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The LIGO-Virgo-KAGRA collaboration recently reported an exceptional gravitational-wave event,
GW231123. This gravitational-wave signal was assumed to be generated from the merger of a binary black
hole system, with source frame masses of 1371’1272M o and 103f§2Mo (90% credible intervals). As seen by
the two LIGO detectors, the signal has only ~5 cycles, between 30 and 80 Hz, over ~10 ms. It is of critical
importance to confirm the origin of this signal. Here we present the results of a Bayesian model comparison
to test whether the gravitational-wave signal was actually generated by a binary black hole merger, or
emitted from cusps or kinks on a cosmic string. We find significant evidence for a binary black hole merger

origin versus a cosmic string origin of the signal.

DOI: 10.1103/zd8m-tzxd

Introduction. The LIGO [1], Virgo [2], KAGRA [3]
collaboration (LVK) has recently announced the detection
of an intriguing gravitational-wave event, GW231123 [4].
GW231123 was observed by the two LIGO detectors at
13:54:30.634 UTC on November 23, 2023. Assuming that
the signal comes from a compact binary coalescence, the
LVK finds that this gravitational-wave event was produced
by a binary black hole merger, with source frame masses of
137133 M 5 and 103729M, (90% credible intervals). Such a
massive binary black hole system poses many questions as
to its formation. However, to determine that GW231123 is
produced from a binary black hole is made difficult by the
fact that only ~5 wave cycles are observed. This signal is
present between 30 and 80 Hz, lasting ~10 ms in the LIGO
data [4]. We note that the difficulties for parameter estima-
tion with massive black hole binaries, where the gravita-
tional-wave signal is brief in the detection band, have been
addressed in many studies; see, for example, [5-8].

It is probable that in the future there will be other
gravitational-wave signals of short duration. More massive
binary black hole systems will be observable over shorter
times and smaller frequency bands. It will be important to
have methods for quantifying the probabilities of different
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source models. We do this here, using different cosmic
string emission channels, plus a more generic power-law
signal emission. Ultimately, other short duration transient
models will need to be included in model comparison
studies. While the LVK makes the assumption that
GW231123 comes from a binary black hole, it acknowl-
edges other possible interpretations for the signal; eccen-
tricity, gravitational lensing, core-collapse supernova,
exotic compact objects, or cosmic strings. Since these
alternative scenarios are not tested in [4], we investigate
here whether a cosmic string could be the source of the
GW231123 event.

Cosmic strings are 1+ 1 dimensional topological
defects, generically predicted in beyond the Standard
Model particle physics [9]. Gravitational waves emitted
by cosmic strings provide one of their most promising
observational signatures accessible by ground-based inter-
ferometers [10,11]. Cosmic strings can be either super-
horizon (long) or subhorizon (loops). At high frequencies,
the gravitational-wave spectrum of an oscillating loop is
dominated by bursts emitted by cusps and kinks [12-14].
Cusps are short-lived features on a string loop that briefly
travel at the speed of light. The number of cusps per loop
has not yet been determined; they are generic features for
smooth loops. Kinks are discontinuities in the tangent
vector of the string that propagate at the speed of light.
Kinks, appearing in pairs, are the result of string inter-
commutations and therefore exist on long strings as well.
Numerical experiments of Nambu-Goto strings (the width
is negligible as compared to its size) concluded that kinks
accumulate over the cosmological evolution [15-17]. Since
long strings also have kinks, they can also emit gravita-
tional waves [18]. Cusps create beamed gravitational waves
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in the forward direction of the cusp, while kinks produce
gravitational waves with fanlike emission. In contrast,
kink-kink collisions emit gravitational waves isotropically.
Previously, LIGO and Virgo reported the detection of a
gravitational-wave signal, GW190521, which they also
stated came from a binary black hole system [19,20].
Model comparison study results were presented, showing
that the binary black hole merger scenario was favored over
cosmic strings. In what follows, we present a Bayesian
model comparison between a binary black hole and a
cosmic string as potential sources of the GW231123 event.
We conclude that the binary black hole origin of
GW231123 is strongly favored over cosmic string.

Method. The data from the two LIGO detectors for the
GW231123 event, from which identified noise such as the
60 Hz power mains and its harmonics has been subtracted,
is publicly available at the Gravitational Wave Open
Science Center [21,22]. We perform a Bayesian study [23]
to compare two considered models. We actually compute
the noise Bayes factor, comparing the hypothesis of a
gravitational wave present in the detector noise (7;) to the
case of only detector noise (H,),

 z(amy)
57 = Zary) M

where the evidence Z is estimated with the nested sampling
[24,25] package DYNESTY [26,27], within the gravitational
wave inference pipeline BILBY [28,29]. The nested sampler
is initialized with 1000 live points and utilizes the accep-
tance-walk sampling method. The evidence is estimated
under different hypotheses, outlined below. Given the lack
of a priori information on the considered models, we
assume equal prior odds, so in effect, both a binary black
hole merger and a cosmic string origin are equally
probable.

We consider a linearly polarized waveform expressed in
the frequency domain as

hi = AB(f = fiow)O(frign — fle >/ f~4i, (2)

where i = {c, k, kk, pl} denotes respectively the cusp, kink,
kink-kink collision cases, and a generic power law to
capture a range of possible sources. The power-law indices
g; depend on the model, with [12-14] g. = 4/3, qx = 5/3,
g = 2, and g, kept free. The function A; stands for
amplitude, ¢, is the arrival time defined relative to trigger
time (1384782888.634 GPS time) in Figs. 1 and 2 below, f
denotes the frequency, and © is the Heaviside function. The
low frequency cutoff f),, is fixed at 20 Hz in this analysis
to take into account the large rise of the noise at low
frequencies. The high frequency cutoff fpi. is a free
parameter that, in the case of the cusp and kink models,
is inversely proportional to the cube of the beaming angle,
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FIG. 1. A subset of source-frame and extrinsic parameters

(component masses, luminosity distance, and relative-to-trigger
arrival time) under the binary black hole merger event hypothesis
with the NRsur7dg4 approximate, with 1-¢ and 2-¢ contours.

which is defined as the angle between the line of sight and
the emission cone axis.

For the cosmic string models, we consider priors inspired
from [30]. Specifically, the A; samples are drawn from a
log-uniform distribution, from 107> to 10~'¥ and the f;g
is uniformly distributed starting from 25 to 2000 Hz for all
cosmic string cases. The temporal and sky localization
priors match [4]. For the arbitrary power-law spectral index,
the prior is uniformly distributed between three different
choices for the lower bound, to determine the impact of the
prior choice on the posterior distribution, and four as the
upper bound. We do not vary the priors for the amplitude
because, for the range of spectral indices considered here,
the lower end of the distribution is below sensitivity,
complete noise dominance, and the higher end represents
complete signal dominance, > O(3) signal-to-noise ratio
(SNR). Similarly, the upper limit on the maximum fre-
quency cutoff is limited by the detector’s sensitivity
decrease. The rest of the priors are already maximal which
is why we do not explore any other prior variation’s impact
on the Bayes factor outside of the spectral index. The
arbitrary specification of priors can influence Bayes factors
[31]; prior sensitivity has long been known as one of the
chief limitations for the calculation of Bayes factors [32].

For the binary black hole waveform approximant, we
take NRSur7dq4 [33], and appropriate for the highly spinning
high-mass compact binary coalescence scenario. We note
that the LVK study used five different waveforms, but while
IMRPhenomXO4a [34] is the approximant recovering the
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FIG. 2. Corner plots of posterior samples, for three models considered. Left: cosmic string kink (purple), cosmic string cusp (blue),
and arbitrary power law (yellow), the log-amplitude, high frequency cutoff, and relative-to-trigger arrival time are shown, with 1-¢ and
2-0 contours. The kink-kink model is also considered and consistent with the above posterior, but not shown here for brevity and plot
clarity. Right: the arbitrary power law’s spectral index is considered with three different uniform priors [starting at 0.01 (orange), 0.1
(brown), and 0.75 (yellow), respectively], the latter coinciding with the power law on the left. The extra freedom allowed with the power

law model shows clear prior-dominated posteriors.

highest Bayes factor for GW231123, NRSur7dg4 is known
for its accuracy in describing high-mass signals [4].
Although the choice of waveform approximant affects
the parameter estimation scheme and subsequent evidence
[4], the intramodel variability of binary black hole wave-
form approximants is insignificant compared to the inter-
model variability of gravitational-wave sources in general.
Furthermore, for the binary black hole model, we replicate
the analysis performed in [4] with the only noteworthy
difference being calibration error marginalization, which
we do not include here. This affects the recovered SNR, but
has a negligible impact on the parameter estimation; the
results presented here for the binary black hole hypothesis
are fully consistent with those presented by the LVK in [4].

Lastly, in order to illustrate the need for a Bayesian
analysis as future, shorter events appear, we also present the
results of an injection study. In the data around GW231123
we inject two different binary black hole signals, three
seconds before trigger time (1384782885.634 GPS). They
are recovered with binary black hole (NRSur7dg4 approx-
imant) and cosmic string cusp hypotheses, using the same
power spectral density estimate to facilitate a comparison
with GW231123.

Results. Under the binary black hole source hypothesis,
using the NRSur7dg4 waveform we recover consistent
parameter posteriors with the equivalent waveform analysis

of LVK for GW231123 [4], shown in Fig. 1. A binary

black hole merger with masses of m; = 125.987/3M

and m, = 107.777/31My, at a luminosity distance
d; = 19321“91;;9 Mpec, provides the highest SNR, as seen
in Table I, alongside models’ Bayes factors. These binary
black hole merger parameter estimates are consistent with
the estimates made by the LVK using the NRSur7dg4 wave-
form alone; m; = 12971°My, and m, = 1117/3M o, d;, =
15007450° Mpc [21].

For cosmic strings, the cusp, kink, and kink-kink
collision cases result in high frequency cutoff posteriors,
Jhighcusp = 67'3i21..g Hz,  fhighxink = 67'6J—r21:86 Hz, and
J high kink—kink = 67.9’_“;;% Hz, respectively. They are shown
in Fig. 2 (left panel), consistent with the merger frequency
of a ~200M , binary black hole coalescence. This trend is
also observed in the power-law posteriors, displayed in

TABLEI The log,, Bayes factor between the waveform model
considered and the noise (no-signal) hypothesis, as well as
network matched filtering signal to noise ratios are reported
below. The values for the power law correspond to the uniform
(0.75, 4) spectral index prior analysis.

Waveform model log BF SNR

Binary black hole 82.13 21.011:(())%
Cusp 38.02 14.65+01
Kink 3091 13.59101
Kink-kink 24.40 12.41792
Power-law 45.23 16.16104
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FIG. 3. Best-fitting cosmic string cusp waveform (blue) and the LIGO Hanford detector strain (black) are shown in the upper left plot.
The upper right is the same for kink waveform (purple), the lower left is the kink kink waveform (red), and the lower right is the power
law with 0.75 lower limit on the spectral index prior (yellow). All data in these plots is whitened with the BayesWave power spectral
density [35] and bandpassed between 20-256 Hz. The 90% confidence region of the NRsur7dg4 binary black hole waveform template is
superimposed (green). The whitening and spectral leakage (time representation of frequency-domain defined models) are the reasons for
the extra oscillations observed in the cosmic string and power law models. The X axis is relative to GW231123 trigger time.

Fig. 2 (right panel). The power-law model leads to the The mismatch between cosmic strings’ prediction and
highest Bayes factor for a source different from a binary  data is shown in Fig. 3 in the time domain. We present the
black hole merger, compared to noise. This is expected,  highest likelihood cosmic string cusp match, against the
since the extra degree of freedom included, with a clear detector strain and 90% confidence interval for the
predilection for lower spectral index values, outweighs the =~ NRSur7dq4 approximant. The frequency domain power
prior space expansion, in comparison with the fixed indices ~ law shape for cosmic strings results in a ~3 cycle time
in the cusp, kink, and kink-kink waveforms. Figure 2 (right ~ domain waveform. These cycles can then be used to fit only
panel) shows the posteriors for the power-law hypothesis,  around half of the observed strain, which results in a
with different priors for the spectral index. These prior-  bimodal posterior for the arrival time. This effect is again
dominated posteriors, with a preference for the lowest  observed in both cusp and kink cases, to a lesser extent in
spectral index, explain the inclination of the data for the  the latter, as well as in the spectral index-varying generic

cusp over the kink case. power law waveform, where it is most prominent. In
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FIG. 4. Representative strains displaying the plausible confusion between signals. On the left, per-detector whitened strains of an
antialigned binary black hole (blue) injection (6, = 3.12, 0, = 3.1) with the rest of the parameters equivalent to the maximum
a posteriori (MAP) of GW231123 using NRSur7dg4. On the right, per-detector whitened strains of a higher mass binary black hole
system (M = 246M, and d; = 3000 Mpc), with the rest of the parameters equivalent to MAP of GW231123. Overlaid are some
strikingly similar cosmic string models (orange). The X axis is relative to GW231123 trigger time.
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contrast, the arrival time bimodality is completely non-
existent under the binary black hole merger hypothesis, as
shown in Fig. 1.

We note that the cosmic string and power law waveforms
considered here do provide an SNR above the ~8 threshold,
and decisive evidence against the only-noise hypothesis
and therefore the existence of “a signal.” However, when
compared to the best matching binary black hole waveform,
they are in turn decisively disfavored.

Finally, Fig. 4 shows the per-detector whitened strains,
for the injection study. The injected binary black hole (blue
waveforms) parameters are the maximum a posteriori
(MAP) of the real data’s Bayesian inference with the
NRSur7dg4 waveform, with an exception: on the left, the
spins are antialigned (6, = 3.12, 6, = 3.1), while on the
right the chirp mass is increased (M = 246M ), as well as
d; = 3000 Mpc, to maintain comparative SNRs. Both of
these changes result in a similar number of cycles in the
observed waveform. Overlaid are representative cosmic
string cusp waveforms, in orange (left cusp, A =3 x
107!, fhigh = 54 Hz; right cusp, A =3 x 107!, fian =
45 Hz). After a full Bayesian analysis, the antialigned
binary black hole injection results in log;, Bayes factors
between the binary black hole and cosmic string cusp
hypotheses of 8.4. For the high-mass injection, the corre-
sponding log;, Bayes factor is 8.1.

Conclusions. We have presented a Bayesian model com-
parison analysis in order to substantiate the source iden-
tification of GW231123 as a binary black hole merger [4].
To this end, we have considered the three main emission
channels for gravitational waves produced by cosmic
strings in addition to the assumed binary black hole
compact binary coalescence event. To further facilitate this
comparison, inspired by the power-law-like frequency
domain representation of all cosmic string waveform
models, a freely varying spectral index, generic power
law, is also considered. Our analysis is similar to the study
of the source of GW190521 [19], where a Bayesian model
compared a binary black hole scenario with a cosmic string
origin (cusp and kink), showing preference for the binary
black hole [20].

For both GW190521 and GW231123, the observed
waveform consists of only ~5 cycles. Although power-
law-like sources, such as cosmic strings, generically
produce even fewer cycles, a visual heuristic is not a
substitute for a full Bayesian analysis. The apparent cycle
count depends on data conditioning (e.g., through whiten-
ing) and on moderate, physically plausible shifts of the
binary black hole parameters. To illustrate this, we have
presented an injection study by varying the binary black

hole spins and masses. In the future, events of even shorter
duration could be observed. Likelihood-based model com-
parison is therefore necessary to adjudicate among all
possible source origins. This is a subject of future work.
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