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Abstract

The LIGO and Virgo Scientific Collaborations have cataloged ten confident
detections from binary black holes and one from binary neutron stars in their
first two observing runs, which has already brought up an immense desire
among the scientists to study the Universe and to extend the knowledge of
astrophysics from these compact objects. One of the fundamental noise sources
limiting the achievable detector bandwidth is given by Newtonian noise arising
from terrestrial gravity fluctuations. It is important to model Newtonian noise
spectra very accurately as it cannot be monitored directly using current tech-
nology. In this article, we show the reduction in the Newtonian noise curve
obtained by more accurately modelling the current configuration of the Virgo
observatory. In Virgo, there are clean rooms or recess like structures underneath
each test mirror forming the main two Fabry—Perot arm cavities of the detec-
tor. We compute the displacements originating from an isotropic Rayleigh field
including the recess structure. We find an overall strain noise reduction factor
of 2 in the frequency band from 12 to about 15 Hz relative to previous models.
The reduction factor depends on frequency and also varies between individual
test masses.
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(Some figures may appear in colour only in the online journal)
1. Introduction

Currently operating broadband gravitational-wave detectors have opened up a new window
to study the Universe [1-4]. Detector sensitivity in the low-frequency range plays a crucial
role to accumulate more information for the inspiral parameters of the gravitational-wave
sources [5, 6]. In this frequency range (below 20 Hz), detector sensitivity is at least partly
limited by Newtonian noise (NN) or gravity-gradient noise [7, 8]. Newtonian noise arises
from the fluctuation of local gravitational fields. The test mirrors in the interferometer are
subject to gravity perturbations due to the propagation of seismic waves, atmospheric changes,
etc. It is important to model the NN spectrum accurately as so far we could not measure this
instrumentally.

In order to model the NN curve, we need to monitor the local seismic field nearby the input
and output test mirrors (can be obtained from seismometer and tiltmeter data deployed near the
test mirrors). In general, seismic waves can be categorized into surface waves (Rayleigh and
Love waves) and body waves (P and S waves) [9]. Rayleigh waves can propagate on surfaces
of homogeneous media, and their magnitude decays exponentially with depth. Love waves are
surface shear waves guided in near surface layered media. Love waves are not of concern here
since they do not produce NN [8]. The body waves, comprised of compressional and shear
waves, can propagate through media in all directions.

For the LIGO and Virgo detectors, the dominant seismic sources are part of the detec-
tor infrastructure (pumps, ventilation, ...), and produce predominantly surface waves, which
means that our subsequent analysis can focus on NN from Rayleigh waves [10—13]. Seismic
NN is estimated to be the main contribution to the overall NN compared to other contribu-
tions like acoustic NN or NN from infrastructure [14]. Although the effect of NN cannot be
screened out directly from the detector, still there are some conventional ways to reduce this
noise. First, one can select a seismically quiet region to build up the detector [15-18]. For
example, the proposed next-generation European detector Einstein telescope is planned to be
built underground to minimise the Newtonian noise [19, 20]. Another method to mitigate NN
that can also be applied to current detectors is by employing seismic sensors to use their data
for a coherent cancellation of NN [13, 21, 22].

In 2014, Harms and Hild have shown that by changing the local topography surrounding
the test mass, it is also possible to reduce NN for surface detectors [23]. Without a recess, the
linear (root power) NN spectral density of test-mass displacement assuming a flat surface can
be estimated as

1
Xan(f) = 72mGp0 &) exp(—27h/\), (0

2 Qrf)?
where £(f) is the linear spectral density of vertical ground vibration assumed to be dominated
by an isotropic Rayleigh-wave field, G is Newton’s constant, p is the density of the surface
medium, % is the height of the test mass above ground, and X the length of a Rayleigh wave at
frequency f. The factor v < 1 describes the partial cancellation of NN from surface displace-
ment by rock (de)compression, which depends on the full horizontal and vertical displacement
field.

A recess structure can effectively lower the density close to the test mass, or in other words,
increase the height /2 of a test mass above ground. This, in turn, results in the reduction of the NN
spectra in a certain frequency band determined by the size of the recess structure and to some
extent also on the precise shape. Harms and Hild have also calculated how the NN reduction
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factor varies if one adjusts the recess parameters showing that feasible constructions could lead
to significant NN reduction by factors 2—4. However, for currently operating detectors, one will
hardly be eager to modify the experimental setup by removing ground under the mirrors and
setting up pillars to support the vacuum chambers. However, the Virgo detector was constructed
with recess structures, cleanrooms under test masses used for test-mass installation from below
the vacuum chambers, which leads to the question to what extent NN is reduced. Previously,
Virgo NN spectra were calculated using analytical equations for a flat surface. In this paper,
we evaluate the NN spectra numerically including all the dimensions of the clean rooms in the
central, north and west-end buildings of Virgo. We present the reduction factor in the overall
NN strain spectra for the isotropic Rayleigh-wave field and present an analysis how it depends
on direction of wave propagation.

In section 2, we sketch the proper dimension of the recesses under the input and end test
mirrors inside central and end buildings of Virgo. In section 3, we simulate the isotropic
Rayleigh-wave field in the vicinity of the test mirrors and estimate the gravity perturbation
on each test mirror using a finite-element model. We show the reduction in gravity perturba-
tion on the test mirror due the presence of the recess. In section 4, we compute the reduction
in NN for each test mirror in Virgo and combine them to get the overall reduction factors.
Additionally, in section 5, we consider the directional seismic field and analyze how the NN
reduction factors (for end test masses in Virgo) vary with the direction of propagation of the
seismic field.

2. Recess parameters

The goal of this study is to recalculate the NN spectrum taking into account the clean rooms
underneath the test mirrors in the observatory buildings. Hence, this modification is only valid
for Virgo as we are considering the specific dimension of the space surrounding the test mirrors.
In this section, we show all the dimensions of the recess in the central building (CEB), north
end building (NEB) and west end building (WEB). Figure 1 shows schematic geometries of
the recesses. The test mirrors are at a height of 1.5 m above surface level. The shape of the
recess for end test mirrors (ETMs) is a simple rectangle, but not symmetric along each arm.
For the input test mirrors (ITMs), we have considered the whole clean-room space in the central
building, which is much more extended and less symmetrical.

3. Suppression factors of gravity perturbation on test mirrors due to
presence of recesses

We consider the isotropic Rayleigh-wave field for various frequencies from 5 to 25 Hz. We
generate the isotropic field in our simulation by adding subsequently the contribution of plane
Rayleigh waves propagating along random directions. The detailed mathematical formula-
tion for the Rayleigh waves and its intrinsic parameters can be obtained in [24]. In figure 2
(top), we show the displacement field surrounding a test mirror for different surface layers.
The color bar indicates the magnitude of the Rayleigh field at each grid point. The amplitude
of the Rayleigh field decays exponentially with depth. In this plot, the shape of the recess
is much smaller than the Rayleigh wavelength, which means that seismic scattering can be
neglected.

We estimate the gravity perturbation due to density fluctuations from propagating seis-
mic waves. A discrete version of the integral over particle displacement giving rise to gravity
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Figure 1. Overview of the Virgo configuration (with recess parameters below test mir-
rors). The sky-blue shadow in this figure represents the position of the clean-rooms or
the recesses under the test mirrors. Part (B): top view, the red dots are the test mirrors.
Part (A): side view, location of recess with respect to detector infrastructure. The depth
of the recesses in the end buildings is 3.5 m and for the central building, it is about
3.6 m. For each case, the mirror is hanging 1.5 m above surface level.

perturbations at the position of the test mirror (ry) can be written as

7 = il

1 - -
(ro. 1) = Gpoy_ Vi (&(Fia) = 3@ €71 - @) @)

where 7; denotes the position of ith grid point, 5(7,-, 1) is the corresponding Rayleigh dis-

placement, and ¢; is the unit vector pointing to 7; from 7y (&; = ﬁ) Summing over the
finite-element model, we take into account gravity perturbations from normal surface displace-
ment as well as due to (de)compression of rock below surface (the only two mechanisms by
which a seismic wave can perturb gravity).

We use this equation to evaluate the gravity perturbation based on a finite-element model of
the ground. The displacement of the points from their equilibrium position produces a fluc-
tuating gravitational field on the test mirror resulting in NN. Figure 2 (bottom) shows the
component of the gravity perturbation (along the direction of the arm) on the test mirror due
to an isotropic Rayleigh field.

We generate the Rayleigh field with uniform random propagation directions for each ref-
erence frequency between 5 and 25 Hz and then compute the gravity perturbation on the test
mirror. We replicate this calculation for two cases. First, we consider a symmetric grid structure
surrounding the test mirror without having any recess. Hence, the gravity perturbation without
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Figure 2. (Top) Displacements due to the Rayleigh-wave field (at frequency 10 Hz) for a
few surface layers. The amplitude of the field decreases with depth. (Bottom) Contribu-
tion to the Rayleigh gravity perturbation from different parts of the surface displacement
field. The white rectangle marks the recess location in both plots, and X points along the
direction of the detector arm. In both plots, the fields represent a snapshot at a specific
time, and not averaged values, which explains the asymmetries.
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Figure 3. (Top) Gravity perturbation due to the propagation of Rayleigh waves on input
and end test mirrors (ITM and ETM) of the west (W) and north (N) arm. (Bottom)
Reduction ratio with recess vs without a recess.

a recess should be the same for each individual test mirror. While in the second case, we eval-
uate the gravity perturbation extracting the part of recess from the finite-element model. We
repeat this calculation for each test mirror as the dimension (length and width) of the recess is
different.

In figure 3 (top), we show the gravity perturbation on test masses due to the isotropic
seismic field with and without a recess. As expected, the magnitude of gravity perturba-
tion is lowered by considering the recess structure, and the effect is more pronounced for
ETMs compared to ITMs. In figure 3 (bottom), we plot the reduction ratio of gravity per-
turbation, which is simply the ratio of the perturbation with and without a recess. For ETMs
we obtain a significant reduction (by a factor 2) for the frequency range between 10 to
15 Hz.

The results show that NN reduction due to a recess is more significant at higher frequencies.
This can be explained by the fact that the recess dimension must be compared with the length
of Rayleigh waves. At frequencies where Rayleigh waves are much larger than the recess, the
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Figure 4. (Upper left) Newtonian noise spectra for north end test mirror (horizontal dis-
placement along north). (Upper right) Newtonian noise spectra for west end test mirror
(horizontal displacement along west). (Lower left) Newtonian noise spectra for north
input test mass (horizontal displacement of NITM along north). (Lower right) Newto-
nian noise spectra for west input test mass (horizontal displacement of WITM along
west). For each sub-plots, the blue trace represents the spectra without a recess and the
other spectra is associated with the corresponding mirror.

recess only excludes a minor part of all the relevant density fluctuations in the ground produced
by these waves. The situation improves with shorter wavelength with the caveat that when
Rayleigh waves become very short (in Virgo, at frequencies >15 Hz [25]), scattering from
the recess, i.e., reflection of incoming seismic waves from the recess wall, becomes important
possibly leading to modifications of NN reduction not described by our model. The most likely
effect of scattering is a further reduction of NN, since the seismic reflection protects the tower
platform, which means that the seismic spectrum observed on the platform is smaller above 15
Hz than on the main building floor [25]. In contrast, the seismic displacement that we simulate
at the floor of the recess is produced by Rayleigh waves that propagate through the model as
if no recess were present.

4. Result of Newtonian noise suppression of Virgo

In this section, we estimate the reduction in the absolute level of NN due to the presence
of the recess underneath the test mirrors. Figure 4 shows the NN spectra where we con-
sider the seismic spectra recorded from seismometers deployed at the central building, and
north- and west-end buildings of Virgo. We have used the 90th percentiles of vertical seis-
mic spectra to normalize the vertical surface displacement in the finite-element model. The
model itself then produces vertical and horizontal displacements at the surface and under-
ground consistently according to an analytical equation of the Rayleigh-wave field. We have
already found the reduction factors numerically for each test mirror. Just by multiplying those
reduction factors for each test mirror with a no-recess NN estimate, we obtain the NN spectra
with recess shown in figure 4. The NN spectra without a recess (blue curves) are added for
comparison.
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Figure 5. (Top) Total NN spectrum and its reduction when considering the recesses
under test masses. For reference, we have also included the sensitivity of Virgo O4 and
05 for their lower limit. (Bottom) Newtonian noise reduction ratio. Newtonian noise
suppression at frequencies above 15 Hz (shaded region) in these plots may be signifi-
cantly affected by seismic scattering (as one can estimate from analytical expressions,
which are consistent with observations at the Virgo site [25]), which is not considered
in the numerical simulation used for this analysis.

Finally, we estimate the overall NN curve shown in figure 5 (top). Assuming that NN
is uncorrelated between test masses (certainly valid for correlations involving ETMs due to
their large distance to other test masses, but also valid for the ITM pair when assuming
an isotropic seismic field), NN power spectral densities from individual mirrors can simply
be added, and we then plot the square root of the total power spectral density. In figure 5
(bottom), we show the reduction ratio for the overall NN spectra. We find the reduction in
NN nearly a factor of 2 within 12 to 15 Hz. It is not a smooth curve anymore (compare
with figure 3) since reduction factors for each test mass are different, which means that the
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Figure 6. (Top) Gravity perturbation with respect to angle of propagation for reference
frequency 15 Hz. (Bottom) Reduction factor vs the direction of propagation of Rayleigh
waves for reference frequencies 5, 10 and 15 Hz.

ratio of total NN with and without a recess now depends on the shape of the individual
spectra.

The top plot in figure 5 shows how important it is to model the effect of the recess. It
has a significant impact on how much additional NN cancellation needs to be achieved with
seismometer arrays.

5. Newtonian-noise reduction due to recess in a directional seismic field

In the previous section, we have seen the suppression of NN when one considers the presence
of recesses below each test mirror. We have assumed the seismic field to be isotropic, i.e.,
Rayleigh waves incident from all directions with equal probability. However, it is likely that
local seismic sources produce a significant anisotropy, which is why the impact of a recess
needs to be understood as a function of propagation direction to be able to estimate corrections
to the isotropic results.
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As we can see, the shape of the recess is not spherically symmetric, more like a rectangle
for end test mirrors (ETMs). So, we expect the reduction factor should have a dependence on
the angle of propagation 6 of a seismic wave. We evaluate this by computing the NN reduction
factor for individual Rayleigh waves as a function of propagation direction. In figure 6 (top),
we show how the reduction factor for the NN of the west ETM varies when the seismic field
approaches from an angle 6 (0° < 6 < 360°) with respect to the direction of the arm. Here we
choose the values for three reference frequencies say, 5, 10 and 15 Hz. In figure 6 (bottom),
we show the absolute gravity perturbation (in arbitrary units) with and without a recess for
the reference frequency 15 Hz. When the wave arrives along directions perpendicular to the
arm (6 = 90°,270°), the density fluctuation along the direction of the arm is zero without any
recess. As the recess surrounding the mirrors is not symmetric, we see some unbalanced gravity
field when considering recess, which means that NN never fully vanishes. Hence, when we are
taking the ratio of the gravity perturbation with and without a recess, we are finding diverging
factors for = 90°,270°. This should not be the case if the recess would be symmetric about
the test mirror.

The results in figure 6 can be used to correct NN spectra as shown in figure 5 including
information about observed anisotropies of the seismic field. Anisotropy does not change our
conclusion that NN is significantly reduced in Virgo due to the recesses.

Generally, it is interesting to understand whether simple changes in the recess geometry
and test-mass location could lead to additional NN suppression. For an isotropic, homoge-
neous Rayleigh field, the test mass should always be located in the (horizontal) center of the
recess to maximize the shortest distance to ground, i.e., to minimize gravitational coupling
(the optimal recess geometry for this case being presented in [23]). However, at Virgo, the fact
that end-test masses are off-centered (see figure 1) above the recess might be advantageous:
most seismic disturbances originate from rooms along the extension of the detector arms. This
means that seismic displacements closer to these sources are stronger, and since the test mass
has greater distance to this part of the building floor than to the opposite side (8 m vs 6 m),
gravitational coupling is reduced to a more strongly vibrating ground. So, an answer to the
optimal recess geometry and test-mass location also depends on the distribution of seismic
sources.

6. Summary and outlook

We have re-estimated the Newtonian noise considering the existence of clean rooms or recess-
like structure underneath the test mirrors of the Virgo detector. Accountability of these recesses
in numerical simulation leads to suppression of Newtonian noise relative to expectations mostly
due to the fact that a recess increases the distance between test mass and ground. We obtain a
significant suppression factor (by 2 at 15 Hz) in the overall Newtonian-noise spectrum, which
is important to include in future Newtonian-noise models for Virgo.

We also investigated the impact of field anisotropy on the reduction factor. Especially at
Virgo end buildings, knowledge of source locations (ventilation, pumps, ...) and seismic-array
analyses already indicate an anisotropy of the field [25]. We found that the direction of propa-
gation of the seismic field is important, but reduction of Newtonian noise is achieved for almost
all propagation directions except for those where Newtonian noise without a recess would van-
ish, i.e., the practically irrelevant case where all Rayleigh waves propagate perpendicular to the
detector arm.

The presence of recesses is effective especially for surface GW detectors where the domi-
nant seismic Newtonian noise comes from comparatively slow Rayleigh waves (<300 ms™).
In this case, the required horizontal extent of the recess below test masses is of order 10 m,
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which is a feasible modification of a detector infrastructure (as demonstrated at the Virgo site).
Reduction of Rayleigh-wave Newtonian noise by a factor 2 and more is not minor given that a
similar reduction by means of Newtonian-noise cancellation requires large arrays. Better sup-
pression can be achieved by choosing optimized recess geometries as shown in past work [23].
However, given the high seismic speeds in underground environments, it seems unlikely that
a similar mechanism can be exploited in the Einstein telescope [19], which would essentially
ask for cavern sizes of around 100 m to be effective.
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