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Density changes in the atmosphere produce a fluctuating gravity field that affects gravity strainmeters or
gravity gradiometers used for the detection of gravitational waves and for geophysical applications. This
work addresses the impact of the atmospheric local gravity noise on such detectors, extending previous
analyses. In particular we present the effect introduced by the building housing the detectors, and we analyze
local gravity-noise suppression by constructing the detector underground. We present also new sound spectra
and correlation measurements. The results obtained are important for the design of future gravitational-wave
detectors and gravity gradiometers used to detect prompt gravity perturbations from earthquakes.
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I. INTRODUCTION

Ground acceleration noise enforces a fundamental sen-
sitivity limitation to gravimeters. This limit can be over-
come by realizing a differential readout between two test
masses. The corresponding measuring device is called
gravity gradiometer or gravity strainmeter.

These devices are interesting for at least two applica-
tions. The first is the detection of gravitational-waves,
ripples in space-time produced by acceleration of asym-
metric mass distributions. Gravitational waves produced by
binary black-hole and binary neutron-star mergers have
been detected [1-5] by the LIGO-Virgo [6,7] detectors, a
network of modified Michelson interferometers with sev-
eral kilometer-long arms and suspended test masses. These
large-scale detectors are sensitive to gravity fluctuations
between about 10 Hz and a few 1000 Hz.

The second application of gravity strainmeters is the
measurement of geophysical signals such as the prompt
gravity signal due to an earthquake as recently proposed [8].
The first evidence of this signal was found in 2016, analysing
the data recorded during the Japanese Tohoku-Oki 2011
earthquake [9]. This was further confirmed in 2017 [10].
Since the gravity changes are essentially instantaneous in
comparison with seismic waves, a network of gravity
gradiometers has been proposed for a faster determination
of the earthquake magnitude and to improve the current
earthquake early-warning systems [8—10]. Geophysical
applications require gravity observations well below
10 Hz (~0.01 Hz to ~ 1 Hz).
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One of the predicted sensitivity limitations of gravity
strainmeters is given by gravity fluctuations due to density
perturbations in the vicinity of the sensor. The correspond-
ing contribution to the instrumental noise is also called
Newtonian noise (NN) in the gravitational-wave commu-
nity [11], to distinguish it from the gravitational waves,
which are a purely relativistic effect. There are two main
components of NN: the seismic NN, given by the density
changes in the ground produced by seismic waves, and the
atmospheric NN, given by the air density changes produced
by pressure and temperature fluctuations. This paper
addresses the atmospheric density changes.

This topic has been treated mainly in [12,13], and only
for gravitational-wave detectors operating at frequencies
higher than a few Hz (as for instance Virgo and LIGO).
Here we will extend the analysis of a particular type of
atmospheric NN, the infrasound noise, to the detectors
operating at frequencies below 1 Hz (as, for instance,
torsion bar antennas), used either for gravitational-wave
detection or for geophysical applications. Moreover, we
will complete the estimation of noise spectra in the
following ways. First, we study the effect of the building
housing the detector. Second, we analyze the possibility of
attenuating this noise by placing the detector underground.
Third, we present a new measurement of sound spectra
necessary for the estimation of infrasound NN.

The text is organized as follows. In Sec. II, we briefly
describe the currently existing gravity strainmeters for
gravity observations above 0.1 Hz. In Sec. 111, we introduce
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and describe the different sources of atmospheric NN as
presented in previous works. In Sec. IV, we give the details
of the mathematical framework we used to model the
infrasound noise for the different configurations we con-
sidered. In Sec. V, we describe the numerical simulation
used to compute the infrasound NN levels. In Sec. VI, we
report on the sound measurements. In Sec. VII, we
summarize the main results of this study, and finally in
Sec. VIII, we give the conclusions and the outlook of
this work.

II. GRAVITY STRAINMETERS FOR
ASTROPHYSICAL AND GEOPHYSICAL
APPLICATIONS

A. Gravitational-wave detection The first detections of
gravitational waves by the LIGO-Virgo network marked
the beginning of gravitational-wave astronomy [1-5].
While LIGO and Virgo will continue taking data in the
next years, the Japanese detector KAGRA [14] and LIGO
India [15] will join the network. Gradual sensitivity
improvements are the result of continuous commissioning
work, and more substantial technology upgrades of the
current detectors are being envisaged in the mid 2020
[16,17]. In parallel, much more sensitive detectors, hosted
in new infrastructures, are being studied: the European
Einstein Telescope (ET) [18], and the US Cosmic Explorer
(CE) [17]. The sensitivities of present and future Earth-
based gravitational-wave detectors are shown Fig. 1.

Current Earth-based gravitational-wave detectors are
limited by seismic noise at a few Hz, since the seismic
isolation is largely based on vertical pendula, which have
resonance frequencies of ~1 Hz. However, very interesting
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FIG. 1. Design sensitivity curves of the current and next

generation gravitational wave laser-interferometers. We highlight
that in the case of Advanced Virgo (AdV) and advanced LIGO
(aLIGO) we give the design sensitivity in broadband configura-
tion with input laser power 125W.

gravitational-wave sources are expected below 1 Hz [19,20],
and this is the main motivation for the gravitational-
wave space missions LISA [21] and DECIGO [22,23].
In parallel, efforts are ongoing to study the feasibility of
sub-Hz Earth-based gravitational-wave detectors [24].
Three main concepts are explored: torsion bar antennas
[25], superconducting gravity gradiometers [26—28] and
laser atom interferometers [29-31].

A torsion bar is formed by two bar-shaped test masses,
which are suspended orthogonally as torsion pendula in the
x-y plane, from the same suspension point. Each bar can
rotate around the z axis. A gravity perturbation is measured
through interferometric sensors monitoring the differential
angular displacement of the two bars in the x-y plane.
Suspension from the same point and measurement of the
differential angular displacement guarantee partial immun-
ity to translational seismic noise. Moreover, the angular
seismic noise is filtered due to the very low resonance
frequency of the bar torsional mode.

A superconducting gravity gradiometer consists of a
rigid and compact frame holding SQUID transducers. Also
in this case, the gravity fluctuation is measured by a
differential readout of the transducer signals. The differ-
ential measurement guarantees a partial rejection of the
seismic noise. For both torsion bars and superconducting
gravity gradiometers, the seismic noise can be further
reduced using very sensitive accelerometers and a feedback
system acting on the suspension point.

In gravity strainmeters based on atom interferometers, a
laser beam interacts with spatially-separated atomic foun-
tains. The gravity perturbation affects the phase of the laser
and this affects the interaction between the laser and the
clouds of atoms. The fact that the test masses here are
constituted by freely falling atoms makes these detectors
less sensitive to seismic perturbations than conventional
laser interferometers.

B. Earthquake detection Earthquakes produce a redis-
tribution of masses in a medium and at its surface leading to
changes of the gravitational field. These changes are
essentially instantaneous in comparison with seismic
waves. The corresponding gravity signal can be used in
addition to seismic waves currently used in earthquake
early-warning systems, to assess the occurrence of an
earthquake and its properties (magnitude, position, type
of fault rupture) [9,10]. Moreover, the gravity signal can
potentially bring alternative information with respect to the
seismic waves. As discussed in [8], the prompt gravity
signals produced by an earthquake are potentially observ-
able at frequencies below 1 Hz. Since this signal after a few
seconds of fault rupture is much weaker than ground
acceleration in gravimeters due to ambient seismic fields
and to the effect described in [10], the only way to detect
these so-called co-seismic gravity changes is to measure the
gravity strain (or gradient), using a strainmeter similar to
the detectors planned for low frequency gravitational-wave
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FIG. 2. TOBA sensitivity curves for gravitational wave (GW)
and earthquake detection. The TOBA phase III design sensitivity
is limited by seismic noise at low frequencies and by seismic
noise and shot noise at high frequencies. The TOBA design
sensitivity for the GW-detection is limited by radiation pressure
noise at low frequencies and by shot noise at high frequencies.

detection discussed above. Since the sensitivity needed to
detect gravitational waves is much higher than the one
required to detect earthquake gravity perturbations, the
development of prototypes for sub-Hz gravitational-wave
detectors coincides with the development of detectors
potentially suitable for geophysical applications.

In the following, we will focus on the TOBA concept.
In Fig. 2, two TOBA detector sensitivity targets are shown.
The first sensitivity (solid line) is for a medium term
instrument, which is able to detect prompt gravity pertur-
bations for earthquakes. Such an instrument would also be
a prototype for a more advanced detector for gravitational-
wave detection (dotted line).

III. SOURCES OF ATMOSPHERIC GRAVITY
PERTURBATIONS AND THEIR
IMPLICATIONS

Before facing in detail the issues connected to the
infrasound NN modeling, in this section, we review the
main sources of atmospheric NN as already discussed in
previous works [11-13,32]. We will recall how atmos-
pheric NN is produced by infrasound waves, temperature
fluctuations, shockwaves and turbulent phenomena. We
will also analyse the results obtained so far and their
implications for gravity strainmeters.

A. Infrasound waves

NN from pressure perturbations was first treated in [11]
and it was further studied in [12,13]. We are here
addressing propagating perturbations of the mean atmos-
pheric pressure, py, (that is sound waves), which can in turn

induce density perturbations. If the perturbation of the
pressure is small compared to p, and the sound wave has
low frequency, the following relation holds between pres-
sure perturbation and density perturbation [12,13]:

op(7.1) _ op(F.t)
7/ =
Po Po

: (1)

with p, the mean density of the atmosphere and y ~ 1.4 the
adiabatic index. Because of induced density perturbations,
a local gravity potential perturbation is generated as follow:

/ G 2

|7 = Fol”

5p(ro, 1) = —

with the integral calculated over the density perturbation
field. By assuming that the infrasound wave incident on
the Earth surface is perfectly reflected and by modeling
the sound wave as a plane wave, with amplitude 5p(w), the
local gravity potential perturbation at a given point 7, in
cylindrical coordinates, reads [12]:
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where the integration has been performed over the whole
half space z > 0, with z the vertical coordinate and ¢ the
horizontal ones. Furthermore, ©(-) denotes the Heaviside
function, and & is the sound wave number, with k, and k,
the horizontal and vertical components, respectively. We
also notice that g, and z, define the horizontal coordinates
and the height with respect to the Earth’s surface of the
considered point 7,, respectively. An estimate of the
infrasound NN for the current laser-interferometer detectors
can be found in [12]. We will analyse in detail the modeling
of the infrasound NN and the different aspects it implies,
in Sec. IV.

B. Temperature fluctuations

Perturbations of the local gravity field can also be due to
the temperature fluctuations in the atmosphere. Indeed,
these fluctuations cause atmospheric density perturbations.
Assuming small temperature changes, the ideal gas law, at
constant pressure, gives the following density variation:
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p(F,1) = —';—(:)5T(?, 0, (4)

where p, and T, are the average density and temperature
of the atmosphere, respectively. It is important to stress that
we address gravity perturbations due to a quasistatic
temperature field whose perturbations are up-converted
in frequency by advection. Given Eq. (4), the gravitational
acceleration perturbation produced by this temperature
field can be written as:

ST(F,1) .

St F-7). (5

sa(r,t) = dv

0 7= 7o

The difficulties to obtain an explicit expression of the
temperature field requires to work with its statistical
properties. If the temperature field is stationary, the spectral
density associated with the gravitational acceleration per-
turbation reads [12]:

- o Gpo\?
S(8a,: 7o, ) :2<ﬁ> /dr/dV
Ty
/

x / dV’%(éT(?, ST (7.t + 7))el"
(6)

where 7 and 7 are position vectors relative to the test-mass
location and the quantity (8T (7, #)8T (7, t + 7)) represents
the temperature perturbation correlation. In this simplified
model, the temperature field is time dependent only
because the coordinate system is fixed in space (Euler
coordinates). For an observer attached to an air parcel
(using Lagrange coordinates), the temperature field would
be static.

To perform the integration in the last equation the
temperature field must be characterized. At sufficiently
high frequency (~100 mHz), the influence of the Earth
surface temperature can be neglected [33], consequently
the temperature perturbations can be considered homo-
geneous and isotropic. Results for the high-frequency strain
noise due to the atmospheric temperature field can be found
in [12,13]. In particular, these results show that for the
sensitivity of the current laser-interferometer detectors
(e.g. Advanced Virgo and Advanced LIGO) the NN
induced by temperature fluctuations in the atmosphere
should not be relevant. Nevertheless, this noise can affect
the low frequency sensitivity limit of the next generation of
laser-interferometer detectors (ET, CE). To obtain the strain
noise at lower frequencies (below few tens of mHz), it is
necessary to develop new atmospheric models which take
into account the influence of the Earth surface temperature
on the temperature fluctuations as well as the size of the
atmosphere.

C. Shockwaves

Atmospheric shockwaves can generate sudden pressure
changes which can induce transient signals in the con-
sidered detectors, rather than raising their noise floor
[12,13,32]. Atmospheric shockwaves are relevant for low
frequency detectors, because they can produce significant
pressure variations on time scales of order of 0.1 s,
timescale corresponding to the low frequency edge of
the sensitivity curve of the majority of the current
gravitational waves interferometric detectors. An example
of atmospheric shockwaves are the sonic booms generated
by supersonic airplanes flying over the detectors
[12,13,32]. Even though atmospheric shockwaves can
effectively produce spurious signals in detectors, they are
also easy to veto using environmental sensors, e.g. by
placing infrasound microphones outside the buildings
housing the test masses and outside the test mass vacuum
chambers [13].

D. Atmospheric turbulent phenomena

In what follows, the problem of atmospheric NN pro-
duced by sound radiated from a turbulent fluid flow is
addressed. This subject is treated in the context of gravita-
tional wave detectors and it is based on Lighthill’s theory
of the pressure-fluctuation generation in air [34,35]. The
complete calculations to obtain the gravity perturbation due
to sound generated by turbulences in the atmosphere are
reported in [12,32]. The mentioned results are obtained
under particular approximations that we briefly recall here:
the temperature field is considered as uniform; the flow
velocity components are smaller than the sound speed in the
medium (i.e. small Mach number); the velocity field is
stationary, isotropic, and homogeneous.

To our purpose, the important result of the calculations is
that below a characteristic cutoff frequency which depends
on the turbulence wave number and on the flow velocity
components, the spectrum of the gravity perturbation is
proportional to 1/w?. In addition, it is shown in [12], that
this NN is negligible above few Hz. Therefore, it does not
affect current laser interferometer sensitivities, but it can be
significant for the next generation of laser interferometers
(ET, CE) and for ground-based sub-Hertz detectors.

IV. INFRASOUND NN MODEL

In this section, we describe the mathematical framework
we have used to model the infrasound NN both for laser
interferometers and for TOBA. The main difference in
modeling this noise for the two addressed detector con-
figurations concerns the noise correlation. The coherence
length of sound fields is typically smaller than the sound
wavelength (see [36] for sound coherence model and [37]
for coherence measurements) which means smaller than
~340 m at 1 Hz. For the laser interferometer case, by
comparing the arm length (a few km) and the frequency
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range of interest (above a few Hz), the infrasound NN at the
different test masses is assumed to be uncorrelated. For the
TOBA case, by comparing the bar length of the considered
designs (~30 cm for TOBA phase III and ~10 m for the
TOBA design for GW observation) with the frequency
range of interest (below ~1 Hz), the infrasound NN results
to be correlated over the extent of the detector.

We consider two incoherent contributions to the infra-
sound NN: the first comes from the open atmosphere above
ground, and the second from inside the buildings or the
cavities housing the test masses (for a detector built on the
surface or built underground, respectively). We call the first
contribution exterior, and the second contribution interior.
The underground scenario is analyzed in greater detail to
investigate the suppression of atmospheric NN as a
function of depth. It is worth noticing that the issue of
the influence of the buildings housing the test masses has
been earlier discussed in [13], we present here a different
analysis which considers nonzero pressure fluctuations
inside the test mass buildings.

Starting from Eq. (3), it is possible to calculate the strain
noise due to atmospheric infrasound waves both for laser
interferometers and for TOBA. We begin by considering
the case of laser-interferometer detectors on surface
(zo = 0). By taking into account one of the two interfer-
ometer arm test masses, its gravitational acceleration due to
infrasound waves along the x direction can be calculated by
taking the derivative of the last expression in Eq. (3) with
respect to the x component of the considered test mass
position, i.e. xg, in Cartesian coordinates. Once the gravity
acceleration is obtained, it is possible to calculate the
gravity strain. For an interferometer with arm length L, the
following relation holds:

h(t) = g(1)/L, (7)

with ¢(7) the test mass gravity acceleration. Furthermore,
FT[h(t)] = —@*h(w), with FT indicating the Fourier trans-
form. We can then calculate the one-sided power spectral
density of the strain noise induced by infrasound, for a
single test mass, by applying the relation 7S, (w)5(w—ao')=
(h(w)h*(@")), where * denotes the complex conjugation
and (...) is the average over all the propagation directions
of the infrasound wave. To obtain the total infrasound NN
for a laser interferometer, we sum incoherently the spectral
density of the infrasound strain noise for the four test
masses.

In order to determine the interior and exterior contribu-
tions, we need to separate the integration over the whole
half space, z > 0, of Eq. (3) in two. We assume that the
exterior and interior pressure fluctuations have different
spectra, and that the two fields are incoherent. Furthermore,
we assume that the test masses are inside vacuum chambers
and there is a region around the masses itself with zero
pressure fluctuations. The required integration over the

interior and exterior domains, to evaluate the gravity
potential perturbation, was carried out numerically (using
a MATLAB based code).

For a laser-interferometric detector underground, in
order to obtain the total atmospheric NN, we need to
sum the interior contribution, computed in the same way as
for a surface detector, with the exterior contribution. The
latter is given by the last expression of Eq. (3), with
negative 7, accounting for the vertical position of the test
masses with respect to Earth’s surface.

Further details concerning the numerical calculations of
the infrasound NN for laser interferometers will be given in
the next section.

As we have already pointed out at the beginning of this
section, the Newtonian noise modeling for the TOBA
detector configuration is slightly different from the one
for laser interferometers, since Newtonian noise is highly
correlated over the extent of the detector. In other words,
instead of being sensitive to fluctuations of gravity accel-
eration coupling independently at different test masses,
TOBA is sensitive to fluctuating gravity gradients.

Particularly, we start by considering the gravity potential
perturbations due to atmospheric pressure fluctuations
given by the last expression of Eq. (3), with z5 = 0 for
the detector on the Earth surface and z, < 0 for the detector
placed underground. In both cases, we then calculate the
gravity gradient tensor of the gravity potential perturba-
tions, i.e. the quantity —V ® Vé¢ (7, t), with ® the dyadic
product for the operator V = (0,,0,,0,). This tensor is
equivalent to the second time derivative of the strain tensor
h(7, t) and it can then be used to calculate the TOBA strain
noise. To this aim, the gravity-gradient tensor must be
projected on a combination of unit vectors describing the
TOBA strainmeter response to the gravity perturbations.
Let’s assume that the two bars of a TOBA detector are
aligned along the x and y axes, whose unit vectors are ¢,
and ¢&,, respectively. The projection to obtain the rotational
strain, characteristic of TOBA and describing the differ-
ential angular displacement between the two suspended
bars, is then:

h(F,t) =2 -h(F1)- €], (8)

where T signifies the transpose of a vector. For z = 0 and
using Eq. (3), the strain in Cartesian coordinates reads:

h(Fo. 1) = 4,7 8P0 ik 3o-an) ’inﬁc’z(w) _—
YPo [0)

where the index s stands for surface. Hence, by expressing

the acoustic wave vector, k, in spherical coordinates, the
power spectral density of the strain noise due to infrasound
waves reads:
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- G 2
ShsX (rO’ w) = (4ﬂi2>
YPow

((sin*(6) sin(¢) cos())*) S (@) (10)

In the previous equation, € is the polar angle of the
considered spherical reference frame, ¢ is the azimuthal
angle and the quantity (...) represents the average over all
the acoustic wave propagation directions. The quantity
Ssp(w) is the power spectral density of the pressure
fluctuations. We also underline that Sy, (7)., ®) can be
obtained from %3 (7, t), by recalling the relation between
the power spectral density of the strain noise and the
Fourier transform of the strain, which is given previously in
this section. Analogously, for the underground case, that is
Zo < 0, by making use of Eq. (3), we obtain, in Cartesian
coordinates:

h?( (?03 t) = —471'%6]%1061(/;0'50_“”) 7kxky§p2(a)) s (1 1)

rPo ok

where the index u stands for underground. The power
spectral density of the strain noise due to infrasound waves
is then:

- G 2
Sy (To, @) = (471' poz) .
YPow

x (e (sin?(0) sin(¢p) cos(¢h))?) S (@),
(12)

with 6, ¢, (...) and Ss,(w) having the meaning explained
above. Furthermore, S, (7, @) is derived from the expres-
sion of h%(7y,1), as we have already pointed out above.

V. INFRASOUND NN NUMERICAL
SIMULATION

In this section, we analyze few features of the MATLAB
based codes used for the infrasound NN calculations,
describing first the case of an interferometer and then
the case of a TOBA-like detector.

We assume that the buildings housing the test masses are
hemispheres and that the test masses are located at their
horizontal center, inside spherical vacuum chambers, at a
height z; > 0 above ground. To obtain the exterior con-
tribution to the gravity potential perturbation, 8¢e, (7, ),
we define a grid of points through which we numerically
calculate the integration appearing in the &¢ey (7o, 1)
expression:

. Gpy .+ -
St (Fo. 1) = — L2 eilketo=a) 5y ()

YPo

ik.z _ a—ik.z)a—ikyd
/ ay EEm T
Voo (@* 4 (z—20)%)Y

The previous equation is the same as the first equality in
Eq. (3), but with a different domain of integration being
Vext the volume of the open atmosphere without the
contribution due to the space inside the hemispherical
building. The entire volume above ground is taken to be a
half space, i.e. we neither take into account the finite
thickness of the atmosphere nor Earth’s curvature and
topography. In practice, to perform the integration in
Eq. (13), we fix the grid size to be four times the largest
considered acoustic wavelength, so that the contributions
beyond the grid, that we do not take into account, are
negligible. We also point out that the quantity 5p(w), in the
last equation, represents the exterior pressure fluctuations.
The xo-component of the gradient of ¢, (7, ) with
respect to the test mass position coordinates gives the
test-mass acceleration along one of the interferometer arms.
Therefore, by making use of relation (7), the power spectral
density of the strain noise due to the exterior infrasound
field, for a single test mass, reads:

- Gpok \?
S , — Sext
oo, @) <yp0sz> (@)

 ([cos(@) sin(0)|Zex(20. 0. p. w)[]%),  (14)

where Z.,(zg,0, ¢, ) is the integral in Eq. (13), when
rewriting the components of the wave-vector k., ky, k,
in spherical coordinates, by using the polar angle € and the
azimuthal angle ¢. As in the previous section, (...)
represents the average over all the acoustic wave propa-
gation directions and the quantity Sg’l‘f is the power spectral
density of the exterior pressure fluctuations.

We remark that the choice of expressing the infrasound
wave-vector through spherical coordinates leads us to
calculate the average in Eq. (14) by considering a wave-
vector with spherically-uniform distribution. Hence, for the
infrasound wave vector, we consider equidistant values of
the azimuthal coordinate, ¢;, in the interval [0,2z], and
equidistant values of the function cos@;, between [1, 0],
with @; the infrasound wave vector polar angle coordinate.
We evaluate the perturbation of the gravity acceleration for
each couple of spherical coordinates (6;, ¢;) and then we
calculate its averaged value. We also remark that the wave
number, k of the infrasound waves, for each considered
frequency, f, is (2zf)/c,, with ¢, = 343 m/s, the speed of
sound in air.

The gravity potential perturbation due to infrasound in
the space inside the building, without the vacuum chamber
volume, is calculated with the same method, replacing V.,
with V;,, where the latter is the volume of the building
without the vacuum chamber.

In order to obtain the total infrasound NN for a single test
mass, we add incoherently the interior and exterior power
spectral density contributions, assuming uncorrelated pres-
sure fluctuations in the two environments:
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Stot(FO’ a)) = Sint(;:07 w) + Sext(FO’ 60). (15)

The total infrasound NN for laser interferometers is
obtained by the incoherent sum of the infrasound strain
noise power spectral densities for the four test masses. This
is equivalent to multiply S (7, f) by a factor four, when
assuming that the test masses have the same infrasound
NN spectra. We point out that if the laser interferometers
is located underground the gravity perturbation inside the
underground cavity is calculated as the one inside the
building on the Earth surface, with appropriate choices
for z,.

For a TOBA-like detector, we have already given most of
the details to estimate the infrasound NN for this strain-
meter configuration, in Sec. IV [see Eq. (10), (12)]. Here
we underline that, in this case, we neglect the building
effect since the cavity or building hosting the detector is
much smaller than the length of infrasound waves, which
means that the overall air mass subject to density fluctua-
tions is simply too small to have a significant effect. As a
consequence, we do not perform numerical integrations
with MATLAB, because we can use the analytical solution
given in Eq. (3) for our calculations.

Even if we do not integrate inside the MATLAB
program, we still need to calculate the average over all
the infrasound wave-vector propagation directions, which
is involved in Egs. (10), (12). The method applied in our
codes to perform this calculation is analogous to the one
described above, for the laser interferometers.

VI. MEASUREMENTS OF PRESSURE SPECTRA

A key aspect of infrasound NN modeling is the meas-
urement of pressure fluctuations, which change with time,
season and place [38]. To this aim, we have made a
campaign of measurements of infrasound acoustic noise
at the Virgo site, in Cascina (Italy). We used Briiel & Kjar
microphones, model 4193-L.-004 [39], whose response is
flat down to 0.5 Hz, together with microphone conditioning
amplifiers NEXUS 2690 [40] allowing a passband of
—1 dB from 0.1 Hz to 100 kHz, that is well in agreement
with the microphone response.

We measured the sound level inside the two end-station
buildings of Virgo, i.e. the North End Building (NEB) and
the West End Building (WEB), and in the CEntral Building
(CEB), see the AdV simplified scheme reported in Fig. 3.
We used three months of data to estimate the acoustic noise
inside each building (using data after modifications of
ventilation systems end of July 2017 [41]). The corre-
sponding 90th percentiles of the acoustic spectra for each
station are reported in Fig. 4.

As far as the measurements outside the buildings are
concerned, there are no permanently installed micro-
phones, so we recorded acoustic data sets lasting between
20 minutes and 1 hour. The sound spectra corresponding
to the 90th percentile of the considered sample (see the

===== West End Building (WEB)
===== Nord End Building (NEB)
----- Central Building (CEB)

FIG. 3. Simplified scheme of the AdV detector.

——Sound outside CEB
——Sound outside NEB
——Sound inside CEB
——Sound inside NEB
——Sound inside WEB
Median noise model

Pressure [Pa/V Hz]

10° 10
Frequency[Hz]

FIG. 4. The solid lines correspond to the sound spectra
measured at the AdV site. The dashed yellow line corresponds
to the pressure fluctuation median noise model presented in [38].

Appendix) are shown in Fig. 4. It is important to point out
that, in order to measure the sound outside the buildings,
we applied a windscreen on the microphone to avoid that
the direct pushing of the wind on the microphone leads to
a wrong estimate of the sound noise. To highlight the
windscreen effect, in Figs. 5 and 6 we show the sound
spectra recorded with and without windshield outside and
inside a building, respectively. As you can see from Fig. 6,
the windshield has a negligible effect on the recorded
spectrum inside the building, where there is no wind.
Figure 5 shows instead a significant attenuation of the
acoustic noise when using the windshield, if the data are
recorded outside the building. However, it might be
possible that the windshield we have used is unable to
completely get rid of the wind effect. Consequently, the
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FIG. 5. Sound spectra recorded outside the AdV Central

Building(CEB), with and without windscreen.

acoustic noise outside the buildings may be lower than the
one in Fig. 4, and the corresponding measurement can
only be considered an upper limit. We also stress that the
day during which we took the sound spectra at the CEB
was less windy than the day we measured sound at NEB.
This should explain, at least partially, the higher noise
outside the NEB compared to the one recorded outside the
CEB. Furthermore, by looking at Fig. 4, it is worth
pointing out that the AdV measured spectra are mostly
higher than the pressure fluctuation median noise model
reported in [38]. In particular, we observe that the AdV
buildings are quite loud: the inside sound spectra at
~10 Hz and above are close to and in some cases
significantly higher than the outside spectra. This is
mainly due to the ventilation systems inside the buildings.

We also analyzed the correlation between sound mea-
sured by two microphones of the same type located at a
fixed distance. We recorded sound for several distances of
the two microphones, i.e. 2.5 m, 5 m, 7.5 m, and 10 m.
Each data set lasts between 20 mins and half an hour.

—Sound inside NEB with windscreen
——Sound inside NEB without windscreen
-1
~ 10
T
~>
3
o
o
@ 102
17}
N
o
1073

10° 10
Frequency [Hz]

FIG. 6. Sound spectra recorded inside the AdV North End
Building (NEB), with and without windscreen.
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FIG. 7. Sound correlation analysis inside the AdV NEB,
without windshield. The microphone distances are indicated
on the left of the plot. The curves shown here in each plot are
the absolute value and real value of complex coherence.
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Dist.2.5m

Dist. 5m

Dist. 7.5m
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FIG. 8. Sound correlation outside the AdV NEB with wind-
shield on the two microphones. The microphone distances
are indicated on the left of the plot. The curves shown here
in each plot are the absolute value and real value of complex
coherence.
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This study was carried out at the NEB, both inside the test
mass building and outside. In Fig. 7 we report the results
of the analysis for the case inside the building, where
sound is recorded without windshield on the microphones.
We remark that, as expected, the correlation decreases
both with the microphone distance and with the acoustic
frequency. By taking into account the frequency range of
interest for laser interferometers and the test mass dis-
tance, this result is in agreement with the assumption that
infrasound NN is uncorrelated at the different test masses
of a laser interferometer.

In Fig. 8 we present the correlation results for the case
outside the building, when using the windshields on the
microphones. In this case, we can see a nonzero correlation
for frequencies between 10 Hz and 40 Hz, while it seems
that at frequencies below 10 Hz there is no correlation.
By considering the correlation plots outside and inside the
building along with the AdV sound spectra of Fig. 4, the
lack of correlation at low frequencies in Fig. 8 is under-
stood as due to the pushing of the wind flow on the
microphones. Since the day during which we took the
sound spectra at CEB was less windy than the one we
measured sound at NEB and since the sound spectrum
outside CEB above 10 Hz shows features deviating from
the characteristic wind-noise spectrum, we will use the
outside CEB spectrum to estimate AdV infrasound NN,
which provides at least a rough estimate of NN from
outside the buildings. Finally, the measurement outside the
CEB below ~10 Hz will be taken as an upper limit of the
outside sound spectra.

VII. RESULTS AND DISCUSSIONS

A. Ground-based interferometers

In this section we present the noise estimations for
Virgo-LIGO like detectors, taking into account the model
and the pressure noise measurements described in the
previous sections. We underline in particular the role of
the building housing the test masses. In this respect, we
consider a hemispherical building of 6 m radius con-
taining a spherical vacuum chamber in its horizontal
center 1.5 m above the ground. The vacuum chamber has
radius of 1 m and it encloses the test mass in its center.
In Fig. 9 we show the acceleration per unit pressure of a
single test mass due to the external and internal air
volume. These results show that the contribution from the
area inside the building becomes relevant at frequencies
comparable with ¢,/D ~30 Hz, where D =12 m is
the building diameter and cg is the sound speed in air.
At low frequencies (large wavelengths) the air inside the
building does not affect significantly the test mass
acceleration. The first peak of the internal contribution
corresponds to a wavelength close to D, while the second
and third peaks have wavelengths close to D/2 and D/3,
respectively. We highlight that the peak patterns shown in

-
o.
N

== Qutside building contribution to the infrasound NN
== [nside building contribution to the infrasound NN

- -
S, e
= @

NN acceleration [m/szlPa]
3
)

10-16 L

10° 10 102
Frequency[Hz]

FIG. 9. Contributions to the infrasound acceleration of a single
test mass from the areas inside and outside the building housing
the test mass.

Fig. 9 are characteristics of the chosen building size and
shape. Therefore, for different building geometrical
properties the patterns would change. The total power
spectral density of the infrasound strain noise for laser
interferometers described in Sec. V, can be obtained by
using the results of Fig. 9. Indeed, for a single test mass
we have:

Slot(?()’w) = Sim(?()’w) + Sexl(FOva))

1

:msgg(w)qaim(Zo,a,qﬁ,w) ‘2>

1
+m52§(0))<|aext(Zo,9,¢,a))|2>, (16)

where S} (@) and S§3' (@) are the power spectral density of
the pressure fluctuations inside and outside the test mass
building, respectively. Furthermore, (|aiy(zo.6. ¢, ®)|?)
and (|aey (20, 0, ¢, w)|*) are the square of the quantities
plotted in Fig. 9, the former being the acceleration per unit
pressure due to the internal air volume and the latter being
the acceleration per unit pressure due to the external air
volume. We underline that, as in the previous sections, (...)
represents the average over all the acoustic wave propa-
gation directions given by the coordinates (6, ¢).

An estimate of the total infrasound NN for the AdV
detector can be obtained by using the results reported in
Fig. 4. To this aim, we take into account the sound spectra
measured inside the three stations (CEB, NEB, WEB) and
the sound spectrum measured outside the CEB. We do not
use the spectrum of the acoustic noise outside the NEB, as
it might still be significantly affected by the wind. From
Eq. (16), we can write the total power spectral density of the
infrasound NN for AdV as follows:
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FIG. 10. Estimate of the AdV infrasound NN, by using sound
spectra recorded at AdV site, see Fig. 4.

Sé)(tjv(w) =2 X So.cep(®)

+ Stornes (@) + Sowes (@)
=2 X Sin.ceB (@) + 2 X Sexcen (@)
+ SinNeB (@) + Sext.cen (@)
+ Sinewes (@) + Sext.ce (@) (17)

The square root of Eq. (17) giving the infrasound NN for
Advanced Virgo is shown in Fig. 10. We observe that the
infrasound NN is close to the design sensitivity between
10 Hz and 30 Hz, due to relatively high sound levels inside
Virgo buildings. For future upgrades in this region, some
care should be taken in reducing the acoustic noise inside
the buildings. In addition, we stress the importance of
designing less noisy heating, ventilation and air-conditioning
(HVAC) systems.

B. Underground interferometers

In this section, we illustrate the results for an Einstein
Telescope like detector and in particular we analyze the
effect of underground cavities containing the detector
test masses and the attenuation factor due to the detector
depth beneath the Earth’s surface. In order to highlight
these aspects, we take into account four different con-
figurations: two configurations on the surface, with and
without buildings, and two configurations 100 m under-
ground, with and without cavities. The buildings/cavities
are hemispherical with 6 m radius and containing at their
horizontal center a spherical vacuum chambers of 1 m
radius, whose center is at height 1.5 m from the floor of
the building. Each detector test mass is located in the
middle of a vacuum chamber. Figure 11 shows the
infrasound NN for the described configurations, when
the pressure fluctuation median noise model given in [38]

----- On Earth surface without inside building contribution
| TS p— On Earth surface with inside building contribution
v \ 100m underground with inside cavity contribution
*.. \ |=100m underground without inside cavity contribution
102 \.‘ A= - Sensitivity
— 4022
N
N 10
c -23
s 10
n
102
10%

-
o
[=}
—_
o

Frequency [Hz]

FIG. 11. Infrasound NN for an ET like laser interferometer. See
the dedicated section of the paper for further details.

is adopted. We do not use the spectra measured at the
Virgo site since these are unusually loud. It is important to
stress that we have used the same sound spectrum inside
and outside the buildings. Furthermore, we have consid-
ered four test masses with identical and uncorrelated
infrasound strain noise power spectral densities. This
assumption is justified for large-scale detectors with
several km arm lengths and for the frequency range
considered in this section (above 1 Hz).

From the results shown in Fig. 11, it appears that the
infrasound NN is very close to the ET sensitivity between
4 Hz and 10 Hz. Going underground helps to suppress
infrasound NN. However, the attenuation can be signifi-
cantly spoiled by the internal contribution of the buildings.
It is then important to have accurate test mass underground
cavity model, when investigating the possibility of placing
the detector underground.

C. Torsion bar antennas

In this section, we present the results for the TOBA
infrasound NN, obtained by applying the model described
in Secs. IV, V. The sound spectrum used for the calculations
is the median-noise model reported in Fig. 6 of Ref. [38].
Figure 12 shows the TOBA infrasound NN level for
different detector depths together with the TOBA sensi-
tivity curve foreseen for its ultimate GW-detector configu-
ration [24], and the next stage TOBA sensitivity, labeled as
TOBA phase three [42].

We point out that the capability of attenuating the
infrasound NN by placing the detector underground
decreases significantly at low frequencies. Indeed, the plots
for different detector depths indicate that at low frequencies
a larger depth beneath the Earth’s surface is required to
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FIG. 12. TOBA infrasound NN for different detector depth.
The dashed sensitivity curve corresponds to the final TOBA
configuration for GW observation. The solid black curve corre-
sponds to the next stage TOBA configuration sensitivity.

efficiently attenuate the infrasound NN. Furthermore, as it
has been stressed, the next stage TOBA detector configu-
ration predicts a sensitivity of 10~'5 m/+/Hz at 0.1 Hz, for
these detectors. This sensitivity is above the infrasound NN
level, hence the TOBA application for geophysics purposes
is not prevented by this NN. However, the sensitivity of the
final GW-detector configuration for TOBA is considerably
below the infrasound NN level.

Due to the fact that TOBA-like detectors are built to
work at frequencies below 1 Hz, the effect of the building
is negligible. To better illustrate this point, in Fig. 13 we
report the equivalent strain per unit pressure due to the

10712 —— Contribution from the space above earth surface
——Undergound cavity contribution
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FIG. 13. Contributions to the infrasound NN of a TOBA

detector located 300 m beneath the Earth’s surface. The blue
line corresponds to the contribution due to the space inside
the underground cavity housing the detector and the green
line represents the contribution of the space above the earth
surface.

space above the Earth’s surface and to the area inside an
underground cavity, located 300 m beneath the Earth’s
surface, using the same cavity geometrical properties
already considered. From Fig. 13, we can see that the
contribution to the infrasound NN due to the internal air is
well below the one due to the external space, even though
the detector is located 300 m underground.

VIII. CONCLUSIONS

In this paper, we have addressed the problem of
atmospheric gravity perturbations that affect gravitational-
wave detectors as well as other gravity-gradiometric
sensors. We have focused on the impact of infrasound
NN on detector sensitivity in the low-frequency range
(from 1072 Hz to 20 Hz). We presented the mathematical
framework and computational aspects of the model we
have elaborated to estimate the infrasound NN level for
different detector configurations. In particular we have
treated the effects related to buildings and cavities housing
the detector test masses, and of gravity-noise reduction by
going underground.

We have also presented new measurements of pressure
noise spectra. We recall that pressure fluctuations can
significantly vary with time of day, season and place
[38], entailing consistent changes in the infrasound NN
level. Consequently, it is important to suitably characterize
the detector sites in terms of sound noise.

Our model shows that infrasound NN is close to the
Advanced Virgo design sensitivity, and that for future
upgrades in the 10-30 Hz region a reduction of the acoustic
noise in the buildings should be considered. We also find
that, even if infrasound NN is strongly suppressed when
going underground, the contribution coming from the
cavities housing the test masses can be significant. This
contribution to infrasound NN is in fact close to the targeted
sensitivity of Einstein Telescope at a few Hz.

Experience gained with correlation measurements
between microphones suggests that cancellation of infra-
sound NN using microphone arrays as input to Wiener
filters will be very challenging. The main problem is the
contribution of pressure fluctuations produced locally
by wind pushing on the microphone. This deteriorates
correlation between sensors and makes it unfeasible to
extract the relevant information about density perturba-
tions in the atmosphere to be able to produce a coherent
estimate of associated gravity fluctuations. Cancellation
of infrasound NN might therefore crucially depend on
the development of alternative sensing strategies such as
atmospheric LIDAR.

For low-frequency gravitational-wave detector concepts
such as TOBA that target signals below 10 Hz (down to a
few tens of mHz), our model shows a level of infrasound
NN below the targeted next-stage sensitivity, which is
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about 105 m/+/Hz at 0.1 Hz. This would allow the
exploitation of these instruments, for example, for geo-
physical applications without requiring any technology
for NN cancellation. However, we predict that infrasound
NN lies a few orders of magnitude above 1072 m/+/Hz
at 0.1 Hz, a sensitivity required for gravitational-wave
detection. For these low-frequency detector concepts, the
situation does not improve significantly by going under-
ground, which means that infrasound NN could well evolve
into one of the main obstacles towards the realization of
ground-based, sub-Hz gravitational-wave detectors. We
point out the possibility of reducing this noise in atom
interferometers with the method introduced in [43].
However, we also underline the requirement of a high
number of detectors to significantly decrease the infrasound
NN with the mentioned procedure.

Our analysis is focused on the infrasound noise. The
analysis of other sources of atmospheric NN is in progress
as well as the estimation for other concepts of low
frequency detectors, such as atom interferometers and
superconducting gradiometers.
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APPENDIX: SPECTRAL HISTOGRAMS OF
SOUND MEASUREMENTS

In Figs. 14, 15, and 16, we report spectral histograms of
sound measurements inside the three stations of AdV, i.e.
CEB, NEB, WEB, respectively. To obtain these plots, we
used data recorded inside each building during three
months, starting from the end of July 2017. The 90th,
50th, and 10th percentiles of the acoustic spectra for each
station are also shown. In Figs. 17 and 18, histograms of
sound measurements outside the CEB and the NEB are
also presented. We stress that the observation times
corresponding to these plots are shorter than the ones
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FIG. 14. Acoustic spectra inside the CEB. The black solid lines
correspond to the 90th, 50th, and 10th percentiles.

10°

Pressure [Pa/v Hz]
=) =
o -

-
S,
)

Frequency [Hz]

FIG. 15. Acoustic spectra inside the NEB. The black solid lines
correspond to the 90th, 50th, and 10th percentiles.
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FIG. 16. Acoustic spectra inside the WEB. The black solid lines
correspond to the 90th, 50th, and 10th percentiles.
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FIG. 17. Acoustic spectra outside the CEB. The black solid
lines correspond to the 90th, 50th, and 10th percentiles.

considered to obtain the acoustic spectra inside the
buildings. In particular, we used about one hour of data
to calculate the spectra outside the CEB and about half a
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FIG. 18. Acoustic spectra outside the NEB. The black solid

lines correspond to the 90th, 50th, and 10th percentiles.

hour of data to calculate the spectra outside the NEB. We
point out that the 90th percentiles shown in the five figures
(Fig. 14-18) correspond to the curves reported in Fig. 4.
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