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Neutron stars provide key insights into extreme stellar physics, with the detection of GW170817
marking the start of multimessenger astronomy by revealing both gravitational and electromagnetic
signals. However, current gravitational wave detectors struggle to capture the postmerger phase,
which holds crucial information about the remnant’s characteristics and the nuclear equation of state
(EoS). This research investigates the postmerger phase of binary neutron star (BNS) mergers using
the morphology-agnostic BayesWave CPP algorithm, where we employed sine-Gaussian wavelets for
adaptive signal reconstruction. By analyzing simulated signals of stiff and soft EoSs informed by nu-
merical relativity at Cosmic Explorer (CE) sensitivity, we distinguished between long-lived neutron
star remnants and those that promptly collapse into black holes. BayesWave CPP proved efficient in
reconstructing the signals, accurately capturing the dominant and subdominant gravitational wave
frequency modes at CE sensitivity. Additionally, in the promptly collapsing cases, we found that
high-frequency oscillations identified in numerical simulations are associated with quasiradial stellar
oscillations, rather than black hole ringdown quasinormal modes. Overall, this research highlights
the effectiveness of BayesWave CPP for postmerger signal reconstruction and its potential to tackle
the complex physics of BNS mergers and their remnants.

I. INTRODUCTION

Neutron stars offer a unique window into understand-
ing the extreme physics of stellar structures. They serve
as the densest mediums that can be directly observed
across the sky, unlike black holes, which harbour no ob-
servable matter due to their immense gravity, hindering
direct investigation of their medium properties. Neutron
stars in binary systems provide a crucial outlook for pre-
cise mass measurements to understand their properties.
In particular, gravitational-wave binaries allow for highly
accurate mass determinations by analyzing the tidal de-
formability observed in the gravitational wave signal [1].

On August 17, 2017, the LIGO-Virgo collaboration ob-
served a gravitational wave signal, GW170817, from the
inspiral of two low-mass compact objects consistent with
a binary neutron star (BNS) merger. This marked the
first multimessenger detection of a gravitational wave sig-
nal accompanied by electromagnetic radiation [2].

The GW170817 detection, while advancing our un-
derstanding of BNS mergers, was not loud enough for
the postmerger gravitational wave signal to be detected.
The postmerger phase is characterized by dominant and
subdominant frequency modes that encode information
about the newly formed remnant as it settles into a stable
configuration. Thus, further analyses of these modes are
required as they can provide key insights into the rem-
nant’s characteristics and the equation of state (EoS) of
the high-density matter.

The remnant outcomes of BNS mergers can be classi-
fied based on the type of the nuclear EoS governing the
neutron star structure. The EoS is a relationship that
describes the connection between outward pressure and
density. For a stiffer EoS, for a given density, higher pres-
sure would allow the neutron star to sustain a more mas-

FIG. 1. The effective gravitational wave spectrum, heff (f),
reproduced from [3] for the postmerger phase of a long-lived
remnant that is sustained through a stiffer EoS. The Vertical
lines indicate the frequency peaks fpeak, fspiral, f2+0, and
f2−0. Shaded areas represent their frequency ranges. The
dash-dotted curves denote the sensitivity levels of Advanced
LIGO and the Einstein Telescope, respectively.

sive structure with a larger radius. Such an EoS would
support a long-lived neutron star remnant. On the other
hand, a softer EoS exhibits a lower pressure, causing the
neutron star to become more compact and therefore more
subject to promptly collapsing into a black hole.

Looking at the spectral features of the effective spec-
trum of BNS mergers can give crucial insights into the
evolution and potential remnant outcome of the binary.
For Stiffer EoSs, which exhibit characteristics that align
with the sustained presence of a neutron star, it can be
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FIG. 2. Strain profiles for three BNS mergers at 100 Mpc re-
produced from [4] revealing distinct remnant types. The sen-
sitivity curves of two proposed next-generation observatories
are depicted with solid and dashed black lines. The prompt
collapse remnants linked to a softer EoS display a prominent
peak near the fundamental quasinormal mode of the resulting
black hole. The delayed collapse case which also corresponds
to a softer EoS, shows excess power at these frequencies.

seen from Figure 1 that the frequencies of the gravita-
tional wave signal can be well defined. It exhibits a dom-
inant peak frequency that when varying over time can
indicate the remnant’s evolution. This peak corresponds
to a linear feature, f2 or fpeak, driven by quadrupo-
lar oscillations. It is important to distinguish it from
other potential contributors such as pressure and grav-
ity modes, which are caused by different restoring forces
[3]. Subdominant frequency modes include a quasiradial
symmetric oscillation, f0, which does not radiate gravita-
tional waves. Therefore, even if oscillations in this mode
are significant, they cannot be observed in the gravita-
tional wave signal. Additional subdominant modes that
do emit gravitational waves include the quasilinear fea-
tures of f2+0 and f2−0, which arise from couplings be-
tween quadrupolar and quasiradial oscillations, and a
fully nonlinear feature, fspiral, which corresponds to a
transient spiral deformation.

For Softer EoSs which tend to promptly collapse, Fig-
ure 2 suggests less defined spectral features [4]. Such
features could be interpreted to have frequency modes
associated with an immediate transition to frequencies
associated with a prompt collapse or a combination of
black hole ringdown quasinormal modes (QNMs). This
leads to a classification scheme of the postmerger gravi-
tational wave emission depending on the nuclear EoS and
the mass of the binary [5]. The relationship between the
peak frequency and secondary frequencies, as well as the
features observed in the spectrum between them, can of-
fer insights into the remnant’s lifespan and its potential
evolution towards black hole formation.

II. MOTIVATIONS

This research project aimed to investigate the influ-
ence of the EoS governing high-density nuclear matter
on the remnants of BNS mergers. Specifically, we sought
to categorize long-lived neutron stars from those that ul-
timately collapse into black holes. To achieve this, we
focused on the ringdown phase of the merger through
analyzing the underlying physics to distinguish between
black hole and neutron star collapse signatures.
It is generally understood that the dominant and sub-

dominant frequency modes can be well identified theoret-
ically in simulations for a long-lived remnant. However,
it is not necessarily clear if future detectors like CE will
be able to distinguish these modes in postmerger. Addi-
tionally, for the promptly collapsing case, it is uncertain
whether they are QNMs or modes associated with the
collapse of the star, such as the quadrupolar with quasir-
adial coupling mode, f2+0. This uncertainty presents
a significant motivation for our work. By studying the
spectral features of the ringdown phase, we aim to bet-
ter understand the physical distinctions between black
holes and neutron star collapse, the significance of spec-
tral frequency ”bumps,” and the information encoded in
the gap between them. This will ultimately contribute
to refining current methods for distinguishing remnant
types and the remnant outcomes of BNS mergers based
on the spectral features of the signals.
Another objective was to address the current limita-

tions of gravitational wave detectors in capturing the
postmerger phase of BNS mergers. Given these limita-
tions, we sought to reconstruct the effective spectra of
these remnants to assess the feasibility of future detec-
tors with enhanced sensitivity in detecting and charac-
terizing them. This data-driven approach would provide
valuable insights into the feasibility of using gravitational
wave observations, particularly for future detectors, to
distinguish between black hole and neutron star collapse
signatures and the properties of the high-density nuclear
matter.

III. METHODS

Due to the inherent complexity of the postmerger sig-
nal, our analysis utilized the morphology-agnostic data
analysis algorithm BayesWave to examine the frequen-
cies and amplitudes of these modes. BayesWave is a
data-driven algorithm that employs wavelets for signal
reconstruction. In this project, we chose sine-Gaussian
wavelets for their flexibility in reconstructing the post-
merger signal from raw gravitational wave data. We
specifically used BayesWave CPP, a newer and more effi-
cient update of BayesWave, which is well-suited for diag-
nosing potential issues and delivering robust results [6].
A distinguishing feature of this analysis is its model-

agnostic approach. Unlike studies that rely on spe-
cific waveform models, this research allows for arbitrary
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wavelet shapes, providing greater flexibility in capturing
the complex dynamics of binary neutron star mergers.
By replacing predetermined waveform models and pri-
ors, this analysis ensures that the data in the form of
gravitational wave strain, remains independent and un-
constrained by theoretical assumptions. This agnostic
framework enables the sine-Gaussian wavelets to adapt
freely to the observed signal, without being restricted to
specific frequency relationships or configurations. Conse-
quently, this method demonstrates its robustness in fit-
ting a wide range of potential gravitational waveforms.

In the frequency domain, the peak’s width exhibits an
inverse relationship with the corresponding mode’s du-
ration. Therefore, short-lived modes have broad peaks,
potentially leading to challenges in the analysis for their
identification and separation from other components
within the spectrum.

Since BNS mergers are rare events presenting conse-
quent limitations in observational data, Bayesian statis-
tics offer a powerful approach to address this limitation.
We employ Bayesian inference to reconstruct the signal
parameters, such as frequencies and amplitudes of the
overlapping modes from the observed gravitational wave
data. Unlike traditional frequentist methods, Bayesian
inference allows us to incorporate prior knowledge about
the system. The components utilized for the analysis are
the same ones needed to work out Bayes theorem. Its
mathematical framework enables us to quantify the tar-
geted probability, which is defined as

P (h|d) = P (d|h) · P (h)

P (d)
(1)

where we aimed to estimate the posterior of the signal
parameters, P (h|d), to compare the reconstructed signal
parameters from its distribution to numerical relativity
simulations at the Cosmic Explorer (CE) sensitivity. The
likelihood function, P (d|h), represents the probability of
obtaining the observed data, d, given the specific sig-
nal parameters, h [7] . Additionally, the evidence, P (d),
serves as a normalization factor. By applying Bayes’ the-
orem, we can invert this likelihood to estimate the poste-
rior probability of the signal parameters given the data.
To ensure a flexible and comprehensive reconstruction,
we adopt a broad prior distribution for the signal param-
eters. In our case, sine-Gaussian wavelets serve as the
prior model. The likelihood function is calculated using
a simulated signal and the detector’s sensitivity model.

To simulate the conditions expected in the next-
generation CE observatory, the injected signals were de-
signed with a prior incorporating realistic noise charac-
teristics. The longer arms of the detector, compared to
LIGO’s 4 km, will enhance its sensitivity. This is ex-
pected to enable the detection of BNS postmerger events
with precision. For our simulations, we used the 20 km
CE model to provide an estimate of its potential perfor-
mance.

Figure 3 visually represents the Bayesian inference

FIG. 3. A diagram reproduced from [6] showcasing the work-
flow of BayesWave. It involves data preprocessing, initial pa-
rameter estimation, and iterative updates using the blocked
Gibbs sampler, which includes four independent samplers
for wavelet, extrinsic, noise, and CBC parameters. When
the Gibbs sampler is initialized, the independent samplers,
wavelet RJMCMC, extrinsic MCMC, noise RJMCMC, and
CBC MCMC iteratively update the corresponding parame-
ters, refining the signal reconstruction.

workflow implemented in BayesWave, showcasing the
way that the algorithm iteratively updates parameters
that are related to wavelet modelling, extrinsic parame-
ters, noise modelling, and the BNS merger parameters,
also referred to as Compact Binary Coalescence (CBC).
Therefore, implementing sine-Gaussian wavelets through
BayesWave for signal reconstruction offers a refined op-
portunity to delve deeper into the complexities of the
postmerger phase, which will provide a better under-
standing of the physical processes governing the remnants
of BNS mergers.

IV. RESULTS

In this section, we present the outcomes of our com-
parative analysis of potential BNS merger remnants. Our
investigation focuses on two primary models, which are
long-lived remnants that are supported by a stiff EoS
and promptly collapsing remnants, which result from a
softer EoS. We explore the gravitational wave signatures
produced by these distinct scenarios and assess the capa-
bilities of BayesWave CPP in reconstructing such signals.
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A. Long-lived and Prompt Collapse Models

A comparison between the two main types of poten-
tial BNS merger remnants was shown. For the long-
lived stiff EoS model, it exhibits characteristics that align
with the sustained presence of an oscillating neutron star.
Therefore, a good analytic model for demonstrating such
behaviour would be the exponentially damped sinusoids
model where the peak frequency, fpeak, is changing while
assuming all other frequencies of the model to be con-
stant in time, the model is as follows

h+(t) = Apeak e

(
− t

τpeak

)
· sin(ϕpeak(t))

+Aspiral e

(
− t

τspiral

)
· sin (2πfspiral · t+ ϕspiral)

+A2−0 e

(
− t

τ2−0

)
· sin (2πf2−0 · t+ ϕ2−0)

+A2+0 e

(
− t

τ2+0

)
· sin (2πf2+0 · t+ ϕ2+0)

(2)
where the fpeak component’s phase ϕpeak(t) is

ϕpeak(t) =

{
2π

(
fpeak,0 +

ζdrift

2 t
)
t+ ϕpeak, for t ≤ t∗

2πfpeak(t∗)(t− t∗) + ϕpeak(t∗). for t > t∗
(3)

where ζdrift is the rate at which fpeak of the gravitational
wave signal changes as the remnant evolves, and t∗ is the
time at which the change of fpeak becomes constant. For
this work, to show the change in the strain as a func-
tion of time showcasing the spectra of a long-lived neu-
tron star remnant, all the dominant and subdominant
frequency modes were set to be in kHz, t∗ = 0.2 ms,
ζdrift = 0.5 for a positively increasing rate of change of
fpeak, and the ϕpeak(t) is assumed to be equal to zero for
simplification.

The promptly collapsing model that results from a
softer EoS exhibits features that immediately transition
to frequencies associated with a black hole ringdown. The
equation for the ringdown signal, which is expressed as a
complex exponential function models the ringdown phase
of gravitational waves emitted by a black hole after the
merger. The equation is as follows

hR(t) = hR
+(t)− ihR

×(t) =
∑
lmn

Almne
−i[ωlmn(t−t0)−ϕlmn]

(4)

where t ≥ t0 and Almn represents the amplitude, Φlmn

to be the phase, and t0 to be the start time of the ring-
down.

To visually compare the two distinct models, we
plotted the SXS0305 simulation, representing the ring-
down waveform of the first gravitational wave detection,
GW150914, against the damped sinusoids model. The

FIG. 4. Comparison of ringdown and damped sinusoids mod-
els. Both models are plotted at a BNS postmerger ampli-
tude. The blue waveform represents the SXS0305 simula-
tion of the ringdown from the first gravitational wave detec-
tion, GW150914. The red waveform illustrates the damped
sinusoids model typical of a long-lived neutron star remnant.
The comparison shows that the ringdown signal decays more
rapidly than the damped sinusoids, indicating a quicker tran-
sition to a black hole in the ringdown scenario.

comparison was made by scaling the amplitudes so they
are the same at the start, with both models adjusted to
match the amplitude of a BNS postmerger, as illustrated
in Figure 4.

B. Signal Reconstructions Using BayesWave CPP

To assess the ability of BayesWave CPP to reconstruct
the postmerger signals from BNS mergers, a series of sim-
ulation injections were conducted. These injections were
inferred by numerical relativity simulations and were in-
jected into BayesWave to incorporate realistic noise char-
acteristics, using the 20 km CE model amplitude spectral
density (ASD) up to 8 kHz. Additionally, other priors,
such as an event distance of 40 Mpc, similar to the first
BNS merger detected, GW170817, alongside a maximum
frequency of 4000 Hz and the extrinsic parameters were
fixed to the injected values.

To reconstruct the signals, BayesWave first converted
the simulated data for the injected signal into a form that
could be processed for our analysis. Then, Markov Chain
Monte Carlo (MCMC) sampling was employed within the
BayesWave main module to construct the posterior dis-
tribution, which represents the reconstructed signal. The
MCMC sampling process iteratively updates parameters
related to the sine-Gaussian wavelet modeling, the ex-
trinsic parameters, the noise model, and the parameters
of the merger.

Finally, BayesWave post was executed to generate
plots comparing the injections to the reconstructions and
to perform a diagnostic review. Reconstructions were
conducted for two distinct EoSs, DD2, a stiff EoS that
supports long-lived remnants, and MPA1, a softer EoS
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FIG. 5. Time and frequency domains signal injections in
red, and reconstructions in blue, for the stiff DD2 EoS, a
delayed collapse simulation with a total mass of 2.4 M⊙. The
results demonstrate that BayesWave CPP effectively recon-
structs the injected signals at CE sensitivity, particularly for
the frequency modes associated with a long-lived neutron star
remnant.

leading to promptly collapsing remnants for higher to-
tal masses. A maximum of 14 wavelets was used in the
BayesWave runs to ensure computational efficiency while
maintaining adequate signal representation.

To achieve a systematic approach to comparing the
outcomes of the runs, the mass ratio was constant, while
varying the total mass as it is the variable that primar-
ily controls whether a particular configuration will col-
lapse into a black hole or not. The DD2 and the MPA1
EoS reconstructions in the time and frequency domains
are shown in Figures 5 and 6. The results demonstrate
that BayesWave CPP effectively reconstructs the injected
signals at CE sensitivity. This suggests that the soft-
ware is well-suited for analyzing data from future next-
generation gravitational wave detectors.

Multiple things can be understood about the peak and
secondary frequency modes by looking at the varying be-
haviour of the modes for the simulations. Firstly, the
higher the total mass, the harder it becomes to identify
fpeak as other secondary frequency modes become more
excited. Secondly, since the DD2 simulation sustains
a long-lived remnant, the decay time of the secondary
modes takes approximately 5-6 milliseconds.

FIG. 6. Time and frequency domains signal injections in red,
and reconstructions in blue, for the softer MPA1 EoS, a simu-
lation reaching prompt collapse with a total mass of 3.14 M⊙.
The results demonstrate that BayesWave CPP effectively re-
constructs the injected signals at CE sensitivity, particularly
for the frequency modes where the remnant is substantially
close to a prompt collapse.

FIG. 7. A series of MPA1 EoS simulations reveal a critical
threshold for prompt collapse, with a noticeable change in
behaviour occurring around the 3.15M⊙ simulation in orange.
This means that BNS systems with total masses that exceed
this threshold are likely to undergo a rapid collapse directly
into a black hole.

C. Identifying QNMs for Prompt Collapse

As shown in Figure 7, the MPA1 EoS simulations led
to a prompt collapse transition at a higher total mass at
approximately 3.15 M⊙. Consequently, all simulations
with higher masses were expected to undergo a ringdown
phase. To estimate the ringdown frequencies for these
promptly collapsing simulations, we analyzed the black
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FIG. 8. The evolution of remnant black hole spin and mass
with time for promptly collapsing MPA1 simulations is shown,
starting from the 3.14 M⊙ configuration in blue. This simu-
lation stands out as the last to produce a long-lived remnant
before transitioning to a black hole. The mass plot reveals a
correlation between the remnant’s final mass and the collapse
time, with lower-mass remnants tending to collapse later. The
spin plot shows that prompt collapse simulations typically re-
sult in black holes with spins of approximately 0.78.

hole remnant spin and mass data. Figure 8 illustrates
the evolution of spin and mass with time, starting from
the 3.14 M⊙ simulation.
Analysis of the mass plot reveals a correlation between

the mass of the black hole remnant and the collapse time,
where the remnants lower in mass tend to collapse later.
For the spin plot, the prompt collapse simulations have
spins of nearly 0.78. While typical spin values for black
hole mergers are around 0.7, BNS remnants often have
higher spins, approximately at 0.78. This suggests that
the type of the merging objects, black holes or neutron
stars, influences the final spin of the remnant object. As
highlighted in both plots, the 3.14 M⊙ simulation stands
out as the last simulation to produce a long-lived remnant
before transitioning to a black hole.

To calculate the fundamental QNM frequency tone of
the ringdown, which corresponds to the simplest and low-
est frequency oscillation of the black hole and the first
overtone of the gravitational wave signal, we used the
following equation

frequency =
ω

2πMBH

GM⊙

c3
(5)

where ω is the real part of the angular frequency of

FIG. 9. The plots illustrate the injected signals in red, and the
reconstructions in blue, for the promptly collapsing 3.15 M⊙
and 3.2 M⊙ MPA1 simulations. The dashed pink lines rep-
resent the calculated fundamental QNM frequencies of 6017
Hz and 5997 Hz, respectively, along with their corresponding
Lorentzian distributions. Despite the presence of a prominent
bump in the reconstructed waveforms, the simulations did not
show a clear alignment with the predicted QNM distributions.
This suggests that the bump might instead be associated with
the f2+0 mode.

the fundamental QNM tone and MBH is the mass of the
black hole remnant.
To compare the calculated QNM frequency with the

spectral features of the injected and reconstructed sig-
nals, we first determine it as a Lorentzian distribution.
It included the amplitude, the real and the imaginary
parts of the fundamental tone, as defined by the follow-
ing equation

QNM =
A

γ − i(ω0 − ω)
(6)

The QNM frequencies and distributions were plotted
for all the promptly collapsing reconstructions of the
MPA1 EoS. As shown in Figure 9, initially, the QNM
distribution appears to be close to the bump in the re-
construction, suggesting a potential overlap and confirm-
ing the feasibility of detecting QNMs from BNS mergers.
However, since none of the simulations resulted in these
two bumps aligning, it is likely that the bump recon-
structed by BayesWave at CE sensitivity does not cor-
respond to a QNM. Instead, it might represent the f2+0

mode, which typically appears at higher frequencies in
the spectral plot.
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FIG. 10. The plots compare Tukey windows with varying
sizes, 150, 100, and 50, applied to the 3.2 M⊙ simulation,
shown in green, orange, and purple, respectively, against the
injection in red, and the unwindowed reconstruction in blue.
In the 3.15 M⊙ simulation, negative Tukey sizes were also
used to detect any power from the ringdown phase. Both plots
indicate that windowing had minimal effect on reconstructing
the high-frequency bump or recovering the ringdown power.

This finding indicates that the f2+0 mode is well-
detected at CE sensitivity levels, which is a substantial
part of the postmerger when the configuration is near to
collapse. The observed widening and shift of the bump
to higher frequencies align with the expected behaviour
of the f2+0 mode as the density increases for the same
EoS.

D. Windowing the Reconstructions

To facilitate a more comprehensive analysis of post-
merger waveforms, it is often beneficial to examine them
in the frequency domain. This approach allows for a
clearer identification of the characteristic features, such
as the peak and secondary frequency modes, leading to
a more coherent interpretation of the data.

When converting signals from the time domain to the
frequency domain using the Fourier transform, the choice
of the windowing function is important. This ensures
that the observed frequency modes and their evolution
represent the postmerger phase solely of the simulated
signal to provide a more accurate and focused analysis.

To investigate the impact of windowing on the recon-
struction of the high-frequency bump, Tukey windows
with varying sizes of 150, 100, and 50 data points were ap-

plied to the 3.2 M⊙ simulation. The numerical relativity
simulations have a duration of 1 second with a sampling
rate of 16,383 Hz. A Tukey window with a size of 50 data
points spans approximately 3.05 milliseconds around the
peak of the signal, while a size of 100 covers 6.1 millisec-
onds, and 150 covers 9.15 milliseconds. These windows
help smooth out the edges of the signal and reduce dis-
continuities, therefore mitigating the Gibbs phenomenon,
which causes oscillations and ripples near sharp transi-
tions in the reconstructed signals. Despite this, as shown
in Figure 10, windowing did not significantly improve the
reconstruction of the high-frequency bump in the case of
the MPA1 promptly collapsing simulations.
To further explore the potential contribution of the

ringdown to the observed signal, Tukey windows with
negative sizes were also employed. This approach effec-
tively shifts the window in time, allowing for the identifi-
cation of any power originating from the ringdown phase.
However, the results indicate that the ringdown does not
contribute substantially to the signal, even when using
negative windowing.
In the 3.15 M⊙ simulation, the ringdown was already

not well modelled without any windowing, suggesting
that windowing alone may not be sufficient to recover
the ringdown power in these simulations. This highlights
the need for more sophisticated techniques to accurately
capture the ringdown signal in BNS mergers.

V. CONCLUSIONS

This research project has demonstrated the effective-
ness of BayesWave CPP in reconstructing the numer-
ically simulated postmerger gravitational wave signals
from BNS mergers at the sensitivity level of the future
detector, CE. Through a series of simulations, we have
successfully inferred the key features of both long-lived
and promptly collapsing remnants.
For long-lived remnants, supported by the stiff DD2

EoS, the reconstructed signals demonstrated characteris-
tics consistent with a sustained oscillating neutron star.
The damped sinusoids model, with its evolving peak
frequency and constant secondary frequencies, provided
a suitable representation of these signals. Conversely,
the promptly collapsing remnants that resulted from the
softer nature of the MPA1 EoS at higher total masses,
transition directly to frequencies associated with black
hole ringdown. The ringdown signal, expressed as a com-
plex exponential function, accurately captures this be-
haviour.
A significant finding of this project is the detection of

the f2+0 mode at the sensitivity level of the CE 20 km
model, particularly near the collapse phase of the post-
merger. This observation suggests that the f2+0 mode is
a promising candidate for distinguishing between black
hole and neutron star remnants. However, our analysis
did not provide clear evidence for the detection of QNMs
at CE sensitivity, and the bump observed in the recon-
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structions could potentially be attributed to the f2+0

mode rather than a QNM.
Furthermore, we explored the impact of windowing

techniques on the reconstruction of the high-frequency
bump in the promptly collapsing simulations. Our results
indicate that windowing alone is not sufficient to recover
the ringdown power in these cases, suggesting the need
for more advanced methods to accurately capture the
ringdown signal. In summary, this research has provided
new insights into the capabilities of BayesWave CPP for
postmerger signal reconstruction and its promising po-
tential for gravitational wave observations to distinguish
between black hole and neutron star remnants in BNS
mergers.

VI. FUTURE PROSPECTS

Expanding the scope of the current analysis, to fur-
ther enhance the capabilities of BayesWave CPP for
postmerger signal reconstruction, several avenues can be
explored. Considering the potential limitations of the
sine-Gaussian wavelet model, particularly for the demon-
strated envelope shape in the reconstructions, exploring
alternative wavelets could provide a more suited model
for similar analyses. The damped sinusoids model may
serve as a good wavelet model for a smoother reconstruc-
tion. While possessing desirable properties, the damped
sinusoids model would require careful windowing to mit-
igate the Gibbs phenomenon in the Fourier transform
to avoid oscillations and ripples near sharp transitions.
By investigating various wavelet models, we can identify
those that better capture the evolving nature of post-
merger signals and enhance the overall accuracy of the
reconstruction.

Furthermore, increasing the maximum number of
wavelets used in BayesWave could potentially improve
the reconstruction quality. While this may increase com-
putational costs, it could lead to more precise represen-
tations of the postmerger signal, especially for complex
waveforms.
Another important consideration is testing the capa-

bilities of BayesWave to reconstruct the signals at the
40 km CE model instead of the 20 km one. Since CE is
frequency-dependent due to the phase shift of the passing
gravitational waves, introducing a frequency shift in the
data handed to BayesWave would be necessary to achieve
accurate results.
Finally, extending the analysis to include a wider

range of EoSs would provide a more comprehensive
understanding of the diversity of BNS merger remnants
and their associated gravitational wave signatures.
By exploring different EoSs, we can identify potential
correlations between them and the characteristics of the
reconstructed signals, further refining our understanding
of their underlying physics.
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