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Most gravitational wave (GW) events observed so far by the LIGO and Virgo detectors are con-
sistent with mergers of binary black holes (BBHs) on quasi-circular orbits. However, some events,
such as GW190521, are also consistent with having non-zero orbital eccentricity at detection, which
can indicate that the binary formed via dynamical interactions. Active GW search pipelines employ-
ing quasi-circular waveform templates are inefficient for detecting eccentric mergers. Additionally,
analysis of GW signals from eccentric BBH with waveform models neglecting eccentricity can lead
to biases in the recovered parameters. Here, we explore the detectability and characterisation of
eccentric signals when searches and analyses rely on quasi-circular waveform models. We find that
for a reference eccentric population, the fraction of events having fitting factor (FF) < 0.95 can be
up to ≈ 2.2% compared to ≈ 0.4% for the baseline population. This results in the loss in signal
recovery fraction for up to 6% for the region in parameter space with non-negligible eccentricity
(e10 > 0.01) and high mass ratio (q > 3). We perform parameter estimation (PE) for non-spinning
and aligned-spin eccentric injections of GWs from binaries of total mass M = 35 M⊙, based on nu-
merical relativity simulations and an EOB based inspiral merger-ringdown model (TEOBResumS),
and recover them using both quasi-circular and eccentric waveform models. For e20 ∼ 0.1, analyses
using quasi-circular waveform models are unable to recover the injected chirp mass within the 90%
credible interval. Further, for these low-mass injections, spin-induced precession does not mimic
eccentricity, with PE correctly ruling out high values of effective precession parameter χp. For
injections of e20 ∼ 0.1, PE conducted with an inspiral-only eccentric waveform model correctly
characterises the injected signal to within 90% confidence, and recovers the injected eccentricities,
suggesting that such models are sufficient for characterisation of low-mass eccentric BBH.

I. INTRODUCTION

Since the first detection of gravitational waves
(GWs) [1], the LIGO-Virgo-KAGRA (LVK) collabora-
tion has reported about 85 GW candidates from binary
black hole (BBH) mergers [2–5]. While most of the
detected signals are consistent with GW emission from
inspiralling BBHs on quasi-circular orbits, several events
have been argued to be more consistent with coming
from binaries with non-negligible orbital eccentricity at
detection [e.g., 6–8]. In particular, GW190521 [9, 10]
has been interpreted as coming from a moderately- to
highly-eccentric BBH [11–13]. Non-negligible orbital
eccentricity measured at detection in the LVK sensitive
frequency range (above 10 Hz) implies that the radiating
BBH was driven to merge by external influences: for
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example, as part of a field triple [e.g., 14], in a densely-
populated star cluster [e.g., 15], or in the accretion disk
of a supermassive black hole [e.g., 16].

Search pipelines based on matched-filtering meth-
ods use quasi-circular waveform templates, motivated by
the expected efficient circularisation via GW emission
of compact binary orbits during the late stages of their
evolution [17]. However, binaries formed through dy-
namical processes in dense stellar environments [18–24]
or through Kozai-Lidov processes [25, 26] in field triples
[27, 28], may be observed in ground based detectors
such as advanced LIGO [29–31] and Virgo [32, 33] with
residual eccentricities ≳ 0.1 [e.g., 14–16, 34–37]. While
pipelines employing quasi-circular templates should be
able to detect the majority of systems with eccentricities
e10 ≲ 0.1 at a GW frequency of 10 Hz [38] if observed
with current LIGO-Virgo detectors, binaries with
larger eccentricities would require constructing template
banks for matched-filter searches including the effect
of eccentricity [e.g., 37, 39]. Moreover, the presence of
even small eccentricities (e10 ∼ 0.01 − 0.05) can induce
bias in extracting source properties [38, 40–46]. As
existing detectors upgrade to their LIGO A+/Voyager
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[47, 48] configurations, improving their low-frequency
sensitivity, neglecting eccentricity in detection and
parameter estimation pipelines may lead to incorrect
inference of source properties and/or failure to identify
the presence of eccentric signals in data. This problem
is likely to be exacerbated in detections made with next-
generation ground-based instruments such as Cosmic
Explorer [49–51] and the Einstein Telescope [52–54],
since their sensitivity to frequencies ∼ 1 Hz and above
should enable them to frequently observe systems with
detectable eccentricities [35, 55].

In searches for compact binary coalescence signals,
computation time and availability of waveform models
play crucial role. In recent years, there have been some
targeted searches for eccentric systems [56–67], and up-
per limits have been provided in the absence of detec-
tion: with data from first two observing runs of LIGO
and Virgo detector network, Nitz et al (2019) [68] pro-
vided 90% credible upper limits for binary neutron stars
as ∼ 1700 mergers Gpc−3 Yr−1, for eccentricities ≤ 0.43,
for dominant mode frequency at 10 Hz. For sub-solar
mass binaries, Nitz et al (2021) [69] provided 90% credi-
ble upper limits for 0.5 − 0.5 (1.0 − 1.0) M⊙ binaries to
be 7100 (1200) Gpc−3 Yr−1.

While inspiral-only models for GW signals from ec-
centric compact binary systems are sufficiently accurate
to NR simulations of inspirals, and are rapid enough
to generate for use in direct parameter estimation via
Bayesian inference [70–83], their use may be limited
to low mass eccentric (typically ≲ 25M⊙) [84] binaries
due to the absence of the merger and ringdown in the
signal model. Waveform models containing the inspiral,
merger, and ringdown (IMR) are under development
and/or available for use [e.g., 85–92]; these are generally
slower to generate than their quasi-circular counterparts,
and Bayesian inference using these models has usually
required reduction of accuracy conditions [e.g., 93], using
likelihood reweighting techniques [e.g., 94], or utilising
highly computationally expensive parallel inference on
supercomputer clusters [e.g., 7, 95].

Methods currently in use for eccentric searches [35, 96–
99], with little or no dependence on signal model,
are sensitive to high masses [ideally ≳ 70M⊙ 63, 64].
Nevertheless, one can infer the presence of orbital
eccentricity in signals found by standard searches tuned
to quasi-circular BBH by employing available eccentric
waveform models via Bayesian parameter estimation
[e.g., 6–8, 11, 12, 35, 94, 100–103] or by comparing
the data directly to numerical relativity waveform
simulations of GW from eccentric BBH [13]. A caveat
to all of the Bayesian inference studies mentioned above
is the absence of spin-induced precession [104] in the
waveform model employed: since both eccentricity
and misaligned spins introduce modulations to the
gravitational waveform [11, 93], it may be critical to
account for both spin precession and eccentricity while
aiming to measure either or both of the two effects,

particularly for GWs from high-mass BBHs [42, 102].1

Even though the currently-available eccentric wave-
form models may not include the effect of spin-induced
precession, these are still useful for studying systematic
errors incurred due to the neglect of orbital eccentricity
in waveform models used in LVK catalogues [e.g., 5].
Eccentric versions of the effective-one-body (EOB)
waveforms [106] including higher modes [8, 91, 107] and
an eccentric numerical relativity (NR) surrogate model
[89] are available. In this work, we focus on assessing
the impact of orbital eccentricity in the dominant
quadrupole mode (ℓ = 2, |m| = 2) of the waveform,
which we argue is a reasonable representation of the
GW emission for the majority of observed source types,
which are equal-mass and low-spin.2 A summary of the
investigations presented here is included below.

A. Summary of analysis and results

We assess the impact of employing a circular template
bank for GW searches when the source population may
exhibit eccentricity. To achieve this, we simulate diverse
source populations, covering the parameters of binary
black hole masses and eccentricity. We determine the
detection efficiency of the population by comparing the
inherent signal strength to the values obtained from the
circular template bank. We also investigate the regions
in the parameter space where the largest loss in signal
strength occurs due to the difference between injection
and recovery waveform model or due to non-inclusion of
eccentricity.

In order to explore the effect of eccentricity on various
inferred parameters of a BBH system, we perform
parameter estimation (PE) on injected non-spinning and
aligned spin eccentric signals generated using numerical
relativity (NR) codes, and recover them using different
waveform models with different combinations of spins
and eccentricity. Our aim is to observe and quantify the
biases incurred due to absence of eccentricity in the re-
covery waveform when analyzing eccentric signals, and to
verify that those biases can be corrected to a certain ex-
tent by using the currently available eccentric waveforms.

We perform multiple sets of zero-noise NR hybrid
and waveform approximant injections which include
synthetic GWs consistent with non-spinning and

1 While the model in [80] does include the effect of spin-precession
and eccentricity, it is an inspiral-only prescription and thus might
only be suitable for long inspiral signals such as those observed
by LISA [105].

2 While this may not be true generically, the fact that only two of
the events observed so far show the presence of a higher order
mode [108, 109] and that most detections are consistent with a
zero-effective spin scenario [3] favours the assumption.
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aligned-spin BBHs in eccentric orbits, and recover these
injections with a variety of either quasi-circular or
eccentric waveform models including no spin, aligned
spins, or misaligned (precessing) spins.3 Due to a
lack of available waveform models, we are unable to
investigate injection recovery using models with both
spin-precession and eccentricity. We observe that
the state-of-the-art inspiral-merger-ringdown (IMR)
quasi-circular waveforms of the PhenomX [110, 111]
family do not recover the true chirp mass of an ec-
centric signal. Regardless of the spin configuration
(non-spinning, spin-aligned, or spin-precessing) taken
for these quasi-circular recovery waveforms, the bias of
the chirp mass and spin posteriors when the injected
signal is non-spinning and eccentric is similar relative to
the non-biased recovery of the quasi-circular injection.
Therefore, we conclude that for low-mass (total mass
of 35 M⊙), long-inspiral, non-spinning, eccentric binary
systems, parameter estimation with a precessing-spin
waveform model will not lead to a false positive
value of precession. This supports the conclusions
drawn in Romero-Shaw et al. [102], where the authors
demonstrate that eccentricity and spin-precession are
distinguishable for signals with more than a few cycles
in-band.

Further, analyzing these same signals using a com-
putationally efficient inspiral-only eccentric waveform
results in a significant reduction of the biases in the pos-
teriors on the intrinsic parameters of the binary, leading
to the recovery of the true values within the 90% credible
bounds. This implies that for GWs from low-mass and
aligned- or low-spin BBHs, inspiral-only waveforms
that are readily available within the lalsuite
framework are adequate for accurate recovery of
the source parameters. We also see clear correlation
between chirp mass and eccentricity posteriors for both
the non-spinning and aligned spin eccentric injections,
in agreement with the previous studies [38, 42, 112],
in addition to a mild correlation of eccentricity with
the effective inspiral spin parameter χeff (see Eq. 8)
when the injection is aligned-spin and eccentric, consis-
tent with the correlations seen in O’Shea and Kumar [93].

While an inspiral-only eccentric waveform model is
better for analyzing eccentric signals than a full IMR
quasi-circular model, it is likely that biases can be
further reduced and posteriors be better constrained if
an IMR eccentric waveform model is used for recovery.
However, our results demonstrate that even eccentric
waveform models with limited physics (no merger or
ringdown, no spin-precession, no higher modes) can
reduce errors in the inference of BBH parameters,
and may therefore be a useful stepping stone towards

3 We have also explored the simulated noise case for one of the
injection sets. Those results are discussed in Appendix D.

analysis with full IMR models including eccentricity,
spin-precession, and higher modes.

This paper is organized as follows. In Section II,
we describe the methodology used for quantifying the
sensitivity reduction of a GW search to eccentric signals,
along with other metrics such as fitting factor and
signal recovery fraction. We present our results for the
detectability of eccentric systems in Section II A. In
the second half of the paper, we focus on parameter
estimation of eccentric binaries, starting in Section III.
We start with non-spinning eccentric systems (Section
III A) and then move to aligned spin eccentric systems
in Section III B. Finally, in Section IV, we include a
comprehensive summary of our findings and future
directions.

II. BLIND SPOTS: REDUCED GW SEARCH
SENSITIVITY TO ECCENTRIC BINARIES

In this section, we investigate the fraction of events
that might be missed by searches due to neglecting ec-
centricity in template banks used for matched-filter based
searches such as PyCBC [113], or GSTLAL [114]. The GW
data represented by time series s(t) contains noise n(t),
and may contain signal g(t). The signal model h(t, θi)
is dependent on parameters θi, which define the intrinsic
properties of the binary from which the GW emanates.
The modeled searches perform matched filtering between
signal templates h̃ and the detector data s̃ in the Fourier
domain. The correlation of data s̃(f) with the signal
model h̃(f) weighted by the power spectral density (PSD)
Sn(f) of the noise is given by,

< s|h >= 4
∫ ∞

0

s̃(f)h̃(f)
Sn(f) (1)

The GW searches use discrete template banks. Such
searches will always miss a fraction of signals because
i) templates may not be accurate representations of
the real signal, especially if these signals include addi-
tional physics (e.g., eccentricity, misaligned spins, higher
modes) not included in the template bank and ii) dis-
creteness of the bank. In order to quantify the loss of
sensitivity of the search, we define the match between
the template h(θi,Φ) and a signal g in terms of the over-
lap between them as:

m(g, h(θi)) = max(< g|h(θi,Φ) >), (2)

where h(θi,Φ) is a template with intrinsic parameters θi

and extrinsic parameters Φ. The RHS in equation 2 is
maximised over all the extrinsic parameters. The fitting
factor FF (g), for a signal g, is defined as [115]:

FF (g) = max(m(g, h(θi))), (3)

where RHS in equation 3 is maximized over all the tem-
plates h(θi).
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FIG. 1. Cumulative fraction of events above a given Fitting Factor F F for various populations, distributed uniformly in
masses and log-uniformly in eccentricity (measured at 10 Hz) with the match calculated against the standard template bank,
shown here for detector sensitivities: Adv-LIGO (left) and A+ (right). The grey curves show the fraction recovered for
the reference population with no eccentricity, while the green and red curves show the fraction recovered for the eccentric
population represented by the TaylorF2Ecc and EccentricFD models respectively. Three vertical dashed black lines show
the fitting factor values of 0.9, 0.95, and 0.98 increasing in value from the left. These plots show that if we use the quasi-
circular template bank to search for the population which contains a log-uniform distribution of eccentricities, we fail to detect
a higher fraction of signals in searches. E.g. in the left panel (Adv LIGO sensitivity): eccentric population constructed
with TaylorF2Ecc (EccentricFD) waveform has ≈ 1 percent (≈ 2.2 percent) events with fitting factor less than 0.95.
F F for baseline model IMRPhenomD is ≈ 0.4 percent. In the right panel (A+): eccentric population constructed with
TaylorF2Ecc (EccentricFD) waveform has ≈ 0.6 percent (≈ 1.6 percent) events with F F less than 0.95. F F for baseline
model IMRPhenomD is ≈ 0.1 percent.

In order to get fraction of recovered signals relative to
an optimal search, for which FF=1, we use the metric
described in [116], which takes into account the intrinsic
SNR of the signal to calculate the signal recovery fraction
(SRF), defined as [115]:

SRF ≡
∑ns−1

i=0 FF3
TB(si)σ3(si)∑ns−1

i=0 σ3(si)
, (4)

where FFTB is the fitting factor for a volumetric distri-
bution of ns sources using a template bank and σ(si) is
the intrinsic loudness of each signal si. We calculate the
SRF for a given distribution of sources and a template
bank.

A. Reduced detectability of eccentric systems

We use a reference population distributed uniformly in
source frame masses between msource

1,2 ∈ [5, 50] and red-
shift up to 3. For eccentricity parameter, log-uniform
distribution is used while the sources are distributed uni-
formly in sky. In this section, we consider non-spinning
population to quantify the effects of eccentricity param-
eter. The population is generated with three different
waveform models:

• No eccentricity distribution: We use the IM-
RPhenomD [117, 118] waveform model to inject

non-spinning, quasi-circular signals and use a tem-
plate bank with the same waveform for recovery.
This serves as the optimal search and we expect
the maximal recovery of the injected signals.

• With eccentricity distribution: For these sets
of injections, we use two waveform models: we
generate one set with TaylorF2Ecc [74, 119],
and the other with EccentricFD [120]. We
use the same component masses as above, and a
log-uniform eccentricity distribution in the range
log10 e10 ∈ [−7,−0.3] defined at 10 Hz. We choose
this upper limit so that we stay within the regions
of validity of the waveform models.

For the recovery, we use the ‘quasi-circular’ template
bank (non-spinning) constructed with the waveform
model IMRPhenomD. We use stochastic placing
algorithms [121, 122] implemented in PyCBC to gen-
erate template bank for component masses in range
∈ [3, 200] M⊙, using the minimal match criteria of 0.98.
We use this template bank to quantify the fraction of
lost signals if the intrinsic population has some intrinsic
eccentricity distribution. We calculate the optimal
SNR for each injection using the template bank and
then estimate the FF for the set of injections. We
use the low frequency cutoff of 10 Hz and detector
sensitivities for i) advanced LIGO [123], and ii) A+
design sensitivity [124]. In figure 1, we show the fitting
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FIG. 2. The Fitting Factor (FF) varying with mass ratio q and log10 (e) for a population uniform in component masses and log-
uniform in eccentricity e10 measured at 10 Hz. Top row represents the population generated with TaylorF2Ecc and bottom
row represents the population generated with EccentricFD. For all plots, we use the recovery template bank generated with
IMRPhenomD. The left column shows results assuming the detector sensitivity of advLIGO and the right column shows results
assuming the detector sensitivity of A+. The maximal loss in fitting factor occurs for high mass ratios (q = m1/m2) and high
eccentricity regimes, with high eccentricity values playing dominating role. We use only the inspiral part of the waveform, up
to frequency corresponding to innermost stable circular orbit (ISCO), to calculate the F F .

factors for all three injection sets considered above. As
expected, the quasi-circular injection set generated with
IMRPhenomD and recovered with the quasi-circular
template bank gives us the maximum FF . The upper
cut-off frequency, for each system, is chosen to be the
frequency corresponding to the innermost stable circular
orbit (fISCO) for a test particle orbiting a Schwarzschild
black hole. We use the minimum low frequency of 10 Hz
to calculate the match via equation 2. The loss of FF
is visible with both eccentric injection sets. In figure 2,
we explore the parameter regime where the reduction in
FF is maximum. As expected, larger eccentricity values
(e10 > 0.01) give us lower FF . We also notice that the
combination of high mass ratio (q = m1/m2;m1 > m2)
and high eccentricity gives us maximum loss in the
FF . We propose that more extreme mass ratios lead
to a larger reduction in FF for the same value of e10

because binaries with more extreme q have longer GW
signals in-band, and therefore have more inspiral cycles
over which the mismatch due to eccentricity accumulates.

Figures 1 and 2 show that for a given population of
eccentric signals, there will be loss of FF for signals with
eccentricity e10 > 0.01. This trend becomes more promi-
nent for more extreme values of mass ratio q. The extent
of the overall search volume loss depends on the pro-
portion of high-eccentricity signals in the population. In
order to include eccentricity in GW searches, we require
i) efficient eccentric waveform models and ii) a low com-
putational cost in comparison to the gain in the search
volume.

The SRF depends on the intrinsic source population
under consideration. If the fraction of signals with high
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Injection Waveform
SRF

Full Range
SRF

(e10 > 0.01)
SRF

(q > 3)
SRF

(e10 > 0.01) & (q > 3)
IMRPhenomD 0.992 (0.992) - 0.986 (0.997) -
TaylorF2Ecc 0.989 (0.987) 0.973 (0.97) 0.923 (0.978) 0.923 (0.948)
EccentricFD 0.989 (0.987) 0.969 (0.963) 0.923 (0.979) 0.918 (0.944)

TABLE I. The SRF, as described in equation 4, is calculated for the injection sets described in the text to quantify the reduced
detectability of eccentric signals when circular template bank is used. For recovery, we use a template bank designed for
non-eccentric searches using IMRPhenomD waveform model. For each column, two numbers are shown: one for Advanced
LIGO search sensitivity and the numbers in the bracket are quoted for A+ search sensitivity. The SRF for the optimal search
(injection with IMRPhenomD) indicates the maximum. For eccentric injections, the loss in the SRF is maximum in the
parameter space (e10 > 0.01, q > 3) which is affected most due to loss in FF.

eccentricity (> 0.01) is large, we expect to fail to re-
cover a higher fraction of them. In order to estimate
SRF, we choose a network of three detectors: HLV, with
two LIGO detectors H and L at Hanford and Livingston
respectively, and the Virgo (V) detector in Italy. For
the full population described above, we estimate SRF to
be 0.992 for optimal search (injection and recovery done
with IMRPhenomD) for both the Advanced LIGO and
A+ detector sensitivities. We kept the same sensitiv-
ity for Virgo [125] in both the networks. With eccentric
injections using EccentricFD, the SRF for full popula-
tion is estimated to be 0.989 (0.987) for Advanced LIGO
(A+) detector sensitivity. For another set of eccentric in-
jections generated using TaylorF2Ecc, the estimated SRF
is 0.989 (0.987) for Advanced LIGO (A+) detector sen-
sitivity. This indicates that the presence of eccentricity
in GW signal reduces the overall SRF if non-eccentric re-
covery models are used. Moreover if the population has
a significant number of events from the parameter space
which is responsible for most loss in FF, the SRF is fur-
ther reduced, indicating failure of recovering compara-
tively large fraction of events in that parameter region.
For a targeted region in parameter space of non-negligible
eccentricity (e10 > 0.01) and high mass ratio (q > 3), we
summarize the results in Table I. In this targeted region,
we can get the value of SRF as low as ∼0.918 compared
to the SRF of ∼0.99 for optimal pipeline.

To gain insights into a realistic population, we cre-
ate another injection set. This set incorporates a power-
law distribution of source frame masses, consistent with
GWTC-3 population analysis [126], and an eccentricity
distribution drawn from simulations outlined in [37, 127].
We limit the source frame mass distribution to the range
[5, 50]M⊙, aligning with the template banks we gen-
erated. We use the same HLV detector network with
two sensitivities for LIGO detectors. For this injection
set, the SRF for the baseline model was calculated at
∼0.986 for both Advanced LIGO and A+ sensitivity.
Focusing on targeted regions (e10 > 0.01, q > 3), the
SRF is found to be ∼0.944 (0.946) for EccentricFD
(TaylorF2Ecc) injections with Advanced LIGO de-
sign sensitivity, and ∼0.927 (0.928) for EccentricFD
(TaylorF2Ecc) injections with A+ design sensitivity.

While we might detect eccentric signals via either

quasi-circular template-based searches or unmodelled
searches, increasing the true fraction of the underlying
eccentric population that will enter into our catalogues,
bias could be introduced in the subsequently inferred pa-
rameters. For this reason, quantifying the bias intro-
duced by analysing eccentric signals with quasi-circular
waveform models is necessary. We turn our attention to
this in the following section.

III. BIASES: MISCHARACTERIZING
ECCENTRIC BINARIES WITH PARAMETER

ESTIMATION

In this section, we present results from injection anal-
yses. We assess waveform systematics due to the neglect
of eccentricity in PE studies, employing quasi-circular
waveform models to recover injections into detectors
with zero noise (i.e., the detector response to the signal is
accounted for, but no additional Gaussian noise is added
to the power spectral density representing the detector’s
sensitivity). We also perform injections into simulated
Gaussian noise and analyze those injections too, for
completeness; the results, which are consistent with
those with zero noise, and are presented in Appendix D.
We perform two sets of injections: one with non-spinning
simulations based on NR [85, 90], and one using an
EOB-based IMR signal model (TEOBResumS) for
aligned-spin injections [88, 128–134]. For non-spinning
injections, we analyse quasi-circular and eccentric signals
with mass ratios q = (m1/m2) = (1, 2, 3) and a fixed
total mass of M = 35M⊙. For q = 1 injection, since
the mass ratio prior is restricted to q ≥ 1, the posterior
almost entirely lies above the injected value, skewing the
posteriors for other correlated parameters (this has been
discussed in detail in the following sections). Hence, for
aligned-spin eccentric injection, we choose q = (1.25, 2, 3)
with the same total mass, and drop q = 1 case. We
employ state-of-the-art quasi-circular waveform models
(with and without spins) to recover the injections via
Bayesian parameter estimation (PE). We also perform
PE with an approximate inspiral eccentric waveform
TaylorF2Ecc [74, 119]. The approximate eccentric
model used here for PE does not include contributions
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from spin corrections associated with eccentricity and
is based on a Taylor approximant [135, 136] different
from the one used in TEOBResumS. We assume that
our sources are at a distance of 410 Mpc and inclined
at an arbitrary angle of 30◦ to the line of sight. The
right-ascension (α), declination (δ), and polarization (ψ)
angles are chosen arbitrarily with the values ∼ 164◦,
60◦, and 60◦ respectively, and the geocent time (tgps) is
taken to be 1137283217 s. Since the SNR of a GW signal
depends on extrinsic parameters in addition to intrinsic
parameters like mass and eccentricity, different extrinsic
parameters may lead to different SNRs, changing the
widths of the posteriors presented here.

The Bayesian posterior probability for a parameter
θ⃗, given the data s⃗ and a GW model h, is given by

p(θ⃗|s⃗, h) = p(s⃗|θ⃗, h)p(θ⃗, h)
p(s⃗) , (5)

where p(s⃗|θ⃗, h) represents the likelihood, p(θ⃗) is the
prior, and p(s⃗|h) represents the evidence. We also calcu-
late Bayes factors between recoveries with eccentric and
quasi-circular models, defined as:

BE/C = p(s⃗|h1)
p(s⃗|h2) (6)

where E and C correspond to eccentric and quasi-
circular recoveries respectively.4 To estimate parameters,
we use the PyCBC Inference Toolkit [137] and explore
the parameter space that includes chirp mass (M), mass
ratio (q), time of coalescence (tc), luminosity distance
(dL), phase of coalescence (ϕc), inclination angle (ι),
right ascension(α), and declination(δ). For aligned spin
recoveries, we use two additional parameters correspond-
ing to the z-components of the spin vectors viz. χ1z and
χ2z. For recoveries with spin-precession, we use isotropic
spin distribution sampling the six spin components in
spherical polar coordinates viz. the spin magnitudes (ai)
and the spin angles (SΘ

i , SΦ
i ).5 For eccentric recovery,

we include an additional eccentricity (e) parameter in
the parameter space.6 In our analysis, we marginalise
over the polarization angle. The following subsections
provide details of the specific injections, as well as var-
ious variations of recovery-waveform spin settings with
which these injections have been recovered. While dis-
cussing the results in the following subsections, we make
use of the term “recovery” to indicate a result in which

4 For more information about the method, see Ref. [137].
5 where i = [1, 2] corresponds to the binary components, and Θ

and Φ indicate the polar and azimuthal angles respectively used
in spherical polar coordinate system.

6 Refer Table III in Appendix A for complete information on priors.

S. No. Injection Simulation ID /
Waveform

q e20 χeff

1 SXS:BBH:1132 1 0 -
2 HYB:SXS:BBH:1355 1 0.104 -
3 HYB:SXS:BBH:1167 2 0.0 -
4 HYB:SXS:BBH:1364 2 0.104 -
5 HYB:SXS:BBH:1221 3 0.0 -
6 HYB:SXS:BBH:1371 3 0.123 -
7 TEOBResumS 1.25 0.0 0.3
8 TEOBResumS 1.25 0.1 0.3
9 TEOBResumS 2 0.0 0.3
10 TEOBResumS 2 0.1 0.3
11 TEOBResumS 3 0.0 0.3
12 TEOBResumS 3 0.1 0.3

TABLE II. List of non-spinning, eccentric NR hybrid sim-
ulations (constructed in Ref. [90]) and injections based on
aligned-spin eccentric EOB model TEOBResumS [128] used
as injections. Columns include a unique hybrid ID for each
simulation (SXS IDs are retained for identification with SXS
simulations [41, 89, 138–160] used in constructing the hybrids)
and the name of the waveform model used for generating in-
jections, information concerning the mass ratio (q = m1/m2),
eccentricity (e20) at the reference frequency of 20 Hz for a to-
tal mass of M = 35 M⊙, and effective spin χeff defined in
Eq. (8) (only shown for spinning injections).

the 90% credible interval of the posterior includes the in-
jected value, and the systematic bias (difference between
the median value and injected value) in the posterior is
less than the width of the posterior (at 90% confidence).
We judge that the result shows a significant bias if the
injected value lies completely outside the 90% credible
interval of the posterior. As indicated earlier, these bi-
ases are dependent on SNRs which, in this study, fall
in the range of typical SNRs observed in the GW event
catalogs. We use the HLV network with design sensitiv-
ities of Advanced LIGO [123] and Virgo [125] detectors
to perform all the parameter estimation analyses shown
here.

A. Non-spinning, eccentric injections

We perform zero-noise injections using non-spinning,
quasi-circular as well as quasi-elliptical GW waveforms
for BBH mergers of total mass of M = 35 M⊙ with mass
ratios q = (1, 2, 3). These injections include the domi-
nant modes (ℓ = 2, |m| = 2) of the eccentric and quasi-
circular IMR hybrids constructed in Ref. [90], in addition
to a quasi-circular SXS simulation (SXS:BBH:1132).
Details of the simulations used in this study, including
their eccentricity at the reference frequency of 20 Hz, are
shown in Table II. To calculate the eccentricity at 20 Hz
GW frequency, we have used the reference value (e0) from
Table I of Ref. [90] which they have quoted for a dimen-
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FIG. 3. Chirp mass posteriors for injections with mass ratios (q = 2, 3). The rows indicate the nature of the injections,
with the top panel showing results for the quasi-circular injection, and the bottom panel showing results for the eccentric
injection (e20 ∼ 0.1). The colours correspond to different spin settings used during recovery. Recovery is performed using
quasi-circular waveforms in all cases: IMRPhenomXAS is used for the non-spinning (red) and aligned spin (green) recoveries,
and IMRPhenomXP is used for recovery allowing precessing spins (grey). The dashed vertical coloured lines of the same
colours denote the 90% credible interval of the corresponding recoveries, the solid black line shows the injected value of M,
and the dotted black curve indicates the prior which is same for all recoveries. The injected value is recovered within the
90% credible interval for the quasi-circular injections, while it is not recovered for the eccentric injections. The slight shift of
posteriors for the quasi-circular injection in the q = 3 case may be attributed to systematic differences between the waveform
models used for injection and recovery. The matched filter SNRs for q = 2 and q = 3 are 38 and 33 respectively.

sionless frequency of x = 0.045. Using the following re-
lation we compute the 22 mode frequency corresponding
to x = 0.045 and total mass 35 M⊙:

f22 = x3/2

πM
= 17.62 Hz (7)

where M is the total mass taken in natural units (sec-
onds). Now that we have e0 at f22, we evolve it us-
ing Equation (4.17a) of Ref. [74] (eccentricity evolution
for orbit averaged frequency) to get eccentricity value at
20 Hz (e20 shown in Table II). Note that this is also the
starting frequency for likelihood calculation.

1. Quasi-circular, IMR recovery

Here we explore the bias introduced in the source
parameters recovered via parameter estimation (PE)
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
quasi-circular IMR phenomenological waveform mod-
els (IMRPhenomXAS[110] and IMRPhenomXP[111]).

In figures 3 and 4, we plot the posterior probabil-
ity distributions on chirp mass M for non-spinning
quasi-circular and eccentric injections recovered using
IMR quasi-circular waveform models. The injection
is recovered using three spin setting configurations:
non-spinning (NS), in which we restrict all spins to 0;
aligned-spin (AS), in which we restrict spin-tilt angles
to 0 and allow spin magnitudes to range between 0 and
0.99; and precessing-spin (PS), in which we allow all
spin parameters to vary. By using different spin config-
urations, we investigate whether spurious measurements
of spin occur for non-spinning eccentric injections. The
spin precession parameter χp is plotted in Fig. 5 for PS
recovery. In addition to studying biases in spin parame-
ters due to the presence of eccentricity, we also compare
the effect of spin settings on the recovery of chirp mass
in the presence of eccentricity, since eccentricity and
chirp mass are known to be correlated parameters (see
for instance Favata et al. [38]). We use the waveform
IMRPhenomXAS for non-spinning and aligned-spin
recoveries, and IMRPhenomXP for the precessing-spin
recovery. We display the corresponding corner plots
in figures 6 and 13 for chirp mass (M), effective spin
parameter (χeff), and spin precession parameter (χp).



9

cir
cu

la
r

q = 1

Non-spinning
Aligned-spin
Precessing-spin

15.2 15.3 15.4 15.5
 (M )

ec
ce

nt
ric

FIG. 4. Posteriors for q = 1 for non-spinning quasi-circular
(top) and eccentric (bottom) injections. Recovery with dif-
ferent waveform models is indicated with different colours,
corresponding to quasi-circular waveform IMRPhenomXAS
for non-spinning and aligned spin, and IMRPhenomXP for
precessing spins. The matched filter SNR for these injections
is 41.

Looking at figures 3, 4, 5, 6, and 13, we make the
following observations:

• For all the values of mass ratio that we consider, the
recovery of eccentric injections with quasi-circular
waveform models results in significant bias of the
chirp mass posterior, such that the injected value
falls outside the 90% credible interval.

• The spin settings (non-spinning, aligned-spin, or
precessing-spin) chosen for recovery do not affect
the magnitude of shift in the chirp mass posterior
for mass ratios 2 and 3, or in other words; the bias
in the recovered M is same regardless of assump-
tions about spin magnitude and spin tilt.

• For q = 1, the shift in the chirp mass posteriors
for different spin configurations, seen in figure 4,
can partly be explained due to the prior railing of
mass ratio (q) leading to almost the entire posterior
volume lying outside the injected value. This can
lead to prior railing in component masses and other
correlated parameters. This is discussed in detail
in appendix B.

• The effective spin (χeff) posterior is largely consis-
tent with zero for both quasi-circular and eccentric
injections. The same trend is seen for both the
q = 2 and q = 3 cases. The slight deviation of χeff

from 0 for q = 1 case can be explained by looking
at the correlation between chirp mass and χeff (see
Fig. 13 in appendix B).

• The posterior for χp peaks towards 0 for the q = 2
and q = 3 cases, showing little to no evidence of
spin-precession in the signal. For q = 1, the χp

posterior is uninformative. Both the uninforma-
tive posterior and posteriors that peak towards 0
support the conclusion that eccentricity is not
confused for spin-induced precession in long-
duration signals from low-mass BBH.

For the q = 3 case, the slight deviation of posteriors
from the injected value for the quasi-circular injection
(top left panel of Figure 3) is most likely due to system-
atic differences between the injection and the recovery
waveform. Even at a reasonably modest eccentricity of
e20 ∼ 0.1, the chirp mass posterior is shifted enough that
the injected value is not recovered within 90% confidence.
Further, for a non-spinning eccentric system with moder-
ate total mass (M = 35M⊙), the presence of eccentricity
in the signal is not mimicked by a spin-precessing quasi-
circular waveform. This is consistent with the findings
of Romero-Shaw et al. [102], who find that eccentric-
ity and spin-precession may be distinguished in signals
with long inspirals coming from low-mass BBH due to
the signal duration exceeding the timescale upon which
modulations induced by eccentricity differ significantly
from those induced by spin-precession. The fact that the
spin posteriors are similar for both eccentric and quasi-
circular injections also implies that a lack of spin can be
confidently identified in low-mass systems regardless of
their eccentricity.

2. Eccentric, inspiral-only recovery

We analyze the same injections as in the previous
section with an eccentric inspiral-only waveform model
TaylorF2Ecc. We present the results in figures 7, 8,
and 9. We also show results obtained when the recovery
is performed under the constraint that e20 = 0 with
the same waveform, in order to account for any biases
arising due to systematic differences between waveform
model families and/or the lack of merger and ringdown
in TaylorF2Ecc. Since TaylorF2Ecc is an inspiral-
only model, we have truncated the likelihood integration
in the recovery using the quasi-circular waveform model
also to the same frequency as the eccentric recovery for
a fair comparison and to get comparable SNRs. This
frequency has been chosen to be 110 Hz, close to the
ISCO frequency for a 35 M⊙ system.

In the case of mass ratios q = 2, 3, for eccentric
injections (plotted in red in the figures), a quasi-circular
recovery excludes the injection value of chirp mass from
the 90% credible interval when the recovery waveform
has arbitrary spin constraints, whereas when eccentricity
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FIG. 5. χp posteriors for non-spinning injections with mass ratios (q = 1, 2, 3). The colours correspond to quasi-circular (grey)
and eccentric (red) injections. Recovery is performed using IMRPhenomXP. The dashed vertical coloured lines of the same
colours denote the 90% credible interval of the corresponding injections, and the black dotted curve shows the prior which is
same for both the injections.
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FIG. 6. The corner plot for the q = 2 injection, show-
ing posteriors on the chirp mass (M), effective spin (χeff),
and spin precession parameter (χp), for the precessing-spin
recovery (performed using IMRPhenomXP) of both quasi-
circular and eccentric injections. We show on the same plot
results for the quasi-circular injection (grey), results for the
eccentric injection (red), and the injection values black lines.
The histograms shown on the diagonal of the plot are 1D
marginalized posteriors for the respective parameters with
vertical dashed lines denoting 90% credible intervals. The
dotted curves in the 1D plots show the priors used,a which
are same for the recovery of both quasi-circular and eccentric
injections.
a The prior height for M is too little compared to the posterior

hence it is not visible in this plot. Hence, we show the M prior
in Fig. 3 instead.

is included in the recovery waveform model and is
sampled over, the injected value is recovered within the

90% credible interval. We show the 1D posteriors for
eccentricity in Figure 9, and the 2D contours of e20 with
M and q in figure 14 of Appendix C which highlights the
correlations between these parameters. The log-Bayes
factors between eccentric and quasi-circular recoveries
performed with TaylorF2Ecc are close to 0 for q = 2
and q = 3, but for q = 1 it is ∼ 11, and thus favours
recovery with an eccentric template when the injected
waveform is eccentric. However, for q = 1 (figure 8)
even the quasi-circular recovery (NS) for quasi-circular
injection (grey) is not recovered within 90% confidence.
This may be partially caused by waveform system-
atics between the injected and recovered waveforms.
Additionally, as shown in figure 9, the injected e20 is
not recovered within 90% confidence for the eccentric
injection. As well as waveform systematics, this is likely
because the injected q is at the lower boundary of the
prior, so the entire q posterior spans higher q than
injected, and (as shown in, for example, figure 14) higher
q correlates with higher e20. To eliminate possible biases
due to this prior effect, we use q = 1.25 instead of q = 1
in the following section.

B. Aligned-spin, eccentric injections

We inject an aligned-spin eccentric signal using the
waveform model TEOBResumS [128] and recover in
four configurations: quasi-circular aligned spin (AS), ec-
centric aligned spin (e-AS), eccentric non-spinning (e-
NS), and quasi-circular precessing spin (PS). For the
first three cases (AS, e-AS, and e-NS) we have used the
waveform model TayloF2Ecc for recovery, whereas for
the last case (PS), we have used IMRPhenomXP. Since
TaylorF2Ecc is an inspiral-only waveform, we truncate
the likelihood calculation at 110 Hz in accordance with
the choice of total mass as described above. As above,
the total mass is 35 M⊙, and here we choose to inject
signals with mass ratios q = 1.25, 2, 3. The injected spin
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FIG. 7. We show the recovery with TaylorF2Ecc for eccentric and quasi-circular injections in the form of violin plots, for
mass ratios q = 2, 3. The colours used distinguish the injection hybrids used; red shows eccentric (e20 ∼ 0.1) injections while
grey shows quasi-circular injections. The horizontal axis denotes the spin configuration in the recovery of posteriors. e-NS,
e-AS, NS, and AS correspond to eccentric non-spinning, eccentric aligned spin, quasi-circular non-spinning, and quasi-circular
aligned spin recoveries, respectively. The vertical axis corresponds to chirp mass values M. The black horizontal line indicates
the injection value and coloured lines inside the shaded posteriors indicate the 90% credible interval. The matched filter SNRs
for q = 2 and q = 3 are 31 and 28 respectively.
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FIG. 8. Posteriors shown (q = 1 case) for the eccentric model
recovery of non-spinning injections. The colours indicate
quasi-circular (grey) and eccentric (red) injections, whereas
the horizontal axis denotes the recovery configuration as ec-
centric non-spinning (e-NS), eccentric aligned spin (e-AS),
quasi-circular non-spinning (NS), and quasi-circular aligned
spin (AS). The recovery waveform used here is TaylorF2Ecc
and matched filter SNR for these injections is 33.

magnitudes are χ1z = χ2z = 0.3. Thus the effective spin
parameter χeff [161, 162] is:

χeff = m1χ1z +m2χ2z

m1 +m2
= 0.3, (8)

where χ1z and χ2z are the components of the two spin
vectors in the direction of the angular momentum vec-
tor. The eccentric injections have e20 = 0.1, consistent
with injections in earlier sections, with the eccentricity
defined at the orbit-averaged frequency of 20 Hz [163].
The chirp mass posteriors for the above are plotted in
the form of violin plots in figure 10. For arbitrary spin
settings, the quasi-circular waveform models are not
able to correctly recover the chirp mass of the eccentric
injection, whereas the eccentric waveform model with
aligned spins does correctly recover the injected value.
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FIG. 9. Eccentricity posteriors for q=(1, 2, 3) when the in-
jections are non-spinning and eccentric, and the recovery is
with TaylorF2Ecc in eccentric, non-spinning configuration.
The coloured lines inside the shaded posteriors indicate 90%
credible interval whereas the black dashed lines denote the
injected eccentricity values.

This once again indicates that a quasi-circular precessing
waveform model can cause biases in the recovered value
of M if the signal is truly eccentric. Further, looking at
figures 11 and 16, we note that the χp posteriors peak
at the same value for both eccentric and quasi-circular
injections. This again suggests that an aligned spin
eccentric signal when recovered with quasi-circular
precessing model does not mimic a spin-precessing sig-
nal any more than a quasi-circular aligned-spin injection.

We also analyze the same injection with the eccen-
tric waveform model with zero spins (shown as e-NS in
the figures). In this case, the posteriors for both the
quasi-circular and eccentric injections are biased towards
lower masses than injected. A positively-aligned-spin
system has more cycles compared to its non-spinning
counterpart, which is also the case for lower-mass
systems. Thus, when an aligned-spin signal is recovered
using a non-spinning waveform model, it is naturally
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FIG. 10. Eccentric (e20 = 0.1) (red) and quasi-circular (grey) aligned-spin injections generated with eccentric waveform model
TEOBResumS, recovered with TaylorF2Ecc in quasi-circular aligned-spin (AS), eccentric aligned-spin (e-AS), and eccentric
non-spinning (e-NS) configurations, and with quasi-circular waveform model IMRPhenomXP including precessing spin (PS).
The aligned-spin eccentric injection is only correctly recovered using the e-AS configuration in the recovery waveform. The
matched filter SNRs for q = 1.25, q = 2 and q = 3 are 35, 33 and 30 respectively.
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FIG. 11. χp posteriors for aligned spin injections with mass ratios (q = 1.25, 2, 3). The colours correspond to quasi-circular
(grey) and eccentric (red) injections. Recovery is performed using IMRPhenomXP truncated at 110 Hz for PE. The dashed
vertical coloured lines of the same colours denote the 90% credible interval of the corresponding injections, and the black dotted
curve shows the prior which is same for both the injections.

biased towards lower masses7. Hence, a system which
is eccentric and spinning (aligned) may be recovered
with a positive bias in chirp mass when eccentricity is

7 We note here that this bias in the chirp mass also causes bias in
the eccentricity posterior, resulting in a higher value of eccentric-
ity due to negative correlation with chirp mass. This can result
in posteriors peaking at non-zero values of eccentricities when an
aligned spin quasi-circular signal is analyzed with non-spinning
eccentric model.

ignored, and a negative bias when the spins are ignored.
Again, we provide the eccentricity posteriors in Fig 12
as well as in the form of corner plots along with M, q,
and χeff parameters in figure 15 of Appendix C. Looking
at figure 15, there is both a clear correlation between
e20 and M, and a mild correlation between χeff and e20,
consistent with the findings of O’Shea and Kumar [93].
Also, as in Section III A, we find that the Bayes factors
(BE/C) for q = 1.25, 2, and 3 are not high enough to
indicate a clear preference for either the quasi-circular
or eccentric waveform model for any injection.
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FIG. 12. Eccentricity posteriors for q=(1.25, 2, 3) when the
injections are aligned-spin and eccentric, and the recovery is
with TaylorF2Ecc in eccentric, aligned-spin configuration.
The coloured lines inside the shaded posteriors indicate 90%
credible interval whereas the black dashed lines denotes the
injected eccentricity value.

IV. CONCLUSIONS

Measurable orbital eccentricity is a key indicator of
BBH formation channel. However, catalogues of BBH
detections, e.g. Abbott et al. [5], typically neglect
this parameter and study all GW candidates using only
quasi-circular signal models. Additionally, matched-filter
searches for GW signals typically rely on quasi-circular
waveform templates. In this work, we explore both the
detectability of the eccentric signals when eccentricity is
neglected from matched-filtering searches, and the biases
that result from performing parameter estimation on ec-
centric GW signals using quasi-circular waveform models
under a variety of spin assumptions.

We find that there is a loss in the fitting factor
(< 0.95) for eccentricities higher than 0.01 at 10 Hz
in conjunction with high values of mass ratio (q > 3).
Further, we calculate the signal recovery fraction (SRF)
and find that there’s a loss in SRF up to 6% for the
region in parameter space with e10 > 0.01 and mass
ratio q > 3. While we restrict this calculation to the
inspiral section of the signal, we argue that the loss in
FF would be similar for full IMR signals, since eccen-
tricity is efficiently radiated away from an inspiralling
system and so the binary should be close to circular
before the merger and ringdown. The overall loss in the
fraction of recovered signals depends on the fraction of
events in the population that are high-eccentricity and
high-mass ratio. These population characteristics, in
turn, depend on the formation channels contributing
to the population. For example, we would detect a
higher fraction of binaries that formed in globular
clusters (GCs) than those that formed in active galactic
nuclei (AGN), since the eccentricity and mass ratio
distributions expected from binaries forming in GCs
are less extreme than those expected from AGN [e.g.,
16, 164–166]. Therefore, with a severity depending on
the balance between the formation channels contributing
to the observed population, missing eccentric binaries in

searches can lead to errors in the inferred merger rate
and underlying population characteristics.

Even if an eccentric signal is detected via a matched-
template search based on quasi-circular waveform
templates, the recovery of source parameters can be
biased when the signal is analysed using a quasi-circular
waveform model. We perform parameter estimation
on non-spinning and aligned-spin eccentric injections,
and recover them using various spin assumptions with
quasi-circular and eccentric waveform models. We find
that for e20 ∼ 0.1, analyses with the quasi-circular
waveform models are unable to recover the injected
values of chirp mass within the 90% credible interval.
Further, we note that for the relatively low-mass BBH
considered in this study, no spurious spin detections
are made for non-spinning eccentric injections, and
no spurious inferences of precession are made for any
eccentric injections. This leads us to conclude that for
relatively low mass systems, spin-precession does
not mimic eccentricity. The spin parameter poste-
riors are similar for both quasi-circular and eccentric
injections.

As discussed in Section I, both eccentricity and spin-
precession can indicate that a binary formed in a dy-
namical environment. Our results suggest that a non-
spinning low-mass eccentric system, if analyzed using
quasi-circular waveform models only, may be mistaken
for a binary that formed in isolation since the quasi-
circular waveform models do not enable measurements
of eccentricity and the spin posteriors show no addi-
tional signatures of dynamical formation. This may lead
to miscategorization of such systems as uninteresting or
“vanilla” binaries. Moreover, if we are routinely biased
to higher masses even for a small subset of signals that
include the influence of binary eccentricity, the popula-
tion distribution of mass will gradually be shifted higher.
Eventually, this could lead to incorrect inferences about,
for example, the location of the pair-instability mass gap
and the fraction of the population comprised of hierarchi-
cal mergers [using hierarchical inference methods such as,
e.g., 167]. While the shifts in the inferred chirp mass for
the low-mass and moderate-eccentricity injections stud-
ied here are relatively minor, for higher eccentricities and
higher masses the bias would likely be worse (see for in-
stance Eq. 1.1 in [38]).

We also observe that for the eccentricity values chosen
here (e20 ∼ 0.1), even an inspiral-only eccentric wave-
form is able to recover the injected chirp mass within the
90% confidence interval. Therefore, we conclude that for
GW signals from relatively low-mass BBH, inspiral-only
eccentric waveform models are adequate for identifying
and quantifying orbital eccentricity.
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Appendix A: Priors used for parameter estimation

Parameter Prior Range

M
Uniform in

component masses
5 - 50 M⊙

q
Uniform in

component masses
1 - 5

dL Uniform radius 100 - 3000 Mpc
ι Uniform sine 0 - π

tc Uniform tgps + (−0.1 - 0.1) s
ϕc Uniform 0 - 2π

χiz
a, b Uniform 0 - 0.9

a1, a2
c Uniform 0 - 0.9

(SΘ
i + SΦ

i )a, c Uniform solid angle
Θ ∈ (0, π),
Φ ∈ (0, 2π)

(α + δ) Uniform sky
δ ∈ (π/2, −π/2),

α ∈ (0, 2π)
ed Uniform 0 - 0.4

a where i = [1, 2] refers to the binary components
b only used for aligned-spin recovery
c only used for precessing spin recovery
d only used for eccentric recovery

TABLE III. Priors for parameters in various quasi-circular
and eccentric recoveries.

Appendix B: Note on equal-mass case (q = 1)

Here we discuss the q = 1 case, which is different from
the other mass ratio cases due to physical limits on the

mass ratio prior (q ≥ 1). The shift in the chirp mass pos-
teriors for different spin configurations, seen in figure 4,
can partly be explained due to the prior railing of mass
ratio (q) leading to a prior railing in component masses.
Since the true value of injection is exactly q = 1, parame-
ters correlated with q can become biased due to the entire
posterior volume existing above the q = 1 boundary. In
order to confirm this, we carry out an identical baseline
injection run where we inject (ℓ=2, m=|2|) mode, non-
spinning, quasi-circular signal into zero noise using IMR-
PhenomXAS, and recover it in the same three spin con-
figurations (non-spinning, aligned spin, precessing spin)
as used for the hybrids. We observe that the trends are
identical to the ones observed using the hybrids. Hence
we conclude that for q = 1 case, the slight deviation from
the usual trend is because of the mass ratio prior skewing
the chirp mass posteriors.

Appendix C: Summary of correlations of
eccentricity with other parameters

Here we show the bounds on e20 obtained using Tay-
lorF2Ecc to recover injections. In figure 14, we show
the posteriors on eccentricity, chirp mass and mass ratio.
For both the q = 2 and q = 3 cases, the 90% bounds on
e20 include the injected value. Looking at the 2D plots,
we see that eccentricity shows negative and positive cor-
relations with the chirp mass and mass ratio parameters,
respectively. Further, when we look at the aligned-spin
injections shown in figure 15, there is also a mild corre-
lation with the effective spin parameter χeff. Here again
we see that the 90% credible interval for the eccentricity
parameter includes the injected value.

Appendix D: Simulated noise injections:
non-spinning and eccentric

We perform a set of injection recoveries with Gaussian
noise simulated using the power spectral density (PSDs)
of the detectors. The total mass of the injected BBH
systems is 40M⊙ and the mass ratios are q = 1, 2, 3, with
the slightly heavier mass chosen to increase the compu-
tational efficiency of the analysis. These are recovered
using quasi-circular waveform IMRPhenomXAS with
zero spins. The results can be seen in figure 17. For each
case, we have taken 10 noise realizations, which each cor-
respond to the posteriors shown by thin curves in the
plot. An equal number of samples were taken from each
of these runs and combined to form the average poste-
rior shown by the thick coloured curve. We also perform
a zero-noise injection for each mass ratio case, which is
shown by the dot-dashed curve in the plot. The vertical
coloured lines denote 90% credible interval and the black
line shows the injected value. As can be seen, the aver-
age posterior of all the noisy injections agrees well with
the zero-noise curve for each case. Hence, for the analy-
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FIG. 13. Same as figure 6, but for the cases of mass ratio q = 1 (left) and q = 3 (right).
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ses in the main text, we have only performed zero-noise
injections.
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