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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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Auger [1.5×10−8 (2019)] 30 92.8 <1°
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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

2

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].
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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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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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abundantly directly at the sources, while accelerated
UHECRs interact with the radiative and baryonic en-
vironments.
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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.
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sponding references:
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when fitting the counterpart cosmogenic neutrino
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with a magnetized cool core with field B = 30µG
and a mixed UHECR composition.
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for di!use fluxes is an extension of the IceCube measured
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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

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
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Detectable:	Bright	rare	(distant)	sources Detectable:	Local	Group	&	nearby	galaxies
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Wide	&	Shallow	vs.	Deep	&	Narrow
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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
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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.

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

BEACON

Arp 299

NGC 1068

NGC 2146

NGC 4945

Circinus

Andromeda M31
M33

Pisces

IC 1613

WLMNGC 253

NGC 7552

LMC SMC

NGC 3256

Leo A
Leo T

Leo IV

Arp 299
M82

NGC 6822

Cen A

NGC 4681

M87
Arp 220

GRAND

NGC 1068

NGC 2146

NGC 4945

Circinus

Andromeda M31
M33

Pisces

IC 1613

WLMNGC 253

NGC 7552

LMC SMC

NGC 3256

Leo A
Leo T

Leo IV

Arp 299
M82

NGC 6822

Cen A

NGC 4681

M87
Arp 220

IC-Gen2 Radio

NGC 1068

NGC 2146

NGC 4945

Circinus

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

RNO-G

Arp 299

NGC 1068

NGC 2146

NGC 4945

Circinus

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

KK,	Mukhopadhyay,	Alves	BaPsta,	Fox,	MarPneau-Huynh,	Murase,	Wissel,	Zeolla,	subm.
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CAUTION:	updated	IceCube-Gen2	Radio	sensitivities:		
~2	orders	of	magnitude	discrepancy	found	for	
instantaneous	fluence	sensitivity	 Guépin,	KK,	Oikonomou,		
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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
)
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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
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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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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
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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
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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
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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
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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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instantaneous	FoV	for	HERON	
(GRAND-BEACON	hybrid)

Daily	FoV	for	HERON		
(GRAND-BEACON	hybrid)

Alleko`e,	Alvarez	Muñiz,	Benoit-Lévy,	Decoene,	Huege,	KK,	Krömer,	
MarPneau,	Niess,	Sanchez,	Tueros,	Wissel,	Zeolla	et	al.	in	prep.

KK,	Mukhopadhyay,	Alves	BaPsta,	Fox,	MarPneau-Huynh,	Murase,	Wissel,	Zeolla,	subm.
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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
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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	associakons	will	be	common	
•skim	intereskng	events	+	narrow	down	search	area	—>	requires	angular	resolukon

Guépin, KK, Oikonomou, Nature Phys. Rev. 2022
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Astrophysically	mo(vated	search	for	UHE	neutrinos

Short	rare	&	bright	transients
• follow-up	searches	of	EM	/	GW	+	stacking	
• deep	instruments	with	sub-degree	angular	res.	

Nearby	serendipitous	sources
• long	transients,	well-identified		
• both	deep	&	narrow	+	wide	&	shallow	instruments

13

Galaxy Type
DL

(kpc)
Right Ascension Declination

Mass
(M→)

SFR
(M→/yr)

Z
(Z→)

Comment

Andromeda (M31) Spiral 765 00h 42m 44.3s +41d 16m 9s 1.5→ 1012 0.35 0.5 Largest galaxy in the Group.
Triangulum (M33) Spiral 97 01h 33m 50.02s +30d 39m 36.7s 5→ 1010 0.45 0.2 3rd largest galaxy.
LMC Spiral 5 05h 23m 34s -69d 45.4m 1→ 1010 0.2 0.5 4th largest galaxy, 2nd closest.
WLM Irregular 93 00h 01m 58.1s -15d 27m 39s 4.3→ 108 0.02 0.1 At least one recent supernova.
SMC Irregular 62 00h 52m 44.8s -72d 49m 43s 7→ 109 0.03 0.2 Moderate SFR.
Pisces Irregular 769 01h 03m 55.0s +21d 53m 06s 3→ 109 0.05 0.05 Low mass, irregular galaxy.
IC1613 Irregular 73 01h 04m 47.8s +02d 07m 04s 2.4→ 109 0.02 0.03 Recent supernovae observed.
Leo A Irregular 79 09h 59m 26.4s +30d 44m 47s 4→ 108 0.01 0.02 Active ongoing SF.
NGC 6822 Irregular 500 19h 44m 56.6s -14d 47m 21s 5→ 109 0.03 0.03 Active ongoing SF.
Leo IV Dwarf Sph. 154 11h 32m 57s -00d 32m 00s 2→ 108 0.0002 0.0002 Recent star-formation history.
Leo T Dwarf Sph. 420 09h 34m 53.4s +17d 03m 05s 1→ 108 0.0001 0.0001 SF only recently.
Circinus Galaxy Spiral 1290 13h 43m 44.04s -65d 19m 46s 2→ 1010 2.5↑ 6 1.2 Type-II Seyfert, closest to Milky Way.
M82 Spiral 3500 09h 55m 52.6s +69d 40m 46s 7.5→ 1010 10↑ 20 0.2 Active starburst, interaction with M81.
NGC 253 Spiral 3500 00h 47m 33s -25d 17m 17s 7.5→ 1010 3↑ 5 0.3 Active starburst, several recent supernovae.
NGC 4945 Spiral 3800 13h 09m 2.2s -49d 28m 06s 1.5→ 1010 1↑ 2 0.8 Nearby, evidence of SF.
NGC 4631 Spiral 5097 12h 42m 08s +32d 32m 03s 3→ 1010 1.5 0.3 Active starburst.
NGC 1068 Spiral 14400 02h 42m 40.77s -00d 00m 47.84s 1→ 109 3.2 1.056 Type-II Seyfert galaxy, active starburst.
NGC 7552 Spiral 17200 23h 15m 18s -42d 33m 39s 4→ 1010 5 0.3 Active starburst.
NGC 2146 Spiral 18000 06h 18m 38.4s +78d 21m 36s 2→ 1011 5↑ 15 1.0 Active starburst.
NGC 3256 Peculiar 37400 10h 27m 45.3s -43d 51m 56s 3→ 1010 10↑ 20 0.3 Active starburst: galaxy merger.
Arp 299/NGC 3690 Peculiar 47700 11h 28m 30.6s +58d 33m 38s 2→ 1011 50↑ 100 1.2 Extreme starburst: galaxy merger.
Arp 220 Peculiar 78000 16h 09m 17s +23d 30m 45s 3.5→ 1011 200 0.5 Extreme starburst: galaxy merger.
M87 Elliptical 16400 12h 30m 49.4s +12d 23m 28s 1.2→ 1012 0.1 0.5 Largest galaxy in the Virgo Cluster.
Cen A Lenticular 4000 13h 25m 28s -43d 1m 9s 2→ 1011 0.5 0.3 Radio-loud AGN.

TABLE II. Properties of a sample of host galaxies in the Local Group and nearby starburst galaxies, that could harbor transient
sources capable of producing observable UHE neutrinos. Properties include galaxy type, distance DL, celestial coordinates,
mass, star formation rate (SFR), and metallicity (Z).

1. Improve the instantaneous sensitivity even at the
cost of reduced instantaneous FoV (deep & narrow)

2. Improve the angular resolution down to sub-degree.

3. Build a catalog of sources in the Local Universe
that instruments should have in their day-averaged
FoV.

4. Follow-up these catalogued sources. For most UHE
instruments that do not point and track source po-
sitions in the sky naturally, this requires to develop
a designated data-taking/observation mode.

5. For narrow instruments: Widen the instantaneous
FoV along right ascension, to increase sensitivity
for long bursts.

6. Coordinate and optimize the location of detectors
on the globe for best collective daily sky coverage.

Comment on Point 2: In-air detectors naturally have
a sub-degree angular resolution thanks, in particular, to
the lever arm provided by the large extension of the air-
shower signals. In-ice experiments are limited in their
angular reconstruction by the di!culty to reconstruct
the polarization of their radio signal. As in the case of
IceCube, machine learning techniques provide promising
tools to improve on this limitation at data analysis level.

Comment on Point 4: such a follow-up data-taking
mode would run in parallel to the usual triggering modes.
Techniques could be developed to narrow the radio beam

via antenna phasing as in BEACON [14, 27], or point via
radio interferometry [128, 129].
Comment on Point 5: For in-air radio experiments,

where the instantaneous FoV is limited by the intrinsic
detection technique (neutrinos arrive from a limited slice
of Earth where it interacts and from which the secondary
tau particle escapes), the major handle for improvement
resides in topography. Mountains can widen the FoV
band by a few degrees [28, 130].
Finally, we note that a wide and shallow instrument

would be fully complementary to a deep and narrow
search, hence the ideal situation would be to build both
types of instruments. These would, furthermore, rely on
di”erent experimental methods and hence improve the
overall quality of data, increase the quantity of informa-
tion, and the chance of detection.
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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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● 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

2024 2030+2026

Proto300

RET
| 11

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

BA
LL
O
O
N

IN
-A
IR

IN
-IC

E

p
a
t
h
f
i
n
d
e
r
s
 
i
n
 
c
o
m
m
i
s
s
i
o
n
i
n
g

p
l
a
n
n
e
d
 

 
l
a
u
n
c
h

● 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

self-triggered

phased

Kumiko	Kotera	–	Warsaw	–	04/06/2025

RA
DI
O
	D
ET
EC
TI
O
N
	O
F	
U
HE

	N
EU

TR
IN
O
S



12



13

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.
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