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ARTICLE INFO ABSTRACT

Keywords: The existence of cosmic accelerators able to emit charged particles up to ZeV energies has been confirmed by
Neutrinos the observations made in the last years by experiments such as Auger and Telescope Array. The interaction of
Radiation mechanism such energetic cosmic-rays with gas or low energy photons, surrounding the astrophysical sources or present

Non thermal in the intergalactic medium, guarantee an ultra-high-energy neutrino related emission. When these energetic

]I;l:tt:cxz::tanon neutrinos interact in a medium produce a thermo-acoustic process where the energy of generated particle
Methods cascades can be conveyed in a pressure pulse propagating into the same medium. The kilometric attenuation
Analytical length as well as the well-defined shape of the expected pulse suggest a large-area-undersea-array of acoustic
Techniques sensors as an ideal observatory. For this scope, we propose to exploit the existing and no more operative
Underwater acoustic offshore (oil rigs) powered platforms in the Adriatic sea as the main infrastructure to build an acoustic
submarine array of dedicated hydrophones covering a surface area up to 10000 km? and a volume up to
500 km?. In this work we describe the advantages of this detector concept using a ray tracing technique as
well as the scientific goals linked to the challenging purpose of observing for the first time ultra-high-energy
cosmic neutrinos. This observatory will be complementary to the dedicated radio array detectors with the

advantages of avoiding any possible thermo-acoustic noise from the atmospheric muons.
1. Introduction by the blazar emission. This hypothesis can be confirmed whenever
we will have ultra-high-energy (UHE) neutrino observations. Another
The ultra-high-energy cosmic-rays (UHECRs) observed by Pierre important neutrino emitter candidate who is expected to emit up to
Auger apparatus [1] and Telescope Array [2] suggest the presence of EeV energies is represented by the gamma-ray burst (GRB) who are
astrophysical accelerators who can originate EeV neutrinos considering able to accelerate CRs up to these energies [9] during the so-called
the possible cosmic-rays (CRs) interaction [3] with gas or photons in prompt phase [10]. In addition to the UHE neutrinos that could arrive
the source environment [4] or along the path to the Earth [5]. On directly from one of the mentioned astrophysical sources, at energies
the other hand, the astrophysical flux observed by IceCube telescope above PeV, there is also the cosmogenic neutrino flux produced by the

during the last decade [6,7] demonstrates that the former interactions
occur with CRs accelerated at least up to an energy of hundred of PeVs
[8]. Who are the main responsible for these neutrino emissions is still
a matter of debate. However, while EeV-ZeV neutrinos can hardly be
produced in our Galaxy we can expect the extragalactic accelerators
to be the main candidates for that emission. The muonic neutrino
at 290 TeV observed by IceCube on 22 of September 2017 from a
direction compatible with the blazar TXS 0506+056, in coincidence
with gamma-ray flare observed by Fermi-LAT and MAGIC telescopes,
makes blazars to climb the charts of the very-high-energy neutrino
emitter candidates. Most of the hadronic models related to this class ; T
of powerful sources suggest a favourite range of neutrino production emitters in this range of energy.

between several hundreds of TeV up to a few EeVs. This implies that the The detection of neutrinos from EeV to ZeV range could represent
astrophysical samples of IceCube events can be only partially explained a major breakthrough and go beyond the capabilities of Cherenkov

interaction UHECRs with the astrophysical background radiation fields.
This photon target is represented by the extra-galactic background light
(EBL) and the cosmic microwave backgrounds (CMB) along the path
between the source and the Earth [11]. While the former signal is
expected to produce a spotted observation in correlation with UHE
sources, the latter is expected to be a uniform signal over the full
sky. The possibility to identify single astrophysical sources of UHE
neutrinos can be challenging for such a detector due to the number
of events needed. The information about the astrophysical spectral
shape observed will be fundamental to identify a class of astrophysical
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neutrino telescopes like IceCube [12], Antares [13], Baikal [14] and
KM3NeT [15]. A larger instrumented surface and a different approach
to collect the neutrino debris signature are needed. The two main
techniques proposed for the neutrino detection at UHEs are the radio
detection in atmosphere and the acoustic detection in water/ice thanks
to the Askarian effect [16] happening when high-energy ionizing par-
ticles pass through a dense medium. The radio detection techniques
improved during the last decades thanks to the installation of several
prototypes and telescopes as the pioneering RICE [17,18], ARA [19],
ARIANNA [20,21], RNO-G [22], GRAND [23] as well as the balloon
experiments like ANITA [24]. Even if up-to-date none of these radio
arrays were able to find an excess of signal statistically significant as
recently reported by ARA collaboration [25] the analyses done helped
to better understand the time dependent behaviour of the radio arrays
as well as to improve the rejection of noise.

The use of acoustic techniques for UHE neutrino telescope favours
the exploiting of natural water/ice reservoirs like seas and big lakes
[26,27]. Thanks to the accelerated expansion of the cylindrical volume
heated by the interaction of neutrino with a nucleon and the production
of a hadronic cascade [28,29] an acoustic array can reconstruct the
generating neutrino event. The two experimental setups represents a
complementary approach to cover a larger solid angle, while the first
favours the Earth-skimming neutrino events, the second privileges the
down-going events.

Despite the test setups done with small acoustic arrays like SPATS
[30], OVDES [31], ACoRNE [32], AMADEUS [33] and SAUND [34]
already installed for monitoring activities or built as sub-detector of
major Cherenkov telescopes, at different latitudes, a large scale un-
derwater/ice acoustic telescope has not yet finalized. For a dedicated
acoustic array, a large area coverage /(1000 km?) and a correspondent
sizeable volume ¢'(100 km?3) [26] are needed, even considering a sparse
units distribution.

In this work we introduce the possibility of exploiting the ENI not
operative powered oil rigs in the offshore of the Adriatic sea. The oil
upstream activity is terminated but the infrastructures are still available
for scientific purposes. We show that the Mediterranean Sea certainly
represents a preferential environment for an acoustic telescope due to
the effects of water temperature, currents, and salinity [14]. Moreover,
we prove that by exploiting the shape and the propagation pattern
of the acoustic wave-field generated by UHE neutrino cascade we
can cover an array of unprecedented area. This description can be
translated to a large-scale distribution of small sized strings equipped
with equidistant acoustic sensors. In Fig. 1 we report the possible
sensitivity of an extended acoustic array simulation [35], made by
the AMADEUS group, in comparison with the sensitivity of mentioned
radio-arrays and the major expected diffuse UHE neutrino signals. It
is important to say that the acoustic array proposed here, ANDIAMO
(Acoustic Neutrino Detection in a Multidisciplinary Observatory), can
be used not only for UHE neutrino detection but also for marine
biology and geophysical studies. The large amount of data that will be
collected over a wide span of frequencies can be used in full by many
scientific communities. Monitoring the oceanographic parameters of a
large portion of the Adriatic sea is an effective way to study climate
changes, and the extremely high sensitivity of the acoustic sensors is
suitable for seismic monitoring of local and teleseismic events. The
shallow waters of the site permits the installation of ocean bottom
seismometer (OBS) platforms at low cost. All the equipment installed
for astroparticle physics purposes is needed for a better understanding
of the Sea in terms of medium where our expected signal propagates. At
the same time, the collected signals will serve a vast branch of science
with a large amount of data.

2. The science case

The study of possible neutrino emission beyond the energies already
observed by IceCube telescope can answer important questions about
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Fig. 1. In this plot are reported the expected sensitivities of the main radio array
detectors for UHE neutrinos, comprising the future IceCube Gen2-Radio [36], in
comparison with the capabilities of an acoustic array and the main UHE diffuse neutrino
expected signals. In details, with the blue stars it is reported the sensitivity of one of
the few large scale undersea acoustic detectors recently simulated, in this case by the
AMADEUS group [35]. This simulated acoustic array refers to a huge sparse array
(1500 km?®) of sensors with a density of ~ 100 per km® and a kinetic threshold of 5
mPa.

the processes happening on astrophysical accelerators, as well as the
nature of local Dark Matter (DM) scenarios. Even though the identifi-
cations of single UHE accelerators, like the ones reported in Figs. 2 and
3 can be challenging, the observation of that kind of neutrino signal
and the estimation of an isotropic flux represent in itself a major step
for the astroparticle community.

2.1. Cosmogenic neutrinos

The ankle observed in the cosmic-ray spectral energy distribution
at around 5 x 10'® eV is interpreted as the transition point between the
Galactic and the extragalactic origin of the observed comic rays [37,
38]. With the observations made by the Pierre Auger experiment
[1] and Telescope Array [2] we already collected hundreds of these
events with energy above 10'® eV. When these events interact with
background photons, like CMB [39] and EBL [40], they are producing
gamma-rays and neutrinos through the decay of neutral and charged
pions (z° — yy, 7t - e*v,v,v,) who are produced through the A*
channel as described in the following equation:

0
p+ybgaA+~{ P )
n+rn
The energy threshold of this process is of 1.08 GeV in the reference
system of the interacting particles [41]. This is also the main reason
of the distortion of the proton spectrum above 3 x 10'° eV during
propagation, known as the Greisen—Zatsepin—Kuzmin cutoff [42], [43].

Considering that the CMB density increases with the distance as
(1 + z)*> we should expect also the cosmogenic neutrino production de-
pending on the redshift considered. An equivalent dependency should
be expected for UHE neutrino produced by the interaction of cosmic
rays with EBL event though the EBL parameters are less known in
respect to the CMB, due to the spectral evolution of optical, infrared
and ultraviolet. In this case, being the EBL photons more energetic that
the CMB ones, the energy threshold for neutrino production through
the photopion process becomes lower.
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Beta-decay can contribute to the cosmogenic neutrino production
as well, due to the decay of neutron obtained with the charged pion
production:

n-p+e +V, (2)

Heavier nuclei with Z > 1 can also produce beta-decay process,
adding a possible contribution to the UHE neutrino flux generated
through photopion interaction. Following the presented description, the
cosmogenic neutrinos originated by the interaction of UHECRs with
thermal photons are expected to follow a double peaks spectral energy
distribution (SED) due to the targets considered. The low energy peak,
at around 10'° eV, can be associated to the interaction of cosmic-rays
with EBL and the neutron beta-decay. Conversely, the high energy
peak, is expected to be the result of cosmic-rays interaction with the
CMB photons [44]. On the other hand the multi-messenger studies
of UHECRs and diffuse gamma-rays cannot constrain the expected
cosmogenic neutrino spectrum [45].

2.2. Extragalactic accelerators

As mentioned in the previous subsection, the acceleration of cosmic-
rays above 10'8 eV can occur in astrophysical plasmas when large-scale
motion, such as shocks and turbulent flows, is transferred to individual
charged particles. The maximum energy of accelerated particles, E,,,.,
can be estimated by requiring that the gyroradius of the particle be
contained in the acceleration region. Therefore, for a given strength,
B, and coherence length, L, of the magnetic field embedded in an
astrophysical region, E, .. = Z-e- B- L, where Z -e is the charge of the
particle. This condition known as “Hillas limit” [46] can allow E,,, 2
1020 eV with Z ~ 1 for astrophysical environment like the ones present
in neutron stars (B ~ 10'* G, L ~ 10 km) [47], active galactic nuclei
(AGNs) (B ~ 10* G, L ~ 10 AU) [48], radio lobes of AGNs (B ~ 0.1pG,
L ~ 10 Kpc), and clusters of galaxies (B ~ pG, L ~ 100 Kpc) [49].
The recent detection of a high-energy neutrino event (~ 290 TeV) in
coincidence with a gamma-ray flare, at hundred of GeVs, from the
blazar TXS0506+056 [50,51] (at a distance of z ~ 0.3365 [52]) makes
this class of sources one of the main candidates [53] of the diffuse
astrophysical flux measured by IceCube [54]. Even though this class
of sources is extremely variable [55] the part of neutrinos, above 100
TeV, emitted during a flaring period can potentially be observed [56].
For blazars (like the sample reported in Fig. 2) we can expect most
of the UHE neutrinos produced through photohadronic interaction of
accelerated protons with photons emitted by electrons within the jet.
For other classes of AGN, like radio galaxies (as the sample reported
in Fig. 3), we can expect an additional UHE neutrino production inside
the lobes, present at the end of the hundred Kpc jets, through proton—
proton inelastic collisions [57]. A recent analysis taking into account
the position of UHE cosmic-rays observed by Pierre Auger [58] and
Telescope Array [2] experiments, a known blazar gamma-ray catalog
and the position of IceCube astrophysical events shows hints of possible
correlation between the two messengers and highlights the fact that
these class of accelerators have the capability of reaching the energy
of ~ 10% eV. On this regards also clusters of galaxies can have the
possibility to produce UHE neutrinos since cosmic rays accelerated up
to UHE by AGN activities can be contained for a certain amount of time
inside the cluster due to the presence of high magnetic field. They can
reach values ranging from a few microgauss (1G) on scales of order ~ 10
Kpc for normal clusters [59], up to 10—40 pG on scales of 3-5 Kpc for
cool core clusters [60]. Such strong magnetic fields can confine cosmic-
rays of UHE. While propagating inside the cluster, cosmic-rays can thus
have interactions with the present photonic and baryonic backgrounds
producing gamma-rays and neutrinos.

Another possible candidate to produce UHE neutrinos it is repre-
sented by the newly born millisecond pulsars with a diffuse component
reported in Fig. 10. The amount of this neutrino production can be
traced though the measurements of the extra-galactic star formation
rate following the model reported by [61].
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Adriatic Acoustic Array Exposure (a.u.)

Fig. 2. Exposure Skymap (in Galactic coordinates) of the presented UHE neutrino
telescope. In the Skymap are reported also the sources of the 2FHL catalog spatially
correlated with a UHECR observed by Auger or Telescope Array (within 5°). In Black
are reported the blazars TXS0506+056 and PKS1502+106 as the two main neutrino
emitter candidates observed up to now. A maximum angular acceptance of 45° from
the local zenith is considered.

60°

0.0 Adriatic Acoustic Array Exposure (a.u.) 1.0

Fig. 3. Exposure Skymap (in Galactic coordinates) of the presented UHE neutrino
telescope. In the Skymap also the radio galaxies, with a radio luminosity vL, > 2x 10*
erg s, expected to have the possibilities of accelerates cosmic-rays up to UHE in
the giant lobes [62]. A maximum angular acceptance of 45° from the local zenith is
considered.

2.3. Extreme dark matter candidates

The standard cosmological model is based on the existence of Dark
Matter (DM) which, until now, did not show direct evidences via non-
gravitational interaction. An alternative way to probe DM interactions,
beyond the gravitational one, is the search for indirect signatures of
DM decay or annihilation. These processes can indeed lead to the
production of an astrophysical signal of cosmic-rays, gamma-rays and
neutrinos. In the last decades, the rise of high-energy multi-messenger
astronomy has led to huge improvements in the indirect searches for
dark matter. Dark matter candidates concentrated in the galactic halo
and distributed in the intergalactic space can produce a flux of UHE
neutrinos through their decay and annihilation into ordinary matter.
Due to the unitarity bound on DM cross-section [63,64] we can expect
a higher flux for the decaying case with respect to the annihilating one.
The neutrino flux from decaying dark matter can be expressed by:

plec ~ DML, 3
Mpm Tpm
where pp, =~ 0.4 GeV/cm® is the typical galactic density of DM

particles, 7, is their lifetime, m,, is the DM mass, and L ~ 10 kpc is
the length scale of our galaxy. On the other hand, for annihilating dark
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matter the corresponding flux is of the order of:

2
g ~ (” DM ) supy L, )

Mmpy

where o is the annihilation cross-section, v, ~ 1073¢ corresponds to
the typical velocity of dark matter particles and L is the length scale.
The possible values of neutrino fluxes obtained for annihilating DM
result far beyond the sensitivity of next-generation neutrino radio tele-
scopes, producing a number of neutrino events in these observatories
negligibly small. An exception can be represented by peculiar scenarios
featuring very dense and/or very cold dark matter substructures [65].
Conversely, for decaying DM particles with 7p,, ~ 10%° s and mp,, =
10° GeV we can expect a production of neutrino flux within the reach
of upcoming neutrino UHE telescopes [66].

3. Experimental setup

With the exception of SAUND [34] and ACoRNE [32] acoustic
arrays, who tried to explore the feasibility of such a detector, the design
of acoustic neutrinos telescopes has been up to the present ancillary
to the optical ones. Therefore, the larger attenuation length of the
sound in water in respect to the light can be further exploited by
considering larger volumes and new technological solutions. Here we
explore the possibility of detecting a neutrino generated acoustic signal
by instrumenting the area covered by the existing oil rigs structures.

As a best case scenario we consider all the available platforms (see
Fig. 4) and based on the actual geometry we calculated the possible
sensitivity of the acoustic telescope. The study has been performed by
accounting for sound attenuation in the conditions of Adriatic Sea and
wave field propagation characteristics in the velocity structure scenario
reported by [67]. A ray tracing simulation is obtained using a realistic
velocity profile for both the calculations of amplitude attenuation and
ray propagation. The dependence of wavefield propagation respect to
the angle of the incident neutrino respect to the normal vector to the sea
surface is studied here for the first time in shallow waters. In geophysics
explorations and in earthquake seismology, the use of large arrays of
sensors is routine since decades. In both fields, the target is the study of
the soil to reveal potential geological structures that can trap oil or gas.
The use of extended arrays of hydrophones to detect acoustic signals
takes place both in submarine sonar technology and in a similar fashion
by array techniques for seismic studies and earthquake location like f-k
analysis and beam-forming that are explained in e.g. [68]. The problem
in our case is made easier since the source is well modelled by previous
studies [69,70].

We plan thus to instrument 100 platforms, the ones reported with a
red triangle in Fig. 4. Each platform will be equipped with a multi-
storey structure of hydrophones whose distribution in depth will be
optimized according to the simulation of the wave field propagation
studies. These will be based on the experimental data collected at the
first R&D stage. In all platforms, a single platform sub array (hereinafter
SIPSA) will be deployed to better solve the f-k analysis uncertainties
connected to spatial aliasing due to possible multiple reflection from
the seafloor and water surface. We therefore plan to install a single
projector in any array element (platform) to calibrate the SIPSA sub-
arrays, composed by four to ten hydrophones, and the entire large
detector. A continuous calibration with known signals resembling the
neutrino expected one according to simulations see Fig. 5(b) will permit
to develop many detection templates improving the signal discrimina-
tion and avoiding false detections. A large advantage of shallow sea
depth is indeed the simplicity of the hardware needed. In fact, a single
hydrophone with an integrated pre-amplifier like [71] has a self-noise
level well below sea state zero and the integrated preamplifier permits
the use of a simple analog cable. A cable no longer than 50 m permits to
use the analog output of the transducer and digitize it on board of the
platform, avoiding the installation of an expensive underwater digitizer
and the development of custom DAQ hardware. The reduction of the
costs allows to multiply the number of sensors within the instrumented
area.
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3.1. The existing infrastructure in Adriatic Sea

The platforms suitable for the ANDIAMO experiment are located
offshore of the Adriatic Sea at a distance from the coast ranging from 10
to 60 kilometres. Most of them are placed in an elongated shape from
north to south, following roughly the natural shape of the continental
margin where oil and gas were extracted. The depth of the sea follows
the continental shelf, with depth ranging from 25 to 80 m.

The shallow depth of Adriatic Sea gives us several advantages, the
most important is in terms of geometrical spreading. The acoustic wave
generated by neutrino interaction never goes in the far field regime
where spherical spreading is characteristic, this is the case for acoustic
detectors implemented on optical arrays for example, where the array
dimensions are small compared to the extension of the channel where
they are installed. For the ANDIAMO case the cascade length is com-
parable to the depth of the channel with no transition region expected
from near to far field propagation. The amplitude of the acoustic wave
will decay as 1/ \/; respect to a spherical spreading where the decay
is proportional to 1/r. In terms of attenuation, we have 10 dB/decade
against 20 dB/decade for spherical spreading. In other words, we deal
with a cylindrical wave instead of a spherical one. The relatively high
temperature of the shallow Adriatic Sea together with a lower salinity
due to the fresh water influx from the largest Italian river, the Po river,
will contribute to decrease the attenuation [72]. Physical and geolog-
ical conditions makes the Mediterranean Sea a favorite environment
for an underwater neutrino telescope as already highlighted by [69].
Further advantages of the ANDIAMO case are logistics since mostly
of the needed services such power and connectivity are supposed to
be already available on the oil rigs and no additional complex high
pressure waterproof equipment is requested.

The steady structure of the platform will permit to install the
SIPSA mini array in every platform in a solution similar to the one
adopted in [14]. Established the infrastructure advantages, we need to
carefully study the present underwater noise, a possible limiting factor
to our scope. The stationary noise floor for the detector environment is
mostly dependent on sea state with frequencies ranging in the band
of the predicted neutrino generated acoustic signal (1-20 kHz). On
the other hand transient noises, as dolphins and propellers, can spoil
the sensitivity locally and in an unpredictable manner but in a long
term perspective can be filtered and recognized since they have a
different time/frequency signature compared to the neutrino generate
ones. Another possible issue with the shallow sea can be a complex
ray path propagation and possible reflections and absorption, especially
due to the interaction with sandy or clay seafloor that we will face in
a specific paragraph of this paper. Sound propagation in very shallow
waters has been studied largely in literature by [73-76] converging to
stating that shallow waters propagation can be seen as a small scale
problem respect to deep waters, for this reason we will apply ray
tracing to simulate our environment. Refraction and reflections are the
physical phenomena that guide the direction of the wave field across
the path from the source to the various receivers. The refraction is
connected to the change of the vertical velocity profile that drives an
acoustic impedance change. This profile changes across the year, and
it depends on water temperature, salinity pH, and depth (pressure).
For these reasons, a preliminary study using a realistic and appropriate
velocity profile is necessary. The structure of the velocity profile can be
considered a game changer when doing measurements with a acoustic
telescope, in particular the ANDIAMO case can exploit the presence
of the SOFAR channel to stretch the acoustic detection range to the
maximum. Variations of the physical properties of the medium can
change the sensitivity of the detector itself. With this work we suggest
that the available geometry of platforms distribution is suitable for the
realization of the largest acoustic array for UHE neutrinos detection
with a instrumented area of more than 10000 km?.
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Fig. 5. Acoustic parameters of the source.

3.2. A novel reconstruction technique for acoustic signal

When a UHE neutrino interacts with matter at such high energies,
it can decay according to different channels and generate an hadronic
cascade that in turn gives rise to the thermo-acoustic effect.

The extension in depth of the cascade gives the length of the
cylinder where the thermo-acoustic effect occurs. The intensity of this

cylindrical wave, also called in literature pancake, depends on the
angle of the cascade with respect to the vertical and of course on
the generating phenomena, i.e. the possible decay channels. Once the
acoustic wave is generated with a given intensity, the problem is shifted
to a proper reconstruction and validation of the signal using the state-
of-art acoustic techniques. The waveform generated by a UHE neutrino
interaction resembles a bipolar signal, whose amplitude at 100 m from
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Fig. 6. Sound pressure level versus frequency and distance from the source for different shower energies in a 50 m deep sea assuming isovelocity conditions.

the cascade can range from 10 Pascals to some milliPascal. The central
frequency is expected to be around 50 kHz at 100 m with a duration
of the order of several microseconds according to simulations proposed
by [70]. This energy deposition is similar to a delta function, exciting
thus a white kind of spectrum in the frequency domain. When this
pulse propagates, it undergoes attenuation due to both geometrical
spreading and absorption. This causes a broadening of the wavelet in
time and an obvious decrease in amplitude. Nowadays, state-of-the-art
hydrophones have a self-noise level that is lower than the sea state level
zero of the Wenz sea state plots [77]. This means that, supposed to
have the most sensitive hydrophones, we are left with the problem of
a realistic calculation of the attenuation and frequency content change
in the signal versus distance. This study is fundamental to assess how
far can we stretch the sensitive area of the detector. The sea noise is a
limiting factor to the sensitivity of the array. This will be discussed in
detail in the section about the amplitude spectra. We will account for
geometrical spreading and attenuation in the frequency domain. The
generated signal creates in the far field (>100 m) a cylindrical wave
that propagates and attenuates with an 1/ \/; attenuation law. The fre-
quency content of the bipolar signal ranges from 1 kHz to 100 kHz and
the peak pressure is expected at a frequency of approximately 50 kHz
at 100 m distance. The signal undergoes all the acoustic phenomena
involved in wave propagation in a vertically inhomogeneous medium,
including refraction and dispersion/attenuation. The propagating pres-
sure wave field changes the observed energy and energy distribution
in the frequency domain with respect to distance from the event that
generated it. It is known that attenuation is a frequency dependent phe-
nomenon and roughly speaking can be summarized with this statement:
the longer wavelengths travels longer from the source. The previous
considerations were made in order to answer to the basic question of
this paper, i.e.: Can an array created by using the existing oil rigs (or at
least a group of them) be suitable for the detection of UHE neutrinos
? The results showing the feasibility of the ANDIAMO project can be

grouped in two parts, the first regarding the attenuation/dispersion and
the second one about the ray paths simulations addressing the following
points:

» Establish how far can we hear an acoustic signal generated by a
neutrino induced shower in a realistic velocity profile scenario.

+ Determine the incident angular limits respect to the zenith of the
array for UHE neutrino detection in our setup.

3.2.1. Amplitude spectra

We calculate the amplitude spectrum of the acoustic pressure refer-
ence signal of Fig. 5(b) i.e. the one intended as the near source signal.
In a second step we calculate, for a fixed channel depth and for several
distances and frequencies, the attenuated spectra for several source
levels. The result is reported in Fig. 6.

As a comparison, for a fixed energy, we calculate the dispersion of
the spectrum for a 3000 m deep channel to highlight the advantage of
shallow waters (see Fig. 7). From the spectra, it is evident that above a
cascade energy of 10'° GeV signal can be measured by any single array
element (oil rig) that stays in a 10-kilometre radius from the source
event. We assume a linear path propagation from source to receiver
induced by an isovelocity condition for simplicity. We calculate the
transmission losses (TL) for every spectral component of the source
signal reported in Fig. 5(b) and using the following equation:

TL =101 i 5)
=% T

we obtain in the end the sound pressure level (SPL) spectra at different
distances for different source energies and incidence angle of 0°, the
angular dependence of attenuation will be studied in the second part
where we will account for seafloor reflection. The definition of SPL
is the usual one for acoustic measurements i.e. SPL = 20/og(P/P,)
measured in dB relative to 1 pPa. We use as source level the sound
pressure level at 100 m because it can be considered far field compared
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Fig. 7. Calculated spectra for different sea depths with fixed shower energy, on the left panel a 30 m deep sea and on the right panel a 3000 m deep sea, we assume isovelocity

conditions.

to the extension of the neutrino induced cascade (that is not a point-
like source) but still much smaller than the inter distance occurring
between the array elements. An extrapolation of the results shown by
[70] permitted to produce a plot (see Fig. 5(a)) of peak-pressure versus
cascade energy at a fixed distance of 100 m which is more suitable for
our study. The results of the simulated spectra for a 50 m deep channel
for several energies and distances from the source are reported in Fig. 6.

3.2.2. Ray tracing and signal intensity versus cascade angle

The problem of propagation in shallow waters, i.e. inside the con-
tinental shelf, can be complex, and it depends strongly on the velocity
structure of the water column. In our setup, the seafloor is pretty
homogeneous, and we have a general mild increase of the seafloor
depth from 20 to 50 m according to the natural slope of the continen-
tal shelf. Future studies based on the geophysical and oceanographic
acquired data of the detector site will permit to produce more accurate
simulations of the propagation of the signals. The typical shallow water
conditions are studied largely in underwater acoustics [73,74]; we
can summarize the part of our interest with the following scenario
that is confirmed by experimental data e.g. [67] for Mediterranean
sea. In shallow water conditions we have a first mixed surface layer
where the speed of sound is constant, followed by a thermocline and
an increase due to pressure as shown in the left top panel of Fig. 8.
During winter the entire water column is completely mixed, and the
sun exposure is lower. We have a less steep thermal gradient and a
larger mixing due to the heavy sea conditions. This creates a condition
that can be more similar to isovelocity conditions. The latter implies
the straight ray propagation given the homogeneity of the medium. By
simulating a cylindrical source of 20 m of extension in depth (cascade
length), we could ray-trace the direction of the wave-fronts generated
at different shower angle for a 5 kHz tone which is, according to
spectral simulations, the peak level at the distances of interest given

the actual platforms geometry. Additional signal attenuation induced
by transmission losses at the sea floor are accounted for rays that are
not confined inside the SOFAR channel. The transmission losses at the
sea floor constitute a severe limiting factor for angles larger than 45
degrees since after this value we have a very steep drop in the reflection
coefficient. We consider the sea surface as a perfect reflector, hence
we account only for sea bottom losses. We report the results in Fig. 8
where we can note that at after 3000 m for a shower inclined at 45°
the signal drops below the sea state level zero value for a 5 kHz tone.
On the contrary for angles between +10° the channeling effect permits
the focusing of the energy inside the SOFAR channel and extending the
range of the detector. This aspect of wave propagation is limiting the
effective sky solid angle that we can observe with the current setup.
However, a future upgrade, can provide a denser array pushing further
the portion of the sky covered by the ANDIAMO telescope. The focusing
effect reported for the expected signal can be exploited in the shallow
water environment of the Adriatic Sea while was not achievable in
previous arrays like SAUND and ACoRNE.

In summary, the attenuation, geometrical spreading and reflec-
tion/transmission losses are calculated with the simulation of the acous-
tic environment of the ANDIAMO experiment. From the acoustical
point of view the sensitive area changes according to angle and energy
of the incident neutrino; an example of the covered area is reported in
Fig. 9 where the color map represent the SIPSA sub arrays density. In
this case for a 10'° eV cascade vertically originated the sensitive area
is of the order of 10000 km?.

4. Possible sensitivity to UHE neutrinos
Since the calculation of a detailed exposure for the proposed AN-

DIAMO array go beyond the scope of this work, mainly because of
a non-defined geometry and the absence of a effective area obtained
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Fig. 9. Map illustrating the covered sensitive area for vertical neutrino induced showers at 10" eV, the color code represent the density of sub arrays SIPSA that can potentially

detect a signal generated inside the covered area.

though a dedicated Monte Carlo simulation, a possible approximation
is obtained through a semi-analytic analysis. The limits for the angle

and area are set by the results shown in the previous section where
acoustic propagation is studied in detail. The maximal solid angle
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around the zenith of the detector is set by the abrupt fall of the
reflection coefficient which in turn limits the total distance travelled
by the acoustic signal generated by an inclined cascade. The sensitive
area is then angle and energy dependent, for a 10'° eV cascade it ranges
from 10000 km? for a vertical cascade to about 2800 km? for a 45°
inclined one. This area variability is accounted in the calculation of
the sensitivity shown in Fig. 10.

For downward-going neutrinos, the calculation of the exposure
involves the ANDIAMO array aperture, the neutrino interaction proba-
bility, an ideal identification efficiency, and the integration in time. A
sum over time and integration in solid angle would yield the exposure
(&) to UHE neutrinos. Assuming a 1:1:1 flavour ratio (as expected
due to the effects of neutrino oscillations during propagation from the
sources to the earth), the total exposure can be expressed as:

E(E,) = %" > [a,.(Ev) / dtd0d Dsin 0 cos 04!, (0, D, E,,.1)| , (6)
1

where the sum runs over the three neutrino flavours and the CC and

NC interactions, with ¢’ the corresponding v—nucleon interaction cross-

section [78] and m the nucleon mass. The integral is performed over

the zenith angle 0 the interaction depth D of the neutrino (in units of g

cm~2), and the blind search period. AL + Tepresents the effective area.

Without having a finalized geometry for the ANDIAMO array, we did
a analytic approach to obtain a possible effective area and a related
sensitivity of this future detector. In particular, we assume A’ sy to be
approximated by Ap,_,, . .(E,,(E,, .)) for an array of surface A (from
2800 to 10000 km? for the ANDIAMO case). Where p, ., . (E,) can be

described by the following equation:

Puoppes(E) = Ry o o ((E e )/ A(E,), @

with 1,(E,) representing the interaction length of a neutrino with
energy E, and R, , . describing the leptonic range in the considered
medium. These quantities allow us to roughly obtain a possible flux
limit observable, or in other words, a possible sensitivity of our detec-
tor. More in details, under the assumption that the UHE neutrino flux
behaves like @(E) = % = kE~? the corresponding sensitivity can be
written as:

N,,
k= euvt (8)

[ E26(E)dE

Enin
where the &(E) correspond to the exposure obtained in Eq. (6) and N,,,
indicates the number of expected events. No background events neither
spectral noises were considered in the energy range where ANDIAMO
array can have the capability of reconstructing UHE neutrinos.

The expected sensitivity, reported in Fig. 10, is compared with the
main expected UHE neutrino diffuse fluxes. Even though more accurate
studies can be obtained with the use of a dedicated Monte Carlo simu-
lation chain whenever the geometry will be finalized, the preliminary
calculations obtained through an analytical approach highlights the
potential discoveries of such acoustic array concept.

5. Conclusions

The advances of neutrino astronomy of the last decade surge the
importance of knowing the neutrino spectral features in the energy
range from EeV to ZeV. Several radio arrays prototypes have been
recently finalized with the idea of covering larger surfaces in order to
be sensible to the possible extraterrestrial UHE neutrino flux. An alter-
native way to detect this flux it is represented by the underwater/ice
acoustic techniques carried on in the last decades with small prototypes
or through the possible use of hydrophones installed for calibration
purposes and not optimized for an acoustic detector design. In this work
we explore the possibility of building a dedicated acoustic array in the
Adriatic Sea using the platforms already installed, and not operative,
for oil and gas upstream.
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Fig. 10. In this plot we report the expected sensitivity of the ANDIAMO concept
with a surface array equivalent to the one described in Fig. 4 and a observational
time of one decade. The three neutrino families are considered with the range of
sensitivity spanning the different sensitive areas covered considering the possible
beneficial incident angles. For comparison we show also the limit on the possible UHE
cosmogenic neutrino flux obtained from the UHECR observations as well as possible
UHE neutrino diffuse contributions from AGNSs, millisecond pulsars and heavy dark
matter decays. IceCube full-sky measurements are reported too.

Detailed calculations on the propagation and attenuation of the
signal generated by UHE neutrinos in shallow waters show the pos-
sibility to exploit the favourable conditions of the Adriatic Sea. This
advantage is given by the physical and geographical conditions of
the sea, i.e. mild temperature and low salinity. Also, the existence of
many infrastructures partially instrumented is a plus. Indeed, it will
permit the deployment of the largest acoustic array for UHE neutrinos
detection as well as for marine biology, oceanographic and geophysical
studies. The calculations performed show that it is feasible to realize an
acoustic telescope with an instrumented maximal area of ~10000 km?
exploiting all the available platforms all over the Adriatic Sea with
an expected sensitivity shown in Fig. 10. A first attempt to estimate
the possible sensitivity shows that, even though the possibility of
resolving single sources of UHE neutrinos is still a challenging purpose,
constraining the neutrino spectral features in the PeV-EeV range can be
possible within a decade of data taking.

Considering the moderate costs of this detection technique and the
uniqueness of this project i.e. complementary to the shower earth-
skimming radio array, we aim to make further studies with a dedicated
Monte Carlo simulation optimizing the geometry of hydrophone lines
and analysing more in details the possible backgrounds with in situ
measurements. Moreover, we leave open the future possibility of taking
into account a bigger instrumental area with additional lines equipped
without pre-existing platforms as well as increasing the density of the
array.
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