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Over the last few years, there has been a large momentum to ensure that the third-generation era of
gravitational wave detectors will find its realisation in the next decades, and numerous design studies have
been ongoing for some time. Some of the main factors determining the cost of the Einstein Telescope lie in
the length of the interferometer arms and its shape; L-shaped detectors versus a single triangular
configuration. Both designs are further expected to include a xylophone configuration for improvement on
both ends of the frequency bandwidth of the detector. We consider binary neutron star sources in our study,
as examples of sources already observed with the current-generation detectors and ones which hold most
promise given the broader frequency band and higher sensitivity of the third-generation detectors. We
estimate parameters of the sources, with different kinds of configurations of the Einstein Telescope
detector, varying arm lengths, as well as shapes and alignments. Overall, we find little improvement with
respect to changing the shape, or alignment. However, there are noticeable differences in the estimates of
some parameters, including tidal deformability, when varying the arm length of the detectors. In addition,
we also study the effect of changing the laser power, and the lower limit of the frequency band in which we

perform the analysis.
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I. INTRODUCTION

The observation of the first gravitational-wave (GW)
signal from a binary neutron star (BNS) source, GW170817
[1] by the LIGO-Scientific [2], and Virgo [3] Collaborations,
has provided a wealth of information, starting from con-
straining the expansion rate of the Universe [4,5], to
establishing neutron-star mergers as one of the main cosmic
sources of r-process elements [6—16], allowing a stringent
bound on the speed of GWs [17], and placing constraints on
alternative theories of gravity [18-21]. The supranuclear
equation of state (EOS) was constrained from the observa-
tion of GW170817 [22,23]. Furthermore, the simultaneous
observation of electromagnetic (EM) radiation observed
with GW170817 [17,24,25] helped bounding the supra-
nuclear EOS of neutron stars even more stringently [26-36].

As a detector with a much wider frequency band
sensitive to GWs, the Einstein Telescope (ET) [37-41]
promises to observe BNS signals for many cycles, increas-
ing the detected signals’ duration up to an hour. The analog
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detector expected to be operational in the USA is Cosmic
Explorer (CE) [42,43]. ET will certainly provide more
constrained bounds on the neutron star EOS, even without
an accompanying EM counterpart [44—50].

Unfortunately, it is very challenging to perform realistic
studies exploiting the full capability of ET due to the wide
frequency range it will cover and the large associated
computational costs, however, numerous progress has been
made regarding GW searches for ET signals, e.g., [51,52],
and full parameter estimation (PE) studies, as discussed
below. Reference [53] performed the first full Bayesian
estimation study of GW signals from BNS sources
observed by ET with a lower-frequency cutoff f,, of
5 Hz. For this, they constructed reduced order quadratures
to make their study computationally feasible. Here, we
perform PE using relative binning [54-56] to reduce the
computational cost of our analysis. We use a lower
frequency of f,, = 6 Hz, to provide realistic estimates
of the source parameters, such as the chirp mass or the tidal
deformability.

In the past, various PE studies have already been
performed to estimate the Science returns to constrain tidal
deformability from BNS observations in ET, including

© 2023 American Physical Society
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FIG. 1. Top panel: Location of the ET detectors in case of two
L-shaped interferometers, showing also the possible different arm
lengths in misaligned orientations. Bottom panel (left): Power
spectral density (PSD) curves for the xylophone configuration in
cryogenic mode for different arm lengths. Bottom panel (right):
Representation of the ET triangular configuration, located in
Sardinia for the purpose of this work.

using ET in a network of detectors e.g., [40,41,44-50]
[53,57-71]. However, up to our knowledge, all of them
have focused on the originally proposed triangular design
with three interferometers, each having a 60° opening angle
and arm length of 10 km, arranged in an equilateral triangle.

Recently, there has been an increasing interest in study-
ing also different detector configurations and layouts. With
this regard, Ref. [72] provided a detailed discussion with
respect to numerous scientific cases and how they are
affected by different proposed designs for ET, including
different arm lengths and shapes. More explicitly,
Ref. [72] considered the originally conceived triangular
configuration, as well as two separate L-shaped detectors;
for the latter, also different alignments, i.e., orientation
between the detectors. In this study, we compare these
different designs, cf. Fig. 1, for recovery of tidal deform-
ability and the other parameters of BNS systems via full
PE analysis. In all the studied cases, we analyze BNS
simulations, and look at differing results from varying the
detector setup, keeping the source properties of the BNS
system and the settings of the PE analyses unchanged.
Given the significant costs of ET, our study may provide
useful information to make an estimate, based on the
science returns, to reach a more informed decision about
the final configuration of the detector. Some of our results
have already been presented in [72], but in a much more
compressed and less-detailed form.

We provide details of the PE methods in Sec. II and give
the results of our study in Sec. III. We provide a summary
and conclude in Sec. IV.

II. METHODS

Following standard techniques, we use a Bayesian
analysis to construct posterior probability density functions
(PDFs) on the parameters of interest, i.e., those character-
izing the GW waveform describing a BNS merger. As we
use quite low values of fi,,, to make our estimates realistic
with what is envisaged for the ET detector, our likelihood
integral calculation is computationally expensive. For this
reason, we resort to the technique of relative binning
following the analyses of GW170817 in [54-56]. This
approach reduces our computational costs noticeably and
makes our runs computationally feasible.

A. Bayesian analysis

In the employed Bayesian framework, all information
about the parameters of interest is encoded in the PDF,
given by Bayes’ theorem [73],

d|0, H,)p(6]H,)

5 _
PO =y

(1)

where @ is the set of parameter values and H; is the

hypothesis that a GW signal depending on the parameters 0
is present in the data d. For parameter estimation purposes,
the factor p(d|H,), called the evidence for the hypothesis
H,, is effectively set by the requirement that PDFs are
normalized. Assuming the noise to be Gaussian, the like-

lihood p(d|§, H,) of obtaining data d(f) given the pres-
ence of a signal A(f) is determined by the proportionality

P sexp| -3 (@=nla=n)]. @)

where the noise-weighted inner product (-|-) is defined as

Shigh _ 5
(d|h) = 4% / %dﬁ 3)
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Here a tilde refers to the Fourier transform, and S;,(f) is the
power spectral density (PSD). ~

Our choices for the prior probability density p(6|H,) in
Eq. (1) are similar to what has been used for the analyses of
real data when BNS signals were present with masses
similar to GW170817. To sample the likelihood function in
Eq. (2), we use the Bilby library [74,75], and specifically
DYNESTY [76,77] algorithm. The waveform we use for
both signal injection and recovery is IMRPhenomD
NRTidalv2 [78-80].
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B. Relative binning

The likelihood integral shown in Eq. (2) is constructed
over a grid of frequencies and becomes computationally
expensive as both the range of the integral grows, and as we
analyze longer waveforms like those of BNS sources,
which last for many cycles in the frequency band.

For our PE studies, we have varied f,, starting from
6 Hz up to 20 Hz, making the duration of the BNS signal in
band from about 75 minutes to roughly 3 minutes, respec-
tively. In addition, for an inference study to estimate
parameters, we generate millions of waveforms, each
associated with its own likelihood value for the sampling
to get updated and for points to move towards higher
likelihood regions. The method of relative binning [54-56]
restricts the number of waveform evaluations by computing
the likelihood from summary data calculated on a dense
frequency grid for only one fiducial waveform, which must
resemble the best fit to the data. The underlying assumption
is that the set of parameters yielding a non-negligible
contribution to the posterior probability produce similar
waveforms, such that their ratio varies smoothly in the
frequency domain. In this case, within each frequency bin
b= [fmin(P), fmax(D)], the ratio between the sampled
waveforms and the fiducial one can be approximated by
a linear function in frequency

h(f)
ho(f)

where hy is the fiducial waveform and f,,(b) the central
frequency of the frequency bin b.

The coefficients ry(h, b) and r(h, b) are computed for
each sampled waveform, but can be determined from the
values of r(f) at the edges of the frequency bin b.
Equation (3) can be written in terms of Eq. (4) and in a
discrete form as

r(f) = ro(h.b) +r (1. b)(f = fiu(b)) +---.  (4)

(dh) =Y _(Ao(b)ri(h.b) + Ay (b)ri(h. D)), (5)

b

where the summary data

(f)hé(f)
Ag(b 4 6
f
(b)=4) — L7 = fulb), (7)
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are computed on the whole frequency gird, but only for the
fiducial waveform.

For our purposes, we have followed the implementation
outlined in [56] and the publicly available associated code
[81]. We have, however, used the waveform IMRPhenomD
NRTidalv2 [80] and employed the above code in

TABLE I. Source properties used for injections.

Name mp, mp MC Al’ A2 A X1 X2
Source A 1.68, 1.13 1.19479 77, 973 303 0,0
Source B 1.38, 1.37 1.19700 275, 309 292 0.02, 0.03
Source C 1.38, 1.37 1.19700 1018, 1063 1040 0,0

conjunction with the sampling library Bilby, employing the
code in [82].

III. RESULTS

We consider three different sources (A, B, C) with
parameters chosen following mainly the injection study
performed by the LIGO-Virgo-KAGRA Collaboration [22]
to mimic GW170817. The properties of the sources used
for injections are listed in Table I, where m;, y;, and A;,
with i € {1,2} are, respectively, the mass, spin, and
dimensionless tidal deformability of the component neu-
tron star, while M, is the chirp mass and A the binary’s
mass-weighted tidal deformability,

16 (my + 12my)miA; + (my + 12m)m3A,

[\ =
3 (my +my)°

(8)

All the simulated signals are injected at a distance d; =
100 Mpc with inclination 1 = 0.4, zero polarization angle,
and at a sky location (a, §) = (1.375,—1.211). The priors

used for the analysis are reported in Table II, where A is
defined as

~ 1 13272 8944
=—[V1=dn 1 ——=n+——n | (A +A
o 2{ ”( 1319’7+1319’7>( 1)
15910 32850 3380
* <1_ 1319 771319 T T 1319”7 >(A‘ _AZ)}’
©)
TABLE II. Priors employed in the PE analysis, where M,

represents the chirp-mass injected value of the specific source
analyzed. For the luminosity distance d;, the prior is taken
uniform in comoving volume; for all the other parameters, the
prior is uniform in the indicated range.

Parameter Range
M, [M, £0.05]
q [0.5, 1]
X1 X2 [0.0, 0.15]
dp [1, 500]

A [0, 5000]
SA [—5000, 5000]
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TABLE III. Names used throughout this work for the different
detector configurations and arm lengths.

Relative
Name Shape orientation Arm-length
A10 km Triangular 10 km
2L-0° 15 km 2 L-shaped Aligned 15 km
21-45° 15 km 2 L-shaped Misaligned 15 km
2L-0° 20 km 2 L-shaped Aligned 20 km
21.-45° 20 km 2 L-shaped Misaligned 20 km
A15 km Triangular 15 km
2L-0° 10 km 2 L-shaped Aligned 10 km
21-45° 10 km 2 L-shaped Misaligned 10 km
with n = (m':’ﬁzz)z being the symmetric mass ratio of the
binary.

Two different shapes have been proposed for ET in
Ref. [72]: (i) a single detector with a triangular configu-
ration, henceforth called A, and (ii) two L-shaped detectors
in separate locations, with aligned or misaligned arms,
henceforth called 2L-0° and 2L-45° respectively. The A
configuration consists of three V-shaped detectors, with
each V having a 60° opening angle between the arms. For
21.-0°, the detectors have arms with the same orientation,
while in the case of 2L.-45° one detector has the arms
rotated by 45° with the respect to the other one.

The A detector may have an armlength of 10 km or
15 km, while the L-shaped ones may have arm lengths of
15 km or 20 km. As of now, there are two main candidate
sites for ET,' one in Sardinia (Italy), and one in Limburg (at
the border shared by Netherlands, Belgium and Germany).
In this paper, the A detector is located in Sardinia, whereas
in the case of two L-shaped detectors one is in Sardinia and
the other one in Limburg. All detector configurations used
in our work are listed in Table III.

One of the main challenges to reach the sensitivity
planned for ET is dealing with quantum noise, which
includes shot noise at high frequencies and radiation
pressure noise at low frequencies. A high laser power
reduces shot noise, but a low laser power is instead required
to reduce radiation pressure noise. To counter this problem,
ET will be practically composed of two interferometers
working together in a xylophone configuration, one detec-
tor optimized for low frequencies and with a low laser
power, and the other one optimized at high frequencies and
with a high power. Low-frequency sensitivity is also
affected by thermal noise, therefore a further improvement
is expected if the low-frequency detector operates at
cryogenic temperatures [83].

lRecently, also a third location in Saxony, Germany, has been
considered as a possible site option.
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FIG. 2. Violin plots for the posterior density distribution of A
for the five reference detector configurations, and for all three
sources in Table I: Source A (top panel), Source B (middle panel),
and Source C (bottom panel). The black horizontal bars indicate
the median value and the 90% confidence interval, the black
vertical lines mark the support of the posterior; the red-horizontal

line shows the injected value of A. For each posterior we also
report the median, together with the 5% and 95% quantile values.

In this section we present the results of PE runs,
comparing the different detector configurations, arm lengths
and laser power. We also look at the improvement we get
when analyzing data starting at different frequencies.

A. Detector configuration comparison

First, we test how the different detector configurations
(A, 2L-0° or 2L.-45°) perform in PE analyses. We take into
account only the five reference configurations [72]; A with
10 km arms, 2L.-0° and 2L-45°, both with 15 km or 20 km
arms. For this comparison, all the runs are performed with
starting frequency fi,w = 10 Hz, and using the PSD curve
for the xylophone configuration with the low frequency
detector operating at cryogenic temperatures (LFHF).
Figure 2 shows the posteriors for the tidal deformability
parameter A for the three different sources, reporting the
median and 90% intervals for each configuration.
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FIG. 3. Posteriors for chirp mass M, (top left), tidal deformability A (top right), mass ratio ¢ (bottom left), and effective spin .

(bottom right), for Source B, cf. Table 1. The different colors correspond to the various configurations considered, while the red line

indicates the injected values.

For Source B, in Fig. 3 we show also the posterior
distributions for the other binary parameters: chirp mass
M., mass ratio g and effective spin y.g, defined as

Aeff AT T X2 el (10)
my + ny
with y; and m; being the spin and mass of the component
neutron star. From Fig. 3 and especially from Fig. 2 we
clearly see an improvement going from the A to the two
L-shaped detectors, since, for example, the width of the
90% interval on A reduces between 12% and 24% when
going from the A10 km to the 2L.-45° configuration.
However, we must take into account the fact that the A
detector here is assumed to have a shorter arm length,
which has a great influence on the PSD, cf. Fig. 1. For this
reason, we also compare the A and 2L configurations
assuming they have the same arm length. Figure 4 shows
Source C posteriors for M., ¢, and A, for the different
configurations, but assuming the same arm length. In this
case, we do not see a strong difference in the parameters
recovery, as indicated by the 5% and 95% quantile values
reported in the plot. This suggests that the specific
configuration does not have a major impact on the precision
of parameter estimation. However, if the configuration
choice is bound to a certain arm length, e.g., due to

limitations to the overall budget, one must take into account
the improvements obtained with longer arms.

B. Effect of varying PSDs

As mentioned in the previous sections, the current plan
for ET includes a “xylophone” configuration, in which each
detector is effectively composed of two interferometers,
operating a high- or low-power laser. The high-power laser
is expected to improve sensitivity at high frequencies, the
low-power one, on the other hand, improves sensitivity
below 30 Hz [38,83]. We perform the same PE analysis
using the PSD of the different interferometers and we
compare results. In particular, we study the PSD for the
detector optimized at high frequencies (HF-PSD), the one
optimized at low frequencies (LF-PSD), and the xylophone
combination (LFHF-PSD), with the low-frequency inter-
ferometer operating at cryogenic temperatures. Since we
are interested in the PSD’s effect only, here we study just
one source, Source C, and one detector configuration,
A10 km, performing the analysis from a starting frequency
fiow = 10 Hz. The posteriors for M,, g, A, and y.q are
shown in Fig. 5, where we also report the median and the
5% and 95% quantiles for each parameter. The PSD
optimized at low frequencies performs much worse than
the other ones, with a 90% confidence interval 2.5 times
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FIG. 4. Comparison of M., A, and q posteriors between A, 2L-0° and 2L-45° with same arm-length, for Source C, cf. Table 1. The
darker color shade refers to detectors with 15 km arm length, the lighter one to detectors with 10 km arm-length. The red line indicates
the parameter’s injected value. For each parameter and configuration, we also report the median and 5% and 95% quantile values; for
M., also the reported values have an offset x107> + 1.19700.
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FIG.5. Posteriors of M., A, ¢, and y, for Source C (Table I) and the A10 km configuration, recovered with the different PSDs. The
vertical black lines show the median and the 90% confidence interval, while the black horizontal line indicates the support of the
posterior; the red line shows the paramter’s injected value. For M., the reported median and quantile values have an offset
1% 107 +1.19700.
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FIG. 6. Comparison between the PSD optimized at low
frequencies (LF-PSD), in red, the PSD optimized at high
frequencies (HF-PSD), in brown, and the one of the xylophone
configuration (LFHF-PSD), in gray, with a typical injected GW
siganl (dotted line). All the PSDs shown refer to a detector with
10 km arm length. The sensitivity of the LF-PSD becomes too

low at high frequencies to allow to detect the signal above
~100 Hz.

larger in the case of mass ratio. A is not recovered with the
LF-PSD, while it is constrained with an accuracy of almost
4% in the other cases. A represents an extreme case, since
its contribution enters the gravitational-wave phase mainly
at high frequencies, from a few hundreds Hz and above
[84,85], and therefore is affected by the shape of LF-PSD,
as shown in Fig. 6, more than other parameters. In general,
we obtain a much worse parameter recovery when using the
LF-PSD alone, meaning that, if the preferred solution of
a xylophone implementation is not available, the high-
frequency optimized PSD is favorable, in particular if we
want to constrain A.

C. Effect of varying minimum frequency

A big achievement of the ET is to improve the sensitivity
at low frequencies. Therefore, in this section, we will study
the impact of choosing different starting frequencies in the
PE analysis. We note that lowering the starting frequency
by only a few Hz has a huge impact on the duration of the
waveform, and therefore of the computational cost of the
analysis. We analyze injections with parameters of Source
B, for two different configurations, A10 km, and 21.-45°
15 km. In each case, we perform PE tests with the following
starting frequencies: 6, 7, 8, 9, 10, and 20 Hz. In this case,
the analysis is performed in zero noise, since we want to
focus on the impact of fj,, without risking to take into
account possible fluctuations induced by the noise real-
izations. In fact, specific noise realizations can cause a shift
in the posterior recovered for A. This shift is usually within
5% of the actual A value, and, therefore, goes unnoticed in
the analysis performed with current detectors. However, we

TABLEIV. Recovered A values with 90% intervals, comparing
Gaussian-noise and zero-noise runs for different values of f,,-

Frow Gaussian noise Zero noise
2L-45°15km 7 Hz 279.314935, 287.90°53%;
8 Hz 292901840 287.3619%
9 Hz 278.63%73, 287.655%,
10 Hz 285.741115 287.4017:03
20 Hz 296,72 1046 286.181174)
A10 km 7 Hz 27727118 287.29119%
8 Hz 292957913 287.1111)33
9 Hz 274.6211278 285.515 1191
10 Hz 273.165 1518 285.51141Y,
20 Hz 280.097137¢ 285.217 1438

showed that for ET the precision with which A can be
measured improves noticeably. This means that, due to
these shifts, we might end up seeing the injected values
lying outside the posterior’s 90% interval when simulations
are done in Gaussian noise. When real ET data is being
analyzed later, this is a point that must be evaluated very
carefully. For our purposes, up to now, we compared only
results obtained with the same f,,,, and as long as we use
the same noise seed, we expect a possible fluctuation to
affect all the runs in the same way, and, therefore, to be not
relevant in our comparison. Here, however, we use different
starting frequency, leading to longer signals and more
cycles being analyzed. In this case, the noise fluctuation’s
outcome can be different for the different f},, used. To
quantify this, in Table IV we report the median and 90%
interval values of the posteriors on A, obtained from
analysis both in gaussian and zero noise, with the same
seed but different f,,. While we see fluctuations in the
median values recovered from Gaussian noise runs, in the
zero noise case the median is almost constant. Therefore, to
compare A recovery with different starting frequency, we
look at zero noise injections. Figure 7 shows the posteriors
and their 90% width for the different f,,, values. We see a
clear improvement when going to lower frequencies,
especially for the recovery of chirp mass. The plot also
highlights how in general the 2L-45° 15 km configuration
yields tighter constraints on the parameters’ posteriors, but
we stress again that the main impact is given by the arm
length, not the configuration per se.

IV. SUMMARY

We performed PE studies to compare the different
proposed designs for ET. We focus on BNS systems, in
particular, to find out how well the tidal effects will be
measured. We compare different detector shapes, consid-
ering a single triangular detector and two L-shaped ones.
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In the latter case, we investigate both the cases of aligned or
misaligned detectors. Moreover, ET will be composed of
two interferometers, one optimized at high and one at low
frequencies. We compared results obtained using the
different PSDs, the low- and high-frequency one, as well
as the xylophone PSD, obtained by combining the two.
Finally, we looked at how the PE results improve when
using lower cutoff frequencies, investigating fj,, = 20, 10,
9, 8, 7, 6 Hz. We find that:
(1) The shape and alignment of the detectors have very
little influence on the recovery of parameters.2
(i) The chosen arm length, instead, plays an important
role, as expected given its effect on the PSD. This
means that, when comparing the currently proposed

2However, we want to point out that we have not include
information from the null stream.

(iii)

(iv)

023018-8

configurations, the A10 km one performs worse, but
this is merely due to the fact that it has a shorter arm
length with respect to the 2L ones. When comparing
the different configurations, and assuming the same
arm length, we find no significant difference in the
results.

The constraints recovered with the LF-PSD are
much worse than the other ones, especially with
respect to A. This is expected since with the LF-PSD
the signal above a hundred Hz is not detectable.
Noise fluctuations have a very strong impact on the
A measurement, causing the posteriors’ median
values to shift. With ET, A will be measured with
a very high accuracy, therefore, although such shifts
are of the order of a few percent, they can be enough
for the injected value to lie outside the support of the
posterior.
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(v) Regarding the different cutoff frequencies, we stud-
ied two different detector configurations, A10 km
and 2L-45° 15 km, and find no substantial difference
between them. The parameters posteriors become
clearly tighter when going to lower frequencies. This
is particularly evident in the case of M, posteriors,
but an improvement is also present for A, but only of
about 20%.
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