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GRANDProto300 is a 300-antenna prototype array of the envisioned GRAND (Giant Radio Array
for Neutrino Detection) project. The goal of GRANDProto300 is to detect radio signals emitted by
cosmic ray-induced air showers, with energies ranging from 10'6-> eV to 10'%-3 eV, which covers
the transition region between Galactic and extragalactic sources. We use simulations to optimize
the layout of GRANDProto300 and develop a shower reconstruction method. Based on them, we
present the performance of GRANDProto300 for cosmic-ray detection, by means of its effective

area, angular resolution, and energy resolution.
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1. Introduction

The origin of ultra-high-energy cosmic rays (UHECRs) remains a longstanding mystery in
astrophysics [1]. Despite their observation spanning several decades, the precise origins of UHECRs
have yet to be definitively determined. To address this challenge, the Giant Radio Array for Neutrino
Detection (GRAND) is an envisioned large-scale observatory dedicated to the discovery and study
of UHECR sources [2]. The objectives of GRAND encompass the detection and analysis of UHE
cosmic rays, gamma rays, and neutrinos, with energies above 10!7 eV. When UHE cosmic rays,
gamma rays, and neutrinos reach the Earth, the extensive air showers they induce in the atmosphere
interact with the geomagnetic field, generating radio emissions that can be detected by antennas
positioned far from the shower.

The detection of extensive air showers using radio signals has been successfully demonstrated
by various experiments, including AERA, CODALEMA, LOFAR, and Tunka-Rex, as detailed in [3—
5]. The characteristics of radio emission, such as amplitude, frequency, and polarization, have been
extensively studied and can be accurately modeled. GRANDProto300 serves as a 300-antenna
prototype array for the larger GRAND project. Operating within the 50-200 MHz frequency
range, GRANDProto300 is specifically designed to detect inclined cosmic rays. By leveraging
the simulation results, we gain insights into the capabilities of GRANDProto300 in accurately
detecting and characterizing cosmic-ray events. This evaluation provides valuable information
for the advancement of the GRAND project and its ultimate goal of understanding the origins of
UHECRs.

2. Simulation Data

We performed simulations using ZHAireS 1.0.30a! [6], a specialized tool for simulating
extensive air showers and the radio emission induced by UHECRs. Our simulations involved
16,000 UHE protons entering the atmosphere located at Dunhuang in the Gansu Province, China.
The primary protons had energies ranging from 60 PeV to 4 EeV, zenith angles between 54° and
84°, and azimuth angles between 0° and 360°.

For the simulation, we utilized a “star-shaped” array layout, comprising 160 antennas distributed
across 8 arms for interpolation of the arrival time and the peak value of the radio emission signal
at each antenna position and 16 antennas for verification. This configuration allows for complete
coverage of the radio emission patterns, equivalent to 8 times the diameter of the Cherenkov ring?.
The layout was then projected onto the ground plane based on the direction of the cosmic-ray air
shower. Figure 1 illustrates an example of the antenna layout in the angular plane which displays
the angular positions of the antenna with respect to the shower axis; in the shower plane, defined as
the projection of the position of the antennas into a plane perpendicular to the shower axis and set
at the shower core location; and in the ground plane, where the antennas are placed.

The maximum distance, L%, between the antennas and shower core on the ground plane is
primarily determined by the distances from shower core to shower maximum (Dx ), the Cherenkov

max

thttp://aires.fisica.unlp.edu.ar/zhaires
2For an observer located at this specific angle to the shower, the radio signals emitted from all points along the shower
arrive simultaneously, boosting the signal along a “Cherenkov ring”.
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Figure 1: An example of the star-shaped layout in the angular plane (left panel), shower plane (central
panel) and ground plane (right panel), simulated using proton event (with energy 4 EeV, zenith angle 71°
and azimuth angle 45°). In the central panel, V and B are the directions of the shower axis and geomagnetic
field, respectively. The 160 blue points represent the antennas used for interpolation, while the 16 red points
indicate the antennas used for verification.

angle (w. = arccos %, where 7 is the refraction index at the shower maximum) and the zenith angle
(0) of the incoming particles: Ly, = 8Dx,,  wc/cos(#). Due to the variation in the position of
the shower maximum caused by the energy of the primary particles and their interactions with the
atmosphere, the maximum distance between the antennas and the shower core will fluctuate even
for showers with the same zenith angle. Figure 2 illustrates the relation between the distances from
the shower maximum to the shower core and the maximum distances between the antennas and
the shower core, considering different zenith angles of the incoming particles. These maximum
distances play a crucial role in determining the allowable range of positions for the shower core
beyond the layout of GRANDProto300.
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Figure 2: Left: Distances between the shower maximum and the shower core as a function of the zenith
angle of the particles. Right: Maximum footprint distances between the antennas and the shower core. The
dispersion observed at each zenith angle is a result of the fluctuation of the shower maximum position caused
by variations in the energy of the cosmic rays and their interactions with the atmosphere.

After performing the ZHAireS simulation, the electric field at each antenna position is obtained.
Subsequently, we simulate the antenna response to these electric fields, resulting in the calculation
of voltages for each arm of the antennas. Additionally, the voltage calculations include the noise
from the galactic plane at 18 hs (LST). Figure 3 presents an example displaying the electric fields
and voltages of each arm, as well as the root sum of the Hilbert envelope of the electric field and
voltage, obtained from one of the antennas. The key characteristics of the signal are the peak time
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and peak amplitude observed in each arm. These features play a significant role in the reconstruction
of the primary properties of the cosmic rays.
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Figure 3: An example illustrating the electric fields (top row) and voltages (bottom row) of each arm (left
column) of the antennas. The central column displays the Hilbert envelopes of the electric fields and voltages
for each arm. The right column represents the root sum of the square of the Hilbert envelope of each arm for
the electric field and voltage. These measurements were obtained from one of the antennas.

3. Interpolation and Reconstruction Method

3.1 Interpolation

In order to assess the performance of GRANDProto300, we employ interpolation techniques
to map the simulation data onto studied GRANDProto300 layouts, allowing us to reconstruct the
properties of the primary event.

The arrival times of the signals received by each antenna exhibit a linear dependence on the
distances between the antennas and the shower maximum. Figure 4 illustrates the linear interpolation
of the arrival times for each antenna as a function of the distances to the shower maximum. The
maximum residual time is found to be less than 2 ns close to the shower core, which is comparable
to the time uncertainty introduced by the GPS module.

The interpolation method for the amplitude is based on the algorithm introduced in [7]. This
method involves decomposing the radio emission into sub-components using Fourier transformation
around the shower axis. The Fourier coefficients are then interpolated based on the offset angle from
the shower axis, and the composite signal is reconstructed using inverse Fourier transformation.
Figure 5 demonstrates the interpolated results of the simulation voltage peak amplitudes for each
arm of the star-shaped layout.

3.2 Reconstruction

The reconstruction method utilized in this study is based on the research conducted in [8, 9].
For the inclined air shower, the geometrical configurations satisfy the Fraunhofer conditions. As a
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Figure 4: Left: Linear interpolation of the arrival times of each antenna as a function of the distances
between the antennas and the shower maximum. Right: Residual times of antennas.
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Figure 5: Interpolated results of the simulation voltage peak amplitudes for each arm of the star-shaped
layout.

result, the radiation wavefront can be approximated as a plane wave at first order, allowing for arough
reconstruction of the emission direction. The study of the wavefront indicates that the spherical
model provides sufficient accuracy in describing the radio emission wavefront in GRAND [8].
Although the spherical model does not enable the direct reconstruction of the arrival direction
of the emission, it allows for the identification of the emission source as a point-like source. To
reconstruct the arrival direction, the shower core position is required as the second point along the
shower axis, which can be determined using the amplitude distribution.

The reconstruction process consists of three steps. Firstly, a plane wave reconstruction tech-
nique is employed to reduce the parameter space, narrowing down the possible solutions. This step
helps to establish an initial estimation of the arrival direcion.

Next, the spherical reconstruction method is applied to determine the precise position of the
emission source. The spherical model takes into account the spherical wavefront characteristics
and allows for a more accurate determination of the emission source position.

Finally, the amplitude profile is fitted using an Angular Distribution Function (ADF) model.
This step involves matching the observed amplitude distribution with the expected behavior predicted
by the ADF model. The fitting process helps to refine the reconstruction and obtain a more precise
estimation of the arrival direction of the emission.

The complete reconstruction chain enables us to accurately reconstruct both the arrival di-
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rection and the emission point of the shower. Furthermore, an important parameter in the ADF
reconstruction, denoted as (A, is directly related to the total energy of shower emission. This relation
allows us to utilize A as a tool to reconstruct the primary energy of cosmic rays. By analyzing the
value of A obtained through the ADF fitting, we can obtain valuable information about the energy
of the incident cosmic rays. The combination of reconstructing the arrival direction, emission point,
and primary energy provides a comprehensive understanding of the cosmic ray events detected by
GRANDProto300, enabling us to study and analyze the properties and sources of UHECRs.

4. Simulated Performance of GRANDProto300

By employing interpolation, the simulation data obtained from the star-shaped layout can be
interpolated to the GRANDProto300 layout. This interpolation is carried out by considering random
shower core positions that lie within circles with a radius equal to the maximum footprint distance.
To evaluate the acceptance of the GRANDProto300 array, certain criteria are applied. Specifically,
events that meet the trigger condition are selected. The trigger condition necessitates that the signal
is detected by at least five antennas, surpassing a threshold set at 5 times the standard deviation of
the Galactic noise. By applying these selection criteria, the acceptance of the GRANDProto300
array can be estimated. This estimation provides valuable insights into the array’s capability to
detect and capture relevant signals from the simulated events.

In order to optimize the layout of the GRANDProto300 array, four competing layout options
are compared. These layouts consist of a hexagonal outer region with 1 km and 500 m spacing, as
well as a hexagonal or triangular inner region with 500 m to 250 m spacing. Figure 6 illustrates
these four different layouts of the GRANDProto300 array. To evaluate the performance of these
layouts, the interpolation and trigger selection techniques are applied to estimate their acceptance.
By calculating the acceptance, we can assess the capability of the array to detect and capture
relevant signals from simulated events. Considering the proton flux observed by TALE [10],
we derive the expected event rate of protons detected by the GRANDProto300 array. Figure 7
illustrates the expected acceptance and event rate for proton detection across the different layouts
of GRANDProto300. By comparing these layouts, we observe that a sparse outer region combined
with a dense inner region leads to an enlarged acceptance in both the high-energy and low-energy
ranges.

The angular resolution of GRANDProto300 is defined as the range of angles containing 68%
of the distribution of the angular distance between the reconstructed direction and the primary
direction of the shower. Figure 8 shows how the angular resolution of GRANDProto300 varies
with number of the triggered antennas and the noise of the trigger time. It can be observed
that the angular resolution of GRANDProto300 improves as the number of the triggered antennas
increase, while it worsens with increased noise in the trigger time. Overall, the angular resolution
of GRANDProto300 is better than 0.3 degrees when the time noise is within 10 ns.

Figure 9 shows the linear relation between the parameter ‘A and the primary energy of the
shower. The parameter A can be used as an indicator to estimate the primary energy of the cosmic
rays detected by GRANDProto300. However, it should be noted that the energy resolution of
GRANDProto300 deteriorates when considering trigger times with 10 ns noise.



The simulated performance of GRANDProto300 Kai-Kai Duan

7500k 4000f j 7500F 1 ao00f ]

5000F .- ° . 5000
. 2000} © 2000

2500F :. 2500F |, -+

or . .

Y (m)
o
Y (m)
Y (m)
o
Y (m)

or. -
—2500F - ° . —2500F "

o —2000( | - F
5000k . 2000

—5000F

~7500F M 1 _ao00l PN 1 —7500f 1 —ao000f 1

Z5000 0 5000 ~4000-2000 0 2000 4000 Z5000 0 5000 ~4000-2000 0 2000 4000

X (m) X (m) X (m) X (m)
Figure 6: Four different layouts of the GRANDProto300 under consideration. (a) Layout with a 1 km
inter-station spacing hexagonal outer region and a 500 m inter-station spacing hexagonal inner region. (b)
Layout with a 500 m inter-station spacing hexagonal outer region and a 250 m inter-station spacing hexagonal
inner region. (c) Layout with a 1 km inter-station spacing hexagonal outer region and a 500 m inter-station
spacing triangle inner region. (d) Layout with a 500 m inter-station spacing hexagonal outer region and a
250 m inter-station spacing triangle inner region.
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Figure 7: The expected acceptances (left) and event rates (right) for the detection of UHE proton-initiated
extensive air showers by different GRANDProto300 layouts.
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Figure 8: Left: Variation of the angular resolution of GRANDProto300 with the number of triggered
antennas. Asthe number of triggered antennas increases, the angular resolution improves. Right: Dependence
of the angular resolution on the time noise of the trigger time. With lower time noise, the angular resolution
of GRANDProto300 is enhanced.
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Figure 9: Left: Linear relation between the parameter A and the primary energy of the shower without time
noise. Right: Same relation with the inclusion of 10 ns noise in the trigger times.

5. Summary

Using simulation data, we explore four possible layouts of GRANDProto300 and implemented
a reconstruction method based on [8, 9]. By interpolating the simulation data from the star-shaped
layout to the GRANDProto300 layout and applying the trigger condition, we have determined the
acceptance and estimated the event rate. Furthermore, through the process of plane wave, spherical
wave, and ADF reconstruction, we have successfully reconstructed the arrival direction and position
of the emission point of the showers. Moreover, the parameter A in the ADF reconstruction is
directly correlated with the primary energy of the shower emission, which allows us to reconstruct
the energy of the cosmic rays accurately.
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