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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
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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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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

Future experiments target	
10-yr integrated sensitivity 	

to diffuse flux
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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
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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)
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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

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
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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
~

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 et al. in prep.
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Detectable: Bright rare (distant) sources
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Detectable: Bright rare (distant) sources Detectable: Local Group & nearby galaxies
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FIG. 6. The instantaneous field of view (FOV) for GRAND, IceCube-Gen2 Radio, and RNO-G for an arbitrarily chosen date of
December 15, 2032 and time of the day 12:00:00 (left panel) and 23:00:00 (right panel) (this choice is arbitrary but reflects the
complementary nature of the radio neutrino detectors). For IceCube-Gen2 Radio we only show the FOV which has the highest
e!ective areas for neutrino energies Eω ↭ 107 GeV. The locations used for summit stations of the detectors are provided in
Table II.

VI. DISCUSSION AND OUTLOOK

In this section we discuss the shortcomings of our cur-
rent work and the implications. We aim to partially an-
swer the questions we posed in Sec. I, that is, what could
the joint GW and UHE neutrino detectors add to the
multimessenger paradigm in the context of searching for
UHE neutrinos from BNS mergers.

Let us first discuss the possible improvements and
caveats of our current work. Perhaps, the most important
shortcoming of this work is the fact that in our analysis,
we ignore the trial factors that would be associated with
performing a triggered search with an unknown time-
window. For each time window we choose to perform our
analysis, a weighting needs to be done for the associated
trial factor. This is beyond the scope of our current work.
The assumption here is that the BNS mergers uniformly
emit UHE neutrinos with the same ωt, which is crude.
However, this is still useful, since this can enable us to
test for and constrain physical models that predict a par-
ticular order of magnitude for ωt. Accounting for the trial
factors can possibly increase the required timescales for
achieving the desired probability of detection or placing
constraints in the case of nondetection.

There are other factors that contribute to uncertainties
as well. The true fiducial rate has a very large range and
can vary between 10 Gpc→3yr→1 to 1700 Gpc→3yr→1. The
lower limit would increase the timescale by roughly an or-
der magnitude whereas the upper limits can reduce the
same by an order of magnitude. Next, we ignore the duty
cycles of the radio neutrino and the GW detectors and
assume it to be unity. In reality, the GW detectors have
a duty cycle of → 70% [71]. The radio neutrino detectors
can generally have a duty cycle of → 100% [45, 59] but
the duty-cycle for RNO-G is → 70% [46]. This can have
minor e!ects in our results. Furthermore, GW events
from on-axis jets can have a larger strain and hence a
lower associated error region. Since we do not assume

this, our results are conservative in this respect. Finally,
it is also important to note that we choose fth = 10→3

for the combination of CE+ET to make our predictions
conservative. A more optimistic prediction can be made
by choosing fth = 10→2 for CE+ET. Moreover, the cur-
rent configurations for both the Einstein Telescope and
Cosmic Explorer are uncertain. Depending on how the
detectors are oriented their respective sky localization
capabilities are subject to change.
The main theme of this work was to highlight the pos-

sibilities that the next-generation GW and the radio neu-
trino detectors can provide us with, in particular to look
for UHE neutrinos from BNS mergers at the radio neu-
trino detectors. The complementarity of the current and
the upcoming radio neutrino detectors is quite powerful
in this regard. In Fig. 6 we show the instantaneous field
of view (FOV) for GRAND, IceCube-Gen2 Radio, and
RNO-G for an arbitrarily chosen date of December 15,
2032 and two di!erent instances during the day corre-
sponding to 12 : 00 : 00 and 23 : 00 : 00. The infor-
mation on the location and the zenith angle coverage for
these detectors is provided in Table II. In particular, we
assume that GRAND will be composed of at least two
sub-arrays, for which we show the instantaneous FOV:
one in the Northern hemisphere located near the cur-
rent 300-antenna prototype site, in Xiao Dushan, Gansu,
China [57], and a second in the Southern hemisphere.
For the latter, we have chosen as an example, the loca-
tion of the GRAND@Auger prototype [57] at the Pierre
Auger Observatory, in Argentina, but assuming that the
array will be located at an elevation of 1000 m3. We
see that the instantaneous FOVs help cover large por-
tions in the sky both in the northern (ω > 0↑) and the

3 The motivation for this site comes in part from the Beamform-
ing Elevated Array for COsmic Neutrinos (BEACON) experi-
ment [72, 73].

KK, Mukhopadhyay, et al. in prep.
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UHE neutrinos from BNS mergers.

Let us first discuss the possible improvements and
caveats of our current work. Perhaps, the most important
shortcoming of this work is the fact that in our analysis,
we ignore the trial factors that would be associated with
performing a triggered search with an unknown time-
window. For each time window we choose to perform our
analysis, a weighting needs to be done for the associated
trial factor. This is beyond the scope of our current work.
The assumption here is that the BNS mergers uniformly
emit UHE neutrinos with the same ωt, which is crude.
However, this is still useful, since this can enable us to
test for and constrain physical models that predict a par-
ticular order of magnitude for ωt. Accounting for the trial
factors can possibly increase the required timescales for
achieving the desired probability of detection or placing
constraints in the case of nondetection.

There are other factors that contribute to uncertainties
as well. The true fiducial rate has a very large range and
can vary between 10 Gpc→3yr→1 to 1700 Gpc→3yr→1. The
lower limit would increase the timescale by roughly an or-
der magnitude whereas the upper limits can reduce the
same by an order of magnitude. Next, we ignore the duty
cycles of the radio neutrino and the GW detectors and
assume it to be unity. In reality, the GW detectors have
a duty cycle of → 70% [71]. The radio neutrino detectors
can generally have a duty cycle of → 100% [45, 59] but
the duty-cycle for RNO-G is → 70% [46]. This can have
minor e!ects in our results. Furthermore, GW events
from on-axis jets can have a larger strain and hence a
lower associated error region. Since we do not assume
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it is also important to note that we choose fth = 10→3

for the combination of CE+ET to make our predictions
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rent configurations for both the Einstein Telescope and
Cosmic Explorer are uncertain. Depending on how the
detectors are oriented their respective sky localization
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trino detectors can provide us with, in particular to look
for UHE neutrinos from BNS mergers at the radio neu-
trino detectors. The complementarity of the current and
the upcoming radio neutrino detectors is quite powerful
in this regard. In Fig. 6 we show the instantaneous field
of view (FOV) for GRAND, IceCube-Gen2 Radio, and
RNO-G for an arbitrarily chosen date of December 15,
2032 and two di!erent instances during the day corre-
sponding to 12 : 00 : 00 and 23 : 00 : 00. The infor-
mation on the location and the zenith angle coverage for
these detectors is provided in Table II. In particular, we
assume that GRAND will be composed of at least two
sub-arrays, for which we show the instantaneous FOV:
one in the Northern hemisphere located near the cur-
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Kotera Part B2 HERON

Figure 1: HERON will have the potential to observe UHE neutrinos from transient sources occurring in our Local Group. It would be
sensitive to magnetars or SNIbc occurring out to∼ 200 kpc. Left: Daily averaged sky coverage of HERON. Overlayed are the positions
of the nearest galaxies in our Local Group, that could harbor SNIbc and of the nearby active galactic nucleus Cen A (a promising source
of UHE neutrinos [21]). Most are in the HERON field of view. Right: HERON fluence sensitivity (blue band) to long bursts (> 30
min), spanning declinations of −45◦ to +55◦. For illustration, we show the maximal sensitivity for a scaled up 200-phased-station
HERON assuming 4 sites (two mountain ridges facing in different directions with 50 stations each), and the sensitivity for GRAND200k
(200,000 antennas in a single site). In red and pink: the expected neutrino fluences (adapted from [22]) for a SNIbc accompanied by a
young magnetar 2 weeks (2w) after the explosion, located at various distances in the Local Group (at 50 kpc in the Galaxy, in the Leo
IV galaxy, or in the Andromeda galaxy, M31). Red solid line: neutrino fluence predicted for 10 stacked flares of Flat Spectrum Radio
Quasars (FSRQs) at redshift z = 2 [23].

with respect to current sensitivities and limits.50

HERON: a highly-sensitive & exquisite angular resolution instrument, with follow-up and alert systems.
To make a significant impact, the next-generation instrument must consider the context outlined in items (i) to
(iv) above. It should aim for astrophysical neutrinos rather than cosmogenic diffuse fluxes (lesson from Auger,
i) with high sensitivity; have excellent angular resolution to identify their sources out of a possible near-isotropic
background (lesson from IceCube, ii); aim for 100 PeV to connect with IceCube and KM3NeT observations (ii55

and iii); and develop follow-up tools and establish a multi-messenger framework to receive and send alerts in
this new era (iv). HERON, described in Section a.4, is a unique detector specifically designed to meet all these
requirements.
Transients are promising UHE neutrino sources. Because they can inject their huge amount of energy over
short timescales, powerful transients are the most promising sources capable of supplying enough energy and60

flux to astroparticles at the observed level. The increase in luminosity can be related to enhanced cosmic-ray
acceleration, with subsequent particle interactions and production of secondary emissions, such UHE neutrinos
and gamma-rays. Numerous transient populations are deemed capable of producing UHE neutrinos [2; 24; 1].
Two categories of transients can be identified: short powerful bursts (less than 1000 s), usually rare, such as the
prompt emissions of long or short gamma-ray bursts (GRBs); and longer (hour to months) duration sources,65

such as young magnetars, supernovae SNIbc, and afterglow emissions from prompt powerful bursts.
HERON will outperform in capturing brief, rare, and intense bursts with high sensitivity. GRBs are
among the leading contenders of UHE neutrino emissions, despite being short and rare, thanks to their unequaled
luminosity. For triggered searches of such rare and bright bursts, the detection probability only depends on the
instantaneous effective area [25]. Hence, a highly-sensitive and narrow field-of-view instrument as HERON70

is best suited for a stacked search of GRBs. Fig. 2 in B1 document shows that HERON will have the required
instantaneous fluence sensitivity to detect 200 stacked short or long GRBs. This astrophysically motivated
strategy can be considered as the best chance yet to discover UHE neutrinos in the very next years and open a
new window onto the most violent phenomena in the Universe.
HERON will excel in observing long transients thanks to its daily field of view. Among the long-duration75

transients, SNIbc, harboring young magnetars, could occur in our Local Group given its rate of 1 per 100 −
300 years within a couple of Mpc. With a daily field of view of∼ 70% of the sky, HERON is in a good position
to catch such transients, should they occur in a nearby galaxy, as evidenced in the skymap of Fig. 1. The
right hand panel of Fig. 1 shows the corresponding expected neutrino fluences, two weeks after the explosion
(adapted from [22], using a more realistic rotation period of 1ms and magnetic field 1015G at birth), if a SNIbc80

accompanied by a young magnetar was to occur at various locations in the Local Group. HERON (blue band)
would be sensitive out to ∼ 200 kpc. In addition to this solid science case, serendipitous discoveries may also
emerge from the extremes of the high-energy, high-redshifted Universe.
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FIG. 6. The instantaneous field of view (FOV) for GRAND, IceCube-Gen2 Radio, and RNO-G for an arbitrarily chosen date of
December 15, 2032 and time of the day 12:00:00 (left panel) and 23:00:00 (right panel) (this choice is arbitrary but reflects the
complementary nature of the radio neutrino detectors). For IceCube-Gen2 Radio we only show the FOV which has the highest
e!ective areas for neutrino energies Eω ↭ 107 GeV. The locations used for summit stations of the detectors are provided in
Table II.

VI. DISCUSSION AND OUTLOOK

In this section we discuss the shortcomings of our cur-
rent work and the implications. We aim to partially an-
swer the questions we posed in Sec. I, that is, what could
the joint GW and UHE neutrino detectors add to the
multimessenger paradigm in the context of searching for
UHE neutrinos from BNS mergers.

Let us first discuss the possible improvements and
caveats of our current work. Perhaps, the most important
shortcoming of this work is the fact that in our analysis,
we ignore the trial factors that would be associated with
performing a triggered search with an unknown time-
window. For each time window we choose to perform our
analysis, a weighting needs to be done for the associated
trial factor. This is beyond the scope of our current work.
The assumption here is that the BNS mergers uniformly
emit UHE neutrinos with the same ωt, which is crude.
However, this is still useful, since this can enable us to
test for and constrain physical models that predict a par-
ticular order of magnitude for ωt. Accounting for the trial
factors can possibly increase the required timescales for
achieving the desired probability of detection or placing
constraints in the case of nondetection.

There are other factors that contribute to uncertainties
as well. The true fiducial rate has a very large range and
can vary between 10 Gpc→3yr→1 to 1700 Gpc→3yr→1. The
lower limit would increase the timescale by roughly an or-
der magnitude whereas the upper limits can reduce the
same by an order of magnitude. Next, we ignore the duty
cycles of the radio neutrino and the GW detectors and
assume it to be unity. In reality, the GW detectors have
a duty cycle of → 70% [71]. The radio neutrino detectors
can generally have a duty cycle of → 100% [45, 59] but
the duty-cycle for RNO-G is → 70% [46]. This can have
minor e!ects in our results. Furthermore, GW events
from on-axis jets can have a larger strain and hence a
lower associated error region. Since we do not assume

this, our results are conservative in this respect. Finally,
it is also important to note that we choose fth = 10→3

for the combination of CE+ET to make our predictions
conservative. A more optimistic prediction can be made
by choosing fth = 10→2 for CE+ET. Moreover, the cur-
rent configurations for both the Einstein Telescope and
Cosmic Explorer are uncertain. Depending on how the
detectors are oriented their respective sky localization
capabilities are subject to change.
The main theme of this work was to highlight the pos-

sibilities that the next-generation GW and the radio neu-
trino detectors can provide us with, in particular to look
for UHE neutrinos from BNS mergers at the radio neu-
trino detectors. The complementarity of the current and
the upcoming radio neutrino detectors is quite powerful
in this regard. In Fig. 6 we show the instantaneous field
of view (FOV) for GRAND, IceCube-Gen2 Radio, and
RNO-G for an arbitrarily chosen date of December 15,
2032 and two di!erent instances during the day corre-
sponding to 12 : 00 : 00 and 23 : 00 : 00. The infor-
mation on the location and the zenith angle coverage for
these detectors is provided in Table II. In particular, we
assume that GRAND will be composed of at least two
sub-arrays, for which we show the instantaneous FOV:
one in the Northern hemisphere located near the cur-
rent 300-antenna prototype site, in Xiao Dushan, Gansu,
China [57], and a second in the Southern hemisphere.
For the latter, we have chosen as an example, the loca-
tion of the GRAND@Auger prototype [57] at the Pierre
Auger Observatory, in Argentina, but assuming that the
array will be located at an elevation of 1000 m3. We
see that the instantaneous FOVs help cover large por-
tions in the sky both in the northern (ω > 0↑) and the

3 The motivation for this site comes in part from the Beamform-
ing Elevated Array for COsmic Neutrinos (BEACON) experi-
ment [72, 73].
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instantaneous FoV for HERON 
(GRAND-BEACON hybrid)

Daily FoV for HERON 	
(GRAND-BEACON hybrid)

Mukhopadhyay, KK et al. 2024

Allekotte, Alvarez Muñiz, Benoit-Lévy, Decoene, Huege, KK, Krömer, 
Martineau, Niess, Sanchez, Tueros, Wissel, Zeolla et al. in prep.



Figure 2. The same as Figure 1, but assuming that sources follow a uniform distribution with a
number density 10�7 Mpc�3 up to 2 Gpc (top, case II), or a number density that is 10�7 Mpc�3

(middle, case III) or 10�9 Mpc�3 (bottom, case IV) locally but that is proportional to the SFR up
to redshift zmax = 6. In general to reach the same significance level of detection, more events will
be needed if sources have a larger source number density, or if more sources are distributed at large
distances.
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Yes, if we can collect ~100 events with sub-degree angular resolution…
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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

boxes for experiments assuming 
~ Murase-Beacom neutrino flux

GRAND IceCube-	
Gen2 Radio

A necessary angular resolution
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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

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

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
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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.
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detection of cosmic-ray induced showers in the atmosphere was feasible. These experiments
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Radio detection as a cost-effective technique

• Radio antennas: cheap, robust, scalable	
• 100% duty cycle	
• benchmarked technique	
in-ice & in-air for specific configurations
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daily aver. 
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no gain by Earth 	
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reconstruction of 
polarization difficult



Challenges of radio-detection
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A good radio detector?

• antenna collecting area (number & gain of antennas) 
• trigger threshold (reducing system noise, smart 
triggering and noise rejection) 

• collecting enough information so that events can be 
separated from background in analysis 

by Abby Vieregg  
GRAND-BEACON Workshop  

PSU, Jan. 2024
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RFI discrimination & autonomous triggering 
on radio signals
• Ultra-dominant noise: ideal quiet sites 
• New electronics necessary: high sampling rate & 
autonomous triggering 

• Identification of signals & denoising methods 
• Previous successful efforts in other contexts: 
ANITA, TREND

Reconstruction of shower parameters
• Different physics, asymmetries, ground 
reflections… for very inclined air-showers, in-ice 
propagation 

• New reconstruction methods to develop & test

Complexity & efficiency trade-off
• Number of channels 
• Phasing or not 
• Low noise system 
• Robust for desert/ice environments & 
temperature fluctuations 

• Simple deployment for large numbers

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

• Online treatment to reduce stored information 
(trigger time, amplitude, polar…) 

Deployment over large/challenging areas
• quiet site identification + geopolitics 
• logistical challenges

A good radio detector?

• antenna collecting area (number & gain of antennas) 
• trigger threshold (reducing system noise, smart 
triggering and noise rejection) 

• collecting enough information so that events can be 
separated from background in analysis 

by Abby Vieregg  
GRAND-BEACON Workshop  

PSU, Jan. 2024



• 169 hybrid stations, 1.75 km spacing on square 
• 192 shallow stations, interspersed 1.24 km spacing

IceCube-Gen2 Collaboration TDR

Slide by Stephanie Wissel
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IceCube-Gen2 Radio

• IceCube-Upgrade expected completion 2026; NSF fully committed to support it

•TDR details a 10-year project plan for building the full experiment

•South Pole infrastructure to be upgraded in over the next ten years

https://icecube-gen2.wisc.edu/science/publications/tdr/


• 169 hybrid stations, 1.75 km spacing on square 
• 192 shallow stations, interspersed 1.24 km spacing

IceCube-Gen2 Collaboration TDR

Shallow Hybrid

• Radio Array covers 
500 km2 to achieve 
sensitivity at ultrahigh 
energies


• Robust discovery-level 
instrument  
that combines shallow 
and deep antennas to 
mitigate against 
systematics with two 
approaches
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RNO-G
Instrument Status

• Upgrades to drill underway → will be focus 
of 2025 field season


• RNO-G-7 instrument characterized 
(arXiv:2411.12922) and several ice studies


• Excellent agreement in detector model


• Trigger modeling and upgrades underway


• New all-digital designs under production


• Solar flares observed that can calibrate the 
array using global timing (arXiv:2404.14995)


• First cosmic ray candidates under study for 
instrument validation (Hendricks ICRC 2023; 
Nelles ARENA 2024)

12Slide by Stephanie Wissel
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The Payload for Ultrahigh Energy Observations (PUEO)

● PUEO is a NASA Pioneers mission, scheduled for 
launch on a Long Duration Balloon in Antarctica in 
December 2025.

● PUEO subsystems are being assembled; 
instrument integration begins in Chicago in 
December (next month!)

● PUEO targets the highest energy neutrinos 
through the in-ice Askaryan and air shower 
channels.

PUEO Instrument:

● 192-RF-Channel Main Instrument (MI), 16-channel 
Low Frequency Instrument (LFI)

● 16-antenna, dual-polarization beamforming trigger
● Triply redundant 128 TB onboard data storage
● Suite of navigation instruments
● Housekeeping/environment sensor system
● In-flight calibration from the ground and from a 

suite of hand-launched HiCal payloads.

113Slide by Abigail Vieregg

Radio Detection in Dense Media

8Adapted from J. Alvarez-Muniz

Balloon

Ground

in-ice array

1 km



Instruments: 
● Fluorescence Camera (FC) 
● Cherenkov Camera (CC) 
● Radio Instrument (RI) 
○ Use PUEO’s LF design 
→ optimized for air shower detection

PBR

Cosmic Ray (E>EeV)

Fluorescence Emission

Cosmic Ray (E>PeV)

𝜈𝜏 (E>10PeV)

𝜏 (E>PeV)

Cherenkov Emission

Earth

POEMMA* Balloon with Radio (PBR)
*Probe Of Extreme Multi-Messenger Astrophysics

Mission: 
● Launch from Wanaka, NZ in 

Spring 2027 
● Super pressure balloon flight 
○ 33km for 30+ days

share a focal surface

● Nadir/horizon operation 
modes using azimuth and 
zenith rotations
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share a focal surface

● Nadir/horizon operation 
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● Two 2m x 2m dual polarized antennas, below payload, based 
on the design of PUEO’s low frequency instrument 
○ Bandwidth: 50-500MHz 
○ 60° x 60° single antenna FoV 
○ Beamforming allows for zenith reconstruction + lowered 

thresholds 
● Two triggering methods via RFSoC: 
○ Forced (coincident) trigger with Cherenkov camera (E~PeV) 
○ Daytime radio-only trigger (E~EeV) 

● Effort to measure and mitigate RFI from remainder of payload 
underway

Radio Instrument



BEACON Prototype

• 2021 prototype CR search demonstrates 
capabilities to RF self-trigger on impulsive events 
(D. Southall) 

• RF-only CR search improvements in progress  
(A. Zeolla) combing CNN classifier with 
spatiotemporal clustering and denoising 

• 2023 upgrades introduced independent 
scintillator array  

• Coincident scintillator and RF CR search in 
progress to optimize RF-only trigger+search  
(Z. Martin, J. Hinkel) 

Goal → Validate full instrument neutrino sensitivity 
How → Verify cosmic ray (CR) air shower radio flux

Cosmic Ray

Recent Progress

Z. Martin ARENA 2024
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geomagnetic effect: 
radio signal

UHECR

GR DN GRAND & Prototypes

Commissioning at GRAND@Auger (Argentina) and GRANDProto300 (China) 
- 49 antennas taking data at GRANDProto300 (GP300) in the Gobi desert 
- self-triggering on individual antennas + offline coincident events 
- online coincident triggering being tested  
- Successful commissioning phase: beacon position, plane tracks, galactic 
noise, point sources, timing resolution ~5 ns 16

GRAND@Auger GP300: DAQ center

GRAND Coll. arXiv:2409.0295
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➔ GRAND detection 
concept validation

➔ 13 antennas deployed 
in 2023

➔ Approval of positions 
for final stage

➔ Ongoing hardware and 
trigger tests

➔ Offline trigger analysis
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- 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	
altitude 1000 m 	
separation between stations: ~ 3 km	

- 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)

Hybrid Elevated Radio Observatory for Neutrinos (HERON) A discovery instrument!

Kotera Part B2 HERON
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HERON (topography + standalone)
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Figure 3: Left: Why a hybrid detector in San Juan? Standalone antennas enable a factor ! 2 gain at UHE on the HERON effective
area. The San Juan topography (right panel) enhances effective area by another factor of ∼ 2 compared to a dense-rock spherical
Earth case. Right: Site map of the San Juan area. Terrain is colored by elevation. Red dots represent the location of 24 phased arrays
on the Eastern ridge, facing West overlooking a valley. A 100 km, 120 degree cone illustrates the field-of-view for radio signal of each
station.

array of 15×24 = 360 standalone antennas, with a mean distance to closest neighbor of 1 km. The two sets
of arrays work together to trigger on and reconstruct neutrino-induced air showers. Events are collected at a
central DAQ that does online reconstruction and connects to multimessenger alert systems.230

The phased arrays drive the detector sensitivity and energy range. HERON is optimized to detect " 100PeV
neutrinos by careful selection of the detector elevation and by boosting weak signals, thanks to the phasing of
the antennas composing the phased array. The HERON optimal energy range can be adjusted by varying the
detector elevation: higher detectors cover a larger geometric area, while lower detectors are more sensitive to
lower energy showers due to their proximity to the tau decay point. Simulations show that a detector height of235

1,000 m increases the peak effective area by a factor of 10 compared to 4,000 m at 100 PeV, though it reduces
the effective area at the highest energies by a factor of 2 (Fig. 2). Therefore, the phased arrays will be positioned
at 1,000 m to effectively target the 100 PeV energy scale. Increasing the number of antennas included in the
phased array also increases the peak effective area. We chose 24 antennas for the design because 24 antennas
are a factor of 3 more sensitive than 10 (Fig. 2). Twenty-four is also feasible to install practically.240

The standalone antennas, which can be triggered by the phased arrays, provide the long baselines needed for sub-
degree angular reconstruction. They are also critical for RFI rejection as demonstrated with OVRO-LWA [52]
and TREND [62], which is particularly needed for arrays placed on elevated mountains. Because these sparse
antennas cover a larger area, they can also self-trigger to enhance the sensitivity at higher energies Fig. 3 (left).
San Juan: an adequate deployment site for radio background-noise and topography. An excellent site245

in the San Juan province in Argentina has been identified (Fig. 3 right). It presents the required conditions in
terms of RFI background noise as shown in the frequency spectra taken on site (Fig. 4). A preliminary survey,

Figure 4: Power spectrum distributions (in arbitrary units, a.u.)
measured at the San Juan site (blue) and at a reference site closer
to the San Juan city (grey) with the same setup.

funded byCNRS and led by PIs Kotera andMartineau
in April 2022, also yielded promising RFI measure-
ments, and further RFI site-surveys are in prepara-250

tion by the CNEA Partner before the end of 2024.
The topography is also ideal: a valley running North-
South of width 30-60 km, spanning 120 km (we need
70 km). Both ridges culminate at height ∼ 2000m
with a valley altitude ∼ 800m. This encased topog-255

raphy enables to enhance the detection of neutrinos,
thanks to the elevation and the larger target for neu-
trino interaction (Figs. 2 and 3). The preliminary site-
survey conducted by the CNEA Partner shows that
the Eastern ridge would be a quieter location, and has260

started to assess accessibility. The San Juan province
government is highly supportive of the project. This
is detailed in the Infrastructure section c.2.

6/33

Site in San Juan, Argentina

BEACON & GRAND Collaborations + CNEA
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GR DN

● BEACON is highly sensitive to transients that 
pass into its instantaneous field of view

● Large FoV and position near equator allows 
many sources to be observed over time

● High elevation sites coupled with phasing 
produce an efficient detector design

● Topography can further improve sensitivity

17

Conclusions

Andrew Zeolla
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DETECTING PARTICLE CASCADES IN NATURE

THE RADAR ECHO TELESCOPE FOR COSMIC RAYS

May, 6, 2021

Radar detection of high-energy particle cascades
-- KD de Vries (VUB)

RET-CR paper: arXiv: 2104.00459 - Phys. Rev. D 104, 102006
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Figure 1. Significance of detection of point sources of UHE neutrinos by experiments with various
angular resolutions and numbers of detected events. The color coding corresponds to the confidence
level to reject an isotropic background using the statistical method from Ref. [65]. We assume that
all of the sources have the same luminosity, and that the sources follow a uniform distribution with
a number density 10�5 Mpc�3 up to 2 Gpc (case I). With this source number density, ⇠ 1000 events
and ⇠ 0.1� angular resolution are needed to reach a 5� detection of point sources. In the above
calculation, fcov = 1 is used; fewer events are required in the field of view if fcov is smaller.

roughly independent of angular resolution for �✓ . 0.1� at 5�, but increases notably for
angular resolutions worse than a few tenths of a degree. This change happens when the
chance of getting background events from adjacent sources due to the poor PSF becomes
considerable, that is, the number of false point sources in the background is not negligible
(see Section IV of Ref. [17] and considerations in Ref. [66, 67] for constraints on UHECR
sources). We confirmed that our results agree well with calculations based on multiplet
analyses performed by Refs. [16, 17]. A 1.6� limit corresponds to N ev

tot ⇠ 200, which is
consistent with the six-year lower limit on the number density ns & 10�5 Mpc�3 for no
redshift evolution and fcov = 0.5 [17]. Note that alternate point-source detection methods,
such as standard autocorrelation methods or the method of Ref. [68], would require more
events and/or better angular resolution (see the discussion in Ref. [65]).

The significance of point source detection depends on the source number density as well
as the source evolution model. In general, to reach a given confidence level, more events will
be needed if the total number of sources is larger or if the sources lie at greater distances.
For example, if sources follow a uniform distribution with ns = 10�4Mpc�3 up to a sharp
edge at 2 Gpc, a 3� detection would require about 1700 events even with 0.1� angular
resolution. In contrast, the top panel of Figure 2 shows that with ns = 10�7Mpc�3 and a

– 6 –

Figure 2. The same as Figure 1, but assuming that sources follow a uniform distribution with a
number density 10�7 Mpc�3 up to 2 Gpc (top, case II), or a number density that is 10�7 Mpc�3

(middle, case III) or 10�9 Mpc�3 (bottom, case IV) locally but that is proportional to the SFR up
to redshift zmax = 6. In general to reach the same significance level of detection, more events will
be needed if sources have a larger source number density, or if more sources are distributed at large
distances.

– 7 –

Fang, KK, Miller, Murase, Oikonomou 2016
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KK, Mukhopadhyay, et al. in prep.


