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Detecting orbital eccentricity in a stellar-mass black-hole merger would point to a nonisolated formation
channel. Eccentric binaries can form in dense stellar environments such as globular clusters or active galactic
nuclei or from triple stellar systems in the Galactic field. However, confidently measuring eccentricity is
challenging—short signals from high-mass eccentric mergers can mimic spin-induced precession, making
the two effects hard to disentangle. This degeneracy weakens considerably for longer-duration signals. Here,
GW200208_222617 provides a rare opportunity. Originating from a relatively low-mass binary with source-
frame chirp mass ~20M, its gravitational-wave signal spanned ~14 orbital cycles in band, with no
indication of data quality issues. Previous analyses for quasicircular binaries found no evidence for spin
precession, and multiple subsequent studies found the data to favor an eccentric merger despite notable
technical differences. All in all, we believe GW200208_222617 is the black-hole merger event from
Gravitational-Wave Transient Catalog-3 with the least ambiguous detection of eccentricity. We present a
critical discussion of properties and astrophysical interpretation of GW200208_222617 as an eccentric
black-hole merger using models of field triples, globular clusters, and active galactic nuclei. We find that if
GW200208_222617 was indeed eccentric, its origin is consistent with a field triple or globular cluster.
Formation in the inner regions of an active galactic nucleus is disfavored. The outer regions of such a disk
remain a viable origin for GW200208_222617; we demonstrate how future detections of eccentric mergers
formed in such environments could be powerful tools for constraining the disk geometry.
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I. INTRODUCTION

Measurable orbital eccentricity in a compact binary
observed via its gravitational-wave (GW) emission in
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current ground-based detectors is considered smoking-
gun evidence that the binary was externally driven to
merge, either through interactions in dynamical environ-
ments or in field multiples (e.g., [1,2]). This is wholly
inconsistent with isolated compact binary evolution, which
only yields circularized mergers at 10 Hz GW frequency,
where sources enter the sensitivity range of current detec-
tors [3,4]. Evidence for orbital eccentricity in the current
population of detected LIGO-Virgo-KAGRA (LVK) binary
black holes (BBHs) has been claimed by multiple groups
(e.g., [5-10]). However, the robustness of these claims is
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debated due to a lack of complete and efficient inspiral-
merger-ringdown gravitational waveform models with the
effects of eccentricity, spin-induced precession, and higher-
order modes included.

The unusually massive BBH progenitor of the GW
signal GW190521 was the first to be touted as potentially
having measurable orbital eccentricity [5-7], although
these results are in tension with other studies [8,9].
Unfortunately, the short duration of GW190521 makes it
difficult to determine its eccentricity using existing GW
approximants for merger-dominated signals, which model
either eccentricity or spin-induced precession—two effects
which are somewhat degenerate—but not both [11,12].
Without complete waveform approximants containing both
eccentricity and spin precession, the best we can do is to
compare the evidence for eccentricity to the evidence for
precession [5,11] or spot check the data against numerical
relativity simulations over a reduced parameter space [6].
When comparing evidences, short signals like GW 190521
are ambiguous: eccentricity modulates the amplitude and
phase of the signal over shorter timescales than in-plane
spins, but if the waveform is too short to observe a full
eccentricity cycle, the effects cannot be distinguished from
one another. Long signals from low-mass events with more
visible cycles are more promising.

Both Romero-Shaw et al. [13] and Gupte et al. [9], using
different analysis methods and waveform models, found
non-negligible evidence for nonzero eccentricity in a BBH
with chirp mass M. ~20M, and ~14 orbital cycles in
band: GW200208_222617. Crucially, unlike several other
events found to have possible evidence for eccentricity by
either study, this event had no prior evidence for significant
spin precession nor strongly negative spins from the initial
LVK analysis [14].

In this paper, we investigate the properties and astro-
physical implications of GW200208_222617 as a putative
detection of an eccentric BBH. We argue that, due to the
lack of evidence for strong misaligned spins, its long
inspiral, the consistent properties as inferred in both
Refs. [9,13], and cleanliness from data quality issues,
GW200208_222617 represents the BBH candidate from
Gravitational-Wave Transient Catalog-3 (GWTC-3) with
the least ambiguous detection of eccentricity. We discuss
the inferred properties of GW200208_222617 in Sec. I,
review possible astrophysical formation scenarios in
Sec. III, and demonstrate the importance of scattering
environment geometry in Sec. IV. We discuss the astro-
physical implications of GW200208_222617 in Sec. V.

II. PROPERTIES OF GW200208_222617

There have been several recent studies that systemati-
cally analyze current GW events looking for signs of orbital
eccentricity. In this paper, we compare the following two
investigations (but see also, e.g., Refs. [8,10]):

(i) Romero-Shaw et al. [13], henceforth IRS+-, pre-
sented measurements of orbital eccentricity in events
from GWTC-3 using likelihood reweighting [15,16]
in conjunction with the eccentric waveform model
SEOBNRE [17]. SEOBNRE is an accurate but com-
putationally inefficient model not suitable for con-
ventional Bayesian inference, thus requiring
approximate strategies. In particular, IRS+ flagged
four specific events as candidates for nonzero
eccentricity: GW190521, GW190620, GW191109,
and GW200208_222617.1 The eccentric aligned-
spin versus quasicircular spin-precessing Bayes
factors for these events were in the range 0.1 <
Bgp < 10 using a log-uniform prior on ey in the
range 107 < ;7 < 0.2.

(i1) Gupte et al. [9], henceforth NG+, performed a full
reanalysis of the same events using SEOBNRv4 EHM
[20]—a more sophisticated model that includes
higher-order modes and enables variation of both
the eccentricity and the relativistic anomaly. While
still not adequately efficient for traditional stochastic
samplers, analyzing data with such models is now
accessible via deep-learning strategies, most notably
DINGO [21]. They found three events with evidence
for nonzero eccentricity that had compelling Bayes
factors compared with the spin-precessing, quasi-
circular hypothesis: GW190701, GW200129, and
GW200208_222617. The eccentric aligned-spin
versus quasicircular spin-precessing Bayes factors
for these events were in the range 3 < Bg/p < 10*
using a log-uniform prior on e;, in the range
10_4 < €10 < 0.5.

The keen-eyed reader will note that only one event was
confidently identified in both studies: GW200208_222617.
This was found with Bg/p = 2.6 by IRS+ and Bg/p = 3.0
by NG+ with log-uniform priors on e;,, where e, is the
eccentricity provided to the waveform model at a reference
frequency of 10 Hz. These moderate Bayes factors do not
overwhelmingly favor the eccentric hypothesis. However,
with a uniform eccentricity prior over the same range, NG+
found Bg/p = 17. A critical discussion of the differences
between these two studies is presented in Appendix A;
variations in results for other eccentric BBH candidates are
discussed in Appendix B.

GW200208_222617 was first reported in GWTC-3 [14]
as a low signal-to-noise ratio (SNR) (p ~ 7.5) signal from a
BBH with median detector-frame (source-frame) chirp
mass of M, ~45M, (=20My), mass ratio g=~0.21,
and effective spin parameter y.; ~ 0.45. GWTC-3 identi-
fied significant multimodality in the posterior distribution

'All events referred to in this work were the only events on the
day they occurred, except GW190521 and GW200208_222617.
GW190521 was a high-profile exceptional event [18] and we
therefore refer to it by its shortened name as in Ref. [19].
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of GW200208_222617, with two modes in the masses and
spins marginals: one favoring more unequal mass ratios and
higher spins, and one favoring more equal mass ratios and
lower spins.

GW200208_222617 had a false alarm rate (FAR) of 160,
420 and 4.8 per year and p,q,, of < 0.01, < 0.01 and 0.7
when reported when using the gstLAL, MBTA and PyCBC-BBH
search pipelines, respectively [14,22-24]. Both the FAR
and p,, are computed using a quasicircular template
bank, and estimating these quantities using an eccentric
template bank requires further investigation. We note,
however, that the SNR for this event increases when an
eccentric model with higher-order modes is used. The
SEOBNRV4EHM analysis of NG+ increases the median
two-detector (LIGO Hanford and LIGO Livingston) SNR
from 6.87 to 8.30, which is higher than the three-detector
(as above plus Virgo) median network SNR of 7.4 reported
in Ref. [14]. The quasicircular IMRPhenomD [25] analysis
and the SEOBNRE results, reweighted from IMRPhenomD,
of IRS+ find slightly lower median three-detector SNRs of
~6.9, which may be attributed to the lack of higher-order
modes in these waveforms.

There are four key reasons that we consider measure-
ment of eccentricity in GW200208_222617 to be of
particular interest:

(1) GW200208_222617 has a relatively long duration.
Eccentricity is stronger the further away from
merger it is measured [3]. For a fixed SNR, evidence
for eccentricity also grows with the number of
orbital cycles visible in band, so long inspirals
represent a less ambiguous opportunity to measure
eccentricity [11,26].

(i) GW200208_222617 has shown no evidence for
spin-induced precession in analyses that include
this effect (e.g., [14]). This makes it unlikely that
a spurious measurement of eccentricity would be
made as a result of neglecting spin precession in
eccentric analyses (e.g., [5,11]).

(iii) GW200208_222617 has been reported by several
analyses using different inference methods and
waveform models to have evidence for eccentricity.
In addition to the two studies we compare in this
work, see Ref. [10].

(iv) GW200208_222617 does not contain data quality
issues, unlike GW200129 and GW190701, which
were reported as eccentric candidates with higher
Bayes factors in NG+.

The analyses of IRS+ and NG+ both favor the less extreme
mass (higher chirp mass, more equal mass ratio) and spin
(refr more consistent with 0) modes reported in Ref. [14].
The two eccentric analyses find consistent parameters for
GW200208_222617: the BBH has detector-frame (source-
frame) chirp mass of M, ~25M, (~17M), mass ratio
q ~0.5, and spins consistent with y.; ~0 with a slight
skew to positive values. Both favor luminosity distances

TABLE I. Medians and 90% credible intervals for parameters
of interest inferred through the analyses of the LVK, IRS+ and
NG+. Total mass is given in the source frame.

LVK IRS+ NG+
Total mass My (M) 637100 42112 46147
Mass ratio ¢ 0217967 0.657030 0557042

Effective spin yeg
Eccentricity e,
Luminosity distance d; (Gpc)

0.4510:82 o.osf%%zé
0.18j?;é8
2.6

0. 13j?°);%2§
0392439

41434 24417

dy, ~ 2.5 Gpc, lower than the distance of ~4.1 Gpc found
in the GWTC-3 result [14]. Both also find distinctly
nonzero posteriors for eccentricity as defined within the
waveform model at 10 Hz, e;,. We compare median and
90% credible interval recovered parameters of interest
between these two analyses and the analysis of the LVK
in Table 1.

The posteriors on e, from the two analyses we consider
are quantitatively distinct, as demonstrated in Fig. 1. While
different waveform models have different eccentricity
definitions (e.g., [27]), the difference we see here can
be almost entirely attributed to different prior limits: the
IRS+ posterior strongly rails at the upper bound, sug-
gesting that the true peak lies beyond ey = 0.2, whereas
the priors of NG+ appear to capture the peak of the
posterior at ey =~ 0.4 while still railing at the upper limit of
0.5. Qualitatively, both posteriors demonstrate the same
astrophysical conclusion: considerable preference for non-
zero eccentricity, indicating a nonisolated formation
scenario.

10.0 - [ IRS+
=[RS+ prior limit

5 7.5 NG+
- NG+ prior limit
= 5.0 1
)
2
5 2.5

0.0 A= -"—"Jl

=2 -1 0
logso(e10)
FIG. 1. Comparison of eccentricity measurements at 10 Hz

obtained with (i) waveform approximant SEOBNRE by Romero-
Shaw et al. [13] (IRS+; pink histogram) and a log-uniform prior
in the range 10™ < e, < 0.2, and (ii) waveform approximant
SEOBNRV4EHM by Gupte et al. [9] (NG+; orange histogram)
and a log-uniform prior in the range 107 < ¢,, < 0.5. We plot
these posteriors in log scale as they were obtained with log-
uniform eccentricity priors, with upper limits indicated by thick
vertical lines.
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III. ASTROPHYSICAL IMPLICATIONS OF
GW200208_222617

If GW200208_222617 is indeed an eccentric binary, it is
virtually impossible that it formed in a fully isolated binary
scenario [3,4]. There are, however, several formation
pathways that may produce BBH mergers with measurable
eccentricity in the LVK band and properties like those
measured for GW200208 _222617.

Eccentricities predicted in simulations are commonly
defined at a GW peak frequency of 10 Hz. The peak
frequency is approximated as [28]

1+ 1.1954
fo= 5:(1 —622)3/2 y oM/a*
~r '\ GM/r3, (1)

where e is the orbital eccentricity, a the semimajor
axis, M the total binary mass, and r = a(1 — e) the peri-
center distance. The last expression illustrates that the peak
frequency is predominantly determined by the pericenter
distance; we will use this in Sec. IV. Both eccentricity
and peak frequency are ill defined in the high-eccentricity
limit in general (e.g., [29-31]), but resolving this is far
beyond the scope of this work, where we focus on the
astrophysical implications of measurable eccentricity for
GW200208_222617. Since the “measurability” threshold
of e;y = 0.05 for BBHs in current ground-based detectors
[1] is below the threshold at which eccentricity definitions
start to deviate substantially (e.g., [29]), the current
definitions are adequate for our purposes.

Below, we review formation scenarios that could have
formed GW200208_222617 if it was an eccentric merger
and discuss the astrophysical implications in each case. We
find that GW200208_222617 could plausibly have origi-
nated in a hierarchical field triple or in a globular cluster,
while its formation in an active galactic nucleus depends on
its location in the disk and the disk geometry.

A. Hierarchical stellar triples in the field

The majority of massive stars that are progenitors to
black holes are found in close inner binaries which are
orbited by distant tertiary companion [32]. In these hier-
archical triples, the gravitational perturbation from the
companion can cause long-term, large-amplitude von
Zeipel-Kozai-Lidov (ZKL) oscillations of the inner binary
eccentricity and inclination [33—-35]. Once the inner binary
forms a BBH, tertiary-driven ZKL eccentricity oscillations
can promote a merger of the inner BBH by increasing the
energy loss due to GWs at close pericenter passage. While
most BBH mergers formed in this way would largely
circularize due to GW emission upon entering the fre-
quency band of ground-based interferometers, triple pop-
ulation synthesis studies consistently predict that a

considerable fraction (~1%-30%) of such events retain a
residual eccentricity e, 19 2 0.1, where e, 1o is the eccen-
tricity at a GW peak frequency of 10 Hz [36-42].

In hierarchical triples, it is generally expected that at
BBH formation the black-hole spins start out nearly aligned
to each other and to the inner binary orbital angular
momentum vector. This is a result of tidal interactions
between the progenitor stars (just like in the classical
isolated binary channel [43,44]). Small misalignments may
only be expected due to natal kicks at black-hole formation
[45] and are typically less than a few degrees [46]. The
subsequent spin evolution from BBH formation to merger
is determined by the evolution of the binary orbital angular
momentum vector, whose direction oscillates due to the
ZKL effect, and relativistic spin-orbit and spin-spin cou-
plings [47].

BBHs that merge with residual eccentricity undergo
exceptionally strong ZKL oscillations, while their spin
evolution is highly nonadiabatic [48]. That is, the orbital
angular momentum vector oscillates several orders of
magnitude faster than the spins can follow. These BBHs
eventually merge due to highly efficient GW emission at a
near-radial eccentricity. While their spins remain strongly
correlated and closely aligned with each other, the
angle between the spin vectors and the orbital angular
momentum is randomized. Therefore, one expects a uniform
distribution for cos,; [40,46,47,49]. In other words, the
distribution of cosf; = L -Si (i =1, 2) for BBHs with
€p10 > 1073 and ¢ =1 is expected to be roughly flat
between the limits of the spin magnitude (so between —1
and 1 if the spin magnitudes are maximal), while the differ-
ence | cos 8, — cos 0, is expected to peak at zero [40,47].

In general, BBHs with cos 8, ~ cos 0, result in a broader
Xetr distribution. The y.¢ distribution from such sources is
less strongly peaked around zero compared to cases where
the spins are randomly oriented with respect to one another
(as expected in spherically symmetric star clusters). More
details on this argument are provided in a dedicated
paper [48].

The mass ratio distribution of specifically eccentric
tertiary-driven BBH mergers remains largely unexplored.
However, field triples are generally expected to produce
lower (¢ = m,/m; < 1) mass ratio BBH mergers like
GW200208_222617 more efficiently than isolated BBH
mergers can. For instance, Ref. [50] finds about an order
of magnitude more detectable mergers at g ~0.5 from
ZKL-driven BBH mergers in triples than in non-ZKL-
driven BBH mergers. From, e.g., Refs. [50,51], more than
90% of tertiary-driven BBH mergers have g > 0.3, and
from Ref. [48], more than 90% of detectably eccentric
mergers from triples have |y.| < 0.5. The posterior dis-
tributions on GW200208 222617 from NG+ and IRS+
have 83% and 94% support in this region, respectively.

Reference [40] studied the formation of highly eccentric
compact object mergers by focusing on a fiducial BBH
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merger with m; =30Mq and m, = 20M (so g ~0.66,
consistent with that inferred for GW200208_222617, but
with higher component masses) and a fiducial neutron-star
black-hole merger with the same m; but m, = 1.4M,
(so g ~0.05), and found that more than twice as many
neutron-star black-hole mergers with detectable e, ;o com-
pared to BBHs. We therefore speculate that there could be a
preference for eccentric mergers with more unequal mass
ratios from field triples. The recent claim of eccentricity
detected in neutron-star black-hole merger GW200105
[52,53] may indeed imply a significant contribution to
the compact object merger population from field triples
[54], of which GW200208_222617 could be another
example.

B. Star clusters

Star clusters—including globular, nuclear, young, and
open clusters—are potential formation environments for
merging BBHs [55-64]. Globular clusters and nuclear
clusters are of particular interest for the formation of
systems with measurable eccentricity. In these environ-
ments, BBHs may enter current ground-based detectors
with detectable eccentricity if they merge inside the cluster
due to few-body interactions or single-single capture
[2,58,63-65]. Such mergers take place between black holes
(BHs) that have not interacted during their stellar evolution:
as such, their spin-spin and spin-orbit angles should be
isotropically distributed.

Mass segregation is expected to preferentially pair up
mergers with ¢ ~ 1, and we can anticipate more massive
BHs in mergers in both nuclear and globular clusters
compared to both isolated binaries and triples, since merger
remnants that are retained in the cluster can go on to merge
again, building up larger binary components [63,66—68].
The maximum mass that can form through hierarchical
mergers depends on the escape velocity of the cluster: a
higher escape velocity facilitates more generations of
mergers before the final remnant is ejected [62,68—72].
The escape velocity also influences the eccentricity of
BBHs, as in-cluster mergers have higher eccentricities than
those that are ejected before they merge [2,58].

The natal spins of BHs influence both the spins and
masses we would expect to detect from clusters. If natal
spins are small, the distribution of y.g for first-generation
mergers will, of course, be peaked at 0. In contrast, mergers
containing merger remnants will have a broader spin
distribution and higher values of the effective precession
parameter y,, [73], since the dimensionless spin magnitude
distribution of remnants is centered at 0.7 [74,75];
GW200208_222617 shows no signs of having strongly
spinning components, disfavoring it as a higher-generation
merger if it formed in a cluster. It can be shown analytically
that formation in clusters gives rise to a near-uniform
symmetric y. distribution for mergers with one second-
generation and one first-generation (1g) component, with

maxima and minima at y s ~ 0.45 [76,77]. If natal spins are
high, the relative rate of higher-generation mergers
decreases, as high spins increase the merger kick such
that more merger products are kicked out of the cluster
[69,72,77].

The small spins inferred for GW200208_222617, if it is
a first-generation globular cluster merger, would imply a
relatively high rate of higher-generation mergers: small
natal spins are shown to lead to more remnants being
retained in cluster and hence an increased rate of hierar-
chical mergers [69], although the relative rate is also
dependent on cluster escape velocity. Reference [77] sug-
gests that the population spin distribution is consistent with
~1% of the population comprising hierarchical mergers in
star clusters, implying that ~20% of the observed pop-
ulation is of star cluster origin. Since =~ 5% of star cluster
BBH mergers are detectably eccentric [2], we would
therefore expect O(5% x 20% = 1%) of the observed
BBHs to be detectably eccentric.

Figure 2 compares the properties of GW200208_222617
as an eccentric BBH as reported by IRS+ and NG+ against
BBH merger events with e, ;o > 0.01 in globular cluster
simulations from the Cluster Monte Carlo Catalog [78].
Broadly speaking, the properties of this event are more
consistent with those of first-generation (1g 4+ 1g) BBHs in
globulars, as opposed to those containing the products of a
previous merger. This is largely because 1g 4+ 1g mergers
dominate the merger rate of BBHs in clusters, though
properties like those seen in GW200208_222617 may arise
in both first- and higher-generation mergers. More than
90% of the Cluster Monte Carlo Catalog samples with
ep10 > 0.01 have 0.45 < g, |yr| < 0.12; the posterior
samples from the NG+ and IRS+ analyses of
GW200208_222617 have 32% and 64% support in these
regions, respectively. We stress that, while Fig. 2 is
indicative, a more sophisticated analysis should be per-
formed to better quantify the statements above (see, e.g.,
Refs. [79,80] for the necessary statistical framework to
compare single GW events against large simulated
populations).

C. Active galactic nuclei

In active galactic nuclei (AGN), stellar-mass black holes
can both be captured by an accretion disk due to gas drag
[81] and form through in situ star formation [82—84].
Within the AGN disk, black holes can form binaries and be
brought to merger by gaseous torques [85,86]. Potential
locations for efficient mergers include migration traps
[87-90] or gaps in the disk [86], where black holes tend
to accumulate. The properties of these mergers are influ-
enced by the location of accumulation points in the disk;
binary-single interactions and gaseous torques become
more efficient in the outer and inner regions, respectively.
The existence of migration traps is also strongly dependent
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FIG.2. Distribution of few-body, in-cluster mergers, and single-
single GW-capture mergers from the Cluster Monte Carlo Catalog
[78] (scatter points) which models globular clusters consistent
with those observed in the Milky Way. Only mergers with e, 1o >
0.01 are included in this plot. The high-count “spikes” at y.; = 0
are first-generation mergers with BH natal spins assumed to be
zero, while higher-generation mergers present a broader range of
Xetf- The color scale is logarithmic; there are orders of magnitude
more first-generation than hierarchical mergers. Since
GW200208_222617 has properties consistent with both first-
and higher-generation mergers, the relative abundance of first-
generation mergers makes this the more probable of the cluster
formation scenarios. The 90% credible intervals of
GW200208_222617 are overlain in pink and orange using
posterior samples from IRS+ and NG+, respectively. In the
lowest row, thick horizontal bars sit at the upper prior limit on ey
for each analysis. The definition of the eccentricities plotted here
differ between simulation and posterior: eccentricities e, ;o are
extracted from the cluster simulations at the GW peak frequency
of 10 Hz, while we plot the values of eccentricity input to the
waveform models e;, for the IRS+ and NG+ results. The
differences between these definitions is expected to be small
for the vast majority of the parameter space shown here [29].

on multiple variables, e.g., the structure of the disk and the
mass of the central supermassive black hole [91].

In the inner regions, BBH evolution may be strongly
influenced by gas dynamical friction and torques from
circum-single and -binary disks [92,93]. Because of fre-
quent hierarchical mergers, |y.z| for mergers in the inner
regions is generally 20.2 [89,94,95], and the mass ratio
distribution is predicted to peak away from unity, ¢ < 0.4
[89,96]; the posteriors on GW200208_222617 from
NG+ have 17% of their support in this region, while the
posteriors from IRS+ have 4% of their support in this
region. These predictions assume that the accretion onto

black holes is limited by the Eddington rate due to radiation
feedback and wind mass loss [97,98], and spin-up is less
efficient compared to scenarios where all captured gas
accretes onto and spins the black hole up (see Ref. [99] for
issues in the latter case). When gas hardening is allowed,
the y.g distribution is drastically shifted from symmetrical
about y. = 0 to yoi 2 0.1, and the mass ratio distribution
skews heavily toward g < 0.1 [89]; the posteriors on
GW200208_222617 from NG+ and IRS+ have 0% sup-
port in this region.

The eccentricity at binary formation can be as large as
e 2 0.9 [100-102], and gas torques may maintain high
eccentricities even as the separation shrinks, particularly if
the orbit is retrograde at formation [103—-109] as may be
common in AGN disks [101,102]. Once gravitational
radiation begins to dominate the binary evolution, the
eccentricity decreases via GW emission, but some retro-
grade binaries could still merge on highly eccentric orbits
during orbital flipping [110].

Meanwhile, more than 97% of mergers in AGN are
predicted to occur in the outer regions of the disk [86]. For
binaries in these outer regions, binary-single interactions
are predicted to occur frequently before GW emissions
drive mergers [86,111]. If the angular momentum of
binaries during binary-single interactions is randomized,
the distribution of y.; directly after an interaction is
expected to be symmetric around ~0 [112,113].
However, gas torques can realign the spins, so higher-
eccentricity sources may be more likely to have spin tilts
drawn from a random distribution than noneccentric
sources in AGN, because these have more recently been
through a randomizing interaction [114], similar to the case
for field triples. As in dense clusters, close to equal mass
ratios are favored in the outer regions of AGN disks, though
g ~0.5 is possible through hierarchical mergers [115].

It is worth noting that many input parameters in the AGN
disk channel have not been well constrained or explored,
resulting in less robust predictions compared to cluster and
triple models. It is therefore not so meaningful to compare
inferred parameters for GW200208_222617 to the distri-
butions predicted from different AGN outer-disk models,
since the variation is so high (compare, for example, the
predictions of different models demonstrated in Ref. [116]).
The main distinguishing factor for mergers in AGN disks is
likely to be an overabundance of highly eccentric BBH
mergers.

The fraction of mergers with an almost-parabolic orbit
(i.e., with very high eccentricity) is significant for BBH
mergers in the outer regions of the AGN disk. For four
representative models (M1, M2, M4, and MI12 from
Ref. [117]), among mergers with “detectable” e, ;o >
0.03 [1], the fractions of mergers with ep10 2 0.1, 04,
and 0.9 are ~50%-90%, ~20%—-60%, and ~20%—-40%,
respectively. The uncertainties mostly originate from the
geometry of binary-single interactions [114,117], which we
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explore in Sec. IV. These eccentricity distributions are
significantly different from those of other models,
e.g., Refs. [36,47]: in models with binary-single inter-
actions restricted to the plane, eccentric mergers are the
norm rather than the exception. If this is the case—i.e.,
most mergers produced by AGN have detectable eccen-
tricity—and GW200208_222617 originated from an AGN,
the overall contribution from AGN to the merger rate
would be extremely low, as we have only detected a sparse
handful of events that even show tentative evidence for
eccentricity (e.g., [9,10,13]). For mergers with detectable
eccentricity in the models of Ref. [117], there are more than
~0.7-4 times as many mergers with e, ;o in the range
0.6-1.0 than with ¢, o ~ 0.03-0.6, implying that for every
GW200208_222617-like moderate-eccentricity —merger
there should be a similar number of more highly eccentric
events, which may be more easily missed by traditional
searches  with  quasicircular waveform templates

(e.g., [2,118]).

IV. IMPORTANCE OF SCATTERING
ENVIRONMENT GEOMETRY

The estimated eccentricity of GW200208_222617 can
be considered in relation to general properties of the
underlying formation environment. To illustrate this, we
demonstrate the difference between the outcomes of
scattering interactions for objects interacting in a two-
dimensional (2D) planar geometry (the extremal case for an
AGN disklike environment) versus a 3D spherical geom-
etry (a globular clusterlike environment). In reality, the
interaction geometry for binaries confined within an AGN
disk is unlikely to be completely planar (e.g., [119-121]),
and gas turbulence may further misalign binary orbits
[102]. We focus here on the extremal cases of 2D and
3D geometries, but note that realistic AGN properties likely
lead to something in between the two.

The probability that a population of isotropically incom-
ing BHs encounter another BH with a pericenter distance 7/
smaller than r is given by

P(r <r) x /T, (2)
P(r<r)xr, (3)

for the 2D and 3D cases, respectively [114]. Mergers
occurring due to scattering interactions in 2D geometries,
therefore, tend to occur with smaller initial pericenter
compared to those in 3D geometries. Hence, as we now
describe, 2D geometries tend to lead to higher-eccentricity
outcomes.

For BHs that lose enough energy through GWs after their
first pericenter passage with another BH to form a merging
binary, one can relate the distance at which that initial
pericenter passage occurred r to the corresponding eccen-
tricity e, the binary will have after evolving to GW

frequency f [28,122]. In the case where we specify
the binary properties at the GW peak frequency f,~

x~'\/GM/r? [see Eq. (1)], one finds the following relation
between the initial pericenter distance r,, (the p subscript
here denotes that the quantity is computed using the peak
frequency), e, and f,:

(1+e,) [425 121 ,\"1%
R [ () | @

where C =1(GM/z*)'/3.

If we instead wish to use as a reference the 22-mode GW
frequency defined as f,, =2/T = n~'\/GM/a’, using
€1, the eccentricity extracted at f»,, the expression for the
corresponding initial pericenter distance r,, is

(1 —e3,) [425 121 ,\ '] -
rzzzceT/léz 304 1+ﬁe%2 fn- (5)
2

We stress that both r,, and ry, are the initial periastron
distance, computed using different reference frequencies.
With these relations, one can now produce a distribution
of values for the initial pericenter distance r to a distribution
of values for e, at a given GW frequency f by either
definition.

Figure 3 shows results for 3D and 2D scattering
environments with m; =20Mg,, my, =10M, (so g =
0.5 and M = 30M, consistent with parameters inferred
for GW200208_222617) at f = 10 Hz. The top plot shows
rp and ry, the middle plot shows P(e); > e,) normalized to
P(e}; > 0.4), and the bottom plot shows the absolute
P(e; > ey) for the specific binary-single interaction setup.
As seen in the top plot, r, and ry, asymptote to the same
values for low e, and deviate as expected when ey
approaches 1. Interestingly, for our considered
GW200208_222617-like binary, r,, must be smaller than
the pericenter distance for which f, = 10 Hz (horizontal
dotted line) for ey 2 0.3, which implies such a source
would produce a burstlike signal with f, > 10 Hz before
reaching f,, = 10 Hz (since f,; < f,). Support for the
eccentricity of systems like GW?200208_222617 with
€210 2 0.3 could be increased if evidence for GW bursts
was uncovered in the data preceding the chirp signal,
although these are likely to be below the SNR threshold for
detection for GW200208_222617.

We see in the middle plot of Fig. 3 that there is a slight
difference in the scaling of probability with eccentricity
between the 2D and 3D cases for ey < 0.2: e;6/ 19 and

~12/19 . .
xe; , respectively. In both geometries, for every event

similar to GW200208_222617, one expects an additional
~ few events with detectable e, > 0.05 [1]. In addition, for
every ~2 events similar to GW200208_222617, one may
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FIG. 3. Top: the results of Egs. (4) (red) and (5) (gray) for r as a
function of e, with r in units of the Schwarzschild radius R; of a
BH with mass M = m; + m,. The horizontal dotted line shows
the value of r, for which the peak frequency f, =10 Hz
Middle: the probability of detecting an eccentricity larger than
ey.10, normalized such that P(e} ;, > 0.4) = 1, due to scattering
interactions in 2D (dashed) and 3D (solid) geometries. The
steeper decline in the 3D case demonstrates the preference for
lower-eccentricity outcomes relative to the 2D case. Bottom: the
absolute probability of detecting an eccentricity larger than e ;.
In all panels the vertical dotted line shows e o = 0.4, the
approximate value found by NG+ for GW200208_222617.

expect ~1 to appear initially as a burstlike source with
fp > 10 Hz, shown by the fact that P(e), > 1) is nonzero
and close to the amplitude of P(e}, > 0.4). Most systems
that become bound with f, > 10 Hz have [, < 10 Hz
and evolve to have lower eccentricities as measured from
the waveform at 10 Hz [29,31,123].

The bottom plot shows the absolute probability for e as
the outcome of a chaotic triple scattering, modeled as a

binary with semimajor axis equal to 1 A.U. being
reshuffled N =20 times according to the eccentricity

distributions e/V'1 — e? and 2e, in the 2D and 3D cases,
respectively. This illustrates that mergers occurring due to
scattering interactions in 2D geometries should be much
more likely to be eccentric, compared to the mergers from
the 3D case [114].

V. DISCUSSION AND CONCLUSION

It remains to be seen if an eccentric and precessing
analysis would produce a measurement of detectable
eccentricity for GW200208_222617. Nonetheless, analy-
ses with spin-precessing waveform models (e.g., [14])
found negligible precession, while studies with aligned-
spin eccentric waveform models (e.g., [9,10,13]) have
found evidence for eccentricity.

In this paper, we have reviewed the channels that we
consider most promising in the production of eccentric
BBH mergers detected by LVK. We conclude, based on
these discussions, that a triple or dense cluster origin is
consistent ~ with  the  measured properties  of
GW200208_222617 under the eccentric hypothesis; there
is 280% and Z30% support in both sets of posteriors for
regions consistent with eccentric mergers from triples and
clusters, respectively. Meanwhile, simulations of AGN
imply that GW200208_222617 is less likely to have
formed in the inner regions of an AGN disk, with 0%—
17% support in the posteriors for consistent parameters,
depending on gas hardening. GW200208_222617 could
have formed in the outer regions of the disk, although the
consistency of the posterior distributions is unclear given
the variation in model predictions. If GW200208_222617
did originate in an AGN, this would suggest that our
searches may have missed BBH mergers with larger
eccentricities, or that detections of such highly eccentric
BBH mergers will occur soon.

A rigorous assessment of the preferred formation envi-
ronment for GW200208_222617 should include a com-
parison of the environment-specific merger rates for
GW200208_222617-like BBHs. Such a calculation would
require self-consistent simulations of the many alternate
formation channels, a worthwhile but computationally
arduous endeavor that goes beyond the scope of this paper;
we postpone this for future work.

We have shown that the ratio of highly eccentric to
moderately eccentric mergers is sensitively dependent on
disk geometry (see also, e.g., [114,117]). If a subset of
BBH mergers can be confidently attributed to an AGN
origin, then their eccentricity distribution could constrain
such astrophysical uncertainties.

If GW200208_222617 formed via any of the aforemen-
tioned channels, this implies that a non-negligible fraction
of the rest of the population also formed in similar
environments. For example, if GW200208_222617
formed in a globular cluster and assuming this is the only
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detectably eccentric of 83 observed BBHs [14], then
using findings from Ref. [2], the percentage of detected
events that formed in globulars is constrained to
7% < Poc < 100%. If GW200208_222617 formed in a
ZKL triple, we may expect that the percentage of BBHs
from this channel with detectable eccentricity is 3 times
higher [28,36,37], so estimate using the same procedure
that 2% < Puipie < 50% (although we acknowledge that the
eccentricity detectability estimates in Ref. [2] are tied to
other properties predicted for mergers in dense clusters and,
as such, our assumption that the recovered fraction of the
population as a function of eccentricity is the same for
triples is not necessarily valid).

Comparing predictions for the masses and mass ratios of
BBHs produced in field triples to those produced in
globular clusters in Ref. [51], it seems that an
GW200208_222617-like system is consistent with either
a field triple or a globular cluster origin, especially given
the breadth of the posteriors. The merger rate of BBHs
consistent with this binary’s properties could be of para-
mount importance for identifying the most probable origin
environment; however, consulting the merger rate com-
parison plots of Ref. [51], rates of local-Universe mergers
with e;q > 0.05 are similar in both channels.

Meanwhile, AGN with disks that constrain scattering
interactions to two dimensions are expected to produce
larger numbers of highly eccentric sources than moderately
eccentric sources like GW200208 _222617. If this event
originated in the outer regions of such an AGN disk, signals
from higher-eccentricity mergers may be lurking unde-
tected in the data.

Note added. Recently, we became aware of the preprint
[124], in which the authors independently identify
GW200208_222617 as an eccentric BH merger.
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APPENDIX A: TECHNICAL DIFFERENCES
BETWEEN ECCENTRIC ANALYSES

1. Waveform models

SEOBNRE [17] and SEOBNRv4EHM [20] are both
waveform models of the SEOB family [125]. The SEOB
models use an effective one-body approach to describe the
motion and gravitational radiation of a coalescing compact
binary; see Ref. [126] for a detailed review of this
formalism. SEOBNRV4EHM is a newer waveform model
than SEOBNRE and is therefore more sophisticated, featur-
ing several improvements:

(i) SEOBNRV4EHM is built on v4 of the SEOBNR
models [127] whereas SEOBNRE is built on the v1 of
the SEOBNR models [128]—there are many
differences between these baseline models, which
can be studied in the references provided.

(ii) SEOBNRv4EHM models higher-order (£, m) modes
beyond the (¢ = 2, m = 2) mode, while SEOBNRE
does not include higher-order modes.

(iii) SEOBNRvV4EHM includes the effect of a variable
relativistic anomaly, while SEOBNRE fixes this
parameter, initializing all binaries at periapsis.

(iv) SEOBNRV4EHM applies eccentric corrections to the
factorized waveform modes, whereas SEOBNRE
adds an eccentric perturbation to the quasicircu-
lar modes.

(v) SEOBNRV4EHM models spin-orbit and spin-spin
eccentric corrections.

(vi) SEOBNRvV4EHM does not modify radiation reaction
force with eccentric corrections, to preserve v4
baseline quasicircular calibration.

Results obtained with SEOBNRv4EHM should therefore
be considered more reliable, as the risk of biases due to
missing higher-order modes or anomaly variations are
removed. Caution must be taken when comparing the
eccentric distributions of SEOBNRE and SEOBNRv4EHM;
they use different parametrizations of the eccentricity and
measure the eccentricity using different definitions of the
reference frequency. Nonetheless, the similarities between
the results of both analyses for GW200208_222617 lead us
to believe that these potential systematics do not have a
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large impact for astrophysical interpretations of this
event.

2. Inference strategies

Reference [15] and subsequent papers from the same
group used likelihood reweighting, and in one case parallel
Bilby [5], to circumvent the inefficiencies of the SEOBNRE
model. Results obtained using likelihood reweighting have
an inherent drawback: in order to achieve high enough
reweighting efficiency and sample the eccentric posterior
appropriately, this posterior must either (i) overlap sub-
stantially with the quasicircular posterior or (ii) have orders
of magnitude more initial samples than one intends to end
up with in the final posterior. In the case of GW190521,
which had poor sampling efficiency, a large enough number
of samples were obtained to achieve a well-sampled
eccentric posterior; this was confirmed with a very com-
putationally costly parallel Bilby run, which returned a
compatible posterior distribution [13]. GW200208_222617
had a reweighting efficiency of ~0.1%, indicating that its
eccentric posterior overlapped slightly with the quasicir-
cular posterior, and a substantial number of initial samples
were needed to obtain a reliable eccentric posterior.

While still not sufficiently efficient for standard
Bayesian inference on a large number of events,
SEOBNRvV4EHM is nonetheless cheaper to run than
SEOBNRE. Indeed, SEOBNRv4EHM has been successfully
used for inference on both real and simulated data using
both parallel Bilby and DINGO [9,129]. With DINGO, one
trains a neural network to directly learn the mapping
between the GW strain and the posterior distribution,
enabling fast inference for observed data. To ensure
accuracy and agreement with traditional sampling, the
DINGO posterior is importance sampled to the standard
likelihood times prior in postprocessing; this procedure
also gives the Bayesian evidence [130].

Priors and other inference settings differ between the two
studies considered here [9,13]; we refer readers to those
papers for full details. The results compared in this paper
have both been obtained with log-uniform priors on ey,
although NG+ had a higher upper limit of 0.5 in com-
parison to the upper limit of 0.2 used by IRS+. The
consistent results obtained by these two studies, despite
their different inference methodologies and settings, further
supports the hypothesis that GW200208_222617 is a signal
from an eccentric merger.

APPENDIX B: OTHER ECCENTRIC BBH
CANDIDATES

We briefly discussed the other events that were flagged
by either IRS+ or NG+ as eccentric BBH candidates. In
the following we refer to three papers by the IRS+ authors:
Ref. [5] for an eccentric analysis of GW190521 only;
Ref. [26] for an eccentric analysis of events in GWTC-2;

and Ref. [13] for events in GWTC-3, including
GW200208_222617, which we have previously referred
to and continue to refer to here as “IRS+.”

(1) GW190521 originated from a high-mass binary,
with source-frame total mass M ~ 150M, [18],
and its signal is dominated by its merger and
ringdown. The merger frequency is ~60 Hz, and
there is only ~1 orbital cycle (~2 GW cycles) in
band prior to the merger. This makes it challenging
to analyze for eccentricity: like other waveform
models, SEOBNRE and SEOBNRv4EHM assume
the system has circularized by merger, and so their
merger and ringdown portions are identical to those
of a noneccentric system. The eccentricity posteriors
recovered for GW 190521 are very different between
the two approaches: that of Ref. [5] has a strong peak
above ey 2 0.1, while that of NG+ predominantly
returns the prior. The noneccentric spin-precessing
analysis of the LVK Collaboration [18] found
GW190521 to show moderate evidence for spin
precession; as the orientation of the orbit was close
to face on, distinguishing spin precession from
eccentricity becomes even less likely [11]. The
differences in the recovered posteriors for
GW190521 between the two studies are unlikely
to arise solely from the neglect of higher-order
modes in Ref. [5], as NG+ and Ref. [129] both
analyzed GW190521 without higher modes (using
SEOBNRvV4E) and did not find evidence for eccen-
tricity. More likely, this difference might be due to
the explicit modeling of the mean anomaly in
SEOBNRV4EHM. In such a short signal, fixing this
parameter at periastron, as is done in SEOBNRE,
may have enough of an effect to yield spurious
measurements of eccentricity. There are hints
of this effect in Ref. [129], which shows some
correlation between mean anomaly and eccentricity
measurements.

(i) GW190620 was first reported with a noneccentric
spin-precessing analysis to originate from a rela-
tively high-mass binary, M ~ 90M,, with a positive
Heff = 0.33’_“8’2252 constrained away from 0 [19]. The
eccentric analysis of Ref. [26] prefers lower spins
closer to y.; = 0. The shapes of the posteriors
obtained in Ref. [26] and NG+ are similar for
GW190620; however, the Bayes factor for the
eccentric hypothesis is considered too low in the
latter study for this event to be considered a
significant candidate.

(i) GW190701 was found by NG+ to have support for
eccentricity, while Ref. [26] did not. We speculate,
based on the eccentricity posterior in Fig. 7 of NG+,
that this may be due to the sharp increase in posterior
support for eccentricities above egw.19 2 0.4, which
lies well outside the waveform-enforced prior upper
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bound of e;y = 0.2 used [26]. It is likely that the
analysis of Ref. [26] simply missed this peak due to
the restricted prior and saw no telltale railing of the
posterior at the upper prior bound due to the relative
flatness of the eccentricity posterior within the prior-
supported range (e < 0.2).

(iv) GW191109 is another high-mass event, M ~ 112M,
and is also dominated by its merger and ringdown.
GW191109 has a tentative measurement of negative
effective spin y.; = —0.291’8";‘12 with a noneccentric
spin-precessing model [14]. Once more, the eccentric
analysis of IRS+ prefers effective spins more con-
sistent with 0. Like GW190620, the eccentricity
posterior recovered by NG+ for this event is quali-
tatively very similar to that recovered by IRS+, but
with a Bayes factor below their significance threshold.

(v) GW200129 was found by NG+ to have ejp=
0.22-0.35 under several different analyses with
different eccentricity priors and glitch mitigation

strategies, M = 69.4f§‘_‘12MO, and a small effective

spin g = 0.0210|7, assuming no spin precession.

The noneccentric spin-precessing analysis of the
LVK Collaboration found M = 65.07136 [14]. Some
follow-up work [131,132] found this event to show
significant evidence for spin precession; the signal is
overlaid by a glitch, whose mitigation can signifi-
cantly reduce the evidence for spin precession
depending on the adopted technique [133,134].
However, in the case of eccentricity, irrespective
of the glitch mitigation strategy, the eccentric
aligned-spin hypothesis is preferred over the
quasicircular precessing hypothesis [9,10]. Figure 12
in IRS+ shows that the samples for this event are
skewed toward e;o = 0.1, with the large weights
causing this posterior to be undersampled occurring
at these high eccentricities. This points toward some
evidence for eccentricity in the data, but also a lack
of overlap between the eccentric and noneccentric
posteriors that needs to be further explored.
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