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In view of the next LIGO-Virgo-KAGRA Observing period O4 (to start in Spring 2023), we address the
question of the ability of the interferometers network to discriminate among different neutron stars equation
of states better than what was possible with the observation of the binary neutron stars merger GW170817.
We show that the observation of an event similar to GW 170817 during O4 would allow us to resolve the
dimensionless effective tidal deformability A within an uncertainty 7 times better than the one obtained in
02. Thanks to the expected increase in sensitivities, we show that any GW170817-like single-event within
a distance of 100 Mpc would imply significantly improved constraints of the neutron stars equations of
state. We also illustrate the important impact of the noise in the analysis of the signal, showing how it can
impact the effective tidal deformability probability density function for large signal-to-noise ratio.
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I. INTRODUCTION

Neutron stars (NSs) are the densest compact objects
known in the Universe. These stars have a radius of
about ten to fourteen kilometers and masses observed
between 1.174 £ 0.004M, [1] and 2.147509M [2] and
they are the central residue of massive star collapse. The
density in the core of a NS can reach up to about 8§ times the
nuclear saturation density (particle density: ng,, = 0.155 +
0.005 fm~ [3], energy-density: pg, ~ 2.7 x 10'* gcm™).
At such densities, the state of nuclear matter is still yet quite
unknown, see Refs. [4,5] for some discussions, and it may
undergo a phase transition between nuclear matter to some
form of exotic matter. The composition of matter may
therefore be nucleons, or quark-gluon plasma, or meson
condensate, or hyperons, or H-dibaryon, etc. Astrophysical
observations can bring improved knowledge on the com-
position of the core of NSs.

The structure of a hydrostatic spherical NS is determined
by the Tolman-Oppenheimer-Volkoff (TOV) equation [6]
and the NS equation of state (EoS). The EoS of cold matter
is assumed to be universal and hence to be the same for all
NSs. From the solution of the TOV equation, one can
determine the sequence of masses and radii allowed by a
given EoS. The measurement of the mass and radii of
pulsars is thus a primordial information to better constrain
the possible NS EoS as done by the Neutron Star Interior
Composition Explorer (NICER) project [7,8].
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The analyses of the GW170817 signal [9] have shown
the high potential of the detections of gravitational waves
emitted by the merger of binary NS (BNS) systems in
constraining the EoS in the core of a NS. In a binary
system, each NS is under the action of the gravitational
field of the companion star, 8,-]-. As a consequence, the NS
is tidally deformed and its quadrupole moment is equal to
Q;; = —AE&;;, with A the tidal deformability of the NS.
The tidal deformability is a central parameter for the study
of the EoS of cold nuclear matter at beta equilibrium
and can be measured from GW signals. Provided the
gravitational waveform (GW) is loud enough, it is
possible to measure the tidal deformability with gravita-
tional waves, and thus constrain the state of nuclear matter
in NS. This is possible because, during a coalescence
of NSs, the effective tidal deformability of the BNS
impacts the post-Newtonian (pN) waveform expansion
at the fifth order.

The network of three Michelson interferometers of the
LIGO-Virgo collaboration (LVC) [10,11] have already
detected 90 compact binary coalescences, most of which
are black holes [12—14]. The detection that better constrains
the EoS is the event called GW170817 detected on August
17,2017 at a distance of about 40 Mpc [15]. The gamma-
ray burst GRB 170817A [16] and the electromagnetic
spectrum associated with this signal was also detected
giving rise to the first multimessenger study [17]. The
detection on Earth of the gravitational waves emitted by
this exceptional event lead to the first measure of the tidal
deformabilities from BNSs and thus put constraints on the
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EoS in a density region corresponding to the NS masses.
For example, in paper [9], two scenarios for the EoS of
matter were investigated. The first one is based on the
so-called “insensitive EoS” relations [18] and the connec-
tion between tidal deformability and the compactness of the
NS [19] to determine its radius. The second one directly
assumes a spectral representation of the EoS, p = p(p)
linking the pressure p and the energy density p, and
depending on 4 parameters [20]. This analysis not only
constrains the NS EoS but also gives the probability density
associated to these 4 parameters. Such an analysis has been
repeated by several other groups, with different EoS
representations and, for some of them, investigating the
impact of electromagnetic counter parts, see for instance
Refs. [21-24].

In our study the estimation of the source properties from
the gravitational wave signal is performed in a Bayesian
framework. We are using Bilby [25], a parameter estimation
framework for gravitational wave astronomy. In order to
analyse a BNS GW signal, a relation between the tidal
deformability and the mass should not be assumed.
However, it is possible to assume a modeling of the EoS
to calculate the tidal deformability, and use it to generate
the corresponding GW. Instead of parametrizing a set of
EoSs, if one just fixes the relation between the pressure and
energy density, a value of the mass uniquely determines the
value of the tidal deformability, and the parameters space
explored by the Bayesian inference samplers has two
dimensions less. In the paper [26], 24 classical EoSs were
considered to describe the state of matter of a NS. For each
EoS, a Bayesian analysis has been performed. The selec-
tion of the best EoS and their ranking was done by the
Bayes factor allowing to compare two competing models.
In the present analysis we consider eight EoSs, six of them
with an explicit transition to a quark core (first order or
cross-over) in order to reanalyze GW170817. The aim of
our new analysis is to explore the possibility of discrimi-
nating among EoSs with the O4 data, the next observing
run of the LIGO-Virgo-KAGRA (LVK) collaboration,
starting in Spring 2023. We study the impact of the
expected noise reduction, compared to the O2 data when
GW170817 was observed, as well as the impact of the
source distance.

The paper consists of two parts. The first part aims at
reanalyzing GW170817 with the eight EoSs and rank
them by the Bayes factor. We also present two different
approximations to this end and discuss the benefit of each
one of them. The second part of our study concerns the
possible discrimination between the EoS thanks to the
observations in the O4 run. To do so, we use simulated
signals injected on a noise with an expected power
spectrum density corresponding to the O4 data taking.
Given the expected sensitivity of KAGRA, we only
consider LIGO and Virgo detectors for our simula-
tion study.

II. EQUATIONS OF STATE IN THE ANALYSIS OF
THE GW170817 LVC DATA

The main parameter carrying information about dense
matter EoS in this context is the tidal deformability A. As
exceptional as the GW170817 event was, it has rejected
only a small number of EoSs, most of which were already
excluded by constraints coming from nuclear physics [27].
In the present study, we anticipate a much better capability
of constraining the EoS during the next observational
campaign O4, since the sensitivity will be substantially
improved. The question that needs to be addressed is to
understand to what extent the various predictions for the
EoS can be discriminated, and what amount/quality of data
will be needed to achieve this. To this end we have setup a
protocol where we assume a specific EoS while analyzing
the GW170817 data. We then compare the average uncer-
tainties on the measurement of the tidal deformability
parameters associated to such analyses to the uncertainty
from an EoS-blind analysis, hereafter called flat prior. If the
EoS-blind analysis allows us to exclude predictions based
on specific EoSs, then the data will be able to distinguish
among various EoSs. The ability of describing the data is
assessed by the use of Bayes factors.

The following section describes the set of EoSs that we
have used in this study.

A. Equations of state illustrating different scenarios:
Nucleonic, first order phase transitions,
and quarkyonic cross-over

The core of NSs can be composed of compressed
neutrons and protons, but it can also be composed of
deconfined quark matter. In the latter case, the star is an
hybrid star where the inner and the outer core are separated
by a phase transition. The article [28] studies the impact of
such a phase transition [29] on the radius of the star and
compares the predictions with the observations by NICER
and the LVC (GW170817). This transition can either be
first order, or quarks may be produced by a smooth cross-
over process, such as the one suggested by the quarkyonic
model (qyc) [30] where the pressure does not present a kink
as it is the case for a first order transition. In those
quarkyonic stars one can distinguish an inner and outer
core of different nature, but with no strict delimitation. For
our analysis, we have selected eight EoSs from the paper
[28]: the Skyrme SLy4 [31,32] interaction which has been
employed in several LVC papers [15], SLy4* which is a
modified version of SLy4 by changing K, from
—120 MeV to 125 MeV (named nucleonic in Ref. [28]),
a set of three EoSs based on SLy4* with a first order phase
transition (FOPT) occurring at n, = 2.0n,, with the sound
speed ¢> =2/3 and three choices for the step density
(on, = 1.15ny, FOPTI1, én; =0.8ny,, FOPT2, on, =
0.5ng, FOPT3), and finally, we have also considered three
quarkyonic models [30] adapted to beta-equilibrated matter
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(a) The mass-radius curves for various EoSs considered in this analysis: SLy4 and SLy4* (solid lines); three EoSs with a FOPT

(dashed lines) that presents a kink; three qyc models (dotted lines). (b) The associated tidal deformabilities as a function of NS masses.
For illustration, the vertical bar represents the 90% confidence interval of the tidal deformability A extracted from the LVC analysis of

GW170817 [37].

in compact stars [33] varying the parameter Agy:
qycl (Agye =332 MeV), qyc2 (Agye = 300 MeV), qyc3
(Agye = 275 MeV). The motivation for SLy4* is to gen-
erate a nucleonic model compatible with GW170817 as
well as the NICER observations for the massive NS PSR
J0740 4 6620 [28]. In Fig. 1(a), the mass-radius relations
for the eight EoSs employed in this analysis are shown:
SLy4 and SLy4* (solid lines) are smooth, with SLy4
predicting systematically lower radii than SLy4”*, the three
EoSs with a FOPT (green dashed lines) present a kink
(reflecting the first order character of the transition) from
where the radius sharply reduces as a function of the mass,
and finally the three qyc models (dotted lines) that have a
smooth mass-radius relation as a consequence of the
transition between nucleonic and quark matter being a
cross-over. The latter modeling predict an increase of the
radius for mass in the range observed by GW170817. Note,
however, that these eight EOSs are only illustrative and do
not span over all possible EOS. In particular, we have not
explored strange quark stars or hybrid stars with slow
conversion at the interface, see Refs. [34-36] for instance.
We show in Fig. 1(b) the tidal deformability-mass
relation, where the tidal deformability is defined as

2
A=-""—kR, 1
ok (1)

with k, the tidal Love number and R the NS radius, see for
instance Ref. [38] for more details. The more compact the
NS, and thus massive, the weaker the tidal deformability,
and the extreme case of zero deformability describes a
black hole. By fixing, in what follows, the EoS in the GW
signal analyses, we are in practice imposing that the
relation between A and the mass m follows the relation
given in Fig. 1(b). The vertical bar shows the effective
tidal deformability A obtained from GW170817 [37],

illustrating that our choice of EoSs widely explores the
observational data.

B. Comparison of EoS-blind analysis of GW170817
with analyses based on several EoSs

The data d (d = h + n) associated to a detection consists
of the signal 4 and the noise n, which is modeled by the
power spectrum density (PSD). For GW170817, the PSDs
characterizing the detectors LIGO Livingston, LIGO
Hanford, and Virgo are respectively plotted in blue, orange,
and green in Fig. 2. The GW constituting the signal can be
modeled by the IMRPhenomPv2_NRTidal approximant
[39—41]. This model is based on a pN development to
which a high frequency phase evolution fit combining
both an analytical EOB model [42] and a set of numerical
relativity simulations [43,44] to better model tidal effects,
called NRTidal, have been added. The template waveform
gives the strain A(r) as a function of 17 intrinsic and
extrinsic parameters. The extrinsic parameters are the
location in the sky of the source, its distance, its
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FIG. 2. Representative power spectral density of the three
detectors’ strain sensitivity. The noise curves during event
GW170817 of run O2 are shown in green, orange, and blue
[15]. The design noise curves for O4 are shown in red and purple
and are used to perform the O4 simulations [46].
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TABLE I. Priors used for the Bayesian analysis.

Parameters 6

Priors 7(6)

Chirp mass M = (m;m,)3mg)>
Mass ratio ¢ = m,/m,
Spins ay, a,, 0y, 05, d12, P

Sky localization a, &
Luminosity distance d;
Orbital plane W, Gjn
Coalescence phase ¢,
Geocenter time 7,

Tidal deformabilities A, A,

Uniform M € [1.18,1.21]Mg

Uniform g € [0.125,1]

Uniform a,a, € [0,0.05]; Sin 6,,0, € [0, x];
Uniform ¢y, ¢ € [0,27]

a = 3.446 rad; 6 = —0.408 rad

Square PowerLaw d; € [0,80] Mpc

Uniform ¥ € [0,7]; Sin 6;, € [0, 7]

Uniform ¢, € [0,2x]

Uniform ¢, € [trigger-time — 0.1, trigger-time + 0.1]s

Uniform A, A, € [0,5000]

polarization, its inclination angle, and its phase at the
coalescence time. The intrinsic parameters are the masses
of the two objects, their spins and their tidal deformabil-
ities. The waveform is governed by a combination of these
parameters. For instance the fifth and sixth orders in the
post-Newtonian expansion are controlled by the effective
tidal deformability A and its effective asymmetric part SA
defined as [45]

B+ T =3P (A, + Ay)

A:
13
+ V1 =dn(1+ 97— 117)(A) = Ay)]
o 13272 8944 ,
15910 32850 , 3380
. 2 3) (A - A
+< 1319 17 1319 +1319”)( ! 2)]

(2)

with 5§ = mym,/mi,, my = my, + m,, with m; and m,
being the masses of the two NSs with m; > m,.

The determination of the 17 extrinsic and intrinsic
parameters 6 is performed by a Bayesian analysis,
where the probability density function (PDF) p(6|d, M,)
is defined from the likelihood L(d|0, M,), the prior
n(0|My), and the evidence Z(d|My) according to the
following formula [47]:

£(d

0, Mp)z(0|M,) _

(3)

The symbol M, represents the list of model parameters,
including the waveform and the EoS parameters. Note that
in the case where we have not considered the EoS
contribution (EoS blind analysis), there are therefore 17
parameters in total. In the case where an EoS is considered,
there are only 15 parameters because the tidal deformability
of a NS becomes a function of its mass.

The Bayesian analysis of GW170817 is performed by
using Parallel Bilby vi.1.0 [25,48], a parallelized Bayesian

inference Python package, and DYNESTY v1.0.1 [49-51], a
nested sampler. Transient noise bursts, of instrumental or
environmental origin, can overlap with GW signals and
undermine their detection, as happened for the GW170817
event [15]. In the current LVK analysis flow, such noise
contributions are evaluated prior to the estimation of
astrophysical properties of the sources. The Bayesian
analysis considers that the noise is at all time Gaussian
and that glitches have been subtracted from data, using
standard deglitching techniques already used by the LVK
collaboration [14]. For production runs, the priors used are
given in Table I. In order to speed-up the numerical
calculations, the right ascension and declination are fixed
from the observation of the EM counterpart. We use the
default parameters recommended by the LVC with the
phase and distance marginalization, nlive = 1000 (number
of live points), nact = 10 (to ensure that the minimum
p-value in pp tests [52] is above 1/15) and n-parallel = 4
(number of independent jobs per event to improve the
smoothness of results). For BNS systems with the range of
chirp mass considered, the signal duration 7 of the leading
order in pN expansion of the inspiral starting at a frequency
fo=~20Hzis

5 G\ ~5/3
= JoOmo )™ L1655 (a)
256 f 3 c

where G is the Newton’s constant ¢ the speed of light. In
the following we use therefore a signal duration of 192 s. In
the case of BNS systems the computational power needed
for a Bayesian inference analyzing described above is quite
expensive, taking about one day with the power of a cluster
with 8 processors Intel Cascade Lake 6248 (8 x 20 cores
at 2.5 GHz).

A full Bayesian PDF is constructed from the comparison
of the observed GW170817 GW signal and the modeled
one, as previously explained. The 1D marginal distributions
of M and ¢ are shown in Fig. 3 for different approaches for
the EoS: the flat prior analysis refers to a choice of a
uniform prior for the tidal deformabilities, independently of
the choice of a given EoS, while the other curves assume
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The PDF of the chirp mass M (a) and the mass ratio ¢ (b) obtained from the analysis of the GW 170817 observed data for

various EoSs considered in this analysis (see the legend for more details). The flat prior blue curve is obtained assuming a flat prior in
M and g without assuming a given EoS as in the original LVC analysis [15] (see text for more details) and the BBH curves assumes

A1:A2:0.

a choice in the EoS. The different EoSs produce a
dispersion of the position of the peak in the chirp mass
PDF [see Fig. 3(a)] and this dispersion is slightly larger
than the width of the flat prior PDF. In all cases, the chirp
mass is however very well bounded between 1.1973M
and 1.1978M,. For the BBH case the associated PDF is
peaked at 1.1975 £ 0.0002M , whereas for the other cases
(with matter described by our sample of EoSs), the FOPT1
and the qyc3 models represent the two extreme PDFs for
the mass dispersion. Note that these two EoSs are also the
ones constraining the radius of a 1.4M 4 NS (R 4) to be
between 11.4 and 13.3 km, see Fig. 1(a). The mass ratio
PDF [see Fig. 3(b)] for the BNS points toward a 90% con-
fidence region above 0.67 with a mean value of 0.9. There
are also some differences between different choices of the
EoS concerning the position of the mean. For all the EoSs
explored in this study, we find that the PDF for the spins,
the PDF for the luminosity distance and the PDF for the
orientation of the coalescence plane of the source are
statistically compatible. However, the geocentric time is
much better determined by fixing an EoS compared to the
usual flat prior analysis. As previously explained, the two
angles of the sky location have been fixed.

It is interesting to remark that the BBH and BNS
PDF for the chirp mass and the mass ratio have a large
overlap in Fig. 3. The BBH PDF is peaked at a lower value,
g = 0.72705, which makes it still compatible with the
BNS PDF. This indicates that a GW signal alone cannot
help distinguishing between a BBH or a BNS origin, and
that one needs additional information for this purpose, for
instance on the true mass distribution or on the electro-
magnetic counterparts of the gravitational wave, see for
instance Refs. [53-55].

The tidal deformability A; is a function of the mass m;
when a given EoS is fixed in the Bayesian analysis, while

the flat prior approach does not assume a relation between
these intrinsic parameters. This has an impact on the values
for A; and A, explored by the Bayesian analysis, as shown
in Fig. 4. The contours associated to a given EoS are
systematically smaller than the flat prior one. The values
for Ay and A, are also different and depend on the
considered EoS. The variation of the lengths of the EoS
distributions in the direction A; = —A, reflects the

x10~*

flat prior
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Al x 1073

FIG. 4. Analyses of GW170817 signal in A; — A, plane based
on different assumptions identical to the ones shown in Fig. 3 for
the BNS (BBH is excluded here). The 1-D projections of the
Bayesian distributions are shown in the upper and right additional
insets.
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FIG.5. The PDF of the effective tidal deformability A obtained
from the analysis of the observed data. Our analysis on a 192 s
signal is compared to the original one [15] (solid orange curve)
with a signal of 128 s. Despite the small difference, this
comparison shows that the two analyses are quite compatible.
The vertical bars represent the effective tidal deformability
obtained from the eight EoSs we consider in this analysis and
assuming the PDF of the masses.

uncertainty in the mass ratio g, while the thickness of the
contours in the symmetric direction is mainly due to the
very small uncertainty in the chirp mass M. It can be noted
that, following the A; = A, line, the contours are crossed
by increasing compactness of the star approximately
measured at 1.4M g, as already pointed out in the original
LVC paper [15]. The contours associated to the SLy4* and
qycl EoSs are very well overlapping, reflecting that their
tidal deformabilities for masses lower than 1.6M (the
upper mass explored by GW170817) are almost identical,
see Fig. 1.

In the GW analysis, the most important parameter
connected to the EoS is the effective tidal deformability
A intervening at order 5 pN in the waveform. When an EoS
is considered, this value is calculated by Eq. (2) from the
PDF of the masses: A = A(m;, my, A;(m;), Ay(m,)). The
sharp prediction for A has a 90% credible level of about 22
while its direct measurement without consideration of an
EoS yields a broader PDF: A = 337740, This PDF is
shown in Fig. 5 assuming a flat prior in the intrinsic
parameters A and A and the average value of the PDF for
each EoS in our set is represented by a vertical bar. We
obtain a noticeable secondary peak in the PDF of A, similar
to the one obtained in previous LVC analyses [15,37] and
which we represent in orange in the same figure. The origin
of this peak is not fully understood [15,37], and it may
contribute to increase the uncertainty in A. The relative size
of the secondary peak is varying with the model used for
the waveform, see for instance the comparison shown in
Fig. 11 from Ref. [37]: The analysis based on the Taylor-F2

model [56], which is a purely analytic PN model, has a
secondary peak which is reduced compared to the analyses
based on other waveform models. This difference might be
one of the reasons explaining the values for the effective
tidal deformabilities extracted by different authors: from
[57] A = 222ff§g (by using only Taylor-F2), while from
the LVC [37] A = 300f§§8 (by averaging over several
waveform models). The Taylor-F2 model is however
known to miss some important ingredients in its para-
metrization while other models are more complete, such as
for instance the model IMRPhenomPv2_NRTidal that we
have considered here.

When an EoS is fixed during the analysis, both the PDF
of A and geocentric time are much better determined than
during the standard analysis. In Appendix A, we discuss the
correlation between the double peak in A and the double
peak distribution in the geocentric time. This correlation
points toward an explanation of the double peak in the GW
signal observed in GW170817: the difficulty to properly
assign a geocentric time to the arrival of the signal. This
could be due to the presence of noise, as we will illustrate in
the next section, linking the uncertainty in the geocentric
time to the low signal to noise ratio (SNR).

C. Bayes factor associated to different
analyses with a given EoS

To compare the ability of two models, M, and Mg, to
describe the same data we use the Odds factor O, defined
by the ratio between p(M,|d), the probability of model
M, given d, and p(Mg|d), the probability of model My
given d. According to [47], this factor is equal to:

p(Myld) _ P(MA)é

= p(Myld) ®)

O b
A p(Mpg) Zg

with p(My ) being the prior on the model. If no model is
a priori preferred, which will be our case even for the BBH
model, the Odds factor is directly equal to the Bayes factor
defined by B,z = Z,4/2Z5 The meaning of the Bayes
factor in terms of an evidence is given in Table II presenting
the Jeffrey’s scale of empirical evidence [58]. A value
of 2.5 shows a preference for a model, while a value of 5
represents a strong evidence.

Each of the models used to analyze the GW 170817 event
is defined by considering an EoS. All these models fit the
data well even if they present some differences in the PDF

TABLE II. Jeffrey’s scale standard values used to compare two
competing models using the Bayes factor [58].

|In B,p| Probability

<1 <0.731 Inconclusive

2.5 0.924 Moderate evidence
5 0.993 Strong evidence
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TABLE III. Bayes factor with respect to the SLy4 EoS for all models considered.
EoS BBH FOPT1 FOPT2 FOPT3 SLy4* SLy4 qycl qyc2 qyc3
Bayes factor -2.98 0.40 0.27 —-1.19 —1.03 0. -1.21 —-0.85 -2.13

as discussed in the previous section. We can use the Bayes
factor to rank these models, and we show the results in
Table III with respect to the SLy4 EoS, chosen as a
reference model. As expected B,y is equal to zero in the
case where M, is also SLy4. The modified version of
SLy4, the three FOPT models with a first-order phase
transition, and the three quarkyonic models all have Bayes
factors between —2.5 and 2.5. Even with a 40 Mpc source,
the SNR of the GW170817 event is not large enough to
discard any of the EoSs considered in II A. We will have to
wait for another exceptional event with a better resolution
to exclude one of the two families. The modeling of the
emitting source by two black holes with considered zero
tidal deformabilities is moderately disfavored compared to
the SLy4 EoS because its Bayes factor is lower than —2.5.

The value of the tidal deformability determined from
the source masses and using an EoS is contained within
90% of the confidence level of the tidal deformability
measured by the Bayesian analysis using a uniform prior
on A; and A, (see Figs. 4 and 5). The calculation of the
Bayes factor to rank different models is costly from the
computational point of view. We have therefore intro-
duced an approximation to this calculation, which is
described in detail in Appendix B, allowing to quickly
determine the Bayes factors for all EoS analyses with
respect to the flat prior one. This method is particularly
relevant for moderate evidence.

III. SIMULATED DATA ANTICIPATING THE O4
RUN AND NEW DETECTIONS OF BNS MERGERS

Since the O2 run, several technical improvements [59]
have been implemented in LIGO and Virgo in order to
increase the sensibility of the facilities and to reach the
design value for O4 shown in Fig. 2 (the sensitivity is
expected to be 5 times better in O4 than in O2). In this
section, we address the question of what would be the
ability during O4 to discriminate between different EoSs in
case of a possible repetition of an event like GW170817.
We also perform this study as a function of the distance of
the source.

We first estimate the probability of having a BNS merger
as close as GW170817, i.e., at a distance of less than
40 Mpc. From the BNS merger rate estimated in Ref. [60],
gns = 3207550 Gpe= y~!, one could deduce the average
BNS event rate,

iy, -1
R = (TBNS ?D%}W170817> =122%yr.  (6)

Since 04 is expected to take data for about 1 year, we have
only 1 out of 12 chances (considering the centroid) to detect
an event like GW 170817 during the next O4 run. The value
is fairly low and does not even take into account a favorable
orientation of the detectors, but it also suffers from a very
large uncertainty. However, since the sensitivity will be
improved in O4, compared to O2, a larger horizon will be
accessible and thus the number of observed events is
expected to be larger. It is not straightforward to estimate
quantitatively how much of this larger space explored by
04 will contribute to improve the accuracy of the deter-
mination of the effective tidal deformability A, because one
needs to also account for the evolution of the SNR, which is
an increasing function of the distance. In the following, we
illustrate this point better and present quantitative results
on the ability of LVK to determine the dense matter EoS in
04, compared to the present knowledge obtained from
GW170817.

A. Simulated data like GW170817 with the O4 PSD

Despite the fact that the O4 run is not started yet, we
can simulate an event by assuming the various source
parameters (like tidal deformabilities, mass ratio, localiza-
tion, and geometric parameters) on top of the expected O4
noise. In practice, the GW is generated by the use of the
IMRPhenomPv2_NRTidal approximant with parameters as
close as possible to the ones of the GW170817 event. The
chirp mass and mass ratio are chosen to be, respectively,
1.19755M  and 0.95 (see Fig. 3), the spins are chosen to be
almost zero (Jy| < 0.01) and the location in the sky is at
first fixed and set to be identical to GW170817 with a
distance of 40 Mpc. The injected tidal deformability is
calculated for two EoSs (SLy4 and qyc2) by using their
relation with the injected masses, as in Fig. 4. On top of this
signal we add a realization of the noise based on the PSDs
for the O2 or O4 runs, as shown in Fig. 2.

1. Impact of O4 on Ay — A, posterior correlation

In the first analysis of GW170817 by the LVC, the
measurement of the 2-dimensional contour of NS tidal
deformabilities using a uniform prior is given in the paper
[15]. An EoS fitting well the data should predict tidal
deformabilities in this contour, as illustrated in Fig. 4.

In Fig. 6 we show the A; — A, posterior correlation
obtained with the injected signal built on SLy4, panel (a),
and qyc2, panel (b), and with the O2 PSD. These panels
show that the small difference do not really allow for a
separation between the different EoSs. In addition, the
figures are both very similar to the one in Fig. 4, which
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FIG. 6. A; — A, posterior correlation obtained from the injection of a GW signal similar to GW170817.

consolidates the realism of our approach in simulating
real data.

Panels (c) and (d) in Fig. 6 are similar to panels (a) and
(b), but using the expected PSD for O4. In panel (c¢), 4 EoSs
(SLy4*, qycl, qyc2, qyc3) do not predict a contour
compatible with the flat prior analysis. The contours for
FOPT1 and FOPT?2 do not have the same orientation, and
prefer an asymmetric system incompatible with the injected
value to fit the data. In panel (d), where we use qyc2 for the
injection, it is FOPT2 and FOPT3 that predict an asym-
metric system. The mass ratio is less well measured with
the FOPT1, SLy4, SLy4*, and qycl hypothesis than with
the flat prior analysis, which explains the very elongated
contours in the diagram. With the O4 PSD only the use of

the injected EoS predicts a zone perfectly compatible with
the flat prior analysis. The clear differences in the poste-
riors of other analyses illustrate a better ability, in O4, to
select among the candidate EoSs.

2. Impact of 04 on A PDF

As previously discussed, the GW measures the effective
tidal deformability much better than the individual NS
deformabilities. The resulting posterior A PDF is shown in
Fig. 7, for the same cases shown in Fig. 6: the O2 PSD is
shown in panel a while the O4 PSD in panel b. With the O2
PSD, the 90% confidence interval is A = 38372 and A =

3703;‘2 for injected data with SLy4 and qyc2 respectively.
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FIG.7. The A PDF obtained from the injection of a GW signal similar to GW170817 and assuming SLy4 or qyc2 EoS, to be compared
with Fig. 5 showing the real data. The vertical bars represent the mean value of the effective tidal deformability obtained from the eight

EoSs.

For the O4 PSD, these values become A = 335fff31 and
A= 580f§‘§. The 90% confidence level decreases from
about 600 to 100. So, if an event similar to GW170817 is
observed during O4, the effective tidal deformability is
expected to be determined with a precision about six times
better. With the O2 PSD, both distributions predict mutu-
ally compatible A values and contain all the EoSs consid-
ered represented by the vertical bars in Fig. 7. As with the
real data from GW170817, none of our EoSs can be
disfavored. With O4, the two A PDF are symmetric and
can be approximated by Gaussian distributions with a
standard deviation of 26 for the injection with SLy4 and 30
for qyc2. Moreover, these PDFs do not overlap and can
exclude some of the EoSs considered here.

More quantitative statements about the ability to con-
strain the EoS may also be given by Bayesian factors. They
are shown in Fig. 8 for O2 injections (green bars) and O4
injections (blue bars) with the simulated signal based on the
SLy4 (dark color) or qyc2 (light color) EoS. The figure
shows that the O2 injections are not able to distinguish
between the different EoSs, while the O4 injections are
clearly more selective. For instance, injecting SLy4 signal
excludes SLy4* as well as qycl, qyc2, and qyc3, while
injecting qyc2 clearly excludes qyc3 as well as SLy4,
FOPT1, FOPT2, and FOPT3. The two injected EoSs also
exclude the BBH hypothesis.

3. Effect of the NS masses

These results are to be put in perspective with respect to
the mass of the NSs. A more massive NS will give a smaller
radius but also a smaller tidal deformability. For a NS of
1.9M,, the tidal deformability is respectively 16, 23, 24,
41, 54, 64, 83, 117, for FOPT1, SLy4*, FOPT2, FOPT3,
nucleonic, qycl, qyc2, and qyc3, that is to say a total
variation of 100 between the two extremes. This value is

approximately the size of the 90% confidence level region
obtained with O4 in the previous section. The flat prior
analysis of an injection with masses of m; = 1.9M, and
my =18My (M = 1.612M, g = 0.95) gives two over-
lapping PDFE. At such high masses, less favored by
observations [61-63], the distinction between different
EoSs is much more difficult.

B. Impact of the noise realization from O4 PSD

In all previous analyses, we have used a particular
realization of the noise, given the PSD, for our predictions.
The effect of changing the noise realization by employing
different seeds in the randomization of the Gaussian noise
is shown in Fig. 9, in terms of reconstructed A. For each of
the 100 noise realizations showing in gray in Fig. 9, we

02 Sly4 injection
02 qyc2 injection
04 SlLy4 injection
04 gyc2 injection

Bayes factor with respect to injection
|
—
w

BBH -
FOPT1
FOPT2 -
FOPT3
Sly4 -
SLy4*
aycl A
ayc2
ayc3

FIG. 8. Bayes factor calculated by Bayesian inference with
respect to the EoS considered to create the injected signal (green
bars for O2 and blue bars for O4). The dashed black horizontal
line is the moderated evidence limit and the black horizontal line
is the strong evidence limit, see Jeffrey’s scale in Table II.
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FIG.9. Posteriors on A from the same event employing different noise realizations with the O4 PSD for a source at 40 Mpc (panel a)
and 120 Mpc (panel b). In blue we show some examples of the PDF, featuring a one or a two-peak structures, and in red the result after

the normalized sum over the 100 different realizations of the noise.

have evaluated their chance to reproduce the injected value
of A. We found that in 88 cases at 40 Mpc and in 91 cases at
120 Mpc, the injected signal was found within the 90%
credible interval of the PDF. The noise realization plays an
important role in the reconstruction of the signal and in
10% of the cases it is expected that the injected value is not
in the 90% confidence level region. The red curves in Fig. 9
show the average posterior probability density functions,
obtained as the normalized sum of all curves in gray.

The realization of the noise used in Fig. 7(b) using the
SLy4 EoS for injection is plotted as a blue dashed curve in
Fig. 9(a). This realization gives an average value of the A
PDF close to the injected value with a region at 90% con-
fidence level equal to 84. This value is slightly lower than
what given by using the average curve, in red, which is 93.
We had thus fallen into a rather favorable case. For the case
of farther distances, the average posterior is almost centered
on the injected value with a region at 90% confidence level
of 130. This is an increase of about 40% compared to the
average value of 93.

With the signal injected at 40 Mpc using the O4 PSD, the
A PDF always has a Gaussian shape [see Fig. 9(a)]. When
injecting at 120 Mpc, we obtain different shapes depending
on the realization of the noise. For example, in Fig. 9(b), the
blue dashed curve has a double peak while the blue dotted
curve has a single peak. This means that at larger distances
the SNR is not sufficient to obtain an accurate measurement
of A and, therefore, the measurement will depend more
strongly on the realization of the noise. We notice that the
double-peak structure of the posterior is also present when
analyzing real data from GW170817 and when analyzing
simulated data with qyc2 at 40 Mpc with a noise realization
using the O2 PSD [see light green histogram in Fig. 7(a)].
Our observation hints toward a nonphysical effect, rather
induced by the noise level.

C. Impact of the distance of the source on O4 signal

In Fig. 10 we show the impact of the distance on the
shape of the reconstructed signal assuming the O4 PSD and
SLy4 (top panel) or qyc2 (bottom panel) EoS. The half
violin plot in blue represent the PDF of the effective tidal
deformability for a single noise realization. The horizontal
dashed lines correspond to the value of the expected
effective tidal deformability when a specific EoS is con-
sidered (see vertical bars in Figs. 5 and 7). The half violin
plot in red shows the average PDF obtained from the same
simulated event, when superposed to 100 different noise
realizations. The red profiles at 40 Mpc and at 120 Mpc
with the Sly4 EoS are simply another representation of
Fig. 9. At a distance of 40, 60, 80, 100, and 120 Mpc, the
99% posterior credible level of A has respectively a width
of 137, 219, 517, 639, and 740 when we used SLy4 EoS to
generate the simulated data. As a reminder, this interval is
equal to 720 for the 40 Mpc injection with the O2 PSD. The
posterior profiles get larger with distance, and their
99% confidence regions, shown in black in the figure,
contain all the EoSs from 80 Mpc onwards and do not allow
anymore to distinguish between FOPT and quarkyonic
transitions to quark matter. At such distance a double-
peaked structure starts to appear, getting very similar to the
GW170817 signal at about 100 Mpc. This can be inter-
preted by saying that in O4 we expect that a BNS merger
occurring at a distance below about 100 Mpc is more
constraining than GW170817 for what concerns the EoS. A
BNS merger at a distance of 80(100) Mpc is expected
to happen once every 1.5%3 years (972" months). At
120 Mpc, the observation does not give anymore the
ability to prefer one family of EoS over another. It is also
surprising to observe that, above 80 Mpc, the analysis of
the SLy4 injected signal creates a peak at about twice the
expected effective tidal deformability, while the qyc2
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FIG. 10. In blue, the violin plots represent the profile of the A PDF for simulated data with a noise realization using the O4 PSD at
different distances. The injected tidal deformability is calculated from SLy4 EoS (top) and from qyc2 EoS (bottom). In red, the violin
plots represent the same thing, but using the average noise over 100 different realizations. The error bars are the 99% confidence level
region. The effective tidal deformabilities corresponding to the EoSs considered are shown by the horizontal dashed lines.

injection creates a peak at about one-half the expected tidal
deformability.

observing run. We have investigated how the improvement
of detectors’ sensitivities will help in the analysis of an
event like GW170817, and our main conclusions are the
following:

(i) So far it has not been possible to extract any
information on the structure of a coalescing NS
from a GW signal without considering its electro-
magnetic counterpart. If an event similar to
GW170817 occurs during O4 (at about 40 Mpc),
the advanced LIGO and Virgo detectors alone will
be able to extract a tidal deformability within a
90% confidence level of about 93, approximately
seven times better than for GW170817. With such an
event, the Bayes factor allows to sort the EoSs that
best fit this simulated event and, with good chance,
exclude a certain number of them.

The detection of a single-source in a favorable
orientation and located even at larger distances,
up to about 100 Mpc, will lead in any case to a
better measurement of the tidal deformability, and

IV. CONCLUSIONS

In this paper, we have studied the possible constraints on
the NS EoS coming from the observation of GW signals
from BNS mergers during the LVK O4 observing run,
which will start in Spring 2023. In particular, we have
considered three scenarios in terms of phase transition,
resulting in eight typical EoSs, including 2 nucleonic EoSs
(SLy4 and SLy4*), three EoSs with a FOPT (FOPTI,
FOPT2, FOPT3) and three EoSs with a (quarkyonic) cross-
over to a quark core (qycl, qyc2, qyc3). The FOPT EoSs
show a strong reduction of the radius (and then of the
effective tidal deformability) while the quarkyonic ones
have an opposite behavior with an increase of the radius for
masses compatible with GW170817.

Based on simulation, we have studied the ability to
constrain extreme matter EoSs in the future LVK O4

(i)
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thus to a sharper EoS selection than what has been
possible with GW170817. By combining the results,
any new BNS detection will improve our current
knowledge on the internal structure of a NS.

(iii) The recurrent presence of a double peak in the A
posteriors seems to be strongly correlated with the
geocenter time and, in turn, to the noise level.
Indeed, by using the O4 PSD with a distance less
than 80 Mpc, the SNR is large enough to reconstruct
the effective tidal deformability with a single peak
well centered on the injection value. For larger
distances a double peak shape may appear, inde-
pendently of the EoSs considered, and depending on
the specific noise realization.
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APPENDIX A: CORRELATION BETWEEN THE
GEOCENTRIC TIME AND THE EFFECTIVE
TIDAL DEFORMABILITY

We discuss the correlation between the double peak in A
and the double peak distribution in the geocentric time. The
noise spectral densities of the current LIGO and Virgo
detectors is such that, for BNS signals, the network is
mostly sensitive to the inspiral part of the waveform. This
affects our capability of constraining the system tidal
deformabilities. Assuming different EoSs, corresponding
to stiffer or softer NSs, has an effect on the duration of the
signal and hence on the determination of the time of the
merger. The correlation between tidal deformabilities and
time in Fig. 11 is showing this effect.

APPENDIX B: APPROXIMATION OF THE
BAYES FACTOR

For each EoS we considered, three values of the Bayes
factor are calculated and shown on the histogram in Fig. 12.
In green, the exact calculation of the evidence from the
Bayesian analysis has been performed. In blue and orange,
an approximation of the evidence has been performed
allowing an almost instantaneous calculation of the Bayes
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(b) PDF for a simulated signal like GW170817 with
02 sensitivity.

Corner plot showing 2 and 1-dimensional marginalized PDF for the geocentric time of merger (with 7, = 1187008882.42 s)

and the effective tidal deformability. The 2-dimensional contours show the 68%, 90%, and 99% probability regions and the dashed lines
on the 1-dimensional plot show the median and the 90% probability intervals.
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FIG. 12. Bayes factor for various EoSs considered in this
analysis (see horizontal axis for more details) with respect to the
SLy4 equation taken as reference. The green histogram represents
the results obtained by Bayesian inference of each model. The
blue and orange histograms represent respectively two approxi-
mate calculations of the Bayes factor from Egs. (B2) and (B3).
The dashed black vertical line is the moderated evidence limit.

factor from the simulation named flat prior. These approx-
imations are detailed in the following.

The first approximation (so-called Posterior in Fig. 12)
of the Bayes factor uses the Savage-Dickey density ratio
[64]. Let us consider two models A: Mz_z ,and B: My,
with @ the set of intrinsic and extrinsic parameters except
the tidal deformability which is fixed at A, for one of the
two models. In a first step, it is assumed that SA intervening
at 6 pN can be completely neglected compared to A
intervening at 5 pN. The Bayes factor can be calculated
as [64]:

_ Z(dIM5_3,0)

_ _ P([\ = /~\0 d, Mi\.e)
AT Z(d My )

”([\ = /~\0|M[\,9)

(B1)

Assuming that the PDF are identical whatever the
assumption about nuclear matter and that when an EoS
is fixed, A is perfectly determined p(A) = (A — A,), the
Bayes factor can be approximated by the following
formula:

(B2)

p(A = A,) is the A PDF evaluation from the analysis of
flat prior to the value A,. This value is the average value

of the PDF calculated with the Eq. (2) from the PDF of the
chirp mass and mass ratio assuming the tidal deform-
abilities as a function of NS masses. For each of the
models we considered, A, is represented by the vertical
bars in Fig. 5. There is thus a strong correlation between
the value of the PDF with a uniform prior evaluated from
these vertical bars and the value of the Bayes factor in
Fig. 12. Despite all these approximations, this extremely
simple method using only the Bayesian analysis of the flat
prior gives a very good idea of the results. The farthest
value from the result is given for the BBH model because
the PDF is almost zero at this value. We can add the 6A
PDF in the formula calculated from the average value of
the distribution calculated from M and ¢ using Eq. (2) but
the result does not change much because its PDF is very
smooth.

Another approach (so-called Evidence in Fig. 12) to
calculate the evidence, assuming the same types of
approximation, is given by Eq. (11) of the article [65]:

Z, o / p(d Ay(Mo.g)|d)dg.  (B3)

with A, calculated through the EoSs by the relation shown
in Fig. 1 and it has been assumed that M is perfectly
determined and equal to M = 1.1975M . The calculation
of the Bayes factor by this method is plotted in orange in
the histogram in Fig. 12 and gives very similar values to the
method using Eq. (B2).

These methods, which approximate the Bayes factor for
each EoS from a single analysis, give a very good idea of
the results but become questionable when the PDF is
almost zero. For the set of EoSs considered in this paper,
the Bayes factor rank them in the following order: FOPT1,
FOPT2, SLy4, qyc2, qycl, SLy4*, FOPT3, qyc3, BBH
from the one best to the worst fitting the data. The same
ranking would have been made from the PDF in Fig. 5
evaluated at the vertical bars.

Let us note however that a new and innovative reduced-
order quadrature (ROQ) method is now available allowing
faster evaluation of the EoS. Its principle is to build a GW
signal based for a set of templates employing PyROQ [66],
which allows a much faster likelihood calculation. This
method has already been widely tested for black hole
coalescences [67] and is also applicable to NS [68]. In this
case, the Bayesian analysis takes less than a day using only
one CPU, instead of 160 CPUs for a day with the usual
technique employed in this paper.
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