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UHE ν ? • UHE neutrino search: ancillary science case of UHECR & HE 
neutrino experiments	

• Recently: dedicated instruments	
ARIANNA, ARA, ANITA

1. One UHE neutrino has been detected so far (?) (KM3Net 
event at 120 PeV)	

2. Auger observations of UHECRs constrain the flux of 
cosmogenic neutrinos towards low fluxes	

3. IceCube has detected neutrinos at PeV energies. 	
Two sources have been clearly identified after 10 years of 
event accumulation	
	
	

4.Boom in MM + time domain astronomy: require specific 
strategies of observations & instrumental performances

A recent endeavor

Summary of recent progress
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lesson from Auger: target astrophysical fluxes

lesson from IceCube: require excellent angular 
resolution to pinpoint sources amid near-isotropic 
background

lesson from IceCube: aim for the 100 PeV range to 
extend and connect with IceCube observations

lesson from MM: develop follow-up tools and 
integrate in a MM framework, enabling rapid response 
and alerts

Detecting ultra-high-energy neutrinos – lessons learnt from experiments



4.2. First generation of radio experiments 77

Figure 4.1: Sketch of UHE astroparticles detection principle for (1) in-air showers, (2) tau-
neutrino induced showers and (3) in-ice showers. The typical longitudinal profile is represented
atop of the showers.

signal, in ice, the geomagnetic emission becomes negligible and the charge-excess emission is
amplified, so that it becomes the dominant contribution. Additionally, the Cherenkov angle
is found at an aperture angle of 1� away from the shower axis for air showers, and is between
40

� to 60
� for in-ice showers, where the density of the medium is much higher.

4.2 First generation of radio experiments

It was proven in 1965 that air-showers emit radio waves (Jelley et al. 1965), yet it is only in
the 2000s that radio detection really took off, mainly due to the improvements in digital signal
processing and motivated by an expected duty cycle of 100%.

4.2.1 CODALEMA and LOPES

The emergence of radio-detection as a promising technique was led by 2 pioneering experi-
ments, CODALEMA (Ardouin et al. 2005, 2009; Charrier et al. 2019b) and LOPES (Huege
et al. 2012; Apel et al. 2014a; Lopes Collaboration 2021) which aimed at probing that radio-
detection of cosmic-ray induced showers in the atmosphere was feasible. These experiments
relied on the fact that radio waves emitted by particle cascades travel in air with almost no
absorption and could be detected at ground level with radio-antennas. Radio-detection was
however impeded by the numerous anthropogenic radio emissions from various sources such as
the FM band, airplanes or satellites. CODALEMA, the Cosmic-ray Detection Array with Log-
arithmic Electro-magnetic Antennas is an experiment initiated in the Nançay radio-astronomy
station in 2003. It combined a sparse array of 57 autonomous radio antennas (Fig. 4.2, left
panel) detecting signals in the 20-200 MHz band with a compact array of cabled antennas
triggered by 13 scintillators over 1 km2. LOPES, the LOFAR Prototype Station, is a radio ex-
periment made of 30 LOFAR prototype antennas (Fig. 4.2, right panel) which was operational
between 2003 and 2013. It was a radio interferometer running in the 40� 80MHz band with
an external trigger from the KASKADE-Grande experiment. Even though the layout was set

Chiche & Decoene, Moriond proc. 2022
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Experimental perspectives
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2021 o 2025 o >2030 Diff. sens. lim. 
in GeV cm−2 s−1 sr−1

iFoV 
in sky %

dFoV 
in sky % ang. res.

PUEO 4.2×10−8 in 30 d 6 19 <2.8°
ARA 3.6×10−9 (2030) 35 20 5°
RNO-G 1×10−8 in 5 yr 30 35 2°×10°

ARIANNA-200 8×10−9 in 5 yr 50 >50 2.9−3.8°
RET-N 3×10−10 in 5 yr 50 >50 ?

IceCube-Gen2 Radio 4×10−10 in 5 yr 43 43 2°×10°
BEACON 1.2×10−8 in 5 yr 6 19.5 0.3°−1°

GRAND10k 1×10−8 in 5 yr 6 80 0.1°
GRAND 4×10−10 in 5 yr 45 100 0.1°

Auger [1.5×10−8 (2019)] 30 92.8 <1°
TAMBO ? 27 62 1°

POEMMA Cerenkov 7×10−8 in 5 yr 0.6 18−36 0.4°
Trinity 1×10−10 in 5 yr 6 62 <1°

Ashra-NTA 2×10−10 in 5 yr 30 >50 0.1°
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Guépin, KK, Oikonomou, Nature Phys. Rev. 2022
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FIG. 1. What di!use flux level should we aim for at UHE? Predicted di!use UHE neutrino fluxes from astrophysical (blue dotted
lines) [1–5] and cosmogenic origins, obtained with a comprehensive fit to the Auger UHECR data: 99% C.L. fit (light+darker
blue band), corresponding to the standard source parameters and 90% C.L. fit (darker blue band), for pessimistic parameters [6].
Overlayed is a theoretical extension to UHE energies of the measured IceCube flux [7, 8] (navy blue band). The pink solid
lines indicate the projected 10-year di!erential sensitivities of several projects. Black solid lines mark the upper limits on UHE
neutrinos from IceCube [9] and Auger [10].

→ 10→10 GeV cm→2 s→1 sr→1 above 5↑1017 eV), and their
performances align on this number (see Table 1 of [13]).

However, these detectors are intrinsically di!erent, and
can be classified in two categories:

(i) instruments with wide FoV and shallower sensitivity

(ii) instruments with deeper sensitivities and narrow
FoV.

One can draw an obvious parallel with more classical
astronomical observatories. Both types of instruments
are needed for e”cient astronomical observations, but
their use and science case have to be tuned to their
capabilities.

In this paper, we examine the major science cases and
detection strategies that each of these types of instru-
ments can target, in view of our current knowledge of
the HE astrophysical source populations. By reviewing
various points of observation strategy, we aim at casting
light on the pros and cons of various detection techniques
and associated performances, so that up-coming experi-
ments can adjust their designs accordingly.

In Section II, we present an update on the di!use
UHE neutrino fluxes that are most realistic or fair to
aim for and quote in proposals. In Section III, we
make a census of the rates and energies of the transient
populations capable of accelerating UHE neutrinos and

their associated detection potential with di!erent types
of instruments, according to their duration. Finally, in
Section IV, we examine the most likely host galaxies
for UHE neutrino transients in the nearby Universe –
namely in the Local Group. We will assess the most
promising source population within, examine their
occurrence rates, and their locations. All instruments
hoping to detect such serendipitous events should try to
have these host galaxies in their daily FoV.

II. DIFFUSE FLUXES AND IDENTIFYING
POINT SOURCES WITHIN

Up to PeV energies, the IceCube Observatory has de-
tected a di!use neutrino flux. Its spectrum is best fit
with a single power-law in E→ω , where ω = 2.37 for the
9.5 years of muon neutrinos [25] and ω = 2.87 for 7.5
years of HESE events [8]. A cosmogenic origin for this
flux is ruled out at these low energies and high flux lev-
els. The astrophysical origin of the bulk of the flux is
not identified yet. Two sources have been identified: an
event excesses associated with NGC1068 with a signif-
icance of 4.2ε [16], and an emission from the Galactic
plane at 4.5ε level of significance, consistent with a dif-
fuse emission from the Galactic plane or a population of
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icance of 4.2ε [16], and an emission from the Galactic
plane at 4.5ε level of significance, consistent with a dif-
fuse emission from the Galactic plane or a population of

Future experiments target	
10-yr integrated sensitivity 	

to diffuse flux
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Diffuse UHE neutrino fluxes: readjusting our experimental perspectives

Snowmass 2022

ruled out by 
Auger

Source models:	
Alvest Batista et al. 2019	
KK et al. 09	
Fang, KK et al. 2014	
Fang & Murase 2017	
Rodrigues et al. 2021	
Murase & Beacom 2010

• Avoid presenting ruled out cosmogenic fluxes	
• Auger constrains cosmogenic fluxes to below 

	
• Promising astrophysical fluxes exist
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unresolved point sources [17].
The level of the observed di!use flux is similar to the

so-called Waxman-Bahcall bound, a neutrino flux level
derived under the assumption that they are secondary
particles of detected UHECRs (assuming a light compo-
sition), produced in optically thin extragalactic sources
[26]. For decades, that flux had been used as a bench-
mark level to aim for experimentally.

At UHE, so far, the prominent strategy has been to
look for cosmogenic UHE neutrinos, as a guaranteed sec-
ondary flux to observed UHECRs. An extension of the
Waxman-Bahcall bound to UHE also used to be a tar-
get, but it is already ruled out by the IceCube and Auger
non-detections [9, 10, 27]. Because of the 4 recent de-
velopments highlighted in the introduction, it is time to
revise our goals in the search for UHE neutrinos.

A. Going beyond the cosmogenic flux: what is a
new di!use flux level to aim for?

A first remark is that the UHE cosmogenic neutrino
flux is severely constrained by the UHECR observations
by the Auger Observatory, to below

”cosmo,max → 10→8 GeV cm→2 s→1 sr→1 , at 99% C.L.
(1)

The combined fit of the spectrum and composition
data of the Auger Observatory [28] points towards non-
light composition and hard injection spectra at the
sources, that do not favor abundant cosmogenic neutrino
flux production.

An updated combined fit, relaxing the source popula-
tion evolution history as a free parameter, was performed,
and the corresponding cosmogenic UHE neutrino fluxes
derived [6]. This study showed that, at 99% C.L., the
flux should be contained in the blue band (light+darker)
presented in Fig. 1. These contain all standard models
of UHECR sources, with their conservative parameters,
that allow for a 99% CL. fit to the Auger data. More
aggressive scenarios (e.g., hard spectra, negative source
evolutions) point towards the 90% C.L. darker blue band
at the bottom of the cosmogenic blue bland.

there is a degeneracy between source number density
and luminosity evolutions, such that the real redshift de-
pendence should take into account both of these quanti-
ties. cite Oikonomou et al. adding redshift evolution and
dependency makes the fit worse

An independent analysis performing a fit to Auger data
was conducted by [29] and lead to compatible results.

Here we caution that the term combined fit takes into
account a fit to the spectrum and to both estimators of
the composition: ↑Xmax↓ and ω(Xmax), where Xmax is
the atmospheric depth at maximum shower development.
Several cosmogenic neutrino estimates, in particular in-
volving specific source populations, do not fit ω(Xmax),
which enables a higher flux at UHE.

This RMS can be ignored if hadronic models are at
flaw.

Higher predictions of the cosmogenic UHE neutrino
flux can be found in the literature, which are based on fits
to the Telescope Array data (but 68% CL, hence di#cult
to compare here – likely lower when better fits?) or other
combined fits but without taking into account the RMS.
An assumption based on possible deviations in hadronic
models.
Note: many cosmogenic Auger fit presented with

higher flux at UHE: due to not fitting RMS Xmax
Rmax dependency on using RMS Xmax or not (Van

Vliet?)
hadronic modeling problem?
The take home message of all these studies is that the

cosmogenic neutrino level will likely be low. But because
it is a guaranteed flux, given the existence of UHECRs
and their extragalactic origin, most projects aim to posi-
tion their 10-year di!use limit to a level where the stan-
dard source parameters for UHECR could be ruled out
[13]: at around

”cosmo,std,min → 10→8 GeV cm→2 s→1 sr→1 . (2)

But detection could happen before we reach that limit,
opening the path to actual UHE neutrino astronomy. In-
deed, astrophysical UHE neutrinos could be produced
abundantly directly at the sources, while accelerated
UHECRs interact with the radiative and baryonic en-
vironments.
Waxman-Bahcall bound for nuclei – Murase-Beacon

band
A sample of astrophysical di!use flux predictions for

various source populations has been compiled in Fig. 2
of [30], and we propose a slightly updated version in
Fig. 1. Although this astrophysical flux is not guaran-
teed, as UHECR accelerators could be transparent to
interactions, carving into these lines would strongly con-
strain source parameters.
In Figure 1, the astrophysical fluxes are indicated in

blue dotted lines with the following labeling and corre-
sponding references:

FSRQ [4]: maximum allowed astrophysical neutrino
flux from flat spectrum radio quasars (FSRQ),
when fitting the counterpart cosmogenic neutrino
flux to the experimental limits.

pulsars [2]: newly-born pulsars following a uniform
source evolution history.

clusters-1 [3]: jets of radio-loud AGN embedded in
galaxy clusters, within a grand-unified multi-
messenger mode, fitting the UHECR Auger and
PeV neutrino IceCube data. Also cosmogenic com-
ponent

clusters-2 [1]: AGN embedded in a cluster of galaxy
with a magnetized cool core with field B = 30µG
and a mixed UHECR composition.

Another interesting line to place in the money plots
for di!use fluxes is an extension of the IceCube measured

IceCube extrapolation
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Although we have discussed only neutrinos from pion
decay, they are also produced by neutron decay following
photodisintegration. However, these neutrinos give lower
background fluxes. The typical neutrino energy in the
neutron rest frame is → 0.48 MeV, and τAγ < 1 gives

E2
νΦν ! 1.9 × 10−13fz(A/56)

−1.21 GeV cm−2 s−1 sr−1

for electron antineutrinos.

B. Condition on Photodisintegration Effective
Optical Depth

The PAO composition results are still uncertain, and
it is possible that the composition is mixed rather than
iron-like. Also, perhaps a moderate fraction of nuclei
undergo photodisintegration interactions in their sources,
such that the requirement τAγ < 1 might be too strong.
Instead of this, it would be more conservative to define
a condition on the photodisintegration energy loss time
tdis for nuclei of initial mass A.
After a heavy nucleus with A (e.g., iron) experiences

one photodisintegration interaction via the GDR, the
atomic number is A − 1, which is still heavy. For the
first interaction, the fractional nuclear energy loss, i.e.,
the inelasticity, is roughly κGDR → 1/A around the GDR
resonance (since γA is conserved before and after single-
nucleon emission by the GDR) [33]. The photodisintegra-
tion energy loss time is roughly estimated by multiplying
Eq. (4) by κGDR (or one can evaluate it numerically in a
somewhat different manner [26]). Then, the more conser-
vative requirement of nucleus-survival is that the effective
(energy-loss) photodisintegration optical depth is smaller
than unity, i.e., fAγ ≈ tint/tdis → tintκGDR/tAγ < 1.
Then, instead of Eq. (7), we have

fmes → fpγ ! 8.2× 10−2(A/56)−0.21. (10)

This is larger than that in the previous subsection since
some photodisintegration is now allowed.
The corresponding nucleus-survival landmark for the

neutrino background is analogous to Eq. (8). However,
when nucleons are ejected from nuclei via the GDR,
both the nuclei themselves and the ejected nucleons pro-
duce neutrinos via photomeson interactions. Instead of
Eq. (8), in more generality, we have

E2
νΦν ≈

1

4

ctH
4π

[fpγ(EA/A)fAγ(EA)

+ fmes(EA)(1− fAγ(EA))]E
2
A
dṄA

dEA
, (11)

where we have still assumed fAγ < 1. However, be-
cause fpγ(EA/A) → fmes(EA), this becomes the same
as Eq. (8). Hence, similarly to Eq. (9), the neutrino
(νµ + ν̄µ) background flux is

E2
νΦν ! 8.4× 10−10fz(A/56)

−0.21 GeV cm−2 s−1 sr−1,
(12)

-11

-10

-9

-8

-7

-6

 3  4  5  6  7  8  9  10  11

lo
g(

E ν
2  Φ

ν [
G

eV
 c

m
-2

 s
-1

 s
r-1

])

log(Eν [GeV])

IceCube (3yrs)
Waxman-Bahcall

Atm. Nucleon
He
O

Fe

FIG. 2: The same as Fig. 1, but the photodistintegration
bound is defined instead by fAγ < 1.

which is still lower than the WB landmark by one order
of magnitude. The near-A-independence of this result is
a consequence of the fact that σGDR κGDR → A(1/A) →
1; in the previous subsection, the term κGDR was not
included. The results are shown in Fig. 2.
The neutrino background from nuclei accelerators was

briefly considered in Ref. [38], where it was argued that
this flux is much smaller than the WB flux. Our work
is different, since we quantitatively take into account the
nucleus-survival condition, showing that it is crucial to
constrain properties of the sources, and that it leads to
a small but appreciable neutrino flux.
Similarly to Eq. (12), the landmark for neutrinos

from neutron decay following photodisintegration can
be obtained; the condition fAγ < 1 leads to E2

νΦν !

10−11fz(A/56)
−0.21 GeV cm−2 s−1 sr−1 for electron an-

tineutrinos.

C. Dependence on Spectral Index

The nucleus-survival landmarks expressed in Eqs. (9)
and (12) were derived for a E−2

CR spectrum. Different in-
dices are allowed from UHECR observations, depending
on source evolution models. Here, modifying assumption

(b), we consider the case where dNCR

dECR
≡ ΣA≥1

(

dNA

dEA

)

=

ΣA≥1

(

yA
dNCR

dECR

)

with dNA

dEA
∝ E−s

A . Here, yA is the frac-

tion of nuclei with mass A. As an example, assuming a
two-component case, Eq. (1) is replaced by

E2
νΦν →

1

4

ctH
4π

[

fpγE
2
p
dṄp

dEp
+ fmesE

2
A
dṄA

dEA

]

, (13)

where we have used fpγ(EA/A) → fmes(EA). For
the UHECR energy injection rate at 1019 eV, we use
E2

CRdNCR/dECR = 0.6×(s−1)1044 erg Mpc−3 yr−1 [31].
To set landmarks, we take only the larger of the two

terms above (one for protons, one for nuclei). A neutrino

Murase-Beacom (2010)
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flux. The extrapolation of the muon neutrino power-law
in E→2.37 is shown with its error band in navy blue, in
Fig. 1. One could be as bold as to consider it as the new
”Waxman-Bahcall goal” for experiments. Contrarily to
the latter, this extension does not stem from a theoretical
model, but is a natural place where a di!use UHE neu-
trino flux could appear, if the energy budget was equally
distributed in various energy ranges.

There is no strong argument to support that neutrino
sources at UHE and HE would be the same. It is highly
possible that they are di!erent and that the HE neu-
trino sources run out of energy before reaching UHE. In
such a case, a non detection would be an important mea-
surement, setting constraints on the physics of these (yet
unknown) IceCube sources.

Figure 1 summarizes all these possible di!use neu-
trino flux levels, and overlays the projected experimen-
tal di!erential sensitivities (pink lines). It is interest-
ing to notice that most of the astrophysical scenarios
pile up around the IceCube extrapolation. As noted in
[30], detection or source constraints prospects look rather
promising over the next decade.

Any detector that will reach a
sensitivity below ”IC,extrapol. →
10→8 (Eω/1016 eV)→2.37 GeV cm→2 s→1 sr→1 between
Eω = 1017→18 eV, will be in position to either detect,
or at least strongly constrain source models. Whether
they can do UHE neutrino astronomy requires to assess
additional performances.

B. What if a di!use neutrino flux is detected?
Lessons learnt from IceCube

The detection of a di!use neutrino flux is not the
Graal of the field of UHE neutrinos. In order to ex-
tract a next layer of information from these messengers,
one would need to relate them to a source. The lesson
learnt from IceCube, is that even with a large number of
events detected, and even though neutrinos travel unde-
flected by any magnetic fields, identifying their sources
is not a straightforward endeavor, without excellent an-
gular resolution. Two major astrophysical di#culties are
the large density of sources populations which seemingly
isotropizes their distribution in the sky, and the absence
of horizon for neutrinos that can hence stem from the
dawn of the Universe. Most of all, IceCube is limited in
this search by its angular resolution, which has a major-
ity of events reconstructed around 3↑ ↑ 5↑. A significant
improvement on these performances, in particular using
machine learning techniques, have revealed a clustering
of events stemming from the Galactic plane [17].

At UHE, studies have indeed shown that angular res-
olution will be needed on top of sensitivity, in order to
pin-point sources in a di!use flux [31]. Steady sources
with density ns → 10→7 ↑ 10→5 Mpc→3 not evolving over
time (ns → 10→9 ↑ 10→7 Mpc→3 for a population density
evolution following the star formation rate) can be iden-

FIG. 2. Significance of detection of point sources, within a
di!use UHE neutrinos flux, by experiments with given an-
gular resolutions and numbers of detected events. Here,
we present the specific case of a source population density
ns = 10→7 Mpc→3, following the star formation rate evolu-
tion, up to redshift 6. With this source number density, → 600
events and → 0.1↑ angular resolution are needed to reach a
4ω detection of point sources within a di!use flux. [Info on
FoV + update plot with experiment bands] (Adapted
from [31].)

tified as an event excess in the sky with 5ω significance
only with the detection of 100↑ 1000 neutrinos and sub-
degree angular resolution.
As an illustration, Figure 2 (adapted from [31]) shows

the significance of detection of point sources by neutrino
experiments, as a function of their angular resolution and
number of events detected, for the specific case of a source
population density ns = 10→7 Mpc→3, following the star
formation rate evolution, up to redshift 6. The color
coding corresponds to the confidence level to reject an
isotropic background using the statistical method from
[32].
[Discuss the e!ect of the instantaneous FoV] In

the above calculation, fcov = 1 is used; fewer events are
required in the field of view if fcov is smaller.

III. POPULATIONS OF TRANSIENT SOURCES
AND THEIR DETECTION STRATEGIES

As argued in e.g., Ref. [13], anisotropy, source-density,
energetics and magnetic-structure arguments strongly
challenge steady-source scenarios for UHECRs with light
composition [33–37]. Following these arguments, pow-
erful transients, with their large amount of energy in-
jected over short timescales, can be considered as the
most promising sources when it comes to producing UHE
neutrinos. In the following, we recall the characteristics
of the most powerful transient populations and assess

4

Although we have discussed only neutrinos from pion
decay, they are also produced by neutron decay following
photodisintegration. However, these neutrinos give lower
background fluxes. The typical neutrino energy in the
neutron rest frame is → 0.48 MeV, and τAγ < 1 gives

E2
νΦν ! 1.9 × 10−13fz(A/56)

−1.21 GeV cm−2 s−1 sr−1

for electron antineutrinos.

B. Condition on Photodisintegration Effective
Optical Depth

The PAO composition results are still uncertain, and
it is possible that the composition is mixed rather than
iron-like. Also, perhaps a moderate fraction of nuclei
undergo photodisintegration interactions in their sources,
such that the requirement τAγ < 1 might be too strong.
Instead of this, it would be more conservative to define
a condition on the photodisintegration energy loss time
tdis for nuclei of initial mass A.
After a heavy nucleus with A (e.g., iron) experiences

one photodisintegration interaction via the GDR, the
atomic number is A − 1, which is still heavy. For the
first interaction, the fractional nuclear energy loss, i.e.,
the inelasticity, is roughly κGDR → 1/A around the GDR
resonance (since γA is conserved before and after single-
nucleon emission by the GDR) [33]. The photodisintegra-
tion energy loss time is roughly estimated by multiplying
Eq. (4) by κGDR (or one can evaluate it numerically in a
somewhat different manner [26]). Then, the more conser-
vative requirement of nucleus-survival is that the effective
(energy-loss) photodisintegration optical depth is smaller
than unity, i.e., fAγ ≈ tint/tdis → tintκGDR/tAγ < 1.
Then, instead of Eq. (7), we have

fmes → fpγ ! 8.2× 10−2(A/56)−0.21. (10)

This is larger than that in the previous subsection since
some photodisintegration is now allowed.
The corresponding nucleus-survival landmark for the

neutrino background is analogous to Eq. (8). However,
when nucleons are ejected from nuclei via the GDR,
both the nuclei themselves and the ejected nucleons pro-
duce neutrinos via photomeson interactions. Instead of
Eq. (8), in more generality, we have

E2
νΦν ≈

1

4

ctH
4π

[fpγ(EA/A)fAγ(EA)

+ fmes(EA)(1− fAγ(EA))]E
2
A
dṄA

dEA
, (11)

where we have still assumed fAγ < 1. However, be-
cause fpγ(EA/A) → fmes(EA), this becomes the same
as Eq. (8). Hence, similarly to Eq. (9), the neutrino
(νµ + ν̄µ) background flux is

E2
νΦν ! 8.4× 10−10fz(A/56)

−0.21 GeV cm−2 s−1 sr−1,
(12)
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FIG. 2: The same as Fig. 1, but the photodistintegration
bound is defined instead by fAγ < 1.

which is still lower than the WB landmark by one order
of magnitude. The near-A-independence of this result is
a consequence of the fact that σGDR κGDR → A(1/A) →
1; in the previous subsection, the term κGDR was not
included. The results are shown in Fig. 2.
The neutrino background from nuclei accelerators was

briefly considered in Ref. [38], where it was argued that
this flux is much smaller than the WB flux. Our work
is different, since we quantitatively take into account the
nucleus-survival condition, showing that it is crucial to
constrain properties of the sources, and that it leads to
a small but appreciable neutrino flux.
Similarly to Eq. (12), the landmark for neutrinos

from neutron decay following photodisintegration can
be obtained; the condition fAγ < 1 leads to E2

νΦν !

10−11fz(A/56)
−0.21 GeV cm−2 s−1 sr−1 for electron an-

tineutrinos.

C. Dependence on Spectral Index

The nucleus-survival landmarks expressed in Eqs. (9)
and (12) were derived for a E−2

CR spectrum. Different in-
dices are allowed from UHECR observations, depending
on source evolution models. Here, modifying assumption

(b), we consider the case where dNCR

dECR
≡ ΣA≥1

(

dNA

dEA

)

=

ΣA≥1

(

yA
dNCR

dECR

)

with dNA

dEA
∝ E−s

A . Here, yA is the frac-

tion of nuclei with mass A. As an example, assuming a
two-component case, Eq. (1) is replaced by

E2
νΦν →

1

4

ctH
4π

[

fpγE
2
p
dṄp

dEp
+ fmesE

2
A
dṄA

dEA

]

, (13)

where we have used fpγ(EA/A) → fmes(EA). For
the UHECR energy injection rate at 1019 eV, we use
E2

CRdNCR/dECR = 0.6×(s−1)1044 erg Mpc−3 yr−1 [31].
To set landmarks, we take only the larger of the two

terms above (one for protons, one for nuclei). A neutrino
~

Detector reaching these limits in 1017-19 eV can 
strongly constrain source models.	
	

Whether they can do UHE neutrino astronomy 
requires to assess additional performances.

• Which new "Waxman-Bahcall flux" to aim for at UHE? 

here: source evolution factor fz = 3
effective (energy-loss) photodisintegration optical depth < 1
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What astrophysical sources to aim for in the MM era?

Short bursts: stay in the instantaneous field of view 
(FoV) of the instrument (~30 min - 1 day)	
Compare source fluences with instantaneous fluence 
sensitivities

Long bursts: any longer transients	
Compare source fluences with daily averaged fluence 
sensitivities

KK, Mukhopadhyay et al. subm.

Detectable: Bright rare (distant) sources Detectable: Local Group & nearby galaxies



Astronomical observation strategies: 	
Wide & Shallow vs. Deep & Narrow

6

Volume (depth) —> dist3	
Surface (FoV) —> dist2	

Deep & Narrow observatories more powerful for UHE neutrino 
discovery of known targeted sources	
Wide & Shallow: better suited for serendipitous all-sky searches

CAUTION: updated IceCube-Gen2 Radio sensitivities: 	
~2 orders of magnitude discrepancy found for 
instantaneous fluence sensitivity Guépin, KK, Oikonomou, 	

Nat. Phys. Rev erratum

KK, Mukhopadhyay et al. subm.
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FIG. 6. Left: The probability (Pn→1(DL), Eq. 11) of detecting at least one UHE neutrino event from a typical BNS merger
within a distance DL assuming the most sensitive instantaneous field of view for GRAND (solid) and IceCube-Gen2 Radio
(dashed). Right: The probability (P (DUL), Eq. 12) of detecting one UHE neutrino event from typical BNS merger events given
a distance horizon DUL = 1Gpc within Top years of operation for GRAND and IceCube-Gen2 Radio. In this case, the all-flavor
average e!ective area is used, as shown in Figure 2.

D. Deep and narrow instruments: more powerful
to detect rare and bright short bursts

Figure 4 points towards rare and bright sources
(HLGRBs in particular) as most promising short tran-
sients as detectable UHE neutrino producers. Targeting
these sources requires to integrate over large volumes of
the Universe to collect as many events as possible that
are observed by electromagnetic (EM) instruments, and
stack the fluxes at their location. Note that this follow-
up strategy also requires decent angular resolution for
pointing.

Intuitively, increasing the FoV is an e!ect in distance
squared, while increasing the instantaneous sensitivity
depth amounts to increasing the volume, hence an ef-
fect in distance cubed. For this reason, at equal di!use
flux sensitivity, deep and narrow instruments will per-
form better than wide and shallow ones, for short burst
detection.

Let us now try to quantify this. It is known that the
probability of detecting at least one UHE neutrino event
within a luminosity distance DL is given by

Pn→1(DL) =
1

”norm

∫
d” pn→1

(
ωz, DL

)
, (11)

where the Poissonian probability to detect at least one
UHE neutrino event is given as, pn→1

(
ωz, DL

)
= 1 →

exp
(
→Nω(ωz, DL)

)
[76, 84–86] and this is integrated over

the solid angle ”. The normalization ”norm is the solid
angle over which the probability is averaged (”norm = 4ε
for all-sky). The total number of neutrino events at a
given declination band is given byNω(ωz, DL). We choose
the most sensitive bands for GRAND and IceCube-Gen2
Radio and show the results for Pn→1(DL) in the left

panel of Figure 6. For DL ↭ 10 Mpc both GRAND
and IceCube-Gen2 Radio have close to 100% probability
of detecting an UHE neutrino event from a source. How-
ever, owing to the narrow and deep sensitivity of GRAND
as a result of the higher instantaneous e!ective areas, the
probability of detecting an UHE neutrino event remains
close to 1 for distances close to 100 Mpc.
The above probability is averaged over the angle. It

is also natural to introduce the similar probability for
the cumulative number of events within a given distance
horizon DL = DUL, considering the line-of-sight integral.
Note that we consider the probability for the number
of events, which is di!erent from that for the number
of sources [87, 88]. We essentially follow the formalism
outlined in Refs. [85, 86]. Given an upper limit for a
luminosity distance DUL, which is determined by other
observational information such as gravitational waves or
electromagnetic telescopes, the probability to detect at
least one UHE neutrino event can be given by

P (DUL) = 1→ exp

(
→N

(
DUL

))
,

N
(
DUL

)
=

∫ DUL

0

d(dcom)
Top(
1 + z

)Rapp

(
z
)
d2
com

Ñω(dcom) ,

(12)

where Top is the operation time of the UHE neutrino
detector, dcom is the comoving distance, Rapp(z) is
the apparent redshift (z) dependent rate of a given
source. The total number of events is given by Ñω =∫ Emax

ω

Emin
ω

dEω ϑω Ãe!(Eω), where ϑω is the UHE neutrino

fluence from a typical source, Eω is the neutrino en-
ergy in the observer frame (see Ref. [86] for details), and
Ãe!(Eω) is the all-flavor average e!ective-area times the

11

Andromeda M31
M33

Pisces

IC 1613

WLMNGC 253

NGC 7552

LMC SMC

NGC 3256

Leo A
Leo T

Leo IV

M82

NGC 6822

Cen A

NGC 4681

M87
Arp 220

GRAND
IC-Gen2 Radio
RNO-G

BEACON

Arp 299

NGC 1068

NGC 2146

NGC 4945
Circinus

FIG. 7. Local galaxies (see Table II) and instantaneous FoV of various experiments.
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FIG. 8. Local galaxies (see Table II) and daily (day-averaged) FoV of various experiments.

B. Host galaxies in the Local Group

The Local Group, a collection of more than 80 galax-
ies located within approximately 3 Mpc, consists of 3

large galaxies (the Milky Way, Andromeda or M31, and
M33) and dwarf galaxies (see [110] for a full catalog).
A handful of these galaxies exhibit high star formation
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GRAND

IC-Gen2 Radio

FIG. 3. Significance of detection of point sources, within
a di!use UHE neutrinos flux, by experiments with given
angular resolutions and number of detected events. Here,
we present the specific case of a source population density
ns = 10→9 Mpc→3, following the star formation rate evolu-
tion, up to redshift z = 6. With this source number density,
→ 100 events and → 0.1↑ angular resolution are needed to
reach a 4ω detection of point sources within a di!use flux.
The angular resolution of GRAND is taken from [66] while
that for IceCube-Gen2 Radio from [67]. The observation time
assumed is 10 years for both the detectors. (Adapted from
[61].)

most powerful transient populations and assess their de-
tectability with di!erent types of instruments.

A. Transient population characteristics

Transient populations deemed capable of producing
UHE neutrinos have been compiled and described in re-
cent studies and reviews [17, 73, 74].

To compare their fluences to instrumental perfor-
mances, transients can be categorized in two types: short
and long transients. The fluence of the former can be
compared to instantaneous instrumental sensitivities (the
source has to stay in the instantaneous FoV and present
a stable fluence over that time – so this depends on the
instrument, but correspond typically to durations of less
than 1 h). For longer transients (from 1h to months), a
day-averaged sensitivity should be used.

Table I is based on the references cited above, and lists
the two principal characteristics of transients necessary
to roughly assess their detectability: their typical mini-
mum and maximum bright luminosity durations (ts) at
corresponding isotropic equivalent bolometric luminosi-
ties (Ls), global real population rates and outflow Lorentz
factors (”s).

The criteria for a transient source to be able to ac-
celerate neutrinos to ultrahigh energies, and the corre-

sponding fluence calculation are detailed in Ref. [74] and
reviewed in [17]. Here, we do not specify the neutrino
production mechanism and assume that a fraction fUHE

ω
of the isotropic equivalent bolometric energy of the out-
flow Ebol = Ls ts is channeled into UHE neutrino fluence:

E2

ωωω =
(1 + z)

4εD2

L

fUHE

ω Ebol, (5)

with z the source redshift and DL the corresponding lu-
minosity distance.
For a given real source population rate Rs, the typical

luminosity distance DL,Tobs for a burst occurring over an
observation time Tobs can be estimated by

DL,Tobs =

(
3

4ε fbeam Rs Tobs

)1/3

, (6)

with fbeam the beaming fraction, which can be related
to the outflow beaming angle ϑ → 1/”s via fbeam → ϑ2/2
[79]. For beamed sources, the apparent (observed) rate
can be computed from Rs using Rapp = fbeamRs.
For each source population, we estimate roughly, using

the bounds quoted in Table I, the minimum and maxi-
mum bolometric energies Ebol and typical burst distance
DL,10 yr for a Tobs,10 yr = 10 year observation time by

Ebol,min =
Ls,min

ts,max

and Ebol,max =
Ls,max

ts,min

, (7)

DL,10 yr,min =

(
6”2

s,min

4εRs,max Tobs,10 yr

)1/3

, (8)

DL,10 yr,max =

(
6”2

s,max

4εRs,min Tobs,10 yr

)1/3

, (9)

with tshort,min = min[ts, 1 hr] for short sources and
tlong,min = max[ts, 1 hr], to account for sources that can
be considered as both long or short sources, depending
on their evolution (see Table I).
A detailed examination of these short/long states, du-

ration, corresponding luminosities, beaming factors and
rates would necessitate a case-by-case population study,
beyond the scope of this generic strategical paper.
The regions spanned by each source populations in the

Ebol ↑ DL,10 yr parameter space are presented for short
(left panel) and long (right panel) bursts in Figure 4,
assuming fUHE

ω = 1. This last assumption sets a con-
servative upper limit to the source energy level reached.
More realistic values span fUHE

ω ↭ 0.1.

B. Detectability

In order to assess whether source populations might
have a chance to be detected by envisioned instruments,
we overlay in Figure 4 the instrumental fluence sensitivi-
ties, i.e, the Feldman-Cousins upper limit [80] per decade
in energy at 90% C.L., assuming a power-law all-flavor

7

2021 o 2025 o >2030 Energy range Differential sensitivity limit FoV ang. res. slew [survey] speed resp. delay ! foll. rate [% alerts] examples 

LHAASO 100 GeV−1 PeV 5×10−14 erg cm−2 s−1 in 1 yr 2 sr 0.3° [2/3 sky/day] - ?
CTA 20 GeV−300 TeV 6×10−14 erg cm−2 s−1 in 50 h 10−20° < 0.15° 180°/20 s 20 s 20 h/yr (2016)

HAWC 100 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 1 yr 2 sr 0.1° [2/3 sky/day] - [90% IC Gold alerts]
H.E.S.S. 30 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 50 h 5° 0.1° 10°/min 60 s 60−70 h/yr
MAGIC 50 GeV−50 TeV 9×10−13 erg cm−2 s−1 in 50 h 3.5° 0.07° 7°/s 20 s 60 h/yr, 15% ToO
VERITAS 85 GeV−30 TeV 6×10−13 erg cm−2 s−1 in 50 h 3.5° 0.1° 1°/s 90 s 45 h/yr
Fermi LAT 20 MeV−300 GeV 5×10−13 erg cm−2 s−1 in 10 yr 2.4 sr 0.15° [all-sky/3 h] 4−5 h [100% IC alerts]

GBM 10 keV−25 MeV 2 ph cm−2 s−1  in 1 s 9 sr 10° [all-sky/1 h] 5−6 h [60% IC alerts]
INTEGRAL IBIS 15 keV−10 MeV 1.2×10−12 erg cm−2 s−1 in 103 s 64 deg2 0.2° 0.2°/s min [all ANTARES

SPI-ACS 100 keV−2 MeV 10−3  ph cm−2 s−1 MeV-1 in 106 s 4" - - min and GCN IC alerts]

XMM-Newton 0.2−12 keV 10−15 erg cm−2 s−1 in 106 s 0.5° 6� 90°/h few h PKS 1502+106, Kloppo
Athena-WFI 0.1−15 keV 3×10−16 erg cm−2 s−1 in 105 s 0.4 deg2 < 5� 1°/min 4 h [5 ToO/month]

Swift BAT 15−150 keV 6×10-10 erg cm-2 s-1 in 2000 s 1.4 sr 0.4°
XRT 0.2−10 keV 5×10-13 erg cm−2 s−1 in 104 s 0.1 deg2 18� 1°/s min−h 50% ToO
UVOT 0.16−0.62 µm 19 mag in 300 s 0.1 deg2 2.5�

SVOM ECLAIRs 4−150 keV 7.2×10-10 erg cm−2 s−1 in 103 s 2 sr < 0.2° first 3 yrs:
MXT 0.2−10 keV 2×10-12 erg cm−2 s−1 in 3000 s 1 deg2 13� 45°/5 min min−h 15% ToO
VT 0.4−1 µm 22.5 mag in 300 s 0.2 deg2 < 1� then: 40% ToO

ASAS-SN 380−555 nm 19.5 mag in 30 min 72 deg2 7.8� [vis. sky/days] min−day [70−80% all IC GCN alerts]
ATLAS 420−975 nm 19.7 mag in 30 s 29 deg2 2� [4×vis. sky/day] 45 s [no ! alert yet]
Pan-STARRS 400−900 nm 23.1 mag in 904 s 14 deg2 1.0−1.3� [vis. sky/week] h−day [6 follow ups]
ZTF 400−650 nm 21.0 mag in 300 s 47 deg2 2� [vis. sky/2 days] h−day [74% IC Gold alerts]

Vera Rubin Obs. (LSST) 0.3−1 µm 24.5 mag in 30 s 9.6 deg2 0.7� [100 deg2/5 min] - -
MASTER-II(VWF) 400−800 nm 19(12) mag in 1 min(5 s) 8(400) deg2 1.9��22�� 30°/s(8°/s) min−h [99% GCN neutrino alerts]
TAROT 350−980 nm 18.5 mag in 180 s 4 deg2 3.5� 50°/s s−day <3% obs. time [70% GCN alerts]
GEMINI (GMOS) 0.36−1.03 µm, spec 25 mag in 2.5 days 30.23'2 0.07�/pix obj./2 min 20 min SN PTF12csy
GTC (OSIRIS) 0.365−1.05 µm, spec 27 mag in 1 h 0.02 deg2 0.127�/pix obj./min min TXS 0506+056
Keck (LRIS) 0.32−1 µm, spec 23 mag in 20 s 46.8'2 0.135�/pix 1.5°/s h SN PTF12csy
VLT (X-shooter) 0.3−2.4 µm, spec 23 mag in 60−120 s 2.2'2 0.173�/pix obj./5 min 30 s TXS 0506+056, IC190331A

VLA 1−50 GHz 186 µJy in 1 min 0.16 deg2 0.12� [20 deg2/h] days TXS 0506+056, ANTARES events
MWA 80−300 MHz 4.6 mJy at 1 s 610 deg2 0.9' obj./8 s 6−40 s [30% IC Gold, >30% ANTARES]

SKA1(2)-MID 350 MHz−15.3 GHz 2(0.1) µJy in 1 h 1(10) deg2 0.04°−0.7° ? 1 s ?
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Table 2. Indicative experimental characteristics of a non-exhaustive list of actual or potential neutrino follow-up EM instruments. The left-hand side of
the table indicates the timeline of each instrument (green for current and yellow for up-coming). Unclear termination dates are indicated with a fading
gradient. The following columns from left to right reference the energy range, the differential sensitivity limit, the field of view (FoV), the angular
resolution, the slew speed and survey speed in brakets, the response delay to a neutrino or ToO alert. The final column provides elements of the neutrino or
ToO follow up program of each facility, with a neutrino alert follow up rate (“n foll. rate", in hour/year) when available, percentage or number of neutrinos
followed in brakets, and specific followed source or event names in italics. Question marks indicate the yet unknown values for up-coming experiments.
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2021 o 2025 o >2030 Energy range Differential sensitivity limit FoV ang. res. slew [survey] speed resp. delay ! foll. rate [% alerts] examples 

LHAASO 100 GeV−1 PeV 5×10−14 erg cm−2 s−1 in 1 yr 2 sr 0.3° [2/3 sky/day] - ?
CTA 20 GeV−300 TeV 6×10−14 erg cm−2 s−1 in 50 h 10−20° < 0.15° 180°/20 s 20 s 20 h/yr (2016)

HAWC 100 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 1 yr 2 sr 0.1° [2/3 sky/day] - [90% IC Gold alerts]
H.E.S.S. 30 GeV−100 TeV 6×10−13 erg cm−2 s−1 in 50 h 5° 0.1° 10°/min 60 s 60−70 h/yr
MAGIC 50 GeV−50 TeV 9×10−13 erg cm−2 s−1 in 50 h 3.5° 0.07° 7°/s 20 s 60 h/yr, 15% ToO
VERITAS 85 GeV−30 TeV 6×10−13 erg cm−2 s−1 in 50 h 3.5° 0.1° 1°/s 90 s 45 h/yr
Fermi LAT 20 MeV−300 GeV 5×10−13 erg cm−2 s−1 in 10 yr 2.4 sr 0.15° [all-sky/3 h] 4−5 h [100% IC alerts]

GBM 10 keV−25 MeV 2 ph cm−2 s−1  in 1 s 9 sr 10° [all-sky/1 h] 5−6 h [60% IC alerts]
INTEGRAL IBIS 15 keV−10 MeV 1.2×10−12 erg cm−2 s−1 in 103 s 64 deg2 0.2° 0.2°/s min [all ANTARES

SPI-ACS 100 keV−2 MeV 10−3  ph cm−2 s−1 MeV-1 in 106 s 4" - - min and GCN IC alerts]

XMM-Newton 0.2−12 keV 10−15 erg cm−2 s−1 in 106 s 0.5° 6� 90°/h few h PKS 1502+106, Kloppo
Athena-WFI 0.1−15 keV 3×10−16 erg cm−2 s−1 in 105 s 0.4 deg2 < 5� 1°/min 4 h [5 ToO/month]

Swift BAT 15−150 keV 6×10-10 erg cm-2 s-1 in 2000 s 1.4 sr 0.4°
XRT 0.2−10 keV 5×10-13 erg cm−2 s−1 in 104 s 0.1 deg2 18� 1°/s min−h 50% ToO
UVOT 0.16−0.62 µm 19 mag in 300 s 0.1 deg2 2.5�

SVOM ECLAIRs 4−150 keV 7.2×10-10 erg cm−2 s−1 in 103 s 2 sr < 0.2° first 3 yrs:
MXT 0.2−10 keV 2×10-12 erg cm−2 s−1 in 3000 s 1 deg2 13� 45°/5 min min−h 15% ToO
VT 0.4−1 µm 22.5 mag in 300 s 0.2 deg2 < 1� then: 40% ToO

ASAS-SN 380−555 nm 19.5 mag in 30 min 72 deg2 7.8� [vis. sky/days] min−day [70−80% all IC GCN alerts]
ATLAS 420−975 nm 19.7 mag in 30 s 29 deg2 2� [4×vis. sky/day] 45 s [no ! alert yet]
Pan-STARRS 400−900 nm 23.1 mag in 904 s 14 deg2 1.0−1.3� [vis. sky/week] h−day [6 follow ups]
ZTF 400−650 nm 21.0 mag in 300 s 47 deg2 2� [vis. sky/2 days] h−day [74% IC Gold alerts]

Vera Rubin Obs. (LSST) 0.3−1 µm 24.5 mag in 30 s 9.6 deg2 0.7� [100 deg2/5 min] - -
MASTER-II(VWF) 400−800 nm 19(12) mag in 1 min(5 s) 8(400) deg2 1.9��22�� 30°/s(8°/s) min−h [99% GCN neutrino alerts]
TAROT 350−980 nm 18.5 mag in 180 s 4 deg2 3.5� 50°/s s−day <3% obs. time [70% GCN alerts]
GEMINI (GMOS) 0.36−1.03 µm, spec 25 mag in 2.5 days 30.23'2 0.07�/pix obj./2 min 20 min SN PTF12csy
GTC (OSIRIS) 0.365−1.05 µm, spec 27 mag in 1 h 0.02 deg2 0.127�/pix obj./min min TXS 0506+056
Keck (LRIS) 0.32−1 µm, spec 23 mag in 20 s 46.8'2 0.135�/pix 1.5°/s h SN PTF12csy
VLT (X-shooter) 0.3−2.4 µm, spec 23 mag in 60−120 s 2.2'2 0.173�/pix obj./5 min 30 s TXS 0506+056, IC190331A

VLA 1−50 GHz 186 µJy in 1 min 0.16 deg2 0.12� [20 deg2/h] days TXS 0506+056, ANTARES events
MWA 80−300 MHz 4.6 mJy at 1 s 610 deg2 0.9' obj./8 s 6−40 s [30% IC Gold, >30% ANTARES]

SKA1(2)-MID 350 MHz−15.3 GHz 2(0.1) µJy in 1 h 1(10) deg2 0.04°−0.7° ? 1 s ?
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Table 2. Indicative experimental characteristics of a non-exhaustive list of actual or potential neutrino follow-up EM instruments. The left-hand side of
the table indicates the timeline of each instrument (green for current and yellow for up-coming). Unclear termination dates are indicated with a fading
gradient. The following columns from left to right reference the energy range, the differential sensitivity limit, the field of view (FoV), the angular
resolution, the slew speed and survey speed in brakets, the response delay to a neutrino or ToO alert. The final column provides elements of the neutrino or
ToO follow up program of each facility, with a neutrino alert follow up rate (“n foll. rate", in hour/year) when available, percentage or number of neutrinos
followed in brakets, and specific followed source or event names in italics. Question marks indicate the yet unknown values for up-coming experiments.
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•development of MM-networks, EM instruments —> false associations will be common	
•skim interesting events + narrow down search area —> requires angular resolution

Guépin, KK, Oikonomou, Nature Phys. Rev. 2022

Can we identify a point-source out of a diffuse neutrino sky?
Yes, if we can collect ~100 events with sub-degree angular resolution…

Fang, KK, Miller, Murase, Oikonomou 2016

line for experiments assuming 	
~ Murase-Beacom neutrino flux

A necessary angular resolution

KK, Mukhopadhyay et al. subm.



8

4.2. First generation of radio experiments 77

Figure 4.1: Sketch of UHE astroparticles detection principle for (1) in-air showers, (2) tau-
neutrino induced showers and (3) in-ice showers. The typical longitudinal profile is represented
atop of the showers.

signal, in ice, the geomagnetic emission becomes negligible and the charge-excess emission is
amplified, so that it becomes the dominant contribution. Additionally, the Cherenkov angle
is found at an aperture angle of 1� away from the shower axis for air showers, and is between
40

� to 60
� for in-ice showers, where the density of the medium is much higher.

4.2 First generation of radio experiments

It was proven in 1965 that air-showers emit radio waves (Jelley et al. 1965), yet it is only in
the 2000s that radio detection really took off, mainly due to the improvements in digital signal
processing and motivated by an expected duty cycle of 100%.

4.2.1 CODALEMA and LOPES

The emergence of radio-detection as a promising technique was led by 2 pioneering experi-
ments, CODALEMA (Ardouin et al. 2005, 2009; Charrier et al. 2019b) and LOPES (Huege
et al. 2012; Apel et al. 2014a; Lopes Collaboration 2021) which aimed at probing that radio-
detection of cosmic-ray induced showers in the atmosphere was feasible. These experiments
relied on the fact that radio waves emitted by particle cascades travel in air with almost no
absorption and could be detected at ground level with radio-antennas. Radio-detection was
however impeded by the numerous anthropogenic radio emissions from various sources such as
the FM band, airplanes or satellites. CODALEMA, the Cosmic-ray Detection Array with Log-
arithmic Electro-magnetic Antennas is an experiment initiated in the Nançay radio-astronomy
station in 2003. It combined a sparse array of 57 autonomous radio antennas (Fig. 4.2, left
panel) detecting signals in the 20-200 MHz band with a compact array of cabled antennas
triggered by 13 scintillators over 1 km2. LOPES, the LOFAR Prototype Station, is a radio ex-
periment made of 30 LOFAR prototype antennas (Fig. 4.2, right panel) which was operational
between 2003 and 2013. It was a radio interferometer running in the 40� 80MHz band with
an external trigger from the KASKADE-Grande experiment. Even though the layout was set

Chiche & Decoene, Moriond proc. 2022

radio 
detectors
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an external trigger from the KASKADE-Grande experiment. Even though the layout was set

particle detectors & 
fluorescence light

Radio detection as a cost-effective technique

• Radio antennas: cheap, robust, scalable	
• 100% duty cycle	
• benchmarked technique	
in-ice & in-air for specific configurations

Performances instantaneous	sensitivity
daily aver. 
sensitivity iFoV dFoV angular 	

resolution
in-ice + ++ +++ ++ +

in-air +++ ++ + +++ +++

no gain by Earth 	
rotation if South Pole

equivalent as 
experiments	

tuned to diffuse flux

deep & narrow

wide & shallow

deep & narrow

wide & shallow

large footprints

reconstruction of 
polarization difficult



geomagnetic effect: 
radio signal

UHECR

GRAND Concept

>30 km

ν

τ

10'000s radio antennas over 10'000s km2  
in several sub-arrays at favorable sites worldwide

few 
kms

scalable, cheap, robust radio antennas
ideal for giant arrays

>30 km3 Prototypes GRAND

2023 2028 203X

GRAND10k

cosmic rays 1016.5-18 eV discovery of EeV neutrinos for 
optimistic fluxes

1st EeV neutrino detection 
and/or neutrino astronomy!

autonomous radio detection 
of very inclined air-showers 10k antennas (Argentina?)

2 detectors of 10k antennas: 
GRAND-North (China)  
GRAND-South (Argentina?) 9
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Expected performances

✓ Excellent sensitivity 
✓ Sub-degree angular resolution 
✓ Wide instantaneous field of view

What will we need for UHE neutrino astronomy?
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Figure 2. All-flavor neutrino fluence from theoretically predicted short (<day, top panel) and long (bottom panel)
astrophysical transients and comparison to the sensitivity of existing and upcoming neutrino detectors (see text).
The experimental sensitivities are per decade in energy for an assumed E�2 neutrino spectrum. For Auger,
IceCube171, and IceCube-Gen2172 the sensitivity to neutrino transients at the location of GW170817A is shown. The
projected sensitivity of GRAND to short transients at zenith angles 86�  q  93� and long transients at declination
0�  d  45� assuming a single GRAND array at latitude 42� North173 is indicated with a pink band. The projected
sensitivity of POEMMA to short and long transients in ToO-dual and ToO-stereo mode respectively is shown with a
green shaded band174.
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projected sensitivity of GRAND to short transients at zenith angles 86�  q  93� and long transients at declination
0�  d  45� assuming a single GRAND array at latitude 42� North173 is indicated with a pink band. The projected
sensitivity of POEMMA to short and long transients in ToO-dual and ToO-stereo mode respectively is shown with a
green shaded band174.
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Hot Spot 1 (HS1)

HS1 layout: 
• 10 000 antennas over a 20 000 km2

• square grid array with a 1 km spacing

• neutrino induced EAS from realistic isotropic flux

GP300 simulations: 
• real topography

• primaries: proton, iron and gamma

HS1 : a sensitivity principle study 
on a realistic topography

table with results

Validation of the reconstruction for the neutrinos: 
• source emission very well constrained 
• arrival direction within the targeted goal of 0.1°

Decoene et al., 2022~0.1°

Angular resolution

angular resolution [deg]

2021 o 2025 o >2030 Diff. sens. lim. 
in GeV cm−2 s−1 sr−1

iFoV 
in sky %

dFoV 
in sky % ang. res.

PUEO 4.2×10−8 in 30 d 6 19 <2.8°
ARA 3.6×10−9 (2030) 35 20 5°
RNO-G 1×10−8 in 5 yr 30 35 2°×10°

ARIANNA-200 8×10−9 in 5 yr 50 >50 2.9−3.8°
RET-N 3×10−10 in 5 yr 50 >50 ?

IceCube-Gen2 Radio 4×10−10 in 5 yr 43 43 2°×10°
BEACON 1.2×10−8 in 5 yr 6 19.5 0.3°−1°

GRAND10k 1×10−8 in 5 yr 6 80 0.1°
GRAND 4×10−10 in 5 yr 45 100 0.1°

Auger [1.5×10−8 (2019)] 30 92.8 <1°
TAMBO ? 27 62 1°

POEMMA Cerenkov 7×10−8 in 5 yr 0.6 18−36 0.4°
Trinity 1×10−10 in 5 yr 6 62 <1°

Ashra-NTA 2×10−10 in 5 yr 30 >50 0.1°
Guépin, KK, Oikonomou, 2023
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Run simulations (+interpolation Tueros & Zilles 2020) on a dense array 
then prune antennas to make new configuration

trihex all (250), Nring = 20 
triangles (hexagone + center) 

step 250 m

3907 antennas


204.7 km2

tri1000 
triangles (hexagon + center)


step 1000 m

241 antennas

hex1000 
hexagons


step 1000 m

150 antennas

• mask the information of the pruned antennas 
• recalculate triggered event rate with pruned array

We cannot run simulations on an infinite number of configurations

The Layout Pruning Tool!

2

V p
ea
kp
ea
k (
ar
bi
tr
ar
y 
un

its
)E = 1 EeV, 	

zenith = 70 deg

Radio signals at our detectors air shower signal

TREND experiment

Galactic noise level 𝜎 ~ 20 μV/m

• Frequency range : 50-200 MHz 
• Transient pulses, duration: <~ 100ns 
• Amplitude of detectable signals at unit level:  
> 3-5 𝜎 above stationary Galactic background 

• Amplitude scales linearly with particle energy 
• Detection energy threshold with 5 units: 1016.5 eV 

IV. Detector design and performance
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FIG. 14. Flux density � as a function of frequency and o↵-axis
angle  for an air shower with zenith angle ✓z = 71� and energy
of 108.8 GeV, simulated with ZHAireS [244]. At each frequency,
the flux density is computed as the power spectrum averaged
over a period of 10 ns. Figure taken from Ref. [245].

ring in the plane perpendicular to the shower propagation1044

axis. For more inclined showers, like the ones initiated1045

by Earth-skimming neutrinos and targeted by GRAND,1046

the peak emission comes from farther away, leading to1047

larger Cherenkov distances. A detailed description of the1048

Cherenkov e↵ect in air showers is given in Refs. [247–249].1049

Shower geometry.— The di↵erent radio emission mecha-1050

nisms from air showers, combined with the Cherenkov ef-1051

fect, result in complex emission patterns in terms of am-1052

plitude, frequency, and polarization. They are well under-1053

stood and can be modeled in great detail if the shower ge-1054

ometry is known. Conversely, the radio-detection of an air1055

shower by a large number of antennas at di↵erent locations1056

can be used to reconstruct the shower geometry and infer1057

the properties of the primary particle; see Section IVE3.1058

Figure 15 shows that, for vertical showers, the radio foot-1059

print is small and concentrated; dense antenna arrays, with1060

spacings smaller than 100 m, are needed to sample it. For1061

showers inclined by 75�, the elongated footprint spans an1062

area of several tens of km2, and sparser antenna arrays are1063

su�cient to sample it, as shown by AERA [252] and as1064

planned for GRAND.1065

Neutrino-initiated air-showers.— At EeV energies, the1066

neutrino-nucleon deep-inelastic-scattering cross section in-1067

creases roughly / E0.363 [253]. Thus, the interaction length1068

inside Earth decreases from 6 000 km at PeV to a few hun-1069

dred km at EeV, making the Earth opaque to even Earth-1070

skimming neutrinos. If the neutrino interaction is charged-1071

current, it produces an outgoing high-energy charged lepton1072

of the same flavor as the interacting neutrino, whose decay1073

or interaction products might be observable by GRAND,1074

depending on the flavor and on whether the charged lepton1075

is able to exit into the atmosphere.1076

If the interacting neutrino is a ⌫e, the outgoing elec-1077

FIG. 15. Radio footprint for various shower inclinations, from
CoREAS simulations [250]. Figure taken from Ref. [251].

tron initiates an electromagnetic shower that is promptly1078

damped by radiative energy losses. Typically, the shower is1079

short-lived, concentrated close to the neutrino interaction1080

vertex, and undetectable in radio. At ultra-high energies,1081

if the ⌫e interacts close to the Earth surface, a fraction1082

of the ensuing shower could emerge into the atmosphere1083

and produce coherent transition radiation in the MHz–1084

GHz range [254, 255], detectable by GRAND. The Landau-1085

Pomeranchuk-Migdal e↵ect [256–258] would suppress ra-1086

diative losses and elongate the shower, further improving1087

its chances of reaching the atmosphere [259]. However, at1088

1 EeV, the maximum column depth that the shower can1089

traverse is 3000–4000 g cm�2 [260], corresponding to only1090

30–40 m underground. Therefore, the e↵ective volume for1091

this detection channel is small. Accordingly, in the present1092

study we neglect the contribution of ⌫e interactions in rock.1093

If the interacting neutrino is a ⌫µ, the outgoing high-1094

energy muon can travel underground from its point of cre-1095

ation and exit into the atmosphere, since radiative losses1096

are suppressed due to the larger mass of the muon [261].1097

Because the range of the muon in the atmosphere is of sev-1098

eral kilometers, the probability that it decays above the1099

radio array and generates a detectable air shower is neg-1100

ligible. Therefore, for all practical purposes, GRAND will1101

not be sensitive to Earth-skimming ⌫µ.1102

If the interacting neutrino is a ⌫⌧ , it is possible to detect1103

the outgoing tau in GRAND. On the one hand, the tau is1104

heavier than the muon, so radiative losses are suppressed1105

even further. On the other hand, the short lifetime of the1106

tau (0.29 ps) gives it a range of 50 meters per PeV of energy1107

before decaying. As a result, a tau born from an UHE1108

⌫⌧ underground could exit the rock and decay above the1109

antenna array, triggering a particle shower that emits a1110

radio signal detectable by the antennas; later, we detail1111
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Alvarez-Muñiz et al. 2015
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Experience from: LOPES, LOFAR, AERA, CODALEMA, 
TREND, AugerPrime Radio…

• Emission ~ point-like 
around shower max. 

• Spherical wavefront 
• Emission in few deg. cone 
around shower axis  

• "Cherenkov ring": around 
1º at highest frequencies
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Traces & Pulses

Footprint



GRAND Challenges
Autonomous triggering on radio signals
• Ultra-dominant noise: ideal quiet sites 
• New electronics development necessary: 
high sampling rate & autonomous triggering 

• Identification of signals + R&D NUTRIG 
• Online processing for lower data rate  
• Previous successful efforts in other 
contexts: ANITA, TREND

Reconstruction of shower parameters

• Different physics, asymmetries, ground 
reflections… for very inclined air-showers 
(B field effects Chiche et al. 2023, Guelfand et al. 2024) 

• New reconstruction methods  
to develop & test (Decoene et al. 2022…)

Low-complexity, robust, low-cost  
detection units

• Low noise system 
• Robust for desert environments & 
temperature fluctuations 

• Simple deployment for large numbers

Data volume & transfer:  
low-rate, low-power 
• Huge data volume (~10 kBy/trigger) 

• Offline treatment reduction to few infos 
(trigger time, amplitude, polar)…  
—> to implement online

NUTRIG target: 
L1 trigger: 100 Hz 
L2: 1 Hz

GP300 (nominal) rate: 
L1 trigger: 1 kHz  
L2 trigger: 10 Hz

12



2023-2024: A turning point for GRAND

•  Deployment on 3 sites and first experimental data! 
- Commissioning phase   
- Official approval for 200 km2 for GRANDProto300 site in Gansu, China 
- 65 antennas deployed in China 

•  Development of Software & Analysis tools 
- GRAND Software pipeline: from online data monitoring to analysis tools  
- GRANDlib: Python library for GRAND data analysis & simulation 
- Data Challenge 2: realistic simulation library & reconstruction tools for the 
data analysis 

• Beginning of R&D for the next phases
13

GRANDProto300

GRAND@Nançay

GRAND@Auger

Cross-calibration

Triggering test-bench Concept Validation: autonomous triggering 
on inclined EAS
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Figure 6: Antenna arms and Nut.

Figure 7: Matching network

Figure 8: Typical VSWR measurement results

6

Prototypes set-up

Figure 15: GRAND front end board, designed by Radboud University.

3.1.3 Front end board

Board design and firmware [ This part COPY FROM GRAND@Auger paper] The
GRAND-electronics boards digitizes the signals after passing the analog chain. The digitization uses
a 14- bit 500MHz analog to digital converter (Analog Devices, AD9694) in a di↵erential mode with a
maximum input voltage level of 1.8V. This setting allows to measure the background noise at around
30 ADC-counts, leaving a dynamic range of about 9 e↵ective bits. This compromise allows the Col-
laboration to use the variations in the galactic background as a monitoring and calibration tool.

The digital signals are moved into a System on a Chip (SoC) (Xilinx, Zynq Ultrascale+, XCZU5CG-
1FBVB900E) consisting of a Field Programmable Gate Array (FPGA) combined with hardcore Central
Processing Units (CPUs). The SoC performs tasks such as event triggering, event building, communi-
cation and bu↵ering. These tasks are divided into tasks performed by the Firmware that runs on the
FPGA, and tasks performed by the software, running inside the CPU.

The Firmware continually retrieves the digital data from the FPGA, and can be configured to
digitally shape this signal. A total of 4 notch filters can be applied to the data of each channel, and
dynamic baseline subtraction is available. It is possible to select either the raw or the shaped data
for the final readout. If signal shaping is applied, the shaped signal is used to select interesting events
(triggering), otherwise the raw data is used for this purpose. After triggering, the Firmware starts to
build the event. The data from all three input channels is combined with timing information from the
GPS chip (Trimble RES SMT360), data from slow control parameters such as pressure and battery
voltage, and an event header in which all configuration parameters are stored. The local software
inside the CPU is notified that an event is present and that DMA transfer onto the onboard DDR
memory can be initiated.

Board testing On May 2021, a PCB factory in Shanghai has completed the production of 100
sets of front end boards for the prototype phase of the GRAND project(GP300) in three batches. In
addition to four boards from the first two batches were sent to the Netherlands, and two that were
sent to Xidian, the rest of the boards are undergoing functional validation at the Purple Mountain
Observatory (PMO). The validation process consisted of three main parts:

First step is bring-up test, including boards appearance checking, power-up verification, clock chip
programming, FPGA logic programming, GPS verification, ADC verification , POE verification. Than
we PMO did laboratory repairing for the boards that have problems. Finally, we completed the this

10

Figure 18: Online trigger

unit every 10 seconds, while in the latter, data is collected 20 times per second. The length of data
collection, or the time domain duration, can be set, typically at 1024 or 2048 data points. Given that
our ADC’s sampling frequency is 500 megahertz, the duration of each time-domain signal collection is
a few microseconds. The central station computer runs a control and data acquisition (DAQ) program
to aggregate data, allowing us to verify whether the detection units are operating at the specified
e�ciency.

We utilize the gtot tool to convert the collected data into ROOT format, enabling analysis of the
data from each individual detection unit. Currently, our data acquisition system defines each time-
domain signal collected from a detection unit as one event, and during a single DAQ run, the 13
detection units operate synchronously, with their clocks nearly perfectly aligned. The time dispersion
primarily arises from the precision of GPS time.

The central station is equipped with an internet bridge interface, allowing convenient remote access
for downloading data, for example, from Nanjing. Currently, we transmit the collected data almost
in real-time. This is primarily due to several instances of sudden dust storms, during which we lost
contact with the central station. However, GP13 continued to operate stably during those periods.

Since the initial deployment of GP13 in March 2023, we first observed elevated temperatures within
the aluminum enclosures housing the front-end electronics boards, leading to significant errors in data
or loss of communication with the central station. This prompted us to reconsider and redesign the
heat dissipation system. The new design resulted in a highly stable data flow after the end of May
2023. However, with the onset of high temperatures in the desert in June, we encountered anomalies in
the data due to overheating of the low-noise amplifiers installed within the antenna metal arm bases.
Subsequent iterative testing led to the development of new low-noise amplifiers. Finally, we achieved
a stable data flow starting from October 2023. During nearly six months of testing and operation, we
identified external interferences a↵ecting our data from the solar charger controller, communication
network cables and Bullet modules, wires connecting the front-end electronics boards and batteries,
and environmental sensor cables. These interferences exhibited distinct characteristics in both time
and frequency domains. From October to November 2023, we gradually mitigated these interferences
as much as possible.

4.4 First glance on data

The most notable noise we initially discovered from shortwave communications, characterized by dis-
tinct modulation patterns during daytime and nighttime as showing in 19, where the bright regions
below 50MHz are believed from shortwave communications. In the time domain, these signals could
be strong enough to significantly interfere with our detection of cosmic ray radio emissions.
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This layout option was decided in order to have the most58

dense array possible so that the probability of detection of less59

energetic and less inclined events is maximized. Also, its posi-60

tion with respect to the roads allows for easy access, which fa-61

cilitates further modification and maintenance of the DUs. As62

mentioned, the array location is optimal to search for coinci-63

dent events with all three of Auger’s detector types (surface,64

fluorescence and radio).65

3. Setup of a GRAND Detector Unit66

The original AERA setup (2) was modified slightly to re-67

semble the GRAND configuration. In particular, the vertical68

pole was extended by fitting a hollow aluminum tube inside69

the existing pole, thus raising the antenna to an altitude of 3 m.70

The antenna itself consists of 5 arms, namely two dipoles in the71

North-South and East-West directions as well as a monopole in72

the Z-direction. The exact dimensions and characteristics are73

discussed in reference (3). The result of this conversion can be74

seen in Figure 2.75
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an aluminum tube, fitted in the original pole using an adapter ring. The antenna
head is connected to a sleeve on the top of the pole, which is kept in place with
a bolt. Right: Image of one of the converted antennas (DU 69).

The nut of the antenna contains three Low Noise Amplifiers76

(LNA), as shown in Figure 3. To prevent water damage, the77

nut was sealed with an additional layer of silicone and a trans-78

parent lacquer coating was applied to the LNA boards. In the79

layout of the LNA, care was taken that the path lengths for all80

input channels were exactly the same. The signals from each81

polarization direction (x,y,z) are amplified by about ⇠33 dB, as82

shown in Figure 4. Power is provided to the LNA by a coax-83

ial cable that also functions to transport the signals to the main84

electronics board.85

The prototype GRAND-electronics board, shown in Figure86

5, combines several functionalities. The analog signals are87

shaped through a 5th order elliptical 30-200 MHz bandpass-88

filter. Its response is seen in Figure 6. In addition, the analog89

Figure 3: Picture of the LNA-board. In the nut a teflon? cover holds the antenna
arms and connects these to the board.
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Figure 4: Response of the Low noise amplifier as a function of frequency.

chain supplies power to the front-end LNAs through a bias-T.90

The analog chain also contains an variable amplifier whose set-91

ting is controlled by the digital part of the board. The gain can92

vary between -10 and +20 dB. For GRAND@Auger a gain of93

0 dB is used whereas this same board amplifies the incoming94

signals in GRANDProto300 (3), using a di↵erent type of LNA,95

with 20 dB.96

The GRAND-electronics boards digitizes the signals af-97

ter passing the analog chain. The digitization uses a 14-98

bit 500 MHz analog to digital converter (Analog Devices,99

AD9694) in a di↵erential mode with a maximum input voltage100

level of 1.8 V. This setting allows to measure the background101

noise at around 30 ADC-counts, leaving a dynamic range of102

about 9 e↵ective bits. This compromise allows the Collabora-103

tion to use the variations in the galactic background as a moni-104

toring and calibration tool.105

The digital signals are moved into a System on a Chip (SoC)106

(Xilinx, Zynq Ultrascale+, XCZU5CG-1FBVB900E) consist-107

ing of a Field Programmable Gate Array (FPGA) combined108

with hardcore Central Processing Units (CPUs). The SoC per-109

forms tasks such as event triggering, event building, commu-110

nication and bu↵ering. These tasks are divided into tasks per-111

formed by the Firmware that runs on the FPGA, and tasks per-112

formed by the software, running inside the CPU.113

The Firmware continually retrieves the digital data from the114

FPGA, and can be configured to digitally shape this signal. A115

total of 4 notch filters can be applied to the data of each channel,116

and dynamic baseline subtraction is available. It is possible to117
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GRAND Coll. in prep. 

• Same overall components (simple) 
• Antenna arms - response differ due to 
mechanical structure 

• Front-End Board: ADC 500MS/s,14 bits, 
FPGA + 4 CPUs 

• Trigger algorithm: unbiased trigger,  
ten second, 20 Hz mode  

• Common data format

Common set-up

Testing robustness to environments
• GRAND@Auger: humidity, noise level (LNA),  
constraints: mechanical struct., power 

• GRANDProto300: stability, coincident trigger 
• Firmware (transient trigger) different

Figure 6: Antenna arms and Nut.

Figure 7: Matching network

Figure 8: Typical VSWR measurement results
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Figure 11: The photograph of the NUT PCB circuit.

Figure 12: The schematic of the LNA.
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This layout option was decided in order to have the most58

dense array possible so that the probability of detection of less59

energetic and less inclined events is maximized. Also, its posi-60

tion with respect to the roads allows for easy access, which fa-61

cilitates further modification and maintenance of the DUs. As62

mentioned, the array location is optimal to search for coinci-63

dent events with all three of Auger’s detector types (surface,64

fluorescence and radio).65

3. Setup of a GRAND Detector Unit66

The original AERA setup (2) was modified slightly to re-67

semble the GRAND configuration. In particular, the vertical68

pole was extended by fitting a hollow aluminum tube inside69

the existing pole, thus raising the antenna to an altitude of 3 m.70

The antenna itself consists of 5 arms, namely two dipoles in the71

North-South and East-West directions as well as a monopole in72

the Z-direction. The exact dimensions and characteristics are73

discussed in reference (3). The result of this conversion can be74

seen in Figure 2.75

Faculteit NatuurkundeWiskunde en Iinformatica

Radboud Universiteit Nijmegen

 

 
Get.

SchaalOntw.
Datum   

 Ruwheid
NEN 1302

 
BB.  

Wijz.

  

St.Nr. Aant. Benaming Materiaal Tek. Nr. Opmerking
Tol. tenzij anders vermeld 
volgens: NEN-ISO 2768-f KFigure 2: Result of converting an AERA station. Left: The green pole depicts

an aluminum tube, fitted in the original pole using an adapter ring. The antenna
head is connected to a sleeve on the top of the pole, which is kept in place with
a bolt. Right: Image of one of the converted antennas (DU 69).

The nut of the antenna contains three Low Noise Amplifiers76

(LNA), as shown in Figure 3. To prevent water damage, the77

nut was sealed with an additional layer of silicone and a trans-78

parent lacquer coating was applied to the LNA boards. In the79

layout of the LNA, care was taken that the path lengths for all80

input channels were exactly the same. The signals from each81

polarization direction (x,y,z) are amplified by about ⇠33 dB, as82

shown in Figure 4. Power is provided to the LNA by a coax-83

ial cable that also functions to transport the signals to the main84

electronics board.85

The prototype GRAND-electronics board, shown in Figure86

5, combines several functionalities. The analog signals are87

shaped through a 5th order elliptical 30-200 MHz bandpass-88

filter. Its response is seen in Figure 6. In addition, the analog89

Figure 3: Picture of the LNA-board. In the nut a teflon? cover holds the antenna
arms and connects these to the board.
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chain supplies power to the front-end LNAs through a bias-T.90

The analog chain also contains an variable amplifier whose set-91

ting is controlled by the digital part of the board. The gain can92

vary between -10 and +20 dB. For GRAND@Auger a gain of93

0 dB is used whereas this same board amplifies the incoming94

signals in GRANDProto300 (3), using a di↵erent type of LNA,95

with 20 dB.96

The GRAND-electronics boards digitizes the signals af-97

ter passing the analog chain. The digitization uses a 14-98

bit 500 MHz analog to digital converter (Analog Devices,99

AD9694) in a di↵erential mode with a maximum input voltage100

level of 1.8 V. This setting allows to measure the background101

noise at around 30 ADC-counts, leaving a dynamic range of102

about 9 e↵ective bits. This compromise allows the Collabora-103

tion to use the variations in the galactic background as a moni-104

toring and calibration tool.105

The digital signals are moved into a System on a Chip (SoC)106

(Xilinx, Zynq Ultrascale+, XCZU5CG-1FBVB900E) consist-107

ing of a Field Programmable Gate Array (FPGA) combined108

with hardcore Central Processing Units (CPUs). The SoC per-109

forms tasks such as event triggering, event building, commu-110

nication and bu↵ering. These tasks are divided into tasks per-111

formed by the Firmware that runs on the FPGA, and tasks per-112

formed by the software, running inside the CPU.113

The Firmware continually retrieves the digital data from the114

FPGA, and can be configured to digitally shape this signal. A115

total of 4 notch filters can be applied to the data of each channel,116

and dynamic baseline subtraction is available. It is possible to117
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Prototypes: GRAND@Auger

Figure 11: Triggered ADC traces in the NS polarization of a time-coincident
event with five GRAND@Auger DUs.

The trigger algorithm and its parameters were adjusted through307

an analysis of the measured traces in the frequency and the time308

domain. The arrival directions of events with triggered traces309

in time-coincidence at multiple DUs was reconstructed, and the310

result is in agreement with known radio noise sources in the311

area.312

Thus, it can be attested that the GRAND@Auger setup is313

functional, stable and its measured data is understood. The pro-314

totype is ready for the next phase where it is aimed to trigger on315

cosmic ray generated transient pulses. These will be confirmed316

through coincidences with known air shower events recorded317

by the three detector types from the Pierre Auger Observatory.318
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1. Introduction1

GRAND (Giant Radio Array for Neutrino Detection) is an2

ultra-high energy (UHE) multi-messenger experiment. The3

Collaboration aims to reach the sensitivity needed to detect4

UHE neutrinos as well as explore a rich science case (1). These5

goals are to be achieved with large arrays of radio antennas6

spread around the world. GRAND is to be built and vali-7

dated through stages, in which the current one consists of three8

prototype arrays deployed in 2023: GRANDProto300 in the9

Gobi desert in China, GRAND@Nançay in Nançay, France,10

and GRAND@Auger in Malargüe, Argentina.11

Each prototype has a di↵erent goal and together they are the12

pathway to larger arrays. GRANDProto300 started with 13 an-13

tennas (GPXX), which are currently taking data steadily. Once14

expanded to 80 antennas, which are already built but not yet de-15

ployed, it will be able to test e�ciency and purity of detection16

of inclined showers. For more details about the deployment and17

commissioning of GPXX see reference (3). GRAND@Nançay18

is a small array of four antennas at the Nançay Radio Obser-19

vatory. It was idealized as an easy access for the European20

labs, facilitating testbenching of equipment and of new ideas21

in design, triggering and data acquisition. Currently, it is being22

deployed.23

The GRAND@Auger prototype results from an agreement24

between the GRAND and Pierre Auger Collaborations to repur-25

pose ten AERA (Auger Engineering Radio Array) stations in26

Argentina, the station choice and layout definition are discussed27

in Section 2. The Pierre Auger Collaboration allows the com-28

munity to use its infrastructure for the purpose of designing fu-29

ture experiments. The superposition of GRAND’s and Auger’s30

detector arrays allows for coincidences searches as well as vali-31

dation of GRAND’s reconstruction performance through event-32

by-event comparisons with known Auger detected air showers.33

Also, the similarities in the setup of AERA’s and GRAND’s de-34

tectors allowed for an easy conversion and optimal usage of the35

already available infrastructure, as discussed in Section 3.36

Through four trips to Malargüe in the span of a year (March37

2023, August 2023, November 2023 and March 2024) the com-38

plete array was deployed and the ten Detection Units (DUs)39

were made operational by GRAND Collaboration teams with40

the aid of the local sta↵ of the Pierre Auger Observatory. A cen-41

tral Data Acquisition (DAQ) computer was installed at the Cen-42

tral Radio Station (CRS), which stores and transfers the trig-43

gered data daily to CCIN2P3 cluster in Lyon, making it avail-44

able to the GRAND Collaboration. The details on trigger condi-45

tions and the data transfer are given in Section 4. The commis-46

sioning of the setup and the analysis of the GRAND@Auger47

data are done o✏ine through the monitoring of the parameters48

described in section 5. First results are given in section 6.49

2. Array layout50

The AERA array is located in the Auger surface detector in-51

fill array and is in the field of view of Coihueco and HEAT52

fluorescence detectors. The deployment of AERA was done in53

three phases and ten of the AERA Phase 2 stations were made54

available to be modified into GRAND DUs. An array of super-55

imposed hexagons with spacing of (mostly) 250 m was chosen,56

as shown in Figure 1.57

Figure 1: GRAND@Auger array, in red, within the AERA array, in gray. The
lines correspond to the access roads. In pink the position of the CRS, where
the central DAQ computer is located. All positions are given in the Auger
Coordinate System.

Preprint submitted to - April 1, 2024

This layout option was decided in order to have the most58

dense array possible so that the probability of detection of less59

energetic and less inclined events is maximized. Also, its posi-60

tion with respect to the roads allows for easy access, which fa-61

cilitates further modification and maintenance of the DUs. As62

mentioned, the array location is optimal to search for coinci-63

dent events with all three of Auger’s detector types (surface,64

fluorescence and radio).65

3. Setup of a GRAND Detector Unit66

The original AERA setup (2) was modified slightly to re-67

semble the GRAND configuration. In particular, the vertical68

pole was extended by fitting a hollow aluminum tube inside69

the existing pole, thus raising the antenna to an altitude of 3 m.70

The antenna itself consists of 5 arms, namely two dipoles in the71

North-South and East-West directions as well as a monopole in72

the Z-direction. The exact dimensions and characteristics are73

discussed in reference (3). The result of this conversion can be74

seen in Figure 2.75
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The nut of the antenna contains three Low Noise Amplifiers76

(LNA), as shown in Figure 3. To prevent water damage, the77

nut was sealed with an additional layer of silicone and a trans-78

parent lacquer coating was applied to the LNA boards. In the79

layout of the LNA, care was taken that the path lengths for all80

input channels were exactly the same. The signals from each81

polarization direction (x,y,z) are amplified by about ⇠33 dB, as82

shown in Figure 4. Power is provided to the LNA by a coax-83

ial cable that also functions to transport the signals to the main84

electronics board.85

The prototype GRAND-electronics board, shown in Figure86

5, combines several functionalities. The analog signals are87

shaped through a 5th order elliptical 30-200 MHz bandpass-88

filter. Its response is seen in Figure 6. In addition, the analog89
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chain supplies power to the front-end LNAs through a bias-T.90

The analog chain also contains an variable amplifier whose set-91

ting is controlled by the digital part of the board. The gain can92

vary between -10 and +20 dB. For GRAND@Auger a gain of93

0 dB is used whereas this same board amplifies the incoming94

signals in GRANDProto300 (3), using a di↵erent type of LNA,95

with 20 dB.96

The GRAND-electronics boards digitizes the signals af-97

ter passing the analog chain. The digitization uses a 14-98

bit 500 MHz analog to digital converter (Analog Devices,99

AD9694) in a di↵erential mode with a maximum input voltage100

level of 1.8 V. This setting allows to measure the background101

noise at around 30 ADC-counts, leaving a dynamic range of102

about 9 e↵ective bits. This compromise allows the Collabora-103

tion to use the variations in the galactic background as a moni-104

toring and calibration tool.105

The digital signals are moved into a System on a Chip (SoC)106

(Xilinx, Zynq Ultrascale+, XCZU5CG-1FBVB900E) consist-107

ing of a Field Programmable Gate Array (FPGA) combined108

with hardcore Central Processing Units (CPUs). The SoC per-109

forms tasks such as event triggering, event building, commu-110

nication and bu↵ering. These tasks are divided into tasks per-111

formed by the Firmware that runs on the FPGA, and tasks per-112

formed by the software, running inside the CPU.113

The Firmware continually retrieves the digital data from the114

FPGA, and can be configured to digitally shape this signal. A115

total of 4 notch filters can be applied to the data of each channel,116

and dynamic baseline subtraction is available. It is possible to117
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• Cross-calibration with Auger detectors 
1 coincident event/day expected 

• 10 antennas deployed 
Auger mechanical structure + infrastructure 

• Hardware tests: set-up stability 
• Firmware tests, trigger / transient detection 

PRELIMINARY

Once a day, the new files on disk are being copied using the196

4G network to the central event storage in Lyon. This copying197

does not interfere with data taking or bandwidth used by the198

Pierre Auger Collaboration.199

5. Monitoring and data quality200

In order to ensure data quality throughout the deployment201

and commissioning phases of GRAND@Auger, a few key pa-202

rameters were tracked per DU. Together with the event in-203

formation, the local DAQ software running in each DU also204

records the temperatures of the GPS, ADC and FPGA chips at205

the GRAND-electronics board, the battery voltage level at the206

board input and the trigger rate. Through the unbiased trig-207

gered data, these can be monitored continuously as a function208

of time. The behavior of these parameters was used not only209

to commission the setup but also to validate the Firmware and210

the local and central DAQ softwares. They also indicated the211

need to implement a hibernation setting based on the ADC chip212

temperature to ensure optimal performance for the DUs.213

Also, through the ADC traces in the time domain, other rel-214

evant parameters are extracted. The root mean square (RMS),215

calculated as ( 1
n
P

i(xi � x̄)2)
1
2 , of each trace per channel as a216

function of time is used for the surveillance of day/night e↵ects217

and local radio transients. The average Fast Fourier Transforms218

(FFTs) and Power Spectral Densities (PSDs) are used to es-219

tablish the environment radio background, the electronic noise220

self-induced by the setup, the galactic radio background and221

the narrow and broadband radio frequency interferences (RFIs).222

The FFTs and PSDs are evaluated in the unbiased data and they223

were also used to track proper gain settings by the LNA and/or224

the VGA on each channel of each DU.225

All of these parameters are checked daily to ensure optimal226

operation of the setup. In order to support and facilitate the227

commissioning e↵ort of the prototypes GRAND@Auger and228

GPXX, a data monitoring web page has been set up1, see Figure229

7. The website is updated daily at 05:00 CET, by a crontab job230

that runs a series of scripts at the CCIN2P3 cluster in Lyon. The231

unbiased data uploaded in the last 24 hours is selected and anal-232

ysed. The DUs location are displayed in the GRAND coordi-233

nate system and a color scale identifies which are online/o✏ine234

as well as the mean RMS of the last 24 hours. The page also235

tracks the battery levels and temperatures as a function of time236

(in UTC). The RMS of ADC traces per DU are displayed for237

each channel individually as function of time. Lastly, the ADC238

traces and the gain corrected PSDs are averaged over the 24239

hour period and shown per channel of each DU, together with240

a table of peaks (defined by a threshold) found in the spectra.241

Except for the coordinate system plots, the page also stores the242

averages over the last 7 days and the last 30 days. There is243

flexibility to present the data of all DUs together or of only the244

desired ones.245

1See https://monitoring.grand-observatory.org/.

Figure 7: Entry page of the data monitoring website set up to aid the commis-
sioning of the GRAND@Auger and GPXX prototypes.

6. First Results246

6.1. The background in the frequency domain247

The working of the complete antenna readout chain can be248

well comprehended in the frequency domain, since usually the249

frequency band of known background sources is understood. In250

addition, as the antennas are close together, this study also ver-251

ifies that all of them show the same response, which is needed252

to understand the relative calibration from one antenna to the253

other. The average Fourier transform of the voltage levels of the254

16 µs long time-series is shown in Figure 8. With a frequency255

resolution of about 62.5 kHz, it can be concluded that the gains256

of the three channels are equal. Furthermore, the drop-o↵ at257

low frequency due to the mismatch between the LNA and the258

antenna is clearly visible. In addition, several peaks can be seen259

in the di↵erent polarizations, some are listed in Table 1.260

Figure 8: Frequency spectrum for the three channels of DU 60.

Large fractions of the frequency band are background free.261

However, it is clear that the background in several frequency262

ranges is substantial and can negatively influence self-trigger263

capabilities of the system.264
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200 km2 
OFFICIALLY APPROVED

Letter regarding the land application for the second-
phase experimental project of the Neutrino Radio 
Detection observatory

 

Dunhuang Science and Technology Bureau:
     We have received your letter. After review, we are responding to the land review situation for 
the second-phase experimental project of the Neutrino Radio Detection Observatory as follows:



GRAND Vlog  by Pablo Correa	
https://www.youtube.com/watch?v=kOSQTb0OJrI&feature=youtu.be	

https://www.youtube.com/watch?v=kOSQTb0OJrI&feature=youtu.be


Prototypes: GRANDProto300

3 Instrument overview

GP13 have one central station and 13 identical detector units (DU). Radio signals between 50-200MHz
are sampled in local DUs if they meet first level trigger conditions, and then those traces from several
DUs will be transferred to the central station for coincidence analysis by WiFi.

Figure 5: The detector unit (left) and the central station (right).The background photos was took in
Dunhuang GP13 site.

3.1 Detector Unit

As shown in figure 5 left part, each DU have several di↵erent part. Including RF antenna and low
noise amplifier part on the top of the pole. Radio signals from X/Y/Z channels was transtered to front
end board (FEB) through 3 cables which were hided in the pole. GPS system gave time stamps for
radio signals. The power was porveied by solar panel and battery. Signals data from FEB will be send
to central station via wifi system. More over, beneath the LNA nut mounted a environment sensor
that can provide air temperature, air pressure, pole header accelerations for monitoring and advanced
analysis.

The data acquisition chain in hardware composed of two parts. The first part fixed at the top of
the pole includes five arms, nut, balun, matching networks and low noise amplifier. The rest of the
circuits, including filters, dynamic gain control and ADC sampling, are located inside the front end
board (FEB) box.

3.1.1 RF antenna

As shown in figure 6, we employ two symmetric dipoles to o↵er the horizontal polarization receiving
capability for the east-west and north-south directions. Meanwhile a monopole antenna is used in the
vertical direction for vertical polarization signal receiving. Compare to dipole, monopole benefits the
mechanical design by simplify the support and insulation structural. The size of dipole is modified
from 0.86m in the first version to 1.365m in the second version, which make it obtain better matching
within working frequency band. The desired working frequency range from 50 to 200MHz. But as
well known, the impedance of the dipole and monopole can not match with the 50 Ohm impedance
of LNA in such a wide frequency band, even though a balun with ratio of 2:1 is already employed to
modify their input impedance to a larger value. Here, we design a 4 order LC matching network, as
shown in 7 based on a optimization method called Real frequency method[]; Thanks to its strategy
of take the measurement input impedance data as the matching target, this method can principally
take all possible influence, such as refection of ground, to the impedance into consideration. From the
measurement results of VSWR shown in 8 we can see that within most of the frequency range, the
VSWR is less than 3, which result in a high e�cient of receiving.

9 shows the typical radiation pattern for horizontal and vertical polarization. In low frequency,
the radiation pattern is like a ‘donut’ pattern, while in high frequency it will split into a multi-beam
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Detector Unit

Central Station

• GRAND Detection concept validation: 
Autonomous triggering & inclined EAS reconstr. 

• 65 antennas deployed 
• Hardware tests: long-term stability, self-made noise 
control, LNA optimization 

• Firmware tests, trigger / transient detection  
• Cosmic ray search

18

GRAND Coll. in prep. 

Power Spectrum Distribution (PSD) of Noise
A set of monitoring data (MD) on 1st Nov. 2024

ü Very clean spectra for all antenna arms (bandpass = [30MHz, 250MHz])
ü Peaky lines from e.g., airplanes, FM, etc.
ü Global structure = Galactic noise + Instrumental noise (see later)

Colors: different DUs
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Monitoring data: Non-biased data taking for 10s

slide by Sei Kato Vietnam 2024
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First set of reconstructed events
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GRAND@Auger

GRANDProto300 GRAND@Auger

• Trigger system works  
L1 for GP300 
L1 + L3 for GRAND@Auger 

• GPS timing works 
• Work in progress: coincidence detection efficiency, system stability, sensitivity (Galactic noise)

beacon

El Sosneado 
 village

• offline coincidence search from beacon 
• spherical wave front model (SWF) 
• 171 events reconstructed /173 pulses emitted in time window 
• 10 m std deviation on Northing/Westing positions

• online coincidence search at central DAQ (L3) 
• 3 consistent independent analysis  
(Analytic PWF, PWF/SWF) 

• azimuth and zenith consistent with direction of 
village, towards ground

FLT-0
on FPGA

Threshold trigger on 
trace/wavelet

FLT-1
on CPU

Template fitting
vs CNN

SLT
on central DAQ 

Crude reconstruction 
with FLT-1 data

GRAND Trigger Scheme

Pablo Correa | ARENA | 14 June 2024 3

Single DU Array of 
DUs

This talk
Sandra Le Coz,

Jean-Marc Colley, PC

1 kHz 100 Hz

NUTRIG project

Jelena Köhler’s talkCurrently on hardware

L1 L2 L3

Mitra et al., PoS(ICRC2023)236 
Duan et al., PoS(ICRC2023)298 
Ma et al., PoS(ICRC2023)304 
Chen et al., PoS(ICRC2023)1023 
Xuet al., PoS(ICRC2023)1024, 
Chiche et al., PoS(ARENA2024)059, 
Kotera et al., arXiv:2408.16316v2,



Pipeline overview

Polar ⊥ ⃗B geo

Space

Result in θ 
and φ

4

( | tev1 − tev2 | < twindow)

( |δev1 − δev2 | < δwindow) Time

Footprint 
too small

T3 coincidence search  

(Xishui’s script [github])

Plane Wave Front reconstruction 

(Ferriere et al. 2024, [github])

Time & space clustering

Number of antennas Polarisation  

(Chiche et al. 2022)

Peak frequency cut

11

Cosmic-ray event search pipeline

slide by J. Lavoisier

PRELIMINARY



Candidat : 20250103_013446

7

PRELIMINARY

slide by J. Lavoisier

Cosmic ray events search and first candidates



RF chain

Noise

VOC

Electric fieldShower Antenna response Output voltage

ZHAireS

CoREAS

DANTON ντ → τ

Radio emission 
from air shower

GR DN

Fig. J. Köhler

lib

Software pipeline: GRANDlib Python offline software package for the GRAND collaboration  
Tool to manage and analyze data GRAND Coll. 2024

  

Topography
● ‘topography’ module computes elevation at nearly any 

location on the Earth’s surface.
● Compute distance traveled by a particle along its 

trajectory before impact.
● Based on the package ‘Topographic Utilities for 

tRansporting parTicules over Long rangEs’ (TURTLE)
● Data used is from NASA’s SRTM mission in 2000 AD. 

Topography:
    $ elevation = topography.elevation(location)
    $ distance = topography.distance(location, direction)

Note: Please refer to code and tutorial for detail.

  

Geomagnetism
● ‘geomagnet’ module computes magnetic field strength, 

declination angle, and inclination angle at a given 
location and time.

● Based on ‘Geomagnetic UtiLities Library’ (GULL) 
package.

● GULL utilizes IGRF-13 and WMM2020 geomagnetic 
models.

Geomagnetism:
    $ geoB = Geomagnet(location) %Default model and obstime
    $ print(geoB.field, geoB.declination, geoB.inclination)

Note: Please refer to code and tutorial for detail.

  

Antenna Response
● Antenna response to an incoming electric-field 

is stored as effective length for each antenna 
arm.

● Effective length depends on the direction and 
frequency of incoming waves.

● Based on HFSS simulation. 
● Other options, such as NEC and Matlab will be 

discussed later by Stavros.

Effective Length:
    $ ant_model  = AntennaModel()
    $ table           = ant_model.leff_sn       # sn, ew, z
    $ Leff_theta   = table.leff_theta_reim
    $ Leff_phi      = table.leff_phi_reim

Note: Please refer to code and example for detail.

  

Signal Processing
● Add noise to Voc (optional).

● Propagate signal through the RF chain and compute 
the final output voltage.

$ signal = Efield2Voltage(efield.root, out_voltage.root)
$ signal.params[“add_noise”]     = True
$ signal.params[“add_rf_chain”] = True
$ signal.compute_voltage()                       # final output voltage

Note: Please refer to code and example for detail.

Geomagnetic field

Topography

Antenna Response

https://github.com/grand-mother/grand 

Open-circuit Voltage

• User friendly tool. No need to install ROOT 
• Modules for coordinate systems, topography and geomagnetism 
• Includes galactic noise and RF chain parameters 
• Standard code for signal processing 
• Tools to store data in a standard file format and manage them 
• Refer to grand/examples for example scripts

23

PRELIMINARY FIGURES

RF Chain

https://github.com/grand-mother/grand


ω

Inclined Air Shower Reconstruction
• Plane Wave Front (PWF): fast timing &  
direction reconstruction (analytical, with error calc.) 

• Fitting (empirical and Physics informed) of Angular Distribution 
Function (ADF) 

• Empirical fitting of lateral distribution function  
• GNN for EAS studies

Reconstruction efforts

24

Realistic simulation libraries: GRAND "Data Challenge 2"
• > 200,000 simulations: raw/hardware like, ADC/Efield traces 
• Traces: 4.096 us, downsampled to 500Mhz, with saturation 
• Antenna response and RF chain included 
• Jitter: 22uV/m Gaussian noise, 5 ns Gaussian smeared “trigger” 
time, “Amplitude Calibration” gaussian smeared 7.5% 

Electric field reconstruction

• E-field reconstruction with CNN 
• Direction reconstruction based on 
polarization 

• De-noising of E-field/ADC using ML

Run simulations (+interpolation Tueros & Zilles 2020) on a dense array 
then prune antennas to make new configuration

trihex all (250), Nring = 20 
triangles (hexagone + center) 

step 250 m

3907 antennas


204.7 km2

tri1000 
triangles (hexagon + center)


step 1000 m

241 antennas

hex1000 
hexagons


step 1000 m

150 antennas

• mask the information of the pruned antennas 
• recalculate triggered event rate with pruned array

We cannot run simulations on an infinite number of configurations

The Layout Pruning Tool!

2
V. Decoene PhD. thesis 2021

E = 1 EeV, 	
zenith = 70 deg

Decoene et al., Astroparticle Physics145, 102779 (2023) 
Chiche et al., PRL 132, 231001 (2024) 
Guelfand et al JCAP 5, 055 (2024) 
Alvarez-Muniz et al., arXiv:1810.09994 (2018) 
Macias et al., Pos(ARENA2024)062 
Benoit-Lévy et al., JINST19(4), P04006 (2024)



Deployment
Production

Ideal Timeline
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GRAND@Auger

GRANDProto300

Soft/sims/analysis

Science

R&D GRAND10k

Spring 2023 Now Early 2026 2030+

Deployment

Deployment 
13 antennas

Commissioning

Commissioning Deployment 
80 antennas

?

Deployment 
full GP300

Data Challenge 1 
(RF Chain)

Data Challenge 2 
(reconstruction)

UHE Neutrino  
Science Case

CR Galactic/extragalactic transition 
FRBs

UHE 
Neutrinos 

Exploratory/Sims/Prototyping

HERON option Tests @ Prototypes

GR DN PRELIMINARY



- 24 phased stations ("BEACON-type" in the figure below) : 70 km linear along mountain	
each station contains: 24 compact radio antennas (3 m high, 1 m2 of footprint on ground)	
station surface: ~100 m2 each, separation between stations: ~ 3 km	
altitude 1000 m 	

- 360 standalone antennas ("GRAND-type" in the figure below) at altitudes between 500 m and 1500	
3m high, 1 square meter of footprint on ground)

Option for the next stage of GRAND in Argentina: 	
Hybrid Elevated Radio Observatory for Neutrinos (HERON)

A discovery instrument!

26

R&D for GRAND:	
- external trigger plugged on 
autonomous GRAND systems	
- interferometry

HER
ON-

200
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Where?	

Requirements:		

- a	non-populated	valley	surrounded	by	2	mountains	of	eleva8on	>	1000	m,	of	30-60	km	wide	

- radio-quiet	environment	(no	power	lines,	no	industries,	no	big	road,	no	major	town)	

- possibility	 to	 establish	 a	 base	 near	 the	 site,	 to	 deploy	 our	 antennas,	 access,	 dig	 holes	&	 pour	
concrete	to	install	antennas.		

Envisioned	site:	Western	valley	North	of	San	Juan,	near	Jachal.	It	is	planned	to	instrument	both	sides	
of	the	valley.		

/3 4

Possible	
deployment	sites	
along	mountain	

slopes

Valley	between		
2	mountain	ridges	
~110	km	length	each	

Na8onal	Parks	
Ischigualasto	+	Tampalaya	
(more	North)		

One	main	road	in	the	
valley:	Ruta	40		
+	Ruta	150	San	Juan

Tampalaya

Ischigualasto

Ruta	40

Support Argentina

Diamante

Malargue

Los Menucos

Somuncura

San Juan

Prochain étape : mise à l'échelle dans la Province de San Juan - Argentine ?
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Requirements: 	

- a non-populated valley surrounded by 2 mountains of elevation > 1000 m, of 30-60 km wide	
- radio-quiet environment (no power lines, no industries, no big road, no major town)	
- possibility to establish a base near the site, to deploy our antennas, access, dig holes & pour 
concrete to install antennas.

Where?	

Requirements:		

- a	non-populated	valley	surrounded	by	2	mountains	of	eleva8on	>	1000	m,	of	30-60	km	wide	

- radio-quiet	environment	(no	power	lines,	no	industries,	no	big	road,	no	major	town)	

- possibility	 to	 establish	 a	 base	 near	 the	 site,	 to	 deploy	 our	 antennas,	 access,	 dig	 holes	&	 pour	
concrete	to	install	antennas.		

Envisioned	site:	Western	valley	North	of	San	Juan,	near	Jachal.	It	is	planned	to	instrument	both	sides	
of	the	valley.		

/3 4

Possible	
deployment	sites	
along	mountain	

slopes

Valley	between		
2	mountain	ridges	
~110	km	length	each	

Na8onal	Parks	
Ischigualasto	+	Tampalaya	
(more	North)		

One	main	road	in	the	
valley:	Ruta	40		
+	Ruta	150	San	Juan

Tampalaya

Ischigualasto

Ruta	40

Where?  – San Juan Province, Argentina Province government supportive of the HERON project 

• International consortium (from GRAND & BEACON Collaborations) 
to bring funding of ~ 15 M€ for equipment & material. 	

• Active contribution of CNEA, CONICET, UNSAM (ITeDA, Bariloche…)	

• Establish international scientific community in San Juan Province	

• Members will be actively involved in outreach for the province 
(schools, universities, museums etc.), similarly to the Pierre Auger 
Collaboration in Malargüe.  	

• Local contribution in funding, in-kind, in personnel, for 
infrastructure by the province to be discussed

Support

Support & funding
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The GRAND Collaboration
130 members 
14 countries: Argentina, Belgium, Brazil, China, Czech Republic, Denmark, 
France, Germany, Greece, Japan, Netherlands, Norway, Poland, USA

Nanjing Collaboration Meeting @ Purple Mountain Observatory, May 2024

18 Member & Associate Institutes 
represented at the Board 

• Hellenic Open University (HOU) 
• Institut d'astrophysique de Paris (IAP) 
• Institute of Physics of the Czech Academy of 
Sciences (FZU) 

• Inter-University Institute for High Energy at 
Vrije Universiteit Brussel (IIHE-VUB) 

• Karlsruhe Institute of Technology (KIT) 
• Laboratoire de Physique Nucléaire et des 
Hautes Energies (LPNHE) 

• Laboratoire Univers et Particules de 
Montpellier (LUPM) 

• Radboud University 
• University of Warsaw 

• Nanjing University 
• National Astronomical Observatories, Chinese 
Academy of Sciences (NAOC) 

• Purple Mountain Observatory (PMO) 
• Xidian University 

• Pennsylvania State University (PSU) 
• San Francisco State University (SFSU) 

• Universidade Federal do Rio de Janeiro (UFRJ) 29



 

30GRAND@Nançay GRAND@Auger GRANDProto300

GR DN Kumiko Kotera - Institut d’Astrophysique de Paris  - CNRS

References: 
Website: http://grand-observatory.org 
GRAND White Paper: https://arxiv.org/abs/1810.09994 
GRAND ICRC 2023: https://arxiv.org/abs/2308.00120 
Github: https://github.com/grand-mother/ 
GRAND Carbon Footprint & Life Cycle Analysis Studies:  
https://arxiv.org/abs/2101.02049, https://arxiv.org/abs/2309.12282 
Documentary by Jean Mouette The Road to the Neutrino: 
https://www.youtube.com/watch?v=8tDnwq8gAe4

http://grand.cnrs.fr
https://arxiv.org/abs/1810.09994
https://arxiv.org/abs/2308.00120
https://github.com/grand-mother/
https://arxiv.org/abs/2101.02049
https://arxiv.org/abs/2309.12282
https://www.youtube.com/watch?v=8tDnwq8gAe4


F. Legrand, Nanjing meeting, May 2024 Data management in GRAND

Simulators

Detectors

raw data
(directory/

files)

raw data
(binary file)

raw ROOT file

ZHAireS 
converter

CoREAS
converter

GtoT
converter

GRAND ROOT 
files

converter

Archive

+GRAND 
ROOT files

Analysis
reconstruction

DataflowDataflow

Monitoring/
data quality

Antennas 
response 
models

Software pipeline: data flow & online monitoring

3

Active antennas

● Goal:
○ Live monitoring whether antenna 

is active or inactive

● Fraction of events in which DU was active
● Averaged RMS of the recorded day 

over all three channels

5

RMS

● Goal:
○ Live monitoring of 

RMS levels

● What can be noticed:
○ High levels during 

daytime
○ Due to radio wave reflections in 

ionosphere in range between 20 - 40 MHz

Active DUs

Average traces & battery voltage

(1 day, GP13)

GRAND Data Flow

31

• Automatic/semi-automatic transfer 
from GRAND@Auger/GP300 

• Automatic conversion to 
GRANDRoot format 

• Recorded into GRAND Database, 
storage at CC-IN2P3 (Lyon, France)

• Battery & Temperature levels 
• Signal RMS levels 
• Traces and Frequency domains  
• Transient rate, coincidences

GRAND Database

GRAND Data Online Monitoring

CC-IN2P3


