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GRANDProto300 is one of the prototype experiments of the Giant Radio Array for Neutrino
Detection. It will feature about 300 radio antenna detectors in Xiaodushang in Dunhuang, China,
covering a total geometrical area of about 200 km?. A main scientific goal of GRANDProto300 is

the study of cosmic rays in the transition region (107 eV < E < 10'8:3

eV). Our study calculates
the exposure of GRANDProto300 to cosmic rays and estimates the number of cosmic-ray events
to be detected during a fixed observation period. The trigger efficiency reaches 50, 80, and 90% at
10'7-5,10'79, and 10'8-3 eV, respectively. The exposure of GRANDProto300 is 50 km? day sr at

0'7-3 eV, and the expected number of observed cosmic rays with energies above 10!7 eV

around 1
and zenith angles above 65° is about 130 events per day. GRANDProto300 will be able to measure
the cosmic-ray energy spectrum in 1072 eV < E < 10'9-3 eV through one-year observation, with
a statistical precision about five times better than the previous spectral measurement by a mono-
fluorescence detector of the Telescope Array Low-Energy Extension. The statistical uncertainty
in the measurement of the mean depth of the air-shower maximum Xy, is about five times better
than the previous measurements using radio detectors at 10'7-3 eV; systematic uncertainties should
be a dominant contribution limiting our interpretation of the chemical composition of cosmic rays

in the transition region.
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1. Introduction

The Giant Radio Array for Neutrino Detection (GRAND) is a future radio-antenna-array
experiment mainly aiming at the first detection of ultra-high-energy neutrinos well beyond 10'7 eV
and the study of the origin of ultra-high-energy cosmic rays (E > 10'8eV) [1, 2]. It will detect the
geomagnetic radio emission from Earth-skimming hadronic showers produced by the decay of tau
leptons, the products of the charged-current reaction of astrophysical tau neutrinos in the Earth. A
main technical challenge of GRAND is an autonomous trigger of radio emission from air showers
only using radio detectors. GRAND has three prototype experiments, GRANDProto300 in China,
GRAND @ Auger in Argentina and GRAND @Nancay in France. In particular, GRANDProto300
(hereafter called GP300) will be dedicated to the calibration of our radio detectors, the validation
of the autonomous radio trigger, and the study of cosmic rays (CRs) in the transition region
(107 eV < E < 10'83¢V) [3]. This study focuses on the ability of GP300 for the CR observation
by calculating the exposure of the array to CRs through a simulation-based study.

2. GRANDProto300 (GP300)

GP300 is a prototype radio-antenna array to be installed in Xiaodushan (40.99°N, 93.94°E,
~1200 m above sea level) in Dunhuang, China. Figure 1 shows the bird’s-eye view of GP300. It
will make use of 299 radio detector units (DUs) covering a total geometrical area of about 200 km?.
Each DU has butterfly-shaped steel antenna arms extending in the South-North (X-arm), East-West
(Y-arm), and the vertical directions (Z-arm). The X- and Y-arms are dipoles, while the Z-arm is a
monopoloe and the supporting pole works as its second arm. For the detailed description of the DU
design and its functionality, see [4]. GP300 has an infill array with an interval of 577 m between
DUs, surrounded by a sparse array with an interval of 1 km. The infill array is used to lower the
energy threshold for CR events. Motivations of GP300 include the validation of the autonomous
trigger of radio emission from CR-induced air showers only using radio detectors and the study of
the transition region in the CR energy spectrum above 10'7 eV.

3. Simulation

This study uses the COREAS code [5] to simulate the development of CR-induced air showers
and calculate the associated radio emission at each position of the GP300 DUs. The CR events
are generated following the uniform distribution in the logarithmic energy space within a range of
10" eV < E < 10 eV. The distribution of the incoming directions is uniform in zenith angle 6
within 65° < 6 < 88° and azimuthal angle ¢ within 0° < ¢ < 360°. Out of total 1.5 x 10* events
generated in the simulation, 50% are protons and the remaining 50% are irons. The shower core
positions of the events are randomly distributed within the rectangular region enclosed within the
black dashed lines shown in Figure 1. The region covers only a partial array, so the current analysis
using the simulation data only gives an approximate estimate of exposure. The simulation assuming
a large geometrical area enough to cover the entire array will be performed in the future.

To calculate the exposure of GP300 for realistic observations, events are weighted to reproduce
the measured energy spectrum of CRs and the isotropic distribution of their incoming directions.
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Figure 1: Bird’s-eye view of the GP300 radio detector array. The black dashed lines enclose the rectangular
region ([-5.2 km, 11.3 km] in Easting and [-4.4 km, 6.5 km] in Northing) where the core positions are
randomly distributed.

For the CR energy spectrum, this study assumes the best-fit broken power-law function to the
spectral measurement by the fluorescence detector of the Telescope Array Low-Energy Extension
(TALE) [6]:
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The radio emission from an air shower event is calculated with CoOREAS for the DUs that are
located within four Cherenkov radii from the simulated core position of the event. The calculated
emission is then processed with GRAND1ib [4] to simulate the output signals from the DUs. The
time trace of the electric field of the radio emission is converted into the time trace of open circuit
voltage by accounting for the antenna effective length. The open circuit voltage trace is then fed
into the radio frequency chain of the DUs to obtain the output voltage trace, which is then digitized
by the analog-to-digital (ADC) converter. The Galactic noise: the radio synchrotron emission from
high-energy galactic electrons, measured by the real expriment for a fixed observation period [7],
is added to the simulated ADC trace of the shower radio emission. The amplitude of the Galactic
noise in our simulation is 15.1 ADC counts in terms of root mean square (RMS). The value of
the noise amplitude is fixed in our simulation analysis, although it fluctuates by a few ADC counts
during the operation in the real experiment. For the detailed description of the signal processing in
the DUs, see [4].

To discuss the trigger, the Hilbert envelope of the time trace of ADC counts is calculated in each
of the three arms of the DUs. The three traces of the Hilbert envelope are summed in quadrature,
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and each DU is triggered when the quadrature sum exceeds 90.6 ADC counts. Finally, an overall
trigger is issued when any five or more DUs are triggered.
The exposure is calculated from the following equation:

2. Nisig,i cosd

Exposure = Ageo QT ,
p geo obs Zj Nsim,j

2)
where Age, = 180 km? is the geometrical area of the region where the shower core positions are
distributed (see Figure 1), Q = 2.4sr the solid angle of the entire sky region assumed in the
simulation, and Ty the observation period. Nyig is the number of events that triggered the GP300
array, and Ny, is the number of events generated in the simulation. Note that the both numbers of
events are weighted as mentioned above so that the generated events follow the TALE CR energy
spectrum and the isotropic distribution of incoming direction. The cos 6 factor in the numerator
accounts for the fact that the effective geometrical area is smaller by cos 6 for an injected CR event
with a zenith angle of 6.

4. Results and discussions

The left panel of Figure 2 shows the trigger efficiency of GP300 as a function of energy. The
trigger efficiency is defined as a fraction of events that triggered the array to the total events generated
in the simulation. The error bars show the statistical errors coming from the statistical uncertainty
in the number of triggered events assuming a binomial distribution. The horizontal axis shows true
energies of CR events generated in the simulation. The trigger efficiency of GP300 reaches 50,
80, and 90% at 10'7-3, 1079, and 10'8-3 eV, respectively. The right panel of Figure 2 shows the
trigger efficiency for three different zenith angle ranges: 65.0° < 6 < 74.5°, 74.5° < 6 < 81.3°
and 81.3° < 0 < 88.0°. As the zenith angle increases, the trigger efficiency improves due to the
large footprint size of the radio emission on the ground, which is able to trigger more DUs. On
the other hand, threshold energy becomes higher with an increase of ¢ due to the attenuation of the
radio emission from highly inclined showers. The figure shows that the efficiency is determined
by the balance between the above two physical processes: the footprint size of the air-shower radio
emission and its attenuation as a function of zenith angle.

The left panel of Figure 3 shows the exposure of GP300 as a function of energy for one-day
observation calculated from Equation (2) with Tops = 1day. The exposure reaches 50, 80, and
90 km? day sr at 10'7-5, 10'8, and 10'° eV, respectively. The right panel of Figure 3 shows the
expected number of CR events observed by GP300 per day for each energy bin. Integration over
the whole energy range in our simulation (10'7 eV < E < 10?° eV and 65° < 6 < 88°) gives about
130 events per day.

Figure 4 shows a prediction of the reconstructed CR spectrum from the one-year observation by
GP300 compared with the measurement by the TALE fluorescence detector [6]. For our prediction,
the horizontal axis presents true energies of CR events generated in the simulation. A total number of
4.9%10* CRs will be observed, and the preliminary estimate of the number of CRs in each energy bin
is presented in Table 1. Compared with the previous TALE observation comprehensively covering
the transition region, GP300 will be able to determine the CR flux with a better statistical precision
by a factor of about eight and five at the 10'7- eV and 10'® eV energy ranges, respectively. In the
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Figure 2: Left panel: trigger efficiency as a function of energy of CR events. The error bars are statistical
errors assuming a binomial distribution for triggered events. The horizontal black dashed line indicates a
100% efficiency. Right panel: trigger efficiency for three different zenith-angle ranges.

102,

101,

One-day exposure (km? day sr)

I I I I -4 I I I
17.0 175 180 i85 19.0 195 200 107170 175 180 i85 19.0 195  20.0
logio(Energy [eV]) logio(Energy [eV])

Figure 3: Left panel: exposure of GP300 in one-day observation as a function of energy of CR events. The
error bars are statistical errors assuming a binomial distribution for triggered events. Right panel: expected
number of CR events observed by GP300 per day per energy bin.

energy range of 10'%eV < E < 10'7 eV, the event statistics estimated for the GP300 observation
is also comparable with that of the measurement by the dense surface detector array with a 750 m
spacing of the Pierre Auger Observatory [8]. The spectrum will be successfully reconstructed up
to 10! eV before the steep cutoff of the spectrum [9—11]. Note that our prediction is made from
a simple extrapolation of the best-fit power-law function to the TALE observation above 10'7 eV.

The measured CR energy spectrum has an ankle structure at around 10'37

eV where the spectrum
becomes harder [11]. The expected number of CRs observed by GP300 in the ankle energy region
should increase accordingly, and the ankle structure will be resolved.

Finally, a very simple prediction of the statistical uncertainty in our future measurement of
the mean depth of the air-shower maximum Xp,.x is presented. LOFAR estimated the statistical

uncertainty in their Xp,x measurement by o (Xmax)/ VN, where 0 (Xmax) is the standard deviation
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Figure 4: Prediction of the measurement of the CR energy spectrum by GP300 for a one-year observation
The error bars show statistical errors assuming a Poisson distribution. The gray data points show the
measurement by the TALE fluorescence detector for 1,080 hours of observation [6]. The gray dashed lines
show the best-fit broken power-law function to the TALE measurement; see Equation (1). The black data
points are given by the Pierre Auger Observatory, combining the measurements by their surface detector
arrays with 750 and 1500 m intervals [8]. The error bars of the TALE and Auger measurements are statistical

only, and the systematic uncertainty in the flux normalization from the energy-scale uncertainty is indicated
with the arrows for the case of TALE.

of the distribution of Xy« in the energy bin of interest and N is the number of events in that energy
bin [12]. Assuming similar event-reconstruction performance of GP300 to that of LOFAR and
0 (Xmax) = 60 g/cm? for the whole energy range accounting for the X.x measurement by LOFAR
[12], the statistical uncertainty in mean Xp,x in the measurement by GP300 per energy bin (AInE =
0.1)isestimatedas 0.7, 1.9,and 6.5 g/cm? at 10'7-3, 10'%, and 108 ¢V, respectively. The prediction
of the statistical uncertainty is about five times smaller than those in the previous measurements
using radio detectors, LOFAR and AERA [12, 13], at 10173 eV. Therefore, systematic uncertainties

will be a dominant contribution that limits the interpretation of the mean X;,,x measurement by

GP300; for example the systematic uncertainty in the LOFAR measurement is ~ 7 g/cm? [12]. The
calibration of the DUs is a crucial work to reduce the systematic uncertainty.
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log,o(E[eV]) Expected number of CR events per year

17.2-17.3 3821
173 -17.4 8551
17.4-17.5 11457
17.5-17.6 8436
17.6 - 17.7 6034
17.7-17.8 3884
17.8-17.9 2402
17.9 - 18.0 1655
18.0 - 18.1 1055
18.1 - 18.2 624
18.2-18.3 378
18.3 -18.4 244
18.4 - 18.5 142
18.5-18.6 91
18.6 — 18.7 56
18.7 - 18.8 33
18.8 - 18.9 21
18.9 -19.0 12
19.0 -19.1 7
19.1 -19.2 4
19.2-19.3 2
19.3-194 1
19.4 -19.5 1

Table 1: Preliminary estimate of the number of CRs to be observed by GP300 in each logarithmic energy
bin after one-year observation.

5. Conclusion

This study calculates the exposure of the GP300 radio detector array for CRs above 107 eV.
The trigger efficiency of GP300 is 50, 80, and 90% at 10'7-3, 10'7-?_ and 10'3-3 eV, respectively. The
trigger efficiency improves over the whole energy range above 10'7 eV with an increase of zenith
angle 6 in 65° < 6 < 80° due to the large footprint size of the radio emission on the ground. On
the other hand, in the higher zenith-angle range in 6 > 80°, the trigger efficiency becomes smaller
in E < 108 eV due to the attenuation of the radio emission from very inclined showers.

The exposure of GP300 for one-day observation reaches 50, 80, and 90 km? day sr at 10'7-,
10'8, and 10'° eV, respectively. Based on the calculated exposure, about 130 CR events are
expected to be observed per day by GP300 in E > 10'7 eV and 6 > 65°. A total ~ 4.9 x 10* CR
events will be observed by GP300 after one-year observation, and the CR energy spectrum will be
measured in 10'72eV < E < 10! eV with a high statistical precision; the observation will have
about eight and five times more statistics at around 10'7-> eV and 10'® eV, respectively, compared
with the previous measurement by the TALE fluorescence detector. Also, in the energy range of
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10'8eV < E < 109 ¢V, the event statistics estimated for the GP300 observation is comparable
with that of the measurement by the Pierre Auger Observatory using the dense surface detector
array. Our future observation of mean Xy« Will also have a five times smaller statistical error than
previous measurements using radio detectors at 10'7-> €V, and our interpretation of the chemical
composition of CRs will be limited by systematic errors in our measurement. The observation of
GP300 with a high statistical precision will surely help us accurately determine the spectral shape
and the chemical composition of CRs in the transition region.
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