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Abstract. The TAROGE-M radio observatory is a self-triggered antenna array on top of
the ∼2700 m high Mt. Melbourne in Antarctica, designed to detect impulsive geomagnetic
emission from extensive air showers induced by ultra-high energy (UHE) particles beyond
1017 eV, including cosmic rays, Earth-skimming tau neutrinos, and particularly, the “ANITA
anomalous events” (AAE) from near and below the horizon. The six AAE discovered by
the ANITA experiment have signal features similar to tau neutrinos but that hypothesis is
in tension either with the interaction length predicted by Standard Model or with the flux
limits set by other experiments. Their origin remains uncertain, requiring more experimental
inputs for clarification.

The detection concept of TAROGE-M takes advantage of a high altitude with synoptic
view toward the horizon as an efficient signal collector, and the radio quietness as well as
strong and near vertical geomagnetic field in Antarctica, enhancing the relative radio signal
strength. This approach has a low energy threshold, high duty cycle, and is easy to extend
for quickly enlarging statistics. Here we report experimental results from the first TAROGE-
M station deployed in January 2020, corresponding to approximately one month of livetime.
The station consists of six receiving antennas operating at 180–450 MHz, and can reconstruct
source directions of impulsive events with an angular resolution of ∼ 0.3◦, calibrated in situ
with a drone-borne pulser system. To demonstrate TAROGE-M’s ability to detect UHE air
showers, a search for cosmic ray signals in 25.3-days of data together with the detection sim-
ulation were conducted, resulting in seven identified candidates. The detected events have a
mean reconstructed energy of 0.95+0.46

−0.31 EeV and zenith angles ranging from 25◦ to 82◦, with
both distributions agreeing with the simulations, indicating an energy threshold at about
0.3 EeV. The estimated cosmic ray flux at that energy is 1.2+0.7

−0.9 ×10−16 eV−1 km−2 yr−1 sr−1

, also consistent with results of other experiments. The TAROGE-M sensitivity to AAEs
is approximated by the tau neutrino exposure with simulations, which suggests comparable
sensitivity as ANITA’s at around 1 EeV energy with a few station-years of operation. These
first results verified the station design and performance in a polar and high-altitude environ-
ment, and are promising for further discovery of tau neutrinos and AAEs after an extension
in the near future.

Keywords: cosmic ray experiments, cosmic rays detectors, neutrino detectors, neutrino
experiments

ArXiv ePrint: 2207.10616
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1 Introduction

The origin and the characteristics of ultra-high energy (UHE, above 1017 eV) cosmic rays
(CRs) have been long-standing puzzles. UHE cosmic neutrinos, expected to be generated
as UHECR interact with radiation or matter nearby the sources or with cosmic background
photons, can help resolve the mystery of the cosmic accelerators and understand the Universe
at the most extreme energies (see reviews in refs. [1, 2]).

An effective way to observe UHE particles is to detect the coherent radio emission emit-
ted by the extensive air showers they induce in the atmosphere. The coherent radio signal
arises mainly from the geomagnetic emission as electrons and positrons in air shower are de-
flected in opposite directions by the geomagnetic field; the signal is linearly polarized along
the (~v × ~B) Lorentz force direction [3]. The secondary emission mechanism is the Askaryan
effect as the shower develops a ∼ 20% negative charge excess and is radially polarized from
the shower axis. The ultra-relativistic air shower leads to forwardly beamed emission and
the Cherenkov effect imprints a ring-like lateral profile of about 1◦ opening angle in air and
results in time-compressed pulses of about 10 ns duration [4]. The radio detection of UHE air
showers has substantially advanced in the last decade, thanks to the precise characterization
of radio emission by different radio observatories such as LOFAR [5] and AERA [6], by con-
trolled beam experiments [7, 8], and also by the development of microscopic shower and radio
simulations from first principles [4, 9]. Cross-calibration between different approaches, in-
cluding conventional particle and fluorescence detectors has made the radio technique capable
of reconstructing parameters of primary particles such as direction, energy, and composition
with high precision (see, e.g. ref. [10] for a review). The radio detection technique can also be
applied to detecting UHE Earth-skimming tau neutrinos via air showers initiated by the de-
cay of tau leptons produced when neutrinos interact with terrestrial rock via charged-current
interactions.

Antenna arrays at high altitude with synoptic views toward the horizon can be particu-
larly efficient detectors for both UHE cosmic rays from the sky and also Earth-skimming tau
neutrinos from below the horizon. The balloon-borne ANITA experiment, a radio antenna
array covering the 200–1000 MHz frequency band at about 35 km altitude above Antarctica,
is the pioneer of this approach. ANITA detected not only dozens of UHECRs, but also dis-
covered six tau-neutrino like “anomalous events” with signatures of upward-going air showers
of EeV energies over the course of four flights [11–13]. The first two ANITA anomalous events
(AAE) discovered in ANITA-I and III had steep elevation angles -27◦ and -35◦ below the
horizon, while the other four found by ANITA-IV were shallower, within 1◦ below the hori-
zon. The diffuse UHE tau neutrino scenario is highly disfavored as this implies that those
two steeper events traversed ∼ 10 times the neutrino interaction length predicted by Stan-
dard Model. It is also in tension with the most stringent diffuse flux limits currently set by
IceCube [14] and the Pierre Auger Observatory [15] (hereafter Auger), and by ANITA’s own
lack of detection of Askaryan radiation from ice [16, 17].

The hypothesis of transient neutrino point sources is also in tension with both Auger’s
limit [17] and, at lower energies, those of the IceCube [18] experiment. Several alternative
interpretations of AAE have been proposed, some resorting to physics beyond Standard
Model (e.g. [19–26]), while others invoke less exotic explanations, e.g. by coherent transition
radiation [27] or by subsurface reflections in the ice [28], although that explanation contradicts
data taken with HiCal-2 [29]. Clearly, more events are needed to resolve the mysterious origin
and nature of AAE. However, the exposure of ANITA is limited mainly by the relatively

– 2 –
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short duration of a balloon flight, typically of order one month per flight (roughly every
three years), making it harder to significantly increase the statistics. ANITA’s successor,
PUEO, with significantly improved sensitivity [30] is currently in preparation.

To collect more anomalous events and clarify their origin, placing radio detectors on top
of Antarctic mountains and looking for near-horizon air showers can provide an alternative
way to rapidly collect the necessary statistics [31]. Although having a smaller detection
volume than a balloon, high-mountain detectors have a lower energy threshold because of the
smaller distance to the air showers, a greater duty cycle, are technologically straightforward,
and are easily expanded, and thus are able to obtain competitive sensitivity. High-mountain
radio detectors similar to TAROGE [32], such as BEACON [33] and GRAND [34] were also
proposed to detect Earth-skimming tau neutrinos, as detailed in ref. [35]. Similar approaches
using optical and particle detectors like Trinity [36] and TAMBO [37] have also been proposed.
Antarctic mountains are ideal places for this approach, not only because of the quiet radio-
frequency (RF) background with minimal human activity but also the strong (>60µT) and
near vertical geomagnetic field [38], which enhances the signal-to-noise ratio and enhances
the experimental sensitivity to inclined air showers from all azimuthal directions. A detection
concept and environment similar to ANITA may also be helpful for understanding the origin
of AAE’s. For example, a high-mountain radio detector sensitive to signals from nearly
horizontal directions can help to constrain the transition radiation scenario [27] which requires
down-going CR induced showers impacting on surfaces at high altitudes.

In this article, we report initial results from the first station of the TAROGE observa-
tory deployed atop ∼2700 m high Mt. Melbourne (hence called TAROGE-M) in Antarctica
in 2020, the first component of the proposed, ultimate detection concept. The TAROGE-M
station is an autonomous and self-triggered antenna array, combining previous experimental
efforts of both TAROGE on high mountains in Taiwan [32], and the ARIANNA neutrino
experiment [39] in Antarctica. The initial TAROGE-M station was installed in March 2019,
to conduct an RF noise survey and exercise construction and deployment procedures, as
summarized in ref. [31]. Herein, we report the first results on UHE air shower detection. The
paper is organized as follows. The design of the TAROGE-M station is described in section 2;
the 2020 operation is summarized in section 3. In-situ calibration following deployment, in-
cluding the gain calibration with Galactic noise and the performance of event reconstruction
using a drone-borne pulser system are described in section 4.1 and 4.2, respectively. Simula-
tions of expected cosmic ray signals and the resulting sensitivity of TAROGE-M is described
in section 5, as well as application of simulations to the experimental calibration via air
showers. As the nature of AAE is still unknown, tau neutrino simulations were performed to
estimate sensitivity, and compared to that of ANITA for discovery potential, as summarized
in section 6. Background characterization and rejection, and the result of the UHECR search
in all 2020 TAROGE-M data are presented in section 7. Finally, the detected CR candidates
are verified with measurements of polarization, arrival direction, energy, and flux, and are
compared with simulation-derived predictions in section 8.

2 TAROGE-M station design

The system design of the first TAROGE-M station on Mt. Melbourne (figure 1) is summarized
in the diagram in figure 2. This section begins with a discussion of the environmental
conditions at the selected site, followed by details of each system module.

– 3 –
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micro-controller for real-time narrowband noise rejection, designated as the level-one (L1)
trigger. The ratio of the peak magnitude of the fast Fourier transformed spectrum to the
remaining spectral sum is calculated, and an event is rejected if any of the non-veto channels
has a ratio exceeding 0.3. In addition, forced triggers are taken every 100 s for monitoring
the RF background and environment. All triggered events are saved to a Secure Digital flash
memory card.

The SST board alternates between a data-taking phase for 20 min, followed by data-
transfer to an additional single-board computer (SBC). The online event filtering routine on
the SBC selects Hpol-dominated impulsive events based on a spectral analysis (with criteria
as described in section 7), and the filtered data are transferred to the server in the northern
hemisphere via Inmarsat satellite communication. The SBC also monitors the entire system,
and can be remotely accessed and configured if necessary.

2.5 Power module

The entire system has a power consumption of less than 20 W, and is mainly powered by
eight 30 W solar photovoltaic panels which charge sealed lead-acid batteries totaling 150 Ah
capacity, designed for operation throughout the austral summer from August to April. In
addition, a wind turbine was installed for investigating the feasibility of extended operation
during winter. Both solar and wind power are controlled by a charge controller, with which
excess power is diverted to a silicone heating pad inside the system enclosure to warm up the
system.

A battery protector which disconnects when the voltage is lower than a preset value is
installed between the battery bank and DAQ system to prevent overdischarging. The SBC
monitors the battery voltage at the protector, and controls the solid-state relays for other
components when power cycling is required. All active electronic devices are contained within
EMI-shielded boxes inside a thermally insulated enclosure on the ground, which maintains
a stable internal temperature of 10–30◦C during operation, roughly 40◦C higher than the
ambient temperature.

3 Summary of TAROGE-M in season 2020

The deployment of the first TAROGE-M station in 2020 was accomplished within about
48 person-hours on site, and also required three helicopter flights, each for transporting 3-4
passengers, and one helicopter flight for instrumentation transport. The rapid deployment
was made possible by the modularized system design and semi-assembled instrumentation
before transportation. Both factors facilitate installation in the field, and minimize the tasks
of the installation of towers and antennas as well as cabling.

The TAROGE-M station operated continuously since deployment on Jan 25, 2020, until
Feb 24, 2020, when the system depleted power reserves, and shut down. Battery charging
stopped after Feb 21, suggesting blockage of sunlight, probably due to icing accumulated
on solar panels during a snow storm. Unfortunately, the system failed to subsequently cold
start. The power problem was later identified as a DC-to-DC converter malfunctioning at low
temperatures. The power interruption resulted in a reduced total livetime of only 26.5 days.

The data acquisition of TAROGE-M during operation, including the trigger threshold
setting, duration of separate running periods, and the number of recorded events, are sum-
marized in table 1. As the RF background was not yet well-understood, the station started
from a higher dual-sided trigger threshold in the first few days, at about 7× the RMS noise

– 7 –
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run # start time (UTC)
trigger

threshold (mV)
livetime

(day)
number of

events

21 01–25 04:09 ±100 0.230 2144
22 01–25 10:23 ±90 0.471 0
23 01–25 22:30 ±80 0.971 15
24 01–26 23:27 ±70 2.279 532
25 01–29 10:19 ±65 7.551 164093
26 02–06 20:18 ±60 10.297 1067303
27 02–19 10:22 ±80 1.259 21762
28 02–20 20:31 ±60 3.398 2936

Table 1. Operation summary of TAROGE-M in 2020. Date format is [MM-DD hh:mm]. Operation
was continuous between runs until shutdown at 02-24 12:17.
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Figure 5. Top: TAROGE-M station-level event rate (in Hz, with suppressed zero) over time on a
logarithmic scale before (red) and after (blue) L1 trigger. The vertical dashed lines mark the starting
time of new run periods with different trigger thresholds (see table 1). Bottom: wind speed data at
the Jang Bogo station (JBS) during TAROGE-M operation, extracted from [45]. Periods of elevated
event rate (>1 Hz) are correlated with high wind speed over about 7 m/s.

voltage (Vrms, typically 15–17 mV). The threshold was manually relaxed in the following days
to 60 mV, around 4 · Vrms, with the exception of a temporary increase to 80 mV (run# 27)
on Feb 19, when the event rate spiked during a high-wind period (figure 5). The livetime of
each run is estimated by the number of forced triggers recorded in a 100 s interval.

The event rates before and after online CW rejection (L1 trigger) are shown in the
top panel of figure 5. The L1 trigger effectively reduced the final event rate by about two
orders of magnitude, leading to a typical data-taking event rate around 1–10 mHz. CW noise
predominantly arises from two frequencies at around 150 MHz and 360 MHz, which are likely
associated with communication. These were generally concurrent and sporadic in the earlier
operation, but became persistent after February 6. Although already known and suppressed
by front-end filters, the noise still sometimes was strong enough to trigger the system.

However, there were episodes of high post-L1 event rates of 1–10 Hz, each lasting for a
few hours to a few days, and found to be correlated with high wind speeds (exceeding ≈7 m/s)
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at the JBS [45] (figure 5), likely because the prevailing wind direction at the region around
Mt. Melbourne and JBS became eastward (from the Antarctic Plateau) during those periods.
This is a similar phenomenon as previously reported by ARIANNA [46, 47] and other radio
neutrino experiments, reviewed in ref. [48]. One plausible origin of the noise suggested by
ref. [48] is the electrostatic discharge induced by the triboelectric effect between blowing
ice crystals and nearby objects, especially those isolated conductive ones with pointy edges.
This effect has been reported to become more active when the wind speed exceeds a certain
threshold, around 7–10 m/s, depending on the sensitivity of experiments. This interpretation
is compatible with our observation, where most of the noise events originated from behind the
TAROGE-M station where there are metallic structures associated with other facilities. This
high-wind induced radio noise (hereafter high-wind events) occurred mostly within periods
of roughly 4.5 days in total (17% of livetime) but account for more than 99.9% of recorded
events in the TAROGE-M data. Hence, this background must be characterized and effectively
rejected in both online filtering and offline analysis. More detailed analysis is described in
section 7.1.

Due to the COVID-19 pandemic and the resulting halt in scientific research at the
JBS in the austral summer of 2020–2021, the DAQ system was retrieved from the mountain
and sent back to the laboratory for inspection and full data access, and is currently being
upgraded. The station was also inspected in the 2021–2022 season and no major hardware
damage after the winters was found, demonstrating that the design and construction are
durable in polar and high-altitude environment.

4 In-situ calibration

The antenna array mainly relies on the time difference of arrival (TDOA) between signals
in receivers to reconstruct the source direction. It also requires understanding the receiver
response for reconstructing incident electric fields for an energy measurement. Therefore, the
position, timing, and the frequency response of each channel must be precisely calibrated.
Additionally, the trigger efficiency of the DAQ system as a function of signal-to-noise ratio
(SNR) has to be calibrated to validate the results of the CR detection simulation (section 5).

For the spatial information, the TAROGE-M station and nearby artificial objects were
surveyed with photogrammetry and geo-referenced by differential GPS (DGPS) measure-
ments at all antenna towers, following deployment. The photographs were then processed
using the PIX4Dmapper software [49] to generate a 3D model of the station, and the posi-
tion and the orientation of the receiver antennas were determined with positioning precision
better than 1 cm.

The receiver gain is calibrated with Galactic noise as described in the next section,
followed by the timing and event reconstruction calibration accomplished with a drone-borne
calibration pulser system.

4.1 Calibration with galactic noise

The RF background was monitored regularly throughout the operation by taking forced trig-
gers every 100 seconds to obtain unbiased noise samples, yielding a total of 21, 919 recorded
forced-trigger events.

Absent anthropogenic backgrounds, there are three main components to the noise back-
ground: the received antenna noise with contributions from sky Galactic noise, thermal

– 9 –
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radiation from the Earth’s surface in the field of view, and the receiver thermal noise gen-
erated internally within the receiver electronics. The Galactic noise varies over time as the
Earth rotates in the Galaxy with a period of one sidereal day. The temperature of the
Earth’s surface, locally mostly covered by ice, is assumed to have only a small variation over
the one-month data-taking period. The receiver noise is mainly attributed to the insertion
loss of the front-end electronics (i.e., before the first-stage amplifier) including cables and
filters, for which the temperature also varies slightly (∼20 K) over time. Therefore, by ob-
serving the Galactic noise variation in the background events over time and comparing with
the expected power profile, the receiver amplitude response and noise temperature can be
calibrated in situ.

The calibration here follows steps similar to those described in refs. [46, 50]. Numerically,
the observed power versus time Pobs(t) is compared with the expected antenna noise power
Pant(t) and receiver noise power Prx(t), with an overall gain correction factor a:

Pobs(t) = a[Pant(t) + Prx(t)] = aPant(t) + aGampkTrxW (4.1)

where the last term is independent of time, with k Boltzmann’s constant, Trx the equivalent
receiver noise temperature determined at the antenna output terminal, W the frequency
bandwidth considered, and Gamp the average in-band receiver gain. The lower passband at
180–240 MHz is chosen for the calibration because both Galactic noise and the sought-after
air shower signal are stronger at lower frequencies.

The received voltage waveforms of the forced-trigger events are Fourier-transformed,
and their power spectral densities summed over the band. To check for a periodic power
variation over time consistent with celestial origin, the event timestamp is expressed in local
mean sidereal time (LMST) within a sidereal day and divided into 48 time bins (with each bin
containing roughly 450 events). To reject events contaminated by transient noise (e.g. high-
wind or CW), background events of particularly strong power at each channel are excluded
by iteratively computing the median power of each time bin and removing outliers of more
than five standard deviation (5σ) from the median, as the power is expected to be Gaussian-
distributed. This results in removing less than 4 events for all channels, with the exception
of the middle Hpol, for which 34 events are removed. The mean received power as function of
LMST of each channel is shown in figure 6. The fact that the variation of the veto channel,
which points opposite the remaining antennas, is out of phase to other channels, together
with the high precision on the mean power and the small number of outliers, further establish
the sidereal periodicity and celestial origin of the signal.

The expected antenna noise power at a given time, Pant(t), equals the integral of the
brightness distribution B(θ, φ, f) convolved with the measured electronics response (figure 4)
and simulated antenna radiation pattern represented by the effective area Ae or gain Gant,
over all directions and frequency band [46]:

Pant(t) =
1

2

∫

dfGamp(f)

∫

dΩB(θ, φ, f, t)Ae(θ, φ, f)

=
1

2

∫

dfGamp(f)

∫

dΩ

[

2kf2TB(θ, φ, f, t)

c2

] [

c2Gant(θ, φ, f)

4πf2

]

(4.2)

≈ k

4π
∆f∆Ω

∑

f

Gamp(f)
∑

Ω

TB(θ, φ, f, t)Gant(θ, φ, f) (4.3)

where the factor of 1/2 comes from time averaging of unpolarized noise received by a linearly
polarized antenna, and the brightness is approximated by the Rayleigh–Jeans law at radio
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Figure 6. Left: mean observed (points) noise power in the 180–240 MHz band of each channel, as
a function of local sidereal time, derived from a total of 21, 919 forced-trigger events in 48 time bins,
with receiver gain- and noise- corrected using best-fit values. Error bars indicate the standard error
on the mean. Curves are the expected profiles simulated with LFMap [51] and HFSS [41] (see text).
As expected, the veto channel is out of phase compared to the other channels, given its opposite
orientation. Right: best-fit values of gain correction factor a, corresponding mean gain Gamp, and
reduced χ2 for the fit quality.

frequencies and is related to the brightness temperature TB(θ, φ, f). The LFMap package [51]
was used to generate the brightness temperature maps of sky Galactic noise in equatorial
coordinates at each frequency bin within a 10 MHz interval, whereas a constant ice temper-
ature of 243 K was assumed below the horizon, neglecting any features in the local terrain.
The angular integral is approximated by summing in equatorial coordinates. The frequency
integral is approximated by summing the individual contributions in ∆f =10 MHz bins.

The receiver gain is calibrated by substituting eq. (4.3) into eq. (4.1) and fitting the
observed power profile versus time, with the result summarized in figure 6. The simulated and
observed noise profiles are in good agreement, and the gain is consistent with that measured
in the lab (figure 4) to within 25% except for the east Hpol channel, which has an offset of
about 80%. The calibrated gains are used in the cosmic ray simulations (section 5) and in
the signal deconvolution (section 7).

4.2 Calibration with drone-borne pulser

A lightweight drone-borne pulser system was developed [52] (figure 7) to calibrate the perfor-
mance of the TAROGE-M event reconstruction, particularly for near-horizontal directions.
A drone-borne pulser has the advantage of accessing directions which are difficult for ground-
based pulsers, due to glaciers and mountain ranges in the field of view. It can also be steered
and therefore scan in a more controlled way than balloon-borne or manned aircraft-borne
pulsers previously used by other experiments (e.g. [53]). The system is fully portable with
a total weight less than 1.4 kg and can be used by various experiments for cross calibration
(e.g. other TAROGE stations [54] and also the proposed IceCube-Gen2 radio array [55]).

The pulser system consists of a DGPS module for positioning and a pulser module,
installed on a commercial drone with a maximum payload up to 6 kg. The pulser module
includes a solid-state high-voltage pulse generator board also used in the ARA neutrino ex-
periment [56], and a digital step attenuator for adjusting the pulse amplitude. The DGPS
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Figure 8. Left: measured station-level trigger efficiency as a function of average Hpol voltage
signal-to-noise ratio measured with the drone pulser (red markers), compared to the results from the
simulation of cosmic ray signals (blue curve, see section 5). The dual-sided trigger threshold during
pulser flights was set to SNR ∼ 4. Right: measured angular resolution in zenith (blue) and azimuth
(red) directions as a function of SNR, determined from the drone pulser calibration. Best-fit curves
are overlaid. Angular regions with biased reconstructed zenith angles (see text) were subsequently
excluded from the cosmic-ray search analysis.

The agreement between the two distributions validates the CR detection simulation and our
estimate of the CR acceptance.

4.2.2 Event reconstruction using time difference of signal arrivals

The source direction of a TAROGE-M event is reconstructed with an interferometric method
based on cross-correlation between received waveforms for extracting TDOAs, similar to that
introduced in ref. [57]. First, the recorded discrete-time waveform of the i-th channel, denoted
by wi[n] (n = 1, 2, . . . , N for time sequence t = nTs, where N = 256 samples and sampling
period Ts = 1 ns), is band-pass filtered at 180–330 MHz for noise reduction, and upsampled by
a factor of 10 (20 for pulser events) for finer time resolution. Then the processed waveforms
of the four Hpol channels are cross-correlated with each other in the time domain. Because
signals are expected to be impulsive, such that most of the non-signal region of the waveform
contains only noise, a time window of length L = L1 + L2 is applied between L1 = 30 ns
before and L2 = 50 ns after the voltage peak (at n = np) of i-th waveform in performing the
cross-correlation, a choice based on the duration of the impulse response of receiver. The
cross-correlation coefficient Cij [m] between the i-th and j-th channels as a function of the
putative time delay ∆tij ≡ tj − ti = mT ′

s (m = 0,±1,±2, . . .), and T ′
s is the sampling period

after interpolation), computed using:

Cij [m] =

∑np+L2

n=np−L1
wi[n]wj [n−m]

√

∑np+L2

n=np−L1(wi[n])2 ·
√

∑np+L2

n=np−L1
(wj [n−m])2

, (4.4)

where the denominator is a power normalization that ensures that Cij lies between −1 and
1. The measured time delay (∆tij,obs) is that value which maximizes the cross-correlation
function.

The source direction in zenith and azimuth angle (θ, φ))1 is reconstructed by overlaying
the interferometric images derived from the cross-correlation functions for all six Hpol pairs.

1φ = 0 at due North and increases counter-clockwise towards the west.
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To construct the interferometric map from the composite of pair-wise interferometric images,
the time delay between two channels is calculated by assuming a spherical wavefront for
nearby pulser events (with the distance derived from the DGPS record), whereas a plane
wave is assumed for all other events. The resulting correlation coefficient as function of
angles, averaging over all six Hpol pairs (or baselines, Npair), is

RX(θ, φ) ≡ 1

Npair

∑

i

∑

j>i

Cij(∆tij(θ, φ)). (4.5)

The reconstructed source direction (θ̂, φ̂) is that with the highest value (i.e., that summed
most coherently), and is found by a grid search with iteratively finer steps from 1◦ to 0.1◦

for general events, and up to 0.01◦ for pulser events.
For pulser or impulsive events of interest, the reconstruction was further improved in

a second iteration with the calibrated receiver response (and the transmitter response for
pulser events) deconvolved in the currently estimated direction (or the expected one in the
case of the pulser) for obtaining a more coherent and sharper cross-correlation function. De-
convolution was performed by dividing the complex event spectrum by the receiver frequency
response (neglecting the antenna response in the H-plane), with an additional rectangular
180–330 MHz band-pass and 240–260 MHz notch2 filtering to suppress noise amplification
in the stopbands. Deconvolved Hpol waveforms were once again cross-correlated with each
other, but now with a narrower time window of 10 ns (L1 = L2 = 5 ns and without power
normalization (eq. (4.4)) for better alignment of primary signals.

4.2.3 Result of reconstruction calibration

For timing and position calibration purposes, a set of 593 high-quality pulser events were
selected. The selection criteria required that the events must have a high correlation RX,ij >
0.85, have the pulser located within the main lobe of the receiver antennas (azimuthal angle
between ±40◦) for which the angle-dependent antenna response does not vary significantly,
and are at a zenith angle below 87◦, suppressing any possible interference from the reflected
signal off the ground. The remainder of the events were used to verify the calibration result.

As the pulser position is precisely known, the measured time delays of the pulser events
extracted from cross-correlation (eq. (4.4)) were compared with the expected ∆tij(θ, φ) values
for calibrating the receiver timing and position parameters, including the station orientation,
cable delay of receivers, and the phase center of LPDA antennas. These parameters are
fitted by minimizing the sum of squared differences between the measured and the putative
time delay profiles, for all Hpol pairs. The resulting timing resolution of the calibration is
determined to be about 50 ps. The pulser events were then reconstructed using the calibrated
receiver timing and positions, using the same steps outlined above.

The reconstructed versus the expected pulser flight tracks are shown in figure 9 and
show overall good agreement. We note two angular regions where there is a noticeable
deviation (> 1◦) between reconstruction and expectation. One is at the edge of the antenna
main lobe around 40◦ in azimuth, and is likely caused by the off-boresight orientation of
the antennas (with maximum 13◦) and imperfect modelling of the antenna response at these
angles where the antenna response is rapidly varying. The other region is at high zenith
angles above 87◦ and 5–40◦ azimuth, where the reconstructed angle is biased upward by 1–
3◦. We speculate that the discrepancy at these elevation angles arises from the interference

2Due to RFI and a dip in the LPDA frequency response (section 2.2).
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Figure 9. Recorded track from DGPS record (blue) vs. reconstructed track (orange) after calibration,
for the first (left) and the second (right) drone pulser flights. The azimuthal angle is defined as 0◦ at
geographic north and positive westward. LPDA boresight corresponds to ∼ +10◦.

of the pulse reflected off the ground (or nearby objects) with the direct signal. Similar effects
have been reported in ARIANNA-HCR data, and other TAROGE stations [54, 58]. This
interference can potentially lead to mis-identification of an upward-going air shower (neutrino
or AAE) as a downward cosmic ray (CR), and may, in principle, be resolved in the future
by more detailed mapping of ground terrain, and subtracting the reflection response with
more drone pulser scan data. The relevant technique and preliminary results are described
in ref. [54]. Additionally, the completed flights currently only reached a maximum zenith
angle at 89◦, which was due to the requirement that the drone operator behind the station
have line of sight toward the drone for control. A better location for the operator will be
chosen in the future for scanning upward-going directions.

If both regions with systematic angular offset are excluded, the angular resolution as
function of Hpol-average voltage SNR is shown in figure 8. The results are fit with a reciprocal
SNR function with constant offset (b0[SNR]−1+b1) for later estimation of angular uncertainty
of detected CR events. The TAROGE-M station, in general, has angular resolution of 0.2◦

in azimuth and 0.3◦ in zenith.

5 Simulation of UHE cosmic ray detection

A Monte Carlo simulation was written to model the expected air shower signals from cosmic
rays and estimate the detector sensitivity. The simulation is also essential in guiding the
event search and characterizing data, as discussed in section 7 and 8.

5.1 Simulation of cosmic ray signals

Signal generation is a modified version of the code used in the ARIANNA cosmic ray anal-
ysis [46], adapted to TAROGE-M. The simulation begins with the generation of air showers
and subsequent evolution with the CORSIKA (version 7.5700) [59] code, with the radio emis-
sion provided through CoREAS [9]. In the CORSIKA options, QGSJET-II-04, GHEISHA,
and EGS4 were selected for hadronic and electromagnetic (EM) interactions, with hadronic
and EM shower thinning factors of 10−8 and 10−6, respectively. The built-in South Pole at-
mospheric model (MSIS-90-E) was selected, and the local geomagnetic field around Mt. Mel-
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bourne, with 63.7µT, -82◦ inclination (upward), and 131◦ declination (southeastward), was
set according to the WMM2020 model [38].

A total of 992 proton-initiated air showers were generated with random directions and
energies spanning the range 0.1–30 EeV (log10E = [17.0–19.5]). Proton showers were selected
for simulation since they have a larger spread in the depth distribution of shower maximum
than showers initiated by heavier primary nuclei of lower energy per nucleon, leading to more
diffuse radio signals and therefore a conservative choice for estimating trigger efficiencies.
The shower directions were limited to those toward the front side of station, i.e., within the
azimuthal range φ = ±90◦ from due North and zenith angle θ from 0◦ to 90◦. Showers
from behind the station were not considered because the receiving antenna response is less
sensitive in these directions; such showers are also difficult to model due to the presence
of towers and the local mountain slope. Although the azimuthal angles of showers were
uniformly distributed, more showers were effectively generated at E < 1EeV and inclination
directions θ > 60◦ by dividing (cos θ, logE) into evenly spaced bins; within each bin energy
and zenith were uniform-distributed.

For the CoREAS setup, the radio emission from each shower is observed in the horizontal
plane at 2700 m altitude, where a star-shaped array of eight arms with a total of 160 points
is used to sample the asymmetric, elliptical radiation profile (electric field vector) around the
shower axis, following the method first introduced in ref. [60]. The array was generated with
two arms aligned with the ~v × ~B axis, with suitable point spacing depending on the zenith
angle to contain the Cherenkov ring, and is projected from the shower plane (perpendicular
to the shower axis) to the horizontal. At each sampling position, the electric field waveform
is simulated with 0.1 ns sampling.

The electric field vector at each sampled position obtained from CoREAS is convolved
with the simulated antenna response and the calibrated front-end module response (see sec-
tion 4.1 for details) in the frequency domain to generate simulated received voltage waveforms:

V (f) = Gamp(f)
[

~E(f) · ~Heff(f)
]

= Gamp(f) [Eφ(f)Heff,φ(f) + Eθ(f)Heff,θ(f)] , (5.1)

where the front-end response Gamp(f) includes both amplitude and phase. The first term is

the inner product between the complex electric field vector ~E(f) and the realized antenna
vector effective length (realized VEL) [61, 62], which takes into account the impedance mis-
match with the 50 Ω cable and data acquisition electronics. The realized VEL is related to
the realized antenna gain by:

|Heff,l(f)| =
c

f

√

ZL

4πZ0
Gr,l(f), (5.2)

where l stands for θ, φ component, Z0 ≈ 377 Ω the impedance of free space, and ZL = 50 Ω
the load impedance. The realized gain and the phase response are obtained from HFSS.
Two other sets of simulated events were generated with signal amplitude scaled by ±1 dB,
respectively, to study the effect of 2 dB receiver gain variation (section 2.2) on the systematic
uncertainty in the CR acceptance.

The relative position of the TAROGE-M station to the shower axis is randomly picked
from one point of the sampling array (detailed in the next section), and the (assumed plane
wave) electric fields arriving at all receiving antennas are assumed to be identical, as the
antenna separation (<20 m) is much shorter than the source distance. The voltage waveforms
were then downsampled to 1 ns, which is the sampling period of the SST board. However,
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Figure 10. Simulated cosmic ray signals (with 0.74 EeV primary energy, 89◦ zenith, and -6.2◦

azimuth) received at Cherenkov angle by two of Hpol channels (top and bottom panels) with different
delays in reflected signals because of different modelled ground slope. The gray solid curve is the
direct signal, red dashed one for reflected one, and the green one for the superposition of the two.

as the calibration with the drone pulser suggests interference from ground reflection, an
additional event sample was generated, with reflection effects included, for studying the
systematic uncertainty. The ground surface around the station is modelled by assuming
the surface in front of each antenna is an inclined plane, for which the normal vector was
estimated from fitting samples of a point cloud from the photogrammetric station model.
The electric field incident on the surface is decomposed into transversely (S-pol) and parallel
(P-pol) polarized components, and the reflection coefficient of each is calculated by Fresnel’s
equation [63], assuming the refractive index of permafrost n ≈

√
5.3 = 2.3 [64], and specular

reflection. The specular S-pol reflection coefficient increases with zenith angle and thus nearly
horizontal showers are most affected. The specular assumption tends to overestimate the
reflected signal strength, as in reality the surface roughness breaks the coherence of reflected
waves, and therefore the estimate here can be considered an upper bound. Two examples of
simulated cosmic ray signals including reflection interference, one for the constructive case
and the other for the destructive, are shown in figure 10.

5.2 Detection simulation and UHECR acceptance

To obtain the expected CR acceptance and event rate as a function of energy and zenith angle,
first the detection efficiency of each shower is calculated by passing the generated signals at
all sampling positions to the trigger simulation. For the CR signal at each position, noise
was added by using a randomly selected forced-trigger events from the data (excluding those
contaminated by transient noise), and a total of 50 simulated events were generated in this
way from the signal to sample event characteristics in the presence of noise. The simulated
events were next passed to the trigger simulation including the dual-sided threshold, channel
coincidence, and CW rejection (see section 2.4) criteria. The trigger efficiency at a given
position is the fraction of events passing our trigger criteria. The star-shaped array is chosen
to contain the entire triggerable area. In the reference frame of the shower, the location of
the antenna station was randomly selected over the elliptical area covered by the sampling
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array in the horizontal plane. The signals at its closest array point were assigned to the
station (i.e., there is no interpolation of the radio footprint). Then the effective area Aeff for
detecting the shower of a given energy and direction is effectively the sum of the product of
the trigger efficiency and the sector area of i-th array point over the entire array, projected
onto the shower plane, Aeff(logE, cos θ, φ) = cos θ

∑

i ǫiAi.
Using the result above, the acceptance at a given CR energy and angular bin is equal to

the average effective area over all simulated showers within the bin, multiplied by the solid
angle, 〈AΩ〉(logE, cos θ, φ) = 〈Aeff〉∆Ω. Following the procedure outlined above, the cosmic
ray acceptances under various configurations of trigger thresholds, receiver gain, and surface
reflection, were calculated. The average acceptance is defined as the livetime-weighted aver-
age, across data-taking periods separated by different thresholds (table 1). The systematic
uncertainty due to receiver gain, defined as the acceptance difference relative to the mean-
gain (without amplitude scaling) configuration, is summed in quadrature with the systematic
uncertainty associated with the ground reflection, defined as the acceptance difference with
and without reflection.

Averaging over all azimuth angles, the resulting cosmic ray acceptance of the TAROGE-
M station, as a function of zenith angle and energy, is shown in figure 11. In general, the
overall acceptance increases with primary energy and zenith angle. The detection energy
threshold increases with zenith angle and is approximately 0.3 EeV, as the distance to the
shower maximum increases from ∼ 3 km at θ = 45◦ to ∼ 350 km at θ = 89◦. The variation in
the receiver gain mainly affects the acceptance at lower energies around the trigger threshold.

The reflection from the ground leads to a slight enhancement in the acceptance for near
horizontal showers, and mostly for showers around 1 EeV energy, below which the signal is
too weak to detect. The result can be understood by the three effects involving:

1. The received cosmic-ray waveform after convolution with the receiver response has spec-
tral contents mostly concentrating at lower frequencies (∼ 200 MHz), with an oscillating
period of roughly 5 ns (an example shown in figure 10). Therefore the constructive in-
terference happens when the time delay of the phase-inverted reflected signal is roughly
half-integers of 5 ns, while the destructive one happens at multiples of 5 ns.

2. The time delay of the reflected signal depends on the zenith angle. The delay is ∼8–
10 ns at a zenith angle of 80◦–90◦ and ∼10–14 ns for 70◦–80◦ for a 3 m high tower on a
∼20◦ tilted ground slope.

3. The reflection coefficient for Hpol signals increases with zenith angle, according to the
Fresnel’s equation.

Because of the above effects, the interference of reflected signals starts from the second cycle
of the direct signal or later, leaving the first cycle typically of the highest amplitude less
affected (by less than 10%). Although there are both cases of constructive and destructive
interference, it happened that the constructive case is more dominant over the destructive
one in inclined directions (> 70◦ zenith), and causes an overall increase in the acceptance,
for example, ∼14% at 1 EeV.

The expected number of detected events for each trigger threshold Vth with livetime
Tlive can be calculated from:

NCR = Tlive

∫

dE

∫

dΩ〈AΩ〉(E, θ, φ)Φ(E), (5.3)
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Figure 11. Left: simulated cosmic ray acceptances of the TAROGE-M station as a function of
zenith angle for different energy ranges are shown as colored curves; black represents the total. The
acceptance is the livetime-weighted average over different trigger thresholds (see table 1). Right: the
acceptance as a function of primary energy for different ranges of zenith angle of equal cos θ intervals
(colored curves). The total is again shown in black. Solid curves are the results including ground
reflections, with shaded areas representing the estimated uncertainty in the antenna gain. Dashed
curves are calculated without inclusion of reflection effects, for comparison.

assuming an isotropic cosmic ray flux Φ(E) and the energy spectrum measured by Auger [65].
The expected number of CR events over the 25.3-day period is 4.4+0.3

−0.2, or 0.17 per day, where
the error bars shown reflect the systematic uncertainty. The expected zenith-angle and energy
distributions of accepted events are shown in figure 23. The majority of detectable events
correspond to zenith angles of 40–80◦ and primary cosmic ray energy around 0.4 EeV. The
expected acceptance and event rate are lower than those reported by the ARIANNA HRA
and HCR stations (roughly 0.45–1 per day) of similar detector configuration [46, 47] for (at
least) three reasons:

1. The radio signal at low frequencies, where the signal is strongest, is lost due to the
narrower TAROGE-M bandwidth (180–450 MHz versus 100–500 MHz for ARIANNA).

2. TAROGE-M is at higher altitude and closer to the showers, leading to a smaller radi-
ation footprint than for a station close to sea level.

3. The 32 ns coincidence trigger window was not optimized for an antenna separation of
8.5 m (∼25 ns), causing inefficiency in the trigger for signals in directions along the
antenna baselines, as the narrow overlap in trigger pulses between channels may not
be captured by the trigger logic processed with finite speed.

6 Simulation of tau neutrino detection for AAE sensitivity estimation

TAROGE-M aims at detecting events similar to the upward-going ANITA anomalous events
(AAE). Since the origin of those events is currently unknown and their properties poorly
understood, assumptions must be made to estimate the TAROGE-M sensitivity. We assume
the AAEs indeed originate from air showers at EeV energies distributed isotropically, as the
four detected AAEs were in directions within 1◦ below the horizon [13] while the other two
were more than 20◦ below [11, 12]. As there were no downward-going AAE reported, we
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assume that AAEs require interactions with the Earth’s crust to initiate air showers. The
most plausible scenario in the Standard Model, given the reported AAE characteristics is that
of Earth-skimming tau neutrinos, for which ANITA’s exposure is available for comparison [16,
17]. Assuming that they are topologically similar, the tau neutrino sensitivity of TAROGE-
M with multiple station-year operation was estimated to approximate that of AAEs, and to
assess the TAROGE-M discovery potential. At a lower altitude than ANITA, TAROGE-M
is more sensitive to AAEs from near horizontal directions than those from steeper angles.

Compared to cosmic ray simulations, the tau neutrino simulation uses a simplified ap-
proach with a parameterization for signal strength, in order to reduce computing time and
circumvent particle-level complications. A detailed description of the neutrino simulation can
be found in ref. [66]. Our result is also compared to the published tau neutrino sensitivity of
ANITA, referenced as a benchmark.

6.1 Neutrino propagation and tau decay

The simulation starts with neutrino propagation through the Earth toward the station for
obtaining the probability of tau production and subsequent decay in the air, as well as the
measured energy distribution as a function of primary neutrino energy and direction. This
is simulated using SHINIE [67], a Monte-Carlo code taking into account the charged-current
(CC), neutral-current (NC) neutrino-nucleon interactions, with cross sections taken from
ref. [68]. The simulation also propagates secondary tau leptons produced in CC interactions,
including stochastic energy losses and decay, and hence the regeneration process via tau
decay (ντ → τ → ντ ).

Tau neutrinos were generated isotropically with initial energies between 0.3–100 EeV
and random impact parameters, within RD =5 km radius of the station at 2.7 km altitude.
The detection radius RD is the range over which the detector is expected to be sensitive,
estimated by the size of the radio footprint for the farthest shower at the horizon, roughly
equal to the horizon distance of about 200 km times the Cherenkov angle of about 1.4◦ at sea
level. Each generated event starts propagation from the entry point on the Earth’s surface,
and secondary tau leptons and neutrinos are tracked until they either get stopped or are
beyond the detection region. The Earth is modelled as concentric spherical shells, based
on the Preliminary Reference Earth Model (PREM) [69], with local terrain above sea level
(assumed to be rock) within 200 km of the station added using the digital elevation model from
the Radarsat Antarctic Mapping project [70], which has a horizontal and vertical resolution
of 200 m and 100 m, respectively. From the simulation, the probability of tau neutrinos
exiting as secondary tau leptons into the atmosphere, as function of energy and angle are
obtained. Our results are consistent with those obtained by the other neutrino propagation
codes NuTauSim [71], which was used in ANITA’s simulation [16] and also the simulation
devised by Wissel et al. [35].

6.2 Radio signal parameterization for tau-decay induced air shower

For those neutrino events with tau leptons decaying in the atmosphere, we used the param-
eterization given by the ANITA simulation [16] to calculate the strength of radio signals
emitted by the induced showers. The signal parameterization [16] assumes a tau lepton
would only generate air showers via decay into a hadronic mode with 64.8% of probability
(i.e., neglecting electronic and muonic ones), and the hadronic mode is represented by the
most common τ → π−π0ντ mode (25.5%), with decay products taking 67%, 31%, 2% of the
original tau-lepton energy, respectively. The resulting air showers take 98% of the tau lepton
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energy, and showers and radio emission induced by 0.1 EeV tau leptons were simulated by
ZHAireS [4] as templates for the parameterization [16]. The parameterization provides the
peak amplitude of 180–1200 MHz band-pass filtered electric field | ~Ep,0| in the time domain as
functions of observing angle relative to the shower axis (off-axis angle, ψ), for different tau
decay altitudes hdec and emergence angles from the Earth’s surface, θem (the local elevation
angle of tau momentum relative to its exit point at the Earth’s surface).

To estimate the peak voltages of received signals from tau-initiated air showers, at
all relevant energies, directions, distances, altitudes, and observing angles, the electric field
amplitude of a suitable template | ~Ep,0|(hdec, θem, R0, ψ) scales linearly with the tau lepton
energy and is inversely proportional to the distance to the detector R, using the shower
parameters determined in the previous section and the following parameterization [16]:

Vp(Eτ ,R,ψ) ≈ | ~Ep,0|(hdec,θem,R0,ψ)

[

Eτ

0.1EeV

][

R0

R

]

[

c

fc

√

ZL

4πZ0
Gr,ant(θ,φ)

]

√

Gamp, (6.1)

where R0 is the distance from the detector to the tau decay point for the template, Gant(θ, φ)
the antenna gain at receiving angles, and Gamp the overall receiver gain. The fourth term
in eq. (6.1) is the antenna VEL defined in eq. (5.2) with a few simplifications as follows.
The antenna gain Gant is assumed to be constant across its working frequency range and the
VEL is evaluated at the central frequency fc. The

√
Gant scaling of peak received voltage

assumes that the antenna impulse response does not vary significantly over the main lobe.
The HFSS-simulated radiation pattern of the LPDA in the main lobe was modelled by a two-
dimensional Gaussian function, with peak gain of 7 dBi and standard deviation 27◦ and 46◦

for the E-plane and H-plane, respectively. Finally, the overall receiver gain Gamp is assumed
to have a constant value of 57 dB over the 180–450 MHz band (see section 2.3). The variation
of signal strength due to the geomagnetic angle between the shower axis and geomagnetic
field is neglected in eq. (6.1), because the emerging tau leptons are mostly near horizontal
(<3◦) while the geomagnetic field is near vertical.

Since TAROGE-M has a narrower bandwidth at 180–450 MHz than ANITA by a factor
of 0.26, the signal strength calculated with ANITA’s parameterization has to be scaled down
for evaluating the tau neutrino acceptance of TAROGE-M. Two different choices were made
for the bandwidth scaling. One choice is without scaling, which is expected to be a close
approximation as most of the coherent radio emission is concentrated at lower frequencies,
except at near the Cherenkov angle. The corresponding acceptance of TAROGE-M is as-
signed as the upper bound. The other choice is scaling down the signal amplitude by a factor
of 0.4, a typical value obtained from simulated signals of cosmic ray-induced showers observed
at their Cherenkov angles and band-pass filtered to passbands of TAROGE-M and ANITA,
respectively. This value is higher than the bandwidth ratio of 0.26 for the reasons enumerated
above. As radio signals are most coherent at Cherenkov angle, the scaling factor is the lowest
possible value, and thus the corresponding acceptance is assigned as the lower bound.

6.3 TAROGE-M tau neutrino acceptance and exposure

A Monte-Carlo simulation was performed to generate tau neutrino events spanning the rel-
evant parameter space, using the experimental parameterization introduced above. After
event generation, simplified trigger criteria were applied on these events to simulate detec-
tion, requiring that an event is detectable if its peak voltage exceeds 48 mV (about three
times the RMS noise voltage), a lower threshold anticipated for future operation with mul-
tiple stations. The detection efficiency ǫ is calculated as the ratio of the number of detected
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Figure 13. Two typical examples of high-wind noise events, which have one channel with a partic-
ularly strong amplitude, implying a local origin. Top and bottom panels show the waveforms and
power spectra, respectively. Events shown in the left panel, with the strongest signal in the veto
channel are most prevalent, suggesting a source location behind the station.

pulser, and simulated signal samples, with data-driven selection thresholds to avoid system-
atic errors from simulation. We chose not to perform template matching with simulated CR
signals at this stage of the analysis, so as to avoid discarding potentially interesting impulsive
events. Events passing the selection criteria are inspected and evaluated, and their properties
compared with those of cosmic rays.

7.1 Characteristics of high-wind events

As mentioned in section 3, radio noise associated with high-winds comprise the majority
(> 99.9%) of the data. To characterize and reject high-wind triggers, events during two
periods of persistently high event rate above 1 Hz (figure 5), one between 2020–02–01 16:00Z
and 2020–02–02 16:00Z and the other during 2020–02–18 00:00–04:00Z, were selected as the
representative collection (hereafter high-wind samples), with 154, 907 and 110, 840 triggered
events in total, respectively. It was found that the noise events during different high-rate
periods share similar properties, and that similar events occasionally also appeared outside
the periods, suggesting a common production mechanism. These selected periods of 1.17 days
are excluded from the final UHECR search, resulting in an insignificant loss in the expected
number of cosmic ray events by about 0.2.

The high-wind events are impulsive, typically with one of the active channels exhibiting
peculiar signal waveform shapes, and also having high amplitude, implying a nearby source.
This is similar to events detected by the HCR station [58] during high-wind periods. Two
examples are shown in figure 13. These characteristics are different from that of cosmic
ray-induced shower signals with more distant source locations, for which received signal
amplitudes across channels are expected to be comparable, as the distance to the shower
maximum is typically from several to hundreds of kilometers (except for near vertical showers
for which TAROGE-M has much less sensitivity). In addition, a large portion of the high-
wind events have the strongest impulse in the veto channel, likely from nearby pointy metallic
objects (e.g. antennas and poles) a few hundred meters behind the station. These two
distinctive features are used for the noise rejection, summarized in next section.
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Figure 14. Maximum fractional power difference among Hpol channels (r defined in text) versus
Hpol-to-veto ratio (in dB). Distributions of RF-trigger data (top left), simulated CR events (top
right), drone pulser events (bottom left), and high-wind noise samples (bottom right). Orange dashed
lines show the selection cuts; the signal region is in the fourth quadrant. The corresponding rejection
power and selection efficiency are listed in table 2.

7.2 Event selection criteria and result

Besides the high-wind noise samples, forced-trigger events were used to characterize the
randomly fluctuating Galactic and thermal noise (hereafter thermal noise) which may occa-
sionally pass the trigger. The thermal noise samples also provide a reference for the spectral
selection threshold for low SNR events.

For signal samples, both calibration pulser data and simulated CR signals passing the
trigger criteria outlined in section 5 are used. Pulser events from forward directions were
selected as they provide samples with true detector response, but with limited angular ranges
and higher SNRs. The simulated cosmic ray samples with proper weighting are used to
assess the analysis efficiency. Each simulated event for a given shower observed at a specific
point in the star-shaped array (see section 5) is weighted by three factors: a correction
factor accounting for uneven energy and angular sampling of air showers in the simulations,
an energy scaling of E−3.3 for the CR energy spectrum (following the spectral index from
Auger [65]), and a scaling factor for the detection probability, equal to the area of the angular
sector of the elliptical annulus comprising the sampled point.

The passband power of the four Hpol channels are useful indicators of Hpol-dominated
broadband geomagnetic emission. As air shower signals are typically characterized by a falling
frequency spectrum, the total received power in the 180–240 MHz and 280–320 MHz frequency
bands is defined as the passband power for the spectral selections, while 240–280 MHz and
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higher frequencies are excluded due to interference from satellite communication (SatCom)
and the expected lower signal SNR, respectively.

The event selection criteria were applied in the following order:

1. Hpol channels must not be saturated: an event should have peak voltages in all
four Hpol channels below the saturation voltage of the SST board at 0.8 V to avoid
signal distortion.

2. High power ratio of Hpol to veto channels: to suppress impulsive events origi-
nating from behind the station, mostly due to high-wind noise, an event is rejected if
the passband power ratio of Hpol average to the veto channel PH/Pveto < 1, based on
the observed distribution of high-wind samples (figure 14).

3. Comparable signal strength between Hpol channels: consistent with the expec-
tations for a distant source location, we require approximately equivalent illumination of
the Hpol channels, in contrast to the observed skew in signal amplitudes observed for the
high-wind noise (section 7.1). The similarity is quantified by the maximum fractional
power difference between any of two Hpol channels, r ≡ (Pmax − Pmin)/(Pmax + Pmin),
which is bounded between 0 and 1. However, the differential interference of ground
reflection at each antenna, as suggested by the calibration pulser, complicates the sit-
uation, as shown in figure 14, where there are some events with high dissimilarity.
Therefore a looser r > 0.58 threshold was set for rejecting events, i.e. Pmax/Pmin > 3.8.

4. Exclusion of interference from satellite communication: the SatCom interfer-
ence mainly at 240–280 MHz is present in all the data events. In some cases, the
interference can trigger the data acquisition system. To reject potential SatCom noise,
the event selection requires all Hpol channels to have an average ratio of power spec-
tral density at the passband to the satellite communication band higher than 0.16,
corresponding to 3 standard deviations below the mean value of thermal noise (forced
triggers) samples.

5. Exclusion of Vpol-dominated events: as the geomagnetic emission is primarily
Hpol, we use an additional criterion based on the average passband power ratio of Vpol
to Hpol channels. To preserve weaker CR signals, a loose threshold at Vpol-to-Hpol
ratio of PV/PH > 2.2 is set, corresponding to 4 standard deviations below the mean
value of un-polarized thermal noise distribution. The polarization measurement is left
as a verification for selected CR events later.

6. High cross-correlation coefficient between Hpol channels: given the similarity
in the Hpol channel response, we expect the waveforms for true UHECR signal to
also be similar. The minimum required average cross-correlation coefficient over six
Hpol pairs is RX > 0.6 (defined in eq. (4.4)). The overall distribution of correlation
coefficient versus time is shown in figure 15.

This allows separation of random fluctuations of the thermal noise environment, which
typically have less correlations between channels, and random hit time differences from
that of plane wave signal propagation. The cross-correlation distribution can also reject
high-wind noise produced nearby, or out of the field of view that can not otherwise be
well-reconstructed. This cut retains 89.9% of CR signal, while passing only 0.03% of
thermal noise triggers and about 55% of high-wind triggers (left panel of figure 16).

– 25 –



J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

7. Temporal isolation between selected events: whereas the expected CR events are
relatively rare (we expect about 0.2 event per day), arthropogenic and wind-induced
noise tend to cluster in time.

A temporal clustering cut requires that, of the remaining sample of 174 events, there
be no more than one candidate event within a time window of ±600 s. The effect of
this cut is illustrated in the angular map in figure 16. A total of about 1.6 hours of
livetime is masked due to the temporal clustering.

8. Reconstructed direction within field of view: to further exclude high-wind noise
and mis-reconstructed events (e.g. thermal noise), we define a fiducial azimuth com-
prised by the angular range as viewed from the front side of the station, to which
the antenna is sensitive: φ = [−90◦, 90◦]. A maximum zenith angle of 120◦ for the
mountain slope is also required; events with inclination angles below the value are
likely mis-reconstructed. Additionally, the angular region at zenith angle above 87◦

and azimuth above 0◦, which was found to be biased in the drone pulser calibration, is
excluded from the analysis (section 4.2).

The number of events passing successive selection cuts and the analysis efficiency for CR
signals are summarized in table 2. The spectral selections 2–5 were implemented in the
online filtering of the DAQ program for data transfer via satellite (in section 2), with the
threshold set empirically based on the forced-triggered and high-wind events.

The Hpol-to-veto ratio and the channel similarity cuts rejected all the high-wind noise
samples, as shown in figure 14, and also effectively rejected most of the events recorded
during high-wind periods. This is illustrated in figure 15, for example, by the evident cluster
around Feb 18th–19th. Though some of the high-wind noise survived the spectral selections
(all of which had the highest amplitude signal in the middle Hpol channel), they failed in the
reconstruction selection, likely because of their local origin around the antenna.

After all selections are applied, seven cosmic ray candidates are retained, as summarized
in table. 3. The overall analysis efficiency for CR signals is 89.5%. The Hpol waveforms of
each candidate event are now shifted in time, aligned, summed, and averaged for reducing the
noise. These coherently-summed waveforms (CSW) and their frequency spectra are used for
further study. Two of the candidates are shown in figure 17. These events were all detected
during periods with the lowest trigger thresholds (SNR ∼ 4), and all have a strong Hpol
component (table 3). The zenith-angle distribution, as shown in figure 23, is roughly flat
with a slight skew in inclination, and consistent with expectation. The characteristics of
these candidate events are scrutinized in the next section (section 8) to verify their cosmic
ray origin.

7.3 Impulsive events from below the horizon

Besides the seven CR candidates, the events rejected by temporal clustering were inspected.
In the temporal and angular distributions of selected events shown in figure 15 and 16, we
find three temporal clusters each comprising several tens of high RX events (blue circles) and
duration less than an hour corresponding to tracks across the sky, which we attributed to
aircraft.

It is notable that three impulsive events with high correlation values ∼ 0.8 and SNR 6
to 9 survive all selections except the temporal cluster requirement. These events are shown
in figure 18 and summarized in table 4. They were detected within 23 s at Feb 12, 2020 when
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Figure 15. Average Hpol cross-correlation coefficient from the event reconstruction of all TAROGE-
M data in 2020; gray dots indicate all RF-trigger events, open blue circles highlight the 252 events
passing the spectral cuts (selection criteria 2 to 5), and red circles indicate the seven identified cosmic
ray candidates passing all the selection criteria. Most events are densely clustered in high-wind periods
with RX around 0.3–0.85 (figure 5). The shaded areas in light orange indicate periods excluded from
the cosmic ray search, including those when the field team visited on January 25th and 30th, and two
high-wind periods (Feb 1st–2nd and Feb 18th) that comprise tagged noise samples (section 7.1). The
vertical dashed lines demarcate times when the trigger threshold value was adjusted (see table 1).
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Figure 16. Left: selection efficiency as function of cross-correlation coefficient for forced-trigger
thermal noise events (blue), high-wind noise (green), and simulated CR signals (red). Right: angular
distribution of selected events before the temporal cluster rejection (blue); tracks are attributed to
aircraft. The red markers denote the seven CR candidate events passing the selection criteria.

the station was not in a high-rate period nor was the Jang Bogo station (JBS) in high wind
conditions (figure 5), making them less likely to be of high-wind origin. Their reconstructed
directions are from below the horizon (θ ∼ 95◦) toward a glacier near Wood Bay with
angular separation ∼ 1◦ (figure 19), where no known artificial object exists. The first event
has comparable amplitude in both antenna polarizations with a Vpol afterpulse at around
220 ns (left panel of figure 18), making it unlikely to originate from an air shower, while
the other two are Hpol-dominated. Currently we have no explanation about which process
could generate such polarized pulses. More events gathered in future operation might help
clarifying the source.
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RF-trigger high-wind cal pulser MC signal efficiency

total 987832 265747 5080 100%
saturation 844150 251564 5080 99.93%
Hpol to veto 20230 1768 5080 99.91%
channel similarity 319 0 4924 99.91%
sat. comm. 275 0 4924 99.91%
Hpol to Vpol 252 0 4924 99.91%
cross-correlation 173 0 4906 89.78%
time clustering 7 0 N/A 89.54%†

angular cut 7 0 4865 89.54%
final 7 0 4865 89.54%
† Estimated by Poission probability of 0.24% that at least one event occurs in 20 minutes given

the true expected CR event rate of 0.17 per day (section 5.2).

Table 2. Summary of event selection (see text), showing the number of events and the expected
signal efficiency from CR simulation, after successive selection cuts are applied. Each column stands
for different event categories: RF-trigger, high-wind noise samples (selected in section 7.1), calibration
pulser, and simulated CR signals.

run # event #
timestamp

(UTC)
RX zenith [◦] azimuth [◦]

V/H amp.
ratio

log(E[eV ])

25 54906
2020–01–31

05:45:10
0.79 25.5 ± 0.4 −62.2 ± 0.2 0.58 ± 0.30 18.79 ± 1.64 ± 0.10

25 319509
2020–02–04

14:23:46
0.68 81.6 ± 0.4 −15.0 ± 0.2 0.27 ± 0.09 17.97 ± 0.43 ± 0.10

26 50916
2020–02–07

17:11:37
0.88 66.6 ± 0.3 46.7 ± 0.1 0.00 ± 0.17 18.06 ± 0.40 ± 0.10

26 68712
2020–02–08

04:36:31
0.86 42.7 ± 0.3 −14.8 ± 0.2 0.27 ± 0.01 17.74 ± 0.79 ± 0.09

26 244803
2020–02–10

20:33:35
0.80 78.5 ± 0.3 14.8 ± 0.2 0.28 ± 0.04 17.88 ± 0.23 ± 0.10

26 1399188
2020–02–19

05:02:30
0.84 79.2 ± 0.3 6.6 ± 0.2 0.15 ± 0.03 18.24 ± 0.40 ± 0.10

28 69900
2020–02–22

22:51:36
0.85 49.7 ± 0.3 6.1 ± 0.2 0.00 ± 0.15 17.85 ± 0.68 ± 0.10

Table 3. Summary of cosmic ray candidate events found in TAROGE-M 2020 data. Columns from
left to right are: run number, event number, timestamp in UTC (in “YYYY-MM-DD hh:mm:ss”
format), average Hpol cross-correlation coefficient of event reconstruction with six Hpol pairs (RX ,
eq. (4.4)), reconstructed azimuth and zenith angles, Vpol-to-Hpol amplitude ratio (defined in sec-
tion 8.1), and estimated primary energy assuming proton (described in section 8). We use a conven-
tion where the azimuthal angle is defined as 0◦ at due north and increases counter-clockwise towards
the west. The angular uncertainty is estimated from the calibration results based on the drone pulser
(figure 8).

8 Characterizing the detected cosmic ray events

In this section, the seven identified cosmic ray candidates are inspected in detail to verify
their consistency with expectations for UHE air showers.
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Figure 17. The filtered, deconvolved, coherently summed Hpol (orange) and Vpol (blue) waveforms
(top panels) and power spectra (bottom) of three detected CR events in the TAROGE-M data in
2020. The reconstructed zenith and azimuth angles are (from left panel to right), (θ, φ) =(81.6◦,
-15.0◦), (79.2◦, 6.6◦), and (49.7◦, 6.1◦), respectively. See table 3 for further information.
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Figure 18. Filtered, deconvolved, coherently summed waveforms (top panels, see section 4.2.2 for
details) and power spectra (bottom panels) of the “triplet” impulsive events (left to right, sequential
in time) which temporally and spatially cluster from a common direction below the horizon.

8.1 Polarization measurement

Although only a loose polarization selection was imposed to reject Vpol-dominated events
in section 7, all seven candidate events are Hpol-dominated. The measured Vpol-to-Hpol
amplitude ratio of each event was compared to the expected ratio of geomagnetic emission.
For the measured polarization, the signal amplitude of each polarization is estimated with its
CSW. The signal power of each polarization is estimated within the signal window, defined
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run event timestamp (UTC)
avg. x-cor
coefficient

zenith (◦) azimuth (◦)
V/H amp.

ratio

26 310500 2020-02-12 20:18:47 0.75 93.8 ± 0.4 −20.8 ± 0.2 1.16 ± 0.60†

26 310501 2020-02-12 20:18:48 0.81 94.0 ± 0.4 −20.8 ± 0.2 0.48 ± 0.25
26 310502 2020-02-12 20:19:10 0.76 95.1 ± 0.4 −21.1 ± 0.2 0.34 ± 0.18
† The 120th–160th ns of the waveforms are used as noise window to avoid afterpulses (fig-

ure 18).

Table 4. Summary of the impulsive triplet events originating from below the horizon.
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Figure 19. Left: reconstructed directions of the impulsive triplet events projected on the ground
(red circles) from the TAROGE-M station (blue circle), using Antarctic surface elevation model
Bedmap2 [72] (1 km × 1 km grid) in Antarctic Polar Stereographic projection, where the gray scale
indicates the altitude in meters, and the northing and the easting are toward geographic south and
west, respectively. Right: the measured polarization (as Vpol-to-Hpol amplitude ratio, eq. (8.1)) of

seven detected CR events (markers), compared with expected values for geomagnetic emission (~v× ~B).

as -30 ns to +50 ns around the peak amplitude V 2
rms,s = (

∑np+L2

np−L1
w[n]2)/Ns. The noise power

∼ V 2
rms,n, as estimated by the last 40 ns of the waveform, is now subtracted from the signal

portion of the waveform. The power is calculated without deconvolving the receiver response,
as the precision is currently limited by the single Vpol channel with amplitude close to the
noise level, unlike the multiple Hpol channels with reduced noise after coherent summing. The
result using the adopted deconvolution method tends to be biased by the noise. Numerically,
the Vpol-to-Hpol amplitude ratio is calculated by

Eθ/Eφ ≈
√

V 2
rms,s,V − V 2

rms,n,V/
√

V 2
rms,s,H − V 2

rms,n,H, (8.1)

The ratio is unsigned as the antenna polarity has not yet been calibrated. The statistical
uncertainty due to noise fluctuations within the finite signal window is estimated from the
standard error of the noise power. If the signal power is less than the noise power, zero
is assigned and the uncertainty of the noise RMS voltage is assigned to that datum. The
systematic uncertainty due to ±2 dB antenna gain is also included in the error budget.

The measured Vpol-to-Hpol ratio is compared with the dominant geomagnetic emis-
sion polarization, expected along the ~v× ~B direction. Neglecting the secondary contribution
from the Askaryan charge-excess emission is expected to cause only O(1◦) uncertainty in
polarization angle, with a contribution that decreases at high zenith angles for nearly ver-
tical geomagnetic field, as recently shown by the CR measurement and simulation study
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by ARIANNA [73]. The uncertainty in the expected ratio is propagated from the angular
uncertainty of each event. The result is shown in the right of figure 19. We obtain good
agreement between expected and measured polarization.

8.2 Cosmic ray energy measurement

To estimate the primary energy of the detected cosmic ray candidates, unlike large-scale
arrays which can broadly sample the radiation profile of radio emission on the ground and fit
both the depth of shower maximum and the energy, a compact and standalone antenna array
like TAROGE-M (with antenna spacing less than 20 m) must exploit the encoded information
in the signal sampled from a single spot in the radio profile. Hence we followed the same
method described in refs. [46, 74, 75], by fitting the measured Hpol electric field amplitude
spectrum A(f) with an exponential function, or equivalently a linear fit in a logarithmic scale:

log10A(f) = log10A200 + γ(f − 200MHz), (8.2)

with spectral slope γ and amplitude intercept at 200 MHz, log10A200 (the base 10 will be
omitted hereafter). The frequency range of fitting for TAROGE-M was chosen between 180–
320 MHz, with 240–260 MHz excluded because of SatCom interference and reduced antenna
response. The method is based on the fact that the radio emission is most coherent when
observed on the Cherenkov ring of an air shower (for which the corresponding off-axis an-
gle ψ is denoted as ψc), as the radiation from different parts of the shower arrive almost
simultaneously, leading to higher amplitude intercept and flatter slope. The radio coherence
decreases if the observer is off the Cherenkov angle, with increasing angular offset |ψ − ψc|,
resulting in a reduction of the frequency cut-off at which coherence is maintained, leading to
both decreasing amplitude intercept and also steeper spectral slope. Thus, it is possible to
separately estimate the energy and the off-Cherenkov angle from the spectral intercept and
slope.

8.2.1 Fitting the measured spectra

The measured spectra used in the analysis are transformed from the coherently summed Hpol
waveforms with deconvolution and filtering, and after subtracting average noise amplitude
spectrum derived from the forced-trigger events. However, as the noise spectrum is roughly
flat and the amplitude is reduced due to the intrinsic incoherence of noise (with logA(f) ≈
−5.4), this correction does not affect the measured slope and intercept of detected events
significantly. The signal amplitude spectrum is averaged in 20 MHz bins and the RMS value is
added in quadrature to the statistical uncertainty for estimating the total signal uncertainty.
All spectra of the candidate events are consistent with that of an air shower; numerical results
for four candidates are presented in figure 20.

8.2.2 Energy fitting with simulated signals

To obtain the expected distribution of spectral parameters for the energy measurement,
additional proton-induced showers at reconstructed directions (θ̃, φ̃) of the CR candidates
were simulated, with three showers per energy bin of logE = 0.25 between logE = 17.0–
19.0. Each candidate has to be studied separately because the shower direction, mainly the
zenith angle, affects the detection geometry including the distance to the shower and its
altitude, which dictate the Cherenkov angle, resulting in different distributions of spectral
parameters. For example, inclined showers reach their maximum at higher altitude of lower
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Figure 20. Best fit (red dashed line) of 20 MHz-averaged (black cross) coherently summed Hpol
spectra (orange curves) of four of the cosmic ray events used for the energy measurement, shown in
order of decreasing reconstructed zenith angles: 82◦ (top left), 79◦ (top right), 67◦ (bottom left), and
43◦ (bottom right).

air density and thus smaller Cherenkov angles and farther distances, from ψc ≈ 1.2◦ at
θ = 45◦ to ψc ≈ 0.4◦ at θ = 89◦. Showers previously generated for the acceptance estimation
in section 5 with zenith angles within θ̃±1◦ (±3◦ for θ̃ < 60◦) and azimuth angles φ̃±45◦ were
also included in the analysis, as it is found that the change in shower azimuth angle for zenith
angles considered here only causes slight variations in the geomagnetic radiation for the near
vertical geomagnetic field at the experimental site. The expected spectral parameters were
extracted by fitting the spectra of the Hpol component of the simulated electric field.

The energy fitting relies on the coherence of the emission at the Cherenkov angle, and
hence is verified first by checking if the signal amplitude is proportional to the primary energy
of cosmic rays,

logA200,c = p0 + p1 logE, (8.3)

where the subscript c denotes quantities at the Cherenkov angle and parameters p0 and p1

are fitted from the distribution of simulated signals. The linearity was verified (p1 ≈ 1)
within a 10% error for all considered shower directions. It was found in refs. [46, 74] that
the distribution of intercept and slope (logA200, γ) roughly follows a linear relation when
observing near the Cherenkov angle,

logA200 = logA200,c +m(γ − γc), (8.4)

where logA200,c,m are determined from fitting and γc are estimated by the maximum sampled
values of each simulated shower. The spectral intercept logA200 is found to roughly scale
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with the primary energy and the (logA200, γ) distribution does not vary significantly, after
energy normalization. Therefore a global linear fit with eq. (8.4) of the energy-normalized
distribution was performed for all the showers at a given direction, using the average value of
γc. As shown in figure 21, the linear relation is a good approximation for showers at inclined
angles θ > 70◦ for TAROGE-M.

However, in figure 21, for showers at lower zenith angles θ < 70◦, the spectral distri-
bution deviates from a straight line and exhibits two branches with turning point at the
Cherenkov angle, where the upper branch corresponds to observations inside the Cherenkov
ring (ψ < ψc) and the lower one to observations outside the ring (ψ > ψc). This branching
results in an ambiguity in determining the energy. One possible explanation for the asym-
metry across the Cherenkov ring is that the distance to shower maximum becomes shorter
at smaller zenith angles (R ∼ 20 km at θ = 70◦), and the angular size of the longitudinal
shower profile (about 100 m) becomes non-negligible. The observers inside and outside the
ring see different parts of the shower at different angles and delays, and hence in general
the two receive different signals. This phenomenon was also reported and investigated pre-
viously in ref. [75], where it was suggested that the geometric ambiguity may be resolved
by fitting the spectrum with a quadratic, rather than linear function, thereby improving the
energy estimate. However, in this analysis, the fitting did not yield an improvement in energy
resolution, perhaps due to the different electric field reconstruction applied here, as well as
the frequency band for this analysis (180–240 MHz and 280–320 MHz) being both higher and
also narrower than that used in ref. [75] (80–300 MHz). Therefore, we conservatively took the
largest deviation from the fitted line in the relevant parameter range as part of the energy
systematic uncertainty in the current analysis.

Combining eq. (8.3) and (8.4), the primary energy can be estimated by

logE =
1

p1
[logA200 − p0 −m(γ − γc)], (8.5)

The systematic uncertainty in the energy is propagated from the errors on the (p0,p1) and
(logA200,c,m) parameters returned from the fit, the spread of γc, and the maximum deviation
from the line fit. The statistical uncertainty is determined from fitting the uncertainty in
(logA200, γ) of the measured spectra. Both uncertainties are added in quadrature. An extra
scale uncertainty of σlog E = 0.1 due to the 2 dB antenna gain uncertainty is included and
added coherently to the others.

8.2.3 Measured event energy and distribution

The estimated energies log Ê of the seven CR candidates derived from eq. (8.5) are summa-
rized in table 3; four examples are shown in figure 22. The inverse-variance weighted mean
energy of these events is 〈logE〉 = 17.98 ± 0.17(statistical) ± 0.10(scale), or 0.95+0.46

−0.31EeV ,
where the uncertainty includes the energy spread (represented by the weighted RMS) of the
events and the overall scale uncertainty. The main uncertainty is due to the geometric am-
biguity in the observation angle relative to the Cherenkov ring, which increases at smaller
zenith angles, and with σlog E = 0.17 → 0.72 for θ = 82◦ → 43◦.

The event at 25◦ zenith angle (run# 25 event# 54906) has the highest estimated energy,
as it is outside of the main lobe of antennas and its momentum vector makes a smaller angle
with the geomagnetic field. But it also has the largest uncertainty, by more than an order
of magnitude, as showers very close to the detector (less than 3 km to shower maximum)
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Figure 21. The distribution of spectral slopes and energy-normalized intercepts (to 1 EeV) for
simulated showers (markers with colors indicating the energy logE) at the reconstructed directions
of the four cosmic ray events in figure 20. The global linear fit (dashed line) using eq. (8.4) is also
indicated. Note that the linear fit only approximates the behavior reliably for zenith angles above
70◦, below which the ambiguity in viewing angle around the Cherenkov cone becomes more evident,
with the upper one corresponding to ψ < ψc and the lower one to ψ > ψc.

may reach the mountain top and be clipped without full development. The resulting zenith-
angle and energy distributions of the seven detected events are otherwise consistent with
expectation, as shown in figure 23.

In the future, the energy measurement method will be modified, as the method adopted
here requires a collection of simulated showers for each detected event, and will eventually
become prohibitively computing intensive as the detector exposure increases. The alternative
method suggested in ref. [75] using a parameterization will be investigated and applied to
TAROGE-M to evaluate the reduction in computational demand. If successful, the method
would eliminate the major uncertainty caused by the angular ambiguity. In simulations, an
energy resolution of about 20% was reported in [75] for a study modeling the configuration
of an ARIANNA station.

8.3 Cosmic ray flux measurement

Due to the limited number and limited range in the energy of the detected cosmic ray events,
we used all the events to estimate the cosmic ray flux for a single energy bin centered at
the experimentally-inferred mean energy of 〈logE〉 = 17.98 ± 0.17(stat.) ± 0.10(scale), The
flux is estimated using eq. (5.3) by dividing the number of events NCR = 7 (with Poisson
error ±

√
7)) by the analysis efficiency η =89.5% (see table 2), the mean energy, the average

– 34 –



J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

0.004− 0.0035− 0.003− 0.0025− 0.002− 0.0015− 0.001− 0.0005− 0

/m/MHz]
0.5

slope [(mW/MHz)

5.5−

5−

4.5−

4−

3.5−

])
-1

 m
0
.5

 [
(m

W
/M

H
z
)

2
0
0

(A
1
0

lo
g

17

17.2

17.4

17.6

17.8

18

18.2

18.4

18.6

18.8

19

0.003− 0.0025− 0.002− 0.0015− 0.001− 0.0005− 0

/m/MHz]
0.5

slope [(mW/MHz)

5.5−

5−

4.5−

4−

3.5−

])
-1

 m
0
.5

 [
(m

W
/M

H
z
)

2
0
0

(A
1
0

lo
g

17

17.2

17.4

17.6

17.8

18

18.2

18.4

18.6

18.8

19

0.0035− 0.003− 0.0025− 0.002− 0.0015− 0.001− 0.0005−

/m/MHz]
0.5

slope [(mW/MHz)

5.5−

5−

4.5−

4−

3.5−

3−

])
-1

 m
0
.5

 [
(m

W
/M

H
z
)

2
0
0

(A
1
0

lo
g

17

17.2

17.4

17.6

17.8

18

18.2

18.4

18.6

18.8

19

0.003− 0.0025− 0.002− 0.0015− 0.001− 0.0005−

/m/MHz]
0.5

slope [(mW/MHz)

5.5−

5−

4.5−

4−

3.5−

3−

2.5−])
-1

 m
0
.5

 [
(m

W
/M

H
z
)

2
0
0

(A
1
0

lo
g

17

17.2

17.4

17.6

17.8

18

18.2

18.4

18.6

18.8

19

Figure 22. Each panel shows the spectral intercept versus slope distribution of simulated showers
(colored markers indicating the primary energy) in the reconstructed direction of each cosmic ray
event in figure 20, with lines from the linear fit with eq. (8.4) (shown in figure 21). The measured
spectral parameters of each event in figure 20 (red marker with error bars) are superimposed for the
energy measurement.
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Figure 23. The zenith-angle (left) and energy (right) distributions of detected cosmic ray events
(markers with error bars), compared with those predicted by simulation for each energy and zenith
range (colored curves), obtained by integrating the average TAROGE-M exposure (figure 11) with
the cosmic ray energy spectrum measured by the Pierre Auger Observatory [65]. The expected
distributions are scaled to the number of observed events to compare shapes.
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Figure 24. Cosmic ray flux measured with the TAROGE-M station using 25.3-days of data using
eq. (8.7) (red marker), compared to the energy spectrum measured by the Pierre Auger Observa-
tory [65] and the Telescope Array [76], as well as those previously reported by the ANITA [74] and
ARIANNA [46] radio experiments. The energy error bar of TAROGE-M denotes the spread (weighted
RMS) of the seven detected events, whereas the outer brackets indicate the scale uncertainty.

acceptance at the energy 〈AΩ〉, and the livetime Tlive, The acceptance from section 5 along
with the attendant systematic uncertainties are estimated at 〈AΩ〉 = 2.98+0.94

−0.97 ×10−1 km2 sr.
The total livetime is 25.3 days, excluding the high-wind samples (in section 7.1) and correcting
for temporal clustering (section 7.2). The flux at the mean energy of logE = 17.75 − 19.0,
covering all detected events is

Φ(〈E〉) =
NCR

ηTlive〈AΩ〉(〈E〉)〈E〉 ln 10∆ logE
. (8.6)

Using the values above and propagating the uncertainties, the estimated cosmic ray flux is
1.4+0.7

−0.7 × 10−16 eV−1 km−2 yr−1 sr−1 at 0.95+0.46
−0.31 EeV.

Alternatively, a model-dependent flux at the mean energy can be estimated assuming
that the cosmic ray flux can be described as a piece-wise power law, Φ(E) = Φ(〈E〉)(E/〈E〉)α

with the spectral index α = −3.3 obtained from the Auger CR spectrum at EeV below the
ankle [65],

Φ(〈E〉) =
NCR

ηTlive〈E〉−α
∫

〈AΩ〉(E)EαdE
, (8.7)

integrated over the interval logE = 17.0–19.5. This method yields a flux (1.2+0.7
−0.9×10−16 eV−1

km−2 yr−1 sr−1) similar to the one above. This value is consistent with those previously
reported by other experiments, as summarized in figure 24.

In summary, the seven candidate events have polarizations, spectral features, angular
and energy distributions, and an event rate that are consistent with those of UHE cosmic
rays. Hence we can conclude that the first TAROGE-M station is able to detect UHE air
showers and demonstrates discovery-potential.

9 Conclusion and future work

Radio antenna arrays on top of Antarctic mountains can not only detect air showers in-
duced by UHE cosmic rays and tau neutrinos efficiently in near horizontal directions, but

– 36 –





J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

References

[1] A. Coleman et al., Ultra-high-energy cosmic rays: the intersection of the cosmic and energy
frontiers, arXiv:2205.05845 [INSPIRE].

[2] M. Ackermann et al., High-energy and ultra-high-energy neutrinos: a snowmass white paper,
JHEAp 36 (2022) 55 [arXiv:2203.08096] [INSPIRE].

[3] T. Huege, Radio detection of cosmic ray air showers in the digital era, Phys. Rept. 620 (2016)
1 [arXiv:1601.07426] [INSPIRE].

[4] J. Alvarez-Muniz, W.R. Carvalho, Jr. and E. Zas, Monte Carlo simulations of radio pulses in
atmospheric showers using ZHAireS, Astropart. Phys. 35 (2012) 325 [arXiv:1107.1189]
[INSPIRE].

[5] A. Corstanje et al., Depth of shower maximum and mass composition of cosmic rays from 50
PeV to 2 EeV measured with the LOFAR radio telescope, Phys. Rev. D 103 (2021) 102006
[arXiv:2103.12549] [INSPIRE].

[6] Pierre Auger collaboration, Measurement of the radiation energy in the radio signal of
extensive air showers as a universal estimator of cosmic-ray energy, Phys. Rev. Lett. 116

(2016) 241101 [arXiv:1605.02564] [INSPIRE].

[7] T-510 collaboration, Accelerator measurements of magnetically-induced radio emission from
particle cascades with applications to cosmic-ray air showers, Phys. Rev. Lett. 116 (2016)
141103 [arXiv:1507.07296] [INSPIRE].

[8] K. Bechtol et al., SLAC T-510 experiment for radio emission from particle showers: detailed
simulation study and interpretation, Phys. Rev. D 105 (2022) 063025 [arXiv:2111.04334]
[INSPIRE].

[9] T. Huege, M. Ludwig and C.W. James, Simulating radio emission from air showers with
CoREAS, AIP Conf. Proc. 1535 (2013) 128 [arXiv:1301.2132] [INSPIRE].

[10] F.G. Schröder, Radio detection of cosmic-ray air showers and high-energy neutrinos, Prog.
Part. Nucl. Phys. 93 (2017) 1 [arXiv:1607.08781] [INSPIRE].

[11] ANITA collaboration, Characteristics of four upward-pointing cosmic-ray-like events observed
with ANITA, Phys. Rev. Lett. 117 (2016) 071101 [arXiv:1603.05218] [INSPIRE].

[12] ANITA collaboration, Observation of an unusual upward-going cosmic-ray-like event in the
third flight of ANITA, Phys. Rev. Lett. 121 (2018) 161102 [arXiv:1803.05088] [INSPIRE].

[13] ANITA collaboration, Unusual near-horizon cosmic-ray-like events observed by ANITA-IV,
Phys. Rev. Lett. 126 (2021) 071103 [arXiv:2008.05690] [INSPIRE].

[14] IceCube collaboration, Differential limit on the extremely-high-energy cosmic neutrino flux in
the presence of astrophysical background from nine years of IceCube data, Phys. Rev. D 98

(2018) 062003 [arXiv:1807.01820] [INSPIRE].

[15] Pierre Auger collaboration, Probing the origin of ultra-high-energy cosmic rays with
neutrinos in the EeV energy range using the Pierre Auger Observatory, JCAP 10 (2019) 022
[arXiv:1906.07422] [INSPIRE].

[16] A. Romero-Wolf et al., Comprehensive analysis of anomalous ANITA events disfavors a diffuse
tau-neutrino flux origin, Phys. Rev. D 99 (2019) 063011 [arXiv:1811.07261] [INSPIRE].

[17] ANITA collaboration, Analysis of a tau neutrino origin for the near-horizon air shower events
observed by the fourth flight of the Antarctic Impulsive Transient Antenna, Phys. Rev. D 105

(2022) 042001 [arXiv:2112.07069] [INSPIRE].

[18] IceCube collaboration, A search for IceCube events in the direction of ANITA neutrino
candidates, Astrophys. J. 892 (2020) 53 [arXiv:2001.01737] [INSPIRE].

[19] L.A. Anchordoqui, V. Barger, J.G. Learned, D. Marfatia and T.J. Weiler, Upgoing ANITA
events as evidence of the CPT symmetric universe, LHEP 1 (2018) 13 [arXiv:1803.11554]
[INSPIRE].

– 38 –



J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

[20] E. Dudas, T. Gherghetta, K. Kaneta, Y. Mambrini and K.A. Olive, Gravitino decay in high
scale supersymmetry with R -parity violation, Phys. Rev. D 98 (2018) 015030
[arXiv:1805.07342] [INSPIRE].

[21] G.-y. Huang, Sterile neutrinos as a possible explanation for the upward air shower events at
ANITA, Phys. Rev. D 98 (2018) 043019 [arXiv:1804.05362] [INSPIRE].

[22] B. Chauhan and S. Mohanty, Leptoquark solution for both the flavor and ANITA anomalies,
Phys. Rev. D 99 (2019) 095018 [arXiv:1812.00919] [INSPIRE].

[23] J.F. Cherry and I.M. Shoemaker, Sterile neutrino origin for the upward directed cosmic ray
showers detected by ANITA, Phys. Rev. D 99 (2019) 063016 [arXiv:1802.01611] [INSPIRE].

[24] J.H. Collins, P.S. Bhupal Dev and Y. Sui, R-parity violating supersymmetric explanation of the
anomalous events at ANITA, Phys. Rev. D 99 (2019) 043009 [arXiv:1810.08479] [INSPIRE].

[25] L. Heurtier, Y. Mambrini and M. Pierre, Dark matter interpretation of the ANITA anomalous
events, Phys. Rev. D 99 (2019) 095014 [arXiv:1902.04584] [INSPIRE].

[26] P.S. Bhupal Dev, R. Mohanta, S. Patra and S. Sahoo, Unified explanation of flavor anomalies,
radiative neutrino masses, and ANITA anomalous events in a vector leptoquark model, Phys.
Rev. D 102 (2020) 095012 [arXiv:2004.09464] [INSPIRE].

[27] K.D. de Vries and S. Prohira, Coherent transition radiation from the geomagnetically-induced
current in cosmic-ray air showers: implications for the anomalous events observed by ANITA,
Phys. Rev. Lett. 123 (2019) 091102 [arXiv:1903.08750] [INSPIRE].

[28] I.M. Shoemaker, A. Kusenko, P.K. Munneke, A. Romero-Wolf, D.M. Schroeder and
M.J. Siegert, Reflections on the anomalous ANITA events: the antarctic subsurface as a
possible explanation, Annals Glaciol. 61 (2020) 92 [arXiv:1905.02846] [INSPIRE].

[29] D. Smith et al., Experimental tests of sub-surface reflectors as an explanation for the ANITA
anomalous events, JCAP 04 (2021) 016 [arXiv:2009.13010] [INSPIRE].

[30] PUEO collaboration, The payload for ultrahigh energy observations (PUEO): a white paper,
2021 JINST 16 P08035 [arXiv:2010.02892] [INSPIRE].

[31] J. Nam et al., High-elevation synoptic radio array for detection of upward moving air-showers,
deployed in the Antarctic mountains, PoS ICRC2019 (2020) 967 [INSPIRE].

[32] J. Nam, Taiwan astroparticle radiowave observatory for geo-synchrotron emissions (TAROGE),
PoS ICRC2015 (2016) 663 [INSPIRE].

[33] D. Southall et al., Design and initial performance of the prototype for the BEACON instrument
for detection of ultrahigh energy particles, arXiv:2206.09660 [INSPIRE].

[34] GRAND collaboration, The giant radio array for neutrino detection (GRAND): science and
design, Sci. China Phys. Mech. Astron. 63 (2020) 219501 [arXiv:1810.09994] [INSPIRE].

[35] S. Wissel et al., Prospects for high-elevation radio detection of >100 PeV tau neutrinos, JCAP
11 (2020) 065 [arXiv:2004.12718] [INSPIRE].

[36] A. Wang, C. Lin, N. Otte, M. Doro, E. Gazda, I. Taboada et al., Trinity’s sensitivity to
isotropic and point-source neutrinos, PoS ICRC2021 (2021) 1234 [arXiv:2108.02751]
[INSPIRE].

[37] A. Romero-Wolf et al., An andean deep-valley detector for high-energy tau neutrinos, in Latin
American strategy forum for research infrastructure, (2020) [arXiv:2002.06475] [INSPIRE].

[38] NOAA National centers for environmental information (NCEI) geomagnetic modeling team
and british geological survey, World magnetic model 2020 http://www.doi.org/10.25921/
11v3-da71 (2020).

[39] ARIANNA collaboration, Targeting ultra-high energy neutrinos with the ARIANNA
experiment, Adv. Space Res. 64 (2019) 2595 [arXiv:1903.01609] [INSPIRE].

[40] Google Earth Pro 7.3.4.8248, https://www.google.com/earth/about/versions/ (2021).

– 39 –



J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

[41] ANSYS, High-Frequency Structure Simulator (HFSS) 15.0.3 software,
https://www.ansys.com/products/electronics/ansys-hfss.

[42] S.A. Kleinfelder, E. Chiem and T. Prakash, The SST fully-synchronous multi-GHz analog
waveform recorder with nyquist-rate bandwidth and flexible trigger capabilities, in 2014 IEEE
nuclear science symposium and medical imaging conference and 21st symposium on
room-temperature semiconductor X-ray and Gamma-ray detectors, (2015)
https://doi.org/10.1109/NSSMIC.2014.7431232 [arXiv:1505.07085] [INSPIRE].

[43] S.A. Kleinfelder, E. Chiem and T. Prakash, The SST multi-G-sample/s switched capacitor
array waveform recorder with flexible trigger and picosecond-level timing accuracy,
arXiv:1508.02460 [INSPIRE].

[44] A. Anker et al., A search for cosmogenic neutrinos with the ARIANNA test bed using 4.5 years
of data, JCAP 03 (2020) 053 [arXiv:1909.00840] [INSPIRE].

[45] Korea Polar Data Center, Jang Bogo Station Weather in 2020, archival data from
https://rp5.ru/Weather_archive_in_Jang_Bogo, accessed at April 1 (2022).

[46] S.W. Barwick et al., Radio detection of air showers with the ARIANNA experiment on the
Ross Ice Shelf, Astropart. Phys. 90 (2017) 50 [arXiv:1612.04473] [INSPIRE].

[47] TAROGE and ARIANNA collaborations, Status, calibration, and cosmic ray detection of
ARIANNA-HCR Station, PoS ICRC2019 (2020) 462 [INSPIRE].

[48] J.A. Aguilar et al., Triboelectric backgrounds to radio-based UHE neutrino exeperiments,
arXiv:2103.06079 [INSPIRE].

[49] PIX4D, PIX4Dmapper,
https://www.pix4d.com/product/pix4dmapper-photogrammetry-software.

[50] A. Nelles et al., Calibrating the absolute amplitude scale for air showers measured at LOFAR,
2015 JINST 10 P11005 [arXiv:1507.08932] [INSPIRE].

[51] E. Polisensky, LFmap: a low frequency sky map generating program, Long Wavelength Array
Memo Series 111 (2007) 515 https://leo.phys.unm.edu/∼lwa/memos/memo/lwa0111.pdf.

[52] J. Nam et al., Development of drone-borne aerial calibration pulser system for radio
observatories of ultra-high energy air showers, PoS ICRC2021 (2021) 283 [INSPIRE].

[53] S. Prohira et al., HiCal 2: an instrument designed for calibration of the ANITA experiment and
for Antarctic surface reflectivity measurements, Nucl. Instrum. Meth. A 918 (2019) 60
[arXiv:1710.11175] [INSPIRE].

[54] TAROGE collaboration, TAROGE experiment and reconstruction technique for near-horizon
impulsive radio signals induced by Ultra-high energy cosmic rays, PoS ICRC2021 (2021) 263
[INSPIRE].

[55] IceCube-Gen2 collaboration, IceCube-Gen2: the window to the extreme Universe, J. Phys. G
48 (2021) 060501 [arXiv:2008.04323] [INSPIRE].

[56] P. Allison et al., Long-baseline horizontal radio-frequency transmission through polar ice, JCAP
12 (2020) 009 [arXiv:1908.10689] [INSPIRE].

[57] ANITA collaboration, An interferometric analysis method for radio impulses from ultra-high
energy particle showers, arXiv:1304.5663 [INSPIRE].

[58] TAROGE, ARIANNA collaboration, Calibration, performance, and cosmic ray detection of
ARIANNA-HCR prototype station, PoS ICRC2017 (2018) 358 [INSPIRE].

[59] D. Heck, J. Knapp, J.N. Capdevielle, G. Schatz and T. Thouw, CORSIKA: a Monte Carlo
code to simulate extensive air showers, CORSIKA version 7.5700,
https://www.iap.kit.edu/corsika/index.php (1998).

[60] S. Buitink et al., Method for high precision reconstruction of air shower Xmax using
two-dimensional radio intensity profiles, Phys. Rev. D 90 (2014) 082003 [arXiv:1408.7001]
[INSPIRE].

– 40 –



J
C
A
P
1
1
(
2
0
2
2
)
0
2
2

[61] C.A. Balanis, Antenna theory: analysis and design, John Wiley & Sons (2015).

[62] Pierre Auger collaboration, Antennas for the detection of radio emission pulses from
cosmic-ray, 2012 JINST 7 P10011 [arXiv:1209.3840] [INSPIRE].

[63] J.D. Jackson, Classical electrodynamics, 3rd ed., Am. J. Phys. 67 (1999) 841.

[64] S. Campbell, R.T. Affleck and S. Sinclair, Ground-penetrating radar studies of permafrost,
periglacial, and near-surface geology at McMurdo Station, Antarctica, Cold Reg. Sci. Tech. 148

(2018) 38.

[65] Pierre Auger collaboration, Measurement of the energy spectrum of ultra-high energy cosmic
rays using the Pierre Auger Observatory, PoS ICRC2019 (2020) 450 [INSPIRE].

[66] C.-H. Leung, Studies of the radio wave detection of earth-skimming neutrinos for TAROGE-M,
MSc Thesis, National Taiwan University (2020).

[67] M.-H.A. Huang, SHINIE: simulation of high energy neutrinos interacting with the Earth, Nucl.
Phys. B Proc. Suppl. 175-176 (2008) 472 [INSPIRE].

[68] A. Connolly, R.S. Thorne and D. Waters, Calculation of high energy neutrino-nucleon cross
sections and uncertainties using the MSTW parton distribution functions and implications for
future experiments, Phys. Rev. D 83 (2011) 113009 [arXiv:1102.0691] [INSPIRE].

[69] A.M. Dziewonski and D.L. Anderson, Preliminary reference Earth model, Phys. Earth Plan.
Int. 25 (1981) 297.

[70] H. Liu, K. Jezek, B. Li and Z. Zhao, Radarsat antarctic mapping project digital elevation
model, Version 2, NASA National Snow and Ice Data Center Distributed Active Archive
Center, Boulder, Colorado U.S.A. (2015).

[71] J. Alvarez-Muñiz, W.R. Carvalho, A.L. Cummings, K. Payet, A. Romero-Wolf,
H. Schoorlemmer et al., Comprehensive approach to tau-lepton production by high-energy tau
neutrinos propagating through the Earth, Phys. Rev. D 97 (2018) 023021 [Erratum ibid. 99

(2019) 069902] [arXiv:1707.00334] [INSPIRE].

[72] P. Fretwell et al., Bedmap2: improved ice bed, surface and thickness datasets for Antarctica,
The Cryosphere 7 (2013) 375.

[73] Arianna collaboration, Measuring the polarization reconstruction resolution of the ARIANNA
neutrino detector with cosmic rays, JCAP 04 (2022) 022 [arXiv:2112.01501] [INSPIRE].

[74] H. Schoorlemmer et al., Energy and flux measurements of ultra-high energy cosmic rays
observed during the first ANITA flight, Astropart. Phys. 77 (2016) 32 [arXiv:1506.05396]
[INSPIRE].

[75] C. Welling, C. Glaser and A. Nelles, Reconstructing the cosmic-ray energy from the radio signal
measured in one single station, JCAP 10 (2019) 075 [arXiv:1905.11185] [INSPIRE].

[76] Telescope Array collaboration, Energy spectrum measured by the Telescope Array, PoS
ICRC2019 (2020) 298 [INSPIRE].

– 41 –


