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Ultra-high-energy cosmic neutrinos (UHE), with energies above 100 PeV, are unparalleled probes
of the most energetic astrophysical sources and weak interactions at energies beyond the reach
of accelerators. GRAND is an envisioned observatory of UHE particles - neutrinos, cosmic
rays, and gamma rays - consisting of 200,000 radio antennas deployed in sub-arrays at different
locations worldwide. GRAND aims to detect the radio emission from air showers induced by
UHE particle interactions in the atmosphere and underground. For neutrinos, it aims to reach
a flux sensitivity of ∼ 10−10 GeV cm−2 s−1 sr−1, with a sub-degree angular resolution, which
would allow it to test the smallest predicted diffuse fluxes of UHE neutrinos and to discover point
sources. The GRAND Collaboration operates three prototype detector arrays simultaneously:
GRAND@Nançay in France, GRANDProto300 in China, and GRAND@Auger in Argentina.
The primary purpose of GRAND@Nançay is to serve as a testbench for hardware and triggering
systems. On the other hand, GRANDProto300 and GRAND@Auger are exploratory projects
that pave the way for future stages of GRAND. GRANDProto300 is being built to demonstrate
autonomous radio-detection of inclined air showers and study cosmic rays near the proposed
transition between galactic and extragalactic sources. All three arrays are in the commissioning
stages. It is expected that by 2028, the detector units of the final design could be produced and
deployed, marking the establishment of two GRAND10k arrays in the Northern and Southern
hemispheres. We will survey preliminary designs, simulation results, construction plans, and the
extensive research program made possible by GRAND.
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1. Introduction

Ultra-high-energy cosmic rays (UHECRs) are atomic nuclei with energies exceeding approx-
imately 1018 electron volts (eV), and their origins remain a puzzle [1]. The mechanisms by which
they attain such extreme energies are still poorly understood. Throughout their journey from the
point of acceleration to their arrival at Earth, cosmic rays interact with matter and radiation fields
along their trajectory, producing numerous secondary particles, including neutrinos and photons.
This production establishes a significant multi-messenger connection. UHECRs are deflected from
their original paths by interveningmagnetic fields and are attenuated by cosmic photon backgrounds
during their propagation. UHE photons are similarly attenuated. In contrast, neutrinos travel to
Earth largely unaffected by intervening obstacles However, neutrinos, being largely unaffected by
obstacles, making them a valuable messenger for exploring the vast reaches of the high-energy,
large-redshift non-thermal Universe.

The Giant Radio Array for Neutrino Detection (GRAND) [2] is a proposed large-scale obser-
vatory specifically designed to unravel and investigate the sources of UHECRs. One of its primary
objectives is to discover and study UHE neutrinos. GRAND will detect the radio signals emitted
when UHE cosmic rays, gamma rays, and neutrinos produce extensive air showers (EAS) in the
Earth’s atmosphere. Its configuration also enables comprehensive fundamental particle physics,
cosmology, and radioastronomy studies. GRAND will also play a significant role in detecting
neutrino emissions from transient astrophysical sources [3]. Below, we will delve into the concept
of GRAND, its physics topics, simulated performance, the ongoing development of prototyping
arrays, and the proposed phased implementation.

2. The GRAND project

2.1 Radio-detection of UHE neutrinos

When a cosmic particle interacts with the Earth’s atmosphere, it initiates an EAS. This cascade
of particles, in turn, produces electromagnetic radiation primarily due to the deflection of charged
particles within the shower by the Earth’s magnetic field. This phenomenon, known as geomagnetic
emission, exhibits coherence in the tens of MHz frequency range. Consequently, it generates short-
duration (∼ 100 ns), transient electromagnetic pulses with amplitudes significant enough to enable
the detection of the EAS, given that the energy of the shower exceeds approximately 1016.5 eV [4, 5].
Radio-detection of EAS is a mature technique that benefits from the valuable experience gained
through numerous previous experiments, such as AERA, LOFAR, CODALEMA, Tunka-Rex, and
TREND, that presented the proof of principle that an antenna array can detect EAS in stand-alone
mode [6].

Cosmic neutrinos are less likely to be detected through interactions with the atmosphere due to
their extremely small interaction cross-section with matter. Nevertheless, 𝜈𝜏 neutrinos can produce
𝜏 leptons beneath the Earth’s surface via charged-current interactions with rock. Thanks to their
considerable range in rock (50 m per PeV of energy before decaying) and short lifetime (0.29
ps), 𝜏 leptons can emerge into the atmosphere and decay, initiating a detectable EAS [7]. Only
Earth-skimming trajectories allow for such a scenario, since the Earth acts as a barrier to neutrinos
with energies surpassing 1017 eV.
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This characteristic proves to be advantageous for radio-detection purposes. Due to relativistic
effects, the radio emission becomes highly focused in a forward-directed cone, with its opening
defined by the Cherenkov angle 𝜃C ≤ 1◦. For vertically incoming showers, this results in a radio
footprint on the ground that spans only a few hundred meters in diameter. Consequently, a dense
array of antennas is required to sample the signal in this scenario adequately. However, for an air
shower with highly inclined trajectory, the increased distance between the antennas and the emission
zone, coupled with the projection effect of the signal on the ground, leads to a few kilometers-long
footprint [4, 5]. By targeting air showers with such inclined trajectories, it becomes feasible to
detect them using a sparser and larger array, typically employing one antenna per square kilometer.
This capability serves as a crucial feature of the GRAND detector.

GRAND also incorporates the strategy of selecting mountainous regions with advantageous
topographies as deployment sites. An optimal topography involves two parallel mountain ranges
spaced several tens of kilometers apart. One range serves as the target for neutrino interactions, while
the other functions as a screen onto which the subsequent radio signal is projected. Simulations
reveal that such configurations lead to an enhanced detection efficiency, approximately four times
greater than that of a flat site [2].

2.2 Simulated performance

The end-to-end simulation pipeline used to determine the sensitivity of GRAND incorporates
the intricate topography of the deployment site and the extensive instrumented area. Given the
complexity of the task at hand, we ensure the inclusion of all relevant physics while striving to
optimize computational performance. We individually validate each simulation stage by comparing
it with existing codes. The complete simulation chain is described in detail in [2].

The approach described in [8] has been applied in a preliminary analysis to reconstruct the
depth of maximum development of cosmic ray-induced showers (𝑋max) using a GRAND-like array.
This method achieves 𝑋max resolution smaller than 40 g cm−2, assuming knowledge of the shower
energy and core position [9]. Another study, based on a spherical fit of the wavefront, even though it
does not measure 𝑋max directly, uses a figure of merit to estimate that the resolution will be slightly
worse than 17 g cm−2 [10]. See figure 1, upper right.

Innovative reconstruction techniques performing fits to the strength of the radio signal as a
function of the angle from the shower axis (angular distribution function, ADF) have showcased the
potential to achieve angular resolutions of approximately 0.1◦ in determining the arrival direction
of particles, as shown in figure 1, lower right [11]. Even though this result was developed and tested
using simulated data only, this level of precision opens up the possibility of conducting neutrino
and gamma-ray astronomy with the GRAND observatory.

For neutrino searches, the shower energy of the EAS only provides a lower bound on the
initial neutrino energy. The initial findings regarding energy resolution are promising. Using
a preliminary reconstruction based on deep learning methods, an energy resolution of 15% for
incoming protons and iron nuclei was achieved without implementing an antenna response and in
an idealized scenario for radio-detection [12]. Another preliminary global reconstruction method
that uses the angular distribution function also yields a 20% energy resolution [11]. Other machine
learning and analytical methods are under development within the Collaboration. Consequently, a
final energy resolution of 10% can likely be attained.

3



P
o
S
(
I
C
R
C
2
0
2
3
)
1
0
5
0

GRAND João R. T. de Mello Neto

105 106 107 108 109 1010 1011

Neutrino energy En [GeV]

10°11

10°10

10°9

10°8

10°7

A
ll-

fla
vo

r
(n

+
n̄
)

E
2 n
F

n
(E

n
)

[G
eV

cm
°

2
s°

1
sr
°

1 ]

ARA-37 (3 yr)IceCube (2018)

_ _

_

IceCube (2015)

Cosmogenic n

Pessimistic
Standard

GRAND20
0k

(3
yr)

GRAND10
k (3

yr)

GRAND200k integrated (3 yr)

GRAND200k integrated (10 yr)

POEM
M

A
(3

yr
)

ne : nµ : nt = 1:1:1

ARIANNA (3 yr)

CHAPTER 3. COSMIC NEUTRINO SIGNALS 151

shower energy, where a similar trend as in the Star Shape simulation set is observed (see
Figure 3.41 right column).

Arrival direction reconstruction: Figure 3.49 presents the histogram of the angular
distance between the reconstructed and the true arrival direction of the shower, with on
average an error h i = 0.088 � 0.1�, with a standard deviation of about STD( ) = 0.06 �
0.081�.
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Figure 3.49: Distributions of the angular distances  for the GP300-like layout. Left: For
the NoNoise scenario. Middle: For the Aggressive scenario. Right: For the Conservative
scenario.

In the NoNoise scenario, two populations of errors are visible in this histogram, one at an
error of about 0.05� and another one at roughly 0.15�. These two populations stem from
the sub-populations observed for the lateral error (see Figure 3.46 left column).

Similarly a dependance to the distance to Xmax can be found, as displayed on Figure 3.50
(left column), hence on the zenith angle (see Figure 3.50 right column). Contrarily to
the Star-Shape array, where the layout is centered on the events and fully contains the
footprint, these very inclined events appear not to be fully contained in the GP300 layout
which also translate into a large number on average of antenna, as presented on Figure 3.51
(left column).

Figure 3.51 (right column), also shows the energy dependency on the angular accuracy.
No particular trend can be seen: the reconstruction remain stable regarding this parame-
ter.

The reconstruction performances on the realistic GP300 array layout, overall matches
the expectations with an angular accuracy of about 0.1� on average. Some degradations
are observed as expected when increasing the level of realism, in particular for the point
emission reconstruction and will be investigated in further works. Note that these last
results are preliminary.

16.5 17.0 17.5 18.0 18.5

log10(Energy/eV)

550

600

650

700

750

800

<
G

ra
m

m
ag

e
R

ec
on

s
>

(g
cm

�
2 )

Xmax,p models

Xmax,Fe models

0.1° error

0.5° error

p

Fe

Figure 12: Mean value of the radio grammage distribution per energy slices for Proton
(blue line) and Iron (orange line). The error-bars show the statistical fluctuations, taken
equal to �Xe

/
p

N where N is the number of simulated showers per energy slice. The shaded
areas correspond to the additional uncertainties associated to error on the direction of
origin of the showers for 1-� values of 0.1° (dark) and 0.5° (light). See text for detail. The
black dotted lines correspond to the standard Xmax elongation rates for proton and iron
primaries. It should be stressed here that even if significant on the average, the di↵erent
values of radio grammage for iron and proton primaries do not allow for a shower-to-shower
identification and clear determination of the primary cosmic ray nature, given the large
fluctuations expected for the radio grammage variable, as displayed in Figure 13.

23

Figure 1: Left: Predicted cosmogenic neutrino flux, compared to experimental upper limits and sensitivities.
Gray-shaded regions are generated by fitting UHECR simulations to Auger spectral and mass-composition
data [2]. Upper right: Mean value of the radio grammage {𝑋e distribution per energy slices for proton and
iron. 𝑋e can be considered in this model as the (static) point-like source of the radio emission and it is a free
parameter of the wavefront model. The error bars show the statistical fluctuations, taken equal to 𝜎𝑋e/

√
𝑁

where 𝜎𝑋e is the standard deviation of the 𝑋e values for each simulation and 𝑁 is the number of simulated
showers per energy slice. The shaded areas correspond to the additional uncertainties associated to error on
the direction of origin of the showers for 1 − 𝜎 values of 0.1◦ and 0.5◦, where 𝜎 is the standard deviation of
the gaussian distribution around the true direction to account for reconstruction errors. [10]. Lower right:
Distributions of the angular distances Ψ for the GRANDProto300-like layout (see section 4) [11].

3. GRAND science case

3.1 Ultra-high-energy messengers

The interaction between UHECRs and the cosmic microwave background (CMB) and extra-
galactic background light (EBL) generates cosmogenicUHE neutrinos (and photons), with energies
in excess of 1017 eV. Despite our limited understanding of the sources of UHECRs, their existence is
assured. Even with pessimistic assumptions, GRAND has the potential to discover UHE neutrinos
- even if their flux is low. The sensitivity of GRAND to UHE neutrino reaches 4 × 10−10 GeV
cm−2 s−1 sr−1 as shown in figure 1, left. Cosmogenic neutrino studies indicate that the outcomes
of measurements conducted by GRAND will have significant implications for constraining the
sources of UHECRs [13, 14]. Additionally, they will provide constraints on the proton fraction
at ultra-high energies [15]. The remarkable sensitivity of GRAND, coupled with its sub-degree
angular resolution, will unlock the potential for conducting UHE neutrino astronomy, enabling the
identification of point sources.

Figure 2, left, shows the sensitivity limit of GRAND for point sources. The sources of
UHECRs and UHE neutrinos could be distinct. Therefore, even if a heavy composition is observed
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in UHECRs, it does not necessarily imply a suppression in the flux of neutrinos at EeV energies
[16].

Similarly to UHE neutrinos, the cosmogenic flux of UHE photons is also guaranteed. Theymay
be emitted by astrophysical sources, depending on their opacity. However, distant objects cannot be
directly observed as they are attenuated by the CMB and EBL and reprocessed to lower energies.
The most stringent upper limits on UHE photons can be improved by two orders of magnitude after
three years of data-taking by GRAND. See figure 2, right [2].

3.2 Multimessenger astronomy

With its excellent angular resolution and extensive sky coverage, GRAND has the potential
to detect UHE neutrinos associated with transient events in conjunction with electromagnetic
emissions. Using a single array site containing 10,000 antennas (GRAND10k), the instantaneous
field of view is about 5% of the sky; the daily field of view, however, reaches about 80%. Using
multiple such sites deployed at different locations, as is intended for final configuration of GRAND,
the field of view is even larger.

GRAND will be a crucial triggering partner for multimessenger observations, enabling the
precise reconstruction of the arrival direction of neutrino-induced air showers near the horizon with
sub-degree accuracy and minimal latency. This capability allows GRAND to issue alerts to other
experiments or coordinated systems promptly. Additionally, as a follow-up partner, GRAND can
swiftly validate alerts generated by other experiments as well as gravitational-wave detectors. If
the target directions fall within the instantaneous field of view of GRAND, it becomes possible to
establish constraints on UHE neutrino emissions originating from a transient.

J. Álvarez-Muñiz, et al. Sci. China-Phys. Mech. Astron. January (2020) Vol. 63 No. 1 219501-8

Figure 8 shows the neutrino fluence predicted from candi-
date classes of astrophysical transient sources, of short and
long duration, compared to the GRAND200k point-source
sensitivity. The predictions for short-duration, sub-hour tran-
sients in the instantaneous GRAND field of view are com-
pared to the instantaneous sensitivity at θ = 90◦. These are a
short-duration GRB (sGRB) possibly associated with a dou-
ble neutron-star merger [61] at 40 Mpc and a GRB afterglow
[59] at 40 Mpc. The prediction for a longer transient—a TDE
at 150 Mpc [62]—is compared to the declination-averaged
sensitivity. The stacked fluence of 10 blazar flares in the dec-
lination range 40◦ < |δ| < 45◦—calculated using as template
a 6-month long flare of the blazar 3C66A at 2 Gpc [41]—is
compared to the sensitivity for a fixed declination δ = 45◦.

Short GRBs and GRB afterglows that occur within the
field of view of GRAND will be readily detectable as neutrino
point sources by GRAND if they take place at the specified
distances. Identification of individual blazars, magnetars, and
TDEs is more challenging, but GRAND will be able to iden-
tify the stacked neutrino signal from such sources, as they are
individually less than one or two orders of magnitude below
the point source sensitivity. The performance of GRAND in
detecting neutrinos from a given class of transient sources
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Figure 8 (Color online) Neutrino fluence from transient sources. Short-
duration transients—a short-duration GRB (sGRB) and a GRB afterglow—
are compared to the GRAND200k instantaneous sensitivity at zenith angle
θz = 90◦ (solid black line). A long-duration transient—a TDE—is compared
to the GRAND200k declination-averaged sensitivity (gray-shaded band).
The stacked fluence from 10 six-month-long blazar flares in the declination
range 40◦ < |δ| < 45◦ is compared to the GRAND200k sensitivity for a fixed
δ = 45◦ (dashed black line). See the main text for details. The sources were
assumed to lie at distances such to allow for a conservative rate of ∼1 event
per century, using population rates inferred from ref. [63] for short-duration
GRBs and associated neutron-star mergers, ref. [59] for GRB afterglows,
and ref. [62] for TDEs. The sensitivity is the Feldman-Cousins upper limit
per decade in energy at 90% C.L., assuming a power-law neutrino spectrum
∝ E−2

ν , for no candidate events and null background.

can be estimated using the criterion for detection of neutrino
flares described in ref. [64].

2.2 Fundamental neutrino physics

Astrophysical and cosmogenic neutrinos provide a chance to
test fundamental physics in new regimes. Numerous new-
physics models have effects whose intensities are propor-
tional to some power of the neutrino energy Eν and to the
source-detector baseline L, i.e., ∼ κnEn

νL, where the energy
dependence n and the proportionality constant κn are model-
dependent [65-69]. For instance, for neutrino decay, n = −1;
for CPT-odd Lorentz violation or coupling to a torsion field,
n = 0; and for CPT-even Lorentz violation or violation of the
equivalence principle, n = 1. If GRAND were to detect neu-
trinos of energy Eν coming from sources located at a distance
L then, nominally, it could probe new physics with exquisite
sensitivities of κn ∼ 4 × 10−50(Eν/EeV)−n(L/Gpc)−1 EeV1−n.
This is an enormous improvement over current limits of
κ0 ! 10−32 EeV and κ1 ! 10−33, obtained with atmospheric
and solar neutrinos [70, 71]. This holds even if the diffuse
neutrino flux is used instead, since most of the contributing
sources are expected to be at distances of Gpc.

New physics could affect any of the following observ-
ables:
• Spectral shape: Neutrino energy spectra are expected

to be power laws. New physics could introduce additional
spectral features, like peaks, troughs, and varying slopes.
New physics models include neutrino decay [72-74], secret
neutrino interactions [75-79], and scattering off dark matter
[80-82].

In GRAND, detection of EeV neutrinos with large statis-
tics and sufficient energy resolution (see sect. 4.5.3) would
allow to infer their energy spectrum and potentially identify
sub-dominant features introduced by new physics, including
their energy dependence [20, 73, 74, 83, 84].
• Angular distribution: When neutrinos travel inside

the Earth, the neutrino-nucleon cross section imprints itself
on the distribution of their arrival directions. This has al-
lowed to measure the cross section up to PeV energies in
IceCube [85, 86]. EeV neutrinos could extend the measure-
ment. Further, we can look for deviations due to enhanced
neutrino-nucleon interactions [87-89] and interactions with
high-density regions of dark matter [81, 90]. The sub-degree
pointing accuracy of GRAND would precisely reconstruct
the distribution of arrival directions.
• Flavor composition: Flavor ratios—the proportion of

each neutrino flavor in the incoming flux—are free from un-
certainties on the flux normalization and so could provide
clean signals of new physics [20, 73, 84, 89, 91-115]. Pos-
sibilities include neutrino decay [20, 72-74, 91, 92, 98, 100,
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101,116-124], Lorentz-invariance violation (LIV) [65,66,92,
98, 125, 126], coupling to a torsion field [127], active-sterile
neutrino mixing [113], pseudo-Dirac neutrinos [73,100,128],
renormalization-group running of mixing parameters [129],
and interaction with dark matter [82, 130] or dark energy
[131].

GRAND will be sensitive to ντ. Other EeV-neutrino
experiments—ARA, ARIANNA, ANITA—are sensitive to
neutrinos of all flavors, though they are unable to distinguish
between them; however, see refs. [132, 133]. Comparing
GRAND ντ data with all-flavor data from other experiments
could yield the tau flavor ratio. Alternatively, this could be
done with GRAND data alone, by comparing showers initi-
ated by neutrinos of all flavors interacting in the atmosphere
to showers initiated by ντ interacting underground; see sect.
4.1.2.

Ultimately, the ability of GRAND to probe fundamental
physics at the EeV scale will depend on the level of the cos-
mogenic neutrino flux. If the flux is low, probing new physics
will be challenging. On the other hand, with a flux high
enough to yield tens of events, we could probe fundamental
physics in a completely novel regime.

2.3 Ultra-high-energy gamma rays

Like cosmogenic neutrinos, cosmogenic UHE gamma rays
are a guaranteed by-product of photo-pion interactions of
UHECRs with the CMB. They can also be generated through
inverse-Compton scattering of CMB photons by electrons or
positrons produced by UHECRs scattering off the CMB. Like
for neutrinos, higher fluxes are expected if UHECRs are dom-
inated by protons than if they are dominated by heavy nuclei
or have a mixed mass composition. To date, UHE gamma
rays have not been detected.

Figure 9 shows the current state of the art in searches for
UHE gamma rays and the preliminary sensitivity of GRAND,
in terms of the fraction of air showers initiated by gamma
rays; see sect. 4.5.2. The most stringent upper limits to
date come from Auger [134, 135]. With its present sensi-
tivity, Auger constrains the photon fraction to be ≤ 0.1% of
their total event rate, and thus rules out some of the region
of photon fluxes predicted in astrophysical scenarios for a
proton-dominated mass composition [134-136]. The TA pro-
vides complementary limits in the same energy range in the
Northern Hemisphere [137]. Auger will continue to lower
the upper limits on the flux of UHE gamma rays, or dis-
cover them, until 2025. By then, Figure 9 shows that Auger
will have reached sensitivity to even conservative predictions
of the flux, assuming proton-dominated UHECRs [138]. A
few years later, GRAND200k will be sensitive to cosmogenic
gamma-ray fluxes, even for iron-dominated UHECRs.

Searches for UHE gamma rays with GRAND will con-
tribute to several science goals. The primary objective,
with a guaranteed scientific return, is measuring the flux of
cosmogenic gamma rays above 1010 GeV, or strongly con-
straining it. A first detection of UHE gamma rays is in
close reach if a fraction of UHECR primaries are protons.
Figure 9 shows that GRAND will be able to detect or disfa-
vor proton-dominated UHECR models within 3 years of op-
eration, even for models with the lowest predictions of UHE
photons. A non-detection, on the other hand, would be evi-
dence of a heavier UHECR composition.

In addition, because gamma rays produced inside astro-
physical sources point back at them, GRAND could detect
nearby sources of UHE gamma rays, i.e., sources that lie
within the mean free path of EeV gamma rays on the CMB,
of about 10 Mpc. This is particularly attractive for searches
of transient multi-messenger sources; see sect. 2.5.

The detection of UHE gamma rays would probe the little-
known diffuse cosmic radio background (CRB) [139, 140].
While the increasingly stringent constraints on the EBL come
from the steadily increasing quantity and quality of very-
high-energy observations with imaging air Cherenkov tele-
scopes [141], GRAND could be the first experiment to put
such indirect constraints on the CRB. The energy range from
1010 to 1011 GeV, where GRAND will reach full efficiency
for photon detection, is optimal to constrain the impact of the
CRB on UHE photon propagation.

Further, as with neutrinos, UHE photons could be used
to probe open questions in fundamental physics, such as
the existence of axion-like particles [142, 143] and LIV
[144-148]. Since models of LIV predict energy-dependent
delays in photon arrival times that are linear or quadratic in
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Figure 9 (Color online) Predicted cosmogenic UHE photon flux from pure-
proton and pure-iron UHECRs, as estimated in ref. [149]. For comparison,
we include the existing upper limits from Auger and the Telescope Array
(TA) [134, 135, 137], the projected reach of Auger by 2025, and of GRAND
after 3 years of operation.

Figure 2: Left: The sensitivity limits of GRAND for point sources [2]. It is important to note that these
GRAND limits assume the deployment of 200k antennas at a single location. Right: The projected upper
limits of GRAND on the sensitivity to UHE photons after three years of operation are presented. For
comparison, we also include the current upper limits from Auger and TA and the projected capabilities of
Auger by 2025. Additionally, we overlay the predicted cosmogenic UHE photon flux resulting from pure-
proton and pure-iron UHECRs, as estimated in [17].
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4. Experimental setups for prototyping

A dedicated design was formulated for the antenna used in the GRAND project, known as the
HorizonAntenna [2]. Its design is optimized to select very inclined EAS. This antenna features three
perpendicular arms, enabling comprehensive polarization measurements of the signal. Positioned
at a height of 3.5 m above the ground and optimized for the frequency range of 50–200 MHz, it
exhibits optimal sensitivity to near-horizontal signals. Currently, the GRAND Collaboration has
three ongoing prototype arrays taking data.

Thirteen detection units (GRANDProto13), consisting of antennas and associated electronics,
were deployed in the Gobi desert, Gansu Province, China, in February 2023. Data is being collected
and analyzed from this initial setup, which serves as the foundation for the GRANDProto300 array
[18]. One transient event is shown in figure 3, right. We are validating the detector unit design with
the ones already deployed, and once this is done, we will deploy the remaining 70 units already
built. This array should already be enough to detect cosmic rays. In the near future, we will build
and deploy the remaining 200 units to form GRANDProto300.

The addition of particle detectors to the prototype array is still under consideration. By utilizing
the GRANDProto300 array, we will have the capability to investigate cosmic rays within the energy
range of 1016.5 to 1018 eV, which encompasses the transitional region between between Galactic and
extragalactic UHECRs. The array will also allow for the detection of radio transients. Moreover, if
particle detectors are used, theymay help to address the discrepancies observed between simulations
and measurements of muons [19].

Four detection units were deployed at the Nançay Radio Observatory in France in the autumn
of 2022 [20]. The primary objective of the GRAND@Nançay test array is to conduct hardware and
trigger testing. A preliminary spectrum obtained on-site is shown in figure 3, upper left.

Additionally, ten detection units are being deployed at the Pierre Auger Observatory site
from March to August 2023. The main goal is to perform cross-calibration and validation of
reconstruction using coincident events with Auger. By taking an average spectrum we could verify
the presence of FM radio and TV stations in Malargue, as shown in the preliminary spectrum of
figure 3, lower left.

The GRAND Collaboration will complete the deployment and continue the operation of proto-
type arrays: GRAND@Nançay, GRANDProto300, and GRAND@Auger. Meanwhile, it will also
focus on characterizing the radio background and exploring the features of autonomous detection
of inclined extensive air showers.

Furthermore the GRAND Collaboration is committed to minimizing its carbon footprint
throughout its operations. By implementing sustainable practices and using energy-efficient tech-
nologies, we aim to reduce our environmental impact. Efforts are made to optimize the use of
resources, reduce waste generation, and promote recycling and reuse. The Collaboration strives
to minimize travel-related emissions by employing remote collaboration tools and favoring virtual
meetings whenever possible [21].
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5. Future GRAND timeline

We expect that, by 2028, the design of the detector units will be finalized, leading to the
construction of two GRAND10k arrays (with 10000 units each). Candidates for the bases of
GRAND-North and GRAND-South are China and Argentina, respectively, which will assure a full
sky coverage. Subsequently, in the 2030s, the replication of GRAND10k is expected to commence,
resulting in twenty subarrays comprising the entire GRAND project. By scaling up production
to an industrial level, the front-end electronics can be transitioned to a fully integrated ASIC
design, leading to cost reduction, improved reliability, and greater reproducibility of individual
units. Furthermore, the design of each subarray can be customized based on location, topography,
or specific scientific objectives.

GRAND preliminary
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Figure 3: Mean PSD observed by DU 100 of the GRAND@Nançay setup. The spectra of channels - , . ,
and / are shown in blue, magenta, and red, respectively. The various features of the PSD are discussed in
the text.

between roughly 00:49 and 09:33 local time (UTC+2). Every ten seconds, each DU in the setup
was forced to trigger the acquisition of data. This data-taking mode has the benefit that it allows us
to test the stability of our setup during relatively long data-taking runs.

Figure 3 shows the typical mean power spectral density (PSD) observed at GRAND@Nançay,
in this case recorded by DU 100. The average was taken over the entire data sample. This PSD was
obtained using all collected data and averaging out the spectrum over time. A first observation is that
the PSD of channel / is up to a factor 50 higher than the PSD of channels - and . , most notably at
frequencies below ⇠70 MHz. This could be a consequence of the antenna transfer function, which
is different for the / arm than for the symmetric - and . arm. In addition, the LNA currently
used at GRAND@Nançay has a different design for channel / compared to the other two channels,
because the corresponding antenna arm is monopolar. An updated LNA is currently being tested at
GRANDProto300 [15].

In the features of the PSD in Fig. 3, we can clearly observe the effect of both the 30–230
MHz band-pass filter and FM band-stop filter. However, short waves below 30 MHz and FM lines
from nearby radio stations are still detected despite the filters. The two spectral lines at 72 MHz
and 79 MHz are well-known radio emitters of the Nançay Radio Observatory, while the 120–140
MHz band is used for aeronautic communications. Finally, the peaks detected at 178 MHz and
210 MHz correspond to digital audio broadcasting lines. Nevertheless, we note that the notch filter
implemented on the FPGA of the FEB will allow us to filter out constant wave emitters.

One of the main quantities relevant to NUTRIG is the ambient rate of transient RFI at
GRAND@Nançay, which will be the main background for the FLT. To roughly estimate this
rate, we define a transient pulse as follows:

• At least one sample of a recorded time trace must exceed ±5f, with f the standard deviation
of the trace, in either of the three channels.

6

Figure 3: Upper left: Mean power spectrum (PSD) measured at GRAND@Nançay. A filter is added in the
RF acquisition chain of the setup to cut out FM signals, very strong at that location. Lower left: Average
FFT of one detector unit at GRAND@Auger. Right: Transient event measured in GRANDProto13. Channel
1=X, 2=Y, 3=Z and channel 0 is free floating.
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