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The next generation of ground–based gravitational–wave detectors, Einstein Telescope (ET) and
Cosmic Explorer (CE), present a unique opportunity to put constraints on dense matter, among
many other groundbreaking scientific goals. In a recent study [1] the science case of ET was further
strengthened, studying in particular the performances of different detector designs. In this paper we
present a more detailed study of the nuclear physics section of that work. In particular, focusing on
two different detector configurations (the single–site triangular–shaped design and a design consisting
of two widely separated “L–shaped” interferometers), we study the detection prospects of binary
neutron star (BNS) mergers, and how they can reshape our understanding of the underlying equation
of state (EoS) of dense matter. We employ several state–of–the–art EoS models and state–of–the–art
synthetic BNS merger catalogs, and we make use of the Fisher information formalism (FIM) to
quantify statistical errors on the astrophysical parameters describing individual BNS events. To
check the reliability of the FIM method, we further perform a full parameter estimation for a
few simulated events. Based on the uncertainties on the tidal deformabilities associated to these
events, we outline a mechanism to extract the underlying injected EoS using a recently developed
meta–modelling approach within a Bayesian framework. Our results suggest that with ≳ 500 events
with signal–to–noise ratio greater than 12, we will be able to pin down very precisely the underlying
EoS governing the neutron star matter.
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I. INTRODUCTION

After the first detection of gravitational waves (GWs)
from a binary black hole (BBH) coalescence [2] and the
subsequent remarkable discoveries of the LIGO–Virgo–
KAGRA (LVK) collaboration, GWs have become a new
tool for exploring the Universe, and have already pro-
vided important results in astrophysics, fundamental
physics and cosmology (see e.g. [3–10]). Current fa-
cilities, however, are expected to reach, possibly on a
timescale O(10) yr, the sensitivity limits allowed by their
infrastructures and, to fully exploit the potential of GWs
as a new tool for exploring the Universe, the GW commu-
nity has developed the notion of third–generation (3G)
ground–based detectors, in particular Einstein Telescope
(ET) [11–13] in Europe and Cosmic Explorer (CE) [14, 15]
in the US. The science case for ET has been summarized
in [16], while a recent comprehensive study of the ET
capabilities for coalescing binaries can be found in [17]
and, for multi–messenger observations, in [18].

In its original design [12, 13], ET should be located
O(200− 300) meters underground in order to reduce the
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seismic noise, and features a triangular geometry consist-
ing of three nested interferometric detectors; each detec-
tor consists of two different instruments, a low–frequency
interferometer working at cryogenic temperatures and
a high–frequency interferometer working at room tem-
perature, a configuration referred to as a “xylophone”.
However, the ET collaboration is currently performing
a study to compare the original triangular design, with
three nested detectors in the same infrastructure, with a
more traditional geometry consisting of two widely spaced
L–shaped detectors (that we will refer to as the “2L” con-
figuration) while maintaining all other innovating concepts
of ET, such as underground locations, cryogenics, and
the xylophone configuration. This study involves many
aspects, from a comparison of the scientific return of the
triangle versus 2L configurations, to a comparison of their
costs, as well as of possible different financial architectures.
A detailed comparison between configurations, from the
purely scientific point of view, has been recently presented
in Ref. [1]. This work was realized in the context of the
activities of the Observational Science Board (OSB) of
ET,1 and involved the study of a large number of aspects
of the ET Science Case.

In the present paper, we elaborate a part of the study
of the nuclear physics section performed in Ref. [1]. In
particular, we will focus on GWs from binary neutron
star (BNS) systems since they are potentially among the
best natural laboratories to test the behaviour of matter
at super–nuclear densities. A GW detector can provide
a measurement of the so–called tidal deformabilities of
two coalescing objects, i.e., how they deform under the
influence of an external tidal field (see e.g. [19] for a review
of the physics we can extract from BNS observations).
This is tightly related to the internal structure, since
neutron stars deform under the action of gravity in a way
that depends on the physics in their interior (e.g. the
particles species present, densities associated to the core
of NSs, or possible phase transitions). Given an equation
of state (EoS), the global structure of the NS i.e., the
relations between mass and radius or tidal deformability is
fully fixed, in the context of general relativity. Information
on the underlying EoS can then be obtained through
measurements of tidal deformabilities for a sequence of
masses. A measurement of the tidal deformation, that
mostly affects the later stages of the coalescence (due to
an accelerated inspiral and a merger at a lower frequency)
and the post–merger phase (through a modification of the
remnant stability and mass–ejection processes), is however
difficult. Furthermore, one can better extract information
on the so–called chirp mass and on a combination of

1 The OSB is in charge of developing the science case and the tech-
nical tools relevant for ET. See https://www.et-gw.eu/index.
php/the-et-collaboration/observational-science-board for
a presentation of the structure and activities of the OSB and a
repository of papers relevant for ET, produced in the context of
the OSB activities.

the tidal deformabilities of the two component neutron
stars of a BNS system, while accurate information on the
individual masses and tidal deformabilities is considerably
more difficult to obtain. For this reason, the sensitivity
improvement of 3G detectors is expected to play a crucial
role [20–27].

We start here with performing a population study of
the prospects of observing BNS mergers with ET in two
different designs for different EoSs, to assess how the
choice of the underlying EoS impacts the overall num-
ber of detections as well as the statistical uncertainty in
the reconstruction of masses and tidal parameters, ob-
tained through a Fisher matrix analysis [28–30]. To assess
the adherence of the Fisher matrix approximation to a
full Bayesian parameter estimation (PE), we also carry
out a dedicated analysis on multiple injections, consider-
ing different waveform approximants, thus with different
treatments of the tidal contributions.

Once the simulated “observations” within the Fisher
formalism are in place, we focus on extracting the infor-
mation on the properties of NS and the underlying EoS.
We employed the so–called meta–modelling approach de-
veloped recently, based on a expansion in density of the
energy per baryon [31, 32]. Since nuclear matter param-
eters (NMP) serve as the model parameters within this
formalism, it can retain certain features of a more mi-
croscopic understanding of matter through underlying
correlations imparted by experimental data. Yet, they
are extremely cheap in terms of computation time which
provides the advantages of agnostic approaches e.g., piece-
wise polytropes [33], spectral parametrization [34–36], or
non–parametric Gaussian process–based sampling [37–39],
which are generally employed in analyzing astrophysical
data. Furthermore, the meta–modelling can provide the
information on the composition, where crust and core
have a unified description [40], although the core is lim-
ited to assuming a purely nucleonic composition. Various
questions concerning the data from low energy nuclear
physics and nuclear astrophysics were addressed recently
using the aforementioned technique [41–45].

In the present calculation, we aim to reverse–engineer
the implicit EoS used in the Fisher formalism, employing
the previously explained meta–modelling. Since, in real-
ity, we would not know the EoS realized in Nature, we
chose a few EoSs from the CompOSE database [46] that
support NSs with at least 2 solar masses [47, 48], and we
show the corresponding posteriors for different NS prop-
erties, along with those for the nuclear matter parameters
(NMPs), within a Bayesian formalism. We put particular
attention to how the results change with different number
of detections, and we compare the outcomes with different
ET designs.

The paper is structured as follows: in Sect. II we de-
scribe our choices for the detectors configurations, the
different EoSs adopted for neutron stars, the EoS mod-
elling we will employ, the BNS population and the wave-
forms used to simulate the GW signals. In Sect. III we
perform the comparison among Fisher matrix results and

https://www.et-gw.eu/index.php/the-et-collaboration/observational-science-board
https://www.et-gw.eu/index.php/the-et-collaboration/observational-science-board
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full Bayesian parameter estimation on selected injections.
We then present in Sect. IV A our results for the number
of detections and accuracy in the reconstruction of tidal
parameters for the chosen EoS. In Sect. IVB and IVC
we report our results for the reconstruction of the NS
properties and nuclear–physics parameters, respectively.
Finally, we summarize our findings in Sect. V.

II. SETUP OF THE ANALYSIS

We here give a summary of the choices adopted in this
work for the detector design, as well as for the equations
of state of neutron star matter, for the nuclear meta–
model, and for the population of merging BNS systems.
We conclude the section with a brief overview of the
waveform models used in the analysis.

A. ET detector designs

In Ref. [1] various different designs for ET have been
considered. In this work, we extend the analyses carried
out in Sect. 6.2 of [1] focusing for convenience only on
two representative configurations for ET:

– a triangular detector, composed of three nested
interferometers with 60◦ opening angle and 10 km
long arms. This configuration will be denoted as ∆
in the following;

– two well–separated L–shaped interferometers, with
15 km long arms and a relative orientation of 45◦.
This configuration will be denoted as 2L in the
following.

In both cases, we consider the interferometers to feature
a xylophone design, i.e., to be actually constituted of
two instruments, one with optimized sensitivity at high
frequencies and one at low frequencies, with the latter
operating at cryogenic temperature.2 When considering
the triangular design, we locate the detector in the Sos
Enattos site in Sardinia, Italy, while in the 2L case, we
locate again one detector in Sardinia and the other in the
Meuse–Rhine Euroregion, across Belgium, Germany, and
the Netherlands.3

B. Neutron star equations of state

To check our capability to recover the assumed nu-
clear EoS and neutron star properties, we use different

2 The sensitivity curves are publicly available at https://apps.
et-gw.eu/tds/ql/?c=16492.

3 For the Sos Enattos site we choose as an example {lat=40◦31′,
long=9◦25′}, while for the Meuse–Rhine site {lat=50◦43′23′′,
long=5◦55′14′′}.

FIG. 1. Λ(m) relation for the EoS considered in the present
work. We also report in the legend the maximum mass allowed
by each EoS.

representative EoS models for obtaining the relation be-
tween tidal deformability and gravitational mass, Λ(m),
used for injection. One model, APR [49], is based on
a fit to variational calculations of homogeneous nuclear
matter starting from realistic nucleon–nucleon interac-
tions for the core. The inner crust is described by the
model of Douchin and Haensel [50] and, for the outer
crust, the work by Baym, Pethick and Sutherland [51]
has been used. The three other models – RG(SLy2) [52],
GPPVA(NL3ωρ) [53, 54] and PCP(BSk24) [55] – are
based on nuclear density functionals and are unified, i.e.,
NS crust and core have been obtained from the same un-
derlying nuclear interaction with a consistent crust–core
transition which avoids in particular uncertainties in the
predicted NS radius and tidal deformability [56, 57]. The
models have been chosen to cover a certain range of max-
imum masses between 2.05M⊙ and 2.75M⊙ and nuclear
matter and neutron star properties, albeit remaining com-
patible with present constraints. Hence, two of the models
(APR and RG(SLY2)) predict NS tidal deformabilities at
the lower end of the nuclear prior, see Sect. II C, one at
the upper end (GPPVA(NL3ωρ)), whereas the predictions
from the PCP(BSk24) lies well inside the region covered
by the nuclear prior. All EoS models are available in
tabulated form in the CompOSE database [46, 58].

C. Nuclear meta–model for the analysis

Our analysis to extract information on nuclear proper-
ties from the simulated distribution in measured neutron
star masses and tidal deformabilities will be based on a
nuclear meta–model which allows, in particular, to incor-
porate as a prior our knowledge on the neutron star EoS
from nuclear physics and other astrophysical sources such
as pulsar mass measurements. Thus, we first generate

 https://apps.et-gw.eu/tds/ql/?c=16492
 https://apps.et-gw.eu/tds/ql/?c=16492
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a prior distribution of EoSs by Monte–Carlo sampling
of a large parameter set of 17 independent, uniformly
distributed empirical parameters. These parameters char-
acterize the density dependence of the energy in symmet-
ric matter (i.e. equal number of protons and neutrons)
and of the symmetry energy (i.e. the variation of bind-
ing energy as a function of the neutron–to–proton ratio).
To name a few, the most important ones corresponding
to the symmetric matter are Esat, the energy at satura-
tion, and Ksat, the incompressibility connected to the
second derivative of energy with respect to density, both
evaluated at the saturation density nsat. Similarly, the
ones of foremost importance for the density dependence
of the symmetry energy are the Esym, Lsym and Ksym

connected to the constant term, first (slope parameter)
and second order (symmetry incompressibility) density
derivative, respectively, all evaluated at nsat. The prior
distribution for these aforementioned ones along with the
others varied in this study is consistent with the present
empirical knowledge for a large set of nuclear data [31].
The use of the same functional to describe the core and
the inhomogeneous crust [40] guarantees a consistent esti-
mation of the crust–core transition inside the neutron star
and, thus, consistent predictions for its radius. This ap-
proach enables incorporating priors from nuclear physics
on the EoS and including the uncertainties at high den-
sities. The only limiting assumption is that matter is
composed of charged leptons, nucleons and nuclei only,
and in particular that no first–order phase transition
occurs. There might also be some dependence on the
different approximations applied to treat inhomogeneous
matter, e.g. assuming vanishing temperature, which could
slightly modify the crust properties (see e.g. [59]). How-
ever, this should not affect the comparison of different
configurations and only has a very small impact on the ex-
tracted neutron star and nuclear matter properties. The
assumed nuclear prior complies with the chiral effective
field theory energy per particle band for symmetric and
pure neutron matter as given by [60] for baryon number
densities 0.02 fm−3 ≤ nB ≤ 0.18 fm−3, see [41, 44] for
details of the current implementation.

D. Binary neutron star populations

For ease of comparison, we use the same number of
sources and redshift distribution as in [1] (to which we
refer for further details), obtained with the population
synthesis code MOBSE [61, 62].4 In particular, the
number of simulated sources in our 1 yr catalogs is about
7.2 × 105. For the source–frame masses of the objects,
msrc

1 and msrc
2 , we choose uniform distributions between

1.1M⊙ and the maximum allowed mass for each EoS.

4 The catalog that we use has been provided by Michela
Mapelli, and is publicly available at https://apps.et-gw.eu/
tds/?content=3&r=18321.

This allows us to study the impact of the EoS also on the
number of detectable sources. From the two component
masses we then obtain the quadrupolar adimensional tidal
deformability parameters Λ1 and Λ2 through the Λ(m)
relation predicted by each EoS, reported in Fig. 1.

The aligned spin components, χ1,z and χ2,z, are sam-
pled from uniform distributions between [−0.05, 0.05],5
and the remaining angular parameters (sky–position an-
gles α and δ, inclination ι, polarization angle ψ, time
of coalesce tc and phase at coalescence Φc) are sampled
uniformly in their physical range.

E. Waveform models

To study the impact of waveform modelling on our
analysis, we use different waveforms with different recipes
on how to treat the tidal contributions to the merger. In
particular, we adopt

IMRPhenomD_NRTidalv2: [63–65] frequency–
domain phenomenological model built to describe
the quadrupolar tidal contributions to the fun-
damental (l = 2, m = 2) mode of a GW signal
produced by a spin–aligned BNS coalescence;

IMRPhenomD_NRTidalv2_Lorentzian:
[26] extension of the previous model, which further
models the main emission peak of the post–merger
phase of the signal;

SEOBNRv4T_surrogate: [66, 67] frequency–
domain surrogate version of the aligned–spin
BNS waveform effective one body (EOB) [68–71]
model SEOBNRv4T which includes both the
quadrupolar and octupolar tidal contributions to
the fundamental mode of the GW signal emitted
by BNS systems.

For the EOB model, the tidal coefficients for the octupole
are computed from quasi–universal relations in terms of
the quadrupole coefficients using the relations provided
in Ref. [72], thus keeping the number of parameters fixed.

III. FISHER MATRIX FRAMEWORK

A fundamental building block of our analysis is the
capability to forecast for each event in the catalogs its
detectability and the attainable statistical uncertainties
on its parameters. Given the size of the catalogs and the
number of simulations needed, a full injection campaign
and Bayesian parameter estimation is computationally

5 The remaining spin components are set to 0 and not included in
the analysis. We do not expect this choice to strongly affect the
results, given the small expected spins for neutron stars in binary
systems.

https://apps.et-gw.eu/tds/?content=3&r=18321
https://apps.et-gw.eu/tds/?content=3&r=18321
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unfeasible. We thus explore an approximated approach,
in which the detectability of an event is determined by a
threshold on its signal–to–noise ratio (SNR)

SNR2 = 4Re

∫ ∞

0

df
h̃∗(f)h̃(f)

Sn(f)
, (1)

where h̃(f) denotes the Fourier–domain signal and Sn(f)
the detector noise power spectral density (PSD). The sta-
tistical errors on the source parameters for the detected
events are then computed resorting to the Fisher matrix
approximation, which is often used in the literature, and
will be briefly reviewed in the following (see [28–30] for
comprehensive treatments). We stress that the perfor-
mance of a real detector will obviously be different from
the one simulated within this simplified framework, yet
it can provide a sensible approximation that can be used
to produce meaningful forecasts and, e.g., compare differ-
ent detector configurations or choices for the population
models.

A. Fisher formalism

Assuming that the time–domain signal s(t) in a GW
detector can be expressed as the superposition of a
signal h(t;θ0) (with θ0 denoting the true parameters)
and stationary, Gaussian noise n(t) with zero mean, i.e.
s(t) = h(t;θ0) + n(t), the likelihood for a data realisa-
tion s(t) conditioned on the parameters θ of a waveform
template is given by

L(s |θ) ∝ exp−1

2
(s− h(θ) | s− h(θ)) , (2)

with the inner product (a | b) being defined as

(a | b) ≡ 4Re

∫ ∞

0

df
ã∗(f) b̃(f)

Sn(f)
, (3)

where the tilde denotes a temporal Fourier transform.
From this definition it follows that Eq. (1) can be ex-
pressed as SNR = [(h |h)]1/2 .

Expanding the template signal around the true values of
the parameters θ = θ0 and retaining only first derivatives
of the signal (this goes under the name of linearized
signal approximation, LSA, which is equivalent to the
high–SNR limit [29]), the likelihood in Eq. (2) reduces
to a multivariate Gaussian. In what follows, we will also
focus on the limit of zero noise, in which case the explicit
expression for the LSA likelihood is

L(s |θ) ∝ exp

{
−1

2
δθiδθjΓij

}
, (4)

where δθ ≡ θ − θ0 and we have introduced the Fisher
information matrix (FIM)

Γij ≡
(
∂h

∂θi

∣∣∣∣ ∂h∂θj
)∣∣∣∣

θ=θ0

. (5)

The inverse of the FIM thus gives the covariance matrix
of the likelihood in Eq. (4), Covij = Γ−1

ij , from which we
can get the statistical errors on the template parameters
as σi =

√
Covii.

In our analysis, the parameters used to characterise the
GW signal are

θ = {Mc, η, dL, α, δ, ι, ψ, tc, Φc, χ1,z, χ2,z, Λ̃, δΛ̃} ,
(6)

where Mc denotes the detector–frame chirp mass, η
the symmetric mass ratio, and the combinations of the
quadrupolar adimensional tidal deformabilities Λ̃ and δΛ̃
are given by [73]

Λ̃ =
8

13

[
(1 + 7η − 31η2)(Λ1 + Λ2)

+
√
1− 4η(1 + 9η − 11η2)(Λ1 − Λ2)

]
;

δΛ̃ =
1

2

[√
1− 4η

(
1− 13272

1319
η +

8944

1319
η2
)
(Λ1 + Λ2)

+

(
1− 15910

1319
η +

32850

1319
η2 +

3380

1319
η3
)
(Λ1 − Λ2)

]
.

(7)
To estimate SNRs and FIMs we use the publicly available
code named GWFAST which was developed recently
[17, 74].6,7

B. Checks with full parameter estimation runs

Before proceeding with a full population analysis and
EoS reconstruction, we want to assess the reliability of
the Fisher matrix approach in the estimation of statisti-
cal uncertainties on the masses and tidal deformability
parameters of BNS systems. To this purpose, we perform
a comparison on some selected events of the FIM results
with full Bayesian parameter estimation (PE) runs. We
simulate signals with the parameters given in Tab. II in
zero noise, in order to avoid biases caused by noise fluctu-
ations, and to be able to consistently compare with the
results of the Fisher analysis.

We employ the injection framework available in
the Bilby library [81, 82]. We simulate signals
with the IMRPhenomD_NRTidalv2 and SEOB-
NRv4T_surrogate waveforms, and we recover them
with the same model used for injections. For the param-
eter estimation analysis, the likelihood is sampled with
the nested sampling [83, 84] algorithm dynesty [85, 86]
included in Bilby. The priors employed are listed in
Tab. I. We analyze the data starting from 10 Hz, since
going to lower frequencies would significantly increase the

6 GWFAST is available at https://github.com/CosmoStatGW/
gwfast.

7 For other recent Fisher parameter estimation codes see [75–80].
Results from these codes were cross–checked within the activities
of the ET Observational Science Board [1, 17].

https://github.com/CosmoStatGW/gwfast
https://github.com/CosmoStatGW/gwfast
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computational cost of the analysis.8 The computational
cost of PE analysis increases with both the signal duration
and the frequency range we want to study. The BNS sig-
nals considered for this comparison study have a duration
of roughly 20 minutes, and choosing lower values for the
starting frequencies adds a significant amount of points
to the frequency grid over which we need to evaluate the
waveforms for the likelihood computation. In order to
make this analysis computationally feasible, we employ
the relative binning technique [87, 88], as implemented in
[89]. Moreover, to further reduce the computational cost,
we here focus on the 2L configuration only.

The parameters of the selected sources are listed in
Tab. II. In Fig. 2, we report violin plots comparing the
FIM estimations and the full PE runs for Mc and the
Λ̃ parameter (we here impose a prior m1 > m2 in the
FIM results, which generates the small observed non–
Gaussianities). We overall find a good level of agreement
among FIM and full PE on the error estimate for Λ̃ (we
here focus on the width of the distributions) when using
the IMRPhenomD_NRTidalv2 waveform model. How-
ever, this does not hold for SEOBNRv4T_surrogate,
in which case the FIM results underestimate the error
attainable on Λ̃, while the estimation is consistent among
the full PE runs with different waveform models. The
disagreement is much less pronounced on the chirp mass
estimation. This behavior can be understood from the
variation produced in the output of a waveform model
as a consequence of a change in a parameter. We can
quantify this variation from the mismatch, M , among
the waveform predicted by an approximant for a given
set of parameters and the prediction of the same model

Parameter Range

Mc [M⊙] [Mc,s ± 0.05 ]

q [0.5, 1]

χ1, χ2 [0, 0.15]

d
(1,2)
L [Mpc] [1,500]

d
(3,4)
L [Mpc] [1,750]

Λ1 [0, 5000]

Λ2 [0, 5000]

TABLE I. Priors employed in the PE analysis, where Mc,s

represents the chirp mass injected value of the specific source
analyzed. For the luminosity distance dL, the prior is taken
uniform in comoving volume; for all the other parameters,
the prior is uniform in the indicated range. The dL prior for
Source 3 and Source 4 is wider because of the higher injected
values of dL.

8 When performing these checks, for consistency, we also compute
the FIMs with a frequency grid starting at 10Hz, while in the
following analyses we use a low–frequency cutoff of 2Hz.

Source m1 [M⊙] m2 [M⊙] dL [Gpc] χ1,z χ2,z Λ1 Λ2

1 1.35 1.34 0.10 0.02 0.03 275 309
2 1.42 1.18 0.10 −0.03 0.04 276 898
3 1.95 1.88 0.36 0.02 0.04 18 27
4 1.80 1.67 0.46 0.0 −0.03 41 83

TABLE II. Table reporting the parameters of the sources used
for the comparison among Fisher and full PE results. The
masses are given in source frame.

when varying one of the parameters. In particular, given
the overlap between two signals

O(h1, h2) =
(h1|h2)√

(h1|h1)(h2|h2)
, (8)

where (·|·) denotes the inner product defined in Eq. (3),
we quantify the mismatch in two different ways: a ‘direct’
estimation, given by

Md(h1, h2) = 1− O(h1, h2) , (9)

and the ‘standard’ definition (see e.g. [90, 91])

Ms(h1, h2) = 1−max
tc,Φc

O(h1, h2) . (10)

The advantage of the first definition is that the com-
putation of Md for a chosen template varying a single
parameter is closely related to the Fisher matrix, which
is built upon the signal partial derivatives with respect
to each parameter (keeping all the others fixed). Md is
thus useful to have some insight on the FIM behaviour.

In Fig. 3, we report the mismatch for the source 1 esti-
mated both using the definition in Eq. (9) (left panel) and
in Eq. (10) (right panel). Similar behaviours are observed
also for the other events considered in this section.

As it is apparent from the plots in Fig. 3, the varia-
tion in the SEOBNRv4T_surrogate model is more
pronounced than for IMRPhenomD_NRTidalv2 when
using the mismatch definition in Eq. (9). Thus, when
taking derivatives keeping all the parameters fixed but
the tidal deformability Λ̃, the former approximant will
result in a bigger FIM element for this parameter, and
consequently a smaller error when inverting the FIM to
obtain the covariance matrix. On the other hand, if the
mismatch is computed by maximizing the overlap over the
coalescence time and phase, as defined in Eq. (10), we find
comparable trends for SEOBNRv4T_surrogate and
IMRPhenomD_NRTidalv2. This reflects the results
we obtain for full PE runs, where we sample also on time
and phase, and then marginalize over them, together with
the other parameters, in order to find the Λ̃ posterior.

Regarding the Fisher matrix approach, we further veri-
fied that the uncertainty estimates on Λ̃ obtained using
SEOBNRv4T_surrogate are consistently smaller than
the ones obtained from IMRPhenomD_NRTidalv2,
with differences as big as one order of magnitude on aver-
age, irrespectively of the chosen EoS model or detector
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FIG. 2. Violin plots comparing the measurement errors results for the chirp mass (top row) and Λ̃ parameter (bottom
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FIG. 3. Mismatch of the various templates considered for the first source in Tab. II varying the Λ̃ parameter, using: the
definition in Eq. (9) (left panel) and the one in Eq. (10) (right panel).
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configuration. This also holds at the level of population
study. Also in this case, the effect is considerably less
pronounced for the uncertainties on the masses. Given
the findings reported in this section, in the following anal-
yses we will not employ the SEOBNRv4T_surrogate
model.9 We stress again that the observed behaviour
is present only in the Fisher forecasts, and the full PE
results obtained in our simulations with the two models
are consistent.

IV. RESULTS

We first summarise our main findings here regarding the
observational prospects of BNS systems in ET depending
on the underlying EoS, along with the statistical uncer-
tainties attainable on their tidal deformability parameters.
We then focus on the reconstruction of the underlying NS
properties and the NS EoS based on these observations,
exploring, in addition, the attainable accuracy on a set
of independent empirical parameters characterising the
density dependence of the energy in symmetric matter
and of the symmetry energy.

A. Population analysis results

In Fig. 4, we report cumulative distributions of the
SNRs for the considered populations and network configu-
rations. In each run we assume an uncorrelated 85% duty
cycle for each interferometer. Overall, we find a strong
dependence of the number of detections on the underlying
EoS. This can be traced to the difference in the maximum
masses predicted by the different equations of state: the
ones allowing higher masses result in higher number of
detections, since more massive systems produce a louder
signal. Setting an SNR threshold of 12 for a signal to be
detectable, we find that the number of observable sources
(reported in the legend of Fig. 4) can vary by a factor
∼ 1.5 comparing the results obtained with RG(SLy2),
which predicts the smallest mmax (cf. legend of Fig. 1)
among the chosen models, and the ones obtained with

9 We also performed all the same checks employing the TEOBRe-
sumSPA frequency–domain EOB approximant [92–96], which
can include the quadrupolar, octupolar and hexadecapolar tidal
contributions to the signal, as well as subdominant harmonics,
finding, in the FIM case, error estimates even tighter than the
ones obtained employing SEOBNRv4T_surrogate, both on
single sources and at the population level. We did not perform full
PE runs for this model due to technical issues with the relative
binning method employed here, but, given the results obtained
for SEOBNRv4T_surrogate, we consider the FIM results for
the reconstruction of the tidal parameters too optimistic also in
this case. For these reasons, we decided not to employ this model
either in the following.

GPPVA(NL3ωρ), which predicts the highest one.10 We
notice the overall higher number of detections obtained
with the two L–shaped interferometers of 15 km as com-
pared to the triangular design with 10 km long arms.
Nevertheless, we find the number of possible detections
to be never lower than ∼ 2.7 × 104 events/yr with our
assumptions on the merger rate and mass distribution.

In Fig. 5, we report cumulative distributions of the
relative 1-σ statistical uncertainties attainable on Λ̃ for
all the events that pass the chosen detection criteria
SNR ≥ 12.11 From these plots we see again the over-
all better performance of the 2L geometry, but we also
notice that the level of accuracy attainable on the very
best events is comparable among the two configurations,
always being at the few percent level for the IMRPhe-
nomD_NRTidalv2 model. We further appreciate the
gain in terms of accuracy that can be obtained on Λ̃
thanks to the modelling of the post–merger phase present
in the IMRPhenomD_NRTidalv2_Lorentzian.

B. Neutron star properties

Even with 3G GW detectors, in our setup, it is ex-
tremely difficult to measure the individual tidal deforma-
bilities of the two coalescing stars, except for very high–
SNR events.12 A first question is then to which extent
the individual tidal deformabilities can be recovered from
the different measured values of their combination Λ̃, de-
fined in Eq. (7). As representatives we choose the values
of the tidal deformability of a 1.4M⊙ and a 2M⊙ star,
Λ1.4M⊙ and Λ2M⊙ , respectively. Since Λ decreases with in-
creasing mass, the absolute values are smaller for a 2M⊙
star and more difficult to determine. Thus, we expect
that the relative uncertainties will generally be larger for
Λ2M⊙ than for Λ1.4M⊙ . An additional point is that our
capability to determine the tidal deformability of a star
with a given mass will depend on the mass distribution

10 This also follows from our choice of a flat mass distribution
up to the maximum allowed mass: we verified that, sampling
independently the two components’ masses from a Gaussian
distribution with mean 1.33 M⊙ and standard deviation 0.09 M⊙
[97] [always truncated at the maximum mass allowed by each
EoS], the number of detections is overall lower as compared to the
flat distribution case, due to the lack of more massive objects, but
rather similar among different EoS models (∼ 1.7× 104 events/yr
for the triangular design and ∼ 4.2 × 104 events/yr for the 2L
configuration). This can be understood from the fact that the
mass cut imposed by each EoS is many sigmas away from the
mean of the chosen distribution.

11 We further discard a small fraction (≲ 1%) of events with unreli-
able inversion of the FIM, setting a threshold on the inversion
error ϵ ≡ Γ · Cov ≤ 0.05, as done in [17].

12 Taking into account more sophisticated treatments of the matter
effects could improve on this, e.g. in our case a difference in the
errors among the waveforms including or not the first post–merger
peak is present also on the individual tidal parameters, yet less
pronounced than on Λ̃ (see Fig. 5), in particular due to parameter
degeneracy.
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FIG. 4. (Inverse) cumulative distributions of the SNRs for the considered population as observed by ET in the triangular
geometry (green lines) and 2L-45◦ geometry (blue lines) for the 2 considered waveform models IMRPhenomD_NRTidalv2
(solid) and IMRPhenomD_NRTidalv2_Lorentzian (dashed). Each panel shows the forecasts obtained adopting different
EoS models, reported in the title. The shaded area denotes the region below SNR=12, which we use as detection threshold. In
the legend we further report the number of observed events with SNR ≥ 12 with the IMRPhenomD_NRTidalv2 approximant.

EoS R1.4M⊙ [km] R2M⊙ [km]

Injected 2L 15 km ∆ 10 km Injected 2L 15 km ∆ 10 km

PCP(BSk24) 12.59 12.660+0.011
−0.001 12.662+0.010

−0.003 12.31 12.246+0.006
−0.008 12.249+0.003

−0.011

GPPVA(NL3ωρ) 13.73 13.714+5e−9
−5e−9 13.714+5e−9

−5e−9 14.04 13.989+5e−9
−5e−9 13.989+5e−9

−5e−9

RG(Sly2) 11.76 11.751+3e−7
−3e−7 11.751+8e−7

−8e−7 10.71 10.689+5e−7
−5e−7 10.689+1e−6

−3e−6

APR 11.34 11.323+9e−5
−9e−5 11.323+0.001

−0.001 10.87 11.281+7e−5
−7e−5 11.281+1e−4

−1e−4

TABLE III. Values obtained from the analysis for the NS radius of a 1.4M⊙ and a 2M⊙ star as shown in Fig. 7 with NET = 1000
and the two different detector designs. The most probable values are also accompanied by the corresponding 1-σ uncertainties.
The corresponding injected values are listed in columns 2, 5 for each of the EoS models.

of the measured events, a dependence which is going to
be more pronounced if only a few events are detected.
This can be seen from Fig. 6, where we show the results
for the two fiducial values of the radius and the corre-

sponding tidal deformabilities for a meagre number of
ten detections, NET = 10. The PCP(BSk24) EoS has
been used for this study. The different violins correspond
to different random choices for the ten detections out of
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FIG. 5. Cumulative distributions of the relative 1-σ relative statistical uncertainties attainable on the adimensional tidal
deformability combination Λ̃ for the considered population as observed by ET in the triangular geometry (green lines) and
2L-45◦ geometry (blue lines) for the two considered waveform models IMRPhenomD_NRTidalv2 (solid) and IMRPhe-
nomD_NRTidalv2_Lorentzian (dashed). Each panel shows the forecasts obtained adopting different EoS models, reported
in the title.

EoS Λ1.4M⊙ Λ2M⊙

Injected 2L 15 km ∆ 10 km Injected 2L 15 km ∆ 10 km

PCP(BSk24) 518.3 512.10+3.18
−0.37 512.65+2.63

−0.92 40.6 37.19+0.09
−0.25 37.26+0.01

−0.32

GPPVA(NL3ωρ) 936.7 931.54+2e−6
−2e−6 931.54+2e−6

−2e−6 118.8 114.96+2e−7
−2e−7 114.96+2e−7

−2e−7

RG(Sly2) 309.0 306.15+3e−6
−3e−6 306.15+8e−6

−8e−6 11.4 11.16+8e−6
−8e−6 11.16+2e−5

−2e−5

APR 248.0 266.28+0.01
−0.01 266.28+0.02

−0.02 14.7 22.38+0.003
−0.003 22.38+0.004

−0.004

TABLE IV. Same as Tab. III for the NS tidal deformabilities.

∼ 6.9 × 104 simulated ones. The process was repeated
over 50 iterations, out of which only a few representatives
are displayed. In all cases we improve over our prior and
the results remain compatible. The exact values and in
particular the precision to which we are able to determine
radii and individual tidal deformabilities depend, however,
on the exact detection sample, but this indeterminacy

quickly vanishes as we increase the number of detections
used in the posterior estimation. For the results shown,
the 2L detector configuration has been chosen, but the
conclusions are exactly the same with the triangle one.

Let us now compare in more detail the detector config-
urations with a higher number of detections, NET = 1000.
In Fig. 7 we show the same radii and tidal deformabilities,
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FIG. 6. NS properties for NET = 10 over 50 iterations obtained for the 2L design with the PCP(BSk24) EoS.

comparing the two detectors configurations and three dif-
ferent injected EoS models, PCP(BSk24), RG(SLy2) and
GPPVA(NL3ωρ). The horizontal dashed lines indicate
the respective injected values. On the scale of the figure,
the injected values are very precisely reproduced and no
difference is observed between the two detectors. Look-
ing more closely at the corresponding numbers listed in
Tab. III and IV, we first confirm that there is no signifi-
cant difference between the two detectors configurations
in recovering the NS properties with the same number
of detections, even though it is important to stress that
the overall number of expected detections does depend on
the different configurations, see Fig. 4. Second, the uncer-
tainties are very small on the extracted values, but we do
not exactly recover the injected ones, but there remains
a tiny offset. This is the case for all the injected EoS and
the two detector configurations. The reason is that the
nuclear meta–model does not exactly contain the injected
EoS, but only a representation which is very close and
therefore we can only reproduce the injected values up to
the precision to which the meta–model can represent the
injected EoS. The APR EoS is somewhat an exceptional
case. To start with, as shown in Fig. 1, its Λ(m) relation
does not lie inside the nuclear prior, in particular at high
densities, i.e. high NS masses, it predicts Λ values lower
than those covered by the nuclear prior. Similarly, the
obtained radii for high masses are below the range of the
nuclear prior. Further, the meta–model representation of
the APR EoS becomes acausal much before reaching the
2M⊙ NS. A dedicated study to understand this anomaly
is in progress. It, however, explains the slight tension
observed between the extracted and the injected values

in particular for the 2M⊙ case for the APR EoS. It is
important, to note that RG(SLy2) is rather well recovered
even though it has the same behaviour like APR in the
Λ–m plane.

Another point is that the uncertainties are much larger
for the PCP(BSk24) EoS than for the others. This ef-
fect can be understood looking at the results for the
PCP(BSk24) EoS as function of the number of detections,
shown in Fig. 8. For a small number of detections, the
uncertainties remain large and the extracted values are
compatible with the injected ones. Increasing the number
of detections, as expected, the extraction of radii and tidal
deformabilities becomes more precise. There is, however,
a multi–peaked structure formed with a competition be-
tween several most favored values, including the injected
one. Still increasing the number of detections, the ex-
tracted results converge close to the injected ones. The
reason for the multi–peaked structure is that within the
nuclear meta–model there is a degeneracy between the
nuclear matter parameters entering the model description
and there are several combinations which allow equally
well to recover the simulated detections for an intermedi-
ate number of detections. With a sufficiently high number
of detections this structure disappears and the solution
close to the injected one becomes favored. For the other
EoS models, no such multi–peaked structure exists, see
the GPPVA(NL3ωρ) one shown in Fig. 8. This can be
explained by the fact that the PCP(BSk24) EoS lies in the
middle of our nuclear prior whereas the other EoS chosen
here for injection are at the upper or lower border of the
nuclear prior, see Fig. 1. In this case the nuclear prior lifts
the degeneracy between the meta–model parameters and
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FIG. 7. Selected NS properties for detector configurations 2L and ∆ obtained with NET = 1000 and three different injected EoS
models (see legend). The obtained values are listed in Tab. III and IV, respectively.

FIG. 8. NS properties for PCP(BSk24) and GPPVA(Nl3ωρ) EoS obtained with different values of the number of detections,
NET, ranging from 10 to 5000.
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FIG. 9. Nuclear matter parameters for detector configurations 2L and ∆ obtained with NET = 1000.
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FIG. 10. Nuclear matter parameters for PCP(BSk24) and GPPVA(NL3ωρ) EoS obtained with different NET.

enforces the solution close to the injected one. To make
a closing argument, our results suggest that we will pin
down the NS EoS with ≈ 500 BNS events with sufficiently
high SNR that lead to a tidal polarizability measurement.
Considering the results of Fig. 4, this should be possible
with all the proposed ET configurations.

C. Reconstruction of the nuclear–physics
parameters

Concerning the extraction of information about nuclear
matter, let us start by comparing the two detector config-
urations. In Fig. 9, we display three isoscalar NMPs, the
saturation density nsat, the binding energy at saturation,
Esat and the incompressibility Ksat as well as three isovec-

tor ones, the symmetry energy Esym, its slope Lsym and
the symmetry incompressibility Ksym. In addition to the
nuclear prior, the extracted values forNET = 1000 with in-
jections from the PCP(BSk24), the GPPVA(NL3ωρ) and
the RG(SLy2) EoS models are shown. The injected ones
are indicated by the dashed horizontal lines. No signifi-
cant difference between the two detector configurations
can be observed. For GPPVA(NL3ωρ) and RG(SLy2)
the injected values are perfectly recovered, whereas for
PCP(BSk24), again a multi–peaked structure develops.
This finding perfectly illustrates the degeneracy already
discussed above: different combinations of nuclear param-
eters lead to the almost the same EoS for β–equilibrated
NS matter and thus measuring the NS tidal deformability
alone does not allow to determine the nuclear matter
properties. Similar conclusions are discussed, e.g., in
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Ref. [43, 98] and in Ref. [99], where a direct mapping of
the nuclear matter parameters to a function Λ(m) is at-
tempted. This means that additional information ideally
on symmetric matter is needed in order to pin down the
nuclear matter properties, see the discussion in Ref. [43].
For GPPVA(NL3ωρ) and RG(SLy2) this additional infor-
mation comes from the nuclear prior in the sense that both
being at the border of the prior distribution, their nuclear
matter parameters are sufficiently constrained by the nu-
clear physics information entering that prior. Increasing
the number of detections to up to NET = 5000 does not
considerably improve the situation, see the results for
PCP(BSk24) in Fig. 10, and additional information on
symmetric matter is needed. On the other hand, the re-
sults for GPPVA(NL3ωρ) clearly show that, if we are able
to additionally constrain the EoS for symmetric matter,
the extraction of the nuclear matter parameters converges
fast already for a moderate number of detections. This
shows that a joint effort from the nuclear physics side
[100–102] and 3G GW detectors will allow us to determine
the nuclear matter properties to extremely high precision
within less than one year of operation for the latter.

V. SUMMARY AND CONCLUSIONS

In this work we have performed a comparative study
on two proposed designs of the Einstein Telescope, which
is envisaged to be built within the next decade. We
analyzed their potential impact on our understanding
of the EoS of dense matter and the associated nuclear
physics parameters. This is a further elaboration on the
prospective nuclear physics goals to be addressed by ET,
out of many enthralling science cases, as outlined recently
in Ref. [1].

We simulated synthetic BNS coalescences with several
state of the art EoS models from the CompOSE [46, 58]
database along and up–to–date merger rate distribution.
We obtained the statistical uncertainties on the observed
sources’ parameters employing the Fisher information
matrix formalism though the GWFAST package [17, 74],
and we tested the reliability of the Gaussian approxi-
mation with full parameter estimation studies on a few
chosen events. An interesting point here is that the ad-
herence of the FIM approach to a full PE for the tidal
parameters depends on the chosen waveform approximant,
with the phenomenological model considered showing the
best agreement. An indication to explain this behaviour
is given by how different models change when varying the
tidal parameters, as discussed in Sect. III B and shown in
Fig. 3; more in–depth checks, which go beyond the aim
of the present work, would anyway be needed. Given the
observed behaviour, we only relied on phenomenological
models for our analyses.

At the population level we have seen that the over-
all number of detections depend on the considered EoS
model when adopting a flat mass distribution (with the
EoS predicting the higher maximum masses resulting

in the higher number of detections), with number of
detections per year with SNR ≥ 12 never being below
O
(
2.7× 104

)
events/yr, and we also find about ∼ 1.5

more detections from the 2L design compared to the trian-
gular one. Also, if post–merger effects of the first emission
peak are incorporated in the waveform approximant, the
number of detected events with smaller relative uncer-
tainties in tidal deformabilities are found to be slightly
higher (no significant decrease in the uncertainty of the
very best events is anyway found). The signal–to–noise
ratio and the associated number of detections, however,
has no such dependence on the waveform model.

The extraction of neutron star properties, such as ra-
dius and tidal deformability at fiducial values of the mass,
along with the underlying EoS used in the population gen-
eration was carried out with a nucleonic meta–modelling
approach within a Bayesian framework. We observed that
with ≳ 500 detections, one can recover with great accu-
racy the NS properties and the underlying injected EoS.
These extractions are independent of the two considered
geometries of the ET. Concerning the associated NMPs,
we also demonstrated that they have some interdependent
degeneracies, which could not be disentangled by using
information only from β–equilibrated matter. Further
experimental or observational information will be needed
to improve this. Let us however stress that the achieved
accuracy on the NS radii and the underlying EoS of β–
equilibrated dense matter from the proposed ET would
be unprecedented irrespective of the chosen geometry.
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