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We perform Bayesian model selection to test for the presence of the (£ = 2, m = 0) spherical harmonic
mode in gravitational wave events that have previously been identified as binary black hole mergers. As our
signal model we use the quasicircular, nonprecessing IMRPhenomTHM 20 waveform model, which
includes the oscillatory and displacement memory contributions. Including the oscillatory component of
the (2, 0) mode increases the signal-to-noise ratio and evidence for this mode, compared to testing only for
the presence of gravitational wave memory. Our analysis thus constitutes a natural stepping stone toward
detecting gravitational wave memory. We perform our analysis for the binary black hole signals identified
in the GWTC-4.0 catalog, and for selected GWTC-5.0 events. In our Bayesian model comparison we find a
cumulative log;, B = 1.38 £ 0.79 in favor of the presence of the (2, 0) mode for the GWTC-4.0 catalog.
We also stack the signal-to-noise ratio of the full (2, 0) mode and of its individual contributions, obtaining
results consistent with previous studies and reaching SNRpemory = 0.89f8’1219 after approximately
7.5 months of O4a observations. In addition, we study the precessing candidate GW241127_061008,
and find no additional evidence for the (2, 0) mode when precession is included in IMRPhenomTPHM_20.
Overall, our results provide an assessment of the observational support for the (2, 0) mode in current
gravitational wave data and allow us to discuss prospects for its future detection. We find that decisive
statistical evidence will likely require a larger catalog, with an optimistic estimated number of events of

Nevents = 166f§52, based on the specific assumptions adopted in this work. We also expect that decisive

evidence will require a more extensive waveform systematics study.

DOI: 10.1103/brrl-jsb2

I. INTRODUCTION

Accurate inference of source parameters in gravitational
wave (GW) data analysis require waveform models that
capture as many measurable signal contributions as pos-
sible in the detector network. The emission of GWs is
commonly described in terms of a decomposition into a
sum of spin-weighted spherical harmonic modes (Z, m),
which provide a natural basis for describing the angular
structure of the radiation [1]. Here we are interested in
compact binary coalescence, in particular of orbiting binary
black hole (BBH) systems. In this case, the dominant
harmonic is the (¢ = 2, m = £2) mode when the compo-
nent spins are aligned with the orbital angular momentum.
For misaligned binaries this statement more naturally holds
in a coprecessing frame [2]. However, subdominant modes
can play a significant role for asymmetric or highly inclined
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systems [3], where they help break degeneracies among
intrinsic and extrinsic parameters and thereby enhance
measurement accuracy [4-8]. Waveform models incorpo-
rating higher-order modes have been used systematically in
the analysis of GW data since the third observing run (O3).
To date, LIGO-Virgo-KAGRA (LVK) [9-11] observations
have provided evidence for higher-order modes in the
asymmetric events GW190412 and GW190814 [12-14].
These measurements are dominated by the (£ =3, m =
+3) multipole, as analyses of both events found this to be
the only measurable subdominant mode. In the GWTC-2.1
sample, no event exhibited measurable higher-order-mode
content beyond ¢ = 3, although a few additional events
showed only marginal indications of the (3, +3) mode.
Here we are interested in the (£ =2,m = 0) mode,
which contains the main contribution from the nonoscilla-
tory displacement memory [15—17], but also an oscillatory
ringdown component. The memory arises from the cumu-
lative emission of gravitational radiation throughout the
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evolution of the binary and manifests as a secular, perma-
nent change between the initial and final asymptotic states
of the spacetime. Unlike the oscillatory modes (m # 0),
which encode the transient quasinormal relaxation of the
remnant black hole, the displacement memory instead is
sourced by the net flux of energy and momentum carried
away by the GW emission. As such, it provides comple-
mentary information about the nonlinear dynamics of the
coalescence and offers a direct signature of the strong-field,
radiative regime of general relativity (GR) [18-20].
Moreover, the distinct dependence of the (2, 0) mode on
the inclination angle, opposite to that of the dominant
(2, £2) modes, helps break the distance—inclination degen-
eracy [21-23]. Including the oscillatory component of the
(2, 0) mode increases the signal-to-noise ratio (SNR) for
this mode (compare e.g., Ref. [24]), which will facilitate its
detection and increases its relevance for parameter estima-
tion (PE) of very high SNR events. Investigating the
evidence for this mode thus constitutes a natural stepping
stone for the detection of gravitational wave memory.

Motivated by these considerations and by the high number
of GW events already observed by the LVK we perform a
systematic reanalysis of BBH events detected during the first
two parts of the fourth observing run (O4a and O4b), and
published as the GWTC-4.0 [25-29] and GWTC-5.0 [30—
34] editions of the LVK GW transient catalog. Building on
the PE framework documented in our first analysis of the
GWTC-4.0 catalog [35], we use the phenomenological
waveform models to analyze the set of 84 BBH detections
reported in GWTC-4.0 and a selection of 6 high significance
BBH events reported in GWTC-5.0. They are chosen based
on high network SNR values, or high effective spin param-
eter, |y.| [32,36,37], which enhances the (2, 0) mode,
especially the amplitude of the memory contribution in the
case of high positive spin components.

For our analysis we are using the IMRPhenomT family
of time-domain phenomenological waveform models,
restricted to the quasicircular sector [38—40]. The
IMRPhenomT family has been extended to include the
(¢ =2,m = 0) spherical harmonic mode with the oscil-
latory ringdown and the displacement memory contribu-
tions IMRPhenomTHM 20 [24] for nonprecessing,
quasicircular BBHs; and further to spin precession
IMRPhenomTPHM 20 [41].

We quantify the evidence for the presence of the (2, 0)
mode in individual events via Bayesian model comparison,
assessing whether including the mode yields a statistically
significant improved description of the observed data, and
evaluate its cumulative detectability across the population by
stacking event level statistics and computing a population-
level SNR. In contrast to approaches that isolate only the
displacement memory contribution, we perform a per event
comparison between complete inspiral-merger—ringdown
phenomenological models with and without the full (2, 0)
mode, using O4 data and incorporating measured power

spectral densities (PSDs) and calibration uncertainties. The
resulting Bayes factors are then combined across events.

The paper is organized as follows. We start with a review
of detectability prospects for GW memory in Sec. II. In
Sec. 111, we briefly describe the waveform model used in
this work. In Sec. IV, we outline the treatment of the data,
and the methods used in the analysis. In Sec. V, we present
the results of the reanalysis of the dataset using the
IMRPhenomTHM 20 model to include the (¢ =2,
m = 0) mode. Finally, we summarize our findings and
conclude in Sec. VL.

Throughout this paper, component masses are denoted
by m;. We define the mass ratios ¢ = m,/m; <1 and
0 =1/q, and the total mass M = m, + m,. Masses are
reported in the detector frame. The components of the
dimensionless spin vectors in the direction of the orbital
momentum (our z-axis orthogonal to the orbital plane) are
denoted by y; = S3/m?.

II. PROSPECTS FOR GW MEMORY
DETECTABILITY

The detectability of GW memory has been the subject of
extensive investigation, spanning analytical estimates, pop-
ulation-level forecasts, and Bayesian inference studies.
Early observational analyses searched for memory signa-
tures in existing GW catalogs, including GWTC-1 [42,43],
GWTC-2 [44,45], and GWTC-3 [46], but did not yield
conclusive detections. Foundational work established that
detection with second-generation detectors is most natu-
rally achieved through stacking multiple events. In par-
ticular, [47] showed that hundreds of GW150914-like
signals at Advanced LIGO design sensitivity would be
required for a confident detection using frequentist SNR
Subsequent population-based forecasts, incorporating
updated BBH distributions and detector sensitivities, pre-
dicted cumulative SNRs of order ~3 after several years of
observation, reinforcing the conclusion that detection is
more likely through population stacking than via individual
events [48]. More studies, including the effects of spin
memory and next generation detector networks, have
further refined this picture; while a second generation
network operating at O4/05 sensitivities may achieve
population level detection of displacement memory, third
generation observatories such as Cosmic Explorer [49] are
expected to enable detections in individual events. In
contrast, the detection of spin memory is likely to still
rely on stacking even in these advanced scenarios [50]. In
our previous work [51], we studied the parameter biases
obtained when neglecting the presence of the full (2, 0)
mode, in future ground-based detectors, finding important
biases at sufficiently high SNRs.

In a recent work [52], the authors use hierarchical
Bayesian inference on the GWTC-5.0 catalog of BBH
observations to constrain the memory enhancement factor
across the population, finding a value consistent with the
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GR prediction and forecasting that roughly 2000 detections
would be needed to measure a nonzero memory signal at
the 1o level. Complementary analyses have explored the
detectability of memory at the level of individual events
with current detectors. In particular, [53] performed
Bayesian model selection studies for signals observed
with O4 sensitivity and third generation detectors. For
an optimally oriented (edge-on) injection with a network
SNR of 44.7 at O4 sensitivity, repeated injection-recovery
analyses across multiple noise realizations yielded Bayes
factors clustered around zero, remaining below detection
thresholds and providing no statistically significant pref-
erence for either the memory or no memory hypothesis.
In the space-based context, early theoretical studies also
highlighted the strong potential of LISA [54] for per event
memory detection in massive black hole binaries (MBHBs)
[15,16]. This expectation has been confirmed and substan-
tially refined by recent work. Using time domain modeling of
the LISA response, [55] demonstrated that the memory signal
induces a resolvable, nonoscillatory component in the strain,
with SNRs sufficient for detection in a subset of MBHB
mergers over the mission lifetime. Building on this, [56]
carried out a full Bayesian parameter estimation analysis,
showing that the memory amplitude can be constrained with
meaningful precision and that waveform models including
memory are robustly supported by the data. Finally, [57]
developed a rigorous framework for memory detection,
introducing parametrized descriptions of the memory growth
and establishing hypothesis-testing strategies based on model
selection, thereby defining the conditions for confident
detection. In contrast, searches for bursts with memory in
pulsar timing array data have thus far yielded only upper
limits. For example, analyses of the NANOGrav 12.5-year
dataset report no statistically significant evidence for memory
signals, with Bayes factors of ~2.8 for models including
memory in addition to a stochastic GW background [58,59].

III. WAVEFORM MODEL

The IMRPhenomTHM family of time domain phenom-
enological models [24,38-41,60] offers an alternative to
the computationally efficient frequency domain models.
The flexibility of modeling effects in the time domain
facilitates the inclusion of complicated new physical effects
such as spin-precession [40], orbital eccentricity [60], or
GW memory [24]. For this analysis, we employ the
quasicircular, nonprecessing-spin IMRPhenomTHM model
[38,39], which has been calibrated to numerical relativity
(NR) and test-particle waveforms and it includes (£, m) =
{(2,£2),(2,£1),(3,£3),(4,44),(5,£5)} multipoles;
and the quasicircular precessing-spin IMRPhenomTPHM
model [40], which is based on the “twisting-up” approxi-
mation [61] and has the same mode content in the
coprecessing frame as the IMRPhenomTHM model.

To incorporate the memory effect in this analysis, we
employ the phenomenological waveform model of the (¢ =

2, m = 0) spherical harmonic mode, which captures both the
dominant displacement memory contribution and the quasi-
normal mode (QNM) oscillations of the ringdown in this
mode [24]. This model is constructed in the time domain by
fitting phenomenological Ansdtze to NR simulations and
memory waveforms computed using the Bondi-Metzner-
Sachs (BMS) balance laws [62,63]. It is valid for BBH
systems in quasicircular orbits, covering mass ratios up to
QO = 10 and spin components aligned with the orbital angular
momentum, y;,y, € [—1, 1]. In order to extend our descrip-
tion of the (2, 0) mode to include spin-precession, we apply
the “twisting-up” approximation to the aligned-spin model of
the (2, 0) mode and we include the displacement memory
contribution in all the # = 2 modes [41]. Both the aligned-
spin and the precessing models are implemented within
IMRPhenomTHM and IMRPhenomTPHM, respectively, in
the Python package PHENOMXPY [64].

IV. METHODS

The strain data are taken from the Gravitational Wave
Open Science Center (GWOSC) [65] using the GWpy
package [66] with sample rate 4096 Hz. The data con-
ditioning procedures, including the duration of the ana-
lyzed segments, the treatment of instrumental glitches, and
the choice of the starting frequency used in the likelihood
evaluation, follow the methodology described in the origi-
nal analysis presented in [35]. For completeness, we refer
the reader in particular to Sec. III B of this reference, as the
inference framework and analysis configuration adopted in
this work are identical to those employed in that study. The
prior distributions used in the analysis are chosen to reflect
standard astrophysical assumptions. Uniform priors are
imposed on the redshifted component masses, the merger
time, and the coalescence phase. The orientation of the
binary and its sky location are assigned isotropic priors. For
the luminosity distance, we adopt a prior corresponding to a
constant merger rate density in comoving volume and
source-frame time. For the spin components, we use Bilby’s
[67] AlignedSpin with spin magnitudes uniformly
distributed between 0 and 0.99 and spins constrained to
be aligned with the orbital angular momentum.

Note that time domain waveforms which contain the
displacement memory contribution are nonperiodic signals.
We need to take this into account when converting the
waveforms to frequency domain. For this, we use the Fourier
transform method gw-fout step [68], which decomposes
the waveform into a known sigmoidlike component (captur-
ing the persistent offset and transformable analytically) plus a
residual transient part that can be safely Fourier transformed
numerically without artifacts. This method avoids the spu-
rious artifacts introduced by standard Fast Fourier Transform
techniques applied to nonperiodic signals.

Because the present study requires the execution of
multiple PE runs, minimizing manual interaction is essen-
tial in order to reduce the possibility of human error and
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ensure reproducibility. To this end, we employ the auto-
mated workflow tool PEAutomator [69], which manages
job submission, monitoring, and postprocessing of the
results.

A. Setup and hypotheses

Our goal is to assess the presence of the (¢ =2,m = 0)
mode in the observed signals. This mode contains two
physically distinct contributions: an oscillatory component
associated with the QNM ringdown of the remnant black
hole, and the displacement memory contribution. To
quantify the evidence for this mode, we perform a paired
Bayesian model comparison analysis for each event [70].
We consider two hypotheses:

(1) Hy: IMRPhenomTHM 20 model with the
(2, 0) mode (oscillatory ringdown + displacement
memory); and

(i) Hg: IMRPhenomTHM model without the (2, 0)
mode.

For a given event i, we quantify the relative evidence for

the presence of the mode through the Bayes factor,

_ pldi[H)

i)
logyo B; = logi9 Zi(Ha) — logio Zi(Hg),  (4.1)
where Z;(H) denotes the Bayesian evidence for the
hypotheses H computed from the data d; of the corre-
sponding event. The uncertainty on the log-10 Bayes factor
is propagated from the uncertainties in the evidence via

ollogyo B;] = \/02 logo Z;(Ha)] + 02[logo Z;(Hg)]-
(4.2)

The evidence is computed using the DYNESTY nested-
sampling algorithm as implemented in Bilby [67]. To assess
the cumulative evidence for the (2, 0) mode across the
population of detected events, we combine the individual
Bayes factors assuming statistical independence between
events. Under this assumption, the stacked Bayes factor is
given by the sum of the Bayes factor logarithms,

N
log,BTHM-20/THM — Z log,oB;., (4.3)
i=1

where N denotes the number of analyzed events. The
corresponding uncertainty is obtained by adding the indi-
vidual uncertainties in quadrature,

BTHM 20/ THM] —

ollogyg

Z o*[logio B;]. (4.4)
i—1

To interpret the Bayes factor results, we adopt the
Jeffreys’ scale [71], which provides a qualitative classi-
fication of the strength of evidence in favor of a given
hypothesis. According to this scale, Bayes factors with
|log;o B| < 0.5 are generally considered inconclusive,
corresponding to evidence that is not worth more than a
bare mention. Values in the range 0.5 < |log;q B| < 1 are
interpreted as substantial evidence, while 1 < |log;q B| < 2
indicate strong evidence in favor of one model over the
other. Finally, |log,o B| > 2 is typically regarded as deci-
sive evidence. This classification applies symmetrically to
negative values of log;q B, in which case the same levels of
evidence favor the alternative hypothesis. Note that here we
directly work with the Bayes factor instead of an odds ratio,
since the parameter space that corresponds to the two
models we are using for model selection is the same, and
due to the smallness of the contribution of the (2, 0) mode
to the signal no significant effect on detection is expected,
and we conclude from our results that there is also no
significant effect on the estimated parameters.

B. Stacking signal-to-noise ratio

As an additional diagnostic, we compute the SNR
associated with the (2, 0) mode and use it as a proxy for
the strength of the evidence obtained from the Bayesian
model comparison. This approach allows direct comparison
with the methodology adopted in [48,50]. In particular, we
evaluate the SNR for three cases: the complete (2, 0) mode
including both the oscillatory and displacement memory
contributions; the displacement memory contribution
alone; and the oscillatory component alone. For a set of
independent events, the combined SNR is obtained by
summing the individual SNRs in quadrature,

pr=> p.
i

(4.5)

where the SNR for a signal /(¢) is computed in frequency

domain as
o |7 2
o=Vl =4 | ";<{}') if.  (46)

with S, (f) the detector’s PSD.

We restrict the (2, 0) mode SNR stacking analysis to the
O4a event sample, excluding events selected from O4b in
order to avoid introducing selection biases, since the O4b
subset was not chosen in an unbiased or complete manner
but rather according to specific selection criteria. Results
are reported in Sec. V B, where we find consistency with
the predictions in [48,50].
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C. Bayes factor’s scaling with the SNR

In order to compare the strength of the evidence across
different PE analyses in a consistent way, it is useful to
estimate how the Bayes factor changes as a function of the
SNR. In the high-SNR approximation [72], and assuming
that the two analyses are performed with the same priors
and the same waveform mismatch, the Bayes factor is
expected to scale as

2
log B % (1-FP), (4.7)
where p is the SNR and FF is the fitting factor between
the two waveforms, which quantifies the proximity of the
target signal to a template manifold by measuring the
reduction in recovered SNR when the signal is filtered with
the best matching template from that manifold [73]. This
allows us to rescale the Bayes factor measured for one run
to estimate its expected value, and uncertainty, for another
run with a different SNR. This scaling provides a simple
way to extrapolate the significance of the results obtained
for the louder events. Computing the ratio between two
runs, assuming the same value for FF and that we use the
same priors in both injections, we can compute the Bayes
factor and its associated error as

2 2
logloB = (pﬁ) logloBO, o0 — (£> Op. (48)
0

Po

With this expression we can easily check the scaling of the
Bayes factor with the SNR. This is presented in Sec. I[VE
using a set of PE, zero-noise model injections, for which we
obtain results consistent with the expected scaling of these
quantities.

D. Sampler settings

As previously mentioned, we employ the DYNESTY [74]
sampler as implemented in Bilby [67]. We use the accep-
tance-walk method for the Markov Chain Monte Carlo
evolution with naccept=60 and nlive=1000 with two
independent seeds for each run. The stopping criterion of
the sampler is controlled by the parameter A InZ, which
sets the threshold for the estimated remaining contribution
of the unexplored prior volume to the total evidence. The
sampler terminates once this residual contribution falls
below the chosen tolerance. Therefore, reducing AlnZ
enforces a stricter convergence requirement, drives the
nested sampling run further into the high likelihood region
before stopping, and decreases the residual uncertainty in
the final estimate of In Z. The default value in Bilby is set to
AlnZ = 0.10, however here we adopt AlnZ = 0.05 in
order to obtain better-converged evidence estimates. Since
the obtained Bayes factors are close to zero and, in most
cases, compatible with zero within the statistical uncer-
tainty, the evidence difference between the competing

hypotheses is small and a more accurate determination
of the residual error is desirable. A tighter stopping
criterion yields smaller numerical uncertainties and more
trustworthy Bayes factors at the expense of increased
computational cost. However, the total wall time is not
deterministic, since the early stages of the algorithm
involve stochastic exploration of the parameter space
and the number of iterations required to reach convergence
can vary between runs, even for identical settings.
Consequently, the observed runtime reflects both the
systematic effect of the stopping criterion and the intrinsic
variability of the sampling process, which can mask any
strictly monotonic dependence on AlnZ. In Appendix A,
we provide a more detailed discussion of the runtimes of all
the events analyzed with both values of AlogZ and
each model.

E. Parameter estimation injection studies

To validate our setup we perform a small set of injection
and recovery studies.

1. Numerical relativity injection

First we perform a zero-noise NR injection using a
quasicircular, nonprecessing, waveform from the Simu-
lating eXtreme Spacetimes (SXS) public Catalog [75-77],
SXS:BBH:2497 (Q =2,y; = x> = 0, Nywis = 20). The
simulations in the latest version of this catalog include
the memory contribution, which is introduced in the
extrapolated waveforms using the BMS balance laws, as
explained in [77]. We choose a nonequal mass simulation
so that all the modes in the model have a nonzero con-
tribution to the waveform. In the injected waveform,
we include the modes (Z,m) = {(2,£2),(2,+1),(2,0),
(3,£3),(4,£4),(5,£5)} to match the mode content in
IMRPhenomTHM. We recover the injected parameters with
the model with and without the (2, 0) mode to be able to
compute the Bayes factor between the two recoveries. We
choose the same mode content in order to be able to see the
biases that are introduced in the parameters only due to the
omission of the (2, 0) mode. We select an inclination of
/2, as this is the optimal configuration for the (2, 0)
mode and the network (HI and L.1) SNR of the injected
signal is 37.6, with a (2, 0) mode SNR of 0.98. We pick the
values in this range to keep the analysis realistic and
comparable to the SNR values observed in the O4a and
O4b observing runs. The injected parameters for this
injection are listed in Table I. The posterior distributions
are shown in Appendix B. At this SNR and for this set of
source parameters we observe no appreciable bias in the
recovered intrinsic or extrinsic parameters when the (2, 0)
mode is omitted from the recovery model. The Bayes
factor between the two hypotheses in this case is
log;o B =0.48 4+ 0.12, indicating only weak support for
the model including the mode. These findings are con-
sistent with our results for the O4a and O4b data; in both
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cases, omitting the (2, 0) mode does not lead to noticeable
biases in the posterior distributions, and the Bayes factors
remain of comparable magnitude.

2. Model injections

Furthermore, to test the consistency of the Bayes factor
with the expected SNR scaling in the PE runs that have
been performed in this work, we perform two zero-noise
model injections: one at considerably high SNR and one
at lower SNR, to check the scaling of the Bayes factor
as a function of the SNR introduced in Sec. IV C. We
choose model rather than NR injections for this purpose, in
order to avoid waveform systematics between the injected
waveform and the model used for recovery. First, we
inject a signal at a high SNR of 435.3 and we compute
the Bayes factor between the recovery with and without
the (2, 0) mode in the model, obtaining the result:
logo B = 26.06 £ 0.24. Then, we perform the same injec-
tion at a much lower SNR of 15.3 and we compare the
obtained Bayes factor, log;o 8= 0.08 £0.16 with the
analytical prediction based on Eq. (4.7). Using the expres-
sion in Eq. (4.8), with p = 15.3, py = 435.3,logo By =
26.06,0y) = 0.24, we obtain log;g B+ 0 = 0.03209 +
0.00030. For these injection runs, however, we use the
standard Bilby stopping criterion of AlnZ = 0.10, rather
than the more stringent AlnZ = 0.05 used for the PE
analyses presented in the rest of this work. Therefore, we
conservatively take AlnZ = 0.10 as the minimum uncer-
tainty associated with the sampler, yielding a final result of
log;o B+ 06 =0.03 £0.10 which is consistent with the
result of the actual PE injection; log;q B = 0.08 £ 0.16.
The parameters used for these injections are shown in
Table I and the results are summarized in Table II.

In summary, at the low SNR considered here, there is no
robust evidence for the presence of the (2, 0) mode. We
emphasize that these zero-noise model injections only

TABLE L. Parameters of the NR injection (middle column) and
model injections (right column). The only difference between the
high and low SNR model injections is the luminosity distance,
which is quoted in brackets for the low SNR injection. In all
cases, we set the minimum frequency of the analysis to

Smin = fret = 20 Hz.

Parameter ~ NR injection =~ Model injection high (low) SNR
q 2.00 1.03
M[Mg] 50 100

d; [Mpc] 400 140 (4000)
X1 0.0 0.2

1 0.0 0.2

1 [rad] /2 /2

¢ [rad] 1.20 5.43

y [rad] 1.26 2.70

a [rad] 2.60 2.77

o [rad] 0.53 —-0.50

TABLE II. Bayes factor scaling for two model injections at
different SNR compared with the analytical estimate with
Eq. (4.7).

SNR logiyB=£ 1o
High SNR injection 4353 26.06 £0.24
Low SNR injection 15.3 0.08 £0.16
Analytical value for low SNR injection 0.03 £0.10

quantify modeling and sampling behavior. In real detector
data, noise realizations add an additional stochastic con-
tribution to the evidence. For Bayes factors of order unity or
smaller such noise fluctuations can change the sign of
log,o B or produce values that are consistent with zero
within the uncertainty, so small measured Bayes factors
should be interpreted cautiously.

The purpose of these zero-noise model injections is to
validate the consistency of the waveform models and
sampling setup, in particular the expected scaling of the
Bayes factor with SNR, rather than to provide an additional
ingredient for the population level forecasts presented in
Sec. V D. The results therefore serve as a validation of the
PE methodology used in this work and are not used directly
in the subsequent detectability estimates.

V. RESULTS

We perform an analysis of the BBH events in GWTC-4.0
and the set of six events from GWTC-5.0 [32] listed here
(quoting the results obtained by the LVK analysis):
(i) GW240920_124024 is a high SNR =37.07)|
event, with some support for spin precession,
1o = 0471048

(i) GW240925_005809 [78] is a high SNR = 31.97)-
event, the posterior however shows a bimodality in
the inferred redshift.

(ili)) GW241011_233834 [37] is another high SNR =
35.8f8‘11 event. It shows unequal masses, high spins
Keft = 0.501’8’82, and is the closest event among the
candidates reported in GWTC-5.0, d; = 210f28 Mpc.

(iv) GW241110_124123 [37] is a low SNR =9.903
event, with unequal masses and high spins
Kt = —0.3175073.

(v) GW241127_061008 has high SNR = 31.270),

unequal masses, and support for spin precession
Zp = 057105,

(vi) GW250114_082203 [36] has the highest SNR among
observed GW events to date, SNR = 76.9707, pro-
viding a particularly interesting case for searching for
subdominant features in the waveforms.

We use the IMRPhenomTHM 20 and IMRPhenomTHM
waveform models in order to investigate the pre-
sence of the (£ =2,m=0) mode in the data. For
the event GW241127_061008, we also compare
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FIG. 1.

of log,, 3THM_20/THM

Log-10 Bayes factors for each individual event in increasing SNR of the (2, 0) mode order. Each point corresponds to the value
with 16 sampling uncertainty shown as vertical error bars. The color filling the markers represents the network

SNR of the full signal for each event, as indicated by the rightmost colorbar; while the color of the border of the marker represents the
network SNR of only the (2, 0) mode, as indicated in the leftmost colorbar. The horizontal dashed line marks the reference value

log;o BTHM_20/THM

=0, corresponding to no preference between the models. The events with log,, BTM-20/THM _ 15 > 1073 are

highlighted in blue and the ones with log, BTHM-20/THM 1 15 <« 1073, in red. The events from GWTC-5.0 are marked with the color

of the font label in blue.

IMRPhenomTPHM 20 and IMRPhenomTPHM since its
Xp value is significantly different from zero. We do not use
precessing waveform models for the full event set because
they are more computationally expensive than the aligned
spin versions, and the majority of events show no decisive
evidence for precession when analyzed with the waveform
models included in GWTC-4.0 and GWTC-5.0.

A. Bayes factors

Using Eqs. (4.1) and (4.2), we compute the Bayes factors
and their associated uncertainties for all tested hypotheses
across the full set of considered events. Figure 1 shows the
individual values of log,, BTHM-20/THM for each BBH event
in GWTC-4.0 and for the selected events from GWTC-5.0
(marked by the blue font color). The events are ordered by
increasing SNR of the (2, 0) mode, which is encoded by the
color of the marker edges, while the marker fill color
represents the SNR of the full signal. Overall, the results
indicate that for the majority of events the data do not
provide strong evidence in favor of including the (2, 0)
mode. Most measurements cluster around zero and their
associated 1o uncertainties typically overlap the null value,
implying that the two waveform models are statistically
indistinguishable. A mild tendency toward positive
values is observed at increasing SNR, suggesting that

the contribution of the (2, 0) mode may become marginally
more relevant in louder signals, although the inferred Bayes
factors remain small and correspond to weak evidence.
The labels highlighted in blue (red) correspond to events
withlogo BTM-20/THM _ 15 > 1073 (log,, BTHM-20/THM 4
lo < —1073), i.e., those showing the most robust, although
still weak, preference for the inclusion (exclusion) of the
(2, 0) mode; their values are reported in Table III. We
adopt 1073 rather than O to introduce a margin above the
null evidence threshold B = 1, thereby avoiding the classi-
fication of marginal cases as positive due to numerical
precision limits or fluctuations induced by the sampling
procedure. The highest evidence for the presence of
the (2, 0) mode is found for GW230814_230901 [79],
with substantial evidence according to Jeffreys’ scale
(log,, BTHM-20/THM — () 63 4- (.09), although, as it will be
explained later in the text, this result can be affected by
waveform systematics. Consistently, the posterior distribu-
tions presented in Appendix C show that, for all events, the
inferred parameters are largely unaffected by the inclusion of
the (2, 0) mode. The detectability of this mode is not solely
driven by signal strength but also depends on additional
source properties, such as the binary orientation and intrinsic
parameters. To assess the agreement between the two wave-
form models and the data, in Appendix C we also present the
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TABLE III.

List of events with log-10 Bayes factors above the selection threshold log;,

BTHM-20/THM _ {5

1073 and below log;, BT™M-20/TEM 115 < —1073, We include the SNR obtained with the TMRPhenomTHM 20
model for the full signal and for the (2, 0) mode, and the median value of the inclination angle. The quoted
uncertainties represent one standard deviation. In Fig. 9 we show the posteriors for some of the parameters of the

nine events with positive log-10 Bayes factors.

Event SNR SNR» ) Oyx[rad] log ;o BTHM-20/THM
GW230814_230901 41.6710 0.4470% 1387539 0.63 £0.09
GW250114_082203 75.5510 0.59103% 0.914)3} 0.30 +0.12
GW230627_015337 28.14} 0.49107% 1.275339 0.19 +0.11
GW231224_024321 124414 0.05052 1.535103 0.13+0.10
GW240920_124024 36.8710 0.1002 0.961162 0.12£0.11
GW231129_081745 7.15} 0.057001 157108 0.10 £ 0.08
GW230825_041334 7.6710 0.021008 1,680 0.09 +0.08
GW230704_021211 8.6 0.057044 1.3853% 0.09 +0.08
GW230911_195324 10217 0.10% 00 1.55207% 0.08 + 0.08
GW231123_135430 19.351% 0.0070%; 041153, —0.11 £0.10
GW230914_111401 15.8519 0.051 005 1.367043 —0.11 £0.09
GW230708_230935 8.7+10 0.03+0%7 2081039 —0.11£0.08
GW231014_040532 82410 0.039%% 1475554 —0.12 £ 0.09
GW231226_101520 333+ 0.07+042 0.89+176 -0.224+0.10

whitened strain for the two highest SNR events in the dataset;
GW230814_230901 and GW250114_082203.

In our previous reanalysis of GWTC-4.0 [35], we iden-
tified systematic differences between IMRPhenomTPHM
and IMRPhenomXPNR [80] for the event GW230814_
230901, which arise from their different mode content.
In particular, these discrepancies can be traced to
the absence of the (3,42) mode in the time domain
phenomenological model. See Fig. 5 of Ref. [35] for
the systematics in the mass ratio-inclination parameters
across IMRPhenomXPNR, IMRPhenomTPHM, and
SEOBNRvV5PHM [81-83], which also includes the
(3,£2) mode. This suggests that an important improve-
ment to these waveform models would be the inclusion of
the (3, £2) multipole contribution. These differences in the
posteriors can also be seen in the top left panel of Fig. 9 in
Appendix C, where the mixed posterior samples from
GWTC-4.0 are plotted together with the results from the
IMRPhenomTHM and IMRPhenomTHM 20 runs. To
assess whether IMRPhenomTHM 20 remains preferred
over IMRPhenomXHM [aligned-spin, frequency domain
model which includes the (3, £2) mode] under a consistent
comparison, we perform a PE analysis using identical set-
tings with the latter model. We obtain log,,3THM-20/XHM —
0.18 &= 0.10. While the evidence is 3.5 times lower than that
obtained in the comparison against IMRPhenomTHM, the
result still provides mild support for the presence of the
(2, 0) mode in the data.

As expected, these results indicate that the (2, 0) mode is
too weak to yield statistically significant evidence for its
presence in individual events at the current sensitivity. We
therefore perform a combined analysis by stacking the

Bayes factors over all GWTC-4.0 BBH events. We restrict
this calculation to the GWTC-4.0 sample to avoid selection
effects associated with including only the events selected
for analysis from GWTC-5.0. This approach enhances the
overall sensitivity to a common signal component by
coherently combining the individual evidence, allowing
us to assess whether the data collectively support the
presence of this mode beyond statistical fluctuations.
The cumulative evidence trajectory is displayed in
Fig. 2. The events are sorted in growing network SNR
order, with the corresponding value represented in the color
bar. The shaded region shows the 1o uncertainty accumu-
lated over all the events.

T >20
2.0 1o C.I
z —-— SNR-8
s ---- SNR=10
5 1.5 |
£ i
& | 15 .
21.01 !
g ! ~ A
) |
E i
£ 051 i
g : 10
©0.01 :
. ! . . . 7
0 20 40 60 80

Number of events

FIG.2. Cumulative sum of log-10 Bayes factors as a function of
the number of events, in increasing SNR order for the BBH
events in GWTC-4.0. The shaded region shows the propagated
lo uncertainty and the color scale indicates the SNR of each
event. The vertical lines indicate where the SNR thresholds of 8
and 10 are located, respectively.
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FIG. 3. Posterior distributions of the SNR of the (2, 0) mode for four selected events. Each curve represents the distribution obtained

with the different components in this mode. The numbers in the legend show the median, 16% and 84% percentiles of the distributions,
denoted by the vertical lines in the plots (dashed-median, dotted-percentiles).

The cumulative trajectory reaches a final value of
log,, BTHM-20/THM — 1 38 +().79. Accounting for the
uncertainty, the result does not provide significant evidence
for the presence of the (2, 0) mode in the GWTC-4.0
sample. The high SNR events have the major contribution
to the cumulative evidence. Although low SNR events
contribute less to the cumulative Bayes factor than higher
SNR events, the cumulative evidence continues to grow as
additional events are included, indicating that the signal is
not driven solely by a small number of high-significance
detections. Most detected events are compatible with face-
on orientations of the binaries, where the dominant quad-
rupolar modes are strongest and the (2, 0) mode effectively
vanishes. Overall, these results are consistent with previous
studies under current detector sensitivity, as the (2, 0) mode
represents a subdominant contribution relative to the
primary signal, producing a weak per event imprint whose
sign and magnitude depend on the SNR, and especially on
parameters such as the inclination, the mass ratio and the
spin components.

B. Stacking signal-to-noise ratio

To compute the SNR of the (2, 0) mode for each event,
we take the posterior samples of the parameters, we
generate the corresponding waveform for each sample
and compute the SNR of the mode, so that we obtain a
posterior distribution of this quantity. In Fig. 3, we
show the posteriors for four events; GW230814_
230901, GW240925_005809, GW241011_233834 and
GW250114_082203. We do the same for the three
options in the (2, 0) mode, so including only the dis-
placement memory component, only the oscillatory com-
ponent and both contributions. For most cases in the
whole catalog, the median SNR of only the displacement
memory is the lowest among the three contributions. This is
not the case for GW240925_005809 and GW241011_
233834. GW240925_005809 shows a bimodal distribution
for the three posteriors. This bimodality is consistent with
bimodality in the inferred redshift reported in GWTC-5.0
[32,78]. As expected, the median for the full mode is the
highest in all the events. For the rest of events not shown
here, the SNR distributions rail against zero. However, for

these four high SNR events, the posteriors deviate from
zero, especially for GW250114_082203, for which the
median values of the three distributions are larger than zero,
meaning that for this event the (2, 0) mode SNR is different
from zero, but still below 1.

Once we have the estimation of this quantity for the
three contributions and all events, we perform a stacking
of the SNR using Eq. (4.5). The curves obtained for the
three contributions and all the events in GWTC-4.0 are
shown in Fig. 4 as a function of time (in years). For
reference, we add a horizontal line at the threshold
SNR = 3, which is the threshold for memory used in
[48,50] and that we also adopt for comparison. This value
is surpassed for the full (2, 0) mode, but not reached when
we consider the individual components of this mode. The
final values obtained from this calculation are summa-
rized in Table IV, where we also include the final SNR
reached when considering the selected events from
GWTC-5.0.

We now compare the light blue curve in Fig. 4 [SNR of
the memory in the (2, 0)] with the results presented in:

(i) Figure 4 from [48]; the curves show the total

memory SNR with a detector network composed
by Advanced LIGO and Advanced Virgo at design
sensitivity.

—— Full

44 —— Memory
Oscillatory

=== P =3

]

Cumulative p(s,0)
(3] w

—

N /_’#J___’_/—_—r‘—
0.0 02 0.3 05 0.6
Years

01 04

FIG. 4. Cumulative sum of the SNR of the (2, 0) mode for the
different contributions: the full mode, only the displacement
memory and only the oscillatory components as a function of the
time in years including only the events from GWTC-4.0. The
horizontal black, dashed line shows the threshold of SNR = 3.
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TABLE IV. Final values of the cumulative SNR of the (2, 0)
mode for each of the contributions in this mode and the full
signal. Top row corresponds to the case where we only consider
the events in GWTC-4.0 (see Fig. 4), and the bottom row shows
the results when adding the selected events from GWTC-5.0.

Final value of (2, 0)
SNR stacking Full

GWTC-4.0 events
GWTC-4.0 + 6 GWTC-5.0
events

Oscillatory Memory
0.89107)

L4003

353193

4937504

0.66
2.57%930

343555

(i1) Figure 5 from [50]; the blue curve corresponds to
the displacement memory SNR estimate for the O4
network of detectors (LIGO Hanford, LIGO Living-
ston, Virgo, KAGRA and LIGO India) at design
sensitivity.

The obtained results in this work are consistent with
the prospects in these previous works, reaching a value
which is near SNR = 1 after ~7.5 months of observations
during O4a.

As expected, the SNR of the full (2, 0) mode accumu-
lates more rapidly than either contribution considered
separately, reaching a median value greater than 3 for
the GWTC-4.0 event set. Since the GWTC-5.0 sample was
selected to contain high SNR events, its inclusion in the
final GWTC-4.0 results leads to a substantial increase in the
corresponding values.

C. GW241127_061008: Analysis
with spin-precessing models

Since GW241127_061008 shows clear evidence of spin
precession [32], with a recovered value of y, = 0.57- 93¢
that significantly deviates from zero, we analyze this event
using the precessing version of the time domain waveform
models. In particular, we compare IMRPhenomTPHM,
against the extended model, IMRPhenomTPHM 20,
which includes the (2, 0) mode in the coprecessing
frame and the displacement memory contribution in
all the £ =2 modes. This comparison allows us to
assess whether these additional physical effects pro-
vide a measurable improvement in the description
of the data. For the aligned-spin analysis, we obtain
log,, BTHM-20/THM — () 05 + (.12, while for the precessing
analysis we find log,, BTPHM-20/TPHM — _() 01 4 0.13.
These values indicate that, within the quoted uncertainties,
the evidence in favor of including the additional (2, 0) mode
and memory contributions is not statistically significant.

In Fig. 5, we show the posterior distributions for a
set of parameters obtained with IMRPhenomTHM
20, IMRPhenomTHM, IMRPhenomTPHM 20, and
IMRPhenomTPHM. For comparison, we also include the
posterior samples from IMRPhenomXPNR reported in
GWTC-5.0. Overall, we find that including the (2, 0)

GW241127 061008
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@= TMRPhenomTHM
IMRPhenomTPHM _ 20

@= [MRPhenomTPHM

@= GWTC: IMRPhenomXPNR

% Median IMRPhenomTHM _ 20

Median IMRPhenom THM

Median IMRPhenomTPHM _ 20
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*
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*
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FIG. 5. Posterior distributions for the event GW241127_
061008. The figure shows the parameters (chirp mass M, mass
ratio ¢, effective spin parameter y.g, luminosity distance d; and
inclination angle 6jy), recovered with IMRPhenomTHM 20
(blue), IMRPhenomTHM (purple), IMRPhenomTPHM 20 (yel-
low), IMRPhenomTPHM (green), and the samples from GWTC-
5.0 obtained with IMRPhenomXPNR (orange).

mode in both the aligned-spin and precessing versions of
the model does not produce any noticeable shift in
the recovered parameters. Since IMRPhenomTPHM does
not model mode asymmetries, isolating a subdominant
mode is more challenging, as its imprint can be partially

masked by these unmodeled asymmetries. Some
differences arise between IMRPhenomTHM and
IMRPhenomTPHM; the precessing models recover

smaller values of ¢ and a y. distribution peaked near
zero, whereas the aligned-spin models favor more
unequal mass ratios and moderately negative values of
Xeir» consistent with the fact that the g—y.;; degeneracy is
broken differently when precession is allowed. The
precessing versions of the models also recover dis-
tributions shifted toward larger luminosity distances
and chirp masses. Relative to IMRPhenomXPNR, the
results of the aligned-spin models are broadly consistent
across all parameters, whereas IMRPhenomTPHM and
IMRPhenomTPHM 20 show larger discrepancies, yield-
ing a larger chirp mass, a slightly more equal mass ratio,
and a y.; closer to zero than IMRPhenomXPNR. This
is not entirely unexpected, since IMRPhenomXPNR
includes mode asymmetries and additional precession
effects beyond those modeled in IMRPhenomTPHM.
The inclination angle, 6y, remains bimodal for all
models.
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D. Detection prospects

Using state-of-the-art phenomenological waveform
models calibrated to numerical relativity simulations this
work has set constraints on the detectability of the (2, 0)
mode in individual events, which remains a challenge in
ground-based detectors. In the following we use the present
analysis to make projections for the number of observations
required to obtain clear evidence for this mode at the
current detector sensitivity.

To model the empirical distributions of log,, BTHM-20/THM
and o[log,, BTM-20/THM] inferred from the GWTC-4.0
BBH events, we fit parametric probability distributions to
the observed samples. We adopt a student’s ¢ distribution for
log,, BTHM-20/THM " a5 the data exhibit heavier tails than a
Gaussian, and a skew-normal distribution for the associated
uncertainties, which display clear asymmetry. We further
verify that these choices provide the best description of the
data among the tested families, based on the Akaike and
Bayesian information criteria (AIC and BIC). The distribu-
tion parameters (including the degrees of freedom and
shape parameter) are obtained via maximum-likelihood
estimation. In particular, the fitted student’s ¢ distribution
yields 2.85 degrees of freedom, reflecting the pronounced
non-Gaussianity and heavy tailed nature of the Bayes factor
distribution, while the skew-normal fit to the uncertainty
distribution gives a shape parameter of 8.33, capturing its
positive skewness.

Random samples are then drawn from these distribu-
tions and accumulated until the cumulative sum reaches a
fixed threshold, set to log,, BTHM-20/THM _ |5 — 2 This
threshold is motivated by the Jeffreys scale, according to
which values above 2 correspond to decisive statistical
evidence. The procedure is repeated 500 times, yielding
500 independent realizations and, consequently, a distri-
bution for the number of events required to reach the
threshold. The corresponding results are shown in Fig. 6.
We find that decisive evidence for the (2, 0) mode at the
current detector sensitivity is expected to require a
substantial catalog of detections, with an estimated
number of events of Ngyens = 166f§52. This estimate
should be regarded as optimistic, as it is limited to the
data considered in this work and to the assumptions
adopted in the analysis. A limitation of our work is that
we do not account for waveform systematics, and the
waveform model employed does not include the (3, £2)
mode. This omission may affect the Bayes factor
estimates, as illustrated in particular by GW230814_
230901, for which the observed systematics appear to be
driven primarily by the absence of this mode. Moreover,
the estimate is based solely on the set of GWTC-4.0
events, which may be too small a sample from which to
infer robust distributional fits. Nonetheless, under these
assumptions, our results suggest that decisive evidence
may be achievable by the end of O4, using the current
BBH candidates reported from O4a and O4b (84 and

Distribution of events required to reach logyy BTHM-20/THM _ 15— 9

501 —— Median = 166
""" 95% C.L (71, 358)
401 === 68% C.L (111, 248)

B ‘*F

]
100 200 300 400 500 600

500 independent realizations

G4 === logyy BTHM-20/TIM _ o

. /
Cumulative log;, BTHM-20/THM

0 100 200 300 400 500 600
Number of events

FIG. 6. Distribution of the number of events required for
the cumulative Bayes factor, log;, BTHM-20/THM "5 reach the
threshold value of 2 accounting for the accumulated uncertainty,
obtained from 500 independent realizations. The upper panel
shows the histogram of threshold crossing event counts; the
solid, dashed, and dotted vertical lines indicate the median,
68% credible interval, and 95% credible interval, respectively.
The lower panel shows the cumulative evolution of
log,, BTM-20/THM a5 3 function of the number of events for
all realizations, with the horizontal dashed line marking the
adopted threshold.

104 for a false alarm rate >1 yr~!, respectively), and
future candidates from Od4c.

VI. CONCLUSIONS

In this work, we have carried out a systematic analysis of
the BBH events in GWTC-4.0, together with a selected
subset of six high significance GWTC-5.0 events, using the
IMRPhenomTHM and IMRPhenomTHM 20 waveform
models. The latter includes the full (£ = 2, m = 0) spheri-
cal harmonic mode, incorporating both the oscillatory
ringdown contribution and the displacement memory
component. Our analysis has combined event-by-event
Bayesian model comparison with cumulative evidence
accumulation and SNR stacking in order to assess the
detectability of the (2, 0) mode in current ground-based
GW data.

At the level of individual events, the data do not provide
statistically significant evidence for the inclusion of the
(2, 0) mode in the majority of cases. The Bayes factors
remain close to zero, with uncertainties that typically
overlap the null value, indicating that the waveform models
with and without this mode are generally indistinguishable
at the current detector sensitivity. A mild trend toward
larger Bayes factors is observed for louder events, and the
strongest preference for the presence of the mode is
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obtained for GW230814_230901 (bearing in mind that
this result may be affected by waveform systematics).
Importantly, the inclusion of the (2, 0) mode does not
produce appreciable changes in the inferred source param-
eters for the events studied, which indicates that the
omission of this mode is not yet a dominant source of
systematic bias in current PE analyses.

When the evidence is combined across the full O4a
sample, we obtain a cumulative log,,BTHM-20/THM —
1.38 £ 0.79, which, with its large uncertainty, constitutes
only moderate support for the presence of the (2, 0) mode
and falls short of decisive evidence according to the
Jeffreys’ scale. The stacking of the (2, 0) mode SNR
further indicates that the full mode accumulates more
rapidly than its separate oscillatory and memory contribu-
tions, reaching a median value above the commonly
adopted threshold of 3 for GWTC-4.0, while the memory
contribution alone remains below this level. For the
precessing event GW241127_061008, the comparison
between the precessing waveform models similarly yields
no statistically significant preference for including the
additional (2, 0) contribution.

These results suggest that the (2, 0) mode is beginning to
contribute measurably to the loudest events in the current
catalog, but that robust event level detection remains out of
reach for present ground-based sensitivities. Our prospects
analysis indicates that decisive evidence for the mode may
only require a moderately larger catalog, with an estimated
number of events of Noyenis = 166f§52. The main short-
coming of this first cumulative analysis with the full (2, 0)
mode is that we have not studied effects of waveform
systematics. While an analysis such as the one presented
here can reveal very small effects such as the contributions
of the (2, 0) mode, it can also be sensitive to systematics.
Sufficient support for a robust claim of detection will
require such systematics studies and more extended injec-
tion studies beyond the zero noise simplification.

Beyond the observational implications for the (2, 0)
mode, this work also constitutes a step toward the
detection of GW displacement memory. Given the addi-
tional SNR that is obtained from the oscillatory compo-
nent of the (2, 0) mode, we foresee that decisive evidence
for the entire mode will be obtained before a clear
detection of the separate memory component. We expect
that controlling the presence of the full (2, 0) mode will
support memory detection also in terms of controlling
waveform systematics, in particular to exclude contami-
nation from systematics effects in the part of waveform
that is not the memory.
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APPENDIX A: COMPUTATIONAL COST OF THE
RUNS WHEN VARYING AlogZ

In Fig. 7, we show the relative runtime difference, in
percent, between analyses performed with the default
setting, AlogZ =0.10, and with half that value,
AlogZ = 0.05, for each GW event and waveform model
version. Markers above (below) O indicate that the runtime
for the reduced threshold is higher (lower) than for the
default setting. The color bar shows the absolute runtime, in
hours, obtained for the default setting, providing a refer-
ence for the computational cost associated with each event.
The largest relative differences are found for short duration
events, indicating that lowering AlogZ does not neces-
sarily lead to a substantial increase in the computational
cost of the analysis. All runs were performed on the Picasso
supercomputer using 128 CPU cores. The reported

runtimes therefore correspond to this computing configu-
ration and may vary for different hardware resources.

APPENDIX B: NUMERICAL RELATIVITY
INJECTION

We present in Fig. 8 the zero-noise NR injection
with the simulation SXS:BBH:2497 (Q =2,y =y, =0,
Nowits = 20) recovering with IMRPhenomTHM and
IMRPhenomTHM 20. As discussed in Sec. IV E, this
injection study is performed as a consistency check to
validate the behavior observed in the analysis of real data.
We find that the parameter biases introduced by neglecting
the (2, 0) mode are generally negligible, with only marginal
effects observed across most of the recovered source
parameters.

Relative runtime difference between Alog Z=0.10 and Alog Z=0.05
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FIG. 7. Relative runtime difference between the runs performed with Alog Z = 0.10 and A log Z = 0.05 for all analyzed events. The
vertical axis shows the relative difference in runtime, defined as (#yos — #9.10)/%0.10 in percent, where positive values indicate longer
runtimes for the more stringent stopping criterion. Circles and squares correspond to the IMRPhenomTHM and IMRPhenomTHM 20
models, respectively. The marker color indicates the absolute runtime obtained with A log Z = 0.10 (in hours), as shown by the color bar

on the right. The events are chronologically ordered.
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and polarization angle . The injected values are shown in black.

APPENDIX C: FURTHER RESULTS FOR THE with waveform models including and excluding this mode
EVENTS WITH HIGHEST log,, BTHM20/THM in order to assess potential systematic biases arising from

Figure 9 shows the posterior distributions of selected its omission. In all cases, the recovered posterior distribu-
source parameters for the nine events exhibiting the highest ~ tions are found to be largely consistent between the two
statistical evidence for the presence of the (2, 0) mode. For ~ models, indicating that neglecting the (2, 0) mode produces
each event, we compare the parameter recovery obtained  only negligible effects on the inferred source parameters.
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FIG. 9. Posterior distributions for the events listed in Table III satisfying log;, BTHM-20/THM _ {5 » 1073, The figure shows the
parameters (chirp mass M, mass ratio g, effective spin parameter y.g, luminosity distance d; and inclination 6yy), recovered with
IMRPhenomTHM 20 (blue), IMRPhenomTHM (purple), and the samples from GWTC (orange).

For reference, we also include the posteriors reported by the =~ middle panel and L1 data in the bottom panel). In these
LVK in the corresponding GWTCs. events, the signal morphology is clearly distinguishable

In Fig. 10, we show the whitened waveforms of  from the detector noise, enabling a direct visual comparison
GW230814_230901 (single detector event, L1 data shown between models and data. In both cases, the maximum-
in the top panel) and GW250114_082203 (H1 data in the  likelihood waveforms obtained from the two models
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FIG. 10. Whitened waveforms for GW230814_230901 (only detected in L.1) and GW250114_082203 (detected in both L1 and H1).
The gray lines show the whitened data, while the colored lines show the maximum likelihood waveforms for each version of the model.
In black we include the difference between the two waveform models.

provide a good fit to the data. The differences between
the two waveform models with and without the (2, 0)
mode are small and are shown by the dashed black
curves. These discrepancies become more pronounced in
the late inspiral and merger phase, consistent with the
expectation that the signal contribution of the (2, 0) mode
is predominantly concentrated in this regime. The
absence of any apparent memory induced offset in the

whitened waveforms arises as a direct consequence of the
whitening procedure. By dividing the strain by the noise
PSD, whitening effectively acts as a high pass filter that
suppresses the low frequency content of the signal. As a
result, the low frequency components associated with the
memory are strongly attenuated, removing any constant
strain offset and leaving only the oscillatory structure of
the waveform.
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