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We study the detectability of postmerger QCD phase transitions in neutron star binaries with next-
generation gravitational-wave detectors Cosmic Explorer and Einstein Telescope. We perform numerical
relativity simulations of neutron star mergers with equations of state that include a quark deconfinement

phase transition through either a Gibbs or Maxwell construction. These are followed by Bayesian

parameter estimation of the associated gravitational-wave signals using the NRPMw waveform model, with
priors inferred from the analysis of the inspiral signal. We assess the ability of the model to measure the
postmerger peak frequency fgeak and identify aspects that should be improved in the model. We show that,

even at postmerger signal to noise ratios as low as 10, the model can distinguish (at the 90% level) f5

peak

between binaries with and without a phase transition in most cases. Phase-transition induced deviations in

the f‘z’e‘%lk from the predictions of equation-of-state insensitive relations can also be detected if they exceed
1.60. Our results suggest that next-generation gravitational wave detectors can measure phase transition
effects in binary neutron star mergers. However, unless the phase transition is “strong,” disentangling it
from other hadronic physics uncertainties will require significant theory improvements.

DOI: 10.1103/PhysRevD.109.103008

I. INTRODUCTION

The discoveries of the gravitational wave (GW) event
GW170817 [1] from a merger of two neutron stars, the
associated short gamma ray burst GRB170817A and the
optical transient AT2017gfo [2], revitalized the field of
multimessenger astronomy. It is now possible to probe
high-energy astrophysical phenomena through their GW
signatures in addition to electromagnetic radiation. The
emitted GW spectra from a merger of two neutron stars
spans a broad range of frequencies. GWs from an inspiral
(at frequencies <10° Hz) signal provide a wealth of
information about the intrinsic properties of a binary such
as its component masses and tidal deformabilities. On the
other hand, postmerger GW emission (at frequencies
>103 Hz) can inform us about the dynamically evolving
merger remnant. No postmerger signal from GW170817
was detected thereby leaving to speculation the fate of the
remnant. We encourage the reader to refer to Refs. [3,4] for
recent reviews.
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With the upcoming generation of GW detectors like the
Einstein Telescope (ET) [5,6] or the Cosmic Explorer (CE)
[7-10], it is expected that the postmerger phase of evolution
will be within reach of detector sensitivities [11,12]. This
would imply observational constraints on the physical
processes in neutron star mergers, particularly the ones
arising in the postmerger. The postmerger emission is
characterized by GWs emitted in the kilohertz regime from
the dynamically (O~ 1073 s) changing quadrupolar
moment of the merger remnant. Changes in the quadrupolar
moment depend strongly on the underlying equation of
state (EOS) which describes the thermodynamic equilib-
rium state of matter in the neutron star bulk. EOSs may
involve a multitude of physical processes like temperature
dependent effects [13—17], neutrino interactions and micro-
physics [18-36], appearance of hyperons [37,38], and high-
density phase transitions [15,37-55] which can leave
imprints on the postmerger emission. Additionally, mag-
netic fields and magnetohydrodynamic turbulence [56-60]

© 2024 American Physical Society
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may influence the postmerger emission by redistributing
the angular momentum in the remnant.

In recent years, there has been a significant
impetus in understanding the behavior of supranuclear
(>2.7 x 10" gecm™3) matter expected to be realized in
and around the core of heavy neutron stars, neutron star
merger remnants or core collapse supernovae. Processes
like a possible phase transition to deconfined quark matter
or the appearance of hyperons have garnered particular
interest in reference to binary neutron star (BNS) mergers
as they are expected to influence the postmerger GW
emission from a merger remnant which in turn can provide
excellent test beds for probing strongly interacting matter.
Modeling efforts in this direction typically involve com-
paring GW emission from a nucleonic EOS to that
computed from an EOS that has additional degrees of
freedom. In this regard, the works by Sekiguchi et al. [37]
and Radice et al. [38] explored the appearance of hyper-
ons in a BNS merger and reported on their effects on the
postmerger GW signal, i.e., a compactification of the
merger remnant leading to shorter postmerger signals as
compared to models without hyperons.

Most et al. [39,40] considered a first order phase
transition to deconfined quarks and obtained similar
results for the postmerger GW emission along with a
small dephasing. The works by Bauswein et al. [41,42]
identified large shifts (30—121 Hz) in the postmerger peak
frequency (which we call 5% in this work) of their quark

models as compared to their hadronic models. They

claimed that sufficiently large shifts in /5%, breaking

the degeneracy of EOS-insensitive relations, could be a
telltale sign of first order phase transitions. Extending this
work, Blacker et al. [43] attempted to constrain the onset
density of such phase transitions. In another work Blacker
et al. [15] disentangled and explored the thermodynamics
of deconfined quark matter with respect to BNS mergers.
Weih et al. [44] reported on double-peaked frequency
spectra as a signature of a delayed phase transition that
resulted in a metastable hypermassive neutron star
(HMNS). Studies by Prakash et al. [45] however, found
no smoking-gun evidences of GW signatures and
observed shifts in postmerger peak frequency that were
degenerate with other hadronic EOSs. They also com-
puted potential electromagnetic signatures of these phase
transitions. Liebling er al. [46] computed similar post-
merger GW signatures and observed changes in the
magnetic field topology in the bulk of the star. In contrast
to modeling first-order phase transitions, Refs. [47-49]

explored such deconfinement processes via a quark-

hadron crossover (QHC) by constraining the f5°* and

chirp frequencies. In this regard, Fujimoto et al. [50] have
compared GW signatures arising from a first-order phase
transition with those from a QHC and show the results
from the QHC scenario to be consistent with electromag-
netic counterparts observed from GW170817.

More recently, there have been efforts [51,52] to employ
the novel holographic V-QCD framework to construct
EOSs with a deconfinement phase transition and compute
their GW signals. Consistent with previous works, an early
collapse for softer EOSs is observed. Espino et al. [53], for
the first time, investigated multimodal signatures of decon-
finement phase transitions and reported on a weakening of
the one-armed spiral instability that increased with the
strength of the phase transition. Guo et al. [54] contrasted
the GW signatures between EOSs that modeled such
phase transitions via a Maxwell’s construction, a Gibb’s
construction and a QHC and showed that lower phase
transition densities lead to more compact remnants that
collapse into a black hole. In a parallel study, Haque et al.
[55] varied the onset density of the phase transition and
examined its impact on the postmerger GW frequency.

Both premerger (late inspiral) and postmerger phases of
a BNS evolution can provide useful information with
reference to phase transitions to deconfined quarks.
Extensive efforts by several groups have gone into model-
ing the postmerger GW emission [61-68]. Chatziioannou
et al. [69] and Wijngaarden et al. [70] employ model
independent inference via BayesWave to resconstruct the
postmerger signals while using NR calibrated compact
binary coalescence templates for the inspiral. While this
kind of a hybrid model-agnostic approach does indeed offer
more flexibility towards modeling particular waveform
morphologies as compared to analytical models, an absence
of a model implies no way for a likelihood computation and
hence a comparison using Bayes’ factors or odd’s ratios to
other approaches cannot be made. On the other hand, Easter
et al. [64] and Tsang et al. [66] employed damped
sinusoidal models to describe the postmerger emission.
Breschi et al. [67,68] constructed analytic models of
postmerger emission that were calibrated by numerical
relativity (NR) simulations. Subsequently, these models
were employed in Refs. [67,71,72] to potentially detect
EOS softening via the production of A hyperons. In
particular, Breschi et al. [71] recovered differences in
the postmerger peak frequency and remnant lifetimes to
constrain the said effects in a BNS merger. In yet another
recent work, Harada et al. [73] employ Bayesian model
selection to distinguish between models that respectively
include and exclude a smooth crossover to a deconfined
quark phase during the postmerger evolution.

To complement the above mentioned postmerger studies,
there have also been several efforts to constrain nuclear
properties of high-density matter using the late inspiral
phase of a binary merger [69,74—77]. In particular, Mondal
et al. [78] employed a phenomenological metamodeling
approach to the EOSs and constrained QCD phase tran-
sitions via measurements of tidal parameters. Essick ef al.
[77] constructed nonparametric representations of EOSs
and attempted to infer an onset of QCD phase transitions
from the EOS itself. Raithel et al. [76] have examined the
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impact of phase transition on an inference of tidal deform-
ability using inspiral GW signals and have found degen-
eracies between the EOS with phase transition and that with
hadrons while keeping the tidal deformability constant.
Raithel et al. [79] also present an interesting case of “tidal
deformability doppelgédngers” where they employ quark
EOSs with differences in pressure at nuclear saturation but
which predict tidal parameters consistent with that of
exclusively hadronic EOSs. Pang et al. [80] have computed
Bayes factors of binary mergers with and without a phase
transition while also considering the strength of phase
transitions as a parameter for Bayesian inference.

While most of the works discussed above remark that
such deconfinement phase transitions (and EOS softening
effects in general) are potentially detectable, the
Refs. [49,62,64,67,70-72,77,78,80] pave a concrete path
in defining an observational strategy to observe their effects
with kilohertz gravitational waves.

It has been shown from NR simulations of neutron star
binaries [46,61,81-87] that there exists a correlation
between the f5°* frequency of the postmerger and an
inspiral property of the binary, e.g., a suitable combination
of tidal parameters from the inspiral, the radius of a neutron
star of a fixed mass or the compactness of a neutron star.
Such relations are insensitive to the EOS and are also
referred to as quasiuniversal relations (QURs). Indeed, such
relations have been employed to construct analytical wave-
form models [67,68]. Several works [41,42] claim that a

violation of a universal relation between fgeak and the tidal
deformability of a 1.35M ; neutron star (A 35) can be taken
to be a smoking-gun evidence of QCD phase transitions.
Wijngaarden et al. [70] even demonstrate that Bayesian

error estimates for a joint detection of 2 and A at
sufficiently high signal-to-noise ratios (SNRs) can be
distinguished from the established QURs. At the same
time, Breschi ef al. in Ref. [72] perform a pre/postmerger
consistency test and show that a breaking of an EOS

insensitive relation between f5°** and tidal polarizability x7
to a given confidence level cannot be taken to be a
confident signature of the softening of the EOS. In this
work, we place our calculations in the context of previous
findings by applying error estimates from Bayesian infer-
ence to NR simulations.

We utilize Bayesian inference on the inspiral and
postmerger signals to recover estimates on tidal properties
and postmerger spectra, respectively. We then use these
estimates in reference to the universal relation by Breschi
et al. [68] to show a potential detectability of QCD phase
transitions at postmerger SNRs as low as 10. To this aim,
we employ composition-dependent, finite-temperature
EOSs describing the high-density behavior of strongly
interacting matter and compute the postmerger GW emis-
sion of a BNS merger remnant. We employ the frequency
domain waveform model NRPMw developed by Breschi
et al. [68] to recover the spectra of the said NR waveforms

assuming sensitivities of the next generation GW detec-
tors. This paper is organized as follows: in Sec. 1T A,
we describe the NR simulations used in this work. In
Sec. II B, we comment upon the procedure employed to
create postmerger injections from our NR dataset.
Following this in Sec. IIC, we briefly recapitulate the
methodology for Bayesian inference of parameters given
an analytic BNS waveform model. Finally in Sec. II D, we
describe two choices of priors employed in our work which
are respectively informed and agnostic of the inspiral
signal. We present our results in Sec. III where we classify
our (postmerger) parameter estimation (PE) analysis in two
categories with different choices of priors. Primarily in
Sec. IIT A, we take inspiral-informed Gaussian priors on
masses and tidal parameters for the postmerger.
Secondarily, we present a test case in Appendix A wherein
we assume broad priors for the postmerger model
NRPMw’s parameters and perform an inspiral-agnostic
PE. In Sec. III B, we repeat the postmerger analysis with
the CE detectors: the broad-band CE-40 and the narrow-
band postmerger optimized CE-20. In Sec. III C, we use an
NR informed EOS insensitive relation to probe phase
transitions at a given postmerger SNR. Finally, we con-
clude the paper in Sec. I'V. In the Appendices, we provide
results for all our simulations as well as a miscellany of
supplemental results. In Appendices A and B, we provide
results for the entire simulation dataset. Finally, in
Appendix C, we provide results from a flexible configu-
ration of the NRPMw model aimed at addressing some of the
biases encountered in recovering hadronic models.

II. METHODS

A. NR simulations

We summarize the NR simulations used in this work in
Table 1. Our dataset primarily consists of BNS merger
simulations with hadronic and quark EOSs presented in
Ref. [45]. We also perform merger simulations with two
additional EOSs DD2F [88,89] and DD2F-SF1 [41,90] to
include effects from different treatments of strongly inter-
acting matter. The mergers we consider produce remnants
that do not collapse promptly and result in a finite
postmerger GW signal (see Table I). We employ the
numerical infrastructure in Ref. [45] and references therein
for all our NR simulations. In particular, we solve the
equations of general relativistic hydrodynamics (GRHD) in
the 3+ 1 Valencia Formulation [91] using the publicly
available code WhiskyTHC [92-94]. We employ the CTGamma
[95,96] code available as part of the Einstein Toolkit [97] to
solve for the spacetime in the Z4c formulation [98,99] of
the Einstein’s equations. We use the WeylScal4 and Multipole
thorns to compute the spin s = —2 weighted spherical
harmonics of the Newman-Penrose scalar ¥,, from which
we extract the GW strain of the Z =2, m =2 mode.
Additionally, we employ a zeroth moment MO scheme [18]
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TABLE L

A summary of NR simulations employed in this work. The corresponding postmerger waveforms are used in the

construction of injections for the next generation GW detectors and for the subsequent Bayesian inference. EOS represents the equation
of state, m; and m, the gravitational masses of the binary (m; > m,), ¢ the mass ratio, A;s the tidal deformabilities and tgy the time of
black hole formation expressed relative to the time of merger f,er,. The acronym HMNS represents a hypermassive neutron star remnant

that does not collapse within the simulation timescale.

EOS my [Me) my (M) q Ay Ay BH — terg [MS]
BLh 1.298 1.298 1.0 701.901 701.901 HMNS
BLQ 1.298 1.298 1.0 701.901 701.901 15.95
BLh 1.481 1.257 1.178 295.467 856.064 HMNS
BLQ 1.481 1.257 1.178 295.467 856.064 3.54
BLh 1.398 1.198 1.167 435.735 1145.850 HMNS
BLQ 1.398 1.198 1.167 435.735 1145.850 17.2
BLh 1.363 1.363 1.0 515.379 515.379 HMNS
BLQ 1.363 1.363 1.0 515.379 515.379 4.1
DD2F 1.289 1.289 1.0 707.511 707.511 HMNS
DD2F-SF1 1.289 1.289 1.0 707.511 707.511 42.36

to solve for the neutrino energies and neutrino number
densities. We construct initial data assuming irrotational
binaries in quasicircular orbits using the pseudospectral
code Lorene [100]. The binaries are situated at an initial
separation of 45 km (30.47 M,). Finally, we employ the
Carpet [101,102] code for providing the adaptive mesh
refinement infrastructure.

To probe multiple possibilities in the high-density
regime of QCD, we take a selection of four finite-
temperature EOSs namely BLh [103,104], DD2F [88,89],
BLQ [45,71,105,106], and DD2F-SF1 [41,90]. For these
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FIG. 1.

EOSs, the pressure-density curves at 0 temperature are
shown in Fig. 1. Of these, the BLh and DD2F EOSs
contain only nucleonic degrees of freedom whereas the
BLQ and DD2F-SF1 EOSs implement a first order phase
transition to deconfined quark matter while having the
same low-density behavior as the BLh and DD2F EOSs,
respectively. The BLQ EOS employs a Gibbs construction
to combine the hadronic and quark phases resulting in a
mixed phase of deconfined quarks and hadrons. There is a
gradual increase in the percentage of deconfined quarks
with nonzero temperatures and densities =3p,,. where
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Pressure-density curves for the T = 0 (zero temperature) slice of the EOSs used in this work. BLh and DD2F EOSs contain

only nucleonic degrees of freedom whereas BLQ and DD2F-SF1 also include a prescription for a first-order phase transition to

deconfined quarks. Such a phase transition leads to a loss of pressure at high densities p ~ 105 gcm™.

3
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Proue = 2.7 x 10" g cm™ is the nuclear saturation density.
The DD2F-SF1 EOS on the other hand employs a
Maxwell construction that allows for a less gradual
transition to the deconfined quark phase as compared
to the BLQ EOS.

As previously found in Bauswein et al. [41], the BNS
models evolved with the DD2F-SF family of EOSs display
large deviations from the EOS insensitive relation between
the postmerger peak frequency f° geak and tidal deformability
A. On the other hand, models with the BLQ EOS [45]
predict postmerger peak frequencies that are within range
of those spanned by hadronic EOSs and obey the £ — 7
relation obtained in Ref. [67] where Kg is the tidal polar-
izability defined in the same reference. It is important to
emphasize that the EOS insensitive relation obtained and
the simulation setup employed in Ref. [41] is not the same
as the one used in Ref. [67]. Therefore, for consistent
comparison, we performed simulations with the DD2F-SF1
EOS with our GRHD infrastructure and find that models
with this EOS also display large deviations with the /5% —
«} relation. We also note that the simulations presented in
our work are computed in full general relativity (GR)
whereas the ones from Bauswein et al. [41] consider a
conformal flatness condition to solve for the Einstein’s
equations.

Additionally, we consider unequal mass mergers for the
BLh and BLQ EOSs to account for the impact of mass
ratios. With this diversity in the choice of EOSs and the
masses of BNS mergers, our study provides reasonable
estimates of the GW detectability of QCD phase transitions
in BNS mergers. In addition to that, we would like to
remark here that even though the waveform model NRPMw
is trained on a large number of NR simulations spanning 21
EOSs, simulations with DD2F and DD2F-SF1 EOSs have
not been utilized for training the model and therefore
validate the model’s performance.

B. Injection settings

In this section, we describe the procedure for construct-
ing postmerger injections from our NR simulations for a
Bayesian inference study. In particular, we scale the GW
strain obtained from NR simulations and introduce it in a
data stream which serves to simulate the incoming GW in a
detector. To compute the £ =2, m =2 GW strain output
from the NR simulations, we first evaluate the Newman-
Penrose scalar W, on coordinate spheres in a multipolar
spherical harmonic basis. This scalar (for the £ = 2, m = 2
mode) is then integrated twice in time using fixed fre-
quency integration [107] to obtain the quadrupolar strain
h., and h,. Fixed frequency integration also helps remove
secular drifts in the strain amplitude that may arise because
of direct integration of ¥,.

We define the time of merger 7, as the time when
the GW amplitude of the £ =2, m =2 mode, i.e.,

(k% + h2)'/? is maximum. We construct the injections
by considering only the postmerger portion of the NR
waveform starting from 7., up until the termination of the
waveform. For the remnants that collapse into a black hole
(BH), we define a time of BH formation fgy (Table I) as the
time when the minimum value of the lapse function in the
computational grid drops below 0.2, which approximately
corresponds to the formation of an apparent horizon for
remnants resulting from a merger of nonspinning binaries.
This definition of the collapse of a remnant has been
motivated from Ref. [108] and employed in works like
[45,105,109]. We extract the postmerger signal (7 > 7yero)
by employing a Tukey window [110] available as part of
the SciPy library. In particular, we use a windowing ansatz w
of the form

0 if 1t <t
w(t, to, t,8) = < 7(¢,8) if tE€[ty, 1], (1)
0 if 1> 1

where 7 denotes the standard Tukey window of width
|t; — to| and a shape parameter & that controls the fraction
of the window inside the tapered region. Furthermore, we
spline interpolate the waveforms to a sampling rate of
16,384 Hz and zero pad them to a signal segment of 1 s, as
shown in Fig. 2. To systematically disentangle the effects
of QCD phase transitions on the GW strain from the
effects of detector noise, we construct noiseless injections.
The posteriors on model parameters recovered in such
a noiseless configuration approximate the average over
those recovered from multiple Gaussian noise realizations.

x10~22
T I T T T
o —
1 —
=
<0 -
il
II
::
—1F : ]
: —— Full Waveform
1 —— Tukey Window
ol | i | Postmerger Waveform—|
5 0 5 10 15 20

t — tmerg [MS]

FIG. 2. Extraction of the postmerger waveform from an NR
waveform by applying a Tukey window. This windowed wave-
form upon spline interpolation and zero padding is then injected
in a noiseless configuration of the ET/CE detectors for parameter
estimation using NRPMw.
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Finally, we scale the waveforms by a factor of the inverse
luminosity distance D;! and the spin s = —2 weighted
spherical harmonics _,Y,,(t =0,y = 0) for a face-on
configuration to consistently maintain a postmerger SNR
of 10 in the ET detector network or in the CE-20 detector.
This corresponds to placing each BNS system at different
luminosity distances with respect to the detector as
described in Tables IV and V.

C. Parameter estimation

For our postmerger PE analysis, we employ the
nested sampler UlwaNest [111] included as part of the
BAJES code [112]. Our configuration employs 5 x 103 live
points and a maximum of 5x 10* iterations for the
Monte Carlo sampler. We choose a Gaussian-noise like-
lihood [113] defined as

log (£(d|6)) = ——Zlog (27S;)
_Ez@-ﬂ(and}-—u(e», (2)

where the summation index j runs over the three arms in
the case of the ET detector, S; denotes the power spectral
density (PSD) of the corresponding detector, (@) is the
NRPMw model evaluated for the parameter set 8, and d
represents the data stream of the injection. In the case of
the CE detector, we fix j to correspond to the narrow-band
20 km postmerger optimized configuration. The inner
product (.|.) between two signals say a(f) and b(f) in the
frequency domain is given by

(bt = are [ LD

The PSDs for the ET and the CE detectors employed by us
are the same as those used in Refs. [10-12]. We take f,,
and f .« to be 1024 and 8192 Hz, respectively, to include
the postmerger domain of the signal.

We take d; to denote the data stream in each arm of the
detector, i.e., d; = s; + n;, where s; and n;, respectively,
denote the signal and noise in the detector. For noiseless
injections, d; is given exclusively by the signal projected
onto the individual detectors, i.e.,

f.  (3)

d;(f) =F;., (RA..DEC..y)h. (f)

+F} (RA., DEC..y)h,(f). (4)

where F;., and F;,, denote the antenna pattern functions
of the jth arm of the ET detector (or a CE-20 detector)
and R.A., DEC.,, and yw denote the right ascension,
declination, and the polarization angle of the binary,

respectively. The injected signal corresponds to the strain
from NR simulations.

The joint posterior distribution function (PDF) of the
posterior samples corresponding to the parameters of the
NRPMw model is given by the Bayes’ theorem as

£(d|0)x(0)

plld) = =27, 5)

where Z denotes the marginalized likelihood or the
evidence for the data stream and z(6) denotes the prior
PDFs for the model parameters. Finally, to compute the
individual posteriors (¢;) of the model parameters, we
marginalize the joint PDF over the corresponding param-
eters to obtain

p(6:|d) = / (Hd9k> )d). (6)

k#i

In the NRPMw model presented in Breschi et al. [68], the
postmerger frequency parameter f, is decided by a fit to an
EOS insensitive relation (see Table I of Ref. [68]) with K2T
and accounted for deviations by using the recalibration
parameter §f,. In this work, we will assume f, to be an
unconstrained parameter over which we can sample in a
Bayesian framework. In other words, this means migrating
f» from the set of O to O, Where Oy and Oy, are,
respectively, the sets of fitted parameters and free param-
eters for NRPMw, as defined in Ref. [68]. The motivation
behind making f, unconstrained lies in the fact that we do
not want our results to be informed in any way by the
f2 — &} relation. Throughout this work, we will refer to the

global maxima in the reconstructed postmerger spectra as

b3 o avoid confusion with the f, parameter of the

NRPMw model, which is a carrier frequency evolving
linearly with time. We would like to stress that even though

b4 and f, are close numerically, they are not the same

quantity. f2°* is a property of the reconstructed spectra
whereas f, is a parameter of the NRPMw model. Posteriors

on 5 are computed from the global postmerger maxima
of the reconstructed signal that in turn depends on f, and

other parameters. In a nutshell, f5°* is influenced by the
choice of f, but not the other way around. Throughout this
work, we will refer to this updated model with the
unconstrained f, parameter as NRPMw. For comparison,
we have also presented calculations in Sec. III C with the
original model of Breschi et al. [68] where f, is constrained
by I and we call this model as NRPMw_vi. Finally, to
explore a more flexible configuration of the model, we
unconstrain not only f, but also f, which is the parameter
for radial oscillation modes. We refer to this version of the
model as NRPMw_v2 and describe it in Appendix C.
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D. Priors

With the advent of the next generation of GW detectors,
it is expected for binaries that are loud enough that their
postmergers can be detected, masses and tidal deform-
abilities will be measured accurately from the inspiral
[11,12]. Therefore, the most accurate PE would result
from an analysis of the full signal, i.e., inspiral and
postmerger. However, performing Bayesian inference
on the full signal is computationally expensive. In this
work, we therefore adopt a two-fold approach in the sense
that we analyze the inspiral and postmerger signals using
separate inference codes. From the inspiral inference, we
compute posteriors on total gravitational mass M, mass

TABLE II.  Prior ranges for the parameters of the NkPMw model
as well as the extrinsic and intrinsic parameters in an inspiral
agnostic setting. In particular, the priors on M and g have been set
in accordance to Ref. [114] so as to maintain a uniform
distribution in m; and m,.

Parameter Min Max Type
M M) 1 6 Reference [114]
q 1 2 Reference [114]
71 -0.2 0.2 Aligned spin
e -0.2 0.2 Aligned spin
Ay 0 4000 Uniform
Ay 0 4000 Uniform
R.A. 0 2n Uniform
DEC. —n/2 z/2 Cosinusoidal
cos1 -1 1 Uniform
174 0 b4 Uniform
D; [Mpc] 5 500 Volumetric
teon/ M 1 3000 Uniform
M ey -107* 10~ Uniform
$pm 0 27 Uniform
f> [kHz] 1.5 5 Uniform
— . —0
5(Mf) 1 2 Gaussian’_ 140
S(Mf g /) -0.2 0.2 Gaussian’£8026
E(Amrg/M) -0.2 0.2 Gaussian’;zgm 3
8(M /1) -0.5 0.5 Gaussian’;igo92
5(Ay/M) -1 4 Gaussian’'=) .,
— . =0
5(A/M) 1 2 Gaussian’_ |5,
5(Ay/M) -1 2 Gaussian”—) o
_ . -0
5(A3/M) 1 2 Gaussian’_;
S(M*Im(agy)/v) —4 4 Gaussian*=) .
S(MRe(Bpeax)) -1 2 Gaussian"=) ,,
5(MAy,) -1 4 Gaussian*=) .,
5(MTyy,) -1 4 Gaussian’=) o,

ratio ¢, and the tidal deformabilities A;s, all of which for
loud signals are Gaussians to a good approximation.
Following this in a separate inference for the postmerger,
we constrain the prior bounds of the postmerger model by
supplying the Gaussian priors thus obtained. We refer the
reader to Sec. II D 1 for the detailed procedure to compute
these priors.

On the other hand, in Sec. II D 2, we describe a choice of
priors that are broad and independent of the inspiral signal.
We have summarized the two choices of priors in Tables II
and III.

TABLE III. Prior ranges for the parameters of the NRPMw
model, the extrinsic and intrinsic parameters in an inspiral
informed setting. We constrain priors on M, g, A;, and A, from
the inspiral signal. In this table, we show details for the prior
distribution employed for the 1.398M, — 1.198M, binary with
the BLh EOS. The type of priors remains the same for all models
in our work.

Parameter Min Max Type

M [M,] 2.641 2.652 Gaussian=25%
q L.11 1.22 Gaussian’giézg
X1 -0.2 0.2 Aligned spin
X2 -0.2 0.2 Aligned spin
A 36394 55970 Gaussian~H32
A, 103017 120371 Gaussian'~}12:!
R.A. 0 2n Uniform
DEC. -/2 z/2 Cosinusoidal
cost -1 1 Uniform

174 0 b4 Uniform
D; [Mpc] 5 500 Volumetric
teon/ M 1 3000 Uniform

M e —107* 1074 Uniform
$rm 0 27 Uniform

f> [kHz] 1.5 5 Uniform
8(Mf) -1 2 Gaussian=) .,
(M f g /V) -0.2 0.2 Gaussian’;_j))_o26
S(Amig/ M) =02 0.2 Gaussian*=) ¢
8(M/1,) =05 0.5 Gaussian’=) o,
8(Ay/M) -1 4 Gaussian=)
5(A/M) -1 2 Gaussian”—) |5,
5(Ay/M) -1 2 Gaussian®=) s
5(A3/M) -1 2 Gaussian’;zg269
S(M*Im(ags)/v) —4 4 Gaussian’:;8_751
S(MRe(Ppear)) -1 2 Gaussian”=) ,,
8(MAy,) -1 4 Gaussian=) .,
6(MTsy,) -1 4 Gaussian=) o,
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TABLEIV. A summary of the properties of postmerger injections corresponding to the NR simulations reported in Table I. In this table
we present these properties for the choice of priors that is informed by the inspiral signal as described in Sec. III A. In particular, GW
model represents the specific configuration of the NRPMw model utilized for the recovery. We us the NRPMw model in three
configurations namely, NRPMw, where the f, parameter is unconstrained by the f, — k! relation, NRPMw_v1 where the f, parameter is
constrained by the quasiuniversal relation, and the most flexible NkPMw_v2 configuration where both f, and f, are unconstrained from

their respective quasiuniversal relations. Detector is the GW datector used for the recovery of postmerger injections, fgff;;ected and

peak
2;Recovere

4 are, respectively, the injected and recovered postmerger peak frequencies and D, is the luminosity distance of the binary from

the detector. In the last two columns, we report the postmerger signal to noise ratios of the injected and recovered signals.

Index EOS m; [Mg] my[Mg] GW Model Detector fgii];wed [kHz] [kHz] Dy [Mpc]  Pinjecied  Precovered
1 BLh 1298 1.298 NRPMw ET 2.804 2.84210041 89.049 10 8734 %
2 BLQ 1298 1.298 NRPMw ET 2.927 2.92419018 93.474 10 8611110
3 BLh 1481 1.257 NRPMw ET 2.962 2.94819016 97.503 10 8.667])
4 BLQ 1481 1257 NRPMw ET 3.143 3.1451030  83.434 10 87542
5 BLh 1.398 1.198 NRPMw ET 2.758 2.8251 0082 87.027 10 7.824093
6 BLQ 1398 1.198  NRPMw ET 2.955 2.957+9%2  87.500 10 87544
7 BLh 1363 1363 NRPMw ET 3.074 3.0551003  97.282 10 797+
8 BLQ 1363 1363 NRPMw ET 3.197 32687000 78.449 10 8.60133
9 DD2F 1289 1.289 NRPMw ET 2.889 29161002 93.284 10 8567143
10 DD2F-SFI 1289 1289  NRPMw ET 3.354 328410213 78247 10 8532
11 DD2F-SFI 1289  1.289 NRPMw ET 3.354 332510096 52,165 15 12341y
12 DD2F 1289 1289  NrRemw  CE-20 2.888 291610025 118467 10 8597112
13 DD2F-SFI 1289 1289  ~Nremw  CE-20 3375 32761021 89.078 10 848113
14 DD2F-SFI 1289 1289  NRPMwwvl  ET 3.354 3.24310066 78247 10 84012
15 BLQ 1298 1.298  NRPMw_vl ET 2.927 2.924+0016  93.474 10 855143
16 BLh 1298 1298  ~NrPMw.v2  ET 2.804 2.83410033  89.049 10 8.607 43

1. Inspiral informed priors

Since the NR waveforms simulate only the last few orbits
before merger and for a reliable estimate of masses and tidal
parameters we require a longer inspiral data stream, we
employ the TaylorF2 waveform model [115-121] to simulate
the inspiral signal targeted at the parameters of the binaries
listed in Table IV. The inspiraling binaries are assumed to
be nonspinning and situated at the most optimal sky
location corresponding to the detectors (either ET or CE).

We perform a self-consistent injection recovery with the
TaylorF2 waveform model in the ET (or CE-40) noise
configuration and compute posteriors on the chirp mass
M., tidal deformability A as defined in Ref. [122], mass
ratio ¢, individual tidal parameters A;s and the total mass M
for all the hadronic models listed in Table IV. For this
purpose, we employ the publicly available Bilby framework
[123-125] that utilizes relative binning [126,127] for the
computation of posteriors.

In Fig. 3, we show the posterior PDFs from the self-
consistent injection recovery of the TaylorF2 model targeted
to simulate a long inspiral of the 1.398M — 1.198M
binary with the BLh EOS. We see that the chirp mass M. is

extremely well measured with a standard deviation of
6.77 x 107"M . The posterior PDFs for the tidal param-
eters A;s are refined by recomputing them via the universal
relations presented in [128] by taking the M, g, Ay, and A,
inspiral posteriors as inputs. This could be a potential
source of systematic errors which we have underestimated
given the uncertainties in these relations as pointed out in
Ref. [129]. For comparison, we have presented the poste-
riors on A;s which have been obtained directly from the
inspiral PE (not refined by the universal relations) and those
which have been refined by the universal relations from
[128] in Fig. 4. We note that this being an asymmetric
merger (¢ # 1), we have an accurate determination of ¢ and
consequently A; and A,. For an equal-mass merger, the
injected value of ¢ = 1, lies on the edge of the priors for the
sampler, and the resulting posterior is one-sided as shown
in Fig. 17. This one-sidedness of the mass ratio posterior
also influences the measurement of A; and A, when refined
by universal relations. Nevertheless, even for ¢ = 1 merg-
ers, symmetric tidal combinations such as Kg , which is used
as a probe for phase transitions, are estimated to be well
within the 90% credible intervals.
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FIG.3. Corner plot depicting the posteriors on chirp mass M, tidal deformability A, mass ratio ¢, individual tidal parameters A;s and
the total mass M for the binary 1.398M,—1.198M with the BLh EOS. These posterior PDFs are computed from a self-consistent
injection recovery of the TaylorF2 waveform model corresponding to the binary parameters presented in Table I for the ET detector
configuration. We show the 90% credible intervals in the 1D posteriors in gray shaded regions and the 50% and 90% credible contours

for the 2D joint posteriors.

We approximate the inspiral posteriors on M, g, A, and
A, with Gaussian distributions that have the same average
as that of the inspiral posterior and a standard deviation
equal to a quarter of the full 2¢ width of the posterior. This
choice allows us to be sufficiently conservative and
establish a lower bound for measurement accuracy, which

will only be improved if one chooses more restrictive priors
and/or consider correlations between the priors. We remark
that, at the moment, the BAJES infrastructure does not
support a specification of correlated priors. We extract these
Gaussian profiles from the simulations run with hadronic
EOSs and use them as priors for a postmerger PE for both
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FIG. 4. A corner plot showing a comparison between mea-
surements of tidal parameters A; and A, when computed directly
from inspiral and when refined using quasiuniversal relations
from [128].

hadronic and quark simulations. This is because, as dis-
cussed in Sec. II A, the hadronic and quark EOSs have the
same low-density EOS and therefore the same tidal deform-
abilities. We would like to emphasize that while this
approach is not a replacement for a full inspiral-postmerger
inference, it provides reliable estimates for masses and tidal
polarizabilities from the inspiral signal. The signal in the
inspiral corresponding to a postmerger SNR of 10, has an
SNR of ~600. This corresponds to a detection rate of
0.5-1.5 yr~! [12] with the ET detector and a detection rate
of 1-1.5 yr~! with the Cosmic Explorer CE-20 detector. The
standard deviation in the inspiral estimates of the total mass
ranges between 10™*My — 1073 M. In addition to that, the
percentage error in %, i.e., deviation between the injected
«} and the 50th percentile of the recovered posterior ranges
from 0.1%—0.5%. The main advantage of employing a
separate pipeline for the inspiral signal is the usage of
relative binning which significantly reduces the computa-
tional cost. In addition, we have also shown an investigation
of NRPMw’s performance in tandem with the inspiral
constraints.

2. Inspiral agnostic priors

We now describe the priors for the parameters of the
NRPMw model in an inspiral-agnostic setting. These broad
ranges on the priors have been taken from Ref. [71] to
include a wide range of possibilities. Most importantly, the
priors on M and g have been set according to [114] to
maintain uniform priors on m; and m,, the masses of the

binary component stars. We also set uniform priors on A;s
ranging from O to 4000 to cover a wide range in stellar
compactness.

Providing a comparison between results obtained from
an inspiral-informed and inspiral-agnostic choice of priors
is essential. We present such a comparison of priors in
Fig. 5. As we will make explicit in this work, the choice of
priors has minimal influence on the recovery of f5°,

which is solely estimated from the postmerger. However,

estimating f5°* is not the only prerequisite for detecting

phase transitions. Phase transitions are detected by quanti-
fying violations of EOS insensitive relations between the

postmerger f, and the inspiral x. With the inspiral-

agnostic priors, f5° is well measured but there are large

uncertainties in the measurement of k7 (see Appendix A).
This can be mitigated by supplying priors that are informed
about the tidal properties and masses from the inspiral
signal. This is precisely what we observe with the choice of
inspiral-informed priors where our sampler essentially
recovers the Gaussian priors set from the inspiral on
masses and tidal deformabilities. Another motivation
behind such a comparative study with different choices
of priors is to demonstrate the NRPMw model’s performance
when subjected to different degrees of independence in the
sampling of the prior parameter space.

When a parameter of the NRPMw model is constrained by
fits to EOS insensitive relations, we employ corresponding
recalibration parameters to account for the uncertainties in
these relations. The priors on all the recalibration param-
eters 60y are distributed normally around a mean value of
zero with a variance decided by the relative standard
deviation between the scatter of NR simulations and the
EOS insensitive relation. When we make a parameter
independent of these fits as in the case of f,, we ignore
the corresponding recalibration parameter.

III. RESULTS

A. Inspiral-informed postmerger PE with
Einstein Telescope

In this subsection, we present results for the postmerger
PE analysis using the ET detector and by taking the priors
on M, g, Ay, and A, as Gaussian (normal) distributions that
are informed from the inspiral signal.

In Fig. 6, we show our results for an inspiral informed PE
for the representative case of the 1.398M, — 1.198M
merger with the BLh and BLQ EOSs. We note that for the
model with the BLQ EOS, the 90% credible interval (CI)
estimated by NRPMw for the posterior of 5 contains
the injected value whereas for the model with the BLh

EOS, the 95% CI of the f5** posterior contains the
injection. Additionally, in Fig. 7, we present the recon-

structed frequency spectra for the same pair of simulations

using NRPMw. We emphasize that the 90% Cls for 5
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FIG.5. A corner plot showing a comparison between the two types of priors employed in our work, i.e., a broad prior on M, g, A, and
A, and Gaussian distributions informed of these quantities from an independent parameter estimation of the inspiral signal.

corresponding to the hadronic and quark cases do not
overlap, implying that at a postmerger SNR of 10, the two
models can be distinguished. In addition, we observe that
the measurement of fgeak is insensitive (to within 90% Cls)
to the choice of priors as it is an exclusively postmerger-
determined quantity. The measurement of 1 on the other
hand improves substantially upon employing the inspiral
informed priors as it is decided exclusively from the
inspiral signal.

We summarize our results for the detectability of /5%

for all other simulations in our work in Figs. 18-20. We
report that for the binaries 1.481My —1.257M, and
1.363M, — 1.363M, with the BLh EOS, the 90% ClIs
estimated for the geak posterior contain the injection. For
the rest of the hadronic models, i.e., 1.398M, — 1.198M
with  BLh, 1.289M,—1.289M, with DD2F and
1.298M o — 1.298 M, with BLh, 95%, 98%, and 99.5%

CIs of f5 contain the injection, respectively. For the
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FIG. 6. Left panel: the posterior distribution on the postmerger peak frequency fgeak and the tidal polarizability x7 for the binary
1.398M — 1.198M , with the BLh EOS at a postmerger SNR of 10. We also show the 90% and 50% contour levels for the joint PDF.
Additionally, we compare the posteriors obtained from the two choices of priors namely an inspiral agnostic choice (in blue) and an
inspiral informed choice (in red). We observe that using inspiral informed priors has marginal influence on fge“k but substantially
improves the measurement of xJ as expected. Right panel: the same calculation for the corresponding quark model. Shown in gray
shaded regions are the 90% ClIs for the respective posteriors with inspiral informed priors. We note that for the quark EOS, NRPMw is able

to recover the injected fgeak to within 90% CIs however, for the BLh (hadronic) case, the injected value lies at the boundary of the fifth

percentile. Nevertheless, for both the cases the injection lies within the 90% contour of the joint PDF.

T m

= NRPMw

---- NR
90%CI
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10—25

10—26

- NR
90%CI

FIG. 7. Reconstructed spectra for the binary 1.398M —
1.198M, with the BLh and BLQ EOSs at a postmerger SNR
of 10. The dotted curves represent the injected spectra and the
solid curves represent the median reconstructed signal by NRPMw.
We also show 90% CIs on the reconstructed signal in the shaded

regions. Vertical dotted lines correspond to the injected f2°* and

the gray shaded regions represent the 90% ClIs on the fgeak

posteriors.

hadronic models, we identify a systematic bias that leads to

an overestimation of 5 by NRPMw. This bias primarily
arises because of the presence of multiple (>2) amplitude
modulations in the postmerger signal. As mentioned in
Fig. 2 of Ref. [68], NRPMw is designed to capture the peaks
of only the first two amplitude modulations, following
which it models a damped sinusoidal decay of the post-
merger amplitude. In the Sec. III A 1, we discuss this bias in
detail. On the other hand, for the quark EOSs, we observe

that the 90% Cls for f2* contain the injected /5 except
for the 1.363M — 1.363M, merger where the 95% Cls
contain the injection.

1. Biases due to multiple amplitude modulations

A characteristic feature of our hadronic simulations, in
particular the binaries 1.398M —1.198M, (BLh),
1.289M, — 1.289M, (DD2F), and 1.298M — 1.298M
(BLh), is the existence of multiple amplitude modulations
in the £ = 2, m = 2 mode of the GW strain. From our NR
simulations of hadronic EOSs, we note that these modu-
lations are typically observed in the early postmerger
signal, i.e., when the remnant has just formed and under-
goes large dynamical deformations resulting in amplitude-
modulated GW emissions. NRPMw, as of now, is unable to
capture multiple modulations in the postmerger amplitude
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Upper left panel: the time domain postmerger waveform for the BLh 1.398M, — 1.198M, binary with and without an

exponential filter. NRPMw works best for the early postmerger where it can capture the first two amplitude modulations that peak at #; and
13, respectively. The model, as of now, cannot capture subsequent amplitude modulations. Upper right panel: the frequency spectra of the

corresponding unfiltered and filtered waveforms that show a shift in fgeak upon exclusion of amplitude modulations at ¢ — #,,,.,, = 5 ms.

merg ~
Bottom panel: the reconstructed spectra for the unfiltered waveform (left) and the filtered waveform (right) that show the bias in fgeak’s

measurement because of the third and subsequent amplitude modulations. We see that upon filtering these modulations, the model is
able to capture the f5°* to within 90% Cls.

and attempts to reconstruct amplitude modulations beyond
2 via damped sinusoids. This leads to a biased overesti-

mation of f‘z)eak as is evidenced in Figs. 6, 18, and 19.

In this section, we explore in detail the major source of
this systematic bias, i.e., the multiple amplitude modula-
tions. In Fig. 8, we show the time domain waveform for the
1.398M, — 1.198M binary with the BLh EOS that
exhibits multiple amplitude modulations. In line with the
convention for nodal points presented in Ref. [68], we
denote positions of the merger as fpr, the first two
postmerger maxima as #; and 73 and their corresponding
intermediate minima as f#, and t,. NRPMw only includes
amplitude modulations until 73 beyond which the amplitude
is described by a damped sinusoid. We introduce an
exponential filtering function

F(t) = 1/(1 + exp(t - tcutoff))’ (7)

where o denotes the point where the filter cuts off the
strain. We take 7., to be near the position of the third
amplitude modulation and filter off the subsequent signal to
disentangle the effects of subsequent modulations. In the
right panel of Fig. 8, we show the frequency spectra of this
filtered waveform against that of the unfiltered waveform.
We note that the subsequent amplitude modulations for ¢ —

Imerg 2 5 ms lead to multiple oscillations near /5. Such
closely spaced oscillations in the frequency domain are not
a morphology that can be captured by NRPMw and the
model tends to construct an average over these peaks
leading to a bias. On the other hand, when such
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modulations have been filtered out, the model captures the
peak of the filtered spectra much better.

We also refer the reader to Appendix C for a brief
discussion on how one can start to mitigate this bias by
modifying the NkRPMw model and making it more flexible to
capture multiple modulations.

We would like to emphasize that even though we have
shown for our hadronic systems that removing multiple

(>2) amplitude oscillations can help remove biases in the

measurement of f5°*, we only report results from the

unfiltered, i.e., complete waveforms for the purposes of
detecting phase transitions. This is because, in a realistic

detection scenario, it is rather artificial to engineer the

k g .
waveforms to support a recovery of f5 to within some

confidence level. Additionally, we would like to emphasize
that there is still scope for improvement in the contempo-
rary BNS waveform models to capture the above-men-
tioned morphologies and that additional avenues apart from

shifts in fgeak need to be explored for a holistic examination
of QCD phase transition effects.

B. Inspiral informed postmereger PE
with Cosmic Explorer

In this subsection, we repeat the inspiral informed PE
analysis described in Sec. IIIA on the 1.289Mg —
1.289M, binaries with the DD2F and DD2F-SF1 EOSs
but with a difference that now we employ the Cosmic
Explorer sensitivities for recovering our models. The
configurations we employ are a broad-band 40 km detector
and a narrow-band 20 km detector which has been
optimized for postmerger and has increased sensitivity in
the 2-4 kHz regime. The advantage of the enhanced
sensitivities of the CE-20 detector is that for the same
postmerger SNR of 10, we will observe more distant and
therefore more frequent mergers. We inject the TaylorF2
predicted inspiral for the hadronic model 1.289M, —
1.289M, with the DD2F EOS in the broad-band CE-40
configuration. This binary is now placed at a distance of
118.467 Mpc so as to produce a postmerger SNR of 10 in
CE-20 configuration. This is because we would like to
harness the sensitivities of the CE detectors most optimally.
CE-40 has higher sensitivity at low frequencies correspond-
ing to the inspiral signal and therefore it is utilized for
estimating the mass and tidal parameters from an inspiral
signal (as described in Sec. III A). On the other hand,
CE-20 has increased sensitivities in the kilohertz regime
corresponding to the emission frequencies of the BNS
remnant and hence is utilized for the postmerger PE. For
this analysis, we have assumed that both the CE-20 and
CE-40 observatories are operating simultaneously and are
located at the same position on Earth.

In Fig. 9, we present a reconstruction of the postmerger
amplitude spectrum recovered using the CE-20 detector by
the NRPMw model. We see yet again that the measurement
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FIG. 9. The reconstructed spectra corresponding to an inspiral
informed postmerger PE for the binary 1.289M — 1.289M
with the DD2F and DD2F-SF1 EOSs, computed with the
postmerger optimized CE-20 detector. Like in the case of
recovery from Einstein Telescope (Fig. 20), here also we see
that multiple amplitude modulations can bias the recovery of

12 for DD2F.

of geak for the hadronic model is overestimated due to the

multiple amplitude modulations in the time-domain GWs
from the hadronic model which we show explicitly in
Fig. 10. The quality of the reconstruction of spectra and the

accuracy of recovery of 5 is similar in both the ET and
CE-20 detectors with the only advantage being the
increased rates of observation of BNS mergers with CE-20.

So far we have demonstrated that the NRPMw model
along with the sensitivities of the ET detector and the CE
detector can reliably detect and reconstruct the postmerger
signal which is evidenced by the fact that we recover most
(=8) of the injected SNR (Table IV). In addition, we have
shown that our model is capable of recovering (albeit with

some bias) the fgeak frequency and distinguishing the same
between the hadronic and quark models at a postmerger
SNR of 10. We would like to emphasize that detecting and
distinguishing the /5" frequency is not sufficient for
inferring the occurrence of a phase transition in a realistic
observational setting. The latter requires quantifying vio-
lations from EOS insensitive relations (see Sec. III C).

Since such relations involve inspiral tidal parameters in

addition to the postmerger f5°, it is imperative that we

have reliable estimates of the tidal parameters. In this
regard, the utility of inspiral informed priors becomes clear.
We can see that for all our models be it hadronic or quark,
the 90% ClIs for k] posterior by the NRPMw model contain
the injected value. There exists no information about
masses or the tidal properties from the postmerger signal
alone (at least at a postmerger SNR of 10) and our
postmerger model essentially recovers these priors. In
contrast, with the priors that are agnostic of the inspiral
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FIG. 10. Same calculation as in Fig. 8 to show the impact of multiple amplitude modulations on the recovery of f7 * for the hadronic
DD2F simulation computed with the CE-20 detector. Here also we observe that filtering out the third and subsequent modulation in the

postmerger amplitude can result in an accurate recovery of f5° to within 90% CIs.

signal, as in Appendix A, the estimates of the tidal «} are
dominated by large errors which in turn will make an
inference of QCD phase transitions difficult from the EOS
insensitive quasiuniversal relations.

C. Probing QCD phase transitions

As we have previously remarked, detection of a post-
merger signal and a reliable recovery and distinguishability
of 5 is necessary but not sufficient for probing QCD
phase transitions. Previous works [41,42,72] suggest the
utility of EOS insensitive relations, in particular between

b4k and a tidal parameter be it A or 7, in probing such
phase transitions. Specifically, if EOS softening effects by
such phase transitions produce deviations from the afore-
mentioned relations that are nondegenerate with other
hadronic models, one can ascertain the occurrence of a
phase transition with some confidence. This requires that

we have reliable estimates of not just £ but also of tidal
properties. Comparing NR simulations of the postmerger
signal at different resolutions can only provide the former
as a one-dimensional error estimate because tidal properties

are fixed upon assuming a specific equation of state. The

only way we can compute a joint uncertainty of geak and
«} is by Bayesian inference of the postmerger signal that is
informed of the tidal properties from the inspiral (and of
course a Bayesian inference on the full signal).

We employ the fitting function obtained in Ref. [68] with
reference to the CoRe database. This fitting function
improves upon the QUR obtained in Ref. [67] by explicitly
including the effects of inspiral spins and taking into
account additional GRHD simulations performed with
WhiskyTHC and BAM infrastructures. In Fig. 11, we plot
the QUR fitting function for symmetric binaries that are
nonspinning, along with an ensemble of simulations that

form a part of the CoRe database. We also show the 90%
confidence levels for the fit describing symmetric binaries.
To this collection, we add the injections presented in this
work with their error estimates that are essentially the 90%
contour levels of the two-dimensional joint posteriors for
mass-rescaled M5 and «I obtained with the choice of
inspiral informed priors.

In Sec. IITA and Appendix B, we have provided
evidence for mutual distinguishability between hadronic
and quark models based on the nondegeneracy of the 90%
CIs of the f2° posteriors. In this section, we present a
discussion on detecting phase transitions based on non-

degeneracies between the joint 5 — kI posteriors and
comparing them with the EOS insensitive relation of
Breschi et al. [68]. In the first (upper-left) panel of
Fig. 11, we present hadronic and quark models that, at a
postmerger SNR of 10, are mutually distinguishable as is
seen by the absence of any overlap between the corre-

sponding joint M f2* — I posteriors. These models are
the 1.363M, — 1.363M, binary for the BLh and BLQ
EOSs and the 1.289M — 1.289M, binary for the DD2F
and DD2F-SF1 EOSs. For the 1.363My — 1.363M
binary, we notice that even though the hadronic and quark
models are distinguishable (up to 90% confidence), the
quark model’s joint posterior is degenerate with other
hadronic EOSs, implying that a postmerger SNR of 10,
we cannot conclusively confirm a phase transition for this
binary. On the other hand, for the 1.289M, — 1.289M 4
binary with the DD2F-SF1 EOSs, we notice that the
injection and the corresponding joint posteriors do not
overlap with the universal relation, implying that at a
postmerger SNR of 10, we can confirm the presence of a
phase transition. We do however caution the reader about a
possible caveat. The conclusion that whether we can
confirm a phase transition to some confidence is sensitive

103008-15



AVIRAL PRAKASH et al.

PHYS. REV. D 109, 103008 (2024)

0.055 | | | I T
CoRe database (2022)
—— Breschi et al. [68],¢g=1,5=0
0.050 —== Gonzalez et al. [130],g = 1,5 = 0 —
90% confidence interval
=
! 0.045 |- @2(#8) DD2F — SF1(#10)
Il
ED—/ 5t DD2F — SF1 SNR — 15
™ BLh(#7)
§ 0.040 J (#11) —
N § i
E DD2F (#9)
0.035 — i g
Einstein Telescope ?
| | | | | | 1
0.030
60 80 100 120 140 160 180 200
T
K2
0.055 = | | T I T
CoRe database (2022)
—— Breschi et al. [68],q=1,5=0
0.050 -==- Gonzalez ct al. [130],q=1,5 =0 —|
90% confidence interval
=
Il BLQ(#4
o 0.045 A#4) —
Il
e
A
3’5_ 0.040 —
= BLh(#3)
= !
0.035 |- M g
FEinstein Telescope > ?
| | | | | | 9
0-030 60 80 100 120 140 160 180 200
w7
2
FIG. 11.

0.055 T | |
CoRe database (2022)
—— Breschi et al. [68],¢q=1,5=0
0.050 —--= Gonzalez et al. [130],¢q=1,5 =0 —
90% confidence interval
=
Il
— DD2F — SF1 CE —20 _|
TI) 0.045 (#13)
o
=
2. 0.040 —
oy
=
0.035 — i .
Cosmic Explorer 20 km ?
PM Optimized
0.030 | | | | | | 9
60 80 100 120 140 160 180 200
T
K3
0.055 | | | | |
CoRe database (2022)
—— Breschi et al. [68],q=1,5=0
0.050 === Conzalez ¢t al. [130],¢ = 1,5 = 0 —
90% confidence interval
Il
o 0.045
Il
<
3
%2 0.040 —
=
0.035 — g .
Einstein Telescope BLh(ﬁS) i
| | | | | | 9
0-030 60 80 100 120 140 160 180 200
T
Ko

Quasiuniversal relation from Breschi et al. [68] shown along with this work’s Bayesian inference error estimates. Shown in

gray scatter points, are the hadronic simulations from the Core database along with the fitting functions from [68,130] for nonspinning
and symmetric binaries. The light green shaded region represents a 90% confidence interval corresponding to the fit function from [68]
which is also implemented in the NRPMw model. Even though [130] updates upon the fit coefficients in [68], the two are within
90% confidence of each other. Black stars denote the injected values in a 2D parameter space of M f,, and k4. The colored shaded regions
represent the 90% contours of the 2D joint posteriors on M f, and ] obtained in this study. In parenthesis we depict the simulation index
of the binaries as defined in Table I'V. Top panels: we show binaries which are nondegenerate with respect to each other up to 90% Cls
and with the universal relation. Bottom panels: we show models which are not mutually distinguishable to 90%.

to the particular universal relation used. The 90% contours
of the joint posterior with DD2F-SF1 EOS, even though not
overlapping with the universal relation’s error margin, are
very close to them and systematics in the universal relation
may change our conclusions. Such systematics may result
from updating the coefficients of the fit upon adding more
simulations. At higher postmerger SNRs, detectability
avenues will improve. This is made concrete by an addi-
tional model recovered at a higher postmerger SNR of 15,
where we find that the DD2F-SF1 model’s joint posteriors
shrink and are even more removed from the universal
relation than the same model at postmerger SNR 10.
Similarly, in the second panel (top right) of the
Fig. 11, we repeat the calculations for the case of

1.289M, — 1.289M binary with the DD2F and DD2F-
SF1 EOS, assuming the Cosmic Explorer (CE-20) detector
sensitivity. We notice here that the joint posteriors
corresponding to the quark EOS are “more” nondegenerate
with the universal relation as compared to the same
model recovered from the Einstein Telescope sensitivity.
Consequently, at a postmerger SNR of 10, we can confirm
the presence of a phase transition. The better performance of
the CE-20 detector as compared to the Einstein Telescope’s
recovery, is not entirely unexpected. Indeed we note that
for the injected f5°* frequencies close to 3 kHz, the CE-20
detector is more sensitive than the ET detector.

On the other hand, in the third (bottom left) and fourth
(bottom right) panels of Fig. 11, we show binaries for
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universal relation (NRPMw_v1). Left panel: results for the 1.298 M, — 1.298M ; binary

with the BLQ EOS whose injection follows the universal relation. Both the model configurations can recover the injection with the data
(injection) slightly preferring the QUR informed model NRpPMw_v1. Right panel: results for the 1.289M — 1.289M, binary with the
DD2F-SF1 EOS whose injection strongly violates the universal relation. The data (injection) slightly prefers the more flexible QUR
uninformed model (NRPMw) as it has larger flexibility than NRPMw_v1 in reference to recovering injections that violate the universal

relation.

which the 90% contours of the joint posterior overlap
between the hadronic and quark models. These models
include the 1.298M, — 1.298M, 1.481My — 1.25TM 4,
and 1.398M — 1.198M, binaries with the BLh and BLQ
EOSs. For the quark models of these binaries, at a
postmerger SNR of 10, the presence of a QCD phase
transition cannot be ascertained given the degeneracy with
other hadronic EOSs.

Therefore, in a nutshell, even though postmerger wave-
forms from the hadronic models may be distinguishable
from the corresponding quark models by virtue of non-

degeneracy of f5°* posteriors, they may still be degenerate
peak T

with each other in a two-dimensional space of f5 — K,

uncertainties. Furthermore, when there is no degeneracy in

a joint measurement of f2°* and 7, a postmerger SNR of

10 can confirm the presence of a phase transition only if the

model violates the universal relation strongly, i.e., Af5™ ~
455 Hz (z1.60). At a postmerger SNR of 10, systematics
in the universal relation may also play a role in influencing
conclusions about the detectability of phase transitions.
However, for louder binaries with SNR ~ 15, phase tran-
sitions of the type predicted by the DD2F-SF1 model can
be confirmed with a higher confidence.

At this stage we also present a test of the EOS insensitive
relations with reference to detecting QCD phase transitions
in Fig. 12. To this aim, we test two configurations of our
model. First, we use the NRPMw configuration employed
throughout this work where the f, parameter is indepen-
dent of the f, — xI universal relation from Breschi et al.
[68], i.e., the universal relation is ignored. Secondly, we

employ the original model configuration of Breschi et al.
(called NRPMw_vl1 in this work) where f, is decided by the
universal relation. In particular, we are posing the question
that given a signal, whether the inclusion of the f, — ]
universal relation in the model can play a role in detecting a
“strong” phase transition. In the left panel of Fig. 12, we
present results for the 1.298M , — 1.298M , binary with the
BLQ EOS whose injection is consistent with the universal
relation. We note that for both model configurations, the
90% contour of the joint PDF contains the injection at a
postmerger SNR of 10. To quantify this comparison we
compute the Bayes’ factor for the two hypotheses, i.e.,
inference with and without the universal relation, respec-
tively. We find that log B\\Z;E}QSFSUR = 2.531] indicating
a weak preference towards the QUR informed NRPMw_v1
model. On the other hand, in the right panel of Fig. 12, we
present the same calculation for the 1.289M, — 1.289M
binary with the DD2F-SF1 EOS. Since in this case, the
injection is inconsistent with the universal relation,
including the same in the model tends to drive the joint
posterior toward the universal relation and away from
the injection. This is evidenced by the fact that the
90% contour of the NRPMw_vl model does not contain
the injection whereas the injection is well captured within
the joint posterior of the more flexible NRPMw model.

To quantify the same statement, the log Bzﬁﬁ‘g‘{JQRUR =

2.247027 at a postmerger SNR of 10 indicating a weak
preference towards the more flexible NRPMw model with
respect to detecting phase transitions that strongly violate
the universal relations.
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IV. CONCLUSIONS

In this work, we have shown that the next generation of
GW experiments has the potential to identify QCD phase
transitions in the postmerger phase of neutron star mergers,
provided such phase transitions are sufficiently strong.

To model the influence of deconfined quarks on the
dynamics of BNS merger remnants, we employ the BLQ
and DD2F-SF1 EOSs which model the deconfined quark
phase by Gibbs construction and Maxwell’s construction
respectively. In the case of a merger, these treatments lead
to remnants with very different properties, most notably
differences in the postmerger peak frequencies. We con-
struct the postmerger signals by windowing out the inspiral
signal from our NR waveforms and injecting the signal thus
obtained in a noise-less configuration of ET or CE
detectors.

We perform independent Bayesian inference calculations
on the inspiral and the postmerger signals using the Bilby
(via the TaylorF2 model) and BAJES (via the NRPMw model)
codes, respectively. We compute the posteriors of total
mass, mass ratio and tidal deformabilities which are
expectedly Gaussian to a good approximation (except
for the one-sided ¢ = 1 posteriors). These posteriors help
inform the priors for the postmerger PE analysis which

provides the posteriors on £, We find that NRPMw model
can reliably recover the postmerger signal as is evidenced

by the recovered SNRs (Tables IV and V). Additionally, at a

postmerger SNR of 10, the model can also recover the £

frequency and distinguish the same between a hadronic and
quark model to up to 90% confidence.

Our work also serves to present new test cases to which
our waveform model has been applied as a means to
evaluate its validity. We have presented for the first time,
the behavior of the model in an inspiral-informed PE
setting and tested its performance on morphologically
complex NR waveforms. It is noteworthy that simulations
from DD2F, DD2F-SF1 EOSs are also the ones that the
model has not been trained on. For these cases too we
get reliable signal reconstruction and recover most of
the SNR.

We have provided a complimentary analysis by employ-
ing the CE-40 and CE-20 detectors. The advantage of
utilizing the CE detectors for this purpose is twofold. First,
with enhanced postmerger sensitivities, BNS mergers can
be probed at larger luminosity distances and hence more
frequently. Second, a combination of broad-band CE-40
detector and a narrow-band postmerger optimized CE-20
detector is optimal for a holistic detection because of
increased sensitivities in the inspiral (by CE-40) and the
postmerger (by CE-20). For sources with postmerger SNR
of 10 in CE-20, we have used the CE-40 detector to
compute posteriors on masses and tidal parameters that
serve as priors on the postmerger PE analysis via the CE-20
detector. We find no major differences in the inference of

geak or the quality of signal reconstruction as compared to

inference with the ET detector.

We emphasize that even though NRPMw coupled with
the enhanced sensitivities of the upcoming generation of
GW detectors, can reliably detect and distinguish the /5%
frequencies at a postmerger SNR of 10, it is not sufficient
to probe QCD phase transitions. We compare the joint
posterior estimates on 5 and «Z in reference to the f, —
Kg universal relation from Breschi et al. [68] and find that
starting at postmerger SNRs of 10, we can claim a
detection of a first order phase transition but only for
models that violate the universal relations by more than
1.66. We also demonstrate a slight preference towards
the model configuration which is independent of the
universal relation in detecting “strong” phase transitions
by a log Byisque - = 2241937,

For final remarks, Bayesian inference is done on wave-
forms that have a rich morphological structure and there-
fore we speculate that indicators of QCD Ehase transitions
may not be exclusively encoded in f5°. This warrants
exploration of alternative signatures of phase transitions,
e.g., imprints in the postmerger amplitude or the lifetimes
of remnants. Our work calls for efforts in several directions.
First, as we have shown, the current waveform models need
to be improved to take into account additional waveform
morphologies like multiple amplitude modulations which
can be a significant source of bias at high enough SNRs.
Additionally, a prescription for modeling the high-
frequency black hole ringdown spectrum can be accom-
modated in NRPMw; however, we have omitted the same in
favor of ease of computation. The ringdown spectrum and
the ensuing quasinormal modes can be important for
constraining QCD phase transitions from short-lived rem-
nants or promptly collapsing binaries where such phase
transitions can play a role [105,106,131]. Second, the
universal relations can themselves involve systematic
biases that can be sourced from uncertainties in the physics
modeled in the simulations. Such biases may shift the
universal relations in the 2 — I plane affecting con-
clusions about the occurrence of phase transitions. On a
related note, it is also anticipated that modified-gravity
theories [132] can distort the interpretation of tidal param-
eters [133] and produce effects [134] that may mimic QCD
phase transitions.' Lastly, improvements are required in
improving the postmerger convergence of contemporary
NR codes [136] as will be required by large SNR detections
from the next generation detectors. Overall, the prospects
of detecting a QCD phase transition with the enhanced
sensitivities of the upcoming detectors, seem not too
pessimistic. A single GW170817-like event, provided a
postmerger is also observed, can in theory constrain QCD
phase transitions.

'See also [135].
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APPENDIX A: INSPIRAL AGNOSTIC PE:
RESULTS FOR ALL SIMULATIONS

In this appendix, we present results for a postmerger PE
of the NRPMw model’s parameters wherein we set a wide
range of values to the priors as described in Table II. The
choice of priors follows that in [71] and is targeted at a wide
range of possibilities for the GW event. To this aim, we
present results for the postmerger PE of all the simulations
listed in Table V performed with this choice of ;])(riors. In
Figs. 1315 we present the posterior PDFs for /5% and «Z.

We note that the fgeak frequencies are recovered accurately
and the injection is contained in the 90% ClIs. There appear

to be no significant differences as compared to the

. . Kk . . . .
estimation of 5 from the inspiral informed choice of

priors. At the same time, «} is very poorly determined,
serving to verify the fact that once the f, —«} universal
relation has been omitted from the model, there exists no
tidal information solely from the postmerger signal.

Finally, in Fig. 16, we present the waveform recon-
struction for the case of inspiral agnostic priors. Like in
the case of the inspiral informed priors, the postmerger
estimation of fgeak is accurate and distinguishable between
hadronic and quark models. Additionally, the signal is
reliably reconstructed as shown by the fact that most of the
postmerger SNR is recovered (see Table V).

APPENDIX B: INSPIRAL INFORMED PE:
RESULTS FOR ALL SIMUATIONS

In this appendix, we present results analogous to Figs. 6
and 7 for all the systems as listed in Table IV with the ET
detector and the NRPMw model at a postmerger SNR of 10.
In particular, in Figs. 18 and 19 we show the posterior
PDFs for f5 and «I. As mentioned previously in
Sec. III A, the NRPMw model performs very well with

the quark EOSs, in that the 90% CI of geak posteriors
contain the injection. However, for the hadronic simu-
lations 1.398M 5 — 1.198M, (BLh), 1.289M 5 — 1.289M
(DD2F), and 1.298M — 1.298M (BLh), the estimation

of f2°* is biased due to the presence of multiple amplitude
modulations as explained in Fig. 21. We also show
postmerger spectra for the waveform reconstructions in

Fig. 20 that serve to reaffirm the detectability and

L. . . Kk
distinguishability of the f5™

hadronic and quark models.

frequencies between the

TABLE V. Same properties as presented in Table IV but now for the choice of inspiral agnostic priors.

inectea R Recovered
Index EOS my [Mg] msy[Mg] GW Model Detector [kHz] [kHz] Dy [Mpcl  Pinjected  Precovered
1 BLh 1.298 1.298 NRPMw ET 2.804 2.82510033 89.049 10 8.8871%
2 BLQ 1.298 1.298 NRPMw ET 2.927 2.92410423 93.474 10 8.6411%
3 BLh 1.481 1.257 NRPMw ET 2.962 2.957150%¢ 97.503 10 879712
4 BLQ 1.481 1.257 NRPMw ET 3.143 3.284+01% 83.434 10 872108
5 BLh 1.398 1.198 NRPMw ET 2.758 2.84210008 87.027 10 7.891088
6 BLQ 1.398 1.198 NRPMw ET 2.955 2.97310:03 87.500 10 8.661122
7 BLh 1.363 1.363 NRPMw ET 3.073 3.055109%3 97.282 10 7978
8 BLQ 1.363 1.363 NRPMw ET 3.197 328410279 78.449 10 813712
9 DD2F 1.289 1.289 NRPMw ET 2.889 2.90710052 93.284 10 85112
10 DD2F-SF1  1.289 1.289 NRPMw ET 3.354 3.4321006 78.247 10 8607138
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FIG. 13. Same calculations as in Fig. 6, i.e., a measurement of f2* and «! for the 1.298M, — 1.298M, and 1.481 M, — 1.257M,,
binaries with the BLh and BLQ EOSs. In contrast to Fig. 6, here we use a different choice of priors that are uninformed of the inspiral
signal and set to wide ranges as described in Table II. We note that the NRPMw model captures to within 90% ClIs the fgeak frequency for
the quark and hadronic models; however, the tidal polarizability k% is poorly determined owing to the fact that no tidal information is
present in the postmerger signal.
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FIG. 15.
1.280M o — 1.289M  simulated with the DD2F and DD2F-SF1 EOS.
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FIG. 16. Same calculation as in Fig. 7, i.e., reconstructed spectra for all the binaries in our work but computed with priors that are
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90% at a postmerger SNR of 10.
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FIG. 17. Corner plot depicting the posteriors on chirp mass M., tidal deformability A, mass ratio ¢, individual tidal parameters A;s

and the total mass M for the binary 1.298M — 1.298 M, with the BLh EOS. The fact that the posteriors on mass ratio are one-sided
influences the measurements of A, A,, and M.
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We note that the NRPMw model captures to within 90% Cls the f7

peal
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Same calculations as in Fig. 6 for the binaries 1.298M o — 1.298 M, and 1.481M, — 1.257M , with the BLh and BLQ EOSs.
: frequency for the quark EOSs; however, the measurement of the

same for hadronic model 1.298M 5 — 1.298M, suffers from a systematic bias that of multiple amplitude modulations. The double-
peaked feature in the 1.481 M, — 1.257M, binary is because this system is the shortest lived of all our simulations due to which the
uncertainties in the measurement of postmerger frequency are the highest.
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FIG. 19. Same calculations as in Fig. 6 for the binary 1.363M, — 1.363M, with the BLh and BLQ EOS and the binary 1.289M, —
1.289M, with the DD2F and DD2F-SF1 EOS.
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with the DD2F EOS. Here, we show that the exclusion of more than two amplitude modulations in the strain can lead to recovery of the
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to within 90% CIs at a postmerger SNR of 10.
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FIG. 22. Left panel: the posterior distributions of the total mass and mass ratio from a postmerger PE of the binary 1.398M —
1.198M with the BLh EOS compared between the two choice of priors used in this work. Right panel: the posterior PDFs for the
component tidal deformabilities. In both cases we notice a clear improvement in accuracy for the measurement of M, g, A, and A,.
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FIG. 23. The reconstructed NRPMw waveforms for a postmerger

PE of the binary 1.398My —1.198M, with the BLh EOS
corresponding to both the choices of priors. Both the recon-
structions lie within the 90% CIs of each injection and the f5°*

frequency shows only a miniscule deviation of x0.3%.

In Figs. 22 and 23, we show a comparison between
posterior PDFs of the total mass M, mass ratio g and tidal
parameters A;s between the cases of inspiral informed and
inspiral agnostic priors. We note the significant improve-
ment in the estimation of masses and tidal parameters upon
including inspiral information, which is essentially a
recovery of the priors that are informed of the inspiral
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FIG. 24. Left panel: the posterior distributions of the postmerger peak frequency f°

signal. As we have stressed in the main text, we require
reliable estimates of the inspiral signal to consistently probe
QCD phase transitions from the EOS insensitive relations.

APPENDIX C: INFERENCE WITH
UNCONSTRAINED f, AND f, PARAMETERS

In this appendix, we attempt to mitigate the source of
bias in our hadronic models namely multiple amplitude
modulations. We have seen in Sec. III A 1 that NRPMw can
only capture the first two peaks of the postmerger ampli-
tude modulations, which leads to an overestimation of the

12 frequency. We test a new model configuration, in
which we attempt to increase the flexibility of the model by
freeing from universal relations not just the postmerger
peak frequency parameter f,, but also the parameter that
models the radial pulsation modes of the remnant, i.e., f.
We call this model configuration as NRPMw_v2 to distin-
guish from the other configurations employed in this work.
This means that we do not use the recalibration parameter
Ofo that provided flexibility to the inference of f, when
constrained from the universal relations instead, we set
uniform priors on f ranging between 0.1 to 2.5 kHz. The
expectation is that making f,, unconstrained can perhaps
push the Wpul wavelet that models amplitude modulations
as defined in [68], to include more of the amplitude
modulations.
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Pk and the tidal polarizability ! corresponding to

the 1.298M, — 1.298 M, binary with the BLh EOS. Also shown is the lack of covariance of fgeak with «I” owing to the corresponding
QUR being not used. The contours correspond to the 50% and 90% ClIs of the joint PDF. Right panel: the median reconstructed

waveform from NRPMw_v2 shown along with the NR waveform.
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We report however that this approach leads to only
marginal improvements. We take the case of the 1.298M  —
1.298M, binary where the bias in measurement of f2* is
the largest. In Fig. 24, we report the same injection now
being recovered from the modified NRPMw_v2 model con-

figuration. We report that with the NRpMw model, 99.5% Cls

of the f5°** posterior contained the injection, which is now
marginally improved to 97% ClIs containing the injection
with NRPMw_v2. Nevertheless, the model configuration still
reliably reconstructs the postmerger signal with a recovered
SNR of 8.6 corresponding to an injected SNR of 10.

Finally, in Fig. 25, we show a comparison of the joint

Kk .
% — kI posterior between the NRPMw and the NRPMw_v2

model configurations, with reference to the f, — . uni-
versal relation. For both the configurations, the 90%
contours of the joint posterior capture the injection. We
compute the Bayes’ factor between the two models and find
thatlog B.F NREMw  — (0,060 indicating that there is no
preference to either models at a postmerger SNR of 10.
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FIG. 25. A comparison of the joint f5° — k7 posterior for the

1.298M — 1.298 M, binary between the NRPMw and NRPMw_v2
model configurations. We see that the 90% contours of the
joint posteriors for both the model configurations contain the
injection.
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