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The Askaryan Radio Array (ARA) is an ultra-high energy (> 10 PeV) neutrino detector located in
the Dark Sector of the South Pole. It consists of five in-ice stations of antennas that are designed to
detect radiation emitted by relativistic particle showers that are byproducts of neutrino interactions
in the ice, which generate a cone of Cherenkov radiation in the radio regime (known as Askaryan
radiation). The neutrino direction can be reconstructed through a combination of the direction of
the Askaryan radiation, its polarization, and its frequency content. Since neutrinos are unaffected
by electromagnetic forces and virtually unaffected by gravity, they travel in a straight line through
the universe. This allows us to point them back towards potential sources. Through the use of radio
pulser measurements, which are controlled radio emissions with a known polarization signature,
we can evaluate our reconstruction techniques. Here I will show our reconstruction resolution
after applying our reconstruction methods to pulser measurements.
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1. Introduction

Neutrinos are a useful tool for probing the universe, as they are unaffected by electromagnetism
and virtually unaffected by gravity. It has been discovered that when an ultra-high energy (UHE)
neutrino interacts in a dense dielectric medium, it induces a particle shower and emit coherent
Cherenkov radiation in the radio regime [1, 2]. Detecting the radio emission via the Askaryan effect
offers a unique opportunity to study these ultra-high energy neutrinos. The Askaryan Radio Array
(ARA) is located beneath the ice at the South Pole (see Figure 1), and is designed to detect the
radio signal created by UHE neutrinos above 10 PeV. Understanding the polarization properties of
the Askaryan emission will enhance our understanding of neutrino interactions in the South Pole
ice, as well as the ice itself which exhibits birefringent properties [3, 4].

This paper aims to explore methodologies in reconstructing the polarization of simulated radio
pulsers as measured by Station A2 and the reconstruction resolution as a result of those methods.
This work serves as a continuation of a past exploration into this topic that sought to reconstruct
the polarization [5]. A key difference in this current effort is a change in the geometry defining the
polarization, which is laid out in Section 2.1. There are a few things we wish to note about this
analysis:

* The results in this paper are only for simulated pulser measurements. We plan on expanding
this analysis to real data in the near future.

* We have yet to study the systematic uncertainties of our reconstruction, so we only show
statistical error.

* In our pulser simulations, the polarization is calculated at the receiver rather than the source.
We plan to update our simulations to define the polarization at the source and implement
birefringence [3, 4] in the ice to study how the polarization changes as the ray propagates.
Additionally, we need to model the response of the transmitting antenna.

* At present, our simulations do not implement the cross-polarization response in our antennas.
We plan on implementing that in the future for this analysis.

* We use a channel-by-channel response for our electronics/amplification, but our antenna
response is simply based on antenna type.

2. Methodology

2.1 Defining the Polarization

Following convention set in [3] we define the polarization angle as shown in Figure 2, where
it is defined as the angle with respect to the vertical (—f-direction) in the k-plane. This means that
a pure vertically polarized (VPol) signal would be at an angle of ¥ = 0, while a pure horizontally
polarized (HPol) signal would be at an angle of ¥ = 90°. By simple geometry, the polarization
angle W follow the equation:

>
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Figure 1: (Left) A top-down view of the ARAS instrument deployed at the South Pole. Station A2 is the
focus of the analysis described in this paper. (Right) A schematic of an ARA station showing the arrangement
of the VPol and HPol antennas. FO is a fiber-optic transmitter. [6]
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Figure 2: Illustration of how we define the polarization angle ¥. For an antenna oriented along the z-axis
(cyan cylinder) and an incoming RF signal traveling in the &-direction, the polarization angle is defined with
respect to the vertical in the plane of k. The projections of the polarization vector  onto  and ¢ are used
to calculate the polarization angle ¥ as shown in Equation 1 as well as in the polarization factor defined in
Equation 6.

This definition of the polarization is in contrast to past work in [5], where the polarization is defined
using angles with respect to the z-axis of the antenna. Defining the polarization in k-plane simplifies
the analysis and allows for a more intuitive understanding of the polarization. We do not study
the polarity of our signal in this analysis (i.e. what quadrant of the k-plane p points into), so we
constrain our analysis for simulated pulses with the domain of ¥ € [0, 90°].

2.2 Simulating Antenna and Electronics Response

We explored the reconstruction of the polarization by simulating a simple pulse given by an IDL
(Instrumentation Design Lab) pulser used in Spice Pulser from UNiversity of Kansas (SPUNK),
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which was lowered into the borehole drilled South Pole Ice Core Experiment (SPICE) [7]. We
accomplished this by crafting simulations where Station A2 would detect RF pulses at the SPICE
borehole ~2.3 kilometers away with the pulser one kilometer below the surface of the ice. We use
AraSim [8], which simulates the ice attenuation, antenna response, and frequency response. It does
not yet have the capability to simulate cross-pol response, which we plan on implementing into
AraSim and this analysis in the future.

When the signal reaches the detector, AraSim applies the antenna and electronics response as
follows. Let E () be the electric field of the signal at the detector. The time-dependent voltage
measured by the antenna is given by the projection of the electric field onto the effective height /g
of the antenna.

V(1) o hegr - E (1) 2

There are additional steps to incorporate the gain of our antenna and electronics/amplifier,
which we lay out below. To simplify our calculations, separate our electric field into its time-
dependent ampltitude E (¢) and the direction of its polarization p. We then transform it into the
frequency domain

E(1) = E(w) = |E (w) |- &' 3

where @ is the initial phase of the signal. The electronics and antenna response is given by the
transfer function below.

Gelec (w, Ch) = Zelec (‘Ua Ch) : e_iq)eleC(w’Ch) “)
PRI R s i (w,k,)
Gane (8 p.J) = - her (@R 5) - P (P e 5)
. p-0 ifj=0
P(p,1)={A N (6)
p-¢ ifj=1

Where w is the frequency of the measured radio signal, ch is the channel of our station, & is the
trajectory of the incoming radio signal, A.g is the effective height of our measuring antenna (which
contains the antenna gain), gelec 1S the electronics gain, P is our polarization factor (projection
of electric field onto the antenna), j indicates if the signal was measured by a VPol (j = 0) or
HPol (j = 1) antenna, and ® are the phase terms. The gain, effective height, and phase terms are
data-driven models that are packaged into AraSim [8], which are on a per-channel basis for the

electronics response but only a per-antenna-type basis for the antenna response. The \%2 term in

Equation 5 is due to a 3 dB splitter in the ARA Data Acquisition System [9], whereas the % term is
for calculating power from the effective height [10]. The transfer functions are then applied to the
original waveform in the frequency domain, then converted back to the time domain.

v (w) = Gelee * Gant * E (w) = V(1) @)

Where V (¢) is the time-dependent voltage measured at the receiver. Our goal is to deconvolve
those waveforms in order to extract the polarization factor P defined in Equation 6, so that we may
calculate the polarization angle.
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Figure 3: Examples of simulated waveforms (measured voltage versus time) at different polarization angles
Y as measured by the A2 station with our deconvolution applied as described in Section 2.3. The top row
are the measurements in the VPol channel, while the bottom represents the HPol channel. The orange trace
represents the Hilbert envelope, which we use to find our peak ampltitude. Note that in channels where we
expect no signal (HPol for ¥ = 0 and VPol for ¥ = 90) we measure noise that we cannot fully eliminate,
which causes an offset in our reconstruction as seen in Figure 5.

We calculate the signal-to-noise ratio (SNR) of our waveform using the time-dependent voltage
in Equation 7 for the VPol and HPol channels following convention in [5] and given by the equation
below:

Vpeak

SNR = ()

Onoise
where Vpeak is the absolute value of the peak amplitude across the waveform, and oyoise is the
root-mean-square of the noise obtained from the first 50 ns of the waveform. The SNR for different
expected polarization angles W are shown in Figure 4, where the VPol (HPol) SNR is defined as
the median SNR across VPol (HPol) channels for a single event.

2.3 Deconvolving the Waveform

To reconstruct the polarization, we must reconstruct the location of the source using a standard
ARA source reconstruction algorithm. This source reconstruction is not the focus of this paper, but
is described in detail in [6, 7, 11, 12]. It calculates the location of the source, then calculates the
appropriate k for each antenna using a depth-dependent index of refraction described by

n(z) =ng — (ng —ng)e"<* ©

for negative depths z below the surface of the ice, and where ny = 1.35, ngy = 1.78, and n, =
0.0132m~! are generated from a fit of index of refraction versus depth in [13]. Due to the varying
index of refraction with ice, the radio pulses will follow an arc between the source and receiver.
This allows for two ray-tracing solutions: a direct ray and a refracted/reflected ray [7]. For this
analysis, we focus only on the direct ray solutions.
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Signal-to-Noise Ratio versus Expected Polarization for Simulated Pulsers
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Figure 4: Signal-to-noise ratio (SNR) prior to deconvolution for VPol and HPol versus expected polarization
for the simulated IDL pulser at 1000 meters in depth located at the SPICE borehole. We find that for strong
VPol signals (¥ near zero) our HPol SNR is low. Similarly, for strong HPol signals (¥ near 90 degrees) our
VPol SNR is low. In these low signal regions, our noise fluctuations are large enough to exceed the RMS
NOiSe Oyoise defined in Equation 8, causing a Vpeak > Onoise» Which gives a SNR > 1. This causes an offset in
our reconstructed ¥ near zero and 90°, which we see in Figure 5. Additionally, due to our VPol and HPol
antenna having different effective heights, the SNR of a pure HPol signal (¥ = 90°) in an HPol channel will
always be lower than that of a pure VPol signal (¥ = 0°) in a VPol channel, which is the reason for the blue
HPol curve not reaching the lower maximum SNR compared to the yellow VPol curve; as well as the reason
for the two curves crossing at Wgxpected = 55° rather than 45°.

We convert our measured waveform into the frequency domain and apply a Butterworth
bandpass filter from 150 MHz to 300 MHz to reduce out-of-band noise, as we expect the pulser
signal to be strongest in the aforementioned range. We then calculate the entire electronics response
in Equation 4 as well as the antenna phase and effective height terms in Equation 5. With those
values, we can define transfer functions that invert our antenna and electronics terms:

Ge?lelzc (w, ch) = (gelec (w, Ch))_l : eiq)eleC(w’Ch) (10)
1 B (w.k.j)
Gl (w,l%,ﬁ,j) = ( Net (a)l%])) ALY (11)
ant 2V2

Where Equation 11 isn’t the exact inverse of Equation 5, as we do not know the polarization of our
signal at this stage of the analysis, so we cannot invert the polarization factor P. If we apply these
inverse functions on our measured waveform, we are left with a deconvolved waveform that still has
the polarization factor folded into it.

*—1 * G—l

VD ((,()) = Gant elec * V (6()) =P (ﬁ’ .]) * E ((,()) (12)

Where Vp is our deconvolved signal. The polarization factor is a scalar and is independent
of frequency, so it is unaffected by Fourier Transforms and allows us to write our deconvolved
waveform in the time-domain as:
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Vp (1) =P (p.J)-E(1) 13)

The term E (r) represents the electric field of our signal when it arrives at our antenna. The A2
station (as well as other ARA stations) are designed such that each string has a top and bottom pair
of VPol and HPol antenna (see Figure 1), where the components of each pair are separated by three
meters. It is then assumed that the component antennas of each pair measure the VPol and HPol
components of the same electric field. We can then assume, for partner VPol and HPol pairs, that
the amplitude FE (f) is equal across both antennas. Thus if we take the ratio of measured signal
Vp (2) and utilize Equation 1 we would find the polarization angle V.

1% P(p,j=1)-E(t) p-é
Vpveo P(p,j=0)-E(t) p-0

In our analysis, we calculate the Hilbert envelope of our deconvolved signal (as shown in Figure

3 and find the time-stamp of the larger peak amplitude between partner HPol and VPol channels. In
Figure 3 the VPol signal is clearly larger for the ¥ = O case, we then use a 20 ns window centered
around the time stamp of that peak to find the amplitude in the HPol channel. The 20#s is to
account for differences in arrival time at the antenna. We excluded channel pairs 5/13 and 7/15 to
match our on-going analysis of real SPIceCore pulser data. Channel 5/13 is removed due to the
direct pulse getting cut off in the beginning of the waveform, whereas Channel 7/15 is removed due
to anomalous behavior in the HPol amplification. We then take the ratio of Hilbert peaks at those
time-stamps to minimize the effect of noise and obtain our polarization angle.

3. Results and Conclusions

The goal of this paper is to show our current efforts on reconstructing the polarization of
simulated radio pulsers using the ARA Station A2. Following the steps laid out in Section 2.3,
we performed our reconstruction in the absence of systematic uncertainties and cross-polarization
response and show our reconstruction resolution in Figure 5. This resolution was calculated by
averaging over six of the eight VPol/HPol antenna pairs in A2. The offsets in our reconstruction
near ¥ = 0 and ¥ = 90° are due to low signal-to-noise ratio in the HPol and VPol channels,
respectively, as shown in Figure 4. We expect that this offset can be decreased by a reduction of the
in-band noise and signals with higher signal-to-noise ratio.

As we have previously noted, our simulations are not yet capable of simulating cross-
polarization and we do not consider systematic uncertainties in our reconstruction. Previous
results in [5] quoted a resolution of approximately 5° whereas we quote less < 1° due to using
a simplified coordinate system described in [3] and shown in Figure 2, and averaging over six
quality channel pairs. Compared to previous work, this is based on simulated pulsers rather than
neutrinos, and channel-to-channel variations in amplification gains are also included. Both of these
resolutions are at a signal-to-noise ratio of approximately 20 in ARA’s system, which correspond to
a signal-to-noise ratio of approximately 5 in [14] where a resolution of 2.7° was quoted using SPICE
data. In on-going work, we will implement antenna cross-polarization and systematic uncertainties,
including channel-to-channel variations in antenna gain, which we expect to affect the accuracy but
not the precision quoted here.
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Polarization Angle W Resolution versus Expected Polarization for Simulated Pulsers
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Figure 5: Resolution versus expected polarization angle, averaged across VPol/HPol channel pairs, for a
simulated IDL pulser at 1000 meters in depth at the SPICE borehole. We simulated 100 events at each
WExpected € [0,90°] in increments of 1° for a total of 9100 events. The orange band represents the 68%
containment of events, but we wish to note that it only shows the statistical error. Our next step is to consider
the systematic uncertainties. The offset in median near Wgxpeciea = 0 is due to noise overpowering the weak
HPol signal and similarly for weak VPol signal in the Wgxpeciea = 90° region. This median can be brought
closer to zero in those regions with further noise reduction and pulses with a higher signal-to-noise ratio.
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