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Abstract The Einstein Telescope (ET) is a proposed third-generation gravitational-wave (GW) underground observatory. It will
have greatly increased sensitivity compared to current GW detectors, and it is designed to extend the observation band down to a
few Hz. At these frequencies, a major limitation of the ET sensitivity is predicted to be due to gravitational fluctuations produced
by the environment, most importantly by the seismic field, which give rise to the so-called Newtonian noise (NN). Accurate models
of ET NN are crucial to assess the compatibility of an ET candidate site with the ET sensitivity target also considering a possible
reduction in NN by noise cancellation. With NN models becoming increasingly complex as they include details of geology and
topography, it is crucial to have tools to make robust assessments of their accuracy. For this purpose, we derive a lower bound on
seismic NN spectra, which is weakly dependent on geology and properties of the seismic field. As a first application, we use the
lower limit to compare it with NN estimates recently calculated for the Sardinia and Euregio Meuse—Rhine (EMR) candidate sites.
We find the utility of the method, which shows an inconsistency with the predictions for the EMR site, which indicates that ET NN
models require further improvement.

1 Introduction

The second generation of ground-based interferometric gravitational-wave detectors Advanced LIGO [1] and Advanced Virgo [2]
started the era of gravitational-wave (GW) astronomy with the first observations of coalescing massive objects like binary black holes
(BBH), binary neutron stars (BNS) and neutron-star black-hole binaries (NSBH), listed in the GW transient catalogues GWTC-1
[3], GWTC-2 [4] and GWTC-3 [5]. In April 2020, also KAGRA [6] joined the GW international network. The sensitivity band of
second-generation detectors spans from 10Hz to 10kHz. The goal of the proposed next-generation detectors Einstein Telescope
(ET) [7-9] and Cosmic Explorer (CE) [10,11] is to achieve an improvement of sensitivity in this band by about a factor ten.

Furthermore, the targeted observation band of ET extends down to 3 Hz. There are strong scientific reasons for pushing the low
frequency limit of an interferometric antenna below 10 Hz [12]. Intermediate-mass BBHs can be observed to much higher redshift
and with larger total masses. Warnings and sky location of upcoming BNS mergers can be provided earlier in the inspiral phase
to better prepare electromagnetic observatories for multi-messenger studies of these sources [13]. Many known radiopulsars are
observed below 10 Hz. Moreover, young pulsars (< 107 yr) spin at low frequencies. These are the neutron stars which most likely
deviate significantly from axisymmetry and their emission of continuous GW will give information of their equation of state.

The Einstein Telescope is the European proposal for this new generation of gravitational wave detectors. ET will be a 10 km-scale
multi-interferometer observatory, which will study the Universe in the entire GW spectrum accessible from Earth. This target will
be possible thanks to the xylophone configuration of each detector, composed of a pair of complementary interferometers, one
optimized for observations at low frequencies and the other with a peak sensitivity at higher frequencies. To reach their target peak
sensitivity, the test masses of low-frequency interferometers must be cooled down to 10-20 K. Moreover, to expand the observation
band at frequencies below 10Hz, the detectors must be installed in an underground infrastructure, reducing in this way the impact
of seismic noise and Newtonian Noise (NN) produced by seismic waves and the atmosphere [14—16].

Models of NN are increasingly complex as they incorporate an increasing amount of site-specific information like topography,
geology, and observed or modeled inhomogeneities of seismic fields [17, 18]. Systematic and significant numerical errors can affect
the results, and one needs to develop methods to constrain simulation results. In this article, we take a first step by providing a lower
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NN limit, which is a robust benchmark to test results of more complicated simulations since it depends negligibly on geology and
properties of the seismic field.'

In Sect. 2, we recall important aspects of seismic NN modeling for ET. We report in Sect. 3 the most recent seismic noise
measures obtained with broadband high-class triaxial seismometers installed at about 250m depth in boreholes at the two ET
candidate locations, the Euregio Meuse—Rhine (EMR) site and the Sardinia (Sos Enattos) site. Finally, in Sect. 4, we calculate lower
bounds on seismic NN for the two sites based on seismic-noise measurements and confront these lower bounds with previously
published NN estimates for the two sites.

2 Seismic NN modeling

Modeling of NN has made significant progress over the past years driven by the development of a NN cancellation system as part
of an upgrade of the Advanced Virgo detector and for the estimation of NN as part of the evaluation of ET candidate sites [17-20].
Models have been improving by incorporating an increasing amount of observed properties of seismic fields and by including more
details in numerical simulations about the local geology and topography. Given the importance of NN estimates for the evaluation
of an ET candidate site [16,21], a lot of effort is spent to achieve good accuracy with NN models and to understand their limitations.

Newtonian-noise models inherit the complexity of seismic fields, local geology and topography. When it comes to underground
GW detectors like Einstein Telescope, another challenge is to obtain reliable NN estimates based on data from surface seismometers
and only a few underground seismometers (borehole installations of seismic broadband sensors are very expensive). The question
arises how the accuracy of ET NN models can be assessed under these circumstances. The purpose of this section is to provide
insight into how difficult it is to model the different contributions to seismic NN. We also provide a lower limit to the NN spectrum,
which only depends on the seismic spectra measured at the test masses of the underground detector.

2.1 Simple analytical approach

A fully general equation to calculate the gravitational fluctuations produced by the displacement field can be calculated from the
continuity equation, which states that density perturbations inside the elastic medium are connected to the seismic displacement
field & (7, t) according to

b 1) =~V - (p(IEF.1), )

We understand this equation to be linearized with respect to the displacement field, which means that we can use a static mass
density p(7) of the medium inside the divergence. Inserting this term into the expression for the Newtonian gravity potential, we
obtain
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where 7 can be taken as the location of a (free) test mass. Integration by parts (omitting the surface terms since we can describe
any medium, even of finite size as an inhomogeneous medium of infinite size) and applying a gradient operation with respect to the
position vector 7y, we directly obtain
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where €5, = (¥ — o) /|F — Fo|. This equation can be understood as the sum over a bulk term (from the compression of ground
material) and of surface and interface terms (from seismic displacement along density gradients) [15]. Knowledge of p(7) and
& (7, t) will never be complete, and one must proceed with approximations.
Simple theoretical NN models can all be cast into the form

S(3a; f) = (cGp)*S(E; f). “

Here, p represents the density of the ground averaged over a sufficiently large surface area or ground volume, and S(8a; f), S(&; f)
are the power spectral densities of gravitational acceleration and ground displacement, respectively. The parameter « is characteristic
for the type of seismic wave producing NN. Its approximate value is [15]:

e Kk =~ §, for compressional waves and underground test mass;
e Kk = 4, for shear waves and underground test mass;
e k ~ 4 -6, for Rayleigh waves and surface test mass.

! The data used in this paper, and the Python code used to produce the plots are available at the ET site repository https://etrepo.df.unipi.it:8000/. Accounts
can be requested by contacting the authors.
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A few assumptions have to be made so that these simple estimates of the total NN are approximately valid:

1. The distance between test mass and the floor beneath it is significantly smaller than a (reduced) seismic wavelength A/(27);

2. The geology can be approximated as homogeneous and in the case of a test mass above surface, the topography can be approxi-
mated as flat;

3. In the case of an underground test mass, its depth needs to be at least a seismic wavelength.

If condition (i) is not fulfilled, then NN can be strongly suppressed. For example, the contribution of surface displacement to NN
in underground detectors is negligible [14,16,21], and in addition a recess constructed under a test mass can lead to substantial
reduction in NN from the seismic surface waves [22-25]. If condition (ii) is not fulfilled, then one is mostly forced to abandon
analytical modeling and directly employ numerical simulations. However, setting up a numerical simulation that correctly recovers
all the relevant properties of such an inhomogeneous field is very challenging [17,18]. Finally, condition (iii) for underground test
masses ensures that NN from shear and compressional waves is not significantly affected by the presence of the surface.

2.2 Projections in NN models

Another important aspect of NN modeling is best described in the context of efficient NN cancellation. It concerns the correlations
between gravitational acceleration and seismic variables. In Eq. (4), it is not clarified where in respect to the test-mass location the
seismic spectral density is measured, and along which displacement direction. Of course, from Eq. (3), one should not even expect
that a seismic displacement at one location fully determines NN spectra. Generally, if we wanted to set up a general relationship
between gravitational acceleration and seismic displacements &% atk = 1, ..., N locations along arbitrary displacement directions
X1, we could write it in frequency domain as

N
dag(f) =) Fe(NE (). ®)
k=1
All NN models are either described in this form, or by an integral like Eq. (3). If presented in the context of observed gravitational
acceleration and seismic displacements, the coefficients Fi(f) are also known as Wiener filter. In some sense, a Wiener filter can
be understood as a linear NN model, but we will explain a subtle but crucial difference between Wiener filters and most published
analytical models. In fact, all published analytical models with finite N are for N = 1. Why can analytical models be so simple,
while Wiener filters even for homogeneous fields are typically constructed for a large number N of measurements [14,16,26-28]?
It has to do with wave polarization and with projections:

e Since the numerical factor « in Eq. (4) depends on the polarization of the seismic wave, it is clear that the model coefficients
Fi.(f) in Eq. (5) must depend on polarization as well. Polarization information is not generally available in measurements of
ambient seismic fields, which poses a strong limitation to Wiener filtering whenever more than one wave polarization produces
significant NN [16]. In analytical models, equations can of course be set up for each polarization separately.

e Analytical relations between seismic displacement and gravitational acceleration often (not always) contain a projection-
dependent factor, i.e., a factor that depends on the propagation direction of a seismic wave with respect to the modeled direction
of gravitational acceleration [15]. Since in an ambient seismic field propagation directions of waves are not always the same, the
projection factor cannot appear in Wiener filters, which instead must remain an accurate NN model based on average properties
of the seismic field if it is meant to achieve efficient NN cancellation.

Now, it turns out that understanding projections is of crucial interest for NN cancellation [29,30], and it guides us to provide
extremely simple, accurate analytical models for certain types of seismic fields. Let us illustrate this point for a simple example of
gravitational acceleration produced by shear and compressional waves [31]:

4G (e s
(o, 1) = =52 (26 P (0. 1) — € SGo.1)). ©)

The equation holds for all seismic fields in infinite, homogeneous media of density p that can be decomposed into compressional
and shear content £°, £3, e.g., homogeneity and isotropy of the seismic field are not required. However, the test mass affected by the
gravitational fluctuation must be located in a sufficiently small cavern (see Sect. 2.3). It is straight-forward to derive this equation
for a test mass located in a spherical cavern starting from Eq. (3) [31]. The model contains the bulk contribution as well as the
contribution from displaced cavern walls. It was heralded as a potential breakthrough for the design of NN cancellation systems for
underground detectors:

o It states a local relation between seismic displacements and gravitational acceleration at 7(;
e This exact, analytical relation between gravitational acceleration and seismic displacement does not depend on propagation
directions of seismic waves.
As a consequence, it would be possible to set up a Wiener filter from a local measurement for efficient NN cancellation. In the
meantime, the optimism has faded since there is still no known local measurement that would provide the compressional and shear
displacements leaving us with a scenario for ET of hundreds of seismometers deployed in boreholes to achieve modest cancellation
of NN from body waves [16]. However, the equation remains a powerful tool for NN modeling.

@ Springer
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2.3 Model uncertainties and a lower limit of NN

It is clear that simplified treatment and partial knowledge of geology and topography result in NN modeling errors. Typically, these
can be neglected since the NN models are not very sensitive to their parameters, e.g., displacement and density enter linearly into the
model. A counter-example is the modeling of underground NN from Rayleigh waves. Here, the wave speed enters exponentially into
the NN model, and uncertainties in wave dispersion and/or geology can make a big impact on Rayleigh NN predictions [9,21,25,32].
It is exactly this exponential dependence that is crucial for the strong attenuation of NN toward depth, which is why sophisticated
models need to be created and studied to gain confidence in Rayleigh NN predictions for ET [18]. According to Eq. (6), NN from
underground displacement is relatively easy to model with all model parameters entering linearly, but one needs to keep in mind that
NN predictions from underground displacement need to be quite accurate (see below), which requires us to think more carefully
about them as well. We conclude:

e Models of NN from Rayleigh waves strongly depend on geology. In the case of horizontally layered geologies, the dependence
of Rayleigh NN on depth is almost fully determined by Rayleigh-wave dispersion (with remaining uncertainties coming from
linear parameters like ground density). If the geology shows significant lateral heterogeneities, as is usually the case near the
surface, then complicated studies are due involving sophisticated numerical simulations matched where possible to surface and
underground seismic observations. However, it should be noted that it is easier to cancel Rayleigh NN since it can be done using
surface seismic arrays, which somewhat relaxes requirements on model accuracy.

e As explained, uncertainties in NN predictions from compressional and shear waves are smaller than for Rayleigh NN, but
predictions need to be more accurate since even a modest cancellation of NN from underground seismic fields would be a huge
effort [16]. A factor 2 error in NN prediction from an underground seismic field can make the difference between evaluating
the site as compatible with the ET sensitivity target (naturally or through additional NN cancellation) or as a site where it is
difficult to imagine that the ET sensitivity target can be reached during the infrastructure lifetime. The main uncertainties of NN
models from underground displacement are (a) the impact of underground infrastructural seismic sources, (b) correlations of
NN between test masses, and (c) impact of geology.

In the discussion leading to the definition of the NN lower limit for ET, we can neglect Rayleigh-wave NN since it is a contribution
without strict lower limit. It depends on the wave dispersion, i.e., on the geology, how much this contribution is attenuated with
depth. However, we will be able to show that NN from the underground seismic field is bounded from below (almost) independently
of the properties of the seismic field itself and the local geology.

As mentioned earlier, the NN model of Eq. (6) contains a bulk contribution and another one from cavern-wall displacement. The
bulk contribution depends on geology, and for the definition of the lower limit, we will make the conservative assumption that it
does not contribute. So, the idea is to only use the cavern-wall contribution to define a lower NN limit,

r—ry _ 4nGp-

81w (Fo. 1) = Gp / as (i@ -EG.n) | E(Ro.1). %

F—rlP 3
which holds precisely like this (with numerical factor 477 /3) only for cubes and spheres as cavern shapes, and possibly other point-
symmetric caverns, and the test mass must be placed at its symmetry point. We discuss the impact of cavern shape and test-mass
placement on the cavern-wall NN in Sect. 2.4.

Compared to Eq. (6), the lower limit does not require a separation of polarizations. Each wave type—not only compressional
waves and shear waves, but also residual underground displacement from Rayleigh waves—produces cavern-wall NN according
to the same model. One can therefore simply consider the total underground displacement, which is the quantity observed by an
underground seismometer, to calculate the lower limit. In this equation, p is the density of rock at the cavern, and 7 (¥) is the normal
vector to the cavern wall. Let us summarize the assumptions going into this equation:

e The density p at the cavern does not change significantly over the extent of the cavern, which can be expected since ET caverns
are to be constructed in good quality rock [9,21].

e The cavern hosting the test mass must be sufficiently small. Here, the cavern size is to be compared to the length scale, over which
seismic displacement changes. If all seismic waves are from distant sources, and if there is no significant seismic scattering
in the medium around the cavern, then distance r from test mass to cavern wall must obey r < Ag/(27), where Ag is the
shear-wave length. However, if there are local seismic sources, especially those located inside the cavern as part of the detector
infrastructure, or if there is strong seismic scattering in the medium around the cavern, then the cavern might have to be smaller
for the lower limit to hold. Assuming a typical shear-wave speed of 3km/s at a few 100 m depth, the reduced wavelength is
50m at 10Hz, which is significantly larger than the ~ 10 m distance between ET-LF input test masses (ITMs) and cavern walls
according to current infrastructure plans [9]. However, with a planned cavern height of 30 m extending over a length of 175m,
it is recommended to confirm with numerical simulations that the impact of cavern dimension on NN can indeed be neglected.
Note that the cavern dimensions of end test masses (ETMs) are much smaller than for the ITMs, and the ETM NN lower limit
is robust in this respect.

e When adding contributions of different test masses to obtain the total ET NN lower limit, we assume that gravity fluctuations
are uncorrelated between test masses. This is certainly the case between test masses forming an interferometer arm, which will

@ Springer
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Table 1 Summary of cavern-wall NN coupling factors for different cavern shapes and test-mass locations valid in the small-cavern approximation

Cavern shape Test-mass location Coupling factor
Spherical (as used in [18,20]) Arbitrary 4 /3
Cube 3D center 4r/3
2D center on floor 2.8
Half sphere 2D center on floor 2.1
Cuboid elongated along horizontal (side-length ratio: 2:1:1) 2D center on floor 1.3

The dependence of total NN on cavern-wall coupling factors is less since a major NN contribution underground is expected to come from rock compression

be separated by 10km in ET. Instead, the two ITMs of an ET-LF interferometer will be separated by about 100 m according
to current plans [9]. There might well be significant gravitational correlation between these two test masses. According to
Eq. (6), gravitational correlations between two test masses are determined by the seismic correlations between the same two
points. Measurements at the Sanford Underground Research Facility showed that seismic correlations are small above 4 Hz
for a seismometer separation of 190m, even if displacements are monitored along the same directions [33]. New underground
measurements are required to obtain better estimates of NN correlations between the ET-LF ITMs in the 3—10 Hz band.

2.4 Additional notes on the small-cavern limit

Let us shed more light on the small-cavern approximation used for Eq. (7). It might seem surprising that the gravitational acceleration
points along the displacement direction of the seismic field. After all, the integrand in Eq. (3) contains a contribution that is not
parallel to €. It is clear though that the result of the integration must be expandable in terms of physical vectors independent of the
chosen coordinate system. The vectors available here are 5(70) and the normal vectors to the cavern wall (7). Equation (7) was
initially calculated for a spherical cavern, where terms proportional to the cavern normal vector vanish (actually, this is true for all
spherical cavern sizes). When considering arbitrary shapes of caverns, could it be that the gravitational acceleration is not parallel
to ground displacement in Eq. (7)?

One needs to be careful when answering to this question. If one placed a seismometer on the ground of a cavern to measure
vertical ground displacement, then it would generally show correlations with the gravitational fluctuations along the horizontal
direction. So, one could construct an analytical model that includes vectors normal to the cavern walls. However, we are looking for
the simplest (still accurate) NN model. Crucial for why gravity acceleration is parallel to ground displacement for all cavern shapes
is that in the small-cavern limit the integrand in Eq. (7) becomes independent of the distance between test mass and cavern wall.
This is easy to derive by making use of the fact that in the small-cavern limit the displacement vector has the same value 5 (Fo, 1)
over the entire cavern wall. In this case, the closed surface integral leaves the seismic displacement 5: (¥p) as sole physical direction
for the gravitational acceleration. Mathematically, this result is easiest to derive by expanding the integrand of the small-cavern
approximation of the surface integral,

Sdiow (Fo, 1) = Gp/dﬂ (5(9, ¢) - & (7o, t)) s, (8)

into vector surface spherical harmonics and using equation (253) in [15] with é’ (Fo, 1) as polar direction of a spherical coordinate
system. The integral is over the angular coordinates dS2 = d¢ df sin(6) of a spherical coordinate system with origin at 7(.

The remaining question is about the coupling factor 477/3 in Eq. (8). We already mentioned that it depends on cavern shape and
test-mass location inside the cavern. We summarize the values of this factor (obtained analytically or by numerical integration) for
several interesting cases in Table 1.

The coupling factors for cavern-wall NN in the small-cavern approximation can be significantly smaller than 477 /3 depending
on cavern shape and test-mass location. This, however, is only relevant for the lower seismic NN bound that relies entirely on
the cavern-wall contribution. The total seismic NN with a major bulk contribution is less affected by cavern shape and test-mass
location provided that the small-cavern approximation holds. Based on the coupling factors shown in Table 1, it is evident that using
spherical caverns in NN models leads to the most stringent confrontation between lower limit and results of complex numerical
simulations, since the lower limit is generally smaller for other cavern shapes. In fact, we propose that all NN models, even those
based on more realistic cavern shapes, should also be run with small spherical caverns to set the highest possible lower bound on
the more complicated NN contributions that depend on geology, topography, and details of the seismic field.

In conclusion, with some points that still need to be analyzed like the impact of ET-LF ITM cavern size on NN and potential
NN suppression by partial correlation of NN between the two ITMs of an interferometer, the lower seismic NN limit presented here
serves as a useful reference for consistency checks of total NN estimates. As defined in Eq. (7), it applies to all published analyses
since neither the ITM NN correlation nor the ET ITM cavern dimension have been taken into consideration in past analyses, and
the cavern shape was always assumed to be spherical.
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As a final note, we want to point out that while the definition of the lower limit itself only depends on the stated assumptions so
far, there is a general underlying assumption that the different seismic NN contributions summarized in Table 2 are at best weakly
correlated. In the past, people used the shell theorem (the case of perfectly anti-correlated NN contributions from the two surfaces
of the shell) to conclude that simple cavern-wall displacement cannot produce NN. The argument is that if you interpret an infinite
medium with spherical cavern as a shell with infinite outer radius, uniform motion of the medium (which still leads to cavern-wall
displacement), should not produce any change in gravity. However, this example has no direct relevance to the problem of cavern-
wall NN. First, the calculation of gravitational forces inside caverns of an infinite medium is an ill-defined problem. The infinite
medium can be constructed as a limit not only of spherical shells, but also of spherical caverns inside a cube, etc, with different
conclusions about the force. More importantly though, while the displacement of a cavern wall can be considered uniform in the
case of a small cavern, the outer boundary (whatever shape it is) will show non-uniform displacement consistent with the solution of
the gravitoelastic equations. This has important consequences especially in the case of random seismic fields, which is the relevant
case to understand for ET NN modeling. The following argument is easiest to explain in the small-cavern approximation, but it is
applicable to the general case. The wall of a small cavern is displaced uniformly, i.e., it depends on the seismic displacement at
a single point. All other contributions are the consequence of integrals over extended fields (as volume or surface integrals) with
contributions from uncorrelated parts of the seismic field within the integration region. It is clear that this can at best lead to a weak
correlation between cavern-wall NN with any other NN contribution. Now, let us imagine anyway that there is a mechanism that
produces negative correlation between cavern-wall NN and another NN contribution, which could potentially lead to a total NN
spectrum below the lower limit. Even for a mild NN suppression by a factor 1.5, one needs a coherence [15]

RUx(Hy* ()
VIO H12)

where (x (f)y*(f)) is the cross power spectral density of two NN contributions, and {|x ( ) 12y, (ly(f) |2) the power spectral densities.
This level of negative correlation is inconceivable for seismic NN from random seismic fields, which should be intuitively clear
when taking into account that the cross-spectrum relevant here is between a NN contribution that depends on the value of the seismic
field at only one point and other NN contributions integrated over extended regions of the seismic field with contributions from
uncorrelated parts and displacement directions of the seismic field (for analyses of seismic correlations, see for example [33-35]).

y(f) = €e[—1,1] < -0.75, ©)

3 Seismic noise measurements

As explained in the previous section, the knowledge of the seismic field plays a crucial role in the estimation of the expected NN.
For this purpose, several seismic stations were installed at the two candidate sites, including temporary sensor arrays and permanent
seismometer installations [36—38]. The best option to achieve a reliable underground seismic measurement is through broadband
tri-axial seismometers in borehole installations [21]. Considering the proposed design of the ET infrastructure, a representative
depth of 250 m from the surface level was adopted as target for these measurements. At the EMR site, the border region between
Netherlands, Belgium and Germany, a first borehole was excavated close to the village of Terziet in the southern countryside of
Limburg province, and it is equipped with a Streckeisen STS-5A seismometer, placed 250 m underground, complemented by a
Nanometrics Trillium-240 positioned at the surface level [38]. Data from both sensors are sampled at 40 Hz. The Terziet seismic
station is operative since late 2019.

In the Italian island of Sardinia, the other candidate site, two boreholes have been excavated close to two tentative corner locations
(named P2 and P3) of a triangle with 10km side length, where the first corner is represented by the former Sos Enattos mine [36,37].
At both borehole stations, Nanometrics Trillium-SPH2 seismometers are installed about 250 m underground, complemented by
Nanometrics Trillium-120 Horizon seismometers in vault installations at the surface [39]. Data are acquired by a 24-bit Nanometrics
Centaur digital recorder with a sampling frequency of 100 Hz. P2 and P3 stations are operative since September 2021.

Data from all the permanent borehole stations are collected on a dedicated ET data repository and available for analysis. In the
following subsections, we show the probabilistic power spectral densities (PPSD), i.e., histograms of seismic spectra, calculated for
Terziet and P2 boreholes, representing the EMR and the Sardinia underground seismic noise level. In the first case, we use one year of
data, while for P2 the last three months of 2021, i.e., the entire available dataset from P2 at the time of paper writing. For comparison,
we indicate also the new low-noise model (NLNM) and new high-noise model (NHNM) representing the minimum and maximum
natural seismic-noise background observed on Earth [40]. Individual seismic PSDs are calculated using Hann anti-leakage windows
and without averaging of PSDs going into the PPSDs. Spectral histograms are computed for the horizontal and vertical components.

3.1 EMR site
The Terziet borehole station is placed at about 152 m above mean sea level. The borehole seismometer is located at a depth of 250 m

inside the 260 m-deep borehole [38]. We analyzed one year of data from this station, between September 30, 2019 and September
14, 2020. In Fig. 1, we show the PPSD of the horizontal and vertical velocities measured at 250 m of depth in the Terziet borehole.
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Table 2 Summary table of seismic NN contributions and model components

NN contributions

Model components
Seismic field

Displacement along density
gradients

(all polarizations; dominant
NN contribution in ET
expected from body waves)

Potentially strong
inhomogeneous component of
the seismic field due to
Rayleigh and Love waves.

Seismic correlations influence
how this contribution
integrates over the full
volume.

Geology

Density gradients are defined
by geology.

Compression of medium
(compressional and Rayleigh
waves; dominant NN
contribution in ET expected
from compressional waves)

Strongly polarization
dependent (NN coupling
factors different for all
polarizations). Potentially
strong inhomogeneous
component of the seismic field
due to Rayleigh waves.

In case of inhomogeneous
geology, seismic correlations
influence how this
contribution integrates over
the full volume.

Density variations lead to
inhomogeneous gravitational
coupling throughout the
medium. Geology affects
seismic correlations, which
influences how this
contribution is integrated over
the full volume.

Topography

Defines the boundary of the
integration volume.

Defines the boundary of the
integration volume.
Topography affects seismic
correlations, which influences
how this contribution is
integrated over the full
volume.

Surface displacement

(all polarizations; dominant
NN contribution in ET
expected from Rayleigh
waves)

Seismic correlations influence
suppression with depth.

In case of non-flat topography
or inhomogeneous surface
geology, seismic correlations
influence how this
contribution integrates over
the full surface area.

Geology affects seismic
correlations (see Seismic
field).

Density variations over surface
area lead to inhomogeneous
gravitational coupling.

Topography affects seismic
correlations (see Seismic
field).

Variations of surface normal
vector and impact on distance
between surface and
underground test mass.

Cavern-wall displacement
(all polarizations; dominant
NN contribution in ET
expected from body waves)

Potentially strong
inhomogeneous component of
the seismic field due to
underground infrastructural
seismic sources.

Seismic correlations across the
cavern wall influence how this
contribution integrates over
the full cavern wall.

Rock-density variations across
the cavern wall lead to
inhomogeneous gravitational
coupling. Geology affects
seismic correlations, which
influence how this
contribution is integrated over
the full cavern wall.

Topography affects seismic
correlations, which influence
how this contribution is
integrated over the full cavern
wall.

The NN contributions can be assumed to be approximately uncorrelated being dominated by different types of seismic waves, or due to well separated
locations where these contributions are produced, or due to differences in gravitational coupling mechanisms. The green fields in this table indicate a weak
or negligible influence on the respective NN contribution, the orange fields indicate a strong or potentially strong influence. The lower NN limit presented
in this paper is solely based on the cavern-wall contribution in the last column

Fig. 1 Histogram of horizontal
(left) and vertical (right) ground
motion measured in the Terziet
borehole, EMR site, at 250m
depth (data from September 30,
2019 to September 14, 2020). The
dashed curves represent the New
Low-noise Model (NLNM) and
high-noise model [40]. White
curves are the 10th, 50th and 90th
percentiles of the distribution

Seismic [(m/s)/VHz]
Seismic [(m/s)/VHz]

7100

101
Frequency [Hz]

10°

TR
Frequency [Hz]

3.2 Sardinia site

The P2 station is located in the municipality of Bitti, in a private land used for grazing, at about 767 m above mean sea level. The
borehole seismometer, installed inside the 270 m-deep borehole, is located at a depth of 264 m, with a residual tilt of the sensor from
the vertical direction of 1° [39], within the sensor mass-centering requirements. For this site, we used seven months of data starting
from October 1, 2021, when the borehole measurements started. In Fig. 2, we show the PPSD of the horizontal and vertical ground
velocities measured at 264 m of depth in the P2 borehole.

The ratios of percentiles of seismic spectra measured at the two sites (Terziet borehole relative to P2) are shown for horizontal
and vertical ground displacement in Fig. 3.
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Fig. 2 Histogram of horizontal
(left) and vertical (right) ground
motion measured in the P2
borehole, Sardinia site, at 264 m
depth (data from October 1, 2021
to April 30, 2022). The dashed
curves represent the New
Low-noise Model (NLNM) and
high-noise model [40]. White
curves are the 10th, 50th and 90th
percentiles of the distribution
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Fig. 4 The plot shows the lower bounds on seismic NN for the two sites based on the 10th, 50th, and 90th percentiles of the seismic histograms using
Eq. (7) with p = 2800 kg/rn3 for the density of rock at the ET caverns. The ET sensitivity target is shown by the black curve. The Terziet NN estimates at
the EMR site published in [18] are shown as red markers for comparison. Limitations in the analysis acknowledged in [18] concerning the estimated mode
composition of the seismic field might explain why their total NN estimate lies on or below the median of the lower bound presented here, which only
includes the cavern-wall contribution. The comparison indicates an inconsistency between the two results. The NN estimates for Sardinia published in [20]
are shown as blue markers, which lie well above the median of the lower bound. This is to be expected when the model of the total NN predicts a significant
contribution from seismic compression of the medium

4 NN lower limits

As motivated in Sect. 2, we evaluate the NN produced by the cavern-wall displacement on a test mass, taking into account the total
horizontal displacement measured by the borehole seismometers located in EMR and Sardinia. In Fig. 4, we compare the 10th,
50th and 90th percentiles of the NN at the two sites. Here, we assumed a rock density p = 2800 kg/m? for both. Clearly, the lower
measured seismic displacement in Sardinia, with respect to the EMR site, reflects also on the NN lower limit especially above 3 Hz.

The results show that the previously published seismic NN estimates for the Sardinia site lie well above median of the lower
NN limit. This does not mean that these estimates are necessarily accurate. In fact, a very simple uniform geology was assumed
to calculate the NN estimate in [20], and a conservative assumption was made concerning the mode content of the underground
seismic field. However, despite the simplifying assumptions (or in this case rather because of the simplifying assumptions), the NN
estimates are consistent with the lower bound.

In comparison, the total NN estimate for the EMR site lies mostly right on, and partially also below the lower bound. Given that
the cavern-wall NN is a minor contribution to the total NN, we conclude that the EMR NN estimates are too low over part of the
NN frequency band. The analysis in [18] that led to the NN estimate is sophisticated as it attempts a decomposition of the seismic
field into shear waves and compressional-waves from distant sources, and waves without specified polarization from local surface
sources. It is when complex models like this are used that the lower NN limit becomes most effective depending only on the seismic
spectrum measured underground. We conclude that further work is necessary to improve current NN models.
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We want to stress again that especially the NN contribution from underground seismic fields must be modeled with high accuracy.
Even in the ideal case of an isotropic seismic field whose two-point correlations do not change in time, it was estimated that a few
hundred borehole seismometers would be needed for ET for a factor 2 NN reduction over the entire NN band [16]. One might expect
that time variation of the seismic field will make the problem even more challenging. In such a situation, even small NN estimation
errors can make an important difference. It is then advisable that systematic errors in NN estimates should be taken into account as
part of future analyses.

5 Conclusions and discussion

The Einstein Telescope, a third-generation GW detector, is planned to expand the observation band down to 3 Hz. In this region of
frequencies, the seismic Newtonian noise (NN) is a main limitation to the targeted sensitivity. A robust modeling of this source of
noise for the underground detectors is of paramount importance in the site qualification process and to design efficient cancellation
systems. Operating ET in an underground infrastructure will ensure that the NN due to surface displacement will be reduced. Models
describing the NN produced by Rayleigh waves depends on the accurate knowledge of the geologic setup. Nevertheless, surface
seismic arrays are less costly to deploy and thereby can relax the requirements on the model accuracy.

Conversely, models accounting for NN due to compressional or shear waves must be more accurate since the cancellation of this
contribution is more complex and expensive requiring a large number of borehole seismometer installations. Two terms contribute to
the gravitational acceleration of a test mass due to NN: the bulk contribution, and the cavern-wall displacement. The first one might
depend significantly on geology. For the lower NN limit presented in this paper, we assumed that the (otherwise dominant) bulk
contribution does not contribute. What we win by this rough approximation is that the lower NN limit becomes weakly dependent
on local geology, and it is calculated only using the measured horizontal ground displacement at the underground level.

We analyzed the seismic data produced by borehole seismometers located at a depth of ~ 250 m at the two candidate sites, EMR
and Sardinia. In the band of interest for ET, i.e., between 3 Hz and 20 Hz, the measured horizontal seismic displacement is lower in
Sardinia with respect to EMR by up to a factor ~ 8 at 5Hz. Thus, the computed lower NN limit in Sardinia is smaller by the same
ratio than the lower limit of the EMR site. We find the median of the EMR lower limit to lie above the ET sensitivity target by about
a factor 1.5-2, while the median of the Sardinia lower NN limit (above 3 Hz also its 90th percentile) lies below the ET sensitivity
target.

The main purpose of the lower NN bound is not to set minimal requirements on a NN cancellation system, which must in the end
come out of accurate estimates of the total seismic NN. Instead, we see the lower NN bound as an important reference for future
NN models, where increased model complexity might cause larger systematic errors. We found that results of a previous NN study
for the EMR site, which relies on a more complex analysis method, lies below the lower NN limit calculated for the EMR site. In
order to advance with NN analyses, we need to include an assessment of systematic errors by comparing different approaches and
levels of complexity of NN models, with the aim to ultimately define a robust standard for the evaluation of NN.
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