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Abstract
We present an evaluation of how site dependent noise can affect the signal to
noise ratio (SNR) of compact binary coalescence (CBC) signals in the future
3rd generation gravitational wave (GW) detector Einstein telescope (ET). The
design of ET is currently pushing the scientific community to study its scientific
potential with respect to known, and possibly unexpected, GW signals using its
design sensitivity curves. However, local ambient noise may have an impact on
the ET sensitivity at low frequency and therefore affect the SNR of CBC signals
at low frequency. Therefore, we study the impact of ambient noise on the ET
sensitivity curve at the two sites candidate to host ET—Sardinia, in Italy, and the
Euregio Meuse–Rhine (EMR) at the Netherlands–Belgium border—and infer
the impact on the ET sensitivity curve and how the SNR of CBC signals at
low frequencies is affected. We find that Sardinia shows results which are on
par, if not better, than the design case. On the other hand, ambient noise for
the current EMR sensitivity curve in Terziet causes a higher degradation of the
SNR performances.

Keywords: Einstein telescope, gravitational waves, Newtonian noise,
compact binary coalescence

1. Introduction

With the successful exploitation [1–3] of current 2nd generation gravitational wave (GW)
detectors, namely Advanced Virgo (AdVirgo), located in Italy [4], Advanced LIGO Hanford
and Livingston (aLIGO), located in the United States [5] and KAGRA in Japan [6], the sci-
entific community started to thoroughly investigate [7, 8] the prospects of future 3rd genera-
tion GW detectors that are expected to start observations in the mid 2030s, i.e. cosmic explorer
(CE) [9–11] and the Einstein telescope (ET) [12–14], with the latter being the subject of this
work. ET was first proposed in 2010 and the foreseen improvements with respect to current-
generation detectors include the extension of the observation bandwidth from the current limit
of about 20–2Hz and an improvement of the sensitivity up to a factor 8 across the band covered
by current detectors [14].

For what concerns the configuration of ET, there are two proposals under consideration.
The most recent one is that of a detector network composed by two widely separated L-shaped
detectors with 15 km long arms [8, 15]. On the other hand, the original project foresees three
pairs of nested interferometers arranged in an equilateral triangle (figure 1) with the sides
10 km long [12–14]. For each interferometer pair, one detector is optimized for low frequencies
(2Hz< f < 40Hz) and the other for high frequencies (f > 40Hz). Since recently, moving the
lower limit to 3Hz is being considered as well [14], but, to be on the conservative side, we keep
using the 2 Hz lower limit for this work. In both the 2 L and the triangle configurations, ET
will be hosted underground, at a currently planned depth between 200m and 300m to reduce
seismic motion at the input of the suspension system of the mirrors and to reduce the impact
of atmospheric disturbances [16] and Newtonian noise (NN). In this work, since it poses the
most challenges from the point of view of environmental noise mitigation, we focus on the ET
triangular configuration.

Generally speaking, the extension of the bandwidth to 2Hz and the sharp increase in sens-
itivity will significantly improve the rate of detected events giving the possibility to issue early
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Figure 1. Scheme of ET for the triangular configuration. Each detector ET1,2,3 is com-
posed of an interferometer optimized for low-frequency detection and another optimized
for high-frequency detection for a total of six.

warnings for the coalescence of compact objects (CBC) several minutes, if not hours depend-
ing on the source, before the merger [7, 8, 17–20]. In fact, with respect to current detect-
ors, CBC signals will spend more time in the ET accessible bandwidth, therefore enabling
early detection and sky localization. As it was demonstrated by GW170817 [20–24], this is
extremely important in the case of binary neutron star (BNS) mergers. As a matter of fact, joint
multimessenger observations with electromagnetic observatories are paramount to exploit the
scientific potential of BNS events and shed new light on the internal structure of neutron stars
[7]. In particular, depending on the distance of the source and requiring a signal-to-noise ratio
(SNR) ⩾12 and a sky localization smaller than 100deg2, ET is expected to be able to send
early warnings between 1 and 20 h before the BNS merger [7, 20]. The release of an early
warning increases the chances of detection for the electromagnetic counterparts. Astronomers
would be able to point the telescope in the region of the signal to start the monitoring to obtain
pre-merger images, ensuring the coverage of the merger and post merger phases as well. This
enables to detect the early electromagnetic emission, which is fundamental to understand the
physics of the emission mechanism and the merger remnant [7, 20]. Moreover, this class of
signals will spend most of their time in the ET bandwidth in the [2,10]Hz range, thus making
the low frequency sensitivity of ET extremely important for early detection.

The significant increase in sensitivity below 100Hz will also allow for more detailed obser-
vations about the merger of intermediate mass black holes (IMBHs) [7, 25–27], i.e. black holes
(BHs) withmasses in the [102,105]M⊙ range, of which there was no clear evidence about their
existence. This until the third observing run (O3) of the LIGO-Virgo detectors, which observed
an event consistent with two BHmerging to form a≃140M⊙ remnant, providing the first dir-
ect evidence of IMBH formation [28]. During the same observing run, a few more marginal
candidates for IMBH formation were found, but none sufficiently significant to indicate detec-
tion of further IMBHmergers [29]. The typical merger frequency of this class of astrophysical
objects is <100Hz and the signals are expected to spend a maximum of O(100 s) in the ET
bandwidth with most cycles of their waveform contained in the [2,10]Hz band. Currently, GW
detectors are limited to BH masses O(100 M⊙) and IMBH merger signals are typically only
detectable in very short time intervals of a few milliseconds. On the other hand, ET will open
the possibility of detecting these IMBH, studying their formation channels and the possibility
that they are the seeds of the supermassive BHs in the center of galaxies [7, 27]. Furthermore, a
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Figure 2. Map of Europe showing the locations of the candidate sites considered in this
work. The village of Terziet in the Netherlands is usually taken as a reference for the
EMR candidate site. The maps are taken from [68–70] and modified according to the
creative commons license 3.0. The orientation of the triangle icons is not representative
of the actual proposed orientations for the ET detector for each site.

precise reconstruction of waveforms for compact objects during inspiral and merger will allow
accurate tests of general relativity.

Therefore, any degradation with respect to design in the low-frequency sensitivity of ET
may significantly hinder the capability of early detections and multimessenger observations
for BNS mergers and may reduce the quality of the observations for IMBH [8, 18]. As a
consequence, since seismic disturbances, of both natural [30–42] and anthropogenic [34, 36,
41, 43–45] origin, are themain source of noise limiting the detector sensitivity at low frequency
and can affect GW data in many ways [34, 36, 41, 46–54], seismic characterization studies at
the candidate sites to host ET are paramount. The goal is to guarantee a suitable environment
for this future detector that makes the reaching of its design sensitivity possible [55] through
appropriate design of noise suppression systems.

As of 2024, there are two sites which are officially candidate to host the ET triangle
(figure 2): the Euregio Meuse–Rhine (EMR) [13, 14], between Belgium and the Netherlands,
and the area surrounding the Sos Enattos former mine in Sardinia (Italy) [13, 14, 56–59].

Since 2014, the Sos Enattos [56–61] and EMR [62–65] sites have been the subject of char-
acterization studies aimed at assessing their suitability to host ET. However, except [60] and
the recent work published by [66], no works are assessing the impact of site dependent noise
on the detectability of GW sources. Therefore, the scope of this paper is to provide a first
estimation of how site dependent low-frequency noise may affect the SNR of CBC signals
after modifying the ET sensitivity curve according to the actual seismic noise measured at
each of the aforementioned ET candidate sites. We think that this approach may provide some
relevant information for both the site selection process and the design of noise suppression
systems for ET. In particular, extending the methodology already shown in [60] and [67], we
investigate the case of IMBH and BNS focusing on the [2,10]Hz range, where ambient noise
is more prominent [58–60] and may affect early warnings. Beyond 10Hz, noise contributions
from the detector hardware dominate the noise budget and, therefore, are out of the scope of
our work. As a consequence of the focus in the low frequency range, our goal is not to claim
whether a merger will be detected or not (merger frequencies are way beyond the considered
frequency range), but only if it will be possible to observe the inspiral preceding the merger
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for multimessenger purposes. On the other hand, the details of how parameter estimation and
other cosmological implications would be affected are beyond the goal of this work and will
not be discussed here, but may represent one of the future developments of this study.

The paper is organized in the following way: in section 2 we present the method; section 3
talks through the data used for this study; the results are discussed in sections 4.1 and 4.2.
Finally, the conclusions are debated in sections 5 and 6.

2. Method

To estimate the impact of site-dependent noise over the SNR of CBC events, we first calculate
how site noise changes the ET design sensitivity curve. For this study we use the design curve
already applied for [8]. Depending on the frequency band, different contributions affect the
ET noise budget curve like seismic, Newtonian, thermal, and quantum noise. Among these
noise sources, the dominant contribution in the frequency region between 2 and 10Hz is the
NN. Beyond 10Hz, other contributions, like quantum and thermal noise from the detector
hardware, dominate the noise budget [54, 71–73]. NN is caused by gravity fluctuations from
mass distributions that change around the detector with time. These fluctuations are generated
by dynamic variations of atmospheric and ground densities in the vicinity of the test masses
of the detectors. Ground density variations are caused by ground motion, i.e. seismic waves,
which are the only contribution to NN considered in this work. Atmospheric NN is not taken
into account due to the current lack of dedicated environmental sensors installed at the ET
candidate sites.

We estimate the NN contribution of the ET sensitivity between 2Hz and 10Hz as [73]

h̃NN ( f) =
4π
3
Gρ0

2
√
2

L
1

(2π f)2
x̃( f) , (1)

where the frequency (f ) dependence of the NN budget (h̃NN) is related to the gravitational
constant (G), the density of the ground medium (ρ0), the size of the arm-length of each
interferometer (L) and the amplitude spectral density (ASD) of the seismic displacement (x̃).
Equation (1) can be derived from

δa⃗(ω) =
4π
3
Gρ0

(
2ξ⃗P (ω)− ξ⃗S (ω)

)
, (2)

which is equation (5) of [60] and equation (6) of [73], where ξ⃗P,S is the seismic displacement
vector for the compressional (P) and shear (S) waves, respectively, and ω is the angular fre-
quency. Equation (1) holds for a spherical cavern in an infinite homogeneous medium as it
is clearly stated after equation (6) of [73]. An even more detailed derivation can be found in
section 3.3 of [54]. In general, equation (1) is evaluated assuming:

• underground seismic spectra representative of body waves only;
• one third of the body waves contribution is from compressional waves;
• surface waves are negligible at depths of a few hundred meters;
• uncorrelated NN on the interferometer test masses.

In addition to that, equation (1) does not include any suppression factor from NN mitigation
systems.

The ASD of seismic noise (x̃ of equation (1)) is evaluated calculating single fast Fourier
transforms (FFTs) of the horizontal components of seismic noise, which, contrary to the ver-
tical component, are dominated by body waves [74, 75], on 120s windows. The length of
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the time window is chosen according to the typical maximum duration of an IMBH signal
(figure 4(b)) and on the time segment duration proposed for CBC multiband analysis for
BNS [19]. Each FFT segment is then used to evaluate the probabilistic power spectral density
(PPSD) of seismic noise over 2 years of data from which we infer the percentiles (10th, 50th,
and 90th) of the spectral distributions. Under these assumptions, the ET noise budget that we
use takes into account the NN evaluated from the seismic noise of each candidate site for the
10th, 50th, and 90th percentile of seismic spectra. Since a simple NN projection alone does
not show the effect of non-stationarity of NN (from now on defined glitchness) we also use a
more effective indicator, called the noise to target ratio (NTR) and derived from [60] as:

NTR=

√
1
∆f

ˆ f2

f1

df
Sn ( f)
Sn,ET ( f)

, (3)

where the Sn,ET( f) is the PSD of the ET design sensitivity, whereas Sn( f) is the PSD of the
modified ET sensitivity, where the NN is substituted with the contribution of the local noise
over the chosen time window and ∆f = f2 − f1 is the selected bandwidth. This way, the NTR
is evaluated time by time and normalized for the comparison of the two candidate sites.

After inferring the modified ET sensitivity curves, we gather the events of interest for our
study from astrophysical catalogs and we use PyCBC [76] to generate and inject signals in
simulated ET noise. Waveforms are generated using the IMRPhenomD [77, 78] GW approx-
imant for IMBH and IMRPhenomPv2_NRTidalv2 [79] for BNS, both available in the LIGO-
Virgo-KAGRA Algorithm Library (LAL) [80]. To take into account the antenna pattern of the
detector, the ET triangle is simulated considering three properly oriented L-shaped co-located
detectors, with an arm length of 10km and an arm angle of 60◦. The variation of the antenna
pattern with time is also taken into account. Since the actual orientation of the ET triangle has
not been decided yet, we choose an arbitrary positioning of the detector. For the Sardinia can-
didate site, ET is assumed to be located at the Sos Enattos mine at [40.44◦N,9.44◦E], whereas
for the EMR site, we have chosen the village of Terziet at [50.73◦N,5.91◦E], a proposed loc-
ation for at least one of the ET vertexes, as a reference. For each detector, noise is obtained by
generating a noise time series according to the given sensitivity curve and the same sources
are taken into account. Waveforms are injected into the noise of each detector composing ET
(labeled ET1, ET2 and ET3 respectively).

First, we infer the distribution of the SNR of the signals injected in simulated noise obtained
using the ET design sensitivity. Signal SNR is calculated as

SNR=

√
MSNR2

ET1 +MSNR2
ET2 +MSNR2

ET3, (4)

where MSNRET1,2,3 are the matched filter SNR calculated in each detector. Then, using the
same events, we repeat the procedure for each curve inferred from equation (1) using the 10th,
50th and 90th percentile seismic spectra. The new SNR distributions are then compared against
the design case used as a benchmark. The distributions of the SNR losses are obtained after
calculating, for each event, the ratio between the new SNR and the benchmark SNR.

To calculate the MSNR, we assume the signal to exhibit the two polarization states [81]

h+ (t) =−A(t) 1+ cos2 (ι)
2

cos [2ϕc + 2ϕ(t)] , (5)

h× (t) =−A(t)cos2 (ι)sin [2ϕc + 2ϕ(t)] , (6)
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where A(t) is the amplitude, ι the inclination of the source, ϕc the phase of the signal at the
chirp and ϕ(t) the phase of the signal. Therefore, MSNR is calculated as [82]:

MSNR2 (t) =
(s|hcos)2 +(s|hsin)2

(hcos|hcos)
(7)

with

(s|h)(t) = 4 Re
ˆ fmax

fmin

s̃( f) h̃∗ ( f)
Sn ( f)

e2π i ftdf (8)

where s̃( f) is the Fourier Transform (FT) of the data, h̃∗( f) is the FT of the template and
hcos/hsin are the two orthogonal phase components of the template shown in equations (5)
and (6) [81, 82]. In our case, fmin = 2Hz and fmax = 10Hz because, as mentioned above, we
consider ambient noise only which modifies the ET sensitivity curve not beyond the [2,10]Hz
range. Moreover, taking into account equations (7) and (8) we note that MSNR out of this
bandwidth gives the same contribution to the total MSNR in all cases and would not bring
relevant information. Therefore we restrict the calculation between 2Hz and 10Hz only. We
also point out that we assume perfect knowledge of the source, i.e. matched filter is calculated
using the same waveform template injected in the data.

3. Data

3.1. Seismic

Seismic data from the candidate sites come from a set of instruments installed to assess the
quality of the sites and for site characterization studies. In particular, data from the Sardinia
site come from two seismometers installed in boreholes at ∼−264m and ∼−252m at the
two proposed vertex locations for the ET triangle known as P2 and P3. The seismometers are
Trillium 120 SPH2 coupled with a Nanometrics Centaur CTR4-6S, 6-ch 24-bit data logger. For
what concerns the EMR site, the only available data are from a Streckeisen STS-5A borehole
seismometer in Terziet, referred to as TERZ, at ∼−250m. For this reason, we use TERZ as a
reference for the EMR candidate site. In both cases, the time period used for the analysis covers
two years, from December 21th, 2021 to December 20th, 2023. This period of 730 days has a
duty cycle >90% at both sites. Data from P3 shows a lower noise level with respect to P2 in
all the channels by an average factor of around 20% between 1 and 10Hz. For this reason, we
will compare P2 and TERZ.

Figure 3 shows the comparison of the percentiles of the horizontal component for P2 (in
blue) and TERZ (in red) with respect to the Peterson New Low and High NoiseModel (NLNM
in black dashed line and NHNM in black dotted line respectively) [83]. Above 6Hz, the P2
data lie on the self-noise of the sensor, making apparent the quietness of the site. We will use
these data in section 4.1 as input parameters for the determination of the ET sensitivity curve.

3.2. Astrophysical sources

The parameters for IMBH and BNS mergers are taken from the catalog [84] used to produce
the results of [8], which considers a set of sources spanning one year between the mock dates
01 January 2030 and 31 December 2030. For what concerns BBH, the catalog results from
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Figure 3. Seismic ASD displacement for the two candidate sites, TERZ in red and P2
in blue, are reported as a percentile (50th in solid line while 10th and 90th the lower
and upper limit of the colored band). Peterson limits (NLNM in black dashed line and
NHNM in black dotted line) and the self-noise of both sensors (black solid line) are also
shown.

the mixture of BBH from isolated binary evolution, dynamical formation in young, globular
and nuclear star clusters. Masses, spins, redshifts and luminosity distances have been obtained
with the open-source code FASTCLUSTER [85]. For this work, we select BBH with at least
one source frame component mass above 100M⊙, for a total of≃103 events. Figure 4(a)(blue
histogram) shows the distribution of the time to the merger, calculated numerically from the
waveforms, at 10Hz for these events. We note that once left the frequency band considered in
this work, most events have less than 0.5s before merging. On the other hand figure 4(b)(blue
histogram) shows the time spent in the [2,10]Hz range and points out how most of the time
IMBH lie in this bandwidth before the merger.

For BNS mergers, the source frame masses of the two objects are sampled uniformly in the
interval [1.1;2.5]M⊙ so thatm1 > m2. Redshifts and luminosity distances are taken from [86].
Since [84] contains O(7× 105) BNS events, to limit the computational cost and time of the
analysis we randomly sample, using a logarithmic distribution in redshift to privilege closer—
therefore stronger—signals, 103 events at z< 1.5. As mentioned, the BNS signal should reach
SNR⩾ 12 to issue an earlywarning between 20 h and 1 h before themerger. Figure 4(a)(orange
histogram) shows the distribution of the time to the merger at 10Hz for the selected BNS
events. We note that, once left the [2,10]Hz frequency band, most events have less than 20 min
before merger. Figure 4(b)(orange histogram) shows the time spent in the [2,10]Hz range. The
relevance of this bandwidth is apparent, since several hours are spent here.

For both IMBH and BNS, the sky position and coalescence phase are sampled uniformly
in the entire sky and between [0,2π], respectively. The inclination angle is sampled from a
uniform distribution between [−π,π] and the polarization angle is sampled uniformly in the
interval [0,π]. For simplicity, we are also assuming the circular orbit case. Moreover, to take
redshift into account, source frame masses are converted into the detector frame as mdet =
msour(1+ z).

8
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Figure 4. Times distributions for the events accounted for in this work.

4. Results

4.1. Modified ET curves

The ET sensitivity, modified according to what described in section 2, takes into account the
local seismic component of the NN of the two candidate sites. In equation (1), we assume
ρ0 = 2.7 · 103 kgm−3 and L= 10 km. Figure 5 reports the sensitivity curve using the NN from
P2 and TERZ compared with the ET design noise budget as reported in [8] for the frequency
range between 1 Hz and 100 Hz.

To quantify the modified ET sensitivity with respect to the designed one, we evaluated
the NTR index defined in section 2. While figure 5 shows the level of the NN inside the ET
sensitivity averaged over two years, the NTR, computed every 120 s, gives information on
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Figure 5. Sensitivity curves for the two candidate sites, reporting the percentile (50th in
solid line while 10th and 90th the lower and upper limit of the colored band) for TERZ
(in red) and P2 (in blue), compared with the ET design sensitivity (black).

Figure 6. NTR normalized probability distribution for the two sites: P2 (in blue) and
TERZ (in red).

how many times the modified sensitivity (Sn( f)) is above (>1) ore below (<1) the designed
one (Sn,ET( f)), i.e. information related to the glitchiness of the site. Focusing our attention on
the frequency range between f 1 = 2Hz and f 2 = 10Hz, a value of NTR larger than one implies
that, in the selected dataset, the contribution of the NN is limiting the ET sensitivity. The higher
the NTR, the higher the probability of losing the GW signals. One has to remember that if the
bandwidth of the GW signal is larger than f 2 it is possible to recover the signal since the NN
is not significant at higher frequencies.

Figure 6 reports the NTR normalized probability distribution for P2 and TERZ. It is possible
to note that P2 is characterized by a lower noise and the majority of the data are distributed
around NTR= 1. To emphasize the difference, we evaluated the cumulative density function
(CDF) of the two distributions. The x-axis of figure 7 is the NTR and the y-axis represents

10
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Figure 7. Normalized cumulative density function of the NTR normalized distribution,
of figure 6, for the two sites: P2 (in blue) and TERZ (in red).

Table 1. NTR values at the specified percentile (10th, 50th, and 90th) for both sites and
in different conditions (whole period of two years, working day, weekends, days, nights).

Whole Period Working days Weekends Days Nights

Perc. P2 TERZ P2 TERZ P2 TERZ P2 TERZ P2 TERZ

10th 0.94 1.59 0.94 1.66 0.94 1.49 0.96 1.84 0.93 1.44
50th 1.06 2.49 1.08 2.68 1.04 2.11 1.09 2.84 1.01 1.86
90th 1.31 4.69 1.33 4.96 1.25 3.81 1.34 4.94 1.20 3.68

the CDF confined between 0 (no data are below the specific NTR) and 1 (all data are below
that specific NTR). We reported in table 1 the value of the NTR corresponding to the specific
percentile for the two sites and in different time periods. The first set of data regards the whole
period of two years, 90% of the P2 data are below NTR= 1.31, while the same amount of
data for TERZ are below NTR= 4.69. We performed the analysis separating working days
and weekends, day and night hours. The noise is less on both weekends and nights giving
information on the anthropogenic origin of this noise related to human activities. Moreover,
this human noise is affecting more the TERZ site, while for P2 the variation is less significant.

4.2. Impact on SNR

4.2.1. IMBHs. Figure 8 shows the distributions of the ratio between the measured SNR and
the SNR calculated for the design sensitivity case ( SNR

SNRDESIGN
) for the IMBH case for the Sardinia

and EMR candidate sites, respectively. These distributions show any loss/gain of SNR with
respect to the design sensitivity case. The distributions of the SNR after which the SNR

SNRDESIGN

ratio is inferred are reported in the appendix. The overall results, including all classes of astro-
physical objects considered in this work, are also summarized in table 2. For both Sardinia
and EMR cases, we analyze the same 970 IMBH events and we exclude all those events which
have SNR<12 in the best noise condition already. These events never reach the SNR = 12
threshold at 10Hz also when the noise worsens and therefore are not relevant for the scope of
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Figure 8. IMBH SNR loss distributions for the Sardinia (blue) and EMR (orange) can-
didate sites for the 10th, 50th and 90th percentile of the seismic noise. The target SNR
is shown as a vertical black dashed line.
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Table 2. Summary of the SNR performance for the Sardinia and EMR candidate sites.
The figures reported in this table are the average of the total IMBH and BNS cases. The
separate tables for the two classes of events are reported in the appendix. The negative
figures under the events with SNR <12 highlight an improvement in the fraction of
recovered events with respect to the design case.

Perc.

SNR/SNRDESIGN EVENTS WITH SNR < 12

SNREMR/SNRSARSardinia EMR Sardinia EMR

10th +7% +2.5% −2% −1% 0.96
50th +5% −13% −1.8% 5% 0.83
90th −2.5% −37% 2.5% 24% 0.69

this work. On the contrary, this cut guarantees that events eventually lost in the design case,
but recovered in the best noise conditions, are retained. This can also highlight any possible
improvement of the performances with respect to the expectations.

In Sardinia, on average, the 10th and 50th percentile cases show comparable results with
an SNR gain of ≃7% and P≃6%, respectively (figures 8(a) and (b), blue histogram). On the
other hand, in the 90th percentile case the performance is on par with the design case: there is
only a marginal SNR loss (≃2.5%—figure 8(c), blue histogram).

For the EMR site, the situation is different. The 10th percentile case is on par with the
design performance, with the SNR showing a gain of ≃2.5% (figure 8(a), orange histogram).
In the 50th percentile, the SNR distribution starts do deviate from the design case, with a SNR
loss ≃14% (figure 8(b), orange histogram). The 90th percentile shows, as expected, the worst
performance with an average SNR loss ≃37% (figure 8(c), orange histogram). A summary of
the results is reported in table 2.

4.2.2. BNSs. Figure 9 shows the results obtained in the case of BNS signals. As for the pre-
vious results, we exclude events with SNR<12 in the best noise case. For Sardinia, the results
are consistent with the IMBH analysis and, in all cases, the ratios between the reconstructed
SNR and the design SNR show only marginal differences with respect to what discussed in
the previous section (figure 9, blue histograms).

The EMR site shows again the less promising performances. Again (figure 8, orange his-
tograms) the BNS case show results which are consistent with the IMBH case, with the 10th
percentile case equaling the figure of the benchmark case, with a SNR gain≃2%, and the 50th
and 90th percentile showing the worst performances loosing ≃14% and ≃37% of the SNR,
respectively.

Since the time to merger at detection is a relevant information for multimessenger studies,
we also provide the cumulative distributions of the fraction of detected events vs. the time to
merger at the moment in which the threshold SNR= 12 is reached (figure 10). The estimation
of the time to merger is done numerically from the simulated waveforms, i.e. we mark the time
at which each event reaches the SNR threshold and infer from the waveform how far it is from
the merger time.

At the EMR site, we notice that in the worst possible scenario only 11% of events are
detectable within 12 min from merger, whereas, in the best noise conditions, this fraction
improves to 45%. For the 50th percentile case, on the other hand, the fraction is 30%. In
Sardinia the difference between the three cases is less apparent, since the fraction of events
detectable within 12 min from merger oscillates between 40% and 47%.
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Figure 9. BNS SNR loss distributions for the Sardinia (blue) and EMR (orange) can-
didate sites for the 10th, 50th and 90th percentile of the seismic noise. The target SNR
is shown as a vertical black dashed line.
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Figure 10. Cumulative distributions of the time to merger at detection for the Sardinia
(blue) and EMR (orange) sites.

5. Discussion

We investigated the impact of site dependent ambient noise on the low-frequency sensitivity of
ET at the two sites candidate to host ET: the Sos Enattos site in Sardinia, Italy, and the Terziet
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side in the EMR region at the border between The Netherlands and Belgium. According to the
currently available site characterization data, we focused on the impact of the seismic noise
contribution to NN which is more prominent between 2Hz and 10Hz. Using the 10th, 50th
and 90th percentile of the seismic spectra distributions covering two years at the two can-
didate sites, we inferred the impact on the ET sensitivity curve. We found that the Sardinia
candidate site has the lowest impact on the ET sensitivity if compared to the effect of local
ambient noise recorded at EMR, which, on the other hand, appears to have a larger impact.
These results were obtained without considering any NN suppression factor in equation (1).
As a consequence, we expect that these results may provide some relevant information about
the design of NN suppression systems for ET that will be different for each candidate site.
In fact, Sardinia appears to be compliant with the requirements of ET already without con-
sidering any NN suppression factor, whereas the larger impact on the design sensitivity of
the EMR site will require dedicated seismometer arrays for noise subtraction [65] to reduce
its impact on the design sensitivity. These results suggests that Sardinia is also an ideal loc-
ation for research and development activities in low noise environments. For what concerns
achievable NN suppression factors, previous works [67, 87, 88] showed that by optimizing
NN cancellation for a specific frequency may lead up to a factor 10 suppression. Nevertheless,
at other frequencies the factor would be ≃2 [87]. Broadband NN cancellation, on the other
hand, would not achieved a suppression factor better than 3 [87]. It should also be pointed out
that the signals considered in this work span a wide range of frequencies, therefore we should
focus on broadband NN cancellation. Finally, NN cancellation comes at the cost of a huge
computational and financial effort. For example, considering the achievement of a factor 3 NN
suppression factor as the most reasonable assumption for ET, it would require a few tens of
seismometers in boreholes per test mass [87]. Since the ET triangle will have 12 test masses,
we should expect O(100) sensors placed in boreholes around the test masses. The main chal-
lenges would be determining where to drill the boreholes to achieve effective NN reduction
and the processing of 3D data for the NN cancellation algorithms (being on surface, current
detectors only require 2D data).

The different impact of the Sardinia and EMR sites on the ET sensitivity translates into an
influence on the signal SNR at low frequency for those astrophysical sources for which low-
frequency sensitivity plays an important role, i.e. IMBH and BNS mergers. Using the source
parameters present in astrophysical catalogs obtained from population studies, we generated a
set of waveforms and injected them into ET noise simulated according to the sensitivity curves
derived from local ambient noise. SNR has then been calculated using the matched filter SNR.
Comparing the resulting SNR distributions against the benchmark case obtained from the ET
design sensitivity curve, we find that local ambient noise has a lower impact on the signal SNR
in Sardinia, which is very close to design. The EMR site shows a higher SNR degradation, with
respect to design (figures 8 and 9).

6. Conclusions

Given the ET early warning requirements for BNS and the time to merger at 10Hz of these sig-
nals, a significant degradation of the signal SNR may affect the ET early warning capabilities
and hinder the possibility of extensive multimessenger observation campaigns for a number
of events larger than expected. In this sense, we have also inferred the cumulative distribu-
tions of the time to merger at detection and found that this is most likely to happen at EMR
than Sardinia (figure 10). These issues could be solved only with the use of appropriate NN
suppression that should be more prominent at the EMR site.
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In future, we will follow up this study to consider the ET 2L configuration and assess
the impact of site dependent noise on a detector network composed of two widely separated
detectors that are not affected by the same noise sources at the same times. Perhaps, in this
case, the presence of the most sensitive interferometer in Sardinia could make the impact of the
worse EMR sensitivity on the detection rates less dramatic. We also plan to quantify the effect
of local ambient noise on the source sky localization areas issued by early warnings using
currently available detection pipelines. This will further expand the overview of the impact of
ambient noise on the detectability of GW sources.
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Appendix

For completeness, in the appendix we report the SNR distributions for the Sardinia and EMR
sites for both the IMBH and BNS cases (figures A1–A4). These distributions are those used to
calculate the SNR

SNRDESIGN
ratio of figures 8 and 9. In the various figures, the reference distribution

of the design sensitivity case is shown in green. As mentioned in the paper, we exclude from
the analysis all the events that never reach SNR = 12 below 10Hz in the 10th percentile
case, since they will be never detected in any other case as well. This also implies that some
events recovered in the 10th percentile case (best possible noise conditions) may be missed in
the benchmark case, since the 10th percentile sensitivity curve may be, at some frequencies,
better than the design one. This is indicated by the green histogram bins appearing below the
SNR = 12 threshold.

We also include the tables (A1 and A2) which contain the results for the IMBH and BNS
cases separately that are summarized in table 2.
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Figure A1. IMBH SNR distributions for the Sardinia candidate site. In the top row,
the SNR = 12 threshold is marked with a black dashed line. In the bottom row, the
black dashed line represents the equality between the SNR measured in the design case
with the cases of the modified ET curves. The non overlapped green SNR bin under the
SNR threshold highlights the fact that there are some events lost in the design case but
recovered in the best possible recorded noise conditions.

Figure A2. IMBHSNRdistributions for the EMR candidate site. In the top row, the SNR
= 12 threshold is marked with a black dashed line. In the bottom row, the black dashed
line represents the equality between the SNRmeasured in the design case with the cases
of the modified ET curves. The non overlapped green SNR bin under the SNR threshold
highlights the fact that there are some events lost in the design case but recovered in the
best possible recorded noise conditions.
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Figure A3. BNS SNR distributions for the Sardinia candidate site. In the top row, the
SNR = 12 threshold is marked with a black dashed line. In the bottom row, the black
dashed line represents the equality between the SNR measured in the design case with
the cases of the modified ET curves. The non overlapped green SNR bin under the
SNR threshold highlights the fact that there are some events lost in the design case
but recovered in the best possible recorded noise conditions.

Figure A4. BNS SNR distributions for the EMR candidate site. In the top row, the SNR
= 12 threshold is marked with a black dashed line. In the bottom row, the black dashed
line represents the equality between the SNRmeasured in the design case with the cases
of the modified ET curves. The non overlapped green SNR bin under the SNR threshold
highlights the fact that there are some events lost in the design case but recovered in the
best possible recorded noise conditions.
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Table A1. Summary of the SNR performance for the Sardinia and EMR candidate sites
in the case of IMBH signals. The negative figures under the events with SNR<12 high-
light an improvement in the fraction of recovered events with respect to the design case.

Perc.

SNR/SNRDESIGN EVENTS WITH SNR < 12

SNREMR/SNRSARSardinia EMR Sardinia EMR

10th +7% +2.5% −2% −1% 0.96
50th +6% −14% −2% 6% 0.83
90th −2.5% −37% 2% 24% 0.69

Table A2. Summary of the SNR performance for the Sardinia and EMR candidate sites
in the case of BNS mergers. The negative figures under the events with SNR<12 high-
light an improvement in the fraction of recovered events with respect to the design case.

Perc.

SNR/SNRDESIGN EVENTS WITH SNR <12

SNREMR/SNRSARSardinia EMR Sardinia EMR

10th +7% +2.5% −2% −1% 0.96
50th +5% −12% −1.5% 9% 0.83
90th −2.5% −37% 3% 24% 0.69
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