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We demonstrate Bayesian analyses of the complete gravitational-wave spectrum of binary neutron star
mergers events with the next-generation detector Einstein Telescope. Our mock analyses are performed for
20 different signals using the TEOBResumSPA_NRPMw waveform that models gravitational waves from
the inspiral to the postmerger phase. They are employed to validate a pipeline for neutron star’s extreme
matter constraints with prospective detections and under minimal hypotheses on the equation of state. The
proposed analysis stack delivers inferences for the mass-radius curve, the mass dependence of the
quadrupolar tidal polarizability parameter, the neutron star’s maximum density, the maximum mass and
the relative radius, and the pressure-density relation itself. We show that a single event at a signal-to-noise
ratio close to the minimum threshold for postmerger detection is sufficient to tightly constrain all the above
relations as well as quantities like the maximum mass (maximum density) to precision of ∼6% (∼10%) at
90% credibility level. We also revisit inferences of prompt black hole formation with full spectrum signals
and find that the latter can be robustly identified, even when the postmerger is not detectable due to a low
signal-to-noise ratio. New results on the impact of the initial signal frequency and of the detector
configuration (triangular vs two-L) on the source’s parameters estimation are also reported. An
improvement of approximately one order of magnitude in the precision of the chirp mass and mass
ratio can be achieved by lowering the initial frequency from 20 Hz to 2 Hz. The two-L configuration shows
instead significant improvements on the inference of the source declination, due to geographical separation
of the two detectors.
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I. INTRODUCTION

Binary neutron stars (BNSs) are the main sources for
next-generation (XG) ground-based gravitational wave
(GW) detectors, such as Einstein Telescope (ET) [1–5]
and Cosmic Explorer (CE) [6,7]. They are expected to be
observed with a rate of 7 × 104 mergers per year [8–10]. ET
is designed with a xylophone configuration, combining a
cryogenic interferometer for the low-frequency band with
a high-power interferometer targeting frequencies above
∼100 Hz. This design will not only significantly enhance
current GW detector sensitivity, but also enable the
observations of postmerger (PM) signals at kiloHertz
frequencies. GWs observations of the full spectrum (inspi-
ral-merger-postmerger) of a BNS merger can convey

unique information on the nuclear matter that constitutes
this compact object, e.g., [11–16], thus improving current
GW constraints after GW170817 [11,17,18]. While the
inspiral merger (IM) carries the footprint of the matter
properties at the progenitor densities, i.e., ρ≲ 2ρsat (where
ρsat ≃ 2.7 × 1014 g cm−3 is the nuclear saturation density),
the kiloHertz PM transient encodes information about the
high-density (∼3–6ρsat) regime of the equation of state
(EoS) [15], enabling the investigation of unrevealed proper-
ties of the nuclear matter at high densities, unreachable with
modern experiments [15,19–22].
Inference of source properties and constraints on the

neutron star (NS) EoS requires the availability of complete
waveform templates for matched-filtering analyses. These
templates are crucially designed using empirical relations
computed from numerical relativity (NR) simulations and
connecting morphological features of the PM signal to NS
properties, e.g., [15,23–31]. In particular, Breschi et al. [13]
proposed the first time-domain full spectrum model that
was constructed by combining an effective-one-body
(EOB) IM waveform with a NR-informed analytical PM
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model (see also [31,32]). Similar approaches have been
used in [16,33], where phenomenological frequency-
domain IM waveforms are stitched to PM models based
on wavelets or Lorenzian templates. In all cases the
phenomenological PM parameters are connected to the
source parameter using NR empirical relations; see also
[34–37] for other examples of analytical PM models and
[38,39] for data-driven PM models, which have not been
incorporated in full spectrum models yet.
These modeling efforts, combined with the exceptional

sensitivity of XG detectors, provide a crucial foundation for
accurate EoS inference. Notably, even a single detection
of BNS with ET may suffice to place stringent constraints
on the NS mass-radius relation [15]. That approach enabled
tight constraints of the mass-radius diagram and demon-
strated that the maximum NS mass can be determined with
an accuracy better than 12%. Additional works [37,40–43]
have similarly combined information from the IM section
to PM features, highlighting the complementarity of these
two regimes in probing supranuclear matter. Numerous
proof of principle studies focus exclusively on the PM
GW emission from BNSs to investigate the high-density
nuclear matter through NR simulations. These works
exploit the connection between peak frequencies and
EoS-dependent properties, such as total mass and compact-
ness [21,34,44–49]. Furthermore, recent works explored
the potential for EoS inference using advanced and XG
detectors [50–54] and assess the impact of different wave-
form models on nuclear EoS inference [55].
In the cases where the presence of the PM is not

detectable, a major issue is the inference of prompt (rapid)
black hole (BH) formation after merger. While electro-
magnetic counterparts can provide valuable information in
this regard [18,56–61], GWs remain the key messenger to
identify unambiguously the presence of a remnant BH.
Many authors have explored the conditions under which a
prompt collapse (PC) occurs instead of the formation of a
NS remnant. This is primarily connected to the total mass
of the BNS and the EoS of dense nuclear matter [62–66]. In
addition, PC analysis can be employed to place constraints
on the EoS [12,65,67,68]. Agathos et al. [69] presented the
first comprehensive Bayesian analysis to assess the prob-
ability of PC directly from the inspiral GW signal. This
methodology was subsequently applied in the analysis of
GW190425 [70].
In this paper, we perform an extensive investigation of

the capabilities of ET to infer BNS properties. We firstly
focus on the low-frequency regime, assessing the impact on
source parameter estimation of the initial frequency and
of detector configurations (two-L and triangular). We then
concentrate in the detections of the complete GW spectrum
and study the prospective accuracy of EoS inference. We
develop and employ a full spectrum model which combines
the fast frequency-domain EOB TEOBResumSPA [71–73]
with the frequency-domain wavelet-based NRPMw model

[31,32] (paper I and paper II hereafter). We then perform
Bayesian mock analyses of 20 fiducial BNSs, covering the
frequency range from f0 ¼ 20 Hz up to the kiloHertz
regime. These analyses serve not only to demonstrate the
feasibility of combining information across the full GW
spectrum, from inspiral to merger and postmerger, but
also to quantify the achievable accuracy in the inference
of source parameters. Beyond parameter estimation, our
primary objective is to assess the improvements in con-
straints on the supranuclear properties governing NS
matter. By incorporating both low- and high-frequency
components of the signal, we explore how analyses of
ET signals enhance our ability to probe the dense-matter
regime, including tighter bounds on the mass-radius rela-
tion, the maximum mass supported by a stable nonrotating
NS and the PC inference.
The paper is structured as follows. In Sec. II we

introduce the full spectrum waveform model and the
framework used for the analyses. We present the results
in Sec. III, covering both inspiral only and full spectrum
analyses, as well as a discussion about the EoS constraints
and the probability of prompt BH formation. Finally
Sec. IV provides a summary and our main conclusion.
Moreover, we include Appendices about the waveform
model and Bayesian analysis.
Conventions—All quantities are expressed in SI units,

with masses in solar massesM⊙ and distances in Mpc. The
symbol log denotes the natural logarithm. The waveform
strain is decomposed in multipoles ðl; mÞ as

hþ − ih× ¼ D−1
L

X∞
l¼2

Xl
m¼−l

hlmðtÞ−2Ylmðι;φÞ; ð1Þ

where DL is the luminosity distance, −2Ylm are the s ¼ −2
spin-weighted spherical harmonics and ι;φ are, respec-
tively, the polar and azimuthal angles that define the
orientation of the binary with respect to the observer.
Each waveform mode hlmðtÞ is decomposed in amplitude
AlmðtÞ and phase ϕlmðtÞ, as

hlmðtÞ ¼ AlmðtÞe−iϕlmðtÞ; ð2Þ

with a related GW frequency,

ωlmðtÞ ¼ 2πflmðtÞ ¼
d
dt
ϕlmðtÞ: ð3Þ

The moment of merger is defined as the time of the peak of
A22ðtÞ. When the ðl; mÞ indices are omitted, we consider
only the dominant (2, 2) mode.
The waveform depends on intrinsic and extrinsic source

parameters. The intrinsic parameters of a BNS system
are masses, spins and tidal polarizability parameters,
e.g., θbin ¼ fM; q; χ1; χ2;Λ1;Λ2g. The total binary mass
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is indicated with M ¼ m1 þm2, the mass ratio is
q ¼ m1=m2 ≥ 1, and the symmetric mass ratio is
ν ¼ m1m2=M2. The dimensionless spin vectors are denoted
with χ i for i ¼ 1, 2 and the spin component aligned
with the orbital angular momentum L are labeled as
χi ¼ χ i ·L=jLj. The effective spin parameter χeff is a
mass-weighted, aligned spin combination, i.e.,

χeff ¼
m1χ1 þm2χ2

M
: ð4Þ

The quadrupolar tidal polarizability parameters are defined
as Λi ¼ ð2=3Þk2;iC−5

i for i ¼ 1, 2, where k2;i and Ci are the
second Love number and the compactness of the ith object,
respectively. The reduced tidal parameter Λ̃ is

Λ̃ ¼ 16

13

�ðm1 þ 12m2Þm4
1Λ1

M5
þ ð1 ↔ 2Þ

�
: ð5Þ

The quadrupolar tidal polarizability κT2 is

κT2 ¼ 3ν

��
m1

M

�
3

Λ1 þ ð1 ↔ 2Þ
�
: ð6Þ

The extrinsic parameters of the source θext ¼ fDL; ι;α; δ;
ψ ; tmrg;ϕmrgg, i.e., inclination angle ι, right ascension
angle α, declination angle δ, polarization angle ψ , time
of coalescence tmrg, and phase at the merger ϕmrg, allow us
to identify the location and orientation of the source.
Moreover, we include the recalibration parameters δfit that
account for deviations from the predictions of the EoS-
insensitive relations consistently with the related theoretical
uncertainties. NRPMw is parametrized by two additional
sets of degrees of freedom (see paper I for a detailed
discussion). The PM parameters θfreePM ¼ fϕPM; tc; αdriftg
correspond to: the PM phase shift ϕPM that identifies the
phase discontinuity after merger; the time of collapse tc that
characterizes the collapse of the remnant into BH; and
the frequency drift αdrift that accounts for linear evolution of
the dominant f2 component.

II. METHOD

A. Waveform model

In paper I we introduced the PM NRPMw waveform,
which can be employed to extend in the kiloHertz regime
the existing frequency-domain approximants for GW
signals from BNS mergers. For our studies, we resort to
the EOB model TEOBResumS [71,74,75], in its frequency
domain formulation, TEOBResumSPA [72,76], for the
representation of the IM part and present here the full
spectrum template TEOBResumSPA_NRPMw.
We attach the EOB model for the IM to the PM NRPMw

template, focusing on the dominant (2, 2) mode. The
information required to perform the attachment of

NRPMw with TEOBResumSPA is the time and the phase
at merger, respectively tmrg and ϕmrg. These data can be
extracted from the EOB IM waveform. Then, resorting
linear properties of the Fourier transform, the inspiral-
merger-postmerger (IMPM) waveform can be computed as
the sum of the premerger template hEOB and the PM one
hPM in the frequency-domain,

hIMPMðfÞ ¼ hEOBðfÞ þ hPMðfÞe−2πiftmrgþϕmrg ; ð7Þ

where hPMðfÞ is taken such that its reference time and
phase are vanishing.
Figure 1 illustrates an example of such an attachment

procedure for a representative configuration with
M ¼ 2.9M⊙, q ¼ 1.072, Λ1 ¼ 400 and Λ2 ¼ 600. As
shown, the TEOBResumSPA_NRPMw waveform (dashed
line) accurately reproduces the IM dynamics as described by
the TEOBResumSPA template, as well as the PM segment
following NRPMw. The attachment occurs after the merger,
with the adoption of the phase from the EOB model,
according to Eq. (7). To guarantee a smooth transition,
the fusion wavelet, i.e. the portion of the NRPMw waveform
between the merger time (as predicted by TEOBResumSPA)
and t0, defined as the first amplitude’s minimum after the
merger (See paper I), is used to perform a continuous
attachment of the PM with the IM. Consequently, this
segment is not compatible with either model.
We also validate the model against the (2, 2)-mode of six

NR simulations that are not included in the calibration set
of NRPMw, finding that the model is 89%–95% faithful to
NR when considering the full spectrum of frequencies and
the ET-D sensitivity curve [1,2]. More details on the IMPM
model and its validation can be found in Appendix A.

FIG. 1. Attachment between TEOBResumSPA and NRPMw
for a GW template of nonspinning binary with m1 ¼ 1.5M⊙,
m2 ¼ 1.4M⊙, Λ1 ¼ 400, Λ2 ¼ 600 andDL ¼ 40 Mpc. Since the
model is defined in the frequency domain, we obtain h22ðtÞ by
performing an inverse FFT of h22ðfÞ.
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B. Inference

We perform Bayesian parameter estimation (PE) experi-
ments by injecting and analyzing mock zero-noise BNS
signals with XG detectors. We employ the power spectral
density (PSD) curve of the ET detector, as reported
in Fig. 2, in configuration D [1,2], i.e., an equilateral
triangular shape with 10 km long arms. We simulate both
IM-only and IMPM waveforms and recover them using the
same model employed for the injection, TEOBResumSPA
and TEOBResumSPA_NRPMw respectively.
Bayesian inference is performed with the parallel

bajes pipeline [78]. In order to efficiently explore
the parameter space and compute the evidence, we utilize
nested sampling algorithm [79–81] as implemented in
the DYNESTY library [82] with a minimum of 2048
live points.
Bayesian analysis is based on the evaluation of the

likelihood function (See Appendix B 1 for additional
details), which is the most computationally expensive part.
To speed up the computations, we make use of the relative
binning technique [83,84] in the IM part. Relative binning
consists in the precomputation of frequency-binned overlap
of a fiducial waveform with the data, since the ratio of
neighboring waveforms in frequency domain is smooth in
the inspiral part. In particular, for the IM-only PEs we
employ the relative binning method for the whole fre-
quency range of the integration. For the IMPM cases,
we utilize relative binning only up to a cutoff frequency
fcut ¼ 2048 Hz and we perform a normal Bayesian PE
without speed up after the cutoff frequency. The two

likelihoods are then combined by summing their respective
contributions

logpðdjθ; HSÞ ¼ logpðdIMjθ; HRB
IM Þ þ logpðdPMjθ; HPMÞ:

ð8Þ

where logpðdIMjθ; HRB
IM Þ is the likelihood evaluated up

to fcut with relative binning, while logpðdPMjθ; HPMÞ is
evaluated in the high-frequency section, both using
TEOBResumSPA_NRPMw model. In order to investigate
how sensitive the choice of fcut is, we run 3 additional
IMPM analyses with different EoSs with fcut ¼ 1024 Hz
and compare posteriors with the ones of the analyses
presented in Sec. III. In all the cases the posteriors
are completely compatible, we therefore conclude that
the cutoff frequency used does not have any impacts in
the result of the inference. For further explanation of the
relative binning implementation and a discussion of the
approximations used, we refer to Appendix B 2.

C. EoS constraints from quasiuniversal relations

Given an estimation of the intrinsic BNS parameters, we
show how XG detectors can enable precise constraints on
the EoS of NSs. Inference of IM delivers posteriors of the
masses of the compact objects and of the tidal polarizability
parameters. The information contained in the IMPM
signals, instead, allows to go beyond mi and Λi and probe
high-density NS properties. Breschi et al. [15] combined
the Fisher matrix approach in the IM part with the Bayesian
analysis of the PM in order to obtain a tighter constraint on
the mass-radius relation. Here we perform a full spectrum
Bayesian PE, aiming to obtain more reliable inference,
particularly in the high-density regime. The resulting
pipeline constrains different quantities of interest in EoS
modeling and is described in what follows.
The first step is to map the posteriors for the total mass

and the peak PM frequency f2 into posteriors of maximum
density ρTOVmax and radius at the maximum mass RTOV

max , using
the NR phenomenological relations [15,85]

ρTOVmax ¼ a0c6

G3M2

�
1þ a1

�
c3

πGMf2

�
1=6

�
; ð9Þ

with ða0; a1Þ ¼ ð0.135905;−0.59506Þ and

RTOV
max =M ¼ ð5.81� 0.13Þ − ð123.4� 7.2ÞMf2

þ ð1121� 99ÞðMf2Þ2: ð10Þ

Subsequently, we use a sample of two millions EoSs from
Godzieba et al. [86] generated under minimal assumptions,
i.e., general relativity, causality, the maximum NS
mass above the maximum NS mass from pulsar observa-
tions, MTOV

max > 1.97M⊙ [87], and consistent with the
upper bound on the reduced tidal parameter Λ̃ from

FIG. 2. Amplitude spectral density (ASD) of ET in configu-
ration D [1,2] (in black) and comparison with ASD of LIGO L1
detector, relative to GW170817 event [77] (in gray), to show
the improvement in the detection of GW signals with XG
detectors. The solid colored lines represent five exemplary
BNS waveform spectra with TEOBResumSPA_NRPMw template
for M ¼ 1.24M⊙, q ¼ 1, varying Λ̃ and DL as indicated in
the legend.
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GW170817 [11,17,88]. We reweigh the EoS sample with
the posteriors of the masses, the reduced tidal parameter,
ρTOVmax and RTOV

max , employing EMCEE sampler [89]. This
allows us to place constraints not only on the NS mass-
radius diagram, but also to determine the 90% credibility
region for the tidal deformability curve ΛðMÞ and on the
pressure-density relation pðρÞ. Specifically, from the EoS
sampling we obtain a distribution of EoSs that most closely
resemble the one used for the injection. For each sampled
EoS, we compute the relations between the mass and the
radius of the star and between the tidal polarizability
parameter and the mass, yielding a 90% confidence
level (CL) on the MðRÞ and the ΛðMÞ curve, respectively.
Using the same EoS distribution we solve the Tolmann-
Oppenheimer-Volkoff (TOV) equations to determine the
corresponding pressure-density relation, from which we
derive the 90% confidence region for the pðρÞ curve.
The maximum mass of nonrotating NSs, MTOV

max , is a
crucial parameter for constraining the mass-radius diagram
and consequently the EoS. Additionally, it is also essential
for the determination of the probability of prompt collapse.
Specifically, PC is expected to occur when the total mass
of the system exceeds a threshold mass, which is related
through phenomenological relations to MTOV

max [63,64]

Mthr ¼ kthrðCmaxÞMTOV
max ; ð11Þ

where kthrðCmaxÞ is a function of the compactness of the
star. The values of Cmax and MTOV

max come from the EoS
sampling as presented above. In our analysis we adopt the
updated fits for kthr of [65], which were obtained for equal-
mass binaries. Perego et al. [66] provide a more general
characterization with mass ratio effects and show that the
latter give corrections compatible with the fit uncertainty
down to mass ratios q≲ 1.4–1.5 (depending on EoS). For
larger mass ratio PC is driven by accretion effects of the
secondary stars to the primary and require a more sophis-
ticated parametrization. Empirical models for the threshold
mass can be obtained also in those cases by considering, for
example, the EoS incompressibility parameter at extreme
densities. Typical deviations from the equal-mass relation
are up to ∼20% for mass ratios q ∼ 2.
In our PC analyses, we consider equal-mass binaries and

determine the 90% CL of the maximummassMTOV
max and the

corresponding radius RTOV
max of the NS from the mass-radius

diagram and insert them in Eq. (11). We then calculate the
probability of PC as

PPC ¼ PðM > MthrjdÞ; ð12Þ

as proposed by Agathos et al. [69].
In addition, the presence of PC can also be statistically

evaluated by computing the Bayes’ factor (BF) between
models that assume either a PC to a BH or the formation of
a NS remnant [13] (see Appendix B 1 for details on BF

calculation). An alternative method to assess the occurrence
of PC is to estimate the collapse time, tc, to a BH, which is a
parameter introduced in NRPMw waveforms. For practical
purposes we assume that a system promptly collapses to a
BH if tc < tthrc ¼ 2 ms. This threshold just serves as an
upper limit for the PC timescale; since a proper definition
of PC requires inspection of the bulk merger dynamics [90].

III. RESULTS

A. Inspiral merger

In this section we consider nine injection-recovery PEs
with TEOBResumSPA. We vary the initial frequency of the
analyses and the luminosity distance of the binaries,
comparing the recovered parameters with the injected
ones. This approach allows us to investigate how con-
straints on various parameters depend on the different
SNRs of the signals.
We generate artificial data in the frequency domain,

using the triangular, triple-interferometer ET detector
[4,91,92], with ET-D sensitivity [1,2] a sampling rate of
4096 Hz, and a duration of 128 s. We tested also longer
durations to ensure that the length of the signal does not
have any effects on the results. For example, with a signal
length of 512 s and initial frequency 5 Hz, the posteriors are
compatible within 90% confidence regions to the ones
shown below, since both injection and recovery are in the
frequency domain. The sky location corresponds to the
optimal location for the ET detector fα ¼ 2.64; δ ¼ 0.762g
and the binaries are oriented with ι ¼ 0 and ψ ¼ 0. The
injections are performed in zero noise, including only the
dominant (2, 2) mode. The injected strain is analyzed
in the frequency domain from f0 to 2048 Hz, where
f0 ∈ ½2; 5; 10; 20� Hz. We set the priors for chirp mass
M∈ ½0.8; 1.5�M⊙, for mass ratio q∈ ½1; 2� and for the tidal
polarizability parameters Λ1;2 ∈ ½0; 3000�. The spins are
aligned with the orbital angular momentum, with an
isotropic prior χ1;2 ∈ ½−0.05; 0.05� for the z − component.
Finally, for the luminosity distance we employ volumetric
priors DL ∈ ½10; 150� Mpc, except when the injected
luminosity distance is 300 Mpc, where we use
DL ∈ ½200; 400� Mpc. We used a uniform distribution for
all the priors and we marginalize over reference phase.
In principle it is possible to use priors for the tidal
polarizability parameters that consider Λ1 ≤ Λ2, as shown
in Fig. 1 of [11]. We estimate the impact of this possible
choice by removing samples from our posterior that do not
satisfy this condition, which is equivalent to imposing this
condition as a prior and repeating the analysis. We notice a
mildly impact in the results of the inference of the polar-
izability tidal parameters, obtaining a smaller 90% credible
intervals for Λ̃ and δΛ̃. For instance, for the injection
discussed in Table I, the 90% credible interval for Λ̃
changes from [481,499] to [481,498] at DL ¼ 40 Mpc
and f0 ¼ 2 Hz and from [430,610] to [450,610] at
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DL ¼ 300 Mpc and f0 ¼ 20 Hz when imposing Λ1 < Λ2.
The area of the posterior distributions of the tidal polar-
izability parameters of Figs. 4 and 5 shrinks as well, the
difference, though, is really slight and not even present in
all the cases. Therefore, we employed agnostic priors on Λ
for the results shown.

1. Source parameters

Figure 3 shows the relative precision on chirp mass and
mass ratio calculated as

Δx
x

¼ x95% − x5%
xm

; ð13Þ

where xm is the median value and x95% (x5%) corresponds to
the 95th (5th) percentile of the posterior distribution of
the parameter x. The injected GW signals correspond to
nonspinning BNS with M ¼ 1.1976917M⊙, q ¼ 1.5,
Λ̃ ¼ 488 and δΛ̃ ¼ −60. These values are compatible with
GW170817 event [77]. We vary the luminosity distance in
½40; 80; 120; 300� Mpc. The precision on both M and q
increases as the distance of the source decreases, since the
SNR is higher. Similarly, keeping a fixed luminosity
distance, the precision increases as the initial frequency
f0 of the analysis decreases, e.g., at DL ¼ 300 Mpc,

decreasing the frequency from 20 Hz to 5 Hz, the precision
on the measurement of both chirp mass and mass ratio
improves of about one order of magnitude.
Figure 4 shows the distributions of the differences

between the recovered and the injected values of the
reduced tidal parameter,

ΔΛ̃
Λ̃

¼ jΛ̃rec − Λ̃injj
Λ̃inj

; ð14Þ

with respect to the SNR, for eight different binaries. As the
SNR increases, that is when the luminosity distance
decreases, the width of the distribution shrinks, meaning
that the measurement of Λ̃ is more precise. This is mostly
due to the improvement in the chirp mass and mass ratio
discussed above. We run the same test fixing the luminosity
distance and varying the initial frequencies of the analyses.
The results are presented in Fig. 5. We obtain a similar
result as before: as the SNR increases, namely as the initial
frequency decreases, it is possible to have a better estima-
tion on the value of Λ̃, e.g., of about a factor two, when the
initial frequency changes from 20 to 5 Hz. Reducing the
luminosity distance from 120 Mpc to 40 Mpc, instead,
improves the precision on the reduced tidal parameters by a
factor between two and three. At the same time, we notice

TABLE I. Summary of the PEs with TEOBResumSPA for a BNS withM ¼ 1.1976917M⊙, q ¼ 1.5, Λ̃ ¼ 488, δΛ̃ ¼ −60, χeff ¼ 0,
ι ¼ 0. The first three columns report the injected luminosity distance, the initial frequency of the analyses and the SNR of the injected
data; the last seven columns report the recovered values, with the median of the posterior distributions and the 90% CLs.

Injected properties Recovered values

DL [Mpc] f0 [Hz] SNR M½M⊙� q Λ̃ δΛ̃ χeff DL [Mpc] ι

2 2261 1.1976917þ0.0000002
−0.0000002 1.500þ0.002

−0.002 490þ9
−9 −50þ30

−30 −0.0001þ0.0001
−0.0001 38.5þ1.0

−0.8 0.26þ0.07
−0.13

40 5 2228 1.1976917þ0.0000005
−0.0000005 1.500þ0.004

−0.004 488þ10
−10 −70þ20

−20 0.0000þ0.0002
−0.0002 40.00þ0.01

−0.01 0.02þ0.01
−0.01

10 1613 1.197691þ0.000002
−0.000002 1.498þ0.011

−0.009 490þ12
−14 −60þ30

−30 −0.0001þ0.0009
−0.0007 40.01þ0.02

−0.01 0.02þ0.01
−0.01

20 1301 1.19769þ0.00001
−0.00001 1.50þ0.04

−0.05 490þ30
−20 −60þ70

−30 −0.0002þ0.0030
−0.0040 37.7þ0.9

−0.8 0.33þ0.06
−0.08

2 1130 1.1976917þ0.0000004
−0.0000004 1.500þ0.003

−0.004 490þ20
−20 −40þ65

−40 −0.0001þ0.0002
−0.0003 76þ2

−3 0.30þ0.09
−0.13

80 5 1114 1.1976915þ0.0000010
−0.0000010 1.499þ0.008

−0.007 490þ30
−20 −40þ80

−50 −0.0001þ0.0005
−0.0005 76þ3

−2 0.31þ0.09
−0.14

10 806 1.197690þ0.000005
−0.000006 1.49þ0.03

−0.03 500þ50
−30 −40160−50 −0.0005þ0.0020

−0.0020 75þ3
−3 0.33þ0.09

−0.14

20 650 1.19769þ0.00002
−0.00003 1.49þ0.06

−0.14 500þ90
−40 −30þ220

−60 −0.0007þ0.0060
−0.0110 75þ3.0

−3 0.36þ0.09
−0.13

2 754 1.1976916þ0.0000006
−0.0000006 1.498þ0.006

−0.006 500þ30
−30 0þ110

−90 −0.0000þ0.0007
−0.0006 113þ5

−4 0.3þ0.1
−0.2

120 5 743 1.197692þ0.000001
−0.000002 1.50þ0.01

−0.01 490þ40
−30 −30þ150

−70 −0.0001þ0.0008
−0.0010 113þ4

−5 0.3þ0.1
−0.1

10 538 1.197689þ0.000008
−0.000008 1.49þ0.04

−0.04 510þ60
−50 0þ170

−100 −0.001þ0.003
−0.003 112þ6

−5 0.4þ0.1
−0.2

20 434 1.19768þ0.00002
−0.00004 1.46þ0.09

−0.14 530þ70
−70 20þ200

−110 −0.003þ0.008
−0.011 111þ6

−5 0.4þ0.1
−0.2

2 301 1.197692þ0.000002
−0.000002 1.50þ0.01

−0.01 510þ60
−50 80þ160

−160 −0.0004þ0.0010
−0.0013 270þ10

−10 0.4þ0.1
−0.2

300 5 297 1.197691þ0.000003
−0.000004 1.49þ0.02

−0.03 530þ50
−70 100130−180 −0.0002þ0.0020

−0.0020 280þ20
−20 0.4þ0.2

−0.2

10 215 1.19769þ0.00001
−0.00002 1.49þ0.07

−0.11 500þ100
−70 20þ210

−130 −0.0005þ0.0050
−0.0090 270þ20

−20 0.4þ0.1
−0.3

20 173 1.19768þ0.00008
−0.00007 1.4þ0.2

−0.3 540þ70
−110 100þ120

−220 −0.005þ0.021
−0.020 270þ20

−20 0.4þ0.2
−0.2
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that having a larger luminosity distance, i.e., 80 Mpc, but a
smaller initial frequency, i.e., 5 Hz, enhances the precision
in the measurement of all the parameters with respect to a
closer source (DL ¼ 40 Mpc) at f0 ¼ 20 Hz, even if the
SNR is higher in the latter case. Thus, decreasing the initial
frequency is an effective strategy to achieve better con-
straints in the estimation of the binary parameters.
Table I presents the recovered median values with the

90% confidence regions for the inferred parameters. In
addition to the consideration above about the chirp mass
and the mass ratio, as the initial frequency decreases from
20 Hz to 2 Hz, the precision on the estimation of the
reduced tidal parameter increases of about a factor two
and the precision on the effective spin of one order of
magnitude. The precision of the luminosity distance and
of the inclination, instead, is comparable for the different
cases and the inferred values are not always compatible
with the injected ones. This is due to the known degeneracy
between distance and inclination, which arises when
considering waveforms constructed only with the
ð2;�2Þmodes [94] Despite this, our results of the precision
of the luminosity distance are consistent with those
reported in [95].
In Table I and in Table IVof Appendix C we also report

the recovered values of the asymmetric tidal parameter δΛ̃.

The estimation on this parameter carries substantial uncer-
tainties, in some case larger than 100%. The trend in the
improvement of its precision follows the same behavior
discussed above for the reduced tidal parameter. We notice
that, when the SNR is sufficiently high, i.e., SNR≳ 1500

for q > 1.2, the recovered values of δΛ̃ deviate signifi-
cantly from zero, indicating a measurable asymmetry in
the tidal polarizability parameters. Furthermore, the joint
estimation of δΛ̃ and Λ̃ leads to constraints on the
individual tidal polarizability parameters. In few cases,
when the mass ratio is q≳ 1.289 and the SNR has the
highest value, i.e. f0 ¼ 5 Hz and DL ¼ 40 Mpc, we notice
that both the posterior distributions of Λ1 and Λ2 are not
compatible with zero, enabling us to confidently identify
the source as a BNS merger. However, in all the other cases,
the posterior distribution of Λ1 remains compatible with
zero, preventing us from discarding the BH-NS hypothesis.

2. Comparison of ET configurations

In Fig. 5 we compare two different configurations of ET,
the triangular one [1,2], described in Sec. II B and a two-L
configuration [93], where the first detector is located in the
Meuse-Rhine region and the second one in Sardinia, with
the same sensitivity as the triangular one [1,2] and a relative
orientation between the two detectors of 45°. We find that
the posterior distributions of Λ̃ for the two configurations
are comparable. Our results are in line with [96].
We then perform a comparison between the two different

configurations of ET for what concerns the recovery of the
extrinsic parameters, i.e., right ascension α, declination δ,
inclination ι and luminosity distance DL. Figure 6 shows
the posterior distributions of the difference between the
recovered and the injected values for the extrinsic param-
eters, since for each detector we use the best location.
We notice that the 90% confidence regions are comparable
for the two configurations for all the parameters, except for
the declination, which is better recovered in the case of the
two-L configuration.
Branchesi et al. [93], Begnoni et al. [97], and Puecher

et al. [96] compared various ET geometries using a Fisher
matrix approach in the two former cases and a Bayesian PE
in the latter two. They all concluded that an improvement in
the precision on the inference of the source parameters
comes primarily from the arms length, while changing
shape or alignment of the detectors plays a minimal role in
the accuracy increase. Additionally, Branchesi et al. [93]
found that the estimation of the source parameters is
comparable for the two configurations we considered,
while the triangular performs better in the estimation of
the inclination angle. Regarding the angular localization,
their results indicate that the two-L is better compared
to the triangular one. This improvement is attributed to
the ability of the two-L setup to partially triangulate,
thanks to its longer baseline. These findings are com-
patible with our results.

FIG. 3. Relative precision on chirp mass (top) and mass ratio
(bottom) with respect to the different initial frequencies for a
nonspinning BNS with M ¼ 1.1976917M⊙, q ¼ 1.5, Λ̃ ¼ 488,
at different luminosity distances. A lower initial frequency or a
closer source leads to improved precision in both the chirp mass
and the mass ratio estimations.
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B. Inspiral-merger-postmerger

This section is dedicated to the analysis of IMPM
injection-recovery PEs. We employed the complete
TEOBResumSPA_NRPMw template for the injections
of GWs from different binaries, i.e. with different EoSs.
As in the IM-only case, the detector used is ET, with
triangular shape and ET-D sensitivity [1,2]. The sky
location is the same as in III A and the luminosity distance
is 40 Mpc. The sampling rate is 16384 Hz and the signal
length 128 s, the analyses are performed in the frequency
range f∈ ½20; 8192� Hz. The priors for chirp mass are
M∈ ½0.8; 2�M⊙, for mass ratio q∈ ½1; 4�, for the tidal
polarizability parameters Λ1;2 ∈ ½0; 4000� and for the lumi-
nosity distance are volumetric DL ∈ ½10; 1000� Mpc. We
perform the inference under the assumption of nonspinning
binaries and we keep all the other extrinsic parameters fixed
to the injected values. We add the recalibration parameters
δfit to account for intrinsic errors of the calibrated formulas
(see paper I).
Figure 7 displays an example of posterior distributions

for the LS220 binary of Table II with M ¼ 1.223692M⊙.
We compare between IM and IMPM recoveries. The

posteriors distributions are, in both cases, correctly cen-
tered on the injected values (black lines) and they are
similar. We observe that the inclusion of the PM does not
significantly improve the constraints on chirp mass, mass
ratio and tidal polarizability parameter compared to the
IM-only PE. This outcome is primarily due to the dominant
contribution of the IM segment, which exhibits a SNR on
the order of 103, whereas the SNR of the PM is only on
the order of ten (the SNR threshold for detectability of the
PM is 7 [paper II]). Nevertheless, having a model that
incorporates the PM remains essential for distinguishing
between the characteristic PM features of a NS remnant and
the case of a PC, by using BFs for model selection, as
discussed below.
Figure 8 presents five illustrative recovered spectra, in

which the injected waveforms are included within the
90% CLs of the reconstructed spectra. Particularly, both
the inspiral part and the frequency of the peak of the PM,
f2, are well recovered with tight error bars for all the
binaries, i.e., it is possible to obtain constraints on f2
for different EoSs with an uncertainty smaller than 8%.
The high-frequency features and the region between the

FIG. 4. Posterior distributions for reduced tidal parameter Λ̃ with respect to SNR, varying the injected luminosity distances, for eight
fiducial binaries. The initial frequency is kept fixed to f0 ¼ 5 Hz. As the SNR increases, i.e., the luminosity distance decreases, the
width of the distribution of Λ̃ shrinks.
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merger and the peak of the PM are consistent with the
injection, but, in these cases, the 90% CL are broader,
indicating lower precision on the detection compared to
the inspiral segment. This reduced precision arises
because the strain amplitude is about two orders of
magnitude smaller and the detector sensitivity is lower
in the high-frequency region.
In Table II we report the results of the PE analyses

we performed. In all the cases we use both the IM
waveform TEOBResumSPA and the IMPM waveform
TEOBResumSPA_NRPMw for the recoveries. The inferred
values for the two cases are comparable and always
compatible with the injected values. We compute the
BFs as

logBIMPM
IM ¼ log

pðdjIMPMÞ
pðdjIMÞ ; ð15Þ

where pðdjHÞ is the evidence. In the upper part of the Table
the BFs are larger than zero, meaning that the IMPMmodel
is preferred over the IM model. All the logBF values are on

the order of ten, whereas the associated uncertainties,
estimated with the criterion introduced in [98], are on
the order 10−1. This indicates a high degree of statistical
confidence, supporting a clear detection of the presence of
the PM. In the bottom part of the table, instead, we test the
ability of our pipeline to recover PC. The relative dis-
cussion is postponed to Sec. III D. In order to discard the
possibility that the BF of the IMPM analyses is biased, due
to the fact that the IMPM analyses may recover a higher
SNR than the IM-only one, we check the recovered SNR
values and compare the IM-only case with the IMPM one.
Despite the values of the recovered SNR in the IM-only
case being slightly smaller, they are compatible within the
90% confidence range with the recovered ones from the
IMPM case and with the injected ones as well. For example
for the binary with SLy EoS and M ¼ 1.058974M⊙ the
injected SNR is 1177.978, the recovered SNR in the IM-
only case is 1177.900þ0.012

−0.084 and the recovered one for the
IMPM case is 1177.924þ0.037

−0.075 . Therefore we consider that
the SNR is not the main reason for the BF to favor the
IMPM case. We also note that the SNRs of the IM and the

FIG. 5. Posterior distributions for reduced tidal parameter Λ̃ with respect to SNR, varying the initial frequencies of the detection, for
eight fiducial binaries. The luminosity distance is kept fixed toDL ¼ 40 Mpc. As the SNR increases, i.e., the initial frequency decreases,
the width of the distribution of Λ̃ shrinks. Two different configurations of ET, triangular [1,2] in orange and two-L [93] in blue, give
comparable results.
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PM are summed in quadrature and, since the SNR of the IM
is two order of magnitude larger compared to the PM one,
adding the PMwill not change the total SNR (almost) at all.

C. EoS constraints

In this section we present the results of the EoS study
enabled by our PE analyses. In particular EoS sampling can
be performed starting from the results of the IM-only PEs,
employing only the masses and the tidal polarizability
parameters, or from the results of the PM, incorporating
also the constraints from the quasiuniversal relations for the
maximum density ρTOVmax and the radius at the maximum
mass RTOV

max , as described in Sec. II C.
We begin examining the distribution of the maximum

density and the radius at the maximum mass, computed
from the values of f2 using the quasiuniversal relations (9)
and (10), respectively. Figure 9 displays the posterior
distributions of ΔρTOVmax ¼ ρTOV;PEmax − ρTOVmax and ΔRTOV

max ¼
RTOV;PE
max − RTOV

max , for five different EoSs. ρTOVmax and RTOV
max

corresponds to the maximal theoretical values obtained
from the stable EoS sequence, while ρTOV;PEmax and RTOV;PE

max

are computed from the fits. We observe that for soft EoSs

the distributions ofΔρTOVmax are exactly centered around zero,
whereas for stiffer EoSs, such as DD2, the distributions are
shifted away from zero, although they remain compatible
with zero within the 90% CL. This discrepancy arises from
the fit relations used in the analysis. In particular examining
Fig. 1 of [15], we note that the specific binary with DD2
EoS we used exhibits a larger deviation from the fitted
relation for ρTOVmax , although it remains within the 90% CL.
Combining the posteriors of the total mass and the

tidal parameters with the results above, we constrain
the mass-radius diagram. Figure 10 shows the MðRÞ
relation for the SLy (M ¼ 1.244295M⊙) and BLh
(M ¼ 1.227164M⊙) EoSs (See Table II). The constrained
areas are obtained with TEOBResumSPA for IM-only and
TEOBResumSPA_NRPMw for IMPM. For PM-only we use
the TEOBResumSPA_NRPMw PE to compute RTOV

max and
ρTOVmax , but we are not including the constraints on the mass
and the tidal polarizability parameter. We utilize the EoSs
prior sample of [86] and in our 90% CL 14372 EoSs
are included. We additionally test scenarios varying this
amount, i.e., by doubling it, and obtain consistent results.
Comparing the results for IM-only, PM-only and IMPM

of Fig. 10 we can observe the impact of the constraints
given by the TEOBResumSPA_NRPMw waveform model
alone and by adding the quasiuniversal relations. The IM-
only case is based only on the results from the GWanalysis,
while the PM-only is based solely on the inference on f2

FIG. 6. Comparison of the posterior distributions for
extrinsic parameters for two different ET configurations: triangu-
lar [1,2] in orange and two-L [93] in blue. The injections
have been performed with TEOBResumSPA template with
M ¼ 1.344787M⊙, q ¼ 1.21, Λ̃ ¼ 172, DL ¼ 40 Mpc and
ι ¼ 45°. The initial frequency f0 is 10 Hz. We are showing
the differences between the recovered parameters and the injected
ones, since the sky position corresponds to the relative best
location for each detector. The posterior distributions are com-
parable, except for the estimation of the declination, where the
two-L configuration provides tighter constraints.

FIG. 7. Posterior distributions for intrinsic parameters recov-
ered from the injection of a BNS using LS220 EoS
(M ¼ 1.223692M⊙), as in Table II. The recovery is performed
both with TEOBResumSPA (IM) and TEOBResumSPA_
NRPMw (IMPM). The injected values are in black. The posterior
distributions obtained with the two models are analogous, since
most of the information is included in the IM section.

HUEZ, BERNUZZI, BRESCHI, and GAMBA PHYS. REV. D 113, 043019 (2026)

043019-10



and the quasiuniversal relations. The IMPM case combines
the two in a stricter constraint. Therefore going from the
case of the IM-only (yellow) to the IMPM (red) we
additionally include the constraints coming from the
quasiuniversal relation to the GW inference of M and Λ̃.
Looking at Fig. 7, we can see that the inference of
masses and tidal polarizability parameters is dominated
by the IM. The case of the full-spectrum model
TEOBResumSPA_NRPMw does not give additional con-
straints. Had we repeated the EoS sampling with the IMPM
without any information from the quasiuniversal relations
from f2, we would have obtained constraints identical to
the IM-only. The PM, instead, gives information at higher
densities and together with the IM produces a tighter
constraint around the theoretical mass-radius curve, giving
in particular a better estimation of the maximum mass
MTOV

max and the corresponding radius RTOV
max . For IMPM,

we find the CLs to be MTOV
max ¼ 2.03þ0.07

−0.05M⊙ and RTOV
max ¼

10.23þ0.25
−0.12 km for SLy and MTOV

max ¼ 2.07þ0.09
−0.08M⊙ and

RTOV
max ¼ 10.75þ0.32

−0.25 km for BLh. The values we obtain
are compatible with [78] and the relative error is roughly
the same. Compared with earlier analyses based on
GW170817 [85,99–101], an improvement by a factor three
in the uncertainties of the maximum mass is achieved
with XG detectors. For RTOV

max , the precision enhances by a
factor four [102,103]. We note that in the region of
1.54M⊙ ≲M ≲ 1.87M⊙, the constrained IMPM 90% con-
fidence region is not totally consistent with the theoretical
mass-radius relation for SLy and BLh. We attribute this
slight incompatibility to the sample of EoSs, that does
not include EoSs exactly compatible with SLy or BLh
at M ≲ 0.6M⊙.
Furthermore, Fig. 11 reports the ΛðMÞ curve derived

from the combined IMPM analysis, evaluated for an

TABLE II. Summary of the PEs with TEOBResumSPA for IM and TEOBResumSPA_ NRPMw for IMPM case. The first five columns
report the injected parameters, included the EoS used; the central six columns report the recovered values, with the median of the
posterior distributions and the 90% CLs and the last column displays the BFs, with statistical uncertainties as in [98].

Injected properties Recovered values IM Recovered values IMPM

Morph. M½M⊙� q Λ̃ SNR M½M⊙� q Λ̃ M½M⊙� q Λ̃ logBIMPM
IM

DD2 1.339520 1 403 1427 1.339519þ0.000001
−0.000001 1.013þ0.015

−0.012 400þ4
−6 1.339519þ0.000001

−0.000001 1.016þ0.012
−0.011 400þ4

−6 32.29þ0.47
−0.47

BHBΛϕ 1.319184 1 434 1409 1.319184þ0.000001
−0.000001 1.013þ0.014

−0.012 431þ4
−6 1.319184þ0.000001

−0.000001 1.016þ0.011
−0.011 431þ5

−6 31.98þ0.47
−0.47

DD2 1.522426 1 178 1583 1.522425þ0.000001
−0.000001 1.011þ0.013

−0.010 177þ2
−3 1.522425þ0.000001

−0.000002 1.016þ0.012
−0.011 176þ3

−3 29.54þ0.48
−0.48

LS220 1.170202 1 703 1278 1.170202þ0.000001
−0.000001 1.015þ0.014

−0.013 699þ6
−8 1.170202þ0.000001

−0.000001 1.015þ0.012
−0.012 699þ7

−8 24.99þ0.47
−0.47

DD2 1.315304 1.289 442 1405 1.315304þ0.000002
−0.000002 1.289þ0.002

−0.002 443þ12
−14 1.315304þ0.000002

−0.000002 1.290þ0.002
−0.002 440þ12

−13 22.25þ0.48
−0.48

SLy 1.175243 1 394 1466 1.175243þ0.000001
−0.000001 1.014þ0.014

−0.012 390þ5
−6 1.175243þ0.000001

−0.000001 1.014þ0.011
−0.011 392þ4

−5 19.39þ0.48
−0.48

BLh 1.227164 1 412 1329 1.227163þ0.000001
−0.000001 1.012þ0.015

−0.011 409þ5
−6 1.227163þ0.000001

−0.000001 1.017þ0.012
−0.012 408þ4

−6 18.90þ0.47
−0.47

DD2 1.043690 1 1638 1164 1.043690þ0.000000
−0.000001 1.015þ0.016

−0.013 1631þ9
−18 1.043690þ0.000001

−0.000001 1.018þ0.014
−0.013 1629þ10

−17 16.72þ0.46
−0.46

BLh 1.341381 1 222 1429 1.341381þ0.000001
−0.000001 1.012þ0.013

−0.011 220þ3
−4 1.341380þ0.000001

−0.000001 1.013þ0.012
−0.010 221þ3

−4 15.16þ0.48
−0.48

SFHo 1.130733 1 538 1243 1.130733þ0.000000
−0.000001 1.014þ0.015

−0.012 534þ6
−8 1.130732þ0.000001

−0.000001 1.017þ0.012
−0.012 534þ6

−8 15.05þ0.46
−0.46

BLh 1.239566 1 385 1339 1.239565þ0.000001
−0.000001 1.117þ0.004

−0.004 385þ7
−12 1.239565þ0.000001

−0.000001 1.117þ0.004
−0.003 385þ6

−9 14.36þ0.47
−0.47

SFHo 1.273413 1 249 1369 1.273412þ0.000001
−0.000001 1.013þ0.014

−0.011 247þ3
−4 1.273412þ0.000001

−0.000001 1.016þ0.013
−0.012 246þ4

−5 14.19þ0.47
−0.47

SFHo 1.344787 1.212 172 1432 1.344787þ0.000002
−0.000002 1.213þ0.002

−0.002 171þ6
−9 1.344787þ0.000002

−0.000001 1.213þ0.002
−0.002 171þ5

−7 13.94þ0.48
−0.48

SLy 1.058974 1 743 1178 1.058974þ0.000000
−0.000001 1.013þ0.015

−0.012 738þ7
−10 1.058974þ0.000001

−0.000001 1.018þ0.012
−0.013 737þ7

−10 12.99þ0.46
−0.46

SLy 1.244295 1 264 1344 1.244295þ0.000001
−0.000001 1.012þ0.014

−0.011 262þ4
−4 1.244295þ0.000001

−0.000001 1.016þ0.013
−0.012 261þ4

−5 12.89þ0.47
−0.47

SLy 1.303371 1 191 1396 1.303371þ0.000001
−0.000001 1.012þ0.013

−0.011 189þ3
−4 1.303370þ0.000001

−0.000001 1.015þ0.012
−0.011 189þ3

−4 12.51þ0.47
−0.47

LS220 1.223692 1.287 525 1325 1.223692þ0.000001
−0.000002 1.288þ0.002

−0.002 525þ13
−16 1.223692þ0.000001

−0.000001 1.288þ0.002
−0.002 525þ11

−15 12.22þ0.47
−0.47

SLy 1.304020 1.222 192 1396 1.304020þ0.000001
−0.000002 1.220þ0.002

−0.002 192þ6
−9 1.304020þ0.000001

−0.000001 1.220þ0.002
−0.002 192þ5

−7 9.78þ0.48
−0.48

SLy 1.183075 1.257 365 1289 1.183075þ0.000001
−0.000001 1.257þ0.002

−0.002 365þ10
−14 1.183075þ0.000001

−0.000001 1.257þ0.002
−0.002 363þ11

−14 8.91þ0.47
−0.47

SFHo 1.339422 1 130 1427 1.339422þ0.000001
−0.000001 1.012þ0.013

−0.011 129þ3
−3 1.339422þ0.000001

−0.000001 1.014þ0.012
−0.011 129þ3

−3 7.17þ0.48
−0.48

2B 1.175243 1 126 1283 1.175243þ0.000001
−0.000001 1.013þ0.013

−0.011 124þ4
−4 1.175243þ0.000001

−0.000001 1.013þ0.013
−0.011 124þ4

−4 −3.63þ0.47
−0.47

DD2 1.522426 1 178 1583 1.522425þ0.000001
−0.000002 1.015þ0.013

−0.011 177þ2
−3 1.522425þ0.000001

−0.000002 1.015þ0.013
−0.011 177þ2

−3 −5.84þ0.47
−0.47

SLy 1.303371 1 191 1396 1.303370þ0.000001
−0.000001 1.014þ0.013

−0.011 189þ3
−4 1.303370þ0.000001

−0.000001 1.014þ0.013
−0.011 189þ3

−4 −6.28þ0.47
−0.47
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equal-mass binary with BLh EoS, M ¼ 2.8M⊙ and
Λ̃ ¼ 412. The resulting constraint on the tidal polarizability
parameter as a function of the mass is particularly tight
around the theoretical curve for BLh, highlighting both
the accuracy of our method in recovering the theoretical
prediction and its robustness in probing the dense matter
properties of NSs. From this analysis, we also extract
constraints on the tidal polarizability parameter at
M ¼ 1.4M⊙, finding that it lies within the range
289 < Λ1.4 < 529.
Finally, Fig. 12 displays an example of direct inference

of the pressure-density EoS relation. The theoretical SLy
curve lies within the 90% CLs for both IM and IMPM
cases. We observe a similar behavior to that seen in the
mass-radius curve: the confidence region is narrower in
the region with 5 × 1014 g cm−3 ≲ ρ≲ 13 × 1014 g cm−3,
while it becomes broader at both lower and higher
densities. As in the other inferences discussed, the
IMPM analysis improves the precision of the inference
on pðρÞ at higher densities.

D. Prompt collapse

In this section we discuss the identification of PC.
We initially analyze the lower part of Table II, for which
we injected GW signals with the IM-only model
TEOBResumSPA, to simulate a PC. The recovery is
performed both with IM and IMPM templates. In these
cases the BFs logBIMPM

IM are negative, with the smallest
absolute value reaching 3.86þ0.48

−0.48 . Although these absolute
values are smaller than the BFs in the upper part of the
table, there is a strong evidence that the PC hypothesis is
favored, because the uncertainties are low enough, imply-
ing the pipeline capability of reliably distinguishing PCs.
We also note that these BFs are smaller, when comparing
with the Bayesian PE of Ref. [13], performed with the
time-domain full spectrum TEOBResumS-NRPM model.
Nevertheless, they remains sufficiently large to robustly
confirm the occurrence of a PC.
While the BF analysis demonstrates that our pipeline can

detect PC signatures under favorable conditions, its reli-
ability diminishes as the signal weakens, particularly at

FIG. 8. Injected and recovered spectra of five exemplary binaries, with different EoSs. The solid colored lines report the injected
waveforms, the shadowed regions correspond to the 90% credibility regions and the vertical black dotted lines represent the PM
peaks at f2. We also report the ASD of the ET detector [1,2]. Both the inspiral part and the peak of the PM are well recovered in all
the cases.
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larger distances. Notably, for XG detectors, the SNR of the
PM typically reaches values on the order of tens, when the
binary is located at a distance comparable to that of
GW170817 event [77], an exceptionally favorable case.
However, the SNR drops below the threshold SNRthr ∼ 7
(see paper II) at larger distances. As a result, detecting and
characterizing the PM features becomes challenging, and

even our pipeline may in principle not be able to reliably
distinguish whether there is a PC to a BH or a NS remnant
is formed. To address this degeneracy, we consider the
alternative methods introduced in Sec. II C to infer PC.
We present in Fig. 13 the probability of PC computed

per Eq. (12) for two equal-mass BNSs, assuming SLy
EoS (Mthr ≃ 2.8M⊙). The first binary has a total mass

FIG. 9. Posterior distributions of the difference between recovered and theoretical values for maximum density ρTOVmax and radius at the
maximum mass RTOV

max for five different EoSs. The recovered values are computed with Eqs. (9) and (10) and are consistent with the
theoretical values from the EoS sequences, as reported in the legend.

FIG. 10. Mass-radius diagram constraints from two BNS observations, with different EoSs: SLy (M ¼ 1.244295M⊙) on the left and
BLh (M ¼ 1.227164M⊙) on the right (See Table II). The gray area (prior) corresponds to the two millions EoS sample of [86]. The
colored areas are the 90% credibility regions given by IM, PM and IMPM inferences. The theoretical mass-radius curves are reported in
black. The inclusion of the PM gives information in the high-density regime. The further combination with the IM inference leads to
tighter constraints of the mass-radius diagram.
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M¼2.7M⊙<Mthr and the second has M¼3.0M⊙>Mthr.
In the former case, the probability of PC is approximately
7% for IM-only and 32% for IMPM. This difference comes
from the different inferences of the maximum mass and the
corresponding radius obtained with IM and IMPM analy-
ses, see Fig. 10. In the IM case MTOV

max is on average larger,
resulting in a higher threshold mass. In contrast, the IMPM
analysis yields a more precise estimation of the maximum
mass, leading to a smaller and more tightly constrained
threshold mass.

For the binary withM ¼ 3.0M⊙, the probability of PC is
80%, strongly favoring the PC scenario. Therefore, the first
system is more likely to result in a long-lived NS remnant,
while the second case supports the hypothesis of PC to a
BH, as expected from the injection.
In addition, we estimate the values of the time

of collapse, tc, with TEOBResumSPA_NRPMw and we
compute the probability of having tc > tthrc ¼ 2 ms. For the
first binary (M ¼ 2.7M⊙) we find tc ¼ 23þ15

−14 ms, while for
the PC injection (M ¼ 3.0M⊙), we find tc ¼ 0.28þ0.26

−0.24 ms.
From Fig. 13, we notice that the probability Pðtc=tthrc > XÞ
(green region) is vanishing for the latter binary.
Applying the same procedure to real observational data

has the potential to place meaningful constraints on the
properties of dense matter. Inferring the probability of PC
to BH can provide valuable insights into the EoS charac-
terization. This can help identify potential softening of the
EoS, which may arise from phase transitions at extreme
densities or thermal effects [19,40,104–106].

IV. CONCLUSION

In this paper we presented a waveform model for the
complete BNS spectrum and its application to Bayesian
parameter estimation with next generation detectors.
We focused on single signals in Einstein Telescope’s band
and the inference of neutron star matter constraints.

FIG. 11. Tidal polarizability parameter as function of the mass
for BLh (M ¼ 1.227164M⊙) EoS (See Table II). The colored
region represents the 90% CL for the IMPM inference. It is
compatible and tightly constrained around the theoretical ΛðMÞ
curve, shown in black. The dashed lines correspond to the
injected values.

FIG. 12. Pressure-density curve for SLy (M ¼ 1.244295M⊙)
EoS (See Table II). The colored regions represent the 90% CLs
for the IM (yellow) and IMPM (red) inferences. The theoretical
pðρÞ relation is reported in black. The constrained areas are
compatible with the theoretical predictions and the IMPM
analysis gives a tighter constraint at higher densities.

FIG. 13. Cumulative posterior distributions of the ratio between
the total mass and the threshold mass for two different binaries.
The probability of prompt collapse is represented by the fraction
of posterior distribution that lies above the black line. In the case
of SLy withM ¼ 3M⊙ > Mthr the probability of PC is larger than
80%, in the other case (M ¼ 2.7M⊙ < Mthr) the probability is
smaller than 35%. The difference between IM and IMPM comes
from the different ability to constrain the maximum mass,
between the two cases, as presented in Sec. III C. The colored
area represents the probability distribution for the promptly
collapsing binary of having a collapse time larger than the
threshold collapse time, tthrc ¼ 2 ms. The whole area lies below
the black line, therefore the probability is vanishing.
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Methodologically, our work introduces TEOBResumSPA_
NRPMw, a frequency domain waveform model that
describes GWs from early inspiral up to kiloHertz PM
and considers injection-recovery (mock) Bayesian experi-
ments to validate a pipeline that delivers inferences of
various extreme matter constraints.
As a preparatory step to full-spectrum analyses, we first

considered IM-only injections and study systematically the
impact of the choice of the initial frequency (down to 2 Hz),
of the signal SNR and the detector configuration on the
inference. Notably, we observe an improvement of approx-
imately one order of magnitude in the precision of the chirp
mass and mass ratio when lowering the initial frequency
from 20 to 2 Hz. The relative error on reduced tidal
parameter improves by about a factor two. Varying the
ET configuration from the triangular layout to the two-L
configuration does not significantly impact the inference
of the intrinsic parameters. Nevertheless, a clear improve-
ment is seen in the measurement of the extrinsic param-
eters, particularly the declination, which is better
constrained with the two-L configuration. This improve-
ment is primarily due to the geographical separation of the
two detectors, one in Meuse-Rhine region and the other
one in Sardinia, which enhance the ability to localize the
source in the sky.
Next, we focused on the full spectrum analysis with the

newly developed model TEOBResumSPA_NRPMw. Our
pipeline effectively recovers both the injected inspiral
segment and the peak frequency of the PM signal. Other
PM features are also correctly retrieved, although their
constraints are less stringent compared to those on the IM
and f2. The posterior distributions of chirp mass, mass ratio
and reduced tidal parameter, do not show a clear improve-
ment when including the PM spectrum. This is attributed
to the PM portion having an SNR approximately two
orders of magnitude smaller than that of the IM section.
Nevertheless, Bayesian model selection analysis favors the
IMPM model over the IM-only, already at postmerger
SNR ∼ 8 (where the PM detection threshold is 7). This
regimes proves to be essential for probing the NS EoSs, as
we demonstrate that employing the full spectrum in the
analyses leads to a substantial reduction of the credibility
region on the mass-radius diagram, particularly in the
high-density regime.
Using an EoS sampling with minimal hypotheses (cau-

sality, validity of general relativity), we showed that a
single-event PM signal plays a crucial role in constraining
both the maximum density and the radius corresponding to
the maximum mass, through quasiuniversal relations that
involves the peak frequency f2. The inclusion of these
posterior distributions significantly reduces the 90% cred-
ibility region of the mass-radius diagram, particularly at
high densities. Therefore, the possibility to perform PEs
of GW signals detected with ET, that also contains PM

features, enables more precise constraints on the maximum
mass and the corresponding radius. In our study, we
demonstrate relative errors smaller than 8% and 5% for
the maximum mass and the relative neutron star radius,
respectively. A novel result presented in this paper is the
tight constraint on the ΛðMÞ curve, where the 90% CL
closely follows the theoretical model. Similarly, the infer-
ence of the pressure-density relation, especially that
obtained through the IMPM analysis, yields significantly
tight constraints at high-densities, again closely tracking
the theoretical prediction. This approach enhances the
precision in extracting information about the properties
of nuclear matter under extreme conditions.
Finally, we analyze the inference of prompt collapse

scenario. Bayesian model selection with IM-only and
IMPM recoveries can identify PC for PM detections at
or above the SNR threshold. However, other complemen-
tary approaches can be utilized. We extended the approach
of Agathos et al. [69] to infer the probability of PC. Our
analysis highlights that it is possible to robustly determine
whether a BNS undergoes PC or forms a NS remnant that
emits PM signals, even if the latter is not detectable due to a
weak PM SNR.
Our work has important limitations that should be

considered for future work. First, in both IM-only and full
spectrum analyses, we injected nonspinning binary sys-
tems. In the future, it would be valuable to access the ability
of our pipeline to accurately recover spin components,
despite the degeneracy between spin, mass ratio and tidal
polarizability parameters. An ongoing study is already
investigating PE without fixing any parameters in the
IMPM scenario. This includes the inference of the spin
components as well as additional extrinsic parameters of
the binary, beyond just the luminosity distance. Moreover,
our current study focuses only on the dominant (2, 2) mode.
Including also higher-order modes would help, for example
to address the degeneracy between luminosity distance and
the inclination. TEOBResumSPA already incorporates
higher modes, whereas their implementation in NRPMw
is still undergoing. Given that our injections are based on
GW signals from XG of detectors, we must also account for
the long duration of such signal. In this regime, Earth’s
rotation is not negligible, and the increased sensitivity of
the detector implies that multiple signals may overlap in the
data stream. Consequently, future analysis techniques must
address challenges in signal disentanglement and noise
mitigation [3,107–109]. Lastly, in our analyses, we used the
same model for both injection and recovery. However,
Gamba et al. [110] showed that for signals with SNR > 80,
using different waveform models for injection and recov-
ery introduces significant systematic errors. This high-
lights the importance of waveform systematics studies
and motivates the development of more robust cross-
model validation strategies.
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DATA AVAILABILITY

The waveform model developed in this work,
TEOBResumSPA_NRPMw, is implemented in bajes
and the software is publicly available at: [112]
TEOBResumS is publicly available at: [113].

APPENDIX A: FULL SPECTRUM MODEL

We provide here some details on the construction
and the validation of the complete waveform model
TEOBResumSPA_NRPMw employed in our work.
The complete model is obtained by attaching the EOB

TEOBResumSPA to NRPMw at the merger. Within this
framework, the parameters fϕPM; t0g determine the initial
phase and time of the PM segment (see paper I) and are set
to the phase and time of merger from the TEOBResumSPA
waveform, ϕmrg and tmrg. In order to perform a cleaner
attachment and avoid double-counting, when we employ
NRPMw for the complete IMPM model, the fusion wavelet
is set to zero, i.e., Wfus ¼ 0, since the EOB model is
expected to include the merger portion of data.

The validation of the complete model has been per-
formed using 6 exemplary NR simulations from the CoRe

database [114] computed with the THC code [22,65,115–
117] and listed in Table III. Note this set of simulations is
not included in the calibration set. The data are chosen to
cover a sufficiently large variety of phenomenologies; in
particular, the validation set includes four long-lived cases,
two of which with q > 1.5 showing tidal disruption, and
two short-lived cases, one of which includes deconfined
quark matter. Moreover, NR data are hybridized with the
time-domain TEOBResumS model, in order to extended
the waveforms in the early inspiral regime, not included in
typical NR simulations. Also for these studies, we employ
ET-D sensitivity curve [1,2] and we minimize over the
additional set of parameters fθfreePM ; δPMg for NRPMw.
Employing only the PM portion of data and NRPMw, we
obtain log10 F̄ between −1.35 and −0.95 over all the
validation set of 6 binaries. In particular, short-lived cases
(SFHo and BLQ) reach log10 F̄ ≲ −1.25; while, large mass
ratio binaries (BLh and DD2) recover worst matches,
i.e. log10 F̄ ≃ −0.95.
Figure 14 shows the unfaithfulness computed between

TEOBResumSPA_ NRPMwmodel and the hybrid NR-EOB
waveforms, where the inner products are evaluated over
the frequency range ½fmin; 8 kHz�. For fmin < 100 Hz, the
model have good agreement with NR data as shown by
log10 F̄ ≲ −3, comparable to Ref. [72]. Approaching fmrg,
the recovered F̄ shows an increasing trend, with peaks
above 10−1. Subsequently, for fmin > 1.5 kHz, the recov-
ered F̄ are comparable with the values obtained only with
the PM portion of data, i.e. log10 F̄ ≲ −1. In order to
further inspect this behavior, we show in Fig. 15 the
comparison between the time-domain NR data and the
corresponding TEOBResumSPA_ NRPMw templates, mak-
ing use of the inverse FFT. The inspiral EOB template
matches NR data accurately up to merger, i.e., t ¼ 0;
however, considerable phase differences arise after this

TABLE III. Summary of the NR simulations used to validate
TEOBResumSPA_NRPMw template. The first column reports the
nature of the remnant. The following seven columns show the NR
data properties, i.e., EoS, reference, total mass M, mass ratio q,
tidal polarizability κT2, PM peak frequency f2 and the time of BH
collapse tc.

Morph. EOS Ref.
M

½M⊙� q κT2

f2
[kHz]

tc
[ms]

Short-lived SFHo [115] 2.7 1.0 79 3.42 8.0
BLQ [22] 2.8 1.0 81 2.68 2.7

Long-lived SLy [13] 2.6 1.0 92 3.13 21
LS220 [116] 2.6 1.167 168 2.80 35

Tidally
disrupted

BLh [117] 2.84 1.664 97 3.27 18
DD2 [118] 2.88 1.666 131 2.58 34
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moment in the two models. These errors can be related to the
stationary-phase approximation (SPA) and to the absence of
next-to-quasicircular (NQC) corrections [119,120] in the
frequency-domain EOB template. These corrections appear
to be more relevant for equal-mass binaries and they
motivate additional studies for the development and the
calibration of accurate EOB-NR waveform models.

APPENDIX B: MOCK BAYESIAN INFERENCES

In this section, we summarize the basic inference
techniques implemented in bajes pipeline [78]. The main
novelty introduced for this work is the implementation of
the relative binning technique from [83,84].

1. Bayesian framework

Bayesian analysis is a primary technique to perform
parameter estimation. It based on the evaluation of the
posterior distribution pðθjd; HÞ, through Bayes’ theorem,

pðθjd; HSÞ ¼
pðdjθ; HSÞpðθjHSÞ

pðdjHSÞ
; ðB1Þ

where the prior distribution pðθjHSÞ represents our knowl-
edge about the parameters we estimate, pðdjHSÞ is the
evidence and pðdjθ; HSÞ is called likelihood function. For a
fixed set of data dðtÞ, the likelihood function is given by

logpðdjθ; HSÞ ∝ −
1

2

X
i

ðd − hðθÞjd − hðθÞÞi; ðB2Þ

where HS represents the signal hypothesis, the subscript i
runs over the employed detectors (i.e., it denotes that the inner
products are estimated with the corresponding data series,
projected waveform and PSD for each detector), and the
parameter vectorθ corresponds to the combinationθ ¼ fθbin;
θfreePM; δfit; θextg of the inspiral parameters θbin, the uncon-
strained PM parameters θfreePM, the recalibration coefficients
δfit and the extrinsic GW parameters θext ¼ fDL; ι; α; δ;ψ ;
tmrg;ϕmrgg. The inner product in Eq. (B2) is

ðajbÞ ¼
Z

fmax

f0

a�ðfÞbðfÞ
SnðfÞ

df; ðB3Þ

with SnðfÞ the PSD of the noise segment.
Resorting to nested sampling algorithm [98], it is

possible to accurately estimate the evidence integral, i.e.,

pðdjHSÞ ¼
Z

pðdjθ; HSÞpðθjHSÞdθ; ðB4Þ

that allows us to perform model selection between two
model hypotheses A and B, computing the BF of the signal
hypothesis A against the signal hypothesis B as

BB
A ¼ pðdjHBÞ

pðdjHAÞ
: ðB5Þ

FIG. 14. Unfaithfulness between hybrid NR-EOB waveforms
and TEOBResumSPA_NRPMw model as function of the lower
cutoff frequency fmin. The values are computed employing ET-D
[1,2] sensitivity curve and setting the upper cutoff frequency to
8 kHz. The vertical dotted lines refer to the value of the
instantaneous NR frequency at merger for each case.

FIG. 15. Comparison between NR data (black solid lines) and
TEOBResumSPA_NRPMw model (colored dashed lines). The
reported NR templates correspond to the validation set listed in
Table III. The time-domain TEOBResumSPA_ NRPMw wave-
forms are estimated employing inverse FFT. For each NR
simulation, we show the corresponding EoS, the mass ratio q
and the tidal polarizability κT2. The waveforms are aligned on the
segment t=M ≤ −200.
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When BB
A > 1 (< 1), the model hypothesis B (A) is

favored. Furthermore, we introduce the SNR from
Eq. (B3) as

ρðhÞ ¼ ðdijhÞffiffiffiffiffiffiffiffiffiffiffiðhjhÞp ; ðB6Þ

where the definition can be extended to multiple detectors
employing quadrature summation.
For a more detailed discussion on the Bayesian

framework employed in GW data analysis we remand
to [78,79,121].

2. Relative binning

Relative binning [83,84,122] is an acceleration method
for PE. The most computationally expensive part of a PE is
the evaluation of the likelihood function (B2) with wave-
forms hðf; θÞ in the parameter space, that are small
perturbations of the best-fit waveform. Neighboring wave-
forms in the frequency domain are very similar to each
other, therefore one can work directly with the ratio with
respect to a fiducial waveform h0ðfÞ,

rðfÞ ¼ hðfÞ
h0ðfÞ

: ðB7Þ

Since this ratio is smooth, it can be approximated by a
piecewise linear function [84]

rðfÞ ¼ r0ðh; bÞ þ r1ðh; bÞðf − fmðbÞÞ; ðB8Þ

where b represents a frequency bin and fm is the mean
frequency of the bin. Some components of the inner
products involved in the likelihood computation can be
precomputed to improve the efficiency

A0 ¼
4

T

X
f∈ b

dðfÞh�0ðfÞ
Sn

;

A1 ¼
4

T

X
f∈ b

dðfÞh�0ðfÞ
Sn

ðf − fmðbÞÞ;

B0 ¼
4

T

X
f∈ b

jh0ðfÞj2
Sn

;

B1 ¼
4

T

X
f∈ b

jh0ðfÞj2
Sn

ðf − fmðbÞÞ: ðB9Þ

Thus, during the PE it is sufficient to evaluate r0ðh; bÞ
and r1ðh; bÞ at the bin edges and compute the inner
products for the likelihood as

ðdjhÞ¼
X
b

ðA0ðbÞr�0ðh;bÞþA1ðbÞr�1ðh;bÞÞ;

ðhjhÞ¼
X
b

ðB0ðbÞjr0ðh;bÞj2þ2B1ðbÞℜ½r0ðh;bÞr�1ðh;bÞ�Þ:

ðB10Þ

We then employ the binning criterion of [84] with ϵ ¼ 0.01.
Relative binning technique is effective for waveform

analyses up to the merger part, as the frequency domain
representations are smooth in this regime. Instead, in
the PM regime, the waveform structure becomes highly
complex and rapidly varying in frequency, rendering
relative binning inefficient and insufficiently accurate.
Nevertheless, NRPMw is fast, being phenomenological,
therefore acceleration techniques are not critical as in the
case of TEOBResumSPA. In our full spectrum analyses,
we thus employ relative binning only in the IM portion and
we perform standard PE for the PM part of the spectrum. To
implement this approach, we introduce cutoff frequency
fcut ¼ 2048 Hz. The likelihood is computed separately for
the two regimes: using relative binning for frequencies
below fcut (IM) and using the full, unaccelerated Bayesian
PE for frequencies above the cutoff (PM). The total
likelihood is obtained by summing the two contributions,
cf. Eq. (8). This hybrid approach enables efficient and
accurate PE for GW signals spanning both the IM and PM
regimes.
The precomputation of some terms and the evaluation

of the waveforms only on the bin edges enable PE of
coalescing compact binaries in a very short amount of time:
it is possible to run a PE on a single CPU in 44 minutes for a
binary black holes, using the TEOBResumS template, and
in 275 minutes for a BNS with TaylorF2. In the case of
full spectrum BNSs waveforms with TEOBResumSPA_
NRPMw, we run on a cluster with 192 CPUs in about
40 hours, making use of the MPI-parallelization of
bajes [78].

APPENDIX C: RESULTS

We report in Table IV the results of the injection recovery
with IM-only TEOBResumSPA template relative to
Figs. 4 and 5.
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TABLE IV. Summary of the PEs with TEOBResumSPA for BNSs. The first eight columns report the injected parameters and the last
six columns report the recovered values, with the median of the posterior distributions and the 90% credibility regions.

Injected properties Recovered values

M½M⊙� q Λ̃ δΛ̃ χeff

DL
[Mpc] f0 SNR M½M⊙� q Λ̃ δΛ̃ χeff DL [Mpc]

5 2452 1.3447868þ0.0000005
−0.0000005 1.212þ0.005

−0.005 172þ4
−6 40þ30

−40 −0.0000þ0.0003
−0.0004 38.6þ0.8

−0.8

40 10 1775 1.344787þ0.000003
−0.000002 1.21þ0.02

−0.01 171þ4
−7 40þ30

−30 0.0000þ0.0009
−0.0007 38.2þ1.0

−0.8

20 1431 1.344788þ0.000012
−0.000011 1.22þ0.05

−0.05 170þ6
−12 30þ40

−40 0.000þ0.003
−0.003 38.2þ1.2

−1.1

5 1226 1.3447868þ0.0000010
−0.0000009 1.213þ0.010

−0.009 170þ6
−9 40þ30

−50 0.0001þ0.0005
−0.0004 76þ2

−2

1.3447868 1.212 172 30 0 80 10 887 1.344788þ0.000005
−0.000004 1.22þ0.03

−0.03 168þ7
−11 30þ40

−50 0.000þ0.002
−0.002 75þ3

−3

20 716 1.34479þ0.00002
−0.00002 1.22þ0.08

−0.08 168þ7
−16 30þ40

−50 0.000þ0.005
−0.004 75þ3

−3

5 817 1.344787þ0.0000014
−0.0000015 1.216þ0.014

−0.015 167þ8
−13 30þ40

−50 0.0001þ0.0008
−0.0007 113þ4

−4

120 10 592 1.344788þ0.000007
−0.000006 1.22þ0.04

−0.04 166þ9
−17 30þ40

−60 0.000þ0.002
−0.002 113þ5

−5

20 477 1.34478þ0.00004
−0.00002 1.19þ0.14

−0.13 168þ7
−18 30þ40

−60 −0.002þ0.008
−0.005 112þ6

−6
5 2391 1.3040200þ0.0000005

−0.0000005 1.222þ0.006
−0.005 193þ4

−7 50þ30
−40 −0.0000þ0.0003

−0.0003 38.6þ0.9
−0.9

40 10 1731 1.304020þ0.000002
−0.000002 1.22þ0.02

−0.02 192þ5
−8 50þ30

−40 0.0001þ0.0009
−0.0008 38.2þ1.0

−0.9

20 1396 1.304023þ0.000009
−0.000011 1.24þ0.04

−0.05 190þ7
−11 40þ40

−40 0.001þ0.003
−0.003 38.2þ1.0

−1.0

5 1195 1.3040201þ0.0000009
−0.0000009 1.224þ0.009

−0.009 190þ6
−10 50þ30

−50 0.0001þ0.0005
−0.0005 76þ2

−2

1.3040200 1.222 192 35 0 80 10 865 1.304021þ0.000004
−0.000005 1.23þ0.03

−0.03 189þ8
−14 40þ40

−60 0.000þ0.002
−0.002 76þ3

−3

20 698 1.30402þ0.00002
−0.00002 1.22þ0.09

−0.09 189þ7
−19 40þ40

−60 −0.000þ0.006
−0.004 75þ3

−3

5 797 1.3040203þ0.0000014
−0.0000013 1.225þ0.014

−0.013 187þ9
−15 40þ40

−60 0.0002þ0.0007
−0.0006 114þ5

−4

120 10 577 1.304021þ0.000006
−0.000005 1.23þ0.04

−0.04 186þ9
−14 30þ40

−50 0.000þ0.002
−0.002 114þ5

−6

20 465 1.30402þ0.00003
−0.00002 1.23þ0.13

−0.14 186þ10
−21 30þ50

−60 0.000þ0.008
−0.006 113þ6

−6

5 2344 1.2742306þ0.0000004
−0.0000004 1.500þ0.003

−0.003 233þ6
−6 50þ20

−20 −0.0001þ0.0003
−0.0005 38.5þ0.9

−0.7

40 10 1697 1.274232þ0.000002
−0.000002 1.505þ0.011

−0.011 230þ9
−10 70þ30

−30 0.0001þ0.0009
−0.0009 38.1þ1.2

−0.9

20 1369 1.274231þ0.000008
−0.000014 1.50þ0.02

−0.04 232þ10
−12 80þ20

−30 0.000þ0.002
−0.004 38.1þ1.3

−1.1

5 1172 1.2742306þ0.0000009
−0.0000010 1.501þ0.006

−0.007 231þ9
−11 80þ30

−40 0.0001þ0.0006
−0.0005 76þ2

−2

1.2742305 1.5 232 75 0 80 10 849 1.274231þ0.000005
−0.000005 1.50þ0.02

−0.02 230þ10
−20 80þ30

−40 0.001þ0.002
−0.002 75þ3

−3

20 684 1.274230þ0.000014
−0.000017 1.50þ0.04

−0.05 230þ10
−20 80þ30

−40 0.000þ0.004
−0.004 75þ3

−3

5 782 1.2742308þ0.0000013
−0.0000013 1.502þ0.009

−0.008 230þ10
−20 80þ30

−40 0.0001þ0.0007
−0.0007 114þ5

−5

120 10 566 1.274232þ0.000007
−0.000006 1.51þ0.03

−0.03 220þ10
−20 70þ30

−50 0.000þ0.003
−0.002 112þ5

−5

20 456 1.27423þ0.00003
−0.00002 1.49þ0.08

−0.06 230þ20
−30 70þ30

−50 −0.001þ0.007
−0.005 111þ6

−5

5 2238 1.2037856þ0.0000004
−0.0000004 1.333þ0.004

−0.004 335þ7
−9 90þ40

−40 0.0000þ0.0004
−0.0003 38.5þ1.1

−0.8

40 10 1620 1.203786þ0.000002
−0.000002 1.334þ0.014

−0.014 336þ10
−13 90þ50

−50 −0.0001þ0.0010
−0.0010 38.3þ1.1

−1.0

20 1307 1.203783þ0.000011
−0.000008 1.32þ0.05

−0.03 340þ10
−20 90þ50

−50 −0.001þ0.003
−0.002 37.9þ1.3

−1.2

5 1119 1.2037856þ0.0000008
−0.0000007 1.333þ0.007

−0.006 335þ10
−14 100þ40

−60 −0.0001þ0.0006
−0.0005 76þ3

−2

1.2037856 1.333 334 75 0 80 10 810 1.203786þ0.000004
−0.000005 1.34þ0.03

−0.03 330þ20
−20 80þ60

−80 0.001þ0.002
−0.00 76þ3

−3

20 654 1.20378þ0.00002
−0.00002 1.33þ0.09

−0.07 330þ10
−30 90þ50

−70 −0.000þ0.006
−0.004 75þ3

−3

5 746 1.2037857þ0.0000012
−0.0000011 1.334þ0.011

−0.009 330þ10
−20 110þ40

−70 0.0001þ0.0007
−0.0007 114þ5

−5

120 10 540 1.203787þ0.000006
−0.000006 1.34þ0.03

−0.04 330þ20
−30 80þ70

−80 0.001þ0.002
−0.002 111þ6

−5

20 436 1.20378þ0.00003
−0.00002 1.33þ0.13

−0.09 330þ20
−40 80þ60

−90 −0.001þ0.010
−0.006 112þ6

−6

(Table continued)
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TABLE IV. (Continued)

Injected properties Recovered values

M½M⊙� q Λ̃ δΛ̃ χeff

DL
[Mpc] f0 SNR M½M⊙� q Λ̃ δΛ̃ χeff DL [Mpc]

5 2293 1.2395655þ0.0000005
−0.0000004 1.117þ0.009

−0.008 385þ4
−7 80þ70

−90 0.0000þ0.0002
−0.0002 38.5þ0.9

−0.8

40 10 1660 1.239566þ0.000002
−0.000002 1.12þ0.02

−0.02 385þ4
−8 80þ80

−90 0.0001þ0.0007
−0.0007 38.3þ1.0

−0.9

20 1339 1.239564þ0.000012
−0.000005 1.10þ0.08

−0.05 385þ4
−13 60þ80

−100 −0.001þ0.003
−0.001 38.1þ1.2

−1.0

5 1146 1.2395657þ0.0000008
−0.0000008 1.121þ0.015

−0.015 381þ7
−13 50þ90

−110 0.0001þ0.0005
−0.0004 76þ3

−2

1.2395655 1.117 385 35 0 80 10 830 1.239566þ0.000004
−0.000003 1.12þ0.05

−0.05 382þ7
−15 50þ90

−90 0.000þ0.002
−0.001 76þ3

−3

20 670 1.239566þ0.000018
−0.000010 1.13þ0.11

−0.10 380þ9
−24 30þ110

−110 0.000þ0.005
−0.002 75þ3

−3

5 764 1.2395657þ0.0000012
−0.0000012 1.12þ0.02

−0.02 380þ9
−19 50þ100

−140 0.0001þ0.0007
−0.0006 113þ5

−4

120 10 553 1.239566þ0.000006
−0.000005 1.13þ0.06

−0.08 380þ10
−20 40þ100

−120 0.000þ0.002
−0.002 112þ5

−5

20 446 1.23956þ0.00003
−0.00001 1.12þ0.15

−0.10 380þ10
−30 30þ120

−130 0.000þ0.008
−0.002 112þ6

−6

5 2407 1.3153038þ0.0000005
−0.0000006 1.289þ0.005

−0.005 444þ9
−9 100þ70

−40 0.0000þ0.0003
−0.0005 38.5þ0.9

−0.8

40 10 1742 1.315303þ0.000003
−0.000003 1.28þ0.02

−0.02 449þ10
−15 120þ70

−70 −0.0004þ0.0011
−0.0010 38.2þ1.1

−0.9

20 1405 1.315296þ0.000017
−0.000009 1.26þ0.07

−0.04 452þ9
−19 120þ70

−60 −0.002þ0.004
−0.002 38.0þ1.1

−1.0

5 1204 1.3153039þ0.0000010
−0.0000010 1.290þ0.009

−0.009 444þ13
−15 100þ80

−70 −0.0001þ0.0005
−0.0006 76þ3

−2

1.3153039 1.289 442 75 0 80 10 871 1.315303þ0.000005
−0.000005 1.29þ0.03

−0.03 450þ10
−20 13þ70

−100 −0.000þ0.002
−0.002 75þ3

−3

20 702 1.315300þ0.000024
−0.000019 1.27þ0.10

−0.08 450þ10
−40 110þ80

−100 −0.001þ0.006
−0.005 75þ4

−3

5 802 1.3153038þ0.0000016
−0.0000014 1.29þ0.01

−0.01 440þ10
−20 120þ70

−100 −0.0000þ0.0008
−0.0007 114þ5

−4

120 10 581 1.315306þ0.000006
−0.000008 1.30þ0.04

−0.05 440þ20
−30 90þ90

−110 0.001þ0.002
−0.003 112þ1

−4

20 468 1.31530þ0.00003
−0.00002 1.27þ0.11

−0.10 445þ15
−30 110þ80

−110 −0.001þ0.008
−0.006 112þ6

−5

5 2268 1.2236917þ0.0000005
−0.0000005 1.286þ0.005

−0.005 530þ9
−11 150þ70

−60 −0.0000þ0.0004
−0.0006 38.6þ1.0

−0.9

40 10 1642 1.223691þ0.000003
−0.000003 1.28þ0.02

−0.02 535þ7
−15 190þ40

−90 −0.0005þ0.0012
−0.0011 38.2þ1.2

−0.9

20 1325 1.223690þ0.000008
−0.000008 1.28þ0.04

−0.04 533þ9
−17 160þ60

−80 −0.001þ0.003
−0.002 38.1þ1.3

−1.2

5 1134 1.2236918þ0.0000009
−0.0000008 1.287þ0.009

−0.008 529þ11
−17 160þ60

−100 −0.0000þ0.0006
−0.0005 76þ2

−2

1.2236919 1.288 526 110 0 80 10 821 1.223692þ0.000004
−0.000004 1.29þ0.03

−0.03 529þ13
−21 170þ60

−100 −0.000þ0.002
−0.002 75þ3

−3

20 662 1.22369þ0.00002
−0.00001 1.30þ0.09

−0.07 522þ18
−38 130þ90

−100 0.001þ0.006
−0.004 75þ3

−3

5 756 1.2236919þ0.0000014
−0.0000012 1.289þ0.014

−0.012 525þ14
−26 160þ70

−130 0.0001þ0.0007
−0.0006 113þ5

−4

120 10 547 1.223694þ0.000006
−0.000007 1.30þ0.04

−0.05 520þ20
−33 140þ90

−120 0.001þ0.003
−0.003 112þ6

−5

20 442 1.22369þ0.00003
−0.00002 1.29þ0.12

−0.11 523þ18
−48 140þ80

−140 0.000þ0.009
−0.007 112þ5

−6

5 2089 1.1076460þ0.0000004
−0.0000003 1.125þ0.008

−0.009 570þ6
−10 90þ140

−110 0.0000þ0.0003
−0.0003 38.4þ0.8

−0.8

40 10 1514 1.107646þ0.000002
−0.000002 1.13þ0.03

−0.03 569þ6
−16 60þ100

−100 0.0002þ0.0008
−0.0008 38.2þ1.4

−1.0

20 1222 1.107646þ0.000008
−0.000006 1.13þ0.07

−0.06 567þ7
−17 50þ120

−90 0.000þ0.003
−0.002 38.0þ1.3

−1.1

5 1045 1.1076460þ0.0000007
−0.0000007 1.126þ0.014

−0.014 567þ8
−12 140þ90

−160 0.0001þ0.0005
−0.0005 76þ2

−3

1.1076460 1.125 570 50 0 80 10 757 1.107647þ0.000003
−0.000002 1.13þ0.04

−0.03 568þ9
−29 80þ160

−260 0.0003þ0.0016
−0.0010 76þ3

−3

20 611 1.107646þ0.000017
−0.000008 1.14þ0.12

−0.10 565þ10
−32 70þ150

−150 0.000þ0.006
−0.003 75þ3

−3

5 696 1.1076461þ0.0000011
−0.0000009 1.13þ0.02

−0.02 564þ11
−28 90þ130

−220 0.0001þ0.0006
−0.0006 113þ5

−5

120 10 505 1.107646þ0.000005
−0.000005 1.13þ0.06

−0.09 565þ11
−25 90þ140

−220 0.000þ0.002
−0.002 113þ5

−5

20 407 1.107643þ0.000019
−0.000007 1.11þ0.14

−0.09 560þ14
−39 90þ190

−170 −0.001þ0.007
−0.002 112þ6

−6
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