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A radio-frequency polarization measurement by the ARIANNA surface station was performed
using a residual hole from the South Pole Ice Core (SPICEcore) Project. Radio pulses were emitted
from a transmitter located down to 1.7 km below the snow surface. After deconvolving the raw
signals for the detector response and attenuation from propagation through the ice, the signal
pulses show no significant distortion and agree with a reference measurement of the emitter made
in an anechoic chamber. The direction to transmitted radio pulse was measured with an angular
resolution of 0.37 degree [statistical error]. For polarization, the statistical error of the polarization
vector is depth dependent and below 1 degree. In addition, a slowly-varying systematic variation
is observed as a function of depth with an rms error of 2.7 degrees. Neither the direction or
polarization measurement show a significant offset as a function of depth relative to expectation.
We also report on the results of a simulation study of the ARIANNA neutrino direction and energy
resolution. The software tool NuRadioMC was used to reconstruct the polarization and viewing
angle to determine the neutrino direction. Multiplemodels of Askaryan radiation and detector sites
along with a range of neutrino energies were evaluated. The neutrino space angle resolution was
determined to be below 3 degrees, which is comparable to the systematic polarization uncertainty.
Therefore it is expected that the polarization resolution, which is the dominant contribution to the
neutrino space angle resolution, will be improved in future studies by determining and eliminating
systematic effects.
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1. Introduction

During the last decade, several ultra-high energy (UHE) neutrino detector designs (for the
purposes of this paper, a UHE neutrino is defined as neutrino energy, �a , in excess of 1017 eV)
based on the detection of short duration radio pulses have been tested in the pilot phase. Over
the same time, the observation of gravitational waves and high energy neutrinos have provided the
astrophysics community with the potential to observe sources emitting a variety of messengers,
each providing its own insights on the physics mechanisms. To contribute to the growing effort
in multi-messenger astronomy, radio-based neutrino detectors must determine the direction and
energy of the neutrino event with as much precision as possible. Reducing the angular uncertainty
will simplify the search for concurrent observations from high energy gamma ray telescopes, lower
energy neutrino telescopes, gravitational wave detectors and potentially UHE cosmic ray detectors
such as the Pierre Auger Observatory and Telescope Array. The time scale for neutrino emission is
highly uncertain. Explosive sources may emit neutrinos on O(1) second or shorter, and transient or
flaring time scales may last for years. The best studied source observed by IceCube, TSX0506+056,
emitted neutrinos within a flaring period that extended for months. A broad search over unknown
timescales places a strong emphasis on developing technologies and analysis techniques that reduce
the space angle resolution for all candidate events.

There is a second benefit from the measurement of angular direction because, as explained
in section 2, it depends on the measurement of the polarization direction of the electric field.
Polarization, combined with angular direction of the propagating pulse, and distance to the vertex
provide a self-consistent measurement of neutrino properties that are unlikely to be fulfilled by
many background processes. As an example, the polarization direction of radio pulses produced by
cosmic ray interactions in the atmosphere is predominantly horizontal, which helps to distinguish
these events from neutrino signatures. Backgrounds may be identified from the computed angular
direction. At energies relevant to ARIANNA, events that pass through the earth are incompatible
with standardmodel neutrino properties and likely background. Since the goal of the next generation
of radio-based neutrino telescopes is to improve the sensitivity for neutrino detection by four orders
of magnitude (relative to the sensitivities achieved by pilot arrays), the identification and removal
of exceedingly rare background events has high priority. The ingredients required to measure
the neutrino direction with good precision provide additional handles to help identify unforeseen
background processes.

A pilot array of the ARIANNA high energy neutrino detector is located at Moore’s Bay,
within the Ross Ice Shelf in Antarctica [1]. Its near surface design streamlines the measurement of
polarization, vertex distance, shower energy, and neutrino direction with only five antenna channels.
Two station configurations have been studied for an assessment of neutrino direction resolution [2]:
(1) an 8 channel design consisting of 4 downward facing LPDA buried to a depth of 1 m and four
vertically oriented dipoles at a depth of 1 m, and (2) an 8 channel design consisting of 4 downward
facing LPDA, and 1 dipole at a depth of 15 m. Design (1) was installed at the South Pole at a
distance of 650 m from a previously drilled ice core (SPice), and (2) was installed at Moore’s Bay
(station 51). Configuration (2) was studied for both the Moore’s Bay site and South Pole site .

It is desirable to compare the flux of neutrinos measured by independent techniques. Over
much of the energy regime targeted by ARIANNA, another technique has been developed that
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installs antennas between 100 m and 200 m beneath the snow surface. The deep ice technique
provides more volume per station, but more limited options for antenna receivers (since constrained
to fit in a relatively narrow hole) and highest cost per hole. The deep ice relies on a volumetric
reconstruction that differs from the ARIANNA technique that relies on area based reconstruction
using directional LPDA antennas.

At lower energies, it is conceivable that radio techniques will overlap with optical neutrino
detectors, especially if the next generation of larger optical Cherenkov detectors are constructed.
Not only would a detailed comparison between the two detector architectures be immensely valuable
in boosting confidence in the radio results, but radio could complement optical by providing an
independent measurement of the angular direction, perhaps with comparable angular resolution for
some classes of events, for sources in the southern sky.

It is notoriously difficult to predict the antenna response over all angles and frequencies when
it is embedded in a non-uniform medium. The upper 100 m of Antarctic ice varies in density
with the largest gradients near the surface. In addition, nearby discontinuities from the air-snow
boundary will create additional challenges to modeling the antenna response. The ARIANNA
station was designed to minimize many systematic issues associated with antenna responses by
installing the receivers in a symmetric geometric layout. Many systematic errors associated with
antenna responses are eliminated in the measurement of time delays between parallel antennas using
a cross-correlation technique that requires that both waveforms show similar shapes. The antenna
layout has an important impact on the resolution of measurable quantities such as angular direction
of the radio pulse, the vertex resolution or neutrino angular resolution. The same argument holds for
the rest of the front end signal chain such as amplifiers, cable effects, and readout electronics. The
4 fold symmetry provides two parallel measurements for two orthogonal polarization directions,
minimizing the effects of systematic uncertainties in the response functions. Though the angular
direction of the radio pulse can be triangulated from just three antennas, the antenna effects in mixed
media near a discrete boundary must be understood with excellent precision.

An orthogonal geometry of LPDAantennas allows for themeasurement ofmultiple polarization
components and provides the ability to reconstruct the electric field. A vertically orientated dipole
antenna, located at a depth of 15 m, provides an important measurement of a time-separated direct
and surface reflected signal within the same time record. Time delays between the direct and
reflected signal are used to determine the distance to the source of the event. The timing resolution
between direct and reflected signals was measured to be as good as 5 picoseconds for high signal-
to-noise ratios [3] because the effects of the antenna model, channel to channel time delay offsets,
and amplifier response is again completely removed when measured by a common antenna.

2. Directional and polarization reconstruction using in-situ pulser

As discussed in [4], the angular direction of the neutrino is computed from the following
information: (1) the polarization direction of the electric field, (2) the arrival direction of the radio
pulse, (3) the location of the interaction vertex, (4) the angle of emission of the radio signal relative
to the shower axis, which is within 20 degrees of the Cherenkov angle, and (4) refractive properties
of the ice medium. An accurate ice model is required to propagate the arrival direction and
polarization vector to the interaction vertex. The accuracy of these measured quantities was studied
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Figure 1: (left) Schematic illustration of ARIANNA Station 51 at South Pole. (right) Horizontal view of
SPice hole geometry. Green dash demarcates the shadow zone. Blue and orange dash show two arbitrary
paths.

in ARIANNA station 51 using in-situ radio pulses collected during the last week of December,
2018. Figure 1 shows a sketch of ARIANNA station 51 at the South Pole and the geometry between
the SPice hole and station 51.

The signal transmitter (IDL-1 pulser) was connected to a bicone antenna which was lowered
to a depth of 1.7 km inside the SPICE hole and was vertically-oriented (to match the form-factor of
the SPICE hole) [5]. The IDL-1 pulser broadcasts short duration radio frequency pulses through
the bicone antenna with a repetition rate of 1 Hz, which is then detected by the ARIANNA station.
Several thousand pulser events were directly transferred over the Iridium satellite network for
offline analysis of the angular and polarization reconstruction capabilities of ARIANNA. The
characteristics of the signal transmitter were tested in an anechoic chamber and combined with
simulations of the known ice effects on signal propagation from transmitter to receiver in the SPICE
run.

Station 51 is located roughly 1 km from South Pole Station and 0.65 km from the SPICE hole.
Initially, the geometry of the bore hole was unavailable to us, so the first angular reconstruction
results were first presented assuming no tilt in the SPICE hole [6]. Radio pulses were emitted from
a transmitter in the SPice hole that was lowered from the surface to a depth 1.7 km, the maximum
depth of the borehole. After deconvolving the raw signals for the detector response and attenuation
from propagation through the ice, the signal pulses show no significant distortion and agree with a
reference measurement of the emitter made in an anechoic chamber. The direction to transmitted
radio pulse was measured with an angular resolution of 0.37 degree [statistical error].

Recently, the SPiceCore Collaboration has provided the geometry of the hole as a function of
depth. Fig.2 shows the differences between measured and expected arrival directions, where the
hole geometry was included (for details, see [2]). Compared to the earlier study, including the
tilt profile slightly improves the angular reconstruction results. Uncertainties in the SPICE hole
geometry translates to a systematic uncertainty in the relative position of the emitter with respect to
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Figure 2: Difference between measured and expected arrival directions (top plots:zenith angle, bottom plots:
azimuth angle). Left plots show the depth dependence; histogram projections are shown on the right. The
expected direction includes the known geometry of the hole. Light blue triangles show the residuals using
the four LPDAs along with a 10 m average shown in a darker blue color. Red squares show the residuals using
the four dipoles along with a 10 m average shown in a darker red color. The red vertical line corresponds to
a reflection coefficient from the snow surface of 0.1, while the blue vertical line corresponds to a reflection
coefficient of 0.5. The gray shaded area indicates the periods where station 51 was in communication mode
and thus not taking data. The projected histograms (LPDAs:blue dash, dipoles:solid red) present the residuals
on an event-by-event basis (i.e. without the averaging).

the detector station, which in turn results in a systematic uncertainty in the predicted signal arrival
direction. The depth dependence has flattened for depths greater than 1 km, leading to improved
zenith and azimuth resolutions by roughly 0.05° for each antenna type. This demonstrates that the
angular reconstruction by an ARIANNA station is sensitive to typical variation in the geometry of
cored boreholes.

The linear polarization of the arriving radio pulse was determined as a function of depth and
compared to expectation based on laboratory measurements of the transmitting pulser (Fig. 3,
right). There is a slowly varying systematic error as a function of depth of 2.7 degrees. Statistical
error in the polarization measurement is smaller than 1 degree, but the excellent precision is partly a
consequence of the large signal to noise. Neither the direction nor polarization measurement show
a significant offset as a function of depth relative to expectation. The right panel of Fig.3 shows
the depth dependence of both polarization components. The relatively flat response of the theta
component indicates good understanding of ice effects during propagation. Only the subdominant
phi component shows a variation with depth which causes the variation in the polarization angle
measurement. Laboratory calibration studies of the SPice transmitter show strong differences
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Figure 3: (left) Polarization angle as a function of depth (data). Yellow band shows expected polarization
of transmitter (right) Polarization components as a function of depth. The theta component is scaled down
by factor 5. For additional details on these calculations, see Ref.[2]

between the theta and phi component in the frequency and time dependence of the electric field.
This will not be the case for neutrino emission. It is possible that small errors in the angular
emission emission model within a cylindrical borehole are responsible for the depth dependence in
the phi polarization. Future work will focus on determining the cause of the systematic error.

3. Monte Carlo study direction reconstruction of ARIANNA detector

In-situ measurements described in the previous section and cosmic ray "test beams" [7] were
used to validate many of the elements required to reconstruct the direction of the neutrino, including
the signal arrival direction, the description of the ice properties to correct for the bending in the
near surface ice, and signal polarization. However, in-situ measurements involved radio pulses with
relatively large signal to noise ratio (SNR). In this section, we present the results of a simulation
study using NuRadioMC [8] that evaluates the space angle resolution of the neutrino (where space
angle is the angular difference between the reconstructed angular direction and the true angular
direction of the neutrino) for a realistic event distribution generated by high energy neutrinos. The
detector configuration is shown in left panel of Fig.4 which has been proposed for the next phase
of ARIANNA [9] and suggested for the surface component of the radio neutrino array of IceCube-
Gen2[10]. Station 52 [7] of the ARIANNA pilot array, which has similar geometry, used cosmic
rays as a "test beam" to study polarization resolution.

The simulation generated a random distribution of hadronic showers from neutrino interactions
at specific energies in the South Pole ice. The detector triggers on the observed amplitude within
a restricted frequency band [11] of 80-150 MHz at threshold of 3.9+A<B in the downward LPDA,
with a simple 2 of 4 majority logic. The reconstruction begins with the waveforms observed by
the station receivers, and searches for a minimum in the global fit of angular parameters using the
forward-folding method (see Fig. 5 left) [12]. A realistic distribution of the location of interaction
vertices, due to reconstruction uncertainties [3], was included though this had small impact on
the space angle resolution [2]. Electromagnetic showers initiated by a4-CC interactions are in
general more challenging to reconstruct, due to the LPM effect distorting the shower development,
but a recent study using deep-learning techniques showed that also this event topology can be
reconstructed with only a slight deterioration in angular resolution compared to hadronic showers
[13].
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Figure 4: (left) Schematic of station geometry used in the simulation of space angle reconstruction. (right)
Schematic of ray paths for one of the four downward facing LPDA (solid blue is direct path, blue dashed
reflects off the snow-air surface) and the central dipole (solid red=direct, dashed red=reflected)

Figure 5: (left) Example event showing the amplitude variation in the time dependent signals in the LPDA
(top 4 panels) and dipole (bottom panel). The double pulse structure in the dipole shows the time difference
between the direct and reflected pulses. The yellow trace shows the outcome of global fit. To help visualize
the event, the selected SNR was unusually high. (right) Distribution of space angle difference between
reconstructed angular direction and true angular direction, ΔΨa for several neutrino energies.The angle that
contains 68% of the events is shown in legend.

The right panel of Fig.5 shows the space angle resolution, which is given by the 68% contain-
ment parameter, f68% for neutrino energies spanning from 1017eV to 1018.5 eV. The distributions
show all triggered events without additional quality cuts. It shows that the space angle resolution
of the surface station is approximately 3 degrees, with a small dependence due to energy. The
limitation is primarily due to noise fluctuations in events with very small signals in the dipole or one
of the pairs of LPDA or both. The angular resolution is improved by imposing an additional quality
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cut on the minimum amplitude in all four LPDA, but this also reduces the fraction of neutrino events
in the analysis sample. The angular resolution can be improved by replacing the single dipole with
a phased array of 4 or more dipoles [2] because of the improved SNR relative to a single dipole.
Another improvement is expected when the back lobe response of the downward facing LPDA is
included in the reconstruction. One final note. The studies of [2] show that the angular resolution of
the viewing angle, which is the actual angle of emission that reaches the ARIANNA station relative
to the angle of the Cherenkov cone, can be determined to an accuracy of 1 degree. The relatively
small error can be attributed to the broad frequency response of the LPDA because the frequency
spectrum depends on the viewing angle as well as the observation of the amplitude differences in
the direct and reflected signal pulse observed in the dipole channel.

4. Conclusions

Reducing the error in the angular direction broadens the reach of multi-messenger searches
for time variable sources. In addition, polarization is a valuable tool to identify rare, and perhaps
unforeseen, background events that may arise in future detectors that expect to increase the sen-
sitivity by factors of 102 − 104 relative to current radio-based limits. Measurements of the signal
arrival direction from in-situ pulser signals showed agreement with expectation to within 0.37° af-
ter correcting for propagation effects and hole geometry, indicating good understanding of antenna
response of the buried LPDA, index of refraction as a function of depth, and attenuation. It was
expected that the ARIANNA design, which employs the same antenna type (LPDA) in orthogonal
directions, would reduce the systematic errors in a polarization measurement. The same in-situ
studies at the South Pole yielded 1° resolution (stat) in the polarization direction, an encouraging
result. The combination of these two studies, and an earlier study of the DNR method [3], validates
critical components of the simulation tools. End-to-end simulation studies of the directional recon-
struction capabilities of an ARIANNA-style surface detector gives a space angle (68% containment)
of 2.9 degrees for all triggered neutrino events (so no additional quality cuts were imposed) with
�a = 1018 eV. The space angle resolution varied weakly with energy.
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