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Abstract

Experiments designed to detect ultra-high energy (UHE) neutrinos using radio techniques are also capable of detecting the radio
signals from cosmic-ray (CR) induced air showers. These CR signals are important both as a background and as a tool for calibrating
the detector. The Askaryan Radio Array (ARA), a radio detector array, is designed to detect UHE neutrinos. The array currently
comprises five independent stations, each instrumented with antennas deployed at depths of up to 200 meters within the ice at the
South Pole.

In this study, we focus on a candidate event recorded by ARA Station 2 (A2) that shows features consistent with a downward-
going CR-induced air shower. This includes distinctive double-pulse signals in multiple channels, interpreted as geomagnetic and
Askaryan radio emissions arriving at the antennas in sequence. To investigate this event, we use detailed simulations that combine
a modern ice-impacting CR shower simulation framework, FAERIE, with a realistic detector simulation package, AraSim. We
will present results for an optimization of the event topology, identified through simulated CR showers, comparing the vertex
reconstruction of both the geomagnetic and Askaryan signals of the event, as well as the observed time delays between the two
signals in each antenna.

1. Introduction

Radio detection has become a powerful technique for study-
ing UHE CRs and neutrinos. Experiments such as the Pierre
Auger Observatory and LOFAR have successfully demon-
strated this approach by observing radio emissions produced by
CR-induced air showers [(1; 2)]. Radio neutrino detectors, such
as ARA, are also sensitive to these emissions, which can con-
stitute an important background for neutrino searches [(3)]. At
the same time, these signals serve as a valuable tool for detector
calibration and for improving overall detection performance.

CR–induced air showers produce two types of radio emis-
sion, known as geomagnetic and Askaryan emission. The
geomagnetic mechanism dominates in the atmosphere, where
charged particles are deflected by Earth’s magnetic field, gen-
erating coherent radio waves. When part of the shower pene-
trates the ice, it produces a strong Askaryan emission through
the coherent Cherenkov process, resulting from the net nega-
tive charge excess in the cascade moving faster than the speed
of light in the medium [(4)].

ARA is primarily designed to detect Askaryan emissions
from UHE-neutrino-induced showers in the Antarctic ice [(5)].
Currently, five stations, including one phased array, are de-
ployed at the South Pole. A typical ARA station consists of in-
strumentation in four boreholes, known as strings. Each string
contains two pairs of receiving antennas, with one antenna in
each pair sensitive to horizontally polarized (HPol) signals and
the other to vertically polarized (VPol) signals. The antenna

frequency response extends from 130 to 850 MHz. Addi-
tionally, two strings are dedicated to calibration pulsers, each
equipped with a pair of HPol and VPol transmitting antennas
used for detector calibration [(6)].

An event exhibiting a double-pulse structure (two distinct
peaks observed across multiple channels) was recorded by A2
and later identified in a neutrino search analysis [(7)]. This
event passed all background rejection criteria for thermal and
anthropogenic sources applied to the full dataset, covering eight
station-years. It was initially reported as a CR candidate at
APS conferences [(8; 9)] and a detailed study of the event
was recently published in Proceedings of Science [(10)]. An
independent search analysis was also performed to estimate
double-pulse events in the 2015–2016 dataset. Only this event
and a calibration pulser event passed the search. The calibra-
tion pulser event has a reconstructed vertex consistent with the
known locations of the calibration pulsers, suggesting that this
background event likely resulted from two pulsers transmitted
simultaneously [(10)].

This study presents preliminary results for a proposed event
topology, comparing the vertex reconstruction of the two ob-
served pulses with the expected geomagnetic and Askaryan
emissions from an inclined CR-induced air shower. The first
pulse is attributed to the in-air geomagnetic emission, while the
second corresponds to the in-ice Askaryan emission, as the ge-
omagnetic signal is expected to reach the antennas slightly ear-
lier than the Askaryan signal. This analysis also compares the
results for the measured time delays between the two pulses in



each channel to the differences in expected arrival times of the
two types of emission from the CR-induced air shower.
To characterize the polarization of the signals, the power ratio
recorded by HPol and VPol for the two pulses was estimated
and compared with that expected from the geomagnetic emis-
sion relative to the Askaryan emission.

2. Event Features

After de-dispersing the measured effect of the ARA signal
chain, we obtain the waveform shown in Figure 1. To perform

Figure 1: Waveforms(voltage traces in the time domain) of the CR candidate
event. Double pulses with variable time delays can be seen in the figure. The
top two rows correspond to the VPol channels, while the bottom two rows show
the waveforms in the HPol channels.

independent vertex reconstruction for the two signals, the wave-
forms were split into first and second pulses based on their cal-
culated hit times. The vertex reconstruction was conducted us-
ing the standard ARA interferometric reconstruction algorithm
and cross-validated with the signal hit time-based tool, AraVer-
tex [(11; 12)]. The reconstructed vertex positions are expressed
in the ARA station-centric coordinate system (ASC), as shown
in Figure 4. The ASC is a Cartesian reference frame, where
the origin for Station A2 is defined at the station centroid depth
of 179.9 m within the ice, and with the x-axis aligned with the
direction of ice flow at the South Pole. The zenith angle (θ)
is measured relative to the vertical (z-axis), with θ = 0◦ cor-
responding to signals arriving from directly above the station.
The azimuth angle (ϕ) is measured counter-clockwise with re-
spect to the x-axis in the horizontal plane.

The time delays between the two pulses are not uniform
across all channels, indicating the presence of two distinct emis-
sion sources rather than a single double-pulsing source. The
time delay between the two pulses depends on the propagation
paths and the media traversed by the signals from their respec-
tive sources to the receiving antennas. For a CR event, this
time difference is influenced by the shower geometry, the an-
tenna positions, the location of the shower impact point at the

air–ice interface, and the densities of air and ice. A comparison
between the measured time delays and those expected from ge-
omagnetic and Askaryan emissions in a CR air shower is shown
in Figure 5.

At the South Pole, the Earth’s magnetic field is oriented al-
most vertically. Consequently, the geomagnetic emission pro-
duced by the Lorentz force acting on CR-induced air show-
ers is expected to be predominantly horizontally polarized. In
contrast, the Askaryan emission does not exhibit a specific po-
larization preference, as its VPol and HPol components con-
tribute almost equally. Therefore, the power ratio defined as

(
∑16

ch=0 AHPol∑16
ch=0 AVPol

)is expected to be higher for geomagnetic emission
compared to the Askaryan emission. The signal amplitude A
for each channel is calculated using the relation:

A =
√

A2
env − V2

rms (1)

where Aenv is the amplitude of the Hilbert envelope of the pulse,
and Vrms represents the root-mean-squared voltage in the non-
signal region. The amplitude is then averaged over all channels
that show detectable peaks. For the CR candidate event, the
ratio of the first-pulse power ratio to the second-pulse power
ratio is 1.34.

3. Simulations

This analysis is supported by simulations performed using
a recently developed Monte Carlo–based framework designed
to model CR signals in in-ice detectors. This framework,
called FAERIE (Framework for the Simulation of Air Shower
Emission of Radio for In-Ice Experiments) [(13)], integrates
CORSIKA 7.7500 [(14)], a modified version of CoREAS, and
GEANT4 10.5 [(15)]. FAERIE includes a depth-dependent re-
fractive index for both ice and air. The modified CoREAS mod-
ule uses ray tracing to propagate the electric fields calculated in
the endpoint formalism [(16)]. These electric field traces are
then processed through the ARA detector simulation (AraSim),
which applies the detector response and produces time-domain
voltage traces. An ARA-calibrated single exponential index of
refraction model [(17)] for Antarctic ice is used in these simu-
lations.

4. Results

To define the geometry, we must estimate the primary shower
direction (θs, φs) and lateral impact distance (ds) relative to
(x, y) = (0, 0) on the surface. These shower parameters are
related to the reconstructed vertex directions (θrec, ϕrec) of the
first and second pulses as:

θs = sin−1
(

nice · sin(θrec, 1st pulse)
nair

)
(1)

φs = 180◦ − ϕrec (2)
ds = (dcenter − dmax) · tan(θrec, 2nd pulse) + dmax · tan(θrec, 2nd pulse + θc)

(3)
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Figure 2: The predicted event geometry for the CR candidate event, where the
in-ice antennas at the A2 center detect both geomagnetic emission produced in
air and Askaryan emission generated within the ice.

The station center depth (dcenter) for A2 is at 179.9 m, and the
shower maximum in ice is taken to occur at a depth of 6 m, as
determined from simulated CR showers. The bulk refractive in-
dex of ice is assumed to be nice = 1.78, and the Cherenkov angle
(θc) at the shower maximum is set to 43◦. The implied event ge-
ometry, constrained by these parameters, is shown in Figure 2,
and the four string coordinates with the impact location of the
shower given in the magnetic coordinate system are presented
in Figure 3. To probe shower-to-shower fluctuation effects,
ten CR-induced air shower events were simulated according to
the predicted event geometry for the A2 station. The simulated
data were analyzed to reconstruct the vertex direction for both
geomagnetic and Askaryan emissions in the ASC coordinate
system. The reconstructed vertices were compared with those
obtained from the first and second pulses, respectively, and
the results are shown in Figure 4. Since the geomagnetic and
Askaryan emissions originate from distinct locations and prop-
agate along different paths for each receiver antenna, the arrival
time differences between the two signals are not expected to
be uniform across channels. Figure 5 presents the simulated
time delays between the geomagnetic and Askaryan emissions
compared with the measured data, showing very close agree-
ment (albeit with a slight offset from zero), with residuals of
order a few ns. To estimate the polarization characteristics, the
power ratio was calculated from the AraSim waveforms. The
preliminary simulated value for the geomagnetic relative to the
Askaryan emission ratio is 1.74 ± 0.47, with the error corre-
sponding to the rms of our 10 simulated events. The effect of
(known) density variations in the upper ice layers where the
shower develops has not yet been evaluated.

5. Conclusion and Outlook

This study proposes a topology for the A2 CR candidate
event. The reconstructed vertex directions, obtained from

Figure 3: The four strings (S1 to S4) at the A2 station and their distances from
the point where the shower core hits the ice (impact distance) are provided in a
magnetic coordinate system. The simulated signals will be detected by antennas
located along these strings at the specified x-y coordinates.

Figure 4: Vertex reconstruction directions for the first and second pulses are
compared, respectively, with geomagnetic and Askaryan emissions recorded
by the A2 station. Calculations are performed in the ASC coordinate system,
with the origin at the center of the A2 station. The green box indicates the
direction of the IceCube Lab (ICL), a known anthropogenic source at the South
Pole. The errors are estimated from the ten simulated events.
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Figure 5: Channel-to-channel time delays, defined as the difference in arrival
times between the two pulses, where the arrival time is determined by the peak
of the pulse in the Hilbert envelope of the waveform. Errors are based on ten
simulated events.

simulated geomagnetic and Askaryan radio emissions of a
CR–induced air shower, show good agreement with the
measured vertex directions corresponding to the first and
second pulses in the data, with residuals smaller than 2◦. The
measured time delays between the two pulses also closely
match the simulated delays, with residuals less than 5 ns
between the geomagnetic and Askaryan components across
different channels.
The results for the power ratio of the geomagnetic to Askaryan
components further demonstrate consistent alignment between
simulation and observation, despite significant event-to-event
amplitude fluctuations.
Ongoing work aims to further tune the relative power
contributions of the two emission mechanisms and to estimate
the primary CR energy associated with this event. We
emphasize that this study is still in progress. Therefore, the
results presented here should be regarded as preliminary.
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