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GW231123: a Binary Black Hole Merger with Total Mass 190-265 M
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ABSTRACT

On 2023 November 23 the two LIGO observatories both detected GW231123, a gravitational-wave
signal consistent with the merger of two black holes with masses 137732 My, and 10372 M, (90%
credible intervals), at luminosity distance 0.7-4.1 Gpc and redshift of 0.3970 37, and a network signal-
to-noise ratio of ~22.5. Both black holes exhibit high spins, 0.907015 and 0.80%02) respectively.
A massive black hole remnant is supported by an independent ringdown analysis. Some properties
of GW231123 are subject to large systematic uncertainties, as indicated by differences in inferred
parameters between signal models. The primary black hole lies within or above the theorized mass
gap where black holes between 60-130 My should be rare due to pair instability mechanisms, while
the secondary spans the gap. The observation of GW231123 therefore suggests the formation of black
holes from channels beyond standard stellar collapse, and that intermediate-mass black holes of mass

~200 My, form through gravitational-wave driven mergers.

1. INTRODUCTION

From 2015 to 2020 the LIGO-Virgo-KAGRA Collab-
oration identified 69 gravitational-wave signals from bi-
nary black hole mergers with false alarm rates below
one per year (Aasi et al. 2015; Acernese et al. 2015;
Abbott et al. 2020c; Akutsu et al. 2020; Abbott et al.
2023a). Of these, the most massive was the source of
GW190521, with a merger remnant of ~140 Mg (Ab-
bott et al. 2020d,e). The small number of observable
cycles of GW190521 limits our ability to accurately in-
fer the source’s properties, and subsequent studies have
proposed a wide range of alternative interpretations, in-
cluding highly eccentric orbits, dynamical capture sce-
narios, exotic object mergers, and cosmic string col-
lapse (Gayathri et al. 2022; Romero-Shaw et al. 2020a;
Gamba et al. 2023; Calderén Bustillo et al. 2021b; Aur-
rekoetxea et al. 2024). Here we present a yet more chal-
lenging signal: GW231123.135430 (hereafter referred to
as GW231123), confidently observed through a coin-

* Deceased, September 2024.

cident detection in both the LIGO Hanford and Liv-
ingston detectors during the first part of their fourth
observing run, O4a (2023 May 24 to 2024 January 16).
The combination of data from the two observatories was
essential in making a confident detection.

GW231123 consists of ~5 cycles over a frequency
range of 30-80Hz. We interpret GW231123 as a
binary-black-hole merger and infer a total mass between
190 Ms and 265 Mg and high component black-hole
spins (~0.9 and ~0.8). While a few gravitational-wave
candidates have been observed with similarly high to-
tal masses (Abbott et al. 2023a; Wadekar et al. 2023),
none have false alarm rates less than 1 per year; in ad-
dition, GW231123 has both a large signal-to-noise ratio
and high statistical significance. Such high masses and
spins pose a challenge to our most accurate waveform
models, leading to larger uncertainties in the black-hole
masses, and the binary orientation and distance, than
any previous signal of comparable strength.

Pair instability supernovae and pulsational pair insta-
bility supernovae are expected to preclude stellar col-
lapse to black holes with masses ~ 60-130M¢, (Farmer
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et al. 2019; Farmer et al. 2020; Woosley & Heger 2021;
Hendriks et al. 2023), and the majority of the astrophysi-
cal population of black holes inferred from gravitational-
wave catalogs lies below this gap (Abbott et al. 2023b).
The large measurement uncertainties in the source of
GW231123 mean that the primary black hole may be
within or beyond the mass gap, while the range of possi-
ble values for the secondary mass spans the entire gap.
It is also possible that the two black-hole masses lie on
either side of the gap. The scenarios with the high-
est probability require a formation channel that popu-
lates the mass gap, such as prior stellar (e.g., Di Carlo
et al. 2020; Renzo et al. 2020a; Kremer et al. 2020) or
black-hole (Gerosa & Fishbach 2021) mergers. The high
inferred spins do not exclude these interpretations, al-
though their values may be higher than the inferred
spins of the remnant black holes produced in the binary-
black-hole mergers observed so far.

In this paper we present the LIGO-Virgo-KAGRA
analysis of GW231123. In Section 2, we establish
GW231123 as a confident gravitational wave (GW) de-
tection. In Section 3, we discuss the data quality at the
time of the observation. In Section 4, we first discuss our
treatment of waveform uncertainties, then present the
source properties and additional waveform consistency
checks. In Section 5, we analyse the ringdown portion
to test the consistency of a black hole (BH) remnant
interpretation. In Section 6 we present a range of po-
tential astrophysical implications. Although the binary
black hole (BBH) merger scenario presented throughout
this paper is the most plausible astrophysical explana-
tion for the source of GW231123, alternative scenarios
cannot be ruled out and we discuss a selection of these
in Section 7. We conclude in Section 8, and provide ad-
ditional material in support of our results in a series of
appendices.

2. DETECTION SIGNIFICANCE

On 2023 November 23, at 13:54:30 UTC, the Ad-
vanced LIGO Hanford and Livingston detectors ob-
served the GW transient GW231123. Despite its short
duration (~0.1s) and limited bandwidth (Figure 1), the
signal was identified in low-latency analyses with high
statistical significance, reported in terms of inverse false-
alarm rate (IFAR); see Table. 1. It was first detected
by PyCBC Live, a matched-filter search for compact
binaries (Allen 2005; Usman et al. 2016; Nitz et al.
2017; Dal Canton et al. 2021). It was also reported by
coherent WaveBurst (c(WB)-BBH, a minimally modelled
coherent excess power search (Mishra et al. 2025). The
cWB-BBH search uses the WaveScan time—frequency
(TF) transformation (Klimenko 2022) and ranks identi-

fied triggers using a machine-learning classifier trained
specifically on BBH signals (Mishra et al. 2021, 2022,
2025). In addition, the event was also detected by
two model-independent low-latency ¢cWB searches, or
burst searches, designed to identify generic GW tran-
sients: c¢WB-2G and ¢cWB-XP. The former is based on
the Wilson—Debauchies—Meyer TF transformation (Kli-
menko et al. 2008, 2016a; Drago et al. 2020), while
the latter uses the WaveScan TF transformation. Both
apply a machine-learning classifier (XGBoost), trained
on generic white-noise-bursts to rank identified trig-
gers (Szczepariczyk et al. 2023). For further details on
model-independent searches, see Abac et al. (2025a).

Subsequent offline or archival reanalyses using im-
proved background estimation and data quality informa-
tion further increased the event’s statistical significance
in both the PyCBC and ¢WB pipelines (Table 1). Fur-
thermore, two additional matched-filter searches, Gst-
LAL (Messick et al. 2017; Sachdev et al. 2019; Hanna
et al. 2020; Cannon et al. 2021; Sakon et al. 2024; Ewing
et al. 2024; Tsukada et al. 2023; Joshi et al. 2025) and
MBTA (Adams et al. 2016; Aubin et al. 2021; Alléné
et al. 2025), which did not detect this event with sig-
nificant confidence in low-latency (IFAR higher than
1 year), recovered it in their offline analyses. These
searches differ from PyCBC (Davies et al. 2020; Chan-
dra et al. 2021b; Davis et al. 2022; Kumar & Dent 2024)
in their implementation and use of signal-noise discrim-
inators. GstLAL’s enhanced significance (the higher
IFAR in Table. 1) is primarily driven by a higher mass
extension of the search with specific settings to com-
pute the background for such higher mass mergers accu-
rately. More details are provided in Abac et al. (2025b).
These changes improved the signal and noise models in
this part of the parameter space in general, leading to
a better recovery of this high mass signal. Addition-
ally, cWB-GMM, an entirely offline model-independent
search, uses Gaussian Mixture Models (Gayathri et al.
2020; Lopez et al. 2022; Smith et al. 2024) to rerank the
triggers identified by cWB-2G.

The differences in the IFARs reported by the of-
fline search pipelines—despite broadly consistent signal-
to-noise ratios (SNRs)—primarily reflect differences
in their ability to separate GW231123-like signals
from background noise in a comparable parameter
range. Similar discrepancies have been observed
previously, particularly between matched-filter and
minimally-modelled searches, when searching for non-
eccentric intermediate-mass black hole (IMBH) bina-
ries (Calderén Bustillo et al. 2018; Chandra et al. 2020;
Abbott et al. 2020d; Chandra et al. 2021a; Szczepanczyk
et al. 2021). These differences arise not only from how



Hanford

13

Livingston

-0.10 —-0.05 0.00 0.05 0.10
Time [s]

—— Whitened data BBH Template Reconstruction (Bilby)

W
o
Amplitude

-0.10 -0.05 0.00 0.05
Time [s]

Wavelet Reconstruction (BayesWave) —— ¢WB Reconstruction

Figure 1. The GW event GW231123 as observed by the LIGO Hanford (left panels) and LIGO Livingston (right panels)
detectors. Time is measured relative to 2023 November 23 at 13:54:30.619 UTC. The top panels show the time-domain strain
data (black), sampled at 1024 Hz, whitened and then bandpass-filtered with a passband from 20 Hz to 256 Hz (Abbott et al.
2020a). Also shown are the point-estimate whitened waveform from the cWB-BBH search (red), the 90% credible interval of
whitened waveforms inferred from a coherent Bayesian analysis using the combined samples from five BBH waveform models
(blue bands), and the 90% credible interval inferred from BayesWave using a generic wavelet-based model (shaded purple).
The vertical axis is in units of the noise standard deviation, onoise. The bottom panels display the corresponding whitened
time-frequency representations of the strain data, obtained using a continuous wavelet transform (CWT) with a Morlet—Gabor
wavelet. The color scale is in units of the amplitude of the CWT coefficients.

Table 1. Properties of the detection of GW231123 by vari-
ous search pipelines.

CBC pipelines Offline Online Offline
SNR IFAR (yr) IFAR (yr)

PyCBC 19.9 > 100 160
GstLAL 20.1  2x107* > 10000
MBTA 19.0 - 60
cWB-BBH 21.8 > 490 9700
Burst pipelines

cWB-2G 21.4 > 250 > 490
cWB-XP 21.1 > 240 > 480
cWB-GMM 214 - 100

NoTE—The significance is reported in terms of the inverse
false-alarm rate (FAR) (IFAR) = 1/FAR as measured by
each search.

effectively each search separates signals from glitches,
but also from the differing approaches used to estimate
the noise background.

To assess whether the observed variation in statistical
significance across pipelines is consistent with expecta-
tions, we conducted a dedicated injection campaign. Us-
ing the NRSUR7DQ4 (NRSUR) waveform model (Varma

et al. 2019), we simulated ~8000 non-eccentric BBH
signals with intrinsic parameters consistent with those
inferred for GW231123 (Section 4). We sampled the
sky positions and binary orientations isotropically and
drew redshifts uniformly in comoving volume up to
Zmax = 1.5, assuming a flat ACDM cosmology (Ade
et al. 2016). We added these simulated signals uniformly
over several days around the event and re-ran our offline
search pipelines using the same configuration as applied
to the real data.

We found that for simulated signals observed in both
Advanced LIGO detectors, the CBC searches recovered
the following fractions with a IFAR above 100 years,
c¢WB-BBH 32%, PyCBC 27%, GstLAL 41%, and MBTA
16%. For the Burst searches, cWB-2G and ¢cWB-XP
each recovered 22%, while cWB-GMM recovered 10%.
Since Burst searches identify coherent power across the
detector network without relying on BBH waveform
models, their efficiencies are not directly comparable
to CBC searches. However, within each search cate-
gory, detection pipelines reporting a higher IFAR for
GW231123 consistently demonstrated higher recovery
fractions for simulated signals with masses and spins
representative of those inferred for GW231123.

Given the reported IFAR for GW231123 across the
different searches and the results of the injection study,
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we consider GW231123 to be a confident detection with
strong support for an astrophysical origin.

3. DATA QUALITY

The event GW231123 was detected during the first
part of the fourth observing run (O4a), a time when the
LIGO Hanford and LIGO Livingston detectors were ob-
serving with a typical binary neutron star inspiral range
of 152 Mpc and 160 Mpc (Capote et al. 2025). The
detectors’ data were calibrated in near real-time to pro-
duce the online dataset used for low-latency searches
(Abbott et al. 2020b; Klimenko et al. 2016b; Tsukada
et al. 2023; Ewing et al. 2024; Dal Canton et al. 2021;
Chu et al. 2022; Aubin et al. 2021) and parameter esti-
mation (Singer & Price 2016; Ashton et al. 2019; Pankow
et al. 2015). The calibration process subtracts linear
spectral features from known instrumental sources, iden-
tified through auxiliary witness sensors, and intention-
ally injected calibration lines used to measure the in-
struments’ response at various frequencies (Viets et al.
2018a; Sun et al. 2020, 2021).

Following the data-quality procedures established for
O4a (Soni et al. 2025), including broadband noise sub-
traction (Vajente et al. 2020) and data-quality report
analysis routines (Davis et al. 2021), detector data sur-
rounding the event were evaluated for signs of non-
Gaussian excess power (glitches) within the target time-
frequency analysis window using a spectrogram-based
glitch-identification tool (Vazsonyi & Davis 2023). It
was determined that glitches were present in each de-
tector around, but not coincident with the event.

From spectrograms, we determined that a glitch was
present in the LIGO Hanford data 1.7-1.1 s before the
event, in a frequency range between 15-30 Hz. The
glitch is possibly related to the LIGO Hanford differ-
ential arm control loop (Aasi et al. 2015). This control
loop leads to nonstationary noise from the high root-
mean-square drive applied to the electrostatic drive ac-
tuator. This issue has been fixed in the second part of
the fourth observing run (Vajente 2024). This glitch was
close to the event and within the time—frequency window
used to infer the source properties, so BayesWave (Cor-
nish & Littenberg 2015; Cornish et al. 2021; Chatziioan-
nou et al. 2021) was used to model simultaneously the
compact binary signal and the glitch (Soni et al. 2025).
We removed this non-Gaussianity from the data by sub-
tracting a phenomenological, wavelet-based model of
the excess power noise (Hourihane et al. 2022; Ghonge
et al. 2024). The glitch-subtracted data successfully
passed the validation process, which compares the resid-
ual noise to Gaussian noise (Soni et al. 2025; Vazsonyi
& Davis 2023). Additional broadband non-stationary

noise was present in the Hanford detector in the hours
of data surrounding GW231123, but we found no evi-
dence that this impacted the analysis of GW231123.

In LIGO Livingston data, a glitch was identified 3.0—
2.0 s before the event, in a frequency range between
10-20 Hz. Given that LIGO Livingston had recurring
low-frequency scattered light glitches (Soni et al. 2025),
this glitch was likely caused by scattered light. We de-
termined the time—frequency profile of the glitch to have
no measurable effect on the GW231123 analysis, so the
analyses from here on use the LIGO Livingston original
data and the LIGO Hanford glitch-subtracted data.

4. SOURCE PROPERTIES

In the following, we describe the methods used to es-
timate the source properties (Section 4.1), and how we
deal with the systematic differences in results from mul-
tiple signal models (Section 4.2). Having discussed our
methods and sources of error, we present and discuss our
estimates of the source properties in Section 4.3, and fi-
nally our waveform consistency checks (Section 4.4).

4.1. Methods

We report the properties of GW231123 assuming a
non-eccentric BBH merger. We perform a coherent
Bayesian analysis (Abbott et al. 2016a) of the LIGO
Hanford and LIGO Livingston data around the time
of GW231123. We calculate the likelihood using 8s of
data (6 before and 2s after the reported merger time of
GW231123), and consider frequencies within the range
20-448 Hz. All analyses employ standard priors used in
previous analyses (Abbott et al. 2021a, 2024a, 2023a),
and we use a Planck 2015 ACDM cosmology (Ade et al.
2016). The NRSUR analysis employs a reduced prior
mass range due to model constraints, mass ratios below
6:1. The other models employ a wider mass prior, mass
ratios below ~10:1, and no posterior support is found be-
yond the NRSUR analysis. We characterize the detector
noise via the median on-source power spectral density
(PSD) produced from BayesWave (Cornish & Littenberg
2015; Littenberg & Cornish 2015). To sample the pos-
terior distribution, we interface with DYNESTY (Speagle
2020) via the BILBY library (Ashton et al. 2019; Romero-
Shaw et al. 2020b). We use 1000 live points and the
BILBY-implemented ACCEPTANCE-WALK sampling algo-
rithm. We verify that the results remain consistent when
the number of live points is increased, as well as when
we lower the frequency range to include data between
1620 Hz.

4.2. Waveform Systematics

The source properties of GW231123 lie in a challeng-
ing region of parameter space for current waveform mod-



els, to such an extent that measurements using different
models show significant disagreement, with multiple pa-
rameters failing to agree within 90% credible intervals.
(See Appendix A for examples.) In general, our models
are well within our observations’ accuracy requirements,
and the level of model disagreement for GW231123 has
not been seen in any previous LVK GW observation with
moderate SNRs (>12). All models show strong support
for spins >0.8, and since no theoretical signal model is
calibrated to numerical-relativity (NR) waveforms from
precessing binaries with spins above 0.8, waveform un-
certainties are one possible cause of the measurement
differences. Hence, before presenting the source proper-
ties, we describe how we quantify waveform-model un-
certainties. We do not study in detail the impact of
Gaussian noise fluctuations or low-SNR glitches that are
difficult to identify and mitigate using the methods pre-
sented in Section 3.

We consider five state-of-the-art signal models, NR-
SurR7DQ4 (NRSUR; Varma et al. 2019), SEOB-
NRv5PHM (v5PHM; Ramos-Buades et al. 2023a), IM-
RPHENOMTPHM (TPHM; Estellés et al. 2022a), IM-
RPHENOMXPHM (XPHM; Colleoni et al. 2025) and
IMRPHENOMXO4A (XO44A; Thompson et al. 2024).
(More details are given in Appendix A.) The model pa-
pers referenced here include studies to assess the accu-
racy of these models across the BBH parameter space,
but here we focus on the likely region of parameter space
for this observation; high total mass, ¢ = ma/m; > 1/3,
and moderate to high spins.

We quantify the models’ accuracy against NR results,
including a set of simulations that extend up to spins
of 0.95 (Boyle et al. 2019; Hamilton et al. 2024; Scheel
et al. 2025). A standard waveform accuracy measure is
the mismatch between two waveforms (Cutler & Flana-
gan 1994), where waveform uncertainties will not bias
a parameter measurement if the model’s mismatch un-
certainty is less than x7(1—p)/(2p?) (McWilliams et al.
2010; Baird et al. 2013), where p is the SNR and x7(1—p)
is the chi-square value for k degrees of freedom at proba-
bility p. For single-parameter measurements k = 1 pro-
vides a lower bound (Thompson et al. 2025), so the mis-
match criterion for the 90% credible interval at p = 22
is 1.35/p? = 0.0028. Figure 2 reports the distribution of
mismatches of each model against 1123 NR waveforms
with ¢ > 1/3, all scaled to the redshifted (detector-
frame) total mass (1 + z)M = 300 My, at six equally
spaced inclinations in cos¢ from ¢ = 0 to /2 inclu-
sive. The mismatches are calculated for precessing sys-
tems (Schmidt et al. 2015; Harry et al. 2016) following
the procedure described in Hamilton et al. (2021), max-
imising over time shifts, a global phase and template po-
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Figure 2. Mismatch accuracy of the waveform models con-
sidered in this paper against 1123 NR simulations at a total
mass of 300Ms and a range of inclinations between ¢ = 0
and 7/2. The vertical dashed line at a mismatch of 0.0028
shows the conservative criterion discussed in the text.

larisation and optimising over in-plane spin rotations. A
subset of the simulations come from the third release of
the SXS catalog (Scheel et al. 2025) and contain GW
memory, which introduces a constant late-time offset
that we handle with a highpass filtering technique (Xu
et al. 2024; Valencia et al. 2024; Chen et al. 2024) to
mitigate possible artifacts in the Fourier domain. We
employ the same PSD for the LIGO Livingston detector
as utilised in the coherent Bayesian analysis. NRSUR
performs better than the other models (by roughly an
order of magnitude for low-spin cases), and all other
models have comparable accuracy. However, NRSUR
does not meet the conservative accuracy criterion for all
cases, and for spins greater than 0.8 the mismatches are
higher in 10% of 98 cases. Even if we apply a less conser-
vative mismatch criterion from the literature (e.g., with
k = 7 for non-eccentric binaries and p = 0.67 (Chatzi-
ioannou et al. 2017; Scheel et al. 2025) we have 0.0072)
there are configurations where NRSUR exceeds the cri-
terion (2%). The relative accuracy of models is also
not uniform across all cases, e.g., we find cases in which
other models show comparable or improved performance
relative to NRSUR.

To test whether these waveform uncertainties will in-
cur biases, we performed our standard Bayesian param-
eter estimation analysis on a series of NR injections, as
detailed in Appendix A. We observe that, while the five
models considered here perform well for most signals,
there are configurations where all models may incur bi-
ases for massive high-spin signals. We also find that
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the relative performance of each model can change in
the presence of Gaussian noise, although this requires
more detailed study in future work. To properly cor-
rect for this, we would ideally marginalise over wave-
form uncertainties or incorporate model accuracy into
Bayesian analyses (Read 2023; Khan 2024; Hoy et al.
2024; Pompili et al. 2024; Kumar et al. 2025; Mezzasoma
et al. 2025). Without access to a model of the waveform-
model uncertainties, we follow what has been done pre-
viously (Abbott et al. 2016a) and combine the results
from multiple models to marginalise over the model un-
certainties. In choosing models in addition to NRSUR,
we note that all other models exhibit a comparable range
of mismatches, and no model is clearly preferred in our
injection studies, and so we include all five state-of-the-
art models. We combine posterior results inferred from
NRSur, vbPHM, TPHM, XPHM, XO4A with equal
weight and report the combined samples throughout this
paper. To illustrate the variation between the combined
results and single models, in some figures we also show
the NRSUR results. In some analyses we expect the
choice of model to have little impact, e.g., the detection
significance study in Section 2, and in these cases, we
use only the NRSUR samples.

4.3. Inference

Our Bayesian analysis indicates that GW231123 was
produced from a high-mass compact binary merger
with highly spinning components. We infer individual
source component masses m; = 137732 My, and my =
103720 My, with spin magnitudes y; = 0.907019 and
x2 = 0.8070-29. We present a summary of the key source
properties of GW231123 in Table 2. Unless otherwise
stated, we report all mass measurements in the source
frame.

Although we observe differences depending on the
model, the primary and secondary component masses
nevertheless have a significant probability of lying within
the mass gap from (pulsational) pair-instability super-
nova (PISN) processes, as shown in Figure 3, where we
assume a nominal gap ranging from ~60-130 Mg (see
Section 6 for a detailed discussion). The binary’s total
mass is constrained to be within 189-266 M. This mea-
surement exceeds the 95th percentile of the inferred total
mass from GW190521 (Abbott et al. 2023a). Assum-
ing a FAR threshold of one per year, similar to Abbott
et al. (2023b), the source of GW231123 is the highest
mass BBH observed by the LVK to date; other lower
significance high-mass observations have been discussed
in Abbott et al. (2024a); Wadekar et al. (2023); Williams
(2025); Ruiz-Rocha et al. (2025).

Table 2. Source properties of GW231123.

Primary mass m1/Mg 137732
Secondary mass ma/Mg 103t§2
Mass ratio ¢ = ma/ma 0.75%922
Total mass M /Mg 23833
Final mass M¢/Mg 225135
0.90701
0.8015°2%
0.3170:38
0.777016

0.8415:9%

Primary spin magnitude x1
Secondary spin magnitude y2
Effective inspiral spin xes
Effective precessing spin xp

Final spin xs

Luminosity distance Dr,/Gpc 2.22:2
Inclination angle 0;n/rad 1.41L?'§
Source redshift z 0.3970:3

Network matched filter SNR p 22.6t81§

NOTE—We report combined results from five models that
have been mixed with equal weight. In most cases we present
the median value of the 1D marginalized posterior distribu-
tion and the 90% symmetric credible intervals. For proper-
ties that have physical bounds, including the primary spin
magnitude, secondary spin magnitude, mass ratio, effective
precessing-spin, inclination angle and the final spin of the
remnant, we report the median value as well as the 90%
highest posterior density (HPD) credible interval. The incli-
nation of the binary is defined as the angle between the total
angular momentum and the line of sight, ;n. All mass mea-
surements are reported in the source frame. Our results are
reported at a reference frequency of 10 Hz. Results obtained
with individual models can be found in Appendix B.

We consistently infer that both BHs are highly spin-
ning independent of the model we use. As shown in Fig-
ure 4, we infer that the primary spin magnitude x; > 0.7
at 91% probability and the secondary spin magnitude
x2 > 0.7 at 64% probability. The primary component
of GW231123 has one of the highest confidently mea-
sured BH spins observed through GWs (evidence for
highly spinning BHs has also been presented in Han-
nam et al. 2022; Nitz et al. 2020; Abbott et al. 2024a,
2023a; Wadekar et al. 2023; Williams 2025).

We are unable to reliably infer the spin orientation
of the binary; we infer polar angles between each spin
vector and the orbital angular momentum that vary
not only between models, but also when independently
analysing data obtained by LIGO Livingston compared
to LIGO Hanford, see Appendix B. To understand these
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Figure 3. The posterior distribution of the primary and
secondary source masses. We show the posterior distribution
resulting from equally combining samples from five waveform
models that include precession and higher-order multipoles
(purple). We separately show the posterior distribution ob-
tained with NRSUR (green dash dot). We compare against
estimates for the source frame masses of GW190521 (red
solid, Abbott et al. 2020d,e, 2023a). Each contour, as well
as the colored horizontal and vertical lines, shows the 90%

credible intervals. In blue dashed we show the posterior pre-

dictive distribution for the largest BH mass mS2%, in mock

catalogs similar to GWTC-3 (Abbott et al. 2023a,b); see Sec-
tion 6. The solid orange bands show the putative mass gap
from (pulsational) pair instability from 60-130 M.

differences, we carried out a series of analyses with differ-
ent frequency ranges. We found that all models consis-
tently infer greater support for spin components aligned
with the orbital angular momentum when independently
analysing LIGO Hanford data, and when excluding data
from LIGO Livingston below 50Hz. When spin mis-
alignment is inferred, we are unable to conclusively con-
strain the spin orientation away from aligned.

The uncertainty in the spin misalignment affects the
inferred effective inspiral spin y.g, which parameter-
izes the spin aligned with the orbital angular momen-
tum (Santamaria et al. 2010; Ajith et al. 2011). Nega-
tive Yot would imply that at least one spin is misaligned
with the orbital angular momentum by more than ninety
degrees. We cannot rule out xeg < 0, but there is an
89% probability that y.g is positive. The inferred effec-
tive precessing spin (Schmidt et al. 2015) is consistently
measured between models and deviates from the prior,
Xp = 0.777017. Although we infer variation between
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Figure 4. The posterior distribution of the primary and
secondary spin magnitudes. We show the posterior distribu-
tion based on the combined samples (purple) and from the
NRSur7dq4 waveform model (NRSur, green dash dot). Each
contour, as well as the colored horizontal and vertical lines,
shows the 90% credible intervals.

models, we consistently obtain large log,, Bayes factors
(5-10) in favour of precession. Since the distribution of
Bayes factors from noise alone is unknown, we addition-
ally quantify the evidence for precession in GW231123
by computing the precession SNR, p, (Fairhurst et al.
2020a,b). In the absence of any precession in the signal,
we expect pp, < 2.1 in 90% of cases. We infer an SNR of
pp = 2.175-2. Although the high SNR tail is consistent
with the large Bayes factors (Green et al. 2021; Prat-
ten et al. 2020b), we infer non-negligible support below
pp = 2.1. We are therefore unable to confidently claim
precession in GW231123. GW190521 was also found to
exhibit mild evidence for spin-precession (Abbott et al.
2020d,e).

We observe significant differences in the inferred lu-
minosity distance and inclination angle of GW231123’s
source, depending on the model, although most mod-
els infer comparable probabilities for face-on vs face-off
(O;n = 0 and Oy = m) configurations. We also in-
fer substantial variation in the detector-frame quanti-
ties, despite seeing agreement between several models
in the source-frame parameters. See Appendix A for
a detailed discussion. Owing to disagreements in the
inferred inclination angle of the binary, we similarly ob-
serve differences in the inferred higher-order multipole
SNRs from each model. Following the methodology in
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Abbott et al. (2020f,g), where for each multipole the
IMRPHENOMXHM signal model (Garcia-Quirds et al.
2020) is used to remove any contribution parallel to the
dominant multipole and to calculate the orthogonal op-
timal SNR (Mills & Fairhurst 2021), we nevertheless find
that all models provide support for the (¢,m) = (3,3)
multipole in GW231123. We infer an average orthogo-
nal optimal SNR of 3.3 when combining the results from
all models with equal weight.

The properties of the remnant BH are estimated in
different ways depending on the model. We apply the
NRSUR7DQ4REMNANT model (Varma et al. 2019) to
the samples obtained by NRSUR, and we average several
fits calibrated to numerical relativity simulations (Hof-
mann et al. 2016; Healy & Lousto 2017; Jiménez-Forteza
et al. 2017) for samples obtained by voPHM, TPHM,
XPHM, XO4A. When combining the results with equal
weight, we infer the final mass and spin of the remnant
BH to be M; = 225735 M and x; = 0.84700% respec-
tively. For certain binary configurations, the remnant
BH may receive a recoil velocity that is enough to eject
the remnant from its host galaxy (Merritt et al. 2004).
We infer a measurement of the remnant BH’s recoil ve-
locity that differs from the effective prior distribution:
vf = 967f§§$ kms~!. This measurement is based on the
NRSUR analysis and the NRSUR7TDQ4REMNANT rem-
nant model, the only fit providing recoil velocities esti-
mates (Varma et al. 2019, 2020).

4.4. Waveform Consistency Checks

To further assess whether a CBC signal with the in-
ferred parameters in Section 4.3 adequately represents
the data, we perform several consistency checks using
a signal-agnostic approach that reconstructs coherent
transient power, and through a model incorporating a
modified wave dispersion relationship. First, we com-
pare the waveform of the maximum-likelihood sample
from parameter estimation in Section 4.1 to one ob-
tained through minimally modelled analyses that make
no assumptions about the source or morphology of the
signal (Szczepanczyk et al. 2021; Salemi et al. 2019;
Ghonge et al. 2020). Second, we conduct a resid-
uals analysis, subtracting the best-fit waveform from
the detector data and searching for coherent residual
power (Abbott et al. 2021b). Discrepancies between
the modelled and minimally modelled waveforms, or the
presence of significant excess residual power, could indi-
cate physical effects in addition to or alternative to those
in our BBH signal models or unaccounted-for noise fea-
tures (Johnson-McDaniel et al. 2022).

For the waveform reconstruction comparisons, we use
BayesWave, cWB-2G, and cWB-BBH for the minimally

modelled analysis. To evaluate the agreement between
the signal as found by the modelled analysis and min-
imally modelled approach, we calculate the overlap be-
tween the maximum-likelihood sample from parameter
estimation using the NRSUR model and the median
BayesWave or cWB maximum-likelihood waveform. An
overlap of 1 indicates perfect agreement, while an over-
lap of 0 indicates no similarity between waveforms. To
assess whether the overlaps are consistent with signals of
comparable parameters and noise realizations, we per-
form a dedicated set of injections wherein we inject
waveforms generated by draws from the posterior distri-
bution of the source parameters into detector data sur-
rounding the event. The BayesWave analysis performed
400 injections into approximately 8 hours of data sur-
rounding the event, and the cWB analysis injected about
2800 draws from the posterior distribution in an inter-
val of two weeks around the event. We find good agree-
ment between the minimally modelled and CBC wave-
form reconstructions. The overlaps between the CBC
maximum-likelihood waveform and BayesWave, ¢cWB-
2G, and ¢WB-BBH are 0.97, 0.96, and 0.98, respec-
tively. Compared to the distributions of overlaps from
the injections, the p-values (defined as the fraction of
injections with overlaps below that of the real event)
are 0.74, 0.57, and 0.92 for BayesWave, c(WB-2G, and
cWB-BBH, respectively. Under the null hypothesis, the
p-values should be distributed uniformly from 0 to 1,
so these results indicate that the overlaps are consistent
with expectations from systems similar to GW231123.

For the residuals test, we produce residual data
by subtracting from the original data the maximum-
likelihood waveform from the NRSUR parameter estima-
tion samples. If the signal has been modelled sufficiently,
the residual data should be consistent with Gaussian
noise. We analyze the residual data with BayesWave,
and calculate the 90% credible upper limit on the recov-
ered network SNR (SNRgp). To compare to expected
values of SNRg, we also analyze segments of data (with
no injected signal) selected randomly from 16384 s of
data surrounding the event, and calculate the probabil-
ity of obtaining an SNRgg higher than that of residual
data. Details of this procedure can be found in (Abbott
et al. 2021b). We find no significant excess SNR in the
residual data beyond what is expected from only Gaus-
sian noise. Compared to the distribution of SNRgq from
the noise-only runs, the p-value is 0.35. This further
confirms that minimally modelled tests do not flag any
features in the data missed by the analyses described in
Section 4.1.

We additionally search for post-ringdown echo sig-
nals (Tsang et al. 2018, 2020) with a BayesWave-based



search, finding negative evidence for their presence (as
quantified by the Bayes factor log;, Biiogi:sl < 0), con-
sistent with the above findings. As a final consistency
check, an analysis incorporating a modified wave dis-
persion relation due to non-zero graviton mass (Abbott
et al. 2021Db) yields agreement with massless wave prop-
agation when based on the NRSUR or TPHM mod-
els. Instead, when assuming the XPHM or XO4A tem-
plates, a statistically significant violation is found, sug-
gesting missing signal components not captured by these
models, which is consistent with the discussion of sys-
tematics in Section 4.2.

5. BLACK-HOLE RINGDOWN

Massive systems dominated by merger-ringdown, such
as GW231123, are ideal to test the BH signal interpre-
tation by applying BH spectroscopy techniques (Dreyer
et al. 2004; Berti et al. 2009, 2025), yielding remnant
properties under minimal assumptions on the remnant
formation process. We fit superpositions of damped si-
nusoids, aiming to associate them with characteristic
quasi-normal modes (QNMs) of a BH, which drive its
relaxation to equilibrium. The resulting parameter es-
timates make it possible to robustly validate inspiral—
merger-ringdown (IMR) measurements, since a QNM
description is generic to any BH remnant (e.g., a BH
formed from an eccentric binary).

We truncate portions of data in the time
domain at different analysis start times tgpart,
and fit two sets of models. The first (DS-N)
is a superposition of N  damped-sinusoids
Z;V:l A2 fi(t=tstare) +05le=(t=tetart) /75 with constants
Aj, ¢;, f;,7; as free parameters, assuming f; > 0 (cir-
cularly polarized wave). In the second (Kerr), complex
frequencies are identified with QNMs of a Kerr BH,
fi = fomn(ME, x¢) and 7; = Ton (ME, x¢), with de-
tector frame (redshifted) mass M, spin yt, and ¢mn
the QNM angular (¢,m) and overtone (n) indices. In
addition to the longest-lived fmn = 220, we consider
fmn = {221,210,200, 330, 320,440}, the linear QNMs
with the largest predicted amplitudes for binary merg-
ers (Kamaretsos et al. 2012; London et al. 2014; Cheung
et al. 2024; Zhu et al. 2025; Nobili et al. 2025; Carullo
2024). Here, we include both =+ fg,, contributions,
accommodating generic signal polarizations, and Mget
enters the expression as mode amplitudes Ay, are
degenerate with the source distance.

We use the pyRing pipeline (Carullo et al. 2019) with
standard analysis settings (Isi & Farr 2021; Abbott
et al. 2021b; Gennari et al. 2024). We pre-condition
the data by subtracting the 60 Hz power line, which re-
duces the required analysis duration to 7' = 0.2s (Siegel
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et al. 2025). We sample the posterior distribution us-
ing the CPNest nested sampling algorithm (Veitch et al.
2020). Times are relative to the median of the po-
larizations peak time tgg;k = maxy[hZ (t) + hZ (t)] =
1384782888.5998 70 0111 in the LIGO Hanford data, com-
puted from the NRSUR reconstructed waveform. The
sky location is fixed to the NRSUR maximum likelihood
value, fixing the analysis start time in LIGO Livingston,
as required by the truncated time-domain formulation
of the analysis (Isi & Farr 2021). We have verified that
repeating the analysis at different sky location values
drawn from the NRSUR posterior does not affect our
conclusions.

Damped sinusoids are expected to be wvalid in
the stationary regime of BH relaxation, typically
[10,20]GMg /e3>  (namely [14.7,29.4]ms assuming
Mléiet ~ 298 M) past the signal peak; fitting earlier may
provide spurious support for additional modes (Berti
et al. 2025). However, a time-domain waveform re-
construction of GW231123 indicates a highly complex
morphology, displaying a monotonic decay only after
toan o tgg;k +19 ms, significantly later than the nomi-

tPOI .

peak’ S€€ Appendix C. Given this uncertainty, we ex-

nal
plore a wide range of times tga; = tgg;k—i— [—7.4,58.7) ms
in steps of ~ 3 ms.

Fits that start at late times 't ~ tgg;k + 41 ms,
when we are confident on the validity of an exponen-
tial decay description, find preference for a single mode
with both models (as quantified by Bayes factors ). A
single damped sinusoid (DS-1) fit yields a multi-modal
f1 — 7 distribution, shown in Figure 5, unlike what is
observed in previous events at such late times. One peak
with f; ~ 68Hz and A; ~ 2 x 10722 overlaps with the
dominant Kerr ¢mn = 220 frequency faoq as predicted
by IMR models, supporting the BH hypothesis. The
damping time spans a broad range, overlapping with
Tag0. A second peak is centred around f; ~ 45Hz, cor-
relating with a larger amplitude value A; ~ 6 x 10722,
Among linear Kerr QNMs predicted by the IMR mod-
els, this frequency peak shows the largest overlap with
f200- The damping time is also bimodal: the peak as-
sociated to fi1 ~ 45Hz is centred around 71 ~ 10ms, a
smaller value compared to mo09 ~ 18 ms, but overlapping
the latter distribution. Under a Kerr 220 fit, the two-
dimensional Mf“ — x¢ distribution is also multi-modal:
one peak overlaps with the IMR predictions, while a
second prefers lower remnant spins.

Fitting at earlier times, Bayes factors indicate over-
whelming preference (log;, B > 6) for two modes over
one until tgare o tgz;k + 32.3ms in both the DS-IV
and Kerr models, but in this range we may be fit-
ting a complex merger signal, and a QNM superposi-
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Figure 5. Two-dimensional frequency and damping time
posterior distribution (90% credible levels), when starting
the analysis at late times and assuming a single damped si-
nusoid with positive frequency; the combined IMR estimates
for the longest-lived fmn = 220 QNM are shown for compar-
ison. For visualisation purposes, we display up to 71 = 45ms,
while the posterior tail extends up to 71 = 80ms.

tion may not be valid. At these early times, a DS-2 fit
yields two frequencies consistent with the two peaks ob-
served at later times. Amplitudes and damping times
are comparable in magnitude between the two damped
sinusoids, and both damping times are larger than the
~ 10ms peak observed at later times. In addition to
the 220 mode, in the time range explored we find the
Kerr 320,210,200 modes to be on average the most
favoured by Bayes factors, while 330 is preferred around
tetart = tgg;k +23.5ms. The Kerr two-modes combina-
tions robustly yield a massive remnant, Mfdet > 200Mg,
also at these earlier times.

These multi-mode combinations are in tension with
IMR analyses. The most favoured Kerr mode in ad-
dition to the 220 according to Bayes factors, the 320,
implies a Mdet — x¢ distribution that does not overlap
with IMR estimates. Adding 210 only results in par-
tial overlap, while the 221 overlaps to a larger degree.
However, the short-lived 221 mode alone is not expected
to give rise to the features observed in the signal un-
til late times. The 200 mode addition results in the
most significant overlap, with a 200 amplitude compa-
rable to the 220, consistently with later times results.

While ¢mn = 210,200 QNMs can be strongly excited
in highly precessing systems with large mass asymme-
try (O’Shaughnessy et al. 2013; Zhu et al. 2025; No-
bili et al. 2025), the IMR analyses of GW231123 pre-
dict minimal power in the 200 mode, as discussed in
Appendix D. Highly eccentric configurations can excite
m = 0 modes (Sperhake et al. 2008), but we lack suffi-
ciently complete merger-ringdown models for eccentric-
binary signals to reliably assess this possibility; see Sec-
tion 7 for further discussion. DS-N analyses with N > 3
did not prefer more than two modes, but future inves-
tigations will be required to determine whether the ob-
served features can be induced by a superposition of
many overlapping modes.

In summary, the Kerr fits recover the remnant
spin with large uncertainty, and they robustly predict
Mléiet > 200Mg at all times, supporting the interpre-
tation of a massive BH remnant. Further investiga-
tions will be required to characterize the nature of the
bi-modal features persistently observed in the signal
and consistently interpret the multi-mode fits at ear-
lier times. Given these large uncertainties, we do not
consider tests of the no-hair properties of BHs in gen-
eral relativity that would be enabled by a confident two-
mode identification (Dreyer et al. 2004; Berti et al. 2009;
Gossan et al. 2012; Brito et al. 2018; Carullo et al. 2018;
Bhagwat et al. 2020; Isi & Farr 2021).

6. ASTROPHYSICAL IMPLICATIONS

Here, we discuss the astrophysical implications of the
large masses and spins of GW231123’s source and its
possible origin given current understanding of (pulsa-
tional) PISNe and formation channels of merging BBHs.

6.1. Single-event rate estimate

First, we quantify the merger rate of GW231123-like
events following (Kim et al. 2003; Abbott et al. 2016b).
The sensitive volume—-time of the detectors to such sig-
nals is estimated using the cWB-BBH results for the
injection campaign discussed in Section 2. Assuming
a constant merger rate R over comoving volume and
source-frame time with prior oc 1/v/R and a Poisson
likelihood for the number of triggers, we find R =
0.08f8:(1)$ Gpc 3 yr~!. This is consistent with the rate
of mergers like GW190521 and upper limits of IMBH
mergers (Abbott et al. 2020d,e, 2022), but much lower
than the overall rate 16-61 Gpc=3yr—! of BBHs with
component masses < 100 M, inferred through GWTC-
3 (Abbott et al. 2023b).

6.2. Relation to the previous inferred population

To further assess GW231123 in the context of the 69
BBH mergers with FARs < 1yr~—! through GWTC-3



(Abbott et al. 2023a) and test if its masses and spins are
surprising, we perform posterior predictive checks based
on the fiducial BBH population fit from (Abbott et al.
2023b, Section III C; we extend the prior on the maxi-
mum BH mass up to 200 M as there is support from
GW190521 above the limit of 100 My imposed in the
original GWTC-3 analysis). From the inferred popula-
tion, we construct mock catalogs containing 69 detected
events and plot the distribution of their largest BH mass
R 83f§2 Mg in Figure 3. Using the COMBINED param-
eter estimates, the primary mass of GW231123 falls at
the 9872 % level of this distribution, indeed indicating
that this event is an unlikely draw. However, due to
large uncertainties in its masses, it is not conclusively an
outlier as it may be less massive than the most massive
mock events (equivalent comparisons for secondary and
total mass are less significant). Similarly, the largest BH
spin in these catalogs is 0.78f8&3, against which the pri-
mary and secondary spins of GW231123 can fall at any
percentile and thus are not outliers. Compared to its
masses, the spins of GW231123’s source are more con-
sistent with the known population as it does not rule
out large values.

6.3. Possible formation channels

From theoretical predictions for the late-stage evolu-
tion of massive stars (Fowler & Hoyle 1964; Barkat et al.
1967; Rakavy & Shaviv 1967; Fraley 1968; Bond et al.
1984; Woosley et al. 2002; Woosley 2017), contraction
of the core leads to electron—positron pair production
that reduces internal pressure support, causing further
contraction that powers explosive nuclear burning and a
rebounding shock. For helium-core masses ~ 32-64 Mg,
multiple pulsational episodes can eject sufficient mate-
rial to reduce the mass below the pair-instability regime,
ending with a BH remnant. A single pulse can entirely
disrupt stars with larger helium cores, leaving behind no
remnant in a PISN. At even larger helium-core masses
2> 135 Mg, this is avoided as the high core temperature
results in photodisintegration that accelerates gravita-
tional collapse to a massive BH. This leads to the robust
prediction from single-star evolution of the existence of
a gap in the BH mass distribution. Though this gap is
broadly consistent with the range ~ 60-130 M), there
are several theoretical uncertainties that affect both the
lower edge and total extent of the gap (Belczynski et al.
2016; Stevenson et al. 2019; Farmer et al. 2019; Mapelli
et al. 2020; Renzo et al. 2020b; Marchant & Moriya 2020;
Woosley & Heger 2021; Hendriks et al. 2023). Uncer-
tainties in nuclear reaction rates alone can shift the lower
edge of the pair-instability mass gap from =~ 50 My to
~ 100 Mg (Farmer et al. 2020).
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Some stellar and binary evolution processes are pre-
dicted to be able to populate the pair-instability mass
gap. Weaker stellar winds (Mapelli et al. 2020) or core
dredge-up episodes (Costa et al. 2021) may allow a star
to retain a hydrogen envelope and collapse to a BH
with mass inside the gap (Spera et al. 2019). Stel-
lar mergers in dense clusters or multiple systems could
similarly produce stars that collapse to more massive
BHs, with the large masses inferred from GW231123
perhaps requiring multiple such mergers (Mapelli 2016;
Di Carlo et al. 2020; Renzo et al. 2020a; Kremer et al.
2020; Gonzélez et al. 2021; Rizzuto et al. 2022; Costa
et al. 2022; Arca Sedda et al. 2023a). Short-period stel-
lar binaries might avoid merging and produce binary
BHs with large, equal masses ~ 100 My from rapidly
rotating metal-poor stars due to chemically homoge-
neous evolution (de Mink & Mandel 2016; Mandel &
de Mink 2016; Marchant et al. 2016). However, most
models of isolated-binary formation predict small natal
spins and at most one of the BHs spinning, due to tidal
synchronization or accretion-induced spin up, and so bi-
naries with masses and spins like those inferred from
GW231123 are difficult to form (Belczynski et al. 2020;
Qin et al. 2018; Fuller & Ma 2019; Bavera et al. 2020;
Belezynski et al. 2020; van Son et al. 2020). In fact, the
components BHs and especially the primary are so mas-
sive that they may have formed through core collapse
above the pair-instability mass gap (Ezquiaga & Holz
2021; Franciolini et al. 2024).

Alternatively, in hierarchical mergers, one or both of
the binary components is the product of a previous BBH
merger, with characteristically large masses and spins
(Gerosa & Fishbach 2021). Previous analyses have sug-
gested evidence for hierarchical mergers in GW catalogs
(Kimball et al. 2021; Mould et al. 2022; Wang et al. 2022;
Li et al. 2024; Pierra et al. 2024; Hussain et al. 2024; An-
tonini et al. 2025), but the population of BH remnants
receive gravitational recoils as high as 102-10* kms~!
(Doctor et al. 2021; Mahapatra et al. 2021), requiring
environments with high escape speeds (Antonini & Ra-
sio 2016) such as dense stellar clusters (Miller & Hamil-
ton 2002; Antonini et al. 2019; Rodriguez et al. 2019;
Fragione & Silk 2020; Mapelli et al. 2021; Arca Sedda
et al. 2021; Kritos et al. 2023; Mahapatra et al. 2025) or
the disks of active galactic nuclei (Bartos et al. 2017;
Stone et al. 2017; Mckernan et al. 2018; Yang et al.
2019; Tagawa et al. 2020; McKernan et al. 2020; Vac-
caro et al. 2024; Arca Sedda et al. 2023b) to be re-
tained. This is in contrast to high-mass stellar mergers,
which receive smaller recoils from asymmetric mass loss
(Gaburov et al. 2010; Glebbeek et al. 2013) and there-
fore may be more efficient at producing BHs with large
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Figure 6. Probability using the COMBINED results for
GW231123 that: both BHs are in the pair-instability mass
gap (top left); the primary is above the gap and the sec-
ondary is within (top right); the primary is within and the
secondary is below (bottom left); the primary is above and
the secondary is below (bottom right). Probabilities are com-
puted varying the lower and upper edges of the gap, while
dashed lines mark constant gap widths.

masses in dynamical environments. As seen in Figure 4,
the spins inferred from GW231123 may be even larger
than typically predicted from hierarchical BH mergers
(Gerosa & Berti 2017; Fishbach et al. 2017), although
the expected distribution for sources retained in their
host environments may accommodate a wider range of
spins (Borchers et al. 2025).

A different possibility is that of primordial BHs being
the binary components, which may exist across a range
of mass scales, including within the pair-instability mass
gap (Bird et al. 2016, 2023; Clesse & Garcia-Bellido
2017, 2022). However, there are remaining theoretical
uncertainties, e.g., on whether primordial BHs could ac-
crete sufficiently to spin up as rapidly as the BHs in-
ferred from GW231123 (Green & Kavanagh 2021).

Altogether, these theoretical predictions and their un-
certainties make it difficult to determine whether or not
the BHs in the source of GW231123 have an astrophys-
ical origin directly from stellar collapse, or due to close
encounters in dense clusters (Jaraba & Garcia-Bellido
2021). We quantify this in more detail below.

6.4. Stellar collapse

To account for a range of possible locations for the
pair-instability mass gap, in Figure 6 we compute the
probability that one or both component masses fall
within the gap as a function of its lower edge from 40—

100 M and upper edge from 120-180 Mg, using the
COMBINED parameter estimates. In the following, we
quote these probabilities specifically for the putative gap
60-130 M. The probabilities that the secondary (pri-
mary) BH lies in, above, and below this gap are 83 %
(26 %), 1% (74%), and 16 % (0 %), respectively. Con-
sidering scenarios in which at least one of the compo-
nents falls in this gap, the joint probability that: both
BHs are in the gap (upper left panel of Figure 6) is 25 %;
the primary is above while the secondary is within (up-
per right) is 58 %; and that the primary is within while
the secondary is below (lower left) is 1 %. Alternatively,
a scenario with neither BH in the gap is possible in the
case of a straddling binary (Fishbach & Holz 2020), with
a primary BH above the upper edge and secondary be-
low the lower edge (lower right) having a probability of
14 %.

Overall, this implies that within the uncertainties on
the COMBINED parameter estimates (assuming our de-
fault prior) and the location of the pair-instability mass
gap, scenarios with both BHs outside the gap have lower
probability than those with at least one BH in the gap.

6.5. Hierarchical mergers

Given the high probability of at least one of the
BHs lying inside the pair-instability mass gap, we con-
sider the possibility that this is due to repeated BBH
mergers. Assuming hierarchical origins, several works
have inferred the source properties of potential BBHs
whose merger products are observed with GWs in a
subsequent merger (Baibhav et al. 2021; Barrera &
Bartos 2022; Alvarez et al. 2024; Mahapatra et al.
2024).  We follow (Alvarez et al. 2024) and use the
NRSUR7DQ4REMNANT surrogate model (Varma et al.
2019) to find the distribution of BBH source proper-
ties such that the corresponding distribution of BH
remnant properties reproduces the COMBINED posterior
over mass and spin for the primary and secondary BH
inferred from GW231123. As the primary-spin poste-
rior favors large values = 0.7, this constrains the par-
ent binary of the primary BH to have unequal masses
109725 M, and 35735 M; for more equal masses, both
BH spins can reduce the total angular momentum if mis-
aligned, whereas unequal-mass binaries are dominated
by the single heavier BH. The parent binary of the pri-
mary BH may have had a large effective inspiral spin,
with Xeg = 0.54f8:§8, but xeg < 0 is not ruled out. A
similar picture holds for the secondary BH, with par-
ent masses 78735 M and 2273% M, but more uncer-
tain effective inspiral spin yeg = 0.317090 due to the
larger uncertainty on the secondary spin in the source of
GW231123. These mergers would have imparted kicks



of 7517833 kms~! and 5257339 kms~! in the case of
the primary and secondary, respectively, resulting in
ejection from young star clusters or globular clusters
(Antonini & Rasio 2016).

The heavier of the two BHs in both parent binaries
may also lie within the pair-instability mass gap, with
probabilities 91 % and 74 % for the heavier parent of the
primary and secondary, respectively, when taking a gap
from 60-130 M, as above. Therefore, if either of the
component BHs of GW231123’s source is interpreted as
the product of a previous BH merger, it may be the
result of multiple previous mergers. Alternatively, the
parent BHs could themselves have formed with large
masses by the other astrophysical processes discussed
above, such as stellar mergers.

7. ALTERNATIVE INTERPRETATIONS

All GW observations to date have been inferred to be
from compact binaries consisting of BHs and/or neutron
stars (Abbott et al. 2016¢, 2021a, 2024a, 2023a; Venu-
madhav et al. 2020; Olsen et al. 2022; Mehta et al. 2025;
Nitz et al. 2023; Wadekar et al. 2023), and we consider
a BBH the most astrophysically plausible interpretation
of GW231123, finding that a non-eccentric BBH model
fits the signal with no significant residual. Nonetheless,
the low number of observable GW cycles invites alter-
native interpretations. We discuss several here.

7.1. Eccentricity

Binaries formed in dense environments may retain
residual eccentricity in the sensitive band of current GW
detectors (Samsing 2018; Rodriguez et al. 2018; Zevin
et al. 2019; Chattopadhyay et al. 2023; Dall’ Amico et al.
2024) or merge following a dynamical capture (Gold &
Briigmann 2013; East et al. 2013; Gamba et al. 2023;
Andrade et al. 2024; Albanesi et al. 2025b), but for high
masses their GW signals can be confused with those
of non-eccentric mergers (Romero-Shaw et al. 2020a;
Calderon Bustillo et al. 2021a; Romero-Shaw et al.
2023). Our signal models assume a non-eccentric in-
spiral, while state-of-the-art IMR models that include
eccentricity (Liu et al. 2022; Gamboa et al. 2024; Paul
et al. 2025; Albanesi et al. 2025a; Planas et al. 2025a)
assume circularization in the merger-ringdown stages
and would thus be unsuitable to infer the parameters
of GW231123’s source if it was eccentric when observed
(Ramos-Buades et al. 2023b; Iglesias et al. 2024; Gupte
et al. 2024; Planas et al. 2025b). Extensions of QNM
amplitude models beyond eccentric non-spinning config-
urations (Carullo 2024) will be required to investigate
the possible m = 0 ringdown mode excitation hinted
at in Section 5. Relaxing the non-eccentric assumption
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is not expected to significantly change our results unless
the eccentricity is larger than ~ 0.6 close to merger (Hin-
der et al. 2008; Huerta et al. 2019; Healy & Lousto 2022;
Carullo et al. 2024; Nee et al. 2025), which would be
rare in the dynamical-capture scenarios above. There-
fore, although we consider large eccentricity at merger
astrophysically unlikely, we cannot rule it out for the
source of GW231123.

7.2. Gravitational lensing

GW signals may be strongly lensed by galaxies or
galaxy clusters, producing multiple copies of the orig-
inal signal (Hannuksela et al. 2019; Abbott et al. 2021c,
2024b). However, no closely matching super-threshold
counterpart candidates for GW231123 have been found
from standard CBC searches. GWs can also undergo
wave-optics lensing (Takahashi & Nakamura 2003) when
they encounter smaller objects (~102-10° M, for sig-
nals in the LVK band). GW231123 shows the strongest
support for distorted lensed signals seen so far for
both a point-mass model (Wright & Hendry 2022)
and phenomenological analyses (Liu et al. 2023), al-
though preliminary background analyses suggest that
some GW231123-like signals may be mis-identified as
lensed. More in-depth investigations are needed to as-
sess the significance of the lensing hypothesis, and these
will be presented in future work.

7.3. Other scenarios

Several possible burst-like sources (Powell & Lasky
2025) of astrophysical and cosmological origin may pro-
duce signals of similar duration to GW231123, such
as core-collapse supernovae, cosmic strings, and ex-
otic compact objects. For most supernova wave-
forms, the peak signal is expected at frequencies
higher than observed in GW231123 (Abdikamalov et al.
2020; Mezzacappa & Zanolin 2024). The ringdown-
dominated signals of high-mass BBH mergers can be
mimicked by waveforms from the collapse of cosmic
strings (Abbott et al. 2020e; Aurrekoetxea et al. 2024)
and collisions of exotic compact objects (e.g. boson
stars) (Calderén Bustillo et al. 2021b; Siemonsen & East
2023; Evstafyeva et al. 2024). Though we do not explic-
itly rule out these scenarios, the detection of GW231123
is consistent with the rates and properties of the cur-
rently understood population under the interpretation
of a high-mass BBH merger, which has higher astro-
physical probability.

8. SUMMARY

GW231123 is a short-duration GW signal consisting of
~5 observable cycles, most likely produced by a binary-
black-hole merger. On that basis, we infer a total mass
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between 190 My and 265 My, which is larger than any
previously observed with high confidence in GWs, and
strong support for large spins on both black holes. We
report source property measurements with larger uncer-
tainties than we would expect for a binary of this mass
and a signal with SNR ~22, most likely due to uncertain-
ties in current signal models at high spins. A ringdown
analysis also supports a massive remnant under minimal
assumptions, consistent with full-signal estimates. The
measured masses of GW231123’s source lie at the edge
of the currently understood population of binary black
holes. The scenario with the highest probability is that
at least one of the black hole sits in the pair-instability
mass gap. If either is interpreted as the product of a pre-
vious black-hole merger, at least one of the black holes
in its parent binary probably also lies in the mass gap.
Such a sequence of black-hole mergers would require an
environment with high escape speed, unless the black-
hole masses are grown by other astrophysical processes,
such as stellar mergers.

Given the small number of observable GW cycles, the
large uncertainties in our measurements, and the limi-
tations of current signal models, we expect that there
is much still to learn about GW231123 and its source.
The feasibility of a wide range of other alternatives to
black-hole mergers remains to be investigated. Even
within the binary-black-hole merger interpretation, we
expect to learn more from detailed studies of high-spin
binaries, high-eccentricity mergers, hyperbolic encoun-
ters, and lensed signals. Forthcoming analyses of the
combined catalog of GW events, alongside continued
studies of pair-instability processes and the formation
of intermediate-mass black holes, may help to reveal the
origins of GW231123. All studies will have to contend
with the limited information that can be extracted from
short signals, but a clearer picture may emerge if a pop-
ulation of such signals is observed in future observing
runs.

Strain data from the LIGO detectors associated with
GW231123 are available from the Gravitational Wave
Open Science Center '. Samples from posterior distri-
butions of the source parameters, additional materials,
and notebooks for reproducing the figures are available
on Zenodo (LIGO Scientific, Virgo, and KAGRA Col-
laboration 2025). The software packages used in our
analyses are open-source.
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Software:  Calibration of the LIGO strain data
was performed with a GstLAL-based calibration soft-
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ware pipeline (Viets et al. 2018b). Data-quality prod-
ucts and event-validation results were computed us-
ing the DMT (Zweizig, J. 2006), DQR (LIGO Sci-
entific Collaboration and Virgo Collaboration 2018),
DQSEGDB (Fisher et al. 2021), gwdetchar (Urban et al.
2021), hveto (Smith et al. 2011), iDQ (Essick et al.
2020), Omicron (Robinet et al. 2020), and PythonVir-
goTools (Virgo Collaboration 2021) software packages
and contributing software tools. Analyses in this cata-
log relied on software from the LVK Algorithm Library
Suite (LIGO Scientific, Virgo, and KAGRA Collabo-
ration 2018). The detection of the signals and subse-
quent significance evaluations were performed with the
GstLAL-based inspiral software pipeline (Messick et al.
2017; Sachdev et al. 2019; Hanna et al. 2020; Cannon
et al. 2021), with the MBTA pipeline (Adams et al. 2016;
Aubin et al. 2021), with the PyCBC (Usman et al. 2016;
Nitz et al. 2017; Davies et al. 2020) packages, with cWB-
BBH pipeline (Mishra et al. 2025), cWB-2G (Klimenko
et al. 2008, 2016a; Drago et al. 2020) cWB-XP (Kli-
menko 2022), cWB-GMM (Gayathri et al. 2020; Lopez
et al. 2022; Smith et al. 2024). Low-latency source lo-
calization was performed using BAYESTAR (Singer &
Price 2016). Estimates of the noise spectra and glitch
models were obtained using BayesWave (Cornish & Lit-
tenberg 2015; Littenberg & Cornish 2015; Cornish et al.
2021). Source-parameter estimation was primarily per-
formed with the Bilby and BilbyPipe libraries (Ashton
et al. 2019; Smith et al. 2020; Romero-Shaw et al. 2020b)
using the DYNESTY nested sampling package (Spea-
gle 2020). SEOBNRv5PHM waveforms used in param-
eter estimation were generated using pySEOBNR, (Mi-
haylov et al. 2025). PESUMMARY was used to postpro-
cess and collate parameter-estimation results (Hoy &
Raymond 2021). Some of the parameter-estimation anal-
yses were managed with the Asimov library (Williams
et al. 2023). Ringdown analyses were performed us-
ing the pyRing (Carullo et al. 2023) library, relying on
the CPNest nested sampling algorithm (Veitch et al.
2020). The manuscript content has been derived mak-
ing use of additional publicly available software: MAT-
PLOTLIB (Hunter 2007), NUMPY (Harris et al. 2020),
scrpy (Virtanen & others 2020), SEABORN (Waskom
et al. 2021), sxs Scheel et al. (2025).

APPENDIX

A. SYSTEMATICS STUDIES

For this analysis we consider the models NRSUR, VBPHM, TPHM, XPHM and XO4A. These models all describe
precessing quasi-circular binaries and include higher multipole content. The three model families NRSURr, SEOB and
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PHENOM use different approaches to model the waveforms (Chatziioannou et al. 2024). In short, NRSUR interpolates
between NR data (Field et al. 2014; Blackman et al. 2015), making it typically the most accurate of the models for
high-mass signals, such as GW231123. The SEOB and PHENOM families instead use a combination of analytical
and numerical information to create a complete inspiral-merger-ringdown model applicable to systems at any total
mass (Buonanno & Damour 1999, 2000; Buonanno et al. 2007; Ajith et al. 2011). The models NRSUR, VEPHM, and
TPHM calculate the signal in the time domain, while XPHM and XO4A model directly in the frequency domain.
These models comprise the five state-of-the-art models currently available for LVK analyses of observations in O4a.

NRSUR is fully calibrated to numerical waveforms over the binary parameter space up to dimensionless spin mag-
nitudes x1 = x2 = 0.8 and mass ratios ¢ = 1/4, and can be extrapolated up to dimensionless spin magnitudes
X1 = x2 = 1.0 and mass ratios ¢ = 1/6. By construction, NRSUR automatically includes all multipoles up to
£ = 4 and characteristics of precession such as mode asymmetry (Varma et al. 2019). By contrast, voPHM, TPHM,
and XPHM are calibrated to NR only in the aligned-spin sector (Pompili et al. 2023; Estellés et al. 2022b; Prat-
ten et al. 2020a; Garcia-Quirds et al. 2020) and instead model precession either by extending post-Newtonian and
effective-one-body results or by employing BH perturbation theory results through merger and ringdown. During
the inspiral, viPHM, TPHM, and XPHM implement precession dynamics by numerically evolving the spins (Khalil
et al. 2023; Estellés et al. 2021; Colleoni et al. 2025). XO4A uses closed-form, orbit-averaged expressions during the
inspiral Chatziioannou et al. (2017); Pratten et al. (2021) and phenomenological expressions calibrated to single-spin
precessing simulations with y; < 0.8 through merger and ringdown (Hamilton et al. 2021). Further, XO4A includes
mode asymmetry of the dominant multipole (Ghosh et al. 2024). By employing multiple models with these key dif-
ferences in their construction, we expect that our signal analysis will be more robust in more challenging regions of
parameter space.

The different modeling approaches and treatments of the precession dynamics make these models relatively indepen-
dent. In the presence of features in the data beyond the physical effects incorporated in the models (e.g., mismodelling
in the high-spin regime, eccentricity, GW memory, or noise artefacts) one might therefore expect the models to in-
teract with these features differently and display model systematics, as are seen in the posteriors for this event. The
accuracy of these models for typical signals has been comprehensively assessed through comparison to NR, both in the
modelling papers themselves and elsewhere (e.g., Mac Uilliam et al. (2024)). For GW231123 we have performed the
accuracy analysis in Section 4.2, and a series of targeted NR injections, which we now describe. We hope that more
can be learned in the future from improved models in the high-spin regime, and a detailed study of the behaviour of
our models in Gaussian noise.

In order to investigate the likelihood of the presence of waveform systematics in the high total mass, comparable-
mass (¢ > 1/3), highly precessing region of parameter space, we perform a simulation study where we simulate a set
of signals consisting of highly precessing NR waveforms from the SXS catalog (Boyle et al. 2019; Scheel et al. 2025)
and recover with the five waveform models under consideration. From several tens of simulations, we discuss here the
results from two that span the range of observed results, from unbiased parameter estimation displaying no systematics
to large systematic differences between models and clear biases in parameter recovery.

For both configurations, we show the total mass and mass ratio as measured in the data (the detector frame). For
high-mass binaries, we expect the total mass to be one of the most reliably measured quantities. The detector-frame
masses are not the true source masses, but the redshifted masses, and to calculate the true masses, we must also measure
the redshift. The relative accuracy of the detector-frame and source-frame masses may therefore differ, depending on
the accuracy of the redshift. For this reason, we also show the individual masses m; and ms after correcting for the
redshift.

The results for GW231123 are shown in Figure 7. In the left panel, we see clear evidence of systematics in the
measurement of both the total mass and the mass ratio, with no overlap of the 90% credible intervals for some models
in both parameters. When we correct for the redshift, some of the differences appear to “cancel out”, and we see
agreement between several models in the source masses. This is likely coincidental; we expect any model biases in the
detector-frame masses and redshift to be independent. This expectation is borne out in the examples below.

In the majority of cases simulated, we were unable to reproduce this degree of systematics. In both examples
discussed here, we choose a large inclination angle as the mismatch performance is worst, and thus the associated
expectations of evidence of systematics are greater, for systems with the greatest contribution from higher multipoles.
It should be noted, however, that since the orbital plane precesses, the inclination is not constant over the binary’s
evolution. An example of a typical recovery is shown in the top row of Figure 8, where we consider the SXS:BBH:0483
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Figure 7. Marginalized posterior probability for the Left: redshifted (detector-frame) total binary mass and the mass ratio,
and Right: primary and secondary source-frame masses inferred from GW231123 for each of the five models considered. Each
contour, as well as the colored horizontal and vertical lines, shows the 90% credible intervals.

precessing NR simulation with total mass M = 300 Mg, mass ratio ¢ = 0.8, and spin magnitudes x; = x2 = 0.80 on
both BHs. The simulation is added to zero-noise using the fiducial inclination angle ¢ = 7w/2rad at 10 Hz. For this
configuration, the mismatch for NRSUR was unambiguously below the conservative distinguishability criterion, with a
value of 3.92 x 104, while for the other models we see values O (10_3). In this case, the large differences in mismatch
do not translate into noticeable differences in the accuracy of parameter recovery. The posteriors from all models
overlap and we can be confident in our recovered source properties. Note, however, that the source-frame ms is too
low. This is a known bias for edge-on configurations: signals from face-on and face-off binaries are louder, meaning
that larger distances (redshifts) are consistent with a fixed GW amplitude. This leads to a significantly larger prior
volume, and thus a prior preference for smaller inclination angles (Usman et al. 2019), larger distances, and thus lower
(redshifted) source masses.

Clear evidence of systematics was nevertheless seen in a limited number of simulations, as is demonstrated in the
bottom row of Figure 8. We consider the SXS:BBH:4030 precessing NR simulation with total mass M = 300 M),
equal mass components (¢ = 1), and spin magnitudes x; = x2 = 0.95 on both BHs. The simulation is added to
zero-noise using the fiducial inclination angle ¢« = 7/2rad at 15Hz. This injection was chosen from the set of cases
with very high spins, with a mismatch between 2.36 x 1073 (NRSUR) and 9.45 x 1073 (TPHM), mostly above the
conservative indistinguishability criterion. This numerical relativity (NR) waveform also includes GW memory, which
can require additional data processing for injection (Xu et al. 2024; Valencia et al. 2024; Chen et al. 2024), but we
find that our results are unchanged if we first subtract the memory features before injection. We see unequivocal
evidence of waveform systematics and biases in all models. Only the posterior of TPHM includes the true value of
the detector-frame total mass, and all models exclude it at 90% credibility. No model recovers the true mass ratio
(¢ = 1). In the source-frame, the true value of m; lies in the 90% credible region for all models, but mq is significantly
biased from its true value of 100 M.

B. SOURCE PROPERTIES

In Table 3, we present the individual source properties of GW231123 for each of the five models considered in the
analysis of this event for those interested in a more detailed picture of the systematics. As demonstrated in Appendix A,
the source properties of this event lie in a challenging region of parameter space for all waveform models employed.
From the analysis performed here, we cannot guarantee that the results from any given model will be free from bias in
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Figure 8. Marginalized posterior probability for (left column) redshifted (detector-frame) total binary mass and the mass ratio
and (right column) primary and secondary source-frame masses inferred from two highly spinning precessing NR simulations
with (detector-frame) total binary mass of 300 Mg observed approximately edge on. The Top row shows the results for the
SXS:BBH:0483 (Boyle et al. 2019) with masses m1 ~ 135 Mg, ma ~ 110 My and mass ratio ¢ = 0.8. The Bottom row shows the
results for the SXS:BBH:4030 (Scheel et al. 2025) with masses m1 = mg ~ 130 M. The 5 models used to analyse GW231123
were also used to analyse these simulations. Each contour, as well as the colored horizontal and vertical lines, shows the 90%
credible intervals. The black vertical and horizontal lines indicate the true source properties. In some panels, the true value is
beyond the axis range of the figure.

this region of parameter space. We also find that different models fit the data better than others. All models except
XPHM obtain a larger Bayesian evidence than the NRSur analysis, as reflected in the differing SNRs in Table 3. For
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Table 3. Individual source properties of GW231123 from each of the five models considered.

XPHM XO4a TPHM NRSur v5PHM
Primary mass mi1 /Mg 150712 14372 133717 129715 134719
Secondary mass ma/Mg 93%138 55114 110733 111152 111735
Mass ratio q = ma/m 0.6215:12 0.3915-07 0.8215:1% 0.8615-14 0.83%0:11
Total mass M /Mg 243725 198120 243727 241729 244729
Final mass M;/Mg 233122 190738 227133 227118 228127
Primary spin magnitude x1 0.79702% 0.92700% 0.92790% 0.8970:30 0.91%5:9%
Secondary spin magnitude x2 0.6815432 047104 0.8870:32 0.9179:99 0.8170 12
Effective inspiral spin yes 0.0419:15 0.3052% 0.44+512 0.23+5:22 0.44%5:2%
Effective precessing spin xp 0.751035 0.8270:09 0.7715:15 0.78151% 0.73%0:50
Final spin s 0.7179:57 0.850:00 0.897003 0.8170:0% 0.871992
Luminosity distance Dy, /Gpc 0.875% 3.5712 2.711% 1.575% 22112
Inclination angle Oy /rad 1.6794 0529 1.870% 1.8793 1.9703
Source redshift z 0.1713:%8 0.5819:25 0.47137%% 0.2979-2 0.39701%
Network matched filter SNR p 22.4%02 22.770-% 22.770% 22.615°% 22.610%

NOTE—As in Table 2 in most cases we present the median value of the 1D marginalized posterior distribution and the symmetric
90% credible interval. For properties that have physical bounds we report the median value as well as the 90% highest posterior
density (HPD) credible interval. Our results are reported at a reference frequency of 10 Hz.

example, for some parameters XO4a yields significantly different results to many of the other models, yet it obtains
a Bayes factor of at least 200:1 over NRSur. However, such differences are not necessarily indicative of one model
being more accurate than another (Hoy 2022; Hoy et al. 2024). Consequently, we combine the posteriors from multiple
models to achieve a conservative error estimate, which is reported throughout the main body of the paper.

We also illustrate in Figure 9 the differences in inferred spin orientation when considering the data from LIGO
Hanford (left), LIGO Livingston (middle), and the full detector network (right). LIGO Hanford shows support for
aligned-spin binaries, while LIGO Livingston has a clear preference for misalignment. The stronger signal in LIGO
Livingston dominates the network results. The differences between the results in the two detectors could potentially be
explained by lower signal power in LIGO Hanford (such that precession is not measurable), but we have not been able
to reproduce this discrepancy between detectors with injections in zero-noise, for example, of the NRSUR waveform
at its maximume-likelihood parameters.

C. SIGNAL PEAK TIME
We require the time of peak GW emission to determine a valid starting time for ringdown analyses. The peak

modes

. 2
GW power is emitted at time ¢700° = max; />, ’th(t) , where hg,,(t) are the multipoles in a spin-weighted

spherical-harmonic decomposition of the signal. Alternatively, we can estimate the peak time using the peak of the
polarisation tgg;k = max |hy —ihx |2. This quantity depends on the binary’s relative orientation to the detector and

will be uncertain to within roughly one GW period, but it can be compared to an estimate computed through an
unmodelled waveform reconstruction, allowing for a more agnostic analysis. One can also conservatively estimate the

onset of ringdown directly from the maximum value of the strain tffg:lin, after which the signal displays a clear decay.

Figure 10 shows these times for GW231123, on top of the unwhitened NRSUR strain reconstruction from which they

were computed. From this reconstruction, we find £33 is 1384782888.61917(0 0395 s and 1384782888.61427(:0107 s in

the LIGO Hanford and Livingston detectors respectively. Instead, in the LIGO Hanford detector (chosen as reference

. . modes pol
for the ringdown analysis), we find {705 —¢0, ~ 6ms.
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Figure 9. Posterior probabilities for the dimensionless component spins, ¢S1/(Gm?) and ¢S2/(Gm3), relative to the orbital
angular momentum axis L. From left to right, we compare the posterior probabilities obtained when analysing LIGO Hanford
data only (blue), LIGO Livingston data only (green), and a coherent analysis of LIGO Hanford and LIGO Livingston data
(purple). In all cases, we show the posterior distribution resulting from equally combining samples from five waveform models.
The tilt angles are 0° for spins aligned with the orbital angular momentum and 180° for spins anti-aligned. Probabilities are
marginalized over the azimuthal angles. The pixels have equal prior probability, being equally spaced in the spin magnitudes
and the cosines of tilt angles. The spin orientations are defined at a fiducial GW frequency of 10 Hz.

The differences among these estimates, together with the time-domain reconstruction shown in Figure 10, attest to
the highly complex signal morphology and invite care when selecting a peak time definition to be used as reference
in a ringdown analysis. Hence, in the main text we repeat the analysis over a wide range of times, and plot results
around a conservative 5% ~ 58 + 15G M /¢? (assuming M{°" ~ 298 M), when we are confident on the validity
of a QNM description.

D. HIGHER-ORDER RADIATION MULTIPOLES

Given the support for large binary inclination from most IMR models, subdominant multipole moments (referred
to as “modes” below) beyond the dominant (¢,m) = (2,£2) spherical-harmonic multipole moment are expected
to contribute appreciably to the observed signal (Blanchet 2014). Here, we investigate in detail their contribution
throughout the signal. Using NRSUR posterior samples, we estimate optimal SNR values of 4.95t};g§ for the (3,£3)
mode, 3.3570 58 for the (4, +4) mode, 0.677323 for the (2,41) mode and 1.2673-57 for the (2,0) mode. Unlike the (3,3)
and (4,4) modes, the inferred distribution for the (2,1),(2,0) modes are consistent with expectations from random
Gaussian noise fluctuations, implying a lack of statistically significant support for their presence in the data. Relevant
to the ringdown analysis, the strain contribution from the (2,0) mode remains significantly subdominant compared
to the more prominent (3, £3) and (4, +4) modes throughout the signal duration, as illustrated in Figure 10 (showing
LIGO Hanford, with similar conclusions obtained for LIGO Livingston). As seen in the bottom panel, the whitening
process suppresses the lower-frequency content of the signal, causing the peak amplitude to appear quieter relative to
the higher-frequency ringdown. This filtering effect also reduces the visibility of subdominant modes such as (2, +1)
and (2,0), which fall largely outside the detector’s sensitive band. In contrast, the (3,+3) and (4, 4+4) modes remain
visible post-merger due to their higher frequency content, making them detectable. This result is consistent with
the SNR estimates above. The IMR modes are defined with respect to the binary’s total angular momentum at a
given reference time during the inspiral, while the ringdown modes are defined with respect to the remnant spin at
asymptotically late times. The direction between these two vectors may be offset by a few degrees (Hamilton et al.
2021), but we do not expect that would be sufficient to increase the power in (2,1) or (2,0) to a level measurable in
Gaussian noise, i.e., above an SNR of ~2.1.
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Figure 10. Top panel: Posterior probability density functions of the NRSUR waveform timeseries, obtained via BILBY using
the NRSUR waveform model in the LIGO Hanford detector. The red band shows the uncertainty in the measurement of tgz;k,

and the grey band shows the uncertainty in t;tgfﬁ“. Bottom panel: Posterior probability density functions of the mode strain,
Fihy + Fyhy, with hy —ihy = “2Yomhem + 2Ye,—mhe,—m, shown for the LIGO Hanford detector. The top part reports
the unwhitened waveform and the bottom part the whitened one, showcasing the impact of whitening in visualising the signal
morphology. The inset focuses on the (¢, +m) = (2,0), (3,3), (4,4) modes. The red line indicates the median of t‘;g;k, and the

dashed-dotted black lines show the median of tgle‘;ies.

In summary, we conclude that a significant excitation of the (2,0,0) or (2,1,0) ringdown modes, suggested by the
overlap of damped sinusoids fitting parameters with the remnant properties inferred by NRSUR, is in tension with
NRSUR multipole moments content.
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