its GW emission,
eccentricity estimates obtained through Bayesian infer-
ence that neglects spin precession is not drastically
affected, while spin-precession inferences that neglect
eccentricity can be significantly biased. Furthermore,
the Bayes factors calculated between these two recoveries
show a clear preference for the eccentric, aligned-spin
waveform over the quasicircular precessing-spin wave-
form, and the Bayes factors increase with an increase in
the injected eccentricity values.

Our results demonstrate the complex interplay between
the effects of eccentricity and spin precession in GW
signals when either of the two effects is ignored in
parameter estimation. It underlies the importance of a
thorough investigation of GW signals which show high
spin precession. It also highlights the need for compre-
hensive IMR eccentric spin-precessing waveforms, which
need to be employed in the parameter estimation of
signals that exhibit signs of eccentricity and/or spin
precession in order to mitigate bias in inferred parameters
of the sources.
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We used the following software packages: LALSUITE
[120], pycBc [121], BILBY [107], NumpYy [122],
MATPLOTLIB [123], SEABORN [124], JUPYTER [125],
DYNESTY [126], CORNER [127]
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TABLE III.  Priors for parameters in various quasicircular and

eccentric recoveries.

Parameter Prior Range

M Uniform in component masses 5-50M o

q Uniform in component masses 1-5

1-15*

dp Uniform radius 100-3000 Mpc

l Uniform sine 0-7

t, Uniform tops +(=0.1-0.1) s

o Uniform 027

2 Uniform 0-0.9

ai, a Uniform 0-0.9

(SO + 5P)>d Uniform solid angle 0 (0,x),
e (0,2n)

(a+6) Uniform sky S€(n/2,-n/2),
ae(0,2x)

1g Uniform 0-2x

e Uniform 0-0.4

I Uniform 0-2r

“For NR simulations listed in Table IL.

*Where i = [1,2] refers to the binary components.
“Only used for aligned-spin recovery.

dOnly used for precessing spin recovery.

Only used for eccentric recovery.

APPENDIX: PRIORS AND SAMPLER SETTINGS
USED FOR PARAMETER ESTIMATION

The priors on various parameters used for nonspinning,
aligned-spin, and precessing-spin analyses are listed
in Table IIl. For analysis with PyCBC Inference
toolkit, we use the DYNESTY sampler with rwalk
method, nlive=2000, walks=200, nact=20, and
dlogz=0.1. In our analysis using BILBY, we set
nlive=1000, keeping all other sampler settings
unchanged.
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