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In their fourth observing run, the LIGO-Virgo-KAGRA gravitational-wave observatories have found
hundreds of new signals, but many are contaminated by non-Gaussian transient noise artifacts known as
glitches. Left unaddressed, glitches can bias parameter inference and lead to misleading astrophysical
conclusions. We present a series of case studies using GPBilby, a parameter estimation tool that employs a
time-domain likelihood jointly modeling the astrophysical signal with a physical waveform and non-
Gaussian noise with a Gaussian process. We first show that when the detector noise is Gaussian, GPBilby
produces results consistent with those obtained with the standard Gaussian-noise likelihood, and then
consider events affected by non-Gaussian features. For GW231123, the highest-mass binary black hole
candidate observed to date, analyses using IMRPhenomXPHM reveal coherent residual structure that leads
to measurable shifts in inferred source parameters. In contrast, analyses employing NRSur7dg4 show no
significant excess residual power and remain consistent across likelihood choices. This demonstrates that
waveform systematics and flexible noise modeling are intrinsically coupled, as the Gaussian process terms
can partially absorb coherent waveform mismatches. For GW191109, we find that evidence for spin
misalignment remains robust despite glitches in both LIGO detectors. For GW230630_070659, excluded
from GWTC-4.0 owing to poor data quality, we find the data to be consistent with a binary black hole
waveform model, with no additional residual power identified by the Gaussian process component.
Overall, these results highlight how GPBilby can be used to perform glitch-robust inference and as a tool to

understand waveform modeling systematics.
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I. INTRODUCTION

The LIGO-Virgo-KAGRA (LVK) Collaborations have
recently presented GWTC-4.0, the fourth iteration of the
Gravitational Wave Transient Catalogue [1-3]. Analyzing
data from the Laser Interferometer Gravitational-Wave
Observatory (LIGO) [4], Virgo [5], and KAGRA [6]
interferometric gravitational-wave detectors, LVK has
identified 218 signals with a probability of astrophysical
origin greater than 0.5. This rich treasure trove of
astrophysical observations is bringing new insights into
the dark Universe, such as studies of the mass and spin
spectrum [7] from which we can learn about the deaths
of massive stars, measurements of the expansion rate of
the Universe [8], and tests of the nature of gravity
[O-11].
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However, astrophysical inferences rest on the assump-
tions made during the individual event analyses: that the
background noise is stationary, colored Gaussian noise
[12,13]. If this is not the case, the inferred parameters from
individual events can be biased [ 14—18] and this may have a
potential systematic effect when considering the population
as a whole. To mitigate this, the LVK performs detailed
studies of all events that undergo parameter estimation [2].
Checks are performed using the strain data and auxiliary
channels to understand the data quality and identify any
non-Gaussian transient artifacts known as glitches [13]. Of
the new signals discovered in GWTC-4.0, 86 met the
criteria for parameter estimation, and of these, 44 were
found to have non-Gaussian transient artifacts in the data
surrounding the event. We note, however, that for many of
these, the observed glitches fall outside the region in which
bias is known to occur [19].

To mitigate the potential impact glitches may have on
parameter estimation, a glitch subtraction approach is typ-
ically used (see, e.g., Refs. [13,20,21]), in which the glitch is
modeled and subtracted from the data. However, as described
in Udall er al. [18], this approach is suboptimal: glitch
subtraction always leaves behind residual signal-to-noise
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ratio (SNR), and subtraction of low-SNR glitches can leave
residuals that further bias inferences. Therefore, it is better to
perform joint inference of the glitch alongside the astro-
physical signal, enabling measurements of the astrophysical
source properties marginalized over the uncertainty intro-
duced by the glitch. Several approaches to joint inference
have been developed, such as those using a deterministic
glitch model [22-24] and those using a data-informed glitch
model trained on past observations [25]. Alternative
approaches aim to address these biases at the likelihood
level, for example through modified noise models such as the
hyperbolic likelihood proposed by Sasli et al. [26]. In this
work, we continue to develop and validate GPBilby [27], a
Gaussian process (GP)-enhanced [28] approach for param-
eter estimation of transient gravitational wave signals.

GPBilby performs inference on the time series strain data d
after whitening using a given power spectral density (PSD).
The core idea is to model the astrophysical signal using a
deterministic waveform approximant model with astro-
physical source parameters 6, and the glitch using a GP
with an associated set of hyperparameters a. Given a set of
source parameters, we define the time-domain residual
vector ry=d,, —p,(0) between the whitened data d,,
and the whitened model p,,(0). The GP log-likelihood is
then

1 1
In E(d|9, a) = —Ergxglrg - Eln ((27[)N‘Za

), (1)

where X, is the covariance matrix predicted by the GP
model with hyperparameters a, and |%,| is its determinant.
In practice, GPBilby uses CELERITE [29], which approxi-
mates Eq. (1), enabling rapid evaluation of the likelihood
within an order of magnitude of the standard likelihood
evaluation time.

The CELERITE software provides a rich interface for
building the GP kernel used to predict the covariance
matrix in Eq. (1) by combining different terms. We use this
interface in the following way. To model the whitened
strain data in the absence of an astrophysical signal or
glitch, we find that a single white noise jitter term is
sufficient; its associated parameter o corresponds to the
standard deviation of the whitened strain. To model white
noise alongside a glitch with a single frequency component,
we find that the simple harmonic oscillator (SHO) kernel
term works well. The SHO terms in CELERITE have three
parameters: an angular frequency wg, a quality factor Q,
and an amplitude parameter S (see Section 4 of [29]). All
of these terms are parameterized in terms of their natural
logarithm. We also find this term is effective when the data
contains multiple temporally isolated artifacts at the same
frequency. For glitches with multiple frequency compo-
nents, we use multiple numbered SHO terms with order
statistics to circumvent the label-switching degeneracy.

We begin this paper in Sec. II by discussing updates to
the GPBilby software; then in Sec. III we provide a set of case

studies on interesting gravitational-wave observations.
Finally, in Sec. IV, we discuss the results and future
prospects.

II. UPDATES TO THE SOFTWARE

Since the initial version of GPBilby [27], we have
improved the software, introducing new CELERITE terms
for GP kernel building, developing a new approach to
incorporate calibration uncertainty, extending the usability
of GPBilby to a full range of waveform models, as well as
making numerous minor improvements. Alongside this
work, we release Version 0.0.1 of the software [30]. Below,
we describe the first two of these updates in detail with
some background on GPBilby.

A. Kernel building parameterization

The frequency dependence of the SHO kernel term
provided by CELERITE is parameterized by the natural
logarithm of the angular frequency w, However, since
the frequency of the SHO term corresponds directly to the
frequency of the glitch we are trying to model, we have
reparameterized the SHO term in GPBilby in terms of the
frequency f, = wg/2x. Beyond the simple parameteriza-
tion change, we also use uniform priors on f, rather than on
Inwy; this will provide more prior weight to larger
frequencies, but we are typically interested in glitch
frequencies that overlap with the signal in the 20 to
1000 Hz band. Therefore, we consider a uniform-in-
frequency prior appropriate. Throughout the remainder
of this work, we use this new frequency parametrization
of the SHO term. We note that this reparameterization and
the associated change of prior do not alter the underlying
SHO kernel or its covariance structure. Accordingly, we
expect the qualitative behavior of GPBilby to remain con-
sistent with that reported in Ref. [27], including the
improved modeling of longer-duration transients such as
scattering glitches.

B. Calibration

In the initial implementation of GPBilby [27], the strain
errors oh provided to CELERITE were fixed as a user-defined
input parameter: for all results in that work, we used a fixed
absolute error of 0.01. In the inference that followed, the
GP model was flexible enough to model additional error in
the kernel by tuning the hyperparameters of the jitter term.
Therefore, in effect, we provided the GP with an initial
estimate, and then the jitter and SHO terms could model the
uncertainty.

However, CELERITE can take as input a vector of
heteroscedastic symmetric measurement errors: a 1-stan-
dard-deviation error for each data point in the time series.
Therefore, we implemented a new approach to estimate
the measurement errors on the whitened strain data
from the frequency-domain calibration model. In standard
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gravitational-wave parameter estimation, the calibration
uncertainty model is constructed as a frequency-domain
spline on the amplitude and phase with an associated set of
calibration parameters. Estimates of the uncertainty are
obtained from the calibration process as a calibration
envelope [31] which provides the 16%, 50%, and 84%
quantiles as a function of frequency. The envelope is then
interpolated with a spline and provided as a prior on the
calibration parameters, which are marginalized over during
inference [32,33].

To approximate the measurement uncertainty on the
whitened strain data in GPBilby, we take as input the
calibration envelope, interpolate over frequency, and fit
the quantiles with a skew-normal distribution. From the
fitted skew-normal distribution, we then sample new
calibration parameters, use these to perturb the fre-
quency-domain strain, whiten, and Fourier transform,
producing many realizations of the whitened time-domain
strain, including the effects of calibration uncertainty.
Finally, we take the residuals between the time-domain
whitened strain and the perturbed realizations and calculate
the standard deviation (as a function of time) across the
realizations. This standard-deviation time series is then
provided to CELERITE as the vector of measurement errors
on the whitened strain data.

In Fig. 1, we show this procedure for the LIGO hanford
observatory (LHO) data for the event GW 150914 [34]. The
upper panel shows the whitened time-domain strain, while
the lower panel compares the one-standard-deviation
measurement error with the nonsymmetric 68% interval
computed across the distribution of residuals. The PSD
used for whitening the nominal strain and the calibration-
perturbed realizations is taken from the GWTC-2.1 re-
analysis of the event [35]. The agreement shown in the
lower panel confirms that our calibration uncertainties are
well approximated by a symmetric interval.

ITI. CASE STUDIES

To test and validate GPBilby, we perform a series of case
studies on selected events from the O1-O4a observing
runs. We chose the events GW150914 [34], GW170814
[36], and GW230814 [37] as examples where the data is
clean, i.e., free from glitches. We then study GW191109
[38], GW231123 [39], and GW231113_122623 to study
the performance of our algorithm on events known to be
contaminated by glitches. Finally, we analyze a trigger
from the first part of the fourth observing run (O4a), which
was deemed to be a glitch rather than a gravitational wave
event, GW230630_070659.

A. GW150914

GW150914 was the first observed binary black hole
(BBH) merger [40] and, with a network SNR of 24,
remains one of the highest-SNR events to date. Analyses
have not identified any data quality issues surrounding the
event [32,35,40]. Therefore, as an initial case study,
analyzing GW150914 with GPBilby provides a test of the
capacity to reproduce standard analysis results when the
Gaussian noise assumption holds.

We take as a base analysis the GWTC-2.1 analysis of
GW150914 [35] using the IMRPhenomXPHM [41] wave-
form model. From this, we define six new reanalyses of
GW150914, each using 8 s data around the event. In terms of
the likelihood, we use three different configurations: first, an
analysis using the standard WL, then a GPBilby analysis with
a single white noise jitter term (GP-J), and an analysis with a
white noise jitter term and a single SHO term (GP-JS). For
each likelihood configuration, we then repeat the analysis
using the original BayesWave PSD developed in GWTC-
2.1 and an analysis using a new PSD created using the
version of BayesWave applied in GWTC-4.0 [42-45]. The
new PSD is available from Ashton [46], where it was shown
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FIG. 1. Whitened time-domain strain from the LHO data surrounding GW150914. In the upper panel, we show the raw whitened
strain as a black curve and the measurement errors (estimated from the calibration envelope) as a one-standard-deviation blue band
around the whitened strain. In the lower panel, we show the measurement error as a blue band, and we show the 68% nonsymmetric
interval estimated from the residual directly to validate that the errors are approximately symmetric. Differences in the whitened strain
relative to Fig. 6 of Abbott et al. [32] arise from the use of a different PSD and data-conditioning procedures.
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that the differing PSD realization produced small changes in
the inferred parameters (consistent with the level expected
from PSD uncertainty, see Biscoveanu et al [47]).
Therefore, the mirrored analysis using different PSDs
provides a point of comparison for comparing the level of
difference from the Whittle likelihood and the GPBilby
analyses to the typical variation due to PSD uncertainty.
In Fig. 2, we show violin plots comparing the one-
dimensional posterior distributions across the six analyses
for the detector-frame source mass M, mass ratio q,
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FIG. 2. Violin plots of selected GW150914 source parameter
posteriors for the Whittle likelihood (WL), GPBilby with a single
jitter term (GP-J), and GPBilby with a jitter and SHO term (GP-JS).
The left side of each violin shows the posterior obtained using the
GWTC-2.1 PSD, while the right side shows the posterior
obtained using the newly computed PSD and the GWTC-4.0
settings. The boxed numbers give the JS divergence in millibits
between each posterior and that of the reference analysis, taken
here to be the Whittle likelihood with the GWTC-2.1 PSD; the
reference analysis itself therefore carries no value.

primary mass m;, secondary mass m,, effective inspiral
spin y.g, effective precession y,, source inclination angle
0,5, and luminosity distance D; (see Table 3 of Abac et al.
[48] for definitions and further discussion). The detector-
frame qualifier refers to the mass as measured from the data
without including the multiplicative factor 1 4 z required to
correct for the redshift z [49]. Following the GWTC-2.1
methodology, all other masses are given in the source frame
and utilize the standard reference cosmology [see
Ref. [48]], namely column TT + lowP + lensing + ext
of Table 4 in Planck Collaboration [50].

To quantify the level of agreement between analyses, we
compute the JS divergence between the one-dimensional
marginal posteriors of each parameter [51]. For each
comparison we draw an equal number of samples N =
3000 from the two posteriors, fit a kernel density estimator
to each, and evaluate the resulting probability densities on a
common grid. The divergence is obtained using the SciPy
implementation [52], which returns the JS distance in bits,
i.e., using a base-2 logarithm such that max(JS) = 1; we
square this quantity to recover the JS divergence. The
procedure is repeated one hundred times with independent
resamplings, and we quote the median across these trials,
which also provides an estimate of the scatter introduced by
the finite number of posterior samples. Throughout this
work we express JS divergences in millibits (mbit), i.e., in
units of 1073 bits. Two posteriors are conventionally
regarded as indistinguishable when their divergence falls
below 10/N [53], which for N = 3000 corresponds to
~3 mbit. As a rough guide for interpreting the values
quoted in the figures, divergences below ~3 mbit indicate
posteriors that are indistinguishable at the resolution of our
analyses; values of order ten to a few tens of mbit
correspond to modest but discernible shifts in the inferred
distributions; and values above ~100 mbit indicate sub-
stantial disagreement, readily visible by eye in the marginal
distributions. This procedure is applied identically for all
the events considered in the following sections, with only
the choice of reference analysis differing between cases.

Broadly, Fig. 2 shows agreement between the posterior
distributions across all configurations of the likelihood.
There are mostly percent-level differences in the inferred
quantiles for most parameters, which are at a similar level to
the differences between estimates of the PSD. For this event
we take the Whittle likelihood analysis using the GWTC-
2.1 PSD as the reference, so that the quoted divergences
measure both the effect of changing the likelihood and, for
the mirrored analyses, the effect of the differing PSD
realization. The majority of the divergences lie at or below
the level identified above as consistent with sampling noise,
confirming that the GPBilby analyses reproduce the standard
result for this event. The exception is the inclination angle
0;y, where the Whittle likelihood analyses show more
weight in a secondary mode than is measured from any of
the GPBilby analyses. This is also the parameter with the
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largest JS divergences in Fig. 2. We discuss this feature and
its possible interpretation in Sec. I'V.

To investigate the inferences from the SHO term in the
two GP-JS analyses, in Fig. 3, we provide the posterior
distribution for SHO parameters. Interestingly, we find a
spike in the LHO [LIGO Livingston observatory (LLO)]
analysis at 60 Hz (x320 Hz) for the GWTC-2.1 PSD (new
PSD). That these frequencies lie close to known lines in the
strain data [12], caused by the 60 Hz power line and its
harmonics, suggests that the PSD has not perfectly whitened
the data, and GPBilby can find and model these features.That
the PSD is unable to model the power lines is not surprising,
since it is a coherent deterministic signal with a narrow band:
the colored Gaussian noise assumption is weak under these
conditions. However, standard intuition within the field
argues that, since the PSD is large close to the lines, these
regions have a minimal impact on the likelihood due to the
noise weighting within the Whittle likelihood. To validate
that the power line does not have any impact on the inference
of the astrophysical source parameters, we perform a
notching study. We take the H1 and L1 PSDs, identify
frequency-domain windows ranging from 4 to 600 Hz
widths around the 60 Hz line, and replace the PSD within
these windows to a fixed value of 1. We then repeat the
analysis under the Whittle likelihood, varying the size of the
windows and estimating the posterior distribution. In Fig. 4,

'»Pu

—0.8
GP-JS GP-JS

FIG. 3. Posterior distributions for the SHO term parameters of
the GpBilby GP-JS analyses of GW 150914 (left panel: LHO, right
panel: LLO). The analyses using the GWTC-2.1 PSD are shown
in green, while those using the newly computed PSD are shown
in purple.
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FIG. 4. Plots of selected GW150914 source parameter poste-
riors, with respect to the fraction of data notched. The blue filled
regions show how the 90% interval changes as the proportion of
notched data increases. The orange dots represent the median
values and the blue shaded scatter show the full distribution of
posterior samples.
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we plot the posterior distribution for a set of selected source
parameters as a function of the fraction of data removed. In
the extremes, we find that when a negligible amount of data
is removed, the posterior inference is robust, while when a
significant amount is removed, the posteriors widen and
become uninformative as expected. Between these extremes,
we do not find any region in which the posterior is
inconsistent with the inferences without notching. This
validates that, while the PSD is unable to model the
contributions from the power lines, their impact on the
inferred posteriors is negligible, agreeing with the standard
intuition within the field.

In summary, the case study of GW150914 further
validates the absence of any transient noise artifacts (at
least that GPBilby can find and model) impacting the
measured source parameters.

B. GW170814

GW170814 is the first gravitational wave event detected
by three detectors, namely the two LIGO and the Virgo
observatories [36]. It has a network SNR of 18, which,
combined with the triple detector observation, enabled a
tight sky-localization area of 60 deg’? (90% credible
region). Similarly to the approach taken for GW150914,
we take as a reference point the GWTC-2.1 [35] analysis
and perform three reanalyses using 4 s of data around the
event. We perform a WL analysis, a GP-J analysis, and a
GP-JS analysis, keeping all the other settings fixed. In
Fig. 5, we compare the one-dimensional posterior distri-
butions for the three analyses. The results show a broad
agreement between the posteriors in the different configu-
rations, although there is a general tightening of the
90% confidence levels from the WL to the GP-JS analyses.
For this event we take the WL analysis as the reference for
the JS divergences, so that the quoted values isolate the
effect of introducing the GP terms at otherwise fixed
settings. As for GW 150914, the posterior for the inclination
angle 0,y shows more weight for a secondary mode in the
WL configuration than in either of the GP analyses. This
support is partially there in the GP-J configuration, but
vanishes in the GP-JS analysis. Consistently with this, 0,y
shows the largest JS divergence of the parameters consid-
ered. Considering the GP terms in the GP-JS analysis, we
find that the posterior on the frequency parameter for both
detectors is consistent with the prior, suggesting no excess
power is found. Similarly, both the quality and amplitude
parameters rail against the lower prior boundary, confirm-
ing that there are no significant non-Gaussian features in
those data segments. Finally, the variance of the white noise
term peaks at ~(.78 for both detectors, as for the GWTC-
2.1 PSD analysis of GW150914. Since these posteriors are
largely uninformative, the corresponding plot is not
included here, but is provided as part of the accompanying
data release [54].
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FIG. 5. Violin plots of selected GW 170814 source parameter
posteriors for the WL, GPBilby with a single jitter term (GP-J), and
GPBilby with a jitter and SHO term (GP-JS). The left and right side
of each panel are identical. The boxed numbers give the JS
divergence in millibits with respect to the WL analysis, computed
as described in Sec. III A; since each violin is symmetric, a single
value is quoted per analysis, and the reference analysis itself
carries no value.

C. GW230814

To further test our algorithm, we analyze the single-
detector event GW230814_230901 (hereafter GW230814)
from O4a [37]. This event was observed only in LIGO
Livingston, where it reached a single-detector signal-to-
noise ratio of 42.4, making it one of the loudest gravita-
tional-wave candidates reported to date [55]. The LVK
analysis found no data-quality issues associated with the
event [37]. It therefore provides a useful case study for
testing the performance of GPBilby in the high-SNR regime
for a clean signal; the corresponding time-frequency
representation is shown in Fig. 16.
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We perform a WL, a GP-J and a GP-JS analysis using the
settings employed in the IMRPhenomXPHM SpinTaylor
analysis from Abac et al. [39]. For each analysis, we repeat it
with a 4 and 8 s data duration, and use in both cases an end
time of 2 s after the trigger time.

The inference results for selected parameters are shown
in Fig. 6. The Bilby analyses using 4 and 8 s of data yield
consistent results, and these in turn are consistent with the
jitter-only GPBilby analysis (GP-J), although the credible
intervals are narrower. For this event we take the 4 s WL
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FIG. 6. Violin plots showing selected source-parameter poste-
riors for GW230814 obtained with different analyses. For each
violin, the left half corresponds to the posterior derived using 4 s
of data, while the right half shows the posterior obtained using 8 s
of data; the 8 s halves are indicated by the grey shaded back-
ground. From left to right, the violins correspond to analyses
performed with Bilby using the Whittle likelihood, GPBilby
including only a jitter term, GpBilby including both jitter and
SHO terms, and GPBilby including both jitter and SHO terms
applied to data in which a 30 Hz band around 345 Hz has been
notched, as discussed in the text. The boxed numbers give the JS
divergence in millibits with respect to the 4 s WL analysis,
computed as described in Sec. III A; the reference analysis itself
carries no value.

analysis as the reference for the JS divergences, computed
as described in Sec. III A, so that the quoted values measure
jointly the effect of changing the likelihood and of
extending the analysis segment.

However, the GPBilby analyses that include a SHO term
(GP-JIS) recover markedly different posterior distributions
for several intrinsic parameters. Specifically, we observe:
(1) a slightly higher chirp mass, driven by a lower primary
mass and higher secondary mass, (ii) a preference for more
equal-mass systems (higher mass ratio), and (iii) a shift in
the effective spin parameter y.; toward positive values,
away from zero. Notably, while the chirp mass median
from the SHO analysis remains within the 90% bounds of
the Whittle likelihood results, the posteriors show narrower
credible intervals. These shifts are reflected in the JS
divergences quoted in Fig. 6, which for the GP-JS analyses
generally exceed the level attributable to sampling noise for
the affected parameters, in contrast to the GP-J analyses.
Furthermore, the 4 and 8 s SHO analyses show some
differences: the 8 s analysis yields chirp mass and effective
spin posteriors more similar to the Bilby results than the 4 s
SHO analysis.

Examining the inferred values of the SHO terms in the
GP-JS analysis, Fig. 7 demonstrates that the SHO term
identifies power at ~345 Hz and ~340 Hz for the 4 s
and 8 s analyses, respectively. Examination of the time-
frequency spectrogram, included in the data release [54]
and shown in Collaboration et al. [37], reveals no clearly
visible power at these frequencies, neither do spectral lines
appear in the PSD in this frequency range. Interestingly,
the jitter term is unconstrained for this event, signaling
difficulties in modeling the distribution of the Gaussian and
stationary part of the noise.

To investigate whether the inference changes are driven
by the modeling of this ~345 Hz power as a glitch, we
perform additional GP-JS runs using a PSD notched in the
frequency range 330 to 360 Hz, following the procedure
described in Sec. III A (we designate these notched
analyses as GP-JSN). The posterior distributions for these
notched runs, shown in the rightmost violins of Fig. 6,
agree with those obtained using unnotched data (i.e., GP-
JS) for both the 4 and 8 s datasets. This suggests that the
~345 Hz power is not responsible for the differences
between the GP-JS analysis and the GP-J and WL analyses.

In Fig. 7, we also include the SHO posterior distributions
from the GP-JSN analysis. Interestingly, the SHO term still
identifies power at 340 to 345 Hz. This persistence can be
attributed to the fact that notching is performed in the
frequency domain, while the data analysis is conducted in
the time domain. The inverse Fourier transform necessarily
reintroduces some power to the notched frequency bins,
allowing the SHO term to continue modeling features in
this frequency range.

To further investigate the discrepancies between the GP-
JS and GP-J analyses, we compare the signal and noise
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FIG. 7. Posterior distributions for the SHO term parameters of
the GpPBilby GP-JS analyses of GW230814 (LLO detector). For
each violin, the left half corresponds to the posterior derived
using 4 s of data, while the right half shows the posterior obtained
using 8 s of data.

predictions from the GP model across different runs.
Figure 8 summarizes the comparison between the different
GPBilby analyses. The left panel, comparing the 8 s SHO
runs with notched and unnotched data, shows that the main
differences arise from the notching procedure, appearing as
high-frequency beating patterns that are most evident
during and after the merger phase. Additional diagnostics
based on a time-frequency spectrogram of the residuals
show that their dominant frequency content coincides with
the high-frequency part of the signal, where the largest
residual amplitudes are observed. The comparisons between
the SHO and jitter-only runs, shown for both the 4 s (right
panel) and 8 s analyses (middle panel), reveal that the largest
discrepancies occur in the premerger and merger stages,
where the two models predict different signal morphologies.
These differences are more pronounced in the 4 s analysis,

which exhibits larger-amplitude residuals, consistent with
the stronger shifts observed in the inferred source parameters.

Overall, these results indicate that the inference
differences between the SHO and jitter-only analyses are
primarily driven by the modeling of the premerger and
merger portions of the signal. In the high-SNR regime,
subtle structures or fluctuations in these phases can be
absorbed either by the signal model or by the noise model,
depending on the chosen GP kernel. The SHO term, owing
to its ability to capture narrow-band features, absorbs
power not accounted for by the jitter-only model, leading
to compensatory changes in the inferred source parameters
to maintain agreement with the data.

D. GW191109

After validating GPBilby’s ability to accurately infer
source parameters for gravitational-wave signals unaffected
by nearby glitches, we now turn to events with data quality
issues, starting with GW191109_010717 (hereafter
GW191109). This event is of particular astrophysical
interest, as it exhibits strong support for an effective inspiral
spin that is antialigned with the orbital angular momentum,
favoring a dynamical formation scenario for the binary
system [38]. GW191109 is also interesting from the
perspective of tests of fundamental physics: consistency
tests performed as part of the GWTC-3 analysis identified
anomalous behaviour for this event [56], which was
subsequently attributed to the presence of glitches in both
detectors. These features make GW191109 a compelling
case study for assessing the robustness of parameter
inference and tests of general relativity in the presence
of non-Gaussian noise.

1. Data description: Raw and deglitched frames

Glitches were identified in both the LHO (H1) and LLO
(L1) detectors around the time of GW191109. In LHO, a
glitch is present approximately 1.2 s to 2 s before merger at
a frequency of ~36 Hz. This transient lies outside the
signal track and is therefore not expected to significantly
affect source parameter inference.

In LLO, the noise is more complex. The data contain a
series of slow-scattering arches [57] that repeat in time and
frequency. The strongest of these occurs approximately 4 s
before the trigger time and is followed by additional arches
near 24 Hz and 36 Hz, both of which overlap in time with
the gravitational-wave signal track. The LHO glitch and the
LLO feature at 24 Hz were subtracted in the deglitched data
products used for the GWTC-3 parameter estimation [58].
In contrast, the excess power at 36 Hz in LLO was not
removed, as it could not be unambiguously separated from
the signal.

Figure 17, in the Appendix, shows time—frequency
representations of the raw data, the reconstructed glitches,
and the glitch-subtracted frames for both detectors. In the
following, we analyze both the raw and deglitched data in
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FIG. 8. Posterior predictive plots for the event GW230814 for the LLO detector. In each panel we compare the strain prediction given
by the maximum likelihood waveform for two analyses using the IMRPhenomXPHM SpinTaylor waveform. The upper plots show
the whitened strain data and the predicted strains with 90% confidence levels, while the bottom plots show the residuals between the
predicted strains and their 90% confidence levels. In the left panel we compare two GP-JS analyses, one using 8 s of the full raw data,
and one using 8 s of data notched from 330 to 360 Hz. The middle panel compares the 8 s GP-JS and GP-J analyses. The right panel
compares the 4 s GP-JS and GP-J analyses. Differences in the whitened strain relative to Fig. 1 of The LIGO Scientific Collaboration
et al. [37] arise from the use of different data-conditioning procedures.

order to assess the impact of glitch modeling on parameter
inference.

2. Joint signal-glitch inference with GPBilby

We perform a systematic analysis of GW191109 using
GPBilby, with the goal of jointly modeling the gravitational-
wave signal and non-Gaussian noise features. For both
raw and deglitched data, we consider data segments of 4
and 8 s duration, with the end time fixed to 2 s after merger.
For each dataset we perform a WL analysis, a GP-J and
a GP-JS analysis using the settings employed in the
IMRPhenomXPHM SpinTaylor analysis from Abbott
et al. [58]. The inference results for selected parameters are
shown in the left panel of Fig. 9. Since in the preliminary
results, we found support for multiple modes in the GP
parameters, when using the raw data frames, we performed
additional analyses employing two and three SHO terms
with those data frames. The inference results for those runs
are shown in the right panel of Fig. 9, and the posteriors of
the GP parameters for all the runs employing at least one
SHO term and raw data are shown in Fig. 10. For this event
we take the 4 s WL analysis of the raw data as the reference
for the JS divergences, computed as described in Sec. III A.
The same reference is used for both panels of Fig. 9, so
that the values quoted for the multiple-SHO analyses
are directly comparable with those of the single-SHO
configurations.

Including an SHO term in the analysis of the raw data
reveals evidence for excess power in both detectors. The
median frequency values found in our analyses are over-
plotted as red dashed horizontal lines in Fig. 17 in the

Appendix. For the 8 s analysis, the characteristic fre-
quencies inferred for the dominant SHO components are
36.2309 Hz in HI and 22.3577%) Hz in L1. Comparison
with the time-frequency spectograms in Fig. 17 indicates
that the LLO feature can be associated with the slow-
scattering glitch occurring approximately ~3.2 s before the
trigger. The interpretation of the LHO feature is evident, as
the inferred frequencies correspond to the glitch occurring
~4.5 s before merger, and the same excess power is only
partially found in the 4 s analysis. The power found in the
4 s analysis for LHO can be related to the residuals of the
glitch subtraction.

Overall, the inferred source-parameter posteriors for the
BBH are largely consistent across configurations, indicat-
ing that the parameter estimation is relatively robust to the
details of the glitch modeling. This is borne out by the JS
divergences quoted in Fig. 9, which for most parameters
and configurations remain close to the level attributable to
sampling noise, apart from the analyses using multiple
SHO terms and 4 s of data, for which the results remain
qualitatively comparable. The inferred posterior on the
effective inspiral spin y.; remains qualitatively similar
and consistently favors negative values for all analyses.
Interestingly, the nonzero support for non-negative spins
seen in the analysis with Bilby using the deglitched frames
for 4 and 8 s data lengths, vanishes in all the GPBilby
analyses, especially those including at least one SHO term.
The primary differences arise in the behaviour of the SHO
terms themselves. In particular, the SHO components
recover stronger and more sharply constrained excess
power in the LHO detector than in LLO, consistent with
the higher-amplitude glitch observed in H1. In LLO, excess
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FIG. 9. Posterior distributions for the source parameters of GW191109 obtained with the WL and the Gaussian-process likelihoods
with jitter only (GP-J) and jitter plus one SHO term (GP-JS). Left: each model is shown for both the 4 and 8 s analysis segments; for
every model the left (solid) half violin corresponds to the raw data and the right (hatched, translucent) half violin to the deglitched data.
The 8 s analyses are indicated by the gray shaded background, and colors denote the likelihood model, shared between the 4 and 8 s
analyses. Right: analyses using additional SHO terms, i.e., GP-J with two (GP-J2S) and three (GP-J3S) terms, for the 4 and 8 s segments,
using the raw data only; no deglitched comparison is shown in this panel, so the two halves of each violin are identical and a single value
is quoted per analysis. In both panels the dashed gray line marks the reference value and, for y., the red dash-dotted line marks zero.
The boxed numbers give the JS divergence in millibits with respect to the 4 s WL analysis of the raw data, computed as described in

Sec. IIT A; the reference analysis itself carries no value.

power is also identified, but with smaller amplitudes and
broader 90% confidence levels.

When allowing multiple SHO terms, we find that three
SHO components are required to adequately model the
glitch structure in the LHO data, whereas two SHO terms
are sufficient in LLO. Notably, none of the configurations
shows evidence for excess power at ~36 Hz in LLO being
captured by the Gaussian-process noise model, consistent

with the difficulty of disentangling this feature from the
gravitational-wave signal.

While the inclusion of explicit glitch modeling does not
lead to substantial shifts in the source-parameter posteriors
relative to the production analysis, it provides a coherent
framework in which the observed non-Gaussian noise
features—particularly the stronger glitches in LHO—are
explicitly identified and marginalized over.
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the 10-80 Hz range.

3. Comparison with previous glitch-modeling studies

A detailed investigation of GW191109 was recently
presented by Udall et al. [16], who analyzed this event
using a range of waveform approximants and glitch-
modeling strategies. In particular, they focused on the
excess power at 35 to 40 Hz in the LLO detector and
performed joint signal-glitch inference using both a physi-
cally motivated slow-scattering model and a flexible wave-
let-based approach implemented in BayesWave [42,44].
Considering several analysis configurations, they found no
decisive evidence favouring an interpretation of the excess
power as either a glitch or part of the astrophysical signal.

Our results are complementary to those of Udall et al
[16]. Rather than attempting to assign the excess power to a
specific origin, the GPBilby framework marginalizes over
non-Gaussian noise contributions through a stochastic
process model. This allows us to recover inference results
consistent with the production analysis while simultane-
ously accounting for excess power in the raw data.
However, we do not interpret the GP component as a
diagnostic of the physical origin of the 35 Hz feature; if this
power is associated with glitchlike noise, our analysis

marginalizes over its contribution rather than definitively
attributing its provenance. The agreement between the
GPBilby analyses and the results from [16] therefore pro-
vides additional evidence that GW 1911009 is characterized
by a negative effective spin, but can resolve the tension in
the interpretation of the 35 Hz power.

4. Inspiral-merger-ringdown consistency test

Finally, we perform an inspiral-merger-ringdown (IMR)
consistency test by analyzing different portions of the data
separately using the same GPBilby configuration. This
enables a direct comparison of the posterior distributions
for the final mass and spin inferred from the inspiral and
postinspiral regimes, while consistently modeling non-
Gaussian noise.

This analysis is particularly noteworthy because
GWI191109 was excluded from the IMR tests performed
in the third observing run tests of general relativity due to
concerns about data quality [56]. By explicitly modeling
glitches alongside the signal, GPBilby enables an IMR test
for this event despite the presence of strong non-
Gaussianities. The results of this test are shown in
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FIG. 11. Inspiral-merger-ringdown consistency test for
GWI191109. The top panel shows the remnant mass and spin
inferred from the full signal (black), the inspiral and merger
portion (orange), and the postmerger portion of the signal (blue).
The bottom panel shows the posterior on the fractional
differences AM;/M; and Aays/a; between the inspiral and
postinspiral estimates. The black contour denotes the 90%
credible region, and the point (0,0) corresponds to the value
expected for consistency with general relativity.

Fig. 11. The remnant mass and spin inferred from
the inspiral and postinspiral portions of the signal, in
the top plot, show broad agreement, with overlapping
credible regions in the M;—a; plane. This consistency
is also visible in the posterior on the fractional differences
in the bottom plot, where the GR-consistent value
(AM /My, Aag/ay) = (0,0) lies within the 90% credible
region. The constraints are broad, particularly for the final
spin, but we find no evidence for a statistically significant
inconsistency between the inspiral and postinspiral esti-
mates. These results demonstrate the potential of Gaussian-
process-based methods to extend precision tests of gravity
to events previously deemed unsuitable for such analyses.

E. GW231113_122623

We analyze the event GW231113_122623, first pre-
sented in the GWTC-4.0 catalog [55] and observed by the
LHO and LLO detectors. The signal is relatively weak, with
anetwork SNR of just 8.6. Additionally, the data from LLO
was found to have data quality issues. Therefore, deglitched
frames were created using BayesWave and targeting a
region from 70 to 120 Hz in the 0.2 s window after the
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FIG. 12. Violin plots of selected GW231113_122623 source
parameter posteriors for the WL, GPBilby with a single jitter term
(GP-J), and GpBilby with a jitter and SHO term (GP-JS). The left
side of each violin shows the posterior obtained from the raw
data, while the right side shows the posterior obtained from the
deglitched data, indicated by the hatching. The dashed grey line
indicates the median value for the IMRPhenomXPHM Spin-
Taylor posteriors reported in the discovery paper [3]. The
boxed numbers give the JS divergence in millibits with respect to
the WL analysis of the raw data, computed as described in
Sec. III A; the reference analysis itself carries no value.

merger time. We therefore use this case study to investigate
how well GPBilby performs for a typical analysis where we
have a single detector impacted by data quality issues and
the glitch and signal tracks are reasonably well separated
(see Fig. 18 in the Appendix). We perform a WL analysis, a
GP-J and a GP-JS analysis using the settings employed in
the IMRPhenomXPHM SpinTaylor analysis from
Abac et al. [39]. We perform each of these analyses twice,
once using the raw data and once using the deglitched data.
In Fig. 12, we show the posteriors of selected source
parameters using a violin plot comparing the inference
from the raw and deglitched frames. For this event we take
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the WL analysis of the raw data as the reference for the JS
divergences, computed as described in Sec. IIl A, so that
the quoted values measure jointly the effect of changing the
likelihood and of using the deglitched frames. We find
overall strong consistency among all the analyses, with the
only marked difference being that the WL analysis finds a
long tail to high mass in the primary (mirroring the results
of the initial analysis [55]). Meanwhile, the two GPBilby
analyses are more constraining and do not find support for
this long tail. Accordingly, the largest JS divergences in
Fig. 12 are found for the mass parameters, while the
remaining parameters agree at the level attributable to
sampling noise. Examining the posteriors for the GP
parameters from the GP-JS analysis (plot included in the
data release [54]), we find evidence of glitch mitigation
behavior. For LHO, the posteriors on the frequency are
broad and uninformative, while the amplitude and quality
factor parameters are peaked at their arbitrary lower bound,
indicating no significant glitch power (in agreement with
the original analysis). For LLO, the frequency posteriors
peak at ~220 Hz for both the raw and deglitched frames,
suggesting GPBilby is fitting glitch power at a different
frequency than that mitigated in the deglitched frames.
However, the agreement in source parameter estimates (see
Fig. 12) indicates that this additional power has no mean-
ingful impact on the astrophysical inferences.

F. GW231123

GW231123_135430 (hereafter GW231123) is probably
the most massive BBH reported to date [39], with a total
mass between 188M  to 265M , (though see Mandel [59]).
The primary component lies within or above the theorized
mass gap, where black holes in the range 60M, to 130M
are expected to be rare due to pair-instability processes,
while the secondary lies within this gap. The detection of
GW231123 was therefore interpreted as evidence that black
holes can form through channels other than standard stellar
collapse, and that intermediate-mass black holes with
masses of order ~200M, may be assembled through
gravitational-wave-driven hierarchical mergers. This dis-
covery has prompted renewed discussion of currently
accepted theories of stellar evolution and binary black
hole formation pathways [60].

The signal was observed by both LIGO detectors, and
both data sets are affected by glitches. In LHO, a glitch
occurred between 1.7 and 1.1 s before the event in the
frequency range 15 to 30 Hz; this glitch was modeled and
subtracted using BayesWave, and the LVK parameter
estimates [39,55] use the resulting deglitched data. Abac
et al. [39] also report additional broadband non-stationary
noise in LHO around the time of the event. In the LLO
detector, a glitch was reported in the frequency range 10 to
20 Hz within 3.0 to 2.0 s before the event. However, its
time—frequency morphology indicated that it would have
no measurable impact on the analysis, and therefore no

glitch subtraction was performed. In Fig. 19, we show time-
frequency spectrograms of the raw data for the two LIGO
detectors together with the deglitched data for LHO.
Because of the short duration of the signal and the presence
of non-Gaussian noise transients in the surrounding data,
several studies have challenged the current interpretation of
the event and proposed alternative explanations of the
signal [see, e.g., Refs. [17,61-66]]. Furthermore, Jan et al.
[67] have investigated the possibile measurement of
eccentricity.

We analyze GW231123 with GPBilby to test whether the
astrophysical signal can be cleanly separated from terres-
trial disturbances. We use the same settings as the
IMRPhenomXPHM SpinTaylor analysis of Abac ef al.
[39] and perform analyses on both the raw and deglitched
data. For each data product, we perform three runs: a WL
analysis, a GP-J analysis, and a GP-JS analysis.

The results are presented in Fig. 13 using violin plots to
compare the inferred source parameters for both deglitched
and raw data. For this event the JS divergences, computed
as described in Sec. III A, are quoted with respect to the
Whittle analysis of the raw data using the same waveform
family: the IMRPhenomXPHM SpinTaylor runs are
referenced to the WL analysis and the NRSur7dg4 runs to
the WL-NR analysis. The divergences therefore quantify
the effect of the likelihood and data product within each
waveform family, and are not directly comparable between
the two families. The WL analysis shows good agreement
with the original LVK results. By contrast, the GP-J and
GP-JS analyses favor a smaller secondary mass, while the
primary mass estimates remain consistent. Even with this
reduction, the inference still identifies GW231123 as one of
the most massive events observed: for the GP-JS analysis
on deglitched data, we infer a total mass of 227f22§M o-In
addition, the GPBilby analyses show support for a negative
effective spin parameter. This suggests that at least one
component has significant spin misalignment with the
orbital angular momentum, which is more consistent with
dynamical assembly than with isolated binary evolution.

To further investigate these results, we perform an
additional analysis using the NRSur7dg4 waveform
model with the settings employed in Abac et al. [39].
We analyze both the raw and deglitched data using
the Whittle likelihood and GPBilby with a jtter term and
a single SHO term. The results, shown in the two right-
most violins in Fig. 13, indicate that in this case no
significant difference is recovered between the Bilby and
GPBilby analyses. This contrast is quantified by the JS
divergences within each family: the GP analyses of the
IMRPhenomXPHM SpinTaylor runs depart from their
Whittle reference for the parameters discussed above,
whereas the NRSur7dg4 GP analysis remains closer to
its own reference across all parameters.

A clearer picture emerges when directly comparing
the waveform reconstructions obtained with the two
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FIG. 13. Violin plots of selected GW231123 source parameter
posteriors for the WL, GPBilby with a single jitter term (GP-J), and
GPBilby with a jitter and SHO term (GP-JS) with IMRPhe-
nomXPHM_ SpinTaylor, and for the Whittle likelihood (WL-
NR) and GpBilby with a jitter and SHO term (GP-JS-NR) with
NRSur7dg4, the latter two indicated by the gray background.
The left side of each violin shows the posterior from the raw data,
the right side (hatched) that from the deglitched data. The dashed
grey and red lines indicate the median values for the IMRPhe -
nomXPHM SpinTaylor and NRSur7dg4 posteriors reported
in the discovery paper [37], respectively. Boxed numbers give the
JS divergence in mbit with respect to the Whittle analysis of the
raw data of the same waveform family, and are therefore not
comparable across families.

waveform families, shown in Fig. 14. Although both
models provide acceptable fits to the data at the level of
the overall signal morphology, the reconstructed wave-
forms exhibit systematic differences. In particular, the
NRSur-based reconstruction predicts noticeably different
amplitudes and phases around the merger peaks, while
smaller but coherent deviations are also visible during the
late inspiral. These differences are most apparent in the
LLO detector owing to its higher SNR ratio; however,
when considered relative to the signal amplitude, the

residual structures are comparable in both detectors. The
bottom panels, showing the residuals between the two
reconstructions, indicate that these deviations are coher-
ent features concentrated primarily in the highest-
frequency portion of the signal rather than random
fluctuations.

The presence of such coherent residuals provides a natural
explanation for the behavior observed in the parameter-
estimation results. In particular, the inclusion of Gaussian-
process terms leads to shifts in the inferred parameters for the
IMRPhenomXPHM SpinTaylor analyses, while the
corresponding NRSur7dg4 results remain stable. This
suggests that, for IMRPhenomXPHM SpinTaylor, part
of the mismatch between waveform and data is absorbed
by the GP model, whereas for NRSur7dg4 the waveform
reconstruction leaves comparatively little coherent struc-
ture to be captured by the GP. The improved agreement
between waveform and data in NRSur7dg4 allows for the
inference to remain consistent between the WL and GP
analyses.

This interpretation highlights that the behavior of the
GP-enhanced likelihood can be intrinsically coupled to
waveform accuracy. If the waveform model captures the
signal morphology well, the GP terms remain subdominant
and primarily account for genuine noise features. If instead
the waveform leaves coherent residuals, the GP can absorb
part of this structure, effectively redistributing power
between the signal and noise models. The resulting
posterior shifts therefore provide indirect evidence for
modeling systematics.

These findings should be interpreted in the context of the
analysis of Bini et al. [68], who argued that waveform
systematics and Gaussian-noise effects can account for
the observed behavior of GW231123 and that the
NRSur7dg4-based interpretation remains robust. While
our results are broadly consistent with the overall astro-
physical picture, they highlight an aspect that becomes
apparent when using a flexible likelihood model. Although
Bini et al. note that the waveform models are highly similar
(as quantified by differences in the whitened signal), our
waveform reconstructions reveal coherent and visibly
significant discrepancies in key parts of the signal, both
in the merger cycles and in the preceding portion of the
waveform. These differences are large compared to the
local signal structure and lead to systematic shifts in the
inferred source parameters between the two waveform
families, even though the qualitative astrophysical inter-
pretation remains unchanged.

Such localized discrepancies leave structured residuals
after subtraction that can be captured with a GP-enhanced
likelihood. From this perspective, the GP analysis acts as a
diagnostic of waveform mismodeling: waveform
differences that may appear subdominant in global com-
parisons can become clearly visible through their residual
structure and their effect on inference.
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FIG. 14. Posterior predictive plots for the event GW231123 for the LHO and LLO detectors, shown in the left and right columns,
respectively. The upper panels display the reconstructed strain obtained from a GpBilby analysis using one SHO term with the
IMRPhenomXPHM SpinTaylor waveform and the NRSur7dqg4 waveform, for the Hanford and Livingston detectors on the left and
right, respectively. Three shaded bands are shown in each upper panel, all giving 90% confidence levels. The grey band is the
IMRPhenomXPHM SpinTaylor reconstruction and the orange band the NRSur7dg4 reconstruction; both are narrow and follow
the respective median waveforms closely. The broader brown band is the full posterior predictive distribution, i.e. the combined signal-
plus-Gaussian-process description of the data. Its width is therefore set predominantly by the inferred amplitude of the GP noise
component: it remains wide in the pre- and postmerger regions, where the signal amplitude is negligible and where uncertainty in the
waveform parameters alone would produce a vanishing band, and its high-frequency structure is characteristic of the correlated-noise
component. The comparatively large width of this band in the LLO panel reflects a larger uncertainty in the GP contribution in that
analysis. The residuals between the two waveform reconstructions are shown in the bottom panels. Differences in the whitened strain

relative to Fig. 1 of Abac et al. [39] arise from the use of different data-conditioning procedures.

GW231123 therefore provides a useful case study
illustrating how waveform systematics, noise modeling,
and parameter inference are tightly coupled within the
analysis. Within a GP-enhanced likelihood framework,
coherent residuals arising from waveform differences
can be partially absorbed by the noise model, trans-
lating modeling discrepancies into shifts in the in-
ferred astrophysical parameters. The comparison between
IMRPhenomXPHM SpinTaylor and NRSur7dg4
shows that this behavior depends sensitively on wave-
form accuracy. When coherent waveform residuals are
present, GP terms can absorb part of the signal structure
and modify the balance between signal and noise con-
tributions. In contrast, when the waveform provides a
closer representation of the data, the GP contribution
remains subdominant and the inferred parameters are
stable across likelihood choices. In this sense, the GP
analysis acts as a probe of residual structure that may not
be evident from global waveform comparisons alone.
These results motivate treating waveform modeling and
likelihood flexibility as jointly interacting components
when interpreting individual high-mass events.

G. GW230630_070659

GW230630_070659 is a candidate gravitational-wave
signal identified in O4a by the GstLAL pipeline [69-73],
with a false alarm rate of 0.47 per year and a p,g,, of 0.88

[55]. However, offline follow-up (as described in Ref. [74])
identified this event as likely of instrumental origin, due to
excess power in both detectors, consistent with scattered
light [75]. In Fig. 20, we reproduce the time-frequency
spectrograms first reported in Abac et al. [55], but with an
extended time span.

To further investigate GW230630_070659, we per-
form WL and GP-JS analyses of the event using the
IMRPhenomXPHM waveform. We know that the signal
must have a reasonably good match with the BBH model,
since it was picked up by a modeled search pipeline.
However, our motivation is to test if, after fitting the BBH
signal, there is any residual power modeled by the GP. This
would be indicative of a non-BBH source, e.g., an
unfortunate coincidence between two otherwise indepen-
dent glitches.

Since parameter estimation was not performed in the
original analyses, we set up new analyses, but followed the
same approach as applied to other GWTC-4.0 candi-
dates [13].

In Fig. 15, we present the inferred source parameters.
The comparison demonstrates good agreement between the
two analyses, with shifts in the median below the uncer-
tainty in the posterior distribution itself. Taking the WL
analysis as the reference, the JS divergences, computed as
described in Sec. IIT A, remain at or close to the level
attributable to sampling noise for all parameters considered,
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FIG. 15. Violin plots of selected GW230630_070659 source
parameter posteriors for the WL and GPBilby with a jitter and SHO
term (GP-JS). The left and right side of each violin are identical.
Boxed numbers give the JS divergence in mbit with respect to the
WL analysis.

confirming the good agreement. We infer that, if real,
GW230630_070659 is an exceptionally high-mass event:
the primary source mass is inferred to be 173733 M, by the
WL analysis. This is significantly larger than GW231123,
which has a primary mass of 137f,2§ [39]. Therefore, this
would make the primary of GW230630_070659 one of
the largest black holes observed to date. Moreover, the
secondary of GW230630_070659 is also massive, at
135737M . Combined, the total mass would be 3067,
again exceeding that of GW231123, the current record
holder.

Meanwhile, for the inferred GP parameters (the plot is
provided in the data release [54]), the frequency posteriors
are uninformative and the amplitude posterior peaks at the
arbitrary lower bound. This indicates that, within the
sensitivity of our model, we do not identify additional
residual power beyond that captured by the BBH wave-
form. We emphasize, however, that this result should be
interpreted with caution. In particular, the absence of

significant residual power in the GPBilby analysis does
not imply that the data are consistent with purely
Gaussian noise or that the event is astrophysical in origin.
Our method assumes a BBH signal model and tests for
additional structured deviations, but it is not designed to
distinguish between astrophysical signals and coincident or
incoherent noise artifacts. This is especially relevant in light
of the GWTC-4.0 analysis, which identified excess power
in both detectors inconsistent with a compact binary
coalescence signal and attributed the candidate to instru-
mental noise. The apparent consistency of the data with a
BBH model in our analysis may therefore reflect the limited
duration and low signal-to-noise ratio of the candidate,
which make it difficult to robustly distinguish between
competing interpretations. We therefore conclude that,
while GW230630_070659 can be fit by a BBH waveform
without requiring additional glitch modeling in this frame-
work, our analysis does not provide evidence in favour of
an astrophysical origin.

IV. DISCUSSION AND CONCLUSION

In this work, we have presented a set of case studies
using GPBilby to model observed gravitational-wave signals
in both Gaussian and non-Gaussian noise environments. By
jointly modeling the astrophysical signal and transient
noise artifacts with a time-domain Gaussian process, we
demonstrate a flexible alternative to traditional glitch-
subtraction approaches.

For events consistent with Gaussian noise, such as
GW150914 and GW170814, GPBilby yields posterior dis-
tributions in good agreement with the standard Whittle
likelihood. In GW 170814, the GP analysis produces tighter
credible intervals and reduces the weight of secondary
modes in the inclination-angle posterior. In GW 150914,
GPBilby also identifies narrowband instrumental features,
with the SHO terms recovering the 60 Hz power line, while
leaving the astrophysical inference effectively unchanged.
The main visible difference for GW150914 is the reduced
support for the secondary mode in the inclination angle,
O, relative to the Whittle-likelihood analyses. This
behavior may indicate that explicitly modeling narrowband
residual structure allows the likelihood to use the phase and
amplitude information in the data more effectively, thereby
reducing degeneracies in parameters such as the inclina-
tion. However, because the inclination posterior is sensitive
to waveform systematics, calibration, and details of the
noise model, we do not interpret this difference as evidence
of a bias in either analysis [76]. A more systematic study
using controlled injections will be required to determine
what drives the different relative weights of the inclina-
tion modes.

We then investigated glitch-contaminated events. For
GWI191109, the evidence for a negative effective inspiral
spin remains robust when analysing raw data with GPBilby,
showing that this conclusion is not driven by transient
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noise. This event additionally enabled an inspiral-merger-
ringdown consistency test that was previously excluded
owing to data-quality concerns. Similarly, for GW231113,
GPBilby proved more constraining than standard analyses by
identifying glitch power without introducing significant
bias in the inferred astrophysical parameters.

The case study of GW231123 provides a particularly
informative example of how GP-enhanced likelihoods can
probe waveform performance in high-mass events. When
using IMRPhenomXPHM, GPBilby identifies coherent
residual structure that leads to measurable shifts in the
inferred mass and spin parameters, indicating that non-
negligible signal power remains after waveform subtrac-
tion. By contrast, analyses based on the NRSur7dg4
waveform remain stable across likelihood choices and
show little excess residual power, suggesting that this
model captures the signal morphology more completely.
This comparison highlights the diagnostic role of the GP
framework: rather than introducing additional bias, the GP
terms reveal residual coherent structure when waveform
mismatches are present and remain subdominant when the
waveform accurately describes the data. Our results, there-
fore, reinforce the robustness of the NRSur-based inter-
pretation of GW231123, while showing that flexible
likelihood models can make subtle waveform differences
directly visible through their impact on inference.
Consistent with the analysis of Bini et al. [68], we find
that the overall astrophysical interpretation remains
unchanged, but that GP-based analyses provide a comple-
mentary way to identify and quantify waveform-related
systematics.

A related behavior is observed in our analysis of
GW230814, another high-SNR BBH, where the inclusion
of an SHO term leads to different parameter inference
results and to nonzero residual structure and a small amount
of power assigned to the GP component, particularly near
the peaks of the time-domain signal. In this case, the effect
is likely driven by the very high SNR, which renders subtle
waveform inaccuracies directly visible in the residuals,
rather than by challenges associated with the underlying
parameter space. Together with GW?231123, this illustrates
that GP-enhanced analyses can act as sensitive probes of
small waveform mismatches, both in very high-SNR events
and in regions of parameter space in which waveform
systematics are expected to be significant.

Finally, we analyzed GW230630_070659, an event
excluded from GWTC-4.0 due to suspected instrumental
contamination. We find that the data can be fit by a BBH
waveform without requiring additional structured residuals
in the GPBilby analysis. However, we emphasize that
this does not provide evidence for an astrophysical origin,
and is not in tension with the GWTC-4.0 classification.
The limited duration and low signal-to-noise ratio of
the candidate make it difficult to distinguish between a
true signal and noise artefacts within this framework. If

astrophysical, it would correspond to one of the highest-
mass binaries observed to date, motivating further inves-
tigation by the broader community.

Overall, our results demonstrate that GPBilby is a powerful
diagnostic tool for studying exceptional gravitational-wave
events and for separating non-Gaussian noise features from
astrophysical signals. At the same time, the GW231123 and
GW230814 analyses show that GP-based likelihoods
implicitly assume waveform accuracy: when this
assumption fails, residual signal power can be absorbed
by the noise model. In addition, subthreshold or weakly
coherent glitches may not be fully captured by the current
GP parametrization, and could therefore remain partially
hidden within the inferred noise model. This highlights the
importance of continued development of GP kernel choices
and more systematic studies of how kernel flexibility,
waveform systematics, and noise transients interact in
realistic detector data. Waveform modeling and flexible
noise descriptions must therefore be considered jointly
when interpreting high-mass or otherwise challenging
gravitational-wave events.

We utilize the NumPy [77] and SciPy libraries [78] for data
processing and analysis, and we also use the Matplotlib [79]
library for visualization.
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are publicly available on the Zenodo repository [54] and
can be used with the GPBilby package available on pypI [30].

APPENDIX: SPECTROGRAMS OF
GRAVITATIONAL-WAVE EVENTS

We present the time-frequency representations used to
motivate and contextualize the case studies discussed in
the main text. These figures are intended as diagnostic
visualizations of the data quality and of the relative
morphology of the astrophysical signal and non-
Gaussian noise features. They provide useful qualitative
information about which parts of the data motivate the
use of flexible noise modeling. For each relevant event,
we show spectrograms of the raw strain data and, where
applicable, the reconstructed glitch contribution and
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FIG. 16. Left: the time-frequency spectrogram showing LLO data surrounding GW230814. Right: the time-frequency
spectrogram showing the residuals obtained from the maximum likelihood waveform for the GPBilby analysis on the unnotched

and notched data.
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detector (bottom). For each detector, the panels show from left to right the raw data, the reconstructed glitch, and the glitch-

subtracted data.
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FIG. 18. Time-frequency spectrograms of the data surrounding GW231113_122623. The left panels show the raw data for the LHO
and LLO detectors, upper and lower panels, respectively. The right panels show the corresponding deglitched data; no deglitched frames
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LLO. The glitch subtracted from the LHO data had a frequency range of ~15-25 Hz and occurred ~1.5 s before the trigger time. We
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FIG. 20. Time-frequency spectrogram of 8 s of data surrounding GW230630_070659 for the LHO and LLO detectors.

deglitched data. These comparisons illustrate whether
excess power is temporally or morphologically separated
from the compact-binary signal, whether it appears
coherently across detectors, and whether subtraction or
marginalization over non-Gaussian noise is expected to
affect the astrophysical inference. The spectrograms
therefore complement the posterior-comparison figures
in the main text: the latter quantify the impact on
parameter estimation, while the figures in this appendix
show the corresponding time-frequency structure in
the data.

For GW230814, the left panel of Fig. 16 shows the time-
frequency structure of a high-SNR signal in data that are
otherwise sufficiently clean for standard analyses. This
event is included to illustrate the behaviour of GPBilby in the

high-SNR regime, where small residuals or narrow band
features can become visible even when an obvious transient
glitch does not dominate the data. The right panel presents
the spectrogram of the residuals between the maximum
likelihood waveform of the GPBilby runs including a SHO
term using the raw unnotched and notched data. As
expected, the residuals are significant in the notched data
portion.

For GW191109, Fig. 17 shows the raw data, recon-
structed glitches, and glitch-subtracted data for both detec-
tors. The red-dotted lines indicate the mean frequency
values recovered by the GP SHO terms in the raw and
deglitched data analyses. The values are f; = 36.23 Hz,
f»=2398 Hz, and f3; =42.24 Hz for Hl and f; =
28.42 Hz for L1 with raw data. In the deglitched data
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analyses, we only recover the f; frequency for each
detector.

For GW231113, Fig. 18 shows a case in which one
detector is affected by data-quality issues while the signal
and glitch tracks are reasonably well separated. This
morphology makes the event a useful example of a
typical single-detector contamination problem, where
flexible noise modeling should absorb the transient
feature without significantly perturbing the coherent
astrophysical signal.

For GW231123, Fig. 19 shows the raw data in the two
LIGO detectors, together with the deglitched data for LHO.

The spectrograms provide context for the waveform-sys-
tematics study in the main text: they show the data-quality
features that motivate modeling the residual power.

Finally, for GW230630_070659, Fig. 20 reproduces the
time—frequency view of the candidate over an extended
time span. This broader view helps place the candidate in
its surrounding data-quality environment and motivates our
cautious interpretation: although the data can be fit with a
compact-binary waveform, the limited duration and low
signal-to-noise ratio make it difficult to distinguish an
astrophysical signal from non-Gaussian noise using this
information alone.
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