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We present a reanalysis of 17 gravitational-wave events detected with Advanced LIGO and Advanced Virgo in
their first three observing runs, using the new IMRPHENOMTEHM model — a phenomenological time-domain
multipolar waveform model for aligned-spin black-hole binaries in elliptical orbits with two eccentric parameters:
eccentricity and mean anomaly. We also analyze all events with the underlying quasi-circular model IMRPHE-
NoMTHM to study the impact of including eccentricity and compare the eccentric and quasi-circular binary
hypotheses. The high computational efficiency of IMRPHENOMTEHM enables us to explore the impact of two
different eccentricity priors —uniform and log-uniform— as well as different sampler and data settings. We find
evidence for eccentricity in two publicly available LVK events, GW200129 and GW200208_22, with Bayes factors

favoring the eccentric hypothesis over the quasi-circular aligned-spin scenario: log;, Bg/qc € [l.30f8;}g, 5. 14fgj}§]

and log,, Bejoc € [0.49f818§, 1.14f8:8§], respectively. Additionally, the two high-mass events GW190701 and
GW190929 exhibit potential eccentric features. For all four events, we conduct further analyses to study the
impact of different sampler settings. We also investigate waveform systematics by exploring the support for
spin precession using IMRPHENOMTPHM and NRSur7DQ4, offering new insights into the formation channels
of detected binaries. Our results highlight the importance of considering eccentric waveform models in future
observing runs, alongside precessing models, as they can help mitigate potential biases in parameter estimation
studies. This will be particularly relevant with the expected increase in the diversity of the binary black hole

population with new detectors.

PACS numbers: 04.30.-w, 04.80.Nn, 04.30.Db

I. INTRODUCTION

The first three observing runs of the Advanced Ligo and Ad-
vanced Virgo detectors [1, 2] have led to the detection of more
than 90 gravitational wave (GW) events [3—12], all originating
from compact object binaries. The majority of these events
have been identified as binary black-hole (BBH) mergers, al-
though several binary neutron star (BNS) and neutron star-black
hole (NSBH) mergers have also been observed [13—15]. One
of the key open questions in GW astrophysics is understanding
the formation channels of these binaries.

The main uncertainty in the formation process stems from
the fact that solely GW emission cannot drive widely separated
binary stars into merging black holes (BHs) [16]. Therefore, to
explain the formation of the observed population of BBHs two
main formation scenarios have been proposed in the literature,
isolated evolution and dynamical formation. Within these two
scenarios many formation sub-channels exists, for instance,
common-envelope evolution [17], Population III stars [18], or
Zeipel-Kozai-Lidov oscillations [19-21], see Ref. [22] for a
detailed review.

BBHs formed from isolated binary evolutions are expected
to circularize due to efficient angular momentum loss via gravi-
tational radiation long before they enter the sensitive frequency
band of ground-based detectors [23]. Consequently, many ex-
isting GW waveform models for BBH mergers are constructed

under the assumption of quasi-circular (QC) orbits [24—49].
Moreover, the LIGO-Virgo-KAGRA Collaboration (LVK) [3-
6], as well as independent studies [7—12], have found that the
observed GW signals are largely consistent with QC binaries,
and a variety of mechanisms have been proposed for this case,
such as common envelope evolution [50-54], chemically homo-
geneous evolution [55-57], stable mass accretion onto a black
hole from its stellar companion [58, 59] or ambient gas-driven
fallback [60].

The alternative formation channel, dynamical formation, can
also lead to compact binary mergers within a Hubble time. In
this scenario, the merger progenitors do not evolve together but
instead form binaries dynamically through encounters in dense
environments such as young star clusters, globular clusters, and
galactic nuclei [61-63]. Frequent interactions in these regions
can lead to compact objects swapping in and out of multiple
binaries before ultimately merging. During a three-body in-
teraction, gravitational binding energy from the initial binary
is transferred to the ejected object, reducing the separation of
the remaining binary and increasing the likelihood of a merger.
Future observations by the LVK and next-generation detectors,
such as the Einstein Telescope (ET) [64, 65], Cosmic Explorer
(CE) [66], and space-based observatories like LISA [67], will
provide access to a broader frequency range and significantly
increase the number of detected events. This will enhance our
ability to probe the properties of compact binaries, making



it critical to develop robust methods for characterizing their
evolutionary histories.

The formation history of a binary is imprinted on its compo-
nent masses, spins, and orbital eccentricity. Identifying these
signatures in GW observations is crucial for distinguishing be-
tween formation channels, yet it remains challenging due to
the high-dimensional parameter space of compact binaries and
the sensitivity limits of current detectors. Orbital eccentricity
in BBH mergers is a smoking gun of dynamical formation.
Eccentricity can also help identify dark matter particles in ul-
tralight boson clouds around BHs [69]. Since isolated binaries
are expected to circularize before entering the LVK band, the
detection of eccentricity in a BBH merger would strongly sug-
gest a dynamical origin such as globular clusters or galactic
nuclei [70, 71], or through the Kozai-Lidov mechanism in triple
systems [72, 73]. By studying the effects of eccentricity on
GW signals, we can help quantify the fraction of BBH mergers
arising from dynamical interactions. Several studies have at-
tempted to identify signatures of eccentricity in compact binary
mergers. Early analyses primarily incorporated a single eccen-
tricity parameter using the likelihood reweighting (importance
sampling) method [74, 75], used in works such as [74, 76-82].
More recently, efforts have expanded to include two eccentricity
parameters [29, 83-85], as neglecting one of these parameters
has been shown to introduce biases in parameter estimation
(PE) studies [83, 86].

Most of the aforementioned studies were constrained by var-
ious limitations, such as sampling only on non-eccentric pa-
rameters and reweighting with eccentric models, restricting
the analysis to a limited number of events, or relying on ma-
chine learning techniques to mitigate the high computational
cost of eccentric waveform models with two eccentric parame-
ters. In Ref. [85], we recently introduced IMRPHENOMTEHM,
a time-domain phenomenological multipolar eccentric wave-
form model, which is built upon the aligned-spin QC model
IMRPHENOMTHM and represents the most computationally
efficient eccentric inspiral-merger-ringdown (IMR) model to
date. There, we already presented PE studies of two real events:
GW150914 [87, 88], the first detected GW signal from a BBH,
and GW190521 [89], a high total mass signal with potential
signatures of eccentricity identified in the literature [78, 90].
These preliminary studies demonstrated the efficiency and ac-
curacy of the model, recovering posteriors consistent with the
literature. Neither of the events showed significant evidence
for eccentricity. Specifically, the posteriors for GW190521
were uninformative, which aligns with the short duration of the
signal and the fact that IMRPHENOMTEHM, like other state-of-
the-art eccentric models, assumes circularization at merger. As
aresult, we would not expect to observe imprints of eccentricity
in the merger-ringdown part of the signal, which was observed
by the detectors. These findings are also reflected in recent
studies on this event [83, 84, 91].

In this work, we further analyze 17 BBH merger GW events
identified in the literature as showing interesting features, such
as precession, unequal masses, or potential eccentricity. We
present results obtained using a uniform prior for eccentricity

versus a logarithmic prior, and compare Bayes factors between
the eccentric and QC hypotheses. We identify four events,
GW190701, GW190929, GW200129, and GW200208_22,
with a preference for the eccentric hypothesis, consistent with
the findings in the literature [ 74, 84]. Among these, GW200129
and GW200208_22 show more support for eccentricity, while
the evidence for eccentricity in GW190701 and GW 190929
remains inconclusive. For these specific events, we conduct
additional studies to examine the impact of various effects such
as data treatment and sampler settings on the recovery of eccen-
tricity. Moreover, we perform additional runs for these events
using IMRPHENOMTPHM, the precessing time-domain phe-
nomenological waveform model from the same IMRPHENOMT
family, to study the preference for eccentricity over preces-
sion. Motivated by claims of precession for GW200129 [92],
which were found only in precessing models that include mode
asymmetries, we also conduct NRSur7po4 [41] runs for this
event.

This paper is structured as follows: In Sec.II, we describe the
methodology employed in this work. In Sec. III, we present our
results starting with an overview of all analyzed events, followed
by a discussion of those that exhibit evidence of eccentricity.
Finally, in Sec. IV, we summarize our main findings and discuss
potential avenues for future research.

II. METHODOLOGY

In this section, we outline the methodology employed
throughout this work. First, in Sec. Il A, we revisit the no-
tation and conventions used for parameterization. In Sec. I B,
we describe the waveform models used for the analysis: the
eccentric IMRPHENOMTEHM model and its QC counterpart,
IMRPHENOMTHM, as well as a brief introduction to the pre-
cessing models IMRPHENOMTPHM and NRSur7DQ4. Next,
in Sec. I C, we present the public data used for the analysis of
the GW events. Finally, in Sec. II D, we introduce our meth-
ods for performing Bayesian inference and its application to
determining whether a detected GW event is more likely to be
described by a BBH moving on an eccentric or QC orbit.

A. Notation and conventions

Throughout this paper, component masses are denoted by
m; with i = 1,2. We define the mass ratio ¢ = my/m; < 1,

and the symmetric mass ratio n = mymy/(m; + my)*. The
chirp mass is given by M = (m}t;"ﬁ/f/s. Note that masses refer
in general to the detector’s frame. The z-component of the
dimensionless spin magnitudes are denoted y; = S7/ ml.2, which
correspond to the projections of the dimensionless component
spin vectors onto the orbital angular momentum. We also report
the effective-spin parameter y.¢ [93-95], which captures the
dominant nonprecessing-spin effects defined as
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For the precessing runs performed with IMRPHENOMTPHM
and NRSur7DQ4, we also provide the effective spin precession
parameter y, [96]. This parameter quantifies the in-plane spin
effects, and corresponds to an approximate average over many
precession cycles of the spins in the precessing orbital plane,
given by

S 2.2)
/\/p B Alm% . .
Here, S, is the average spin magnitude, given by
Sp = max(A; 11, A2S2,), 2.3)

where A} =2+ 3/2q, and A, =2 + 3¢q/2.

Comparing eccentric parameters across different waveform
models requires additional post-processing due to the gauge
dependence of eccentricity in General Relativity. The IMRPHE-
NoMTEHM model, for instance, allows for two different gauges
for the eccentric parameters, denoted as ¢™ and OB corre-
sponding to modified-harmonic PN (MH) and alternatively
Effective-One-Body (EOB, default) coordinates (see Sec. III
C in Ref. [85] for more details). However, gauge-invariant ap-
proaches to define eccentricity have been proposed, based on
waveform modulations [97, 98] and catastrophe theory [99].
In this work, we adopt the waveform-based eccentricity def-
inition from Ref. [100], denoted as ¢SV, and implemented
in the gw_eccentricity python package [97]. This defini-
tion is computed by measuring the instantaneous angular GW
frequency of the (2,2) spherical harmonic mode, wy,, at the
pericenters and apocenters of the orbits,

¢SV = cos(y/3) — V3sin(y/3), (2.4)
1-é2
W = arctan 21, (2.5)
2ew22
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Cop = 1/2 172 ° (26)
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where w%zp and u);éza are the GW frequency of the (2, 2)-mode

at the periastra and apastra, respectively. Similarly, the GW
mean anomaly is given by [97, 101]
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where /" is the time of the i—th periastron passage measured
from wy;.

B. Waveform models

State-of-the-art gravitational IMR waveform models accu-
rately describe BBHs in QC orbits, including also the effects of
black holes spins. These models fall into three main families:
the EOB formalism [102, 103], including SEOBNR [24-31]

and TEOBResumS models [32—-38]; NRSurrogate models [39—
41, 104, 105], which interpolate between NR datasets; and the
IMRPhenom approach [42—49], known for its computational
efficiency.

For the QC aligned-spin subspace, the models are calibrated
to NR simulations and demonstrate strong agreement in the
region where NR data is available [25, 40, 44, 46, 48]. Here,
we employ the QC IMRPaENOMTHM model [48], an extension
of the time-domain IMR phenomenological model IMRPHE-
NoMT [49] to also include the subdominant spherical harmon-
ics (I,m) = {(2, 1), (3, £3), (4, +4), (5, £5)} in addition to the
(2, £2)-modes. The model is calibrated to SEOB-NR hybrids,
up to mass ratio 18, and to Teukolsky-based solutions in the ex-
treme mass ratio limit. This results in an accurate and efficient
model, widely used in GW astronomy [106—108].

Modeling precessing-spin binaries presents challenges due
to the more complex waveform morphology and the larger
parameter space involved, affecting all different modeling ap-
proaches [28, 41, 47, 109, 110]. In this work, we rely on
both the IMRPHENOMTPHM and NRSuURrR7DQ4 models. The
state-of-the-art precessing time-domain model, IMRPHENOMT-
PHM [47], uses approximations to model precession without
NR calibration. While this increases its applicability across the
parameter space, it comes at the cost of reduced accuracy. It
includes the same multipoles as the underlying aligned-spin
model IMRPuENOMTHM, and the default implementation used
in this work uses a numerical integration of the Euler angles
to parameterize the binary evolution. One limitation of non-
calibrated precessing models is the neglect of m-mode asym-
metries, which can lead to biases in PE studies, as demon-
strated in Ref. [92, 111]. To account for the limitations of this
model, we also use the NRSur7pQ4 [41] model, a more accu-
rate precessing QC model, to study the precessing hypothesis
for GW200129 claimed in other studies [92]. A key advantage
of NRSURr7DQ4 is that it includes mode-m asymmetries, which
arise naturally from the numerical relativity simulations used
in its calibration. NRSur7DQ4 is however limited in its mass
ratio, spin magnitudes, and waveform length coverage.

Similar challenges arise in modeling eccentric binaries. The
increased parameter space and the limited availability of NR
eccentric simulations complicate both the development and
validation of accurate waveform models. A common approach
in the literature is the assumption of circularization before
merger, which has been used to construct hybrid IMR wave-
forms by combining EOB/PN-inspiral waveforms with merger
and ringdown signals from NR or the EOB formalism [112-
114]. Significant progress has been made within the EOB
framework [30, 31, 115-124], including recent efforts to de-
velop generic IMR waveforms [38, 125]. Surrogate modeling
has also been explored, but due to the scarcity of NR eccen-
tric simulations, current models are reduced to comparable-
mass and non-spinning binaries [126, 127]. The recently
developed GwNRHME framework can convert multi-modal
QC waveforms into multi-modal eccentric waveforms, for a
given quadrupolar eccentric waveform from a non-spinning
system [98, 127-129].



In this work, we use IMRPuENOMTEHM, the first eccentric
model of the IMRPHENOMT family, which extends the QC IMR-
PueNoMTHM [48, 49] model to eccentric binaries. It includes
the full 3PN orbit-averaged dynamics, accounting for both non-
spinning and spinning corrections [130], implemented in both
modified harmonic PN (referred to as PN) and EOB coordi-
nates (default option). Additionally, the waveform modes of
IMRPHENOMTHM are modified by incorporating non-spinning
eccentric corrections up to 3PN for the non-spinning contri-
butions [131], and up to 2PN nonprecessing-spin eccentric
corrections [ 130], formulated in MH coordinates and expanded
in eccentricity up to O(e®). This limits the applicability of the
model to BBHs with aligned spins and eccentricities below
e = 0.4 at an orbit-averaged (2, 2)-mode frequency of 10 Hz.

C. GW real events data

We analyze 17 GW events from the public strain data
available at the Gravitational Wave Open Science Center
(GWOSC) [132, 133], using power spectral densities (PSDs)
and calibration uncertainties provided by the LVK Collabora-
tion. These events span the three observing runs (O1-0O3) from
mid-2015 to March 2020. During O1, the LIGO detectors were
the only ones operational [134], and Virgo joined at the end of
02 in 2017 [3].

The selection of events in this work is based on particular
and interesting features identified in previous studies. From
GWTCI1 [3], we analyze most of the detecting events, excluding
those with very low total mass, such as GW170817 [13] (a bi-
nary neutron star merger) and GW170608. From GWTC2 [4, 5],
we include GW190412 [135] due to its asymmetric masses
and the impact of higher-order multipoles (HMs); GW 190620,
which has been argued to support a non-eccentricity explana-
tion [82]; GW190701 and GW 190706, both of which showed
potential signs of eccentricity [84]; GW190814 [136], the
most asymmetric system yet measured with GWs, with a sec-
ondary component being either the lightest BH or the heaviest
NS ever discovered in a double compact-object system; and
GW190828 and GW190929. Finally, from GWTC3 [6], we
revisit GW200208_22, which showed potential eccentricity sig-
natures [84, 137], and GW200129, initially reported as the first
precessing binary detection [92] but later found to be affected
by glitches [138, 139].

Several studies have been conducted to mitigate the known
glitches in the event GW200129, including the use of machine
learning techniques [ 140, 141]. In this work, we use the frame
files provided in the public release of Ref. [138] to assess
the impact of glitch subtraction on the eccentricity posteriors.
Specifically, Ref [138] employs the gw_subtract [139, 142]
and BayesWave [143] glitch mitigation techniques. The
gw_subtract method estimates and removes instrumental
noise by using an auxiliary sensor at LIGO Livingston that
monitors the noise source. The transfer function between this
sensor and the main strain data channel is computed over a
long period, allowing for an estimate of the noise contribution,

which is then subtracted from the strain data. The effectiveness
of this method depends on the accuracy of both the sensor and
the transfer function estimate. This is the preferred technique
employed in most analyses of this event [84, 92, 144] and is
also used in the GWTC-3 LVK analysis [6]. On the other hand,
BayesWave is a data analysis algorithm that models astrophys-
ical signals, instrumental glitches, and Gaussian noise using
a trans-dimensional Reversible-Jump Markov Chain Monte
Carlo method [145]. It represents the signal with a waveform
model and incoherent non-Gaussian noise with sine-Gaussian
wavelets, while simultaneously modeling the PSD with a com-
bination of cubic splines and Lorentzians. The algorithm infers
posterior distributions for the signal, glitch, and PSD, from
which one can draw realizations of the glitch and subtract them
from the detector strain.

D. Parameter Estimation: Bayesian Inference

Bayesian inference is the standard statistical framework in
GW astronomy to measure the source properties of the detected
GW events. The Bayes’ theorem allows to obtain a distribution
of the set of parameters A which characterize the GW source,
provided that the observed GW signal in the detector data d
can be described by a theoretical signal model hy,(¢; 1). The
posterior probability distribution on A given the signal model
hy, P(Ald, hyy), is given by

P(d|A, hy)P(Alhy)
P(d\hw)

Here, P(d|A, hyy) is the likelihood function, P(A|hyy) is the prior
probability distribution, and P(d|hy,) is the so called evidence
of the model hypothesis /,,, normally represented by Z, and
defined as

PQd, hy) = (2.8)

Z = P(dhy) = fd/lP(dl/l, har) P(Alhyy). 2.9
In this work, we use bilby [146, 147] to compute the pos-
terior distributions. By default, we use the nested sampler
dynesty [148], fixing the number of autocorrelation times to
use before a point to naccept=60 and the number of live points
tonlive=1000.

For a detector with stationary, Gaussian noise, the likelihood
function is

1
P(d|A, hyy) oc exp [_§<d — hy(Dld = hy ()], (2.10)

where the noise-weighted inner product is defined as

i A*(F)B(f) + A(HB(f)
A|B) = 2R d .
By Siow / Sa(f)

Here, tildes denote Fourier transforms, asterisks denote com-
plex conjugates, and S ,,(f) is the one-sided PSD of the detector.

The integration limits [ fiow, fhign] define the detector’s band-
width, with fi,w = 20 Hz in all cases, while fi,n varies per
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run according to the official LVK reanalysis [3—6]. For multi-
ple detectors, we assume uncorrelated noise, so the network
likelihood is the product of individual likelihoods.
Bayesian-inferred posteriors provide a useful tool for com-
paring different models. Specifically, they allow us to estimate
the preference for an eccentric model, E, over a QC model, by
comparing their probabilities given the detector data:

P(held) _ _pthe)p(dlhe)  _ @2.12)
P(hqcld)  p(hqc)p(dlhqc)

_ plhe) Ze _ plhe)
 plhac) Zoc  plhoe)

Okjqc =

BE/QO (213)

The first ratio represents our prior belief about the occurrence
of eccentric versus QC events in the universe. This prior knowl-
edge can be inferred from previous GW observing runs, which
provide event rate estimates for different populations. The
second ratio, Bg/qc, is the Bayes factor, which quantifies the
relative evidence for eccentricity compared to the QC assump-
tion based on the observed data. In this work, we compute
the log-10 Bayes factor, log,, Bg/qc, which is positive when
the eccentric model is preferred. Following Jeffreys’ scale of
evidence [149], we consider log,, Bg/qc > 1 as a threshold for
strong support in favor of eccentricity.

We adopt priors on the inverse mass ratio (1/g) and chirp
mass (M) to ensure a uniform distribution in the component
masses. For the spin components y;, we use priors correspond-
ing to the projections of a uniform and isotropic spin distri-
bution along a direction perpendicular to the binary’s orbital
plane [150]. For the luminosity distance d;, we follow the sim-
ple prior proportional to dz [3—6], which distributes mergers
uniformly through a stationary Euclidean universe. We set
the starting frequency for the waveform generation at 10 Hz
to ensure that the / < 4 modes remain within the analysis fre-
quency band. Higher modes with m > 2 have higher frequency
content over the same time interval, so the starting frequency
must be adjusted based on the highest m-mode included in the
analysis. While we include all available modes of the IMR-
PaenoMTEHM model, we limit the starting frequency to the
I = 4 mode. This is because the additional time required for
conditioning, along with the small effect of the (5,5) mode
at lower frequencies, make further reduction unnecessary for
the waveform. Regarding the two extra priors for eccentric
models, we set a uniform distribution for the mean anomaly
at the reference frequency of 10 Hz, /oy, € [0, 2n]. For the
eccentricity at the reference time, we consider two choices: a) a
uniform prior, ejo g, € [0, 0.5], and b) a log-uniform prior with
bounds ejg 1, € [107#,0.5]. We analyze both priors to compare
the resulting posterior distributions. The log-uniform prior is
often used to express ignorance of the order of magnitude of
the eccentricity, and is consistent with the astrophysical expec-
tations that typical eccentricities will be very small. However,
using a uniform prior avoids imposing a lower bound on the
log-uniform prior, which could significantly affect Bayes fac-
tors by assigning excessive weight to low eccentricities in the
evidence integral (Eq. (2.9)). The remaining priors, including

the extrinsic parameters and the binary’s orbital phase ¢, are
the same as in Ref. [3].

III. RESULTS

Figure | shows the marginal posterior probability distribu-
tions for the 17 BBH GW events analyzed in this study. The
upper half of each violin plot presents the results obtained with
the eccentric IMRPHENOMTEHM model, while the lower half
shows the results for the QC IMRPuENOMTHM model. For
the eccentric model, we include the distributions obtained with
both the uniform and log-uniform eccentricity priors. In cases
where no eccentricity signatures are found, the QC parameters
exhibit qualitatively consistent distributions for both the IMR-
PaenomMTHM and IMRPuENOMTEHM models, regardless of
the prior used.

A key outcome of this study is to demonstrate the abil-
ity of the IMRPHENOMTEHM model to perform PE on large
sets of events, including events with low total mass such as
GW190814 [136]. This event, as found by the LVK Collab-
oration, corresponds to a compact binary system consisting
of a 23.2f{:(1)M@ black hole and a 2.59f8:8§M® compact object,
whose nature remains uncertain [136]. We do not find evi-
dence of eccentricity in GW190814. Our analysis yields a
GW eccentricity of e5V = 0.06*3%% with a negative signifi-

10Hz .05

cance of log;, Bg/qc = _0'24t8i{§ for the uniform prior, and

e, = 0.00700¢ with log,y Bejoc = 0.047){% for the log-
uniform prior, with negative values within errors. Notably,
the model proves efficient in performing PE for this low-mass
event, motivating a dedicated reanalysis of low-mass events in
a companion paper [151], where we conduct the first full IMR
study to search for eccentric features in these events.

Regarding the eccentricity posteriors, we find clear support
for eccentricity in two events, GW200129, and GW200208_22,
regardless of the prior choice. Both events have shown to ex-
hibit signatures of eccentricity in previous studies [84, 137], and
our analysis reveals distributions that agree across the different
priors. These two events, however, warrant further investiga-
tion, and we present summarized results for both in Secs. [T A
and II1 B.

We compute the log-10 Bayes factors between the eccentric
and the QC hypotheses (both aligned and precessing spins),
as defined in Eq. (2.8), and display them as a function of the
measured eccentricity in Fig. 2. For GW200129, we observe a
high value of the Bayes factor in favour of the eccentric hypoth-
esis, which is also supported when using a log-uniform prior.
In contrast, for GW200208_22, we find a log,, Bg,qc greater
than 1 only when using the uniform prior. Detailed studies on
both events are provided in Secs. III A and III B, respectively.
There are two additional events of particular interest. The first
is GW 190701, for which Ref. [84] finds support for eccentric-
ity, while our analysis notably reduces this support when using
a log-uniform prior. The second event is GW 190929, where
we observe some support for non-zero eccentricity. Neverthe-
less, for both cases the log-uniform prior shifts the eccentricity



€10Hz

dr, [Mpc]

GW151012

GW151226 -

GW170104 -

GW170729 -

GW170809 -

GW170818 -

GW170823 -

GW190412 -

GW190620 -

GW190701 -

GW190706 -

GW190814 -

GW190828 -

GW190929 -

GW191109 -

GW200129 ~

%ﬁ»%f

&P

D~
r_

S < &

%éww

Sk PN T P
' T ﬂ - <; - P S g

GW200208-22

M M)

1-1 0

10 0.35

GW
€10Hz

0.70 5000 10000

dr, [Mpc]

FIG. 1. Marginal probability distributions for the chirp mass M in solar masses, inverse mass ratio 1/g, effective spin y.q, reference GW
eccentricity ¢V, and luminosity distance d; in Mpc for all analyzed events in this work, at a reference frequency of 10 Hz. The upper half of
each violin plot represents the marginal posterior distributions for IMRPHENOMTEHM using a uniform eccentricity prior (pink) and a logarithmic
eccentricity prior (dashed blue), while the lower half shows those of the QC IMRPHENOMTHM model (green). Vertical lines indicate the 90%
credible intervals of each distribution.



Event Model M/M, MM, 1/q Xeft Xp S Sy, d; SNRY ' log,o Beey/oc
IMRPHENOMTHM 127.74*144) 54774638 0.80*018 —0.08:022 - - - 2034773 11.38+0)3 -
IMRPuENoMTEHM M 127.75%1%33 54.897625 0.807008 —0.07:92% - 0297017 3.417231 20547700 11.60*0% 0237013

Gi19070; MRPHENOMTEHM O ec2000 126.9741378 544758 0.80*01% —0.097025 - 0.29%017 3.35:260 2024*1° 115603 0.24*01
IMRPHENOMTEHM o£Un 127.8311383  54.85557 0.8070,5 —0.0870%3  —  0.06%03¢ 3.217370 2055773 11.41*3F  0.087012
IMRPHENOMTEHM (20,00 127717150 54817573 08001 —008°0% - 006°03 32238 204072 1140703 0.097018
IMRPHENOMTPHM 130.58*17%2 55.98*791 0.80*21% —0.067024 0.467042 - - 2126773 11370 0.05%912
IMRPHENoMTHM 141.642326 56.32+1397 0.467041 —0.03023  — - - 3795498 9.96%0% -
IMRPuENOMTEHM U™ 150.6673%53 62.9971992 0.617038 —0.027023 - 0.3570% 3.64'2% 45667372 1024703 056701

Gitoooze MRPHENOMTEHM U oo 150337371 63.007008 062103 002103 —  03570% 3.57°33 460273018 1023798 056750
IMRPHENOMTEHM LeeUn 144.78* 375 59.0371231 0.51*049 —0.027023  —  0.187025 3.43*23% 4048*%7% 10.07°04  0.19*919
IMRPHENOMTEHM L0 144.59*238¢ 58.81*1231 0.51*041 —0.02:02¢ - 0.197024 3.32*28 4060*%)5 10.070%  0.19*9%
IMRPrENoMTPHM 146.933135 57.46*1890 0447042 0.037028 0.3970% - - 371673077 10.0370%  0.09*01

200125 IMRPuENoMTHM . 73541337 31.837138 0.867012 0.117010 - - - 81837 26271013 -

Giosc ~ IMRPuENOMTEHM Yr 69.81723}  29.93*117 0757020 0.0270%8  —  0.28+00% 2.777300 686*25  26.94*013  5.14*013
IMRPHENOMTEHM eeUri 70.18*233  30.09*117 0.767017 0.0270%8  —  027*095 2.607335 689*20 26.92*015  4.19*013
IMRPHENOMTHM piveono(H1)  74.59*370  32.17*222 0.83*0)3 0.12:015 - - - 116873 14.73:0)) -
IMRPuENoMTEHM Ui (H1) 72.90137% 31417237 0.82701% 0.09'01¢ - 0.187014 3.0828% 1166*3 14.83'00° —0.06*008
IMRPHENOMTEHM 060" {1y 7437372 3207230 0837003 0127016 0.01%02) 3.1528 1181*39 14.75*01  0.02:0%
IMRPuENOMTHM 73.0557% 31.49t}§2 O.Sltg:}; 0.09f8;}‘1’ - - - 894325 25.93f8:}% -

200125 IMRPHENOMTEHM U™ A 70421236 30,0852 0717018 0.02:0%5  — 026%000 2.72532 7754200 26.49*010  4.00*013

gw_subtract IMRPHENOMTEHM Hoetr 70.64*330  30.20*03 0727018 0.0310%5  — 026%000 2.7973% 773+30 26.49*015  3.35013

IMRPuENoMTPHM 7328739 3156717 0797018 0.08711 042100 - - 896732 25.99*017  0.11701%
NRSurR7DQ4 73.31’:;32 30.181’?:2} 0.541’8:?2 0.00fgjg 0.814_’8:;2 - - 112133; 26.201’8:;? 2.12f8:}i
IMRPHENOMTHM 76.65fg:§2 33.193:22 0.86*013 0.22+09% - - - 9673(2)2 26.71f8:}; -

200129 IMRPHENOMTEHM U™ A 74.32:355 32.05712% 081019 0.17:0%5  — 0217903 2.937305  854+332 27.04*01%  1.86*013

Bayess  IMRPHENOMTEHM "2 74.641392  32.22*035 0.82*017 0.1870%5  — 0.19+09 3.28+269 8584336 27.03*21¢  1.30*013
IMRPuENoMTPHM 77541358 3352148 0.84700¢ 0.23709 048103 — - 10612258 26.767012  0.11*913
NRSurR7DQ4 77.26’:2:;8 33.131’}:;‘; 0.771’83? 0.19f8:{(2) 0.584_’8:;2 - - 1170328 26.841’8:]1% 1.174_’8:{2
IMRPuENoMTHM 75.483:38 32.63f::§3 0.85t3:}; 0.18fg:}8 - - - 968338 26.30f8:}§ -

200129 IMRPHENOMTEHM U™ A 72691332 31.267155 0777018 0117008~ 0247000 2.957310 806+32¢ 26.75*015  2.90*013

BayesB  IMRPHENOMTEHM "2V 7310370 31461126 078017 0.12:00%8  — 0.22+003 3.00739  820%3%  26.73*01  2.13*013
IMRPrENOMTPHM 75.9543%3  32.8071%3 0.82:018 0.1710 046703 - - 10287358 26357013 0.047014
NRSUR7DQ4 751555 31.69%341 0.6770% 011701 07553 - - 118273 26,5111 1707014

GW200129 IMRPuENOMTHM 75.00352 32.473:;2 0.86*013 0.1670:10 - - - 9873%‘5l 25.59f8:}§ -

BayesC  IMRPuENoMTEHM U 7255260 31231122 0.79*017 0.1070%8  — 0.24%0% 278832 8317MT 26.057015  2.821013
IMRPrENOMTHM 90.39*10892 30.32+8%° 03903 03704 - - - 5066759 7.22+03 -
IMRPHENOMTHM p1;ve-2000 9510733358 30.91*623% 0.38*0% 0.367046 - - - 52477180 7194938
IMRPHENOMTEHM VM 65.3519%3  24.9575%2 0437040 0.137033 - 033709 2.99*2% 3101720 837033 0.9670 13

GW200208_22 IMRPuENoMTEHM U 65.75%3%32  24.73*%41 0.39*048 0.15%03) - 0.34709% 3.07+28] 3021+2662 8.44*061  1.1470%8
IMRPHENOMTEHM eeUri 68.43+112%0 25.82+3920 042048 0.18031 - 031309 3.02:2%3 346677352 8.09*075  0.0901!
IMRPHENOMTEHM L2, 68.54711%3¢ 25.05700% 043048 0.19°0% 0,001 029°0% 3.07°3% 34827} 80697 0.49%0%
IMRPHENOMTPHM 99.61*13638 33.15%374° 0427030 0367047 0417092 - - 530873080 7227048 —0.26015
IMRPuENOMXPHM 173.8971007¢ 455175529 0.16705 0.67702, 04373 - - 58161753 7.33100 -

TABLE I. Median values and 90% credible intervals of the posterior distributions for the analyzed GW events (indicated in each row). The
parameters displayed are the total mass M and chirp mass M in solar masses (both in the detector’s frame), the inverse mass ratio 1/¢, the
effective spin parameter y., the reference GW eccentricity, e?(}flz, and GW mean anomaly lﬂ}’;’lz, the luminosity distance d;, and the network
matched-filtered SNR, SNRN. The last column shows the log-10 Bayes factor between the eccentric (E) and the QC aligned-spin (QC) hypothesis
log,, Bk qc, or between the the QC precessing-spin (P) and QC hypothesis log,, Bp/qc. The spins and eccentric parameters are given at the
reference frequency of 10 Hz. For GW200129, we present results obtained using different datasets: first, the non-deglitched publicly released
GWOSC data [133], followed by the gw_subtract data, and finally, the BayesWave technique, which provides three distinct draws: BayesaA,

BayesB, and BayesC. For GW200208_22, we include the official LVK samples using the IMRPHENOMXPHM model from GWTC-3 [6].



values lower. Still, the eccentric hypothesis cannot be com-
pletely ruled out, as residual support for eccentricity persists
even when using finer sampler settings. These two events are
studied in more detail in Sec. I1I C.

Furthermore, the posteriors for these four events differ sig-
nificantly between the eccentric and QC waveform model. In
particular, the last two rows of Fig. | show notable discrepan-
cies in the chirp mass and the effective spin parameters between
the QC and eccentric model results. A more detailed discussion
of these discrepancies is provided in the following sections.

A. GW200129

GW200129 is an event of particular interest due to various
imprints suggesting a possible dynamical formation channel.
Additionally, the binary’s low mass —allowing for several inspi-
ral cycles within the detector’s frequency band— and its rela-
tively high SNR (~ 26, see Tab. I for details) make it well-suited
for characterizing these effects. Previous studies have identified
signatures of spin precession [92], evidence of a significant kick
velocity [152], and indications of orbital eccentricity [84, 137],
as well as false violations of general relativity due to wave-
form systematics [144]. The GWTC-3 catalog [6] reports
an effective-spin parameter of y.q = 0.1170!1! a total mass

Z0.16°
of M = 63.3"}3Mo, a luminosity distance of d; = 890*3%)

Mpc, and a network matched-filter signal-to-noise ratio 3(7)(%
SNR = 26.8’:8:%. However, this event also presents a glitch
in LIGO Livingston data within the 20-50 Hz frequency range,
and different glitch mitigation techniques have been shown to
significantly affect the support for spin precession [138, 140].

To further investigate the nature of GW200129, we present
the first eccentric analysis using standard PE techniques typi-
cally applied to QC binaries [6]. Additionally, we extensively
investigate various glitch mitigation techniques and their impact
on eccentricity recovery, employing both a uniform eccentric-
ity prior and a log-uniform prior. Specifically, we consider
data obtained directly from GWOSC for all three detectors, as
well as the glitch-mitigated data from Ref. [138], where the
gw_subtract mitigation technique and BayesWave were ap-
plied. For the latter, we use three different glitch draws, denoted
as BayesA, BayesB, and BayesC. Due to inconsistencies iden-
tified in the Virgo detector, as detailed in Ref. [138], we restrict
our deglitched analyses to the LIGO detectors. Additionally,
we analyze this event using the QC precessing-spin model of
the IMRPHENOMT family, IMRPHENOMTPHM [47], as well as
the NRSur7DQ4 model [41].

Our findings are summarized in Tab. I and are largely con-
sistent with those reported in Ref. [84]. We observe large
variations in the measurement of parameters depending on the
data used for the analysis. Specifically, the original data con-
taining the glitch (labeled as GWOSC) favors the presence of
orbital eccentricity over the QC hypothesis. The Bayes factors
shown in Tab. I strongly support, when using non-precessing
models, the eccentric hypotheses over the QC scenario, with

logo Bejoc=5.14*)13 and log,( Be/qc=4.1970'12 when using

a uniform and log-uniform prior in eccentricity, respectively.
However, different glitch mitigation techniques introduce sig-
nificant variations in these factors, as previously observed with
precessing QC models. For this reason, we do not perform
precessing QC runs on these non-deglitched data, as the noise
artifact has been shown to limit the conclusions of the analy-
sis [92, 138].

The results obtained using gw_subtract are shown in Tab. I.
For these data, we perform PE runs using all models, IMRPHE-
NoMTHM, IMRPHENOMTPHM, NRSUR7DQ4, and IMRPHE-
~NoMTEHM, both using a uniform and log-uniform prior in
eccentricity. Figure 3 shows the posterior distributions for the
chirp mass, effective spin, and eccentricity evaluated at a ref-
erence frequency of 10 Hz. Results for IMRPHENOMTEHM
include both uniform (denoted as Uni) and log-uniform (Lo-
gUni) eccentricity priors. Furthermore, the median values
obtained from the QC precessing-spin IMRPuENOMTPHM and
NRSuRr7DQ4 runs are indicated in Fig. 3. These results closely
align with the results obtained with the GWOSC dataset, exhibit-
ing strong support for a GW eccentricity of ey, = 0.26700]
consistent between the uniform and log-uniform prior, with
Bayes factors of 4.00f8:}§ and 3.35f8:i§, respectively. These
values strongly suggest a preference for the eccentric hypoth-
esis, though slightly lower than that obtained with the non-
deglitched data. Notably, the QC precessing-spin hypothesis
also remains favored over the aligned-spin QC scenario. As
already reported in Ref. [92], the IMRPHENOMTPHM model
shows minor support for spin precession, and we find a Bayes
factor of log Bp/qc=0.11*)}7, while NRSUR7DQ4 is notably
preferred over the QC aligned-spin hypothesis, with a Bayes
factor of log BP/QC=2.12J:8:%3. However, these values remain
significantly smaller than those obtained with the eccentric IM-
RPuENOMTEHM model, regardless of the prior choice. An in-
teresting feature observable in Fig. 3 is that the median values of
the recovered chirp mass and effective spin using NRSur7DpQ4
for gw_subtract data (dashed lines in the plot) agree much
better with the distributions obtained using IMRPHENOMTEHM
rather than IMRPuENoMTHM. However, this is not the case
for IMRPuENOMTPHM, which recovers values more consistent
with those of the aligned-spin run (shown in light green in the
plots). We thus find that the eccentric model posteriors agree
better with the precessing surrogate, indicating a preference
for dynamical effects in this event over the aligned-spin QC
hypothesis, and highlighting the degeneracy between eccen-
tricity and precession. For studies of similar degeneracies in
the context of other events, see e.g. Refs. [153, 154]. A more
detailed study would require the inclusion of spin-precessing
effects in IMRPauENOMTEHM, which we leave for future work.

To visually assess the impact of incorporating eccentricity
and to compare it with the precessing scenario, we show in the
top panel of Fig. 5 the whitened data using the gw_subtract
data, overlaid with the reconstructed maximum likelihood wave-
forms from the two eccentric runs with IMRPHENOMTEHM
using uniform and log-uniform eccentricity priors, the aligned-
spin QC run with IMRPrENOMTHM, and the NRSur7DQ4
waveform. Notably, the two eccentric reconstructions show
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FIG. 2. Log-10 Bayes factors comparing the eccentric (E) and aligned quasi-circular (QC) hypotheses for each analyzed GW event, plotted
against the mean inferred GW eccentricity at the reference frequency, efg;’[z. The top panel displays the factor for cases that favor the eccentric
hypothesis (log;, Bejqoc > 0), while the bottom panel shows the events that favor the QC hypothesis (log,, Boc/e = 0). In the top panel, we
include a dashed gray line at log,, Bg/qc = 0 to indicate the threshold for support in favor of the eccentric hypothesis. Circles denote results
obtained using a uniform eccentricity prior, whereas squares represent those using a logarithmic prior. Horizontal lines indicate the 90% credible
intervals for the GW eccentricity posteriors. Different colors distinguish the GW events, with labels placed next to their corresponding uniform

prior points.

excellent agreement with each other, while both differ from the
QC models.

Recent studies on GW200129 have investigated the use of the
BayesWave mitigation technique [138, 140]. The analyses in
GWTC-3 [6] use a single draw of the glitch mitigation model,
while a more detailed study on GW200129 [138] marginal-
izes over multiple draws. In this study, we employ the three
glitch realizations provided in their public release [133], la-
beled BayesA, BayesB, and BayesC. We perform parameter
estimation with the three draws using the IMRPHENOMTHM
and IMRPHENOMTEHM models with a uniform prior on eccen-
tricity. Due to the high similarity between BayesB and BayesC
(see Tab. I), we exclude BayesC from further runs with the

precessing-spin models and log-uniform prior. A summary of
all performed runs is given in Tab. I, and the results for BayesA
—the run which exhibits the least support for dynamical features
(both precession and eccentricity)— are shown in Fig. 3, along
with those for gw_subtract introduced above. We find that the
eccentric hypothesis is preferred over the precessing one for all
the BayesWave draws, although this preference is not as strong
as for the gw_subtract data. While different mitigation tech-
niques significantly impact the support for eccentricity, both in
terms of recovered values and Bayes factors (see Tab. I), the
preference for the eccentric hypothesis over the precessing QC
scenario persists overall. The weakest support for eccentricity
comes from the BayesA draw with a log-uniform prior, where
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FIG. 3. Posterior distributions for the chirp mass, effective spin, and GW eccentricity at a reference frequency of 10 Hz for GW200129. Results
are shown for the gw_subtract (dashed-lines) and BayesA (continuous-lines) glitch mitigation techniques. The distributions are provided for
both the QC IMRPuENOMTHM (green) and eccentric IMRPHENOMTEHM models, using uniform (Uni, blue) and log-uniform (LogUni, pink)
priors. The median values for the IMRPHENOMTPHM (dark green) and NRSurR7DQ4 (purple) runs are included for comparison to highlight the

impact of precessing features on the posterior distributions for both datasets.

the inferred eccentricity is e = 0.19%09%, and the log-10

Bayes factor is log,, Bg/qc = 1.30*)13. This data also shows
the lowest preference for the precessing hypothesis in the NR-
Sur7DQ4 model, with a Bayes factor of log,, Bp,qc = 1.17f8:}§,
which, as noted before, remains lower than the support for ec-

centricity.

We also revisit the possibility of this event being QC spin-
precessing, and we find consistently lower support for this
hypothesis compared to the eccentric scenario, regardless of
the model, prior, or data used, as shown in Tab. I. Specifically,
the preference for the eccentric hypothesis over the precessing
one ranges from log;, Bg/p € [0.13,1.88], as can be directly
inferred from the table.

The variability in the evidence for eccentricity across differ-
ent datasets suggests residual systematics in the glitch subtrac-
tion may still be influencing the analysis. Studies performing
independent analyses on the LIGO detectors show that the sup-
port for eccentricity is much reduced when using only the LIGO
Hanford detector, which is free from glitches. This is consistent
with the lack of SNR in LIGO Hanford, due to the particular
antenna patterns of this event [84]. To further investigate this,
we performed three additional runs using only the Hanford
data —listed in Tab. I under “H1”- and found results consistent
with those obtained using BayesA data, although with broader
and less informative posteriors. Notably, the recovered Bayes
factors are inconclusive, with values consistent with zero, in
line with the substantially lower SNR ( 15) compared to that
obtained when including Livingston data ( 27). Nonetheless,
our study consistently favors the eccentric hypothesis over the
QC scenario, both for aligned and precessing spins. Our results,
together with previous studies [84, 92], indicate a preference
for dynamical formation channels, supported by spin preces-

sion or orbital eccentricity. However, distinguishing between
eccentricity and precession or the combination of them requires
generic spin eccentric waveform models. We plan to extend
the IMRPHENOMTEHM waveform model to precessing-spin
binaries in future work.

B. GW200208_22

GW200208_22 is another event with evidence for the eccen-
tric hypothesis [84, 137]. For this analysis, we increase the
upper bound of the eccentricity prior to emax = 0.65 to prevent
the posteriors from railing. For this high value of eccentricity,
the underlying eccentricity expansions in the model degrade its
accuracy [85]. However, since the waveform starts at an orbit
averaged (2, 2)-frequency of 10Hz to ensure accurate higher-
mode content, and the likelihood integration begins at 20Hz,
the eccentricity is expected to have substantially decayed by
20Hz. As a result, any inaccuracies due to the eccentricity ex-
pansions are negligible at this frequency. The runs for this event
are summarized in Tab. I. We perform PE runs with IMRPHE-
NoMTHM, IMRPuENOoMTPHM, and IMRPuENOMTEHM with
both uniform and log-uniform priors, employing the default
bilby settings specified in Sec. IT D. Furthermore, we repeat
the IMRPHENOMTHM and IMRPHENOMTEHM runs with an in-
creased number of live points (n1ive=2000) to assess stochas-
tic sampler systematics in the multi-modalities observed in the
QC parameters.

The high-resolution runs are shown in the third column of
Fig.4, together with those of IMRPHENOMXPHM from the
GWTC-3 release [0, 133]. This figure presents the 2D and 1D
posterior distributions for the chirp mass, effective spin, and



11

¥ 1 l}.ﬁ "‘JJ\HL: F
ANy ' \ 1 :
0.6 s AL il i
[] IMRPhenomTHM 041 * IMRPhenomTPHM 1 IMRPhe XPHM(GWOSC)
0.41 I TMRPhenomTEHM(Uni) 1 i 1.00 1 Ry
IMRPhenomTEHM(LogUni) ‘ “——— "\ e
o A 0.2+ y 0.75 / D |
o & 0.50 1 / \<
y 4 <=} L Ol
= 00 K \‘ = 00 ] o Ny
f o | |
/ ¥ 0.25 Z:}
—0.2+ { " 17 —0-29 ( 7 0.001 / 17
\/ s y -
—0.4- \ d —0.4 < —0.251 1
GW190701 T GW190929 050 GH200208_22 |
T =\ t—" . 23X ]  F------ —0.5
0.6 ] 0.6+ 061 (N e
0.5 0.5 051 7
0.4 0.4+ N \ |
; )
= = (=1 - \ 1
S 0.3 B 0.3 < 0.3 f
0.2 0.2 02 oo
0.1 \ ( 1 0.14 g / ——————— 0.1
0.0+— : ; . : 0.0 . T : : 0.0 ‘ ‘ ;
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100

M/ M

MM,

M /M.,

FIG. 4. Marginalized 2D and 1D posterior distributions of GW190701 (left), GW 190929 (middle), and GW200208_22 (right) for the highest
number of live points runs described in Tab. 1. For each GW event we show the chirp mass and effective spin (fop row), and chirp mass and
eccentricity(bottom row) parameters; for the QC model IMRPHENOMTHM (green), and the eccentric IMRPHENOMTEHM model using both a
uniform (Uni, blue) and a log-uniform (LogUni, magenta) priors in eccentricity. We include as a dark green star the median value of the posterior
distribution obtained by IMRPHENOMTPHM. All parameters are measured at a reference frequency of fi.r = 10 Hz.

eccentricity —each evaluated at the reference frequency of 10
Hz— for the three remaining special events, with one event per
column. Notably, in these plots, we display the eccentricity as
defined within the model rather than the GW eccentricity, which
is listed in Tab. . This choice is motivated by the degradation of
the waveform at higher eccentricities at 10 Hz, which prevents
gw_eccentricity from functioning correctly. Since some
cycles before the reference frequency are required to obtain the
GW eccentricity values, we are evaluating the PN expansions
at e ~ 0.65 — 0.7, which leads to non-physical behavior in the
waveform. However, since these values do not directly enter
the waveform, we consider it more informative to show the
full posterior, providing a clearer understanding of the range of
eccentricities relevant at 20 Hz.

According to the values from the public samples in the
GWTC-2.1 catalog [5], using the IMRPHENOMXPHM model
(included in Tab. I), GW200208_22 is identified as a BBH with
total mass M = 1747190, effective spin yer = 0.6772), and a
relatively low SNR of 7.3%):). As can be seen in Fig. 4, the
IMRPHENOMXPHM posteriors are not well constrained due
to the low SNR. Thus, we study the use of more demanding
sampler settings in bilby, both for the IMRPHENOMTHM and
IMRPHENOMTEHM runs. We perform extra runs by increas-
ing the number of live points to nlive=2000 to reduce the
multimodalities in the chirp mass and the eccentricity poste-
riors observed in the nlive=1000 IMRPuENOMTEHM and
IMRPHENOMTHM runs.

The uniform IMRPHENOMTEHM runs indicate a strong pref-

erence for the eccentric hypothesis over the QC one, with Bayes
factors of log, Bg/qc = 0.96%)13 and log Bejqc = 1.14*508
for the low- and high- resolution runs, respectively. These
factors suggest support for elliptical orbits, with inferred GW
eccentricities of efY = 0.33*0% and e, = 0.34%0%. How-
ever, this preference is reduced when using a log-uniform
prior, yielding Bayes factors of log,, Bgjoc = 0.09f8:}} and
logo Bejqc = 0.49*5:98, with corresponding GW eccentricities
of eﬁ};‘/lz = O.31f8:gg and e?o\gz = O.29f8:gg, which diminish the
evidence of orbital eccentricity in this event. Nonetheless, as
shown in Figs. | and 4, the log-uniform run recovers some
support at the peak of the uniform-run distribution. Combined
with the increase in the Bayes factor at higher resolution, this
suggests that the lower preference observed in this case may be
influenced by the event’s low SNR. In particular, the imposition
of a prior that strongly favors non-eccentricity may lead to a
preference for the QC hypothesis without necessarily providing

strong evidence against the eccentric scenario.

We highlight that the inclusion of eccentricity can improve
the measurement of binary parameters. As shown in the right
column of Fig.4, masses, spins, and extrinsic parameters like
the luminosity distance (see Tab.I for details), are more tightly
constrained when using the eccentric model compared to the
QC model. Additionally, the masses inferred with the eccen-
tric model are significantly lower than those obtained with the
QC models, while the spins tend to concentrate closer to 0
—consistent with ensuring the same waveform duration. While
IMRPHENOMXPHM estimates a total mass of ~ 174M, IMR-
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PuENoMTEHM infers ~ 65M, substantially reducing the total
mass and allowing more waveform cycles to fall within the de-
tector’s frequency band, making it a more favorable system for
eccentricity detection. These differences in binary parameter
recovery underscore the importance of incorporating eccentric
models in routine PE studies.

The evidence for eccentricity in this event is less signif-
icant due to its low SNR, which makes it more challeng-
ing to identify eccentric signatures, particularly when using
a log-uniform prior in eccentricity. However, given the ob-
tained Bayes factors, we cannot rule out the presence of eccen-
tric features. In contrast, precession signatures appear disfa-
vored, as indicated by the Bayes factor comparing the eccentric
nonprecessing-spin hypothesis to the QC precessing-spin one:

IOglo BP/QC = —026t8}8

C. High mass events: GW190701 & GW190929

The two additional events that require further investiga-
tion are GW190701 and GW190929. These events have both
been identified as non-spinning BBHs, with relatively high
total masses: specifically, we find with IMRPuENOMTHM
M = 127.74’:}‘3‘;‘;M@ for GW190701 and M = 141.64’:%%2M®
for GW190929. Additionally, both events show a relatively low
SNRof 11 .38’:8:52 for GW190701 and 9.96f8:‘5“2) for GW 190929,
when using the IMRPHENOMTHM model. Both events show
slight preference for the eccentric hypothesis with log-10 Bayes
factors ranging from 0.09t8:i8 to 0.23”_’8}% for GW190701, and
from 0.19%%% to 0.56*%!! for GW190929, depending on the

eccentricit;'(grior cons(i)éiéred. The runs for these events are
summarized in Tab. I, and the higher resolution runs for IM-
RPaENOMTHM and IMRPHENOMTEHM with both eccentric
priors are presented in the first and second columns of Fig. 4.

GW190701 was first identified as a candidate for eccentricity
in Ref. [84] using SEOBNRv4EHM [123], reporting a GW
eccentricity of e?o\z,z = 0.35’:8% and log-10 Bayes factors of
3.0 and 2.61 for uniform and log-uniform eccentricity priors,
respectively. The main difficulty in assessing evidence of ec-
centricity for this event is the very high total mass inferred
from eccentric models (see Tab. I for details), which implies
that only a few cycles of the signal enter the detector’s sen-
sitive band, primarily capturing the merger-ringdown phase.
As highlighted in our reanalysis of GW 190521 [85], making
strong eccentricity claims in such cases is problematic, given
the underlying assumption of circularization at merger in cur-
rent eccentric models. Furthermore, GW190701 contains a
known glitch, which we do not remove to be consistent with
the data used in the GWTC-2.1 catalog [5, 132].

To our knowledge, no other references have reported signs
of eccentricity in GW190929. However, in our study, this event
exhibits the strongest support for eccentricity among the high-
mass events, even when using a log-uniform prior. Despite this,
the usual caveats associated with high total mass and low SNR
must be carefully considered when interpreting these results.

As for GW200208_22, we increase the upper bound of the

eccentricity prior to ep,x = 0.65 to prevent posterior railing.
Our results using a uniform prior in eccentricity for both events
suggest support across a wide range of eccentricities, with a
preference for higher values. However, this support is largely
suppressed when using a log-uniform prior (see Fig. 1 and
Tab. I). Nevertheless, the eccentricity posteriors from the log-
uniform prior runs still show some support in the most probable
region of the uniform prior eccentricity posteriors. To assess the
impact of sampler systematics in the observed multimodalities
we perform higher-resolution runs with an increased number of
live points (n1ive=2000). The results of these high-resolution
runs are shown in the first two panels of Fig. 4. As seen in
Tab. I and the violin plots in Fig. 1, the choice of sampler
settings does not introduce significant differences in this case.
For both events, we find a similar pattern: while the uniform
prior produces a broad posterior distribution in eccentricity,
spanning from O to the upper bound of 0.65 with a peak around
0.5, the log-uniform prior significantly increases support for
the QC hypothesis. However, it still retains some support for
the mode around ey, ~ 0.5.

An important consideration, already discussed in our reanal-
ysis of GW190521 [85], is that IMRPHENOMTEHM allows
waveform generation for any reference frequency contained
in the underlying eccentric dynamics. This is not the case for
other eccentric models, such as SEOBNRv4EHM and SEOB-
NRvsEHM, which we do not have the ability to specify a refer-
ence frequency distinct from the starting frequency and impose
constraints on waveform generation at small binary separations.

The observed multimodalities and the high total mass of
these events complicates obtaining clear evidence of eccen-
tricity, even if the Bayes factors slightly favor the eccentric
hypothesis. Overall, high-mass events pose a challenge as only
a few cycles before merger remain in the detector’s sensitive
band while our model —as well as all state-of-the-art eccen-
tric models [29, 36-38, 118, 123, 155]- assumes circularity at
merger. In the bottom panel of Fig. 5, we show the whitened
data for GW 190929, overlaid with the maximum likelihood
waveforms from the two eccentric IMRPHENOMTEHM runs
(with uniform and log-uniform eccentricity priors), along with
the aligned-spin quasi-circular run using IMRPaHENOMTHM.
As for GW200129, the eccentric reconstructions show remark-
able agreement with each other. In this case, they differ from
the QC waveform even at merger, although all reconstructions
yield a similar ringdown. As seen from the comparison, it is
difficult to definitively favor one waveform over another, partic-
ularly given the impact of tapering and model-specific transition
treatments near merger for such short signals. Therefore, in
high-mass events, extra caution is needed to ensure that the
evidence of eccentricity is not caused by spurious effects in
the waveform due to the specifics on which different models
transition from inspiral to merger. We leave for future work the
incorporation of eccentric effects in the merger and ringdown
of IMRPHENOMTEHM.
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FIG. 5. Whitened strain data (gray) and maximum likelihood waveform reconstructions for two events. Top: GW200129 using whitened data
from the gw_subtract glitch mitigation technique. Bottom: GW190929. Waveforms correspond to maximum likelihood configurations from
different models: eccentric model IMRPHENOMTEHM with uniform (solid green) and log-uniform (dashed cyan) priors, the QC aligned-spin
model IMRPHENOMTHM (dash-dotted magenta), and for GW200129, the NRSur7pQ4 model (dotted purple).
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IV. CONCLUSIONS

In this work, we analyze 17 GW events from BBHs that
have been identified in the literature as particularly interesting
due to their support for dynamical formation channels. For
this analysis, we use the new phenomenological time-domain
multipolar waveform model IMRPuENOMTEHM [85], which
incorporates two eccentric parameters: eccentricity and mean
anomaly. This model builds upon the QC aligned-spin IMRPHE-
~NoMTHM model and includes up to 3PN eccentric corrections
to both the dynamics and waveform multipoles.

Previous eccentric studies have relied on resampling tech-
niques, iterative fitting, or machine learning algorithms [74, 84,
156]". In contrast, this work allows, for the first time, the routine
use of an eccentric waveform model with the standard analysis
tools of the LVK Collaboration due to its high computational ef-
ficiency. We conduct analysis with the aligned-spin QC model
IMRPuaENOMTHM and the eccentric IMRPHENOMTEHM, em-
ploying both uniform and log-uniform priors in eccentricity for
all events. For the four events requiring further investigations,
we perform additional runs, varying data and sampler settings,
as well as runs with the precessing models IMRPHENOMTPHM
and NRSur7DQ4. To complement our results, we provide a data
release [158] containing all the posterior samples generated in
this work.

Our results provide valuable insights into the measurement of
eccentricity in PE studies and their interpretation, highlighting
the need to include eccentricity in PE studies to prevent biased
in inferred parameters. In particular, we find support for ec-
centricity in four events: GW190701, GW 190929, GW200129,
and GW200208_22. Given these indications and thanks to the
computational efficiency of the model, we performed additional
studies to assess the robustness of our findings and to explore
the impact of glitch subtraction and waveform systematics.

Our analysis of GW200129 provides evidence for orbital
eccentricity, as this feature is consistently supported across
all eccentricity priors and glitch mitigation techniques. This
reinforces the interpretation of a dynamical formation channel,
as suggested by previous studies [84, 92]. The non-deglitched
GWOSC data yield the highest Bayes factors for eccentricity. Us-
ing the gw_subtract mitigation method, widely adopted in
LVK analyses, we continue to find robust support for eccen-
tricity, albeit slightly lower than in the uncorrected data. The
BayesWave mitigation, particularly the BayesA draw, exhibits
the least support for dynamical features (both precession and
eccentricity), highlighting the impact of the glitch treatment
on parameter estimation. However, even with this mitigation,
the eccentric hypothesis remains favored over both the aligned-
spin and precessing QC hypotheses. Given the high SNR and
total mass of GW200129, which make it a good candidate for

! Note that Ref. [84] employs machine learning algorithms to analyze the
bulk of GW events, as well as the parallel Bilby [157] code for a subset
of events.

detecting eccentricity in ground-based detectors, our findings
support the presence of orbital eccentricity. While we cannot
entirely rule out precession, our results suggest that eccen-
tricity is the dominant feature. One of the main limitations
in our analysis stems from the lack of precessing-spin effects
in the IMRPuENOMTEHM model, which is crucial to distin-
guish features from spin precession and eccentricity. Some first
IMR eccentric precessing-spin models have recently emerged,
see e.g. Refs. [38, 125, 159], and we plan to extend IMRPHE-
NoMTEHM to the fully generic parameter space including both
eccentricity and spin precession in future work.

Our analysis of GW200208_22 also provides some support
for the eccentric hypothesis, although the conclusions are not as
definitive as those for GW200129. The evidence for eccentricity
is strengthened by using a uniform prior, yielding a log Bayes
factor of 1.14*0:0%. However, the log-uniform prior provides mi-
nor support in favor of eccentricity with a log-10 Bayes factors
of 0.49*308. In both cases the results show that the eccentric
hypothesis remains favored over QC precessing-spin and QC
aligned-spin models, particularly in the higher-resolution PE
runs. However, the relatively low SNR of the event complicate
the analysis, and make robust conclusions more challenging.

Finally, GW190701 and GW 190929 are two high-mass BBH
events that show minor preference for the eccentricity hypothe-
sis, though their characterization remains challenging due to
their large total masses and low signal-to-noise ratios. The
high inferred total masses imply that only the final cycles be-
fore merger are observed, where eccentric waveform models,
including IMRPHENOMTEHM, typically assume circulariza-
tion. For GW 190929, we find stronger support for eccentricity
among the high-mass events, although systematic uncertain-
ties remain. We find that the uniform prior favors the eccen-
tricity scenario (log-10 Bayes factors of 0.56*0), while the
log-uniform prior suppresses this support (log-10 Bayes fac-
tors of 0.19:’8:83). GW190701 was previously identified as an
eccentric candidate in Ref. [84], with log;, Bg/qc values of
3.0 and 2.11 for uniform and log-uniform priors, respectively.
While our log-10 Bayes factors also show a slight preference
for the eccentric hypothesis over the aligned-spin QC scenario,
they oscillate depending on the sampler settings and choice or
eccentricity priors, ranging between ~ 0.05 — 0.24. These low
values, combined with the presence of a known glitch, prevent
strong conclusions and do not support the claim obtained with
SEOBNRv4EHM. Even though our results suggest possible
eccentricity signatures in these events, the short duration of
the signals and the limitations of the eccentric modeling near
merger prevent strong claims, highlighting the need for im-
proved waveform models that include eccentric corrections up
to merger.

Our findings emphasize the crucial need for eccentric wave-
form models in GW PE analyses. This study identifies signifi-
cant signs of eccentricity in 2 out of approximately 90 events
detected by the LVK Collaboration, suggesting that future ob-
serving runs may reveal a comparable or even higher occurrence
rate. Omitting eccentricity leads to systematic biases in key
parameters such as chirp mass and effective spin, which arise



from the waveform systematics introduced when eccentricity
is ignored. Since eccentric waveforms are typically shorter
than their QC counterparts, the total mass is underestimated
to match the observed signal duration. Similarly, we observe
a strong interplay between eccentricity and the effective spin
parameter, as previously noted in Fig. 8 of Ref. [85]. This in-
terplay underscores the necessity of developing a fully generic,
spin-precessing eccentric model suitable for comprehensive
GW analyses. Moreover, eccentricity provides valuable in-
sights into the dynamical formation channels of binary systems,
and as such, improving waveform models for generic orbits is
essential. These models must not only be accurate, but also
computationally efficient to enable their systematic application
across large datasets.

Finally, the high computational efficiency introduced by IM-
RPHENOMTEHM enables us to perform PE for low total-mass
events with very long duration signals. This opens the door
to a more detailed investigation of recent claims of eccentric-
ity in GW200105 [160], one of the NSBH events reported in
Ref. [161]. In an upcoming paper, we analyze this event using,
for the first time, a fully eccentric IMR waveform model with
standard stochastic sampling techniques [151].
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