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The Askaryan Radio Array has developed the hardware and analysis techniques required to realize
an observatory scale array for the detection of ultra high energy neutrinos in the radio frequency
detection channel, while also delivering world competitive limits on the high energy neutrino
flux. The first ARA instrumentation was installed in the Antarctic ice cap near the geographic
South Pole over a decade ago. The addition of each new cluster of antennas in the ice brought
improvement and innovation. The final installation in the austral summer of 2017-2018 included
a "phased array" trigger which demonstrated the ability to increase the trigger efficiency using
interferometric information in real time. ARA’s detailed in situ measurements of the propagation
of radio frequency signals in the ice have established the polar ice cap as an ideal host for such
an array, while informing the reconstruction and simulation of in ice events. With five deep
radio antenna clusters are currently operating at the South Pole, current ARA results boast world
competitive sensitivity to ultra high energy neutrinos, while the data currently on disk holds the
promise of extending these results to lower fluxes in the near future. Following on the success of
ARA, two new embedded in ice arrays have been planned, RNO-G and IceCube Gen2.
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1. Introduction

Neutrinos are in many ways the ideal astronomical messenger. Their lack of charge and tiny
mass allows them to reach us from dense and distant corners of the universe, shedding light on
the enigma of cosmic rays, and providing insights into the structure of some of the cosmos’ most
energetic objects. However, the very lack of reactivity that makes them such powerful messengers
also makes them difficult to detect, requiring the instrumentation of large target volumes to be
sensitive to the small flux at high energies. Radio frequency emission from neutrino induced particle
showers in dense media was proposed by Askaryan [1] as a detection mechanism for ultra high
energy interactions, allowing the monitoring of vast areas with relatively sparse instrumentation.
This approach is particularly well suited to the search for a "cosmogenic" population [2] of ultra high
energy neutrinos expected from the interaction of cosmic rays on the cosmic microwave background
with energies above the pion photoproduction threshold. In the past two decades, several pioneering
efforts have developed the technique. Some have taken a synoptic view, monitoring the target
medium from a distance, such as NuMoon’s observations of the lunar regolith from ground based
radio telescopes [3], while others employed embedded antennas, a tactic taken by RICE [4] to
monitor the Antarctic ice.

The Askaryan Radio Array (ARA) was conceived to further develop the embedded technique
in the pristine ice near the geographic South Pole, and served as a springboard to develop the
simulation, analysis techniques, and instrumentation necessary to realize an observatory scale
array. At the same time, the scale of the array was chosen to provide world leading sensitivity to
neutrinos in the energy range from 108 − 1010 GeV. Since it’s inception, the discovery of a diffuse
flux of astrophysical neutrinos [5] by the IceCube Collaboration and the identification of the first
candidate neutrino source [6] provided themotivation to push the energy threshold of the technology
downward with the goal of extending the measurement of the detected astrophysical flux to higher
energies. This has been successfully demonstrated with the development and installation of the
phased array.

This proceeding will give an overview the design, development, and science results of ARA
since the first test instrumentation was installed in the austral summer of 2010-2011, as well as its
future sensitivity.

2. The ARA Instrument

ARA is composed of five clusters of antennas embedded in the clear, deep ice near the
Amundsen Scott South Pole Station. Each cluster is installed in 6 narrow boreholes, up to 200 m in
depth as shown in Figure 1. Four of these contain receiver antennas, with two horizontally polarized
(Hpol) and two vertically polarized (Vpol) antennas in each hole. The remaining two boreholes
each house a calibration device which can generate either a narrow pulse or a flat noise spectrum at
various levels of attenuation broadcast through either an attached Vpol or Hpol antenna. Each set
of receiving antennas (Vpol and Hpol) are installed at the corner of a cube measuring ∼ 20 m on
a side. The newest station, labeled A5 in Figure 1, contains one additional densely instrumented
string in its center, as described below in Section 6. The stations are spaced 2 kms apart. The array
is optimized for 100-850 MHz band.
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Figure 1: The geometry of the ARA array. Left: A schematic of an ARA station showing the orientation of
the antennas (far left), the arrangement of the antennas within a borehole (bottom inset), and the sampling of
a Cerenkov cone (top). Right: The footprint of the array and its orientation with respect to IceCube and the
South Pole Station.

The spacing and the geometry of the clusters allows each station to operate autonomously,
while completely reconstructing the Cerenkov cone using timing and polarization information. A
trigger is formed when the power in three of the eight antennas of the same polarization exceed 5
times the noise rate in a time profile that is consistent with an electromagnetic wave traversing the
array. The trigger threshold is dynamically adjusted to fix the trigger rate at 5 Hz. Because the
electric field of the Askaryan radiation is oriented normal to the surface of the Cerenkov cone, the
polarization information can be used to determine the direction and orientation of the cone. Due to
the gradual compaction of snow into ice, the shallow layers, labelled as "firn" in the left panel of
Figure 1, exhibit a varying index of refraction, resulting in a mirroring effect near the surface. This
gives rise to dual direct and reflected/refracted ray paths, which provide a constraint on the distance
to the event vertex.

3. Ice Properties

Over the course of the operation of ARA, a number of different devices have been used to
study the properties of the ice. In the austral summer preceding the installation of the first ARA
station, a shallow "TestBed" of large, broadband antennas was installed as a platform to study
antenna prototypes, as well as to study the noise profile of the ARA site. In addition, three high
voltage (≈ 5 kV) radio pulse generators were installed parasitically on IceCube strings during their
last deployment season at depths of 2450m and 1450m. These devices provided the first in situ
probe of point to point propagation of radio waves in the deep ice. The signal absorption varies as
a function of depth as a result of a temperature gradient, owing to the geothermal warming near the
bedrock, but the attenuation length was found to be 1.45±0.25 km in the top 1500 m of ice [7]. This
measurement validated ARA’s planned approach of monitoring large swaths of ice for high energy
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Figure 2: Left: The two separate pulses arriving from the same event during the retrievable pulser runs: the
"direct" pulse, and the "refracted" pulse, which is reflected from the firn layer of the shallow ice. Right: The
measured attenaution length as a function of depth obtained from a run of the retrievable pulse generator.

particle showers with sparse instrumentation. In addition, the noise power density was found to be
excellent over the sensitive band of the instrument.

Since the installation of the deep ARA stations, additional studies of the RF transmission
through the ice have been performed using a retrievable pulse generator mounted on a winch and
lowered into a 1700m deep hole, created by the South Pole Ice Core Project, that is located between
1257m (Station 1) and 4164m (Station5) from the ARA stations. This allowed a careful study of the
signal propagation over multiple baselines as a function of depth. [8] These studies yielded several
consequential results. First, it confirmed the long attenuation length measured from the deep pulse
generator. Second, careful studies of the time lag between the "direct" ray from the source and the
"refracted" ray mirrored from the surface, an example of which is shown in Figure 2, allows the
range to the source vertex to be determine to ≈ 15 %, which will prove to be a powerful tool in
the event reconstruction. In addition, the index of refraction as a function of depth was measured
and the "shadow" zone, or the region inaccessible to due ray tracing effects, was carefully mapped
out. Finally, asymmetries in the propagation of the horizontal vs. vertical polarizations (known as
"birefrigence") was measured to the 0.15 % level. All of these finding indicate that the ice near the
South Pole is a ideal platform for ARA and future Askaryan detectors.

4. Event Reconstruction

The ability to reconstruct the direction of a signal in the ice is critical for both background
suppression of surface anthropegenic noise, as well as in identifying astrophysical point sources.
The cubic arrangement of the antennas within a station allow the traverse time of any signal to be
measured over multiple baselines to obtain a true direction. For each pair of antennas, the process
starts by calculating the cross correlation function

�8, 9 =

∑
C +8 (C)+ 9 (C + g)
'"(8 × '"( 9

(1)

which is maximized for the true time lag g between two antennas recording voltages as a function
of time of +8 and + 9 respectively. Each pair of antennas defines a ring of probability along the axis
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Figure 3: Top: The reconstructed interferometric map of an event trigger occurring during the February
15, 2011 solar flare. The blank strips are the location of areas inaccessible due to ray tracing (middle) and
the bedrock (bottom). Bottom: The reconstructed azimuth of the events associated with the solar flare,
compared with the known location of the sun (red line). The reconstructed direction tracks the location of
the sun in azimuth with a 2 degree offset.

connecting the two antennas. The most probable direction of the incoming signal is determined
by the intersection of the rings of probability determined by each of the antenna pairs on an
interferometric map.

On February 15, 2011, an excess of ≈ 2000 radio emission events were observed in the newly
installed ARA TestBed over a period of 70 minutes [9]. The period during which the events were
observed was coincident with a known solar flare, and a subsequent analysis of the events show
that the direction of the reconstructed events tracks the position of the sun on the sky with a 2
degree systematic offset in azimuth and a 10 degree systematic offset in zenith. Figure 3 shows an
interferometric map reconstruction of one of the events at the top, and the reconstructed azimuth
of all of the events shown on the bottom, with the known location of the sun shown as a red line.
Although the array was designed to detect englacial events, with signals emanating from nearby
points in the ice, this event served as a fortuitous confirmation of ARA’s reconstruction capabilities
and a unique opportunity to study a potential natural source of radio frequency background. In
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Figure 4: The bivariate cut plane is shown for ARA station 3. Left: The chosen cut is shown for the 10%
burn sample to eliminate some low-correlation, low power events. Right: However, the cut is efficient for
simulated 1018 eV neutrinos.

addition, it opens the possibility of radio astrophysics observations by ARA, given its broad field
of view and bandwidth.

5. ARA Neutrino Searches

ARAwas primarily designed to detect radio frequency signal emissions from ultra high energy
neutrino interactions in the ice and, to date, ARA has published the result of a number of such
searches [10, 11], establishing the array as a leading instrument in this energy regime. Most recently,
a search for a diffuse flux neutrinos using 2 stations (labeled A2 and A3 in Figure 1) and 1000 days
of data has been published [12]. Two independent analyses were developed for this search, yielding
similar results. Both analyses were blind to avoid bias and used 10% of the data to tune the event
selection criteria before examining the entire sample. Noise was separated from neutrino signal
using a simple bivariate cut in the plane of the peak cross correlation, �B:H , vs. signal strength, Γ.
This can be seen in Figure 4 for station 3 to provide good separation between noise and expected
neutrino signals. Both analyses find 0 events on a background expectation of (5 ± 2) × 10−2 for the
first analysis, and (1.0 ± 0.3) × 10−2 for the other. This analysis places an all flavor upper limit of
�� (�) = 5.6 × 10−16cm−2s−1sr−1 at an energy of 1018 eV.

6. The Phased Array

Distinguishing radio frequency signal originating from distant particle showers in the ice from
random coincident thermal noise events with good efficiency poses a challenge in designing any
array. The approach implemented in the ARA global trigger of requiring multiple antennas to
trigger within a causal time window limits the sensitivity to events that are at least 3-4 times the
thermal noise level. Further, for an embedded array, the gain of the antennas used is limited by
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Figure 5: Left: A schematic of the phased array, which consists of a densely instrumented string of vertically
polarized antennas installed in a dedicated hole at the center of ARA station 5. Right: Bymeasuring time lags
of the peak voltages between different antennas, incoming pulses can be compared to the signal expectation
for 15 incoming plane wave directions, with the relative power in each beam as a function of elevation angle
is shown.

the geometry of the boreholes, about 15 cm for ARA. The trigger efficiency can be improved using
interferometry to sum the signals frommultiple lower gain antennas in real time as proposed in [13].
Such a "phased array" trigger was implemented in the final ARA station, which was installed in the
austral summer of 2017-2018 [14].

A schematic of ARA Station 5 is shown on the left in Figure 5. Station 5 includes a densely
instrumented string hosting 7 ARA-style Vpol antennas and 2 Hpol antennas spaced 1-2 m apart
with a dedicated trigger, allowing this string to trigger independently from the rest of the station.
In every other way, Station 5 shares the same geometry as Stations 1-4. The Phased Array trigger
then compares the delays in the incoming signals that expected from a signal from each of 14
predetermined directions given by:

sin(\<) =
2<ΔC

=3
(2)

where 2 is the speed of light, < is an integer, ΔC is the sampling interval, 3 is the antenna spacing,
and = is the index of refraction of the medium. These directions, or "beams" are shown on the
right in Figure 5. The amplitude of a signal will scale with the number of antennas, # , in the
correct beam direction, while the amplitude of uncorrelated thermal noise scales as

√
# , allowing

the station to trigger at much lower signal to noise ratios (SNRs).
The ARA station 5 phased array has been demonstrated in [14] to become fully efficient at

an SNR between 1 and 2, compared to the conventional ARA trigger which turned on at SNRs
between 3 and 4. Until now, however, it was unknown whether the gain in signal efficiency would
translate into greater efficiency at analysis level, or if the events recovered would be of a quality too
poor to reconstruct. During this conference, the results of a first analysis of phased array data using
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Figure 6: Right:The efficiency at analysis level as a function of energy for the phased array is shown in blue
for events in the deep ice, and in cyan when shallow events are included. Left: The efficiency as a function
of signal to noise ratio for that phased array analysis. For comparison, the efficiency for the two station ARA
analysis is also plotted.

208 days of livetime were reported [15]. The analysis divides the data into two interaction regions
in the ice, a deep region, which contains 90% of the expected signal, and a shallow region, with a
relatively high background rate from anthropogenic activity and impinging cosmic ray air shower
cores. Tuning the event selection on a 10% "burn" sample, events failing quality criteria were
removed, and a Fisher discriminant was used to separate signal from background. The efficiency
of the event selection is shown in Figure 6. In the left panel, the efficiency is shown as a function
of neutrino energy for both the deep and surface regions, as well as for the analysis described in
Section 5. At the lowest energies, the efficiency is increased by a factor of 10. The right panel
displays the efficiency as a function of SNR of the phased array compared to ARA stations 2 and
3 at both trigger level and analysis level. The phased array deep analysis has been unblinded, with
one event observed on an expected background of 0.09+0.069

−0.0316. This observed event does not appear
to be a thermal noise event and is under investigation. This analysis only uses information from the
phased array, however, the trigger conditions were also met for the conventional strings on the host
ARA station.

Events reconstructed with the phased array can be reconstructed with excellent precision
in elevation and range however, given its azimuthal symmetry, information from the remaining
ARA strings are required for azimuthal reconstruction. Recent precision calibrations of antenna
positions [16] allow reconstruction using full waveforms, and subdegree angular resolution is
obtained.

7. Neutrino Results and Current Sensitivity

A summary of the neutrino flux limits derived from the analyses presented in this proceeding
are shown in Figure 7. The limit calculated from the conventional 2 station analysis is shown by the
solid black line, while the limit from the deep phased array anlysis is shown by the solid purple line.
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Figure 7: A summary of the ultra high energy neutrino flux limits from currently operating observatories
including those derived from the ARA 4 year, 2 station analysis (solid black line), and the six month phased
array analysis (solid purple line). Also shown in the porjected sensitivity of the phased array using the data
currently on disk (purple dotted line) and the projected single event sensitivity of all ARA data (at trigger
level) to be collected through the end of 2023 is shown by the dashed black line.

The results from the phased array comprise less than a quarter of the phased array data currently on
disk, and the projected sensitivity of the for the entire phased array dataset collected to date is shown
by the purple dotted line. ARA’s results are competitive with the other currently operating ultra high
energy neutrino arrays, which are also plotted. The projected single event sensitivity at trigger level
of the entirety of ARA data projected to be collected through the end of 2023 is illustrated by the
black dashed line. This sensitivity begins to meet the flux expectations for cosmogenic neutrinos
under favorable assumptions.

Following on the success of ARA, two new in-ice neutrino arrays are planned. ARA has
shown the pristine, cold ice near the geographic South Pole to be an ideal medium for the detection
of Askaryan radiation. In addition, ARA has demonstrated the hardware and analysis techniques
to gain sensitivity to the highest energy neutrinos. IceCube is planning an extensive expansion
and upgrade which includes a significant radio component in order to extend the measured flux of
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neutrinos several decades in energy [17, 18]. In the meantime, construction is already underway
on a northern hemisphere array in Greenland [19]. ARA continues to operate and collect data, and
remains a world competitive detector of high energy neutrinos.
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