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UHECRs and friends

ν
γ νγ

p Fe

• not deflected by magnetic fields 
• allow us to see farther in the Universe 
• allow us to see deeper in objects 
• clear hadronic acceleration signature

Cosmic rays

Gamma rays

Neutrinos

Gravitational waves
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UHE neutrinos: a challenging no-man's land

Alves Batista, de Almeida, Lago, KK, 2018
GRAND Science & Design, 2018

KK, Allard, Olinto 2010

UHE ν ?
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Current multi-messenger data: useful to understand UHECRs?

Backgrounds 
- radiative? baryonic? 
- evolution, density? 
- magnetic field: deflections? 

associated neutrino and 
gamma-ray production

νγ
νγ

p Fe

Cosmic backgrounds 
interactions on CMB, UV/
opt/IR photons 

cosmogenic neutrino and 
gamma-ray production

Astrophysical 
neutrinos

Cosmogenic 
neutrinos
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Current multi-messenger data: useful to understand UHECRs?

Backgrounds 
- radiative? baryonic? 
- evolution, density? 
- magnetic field: deflections? 

associated neutrino and 
gamma-ray production

νγ
νγ

p Fe

Cosmic backgrounds 
interactions on CMB, UV/opt/
IR photons 

cosmogenic neutrino and 
gamma-ray production

Eν ~ 5% ECR Eγ ~ 10% ECR

ECR > 1018 eV

Eν > 1016 eV

Secondaries take up 5-10% of parent cosmic-ray energy

IceCube neutrinos do not directly probe UHECRs
Actually, none of the current multi-messenger data 
(except UHECR data) can directly probe UHECRs 

… but they help :-)



Alves Batista et al. 2018

detect cosmogenic neutrinos

100s of events 
<1o angular resolution

detect EeV neutrino point sources

What we can aim to do
with future observatories

6

cosmogenic: 
guaranteed 

direct from source: 
likely more abundant 

pessimistic scenarios  
of cosmogenic neutrinos = good! 

low background for source neutrinos
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K. Fang

"not-so-free" parameters 
A flux normalisation 
ɣ injection spectral index
Rmax (max. rigidity ~ max. proton energy)
composition
source evolution history

cosmogenic neutrinos guaranteed 
if sources of UHECRs 

@cosmological distances 

The guaranteed cosmogenic neutrinos

KK et al. 2009
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Diffuse flux

e.g., 
Stecker et al. 06
Kneiske et al. 04
Gilmore et al. 12

interaction 
backgrounds 

are fixed

KK, Allard, Olinto 2010Cosmogenic neutrinos: production channels
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Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 14

Figure 7. Effects of various compositions on neutrino fluxes for all flavors. We present
the cases of (i) a pure proton injection assuming a dip transition model (black solid),
(ii) a proton dominated Galactic type mixed composition (pink dotted), (iii) pure iron
composition (blue dashed) and (iv) the iron rich low Ep,max model (red dash-dotted).

are divided into three possible regions: an optimistic scenario (pink dot-dashed line),

a plausible range of models in which we base many of our rate estimates (grey shaded

area), and a more pessimistic scenario (blue lines). The optimistic scenario corresponds
to the FRII strong source evolution case with a pure proton composition, dip transition

model and Ep,max = 1021.5 eV. The most pessimistic scenario is given by a pure iron

injection and the iron rich composition with low Ep,max, assuming in both cases a uniform

evolution of sources. The shaded area brackets a wide range of parameters: all discussed

transition models, all source evolutions except for uniform and FRII, and varying cosmic

ray injection composition from pure protons to a mixed Galactic type model, with
Ep,max ≥ 1020 eV. The black long-dashed line indicates the minimum neutrino flux one

could obtain in the case of a uniform source evolution, when the composition and the

maximum acceleration energy are chosen among reasonable values. Namely, this line

represents the case of a Galactic mixed composition with Ep,max = 1020 eV for a uniform

source evolution.

From the discussion elaborated at the beginning of section 2.1, it stands out that a
uniform UHECR source evolution should be deemed rather extreme. Indeed, under the

assumption that UHECRs are produced in astrophysical sources, the majority of their

plausible progenitors should follow – with a possible bias – the star formation history.

Though Beckmann et al. (2003) suggest that FRI-type galaxies might have experienced

a quasi-uniform emissivity evolution throughout time, one should be aware that these

Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 6

Figure 2. Top: source emissivity evolution with redshift, normalized to unity at
z = 0, for our six models described in the text. Bottom: effects of source evolution on
neutrino fluxes for all flavors. We assume here a pure proton composition and a dip
transition model.

Riley type I (FRI) and II (FRII) galaxies are more specifically discussed, though FRI

galaxies are far from satisfying the energetic criteria to accelerate particles to the highest

energies (see Lemoine and Waxman, 2009). It might be worth mentioning as well that

no outstanding correlation has been observed between catalogues of FRII galaxies and

the most energetic events seen by Auger, which does not give strong credence to these

"not-so-free" parameters 
A flux normalisation 
ɣ injection spectral index
Rmax (max. rigidity ~ max. proton energy)
composition
source evolution history

R max 
below or above 

pion prod. 
threshold

composition
source 

evolution

 depend strongly 
on observations of 
UHECRs

 less dependent but affects injection spectrum

KK, Allard, Olinto 2010Cosmogenic neutrinos: principal ingredients
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Information from UHECR spectra and composition

Auger Coll. 2017 UHECR parameters 

• A flux normalisation  
• α injection spectral index in E-α 
• Rmax (max. rigidity ~ max. proton energy) 
• composition 
• source evolution e.g., SFR/AGN or in (1+z)m

Rmax = 1018.62 V 
α=0.87 
star formation rate

sc
an

 s
ou

rc
e 
ev
ol
ut
io
n 

Alves Batista, de Almeida, Lago, KK, 2018

Xmax distribution ~ki = (ki1, ki2, ...) is given by a multinomial distribution, which reads:219

LXmax =
Y

i

ni!
Y

x

1

kix!
(Gmodel

ix )kix , (4.3)

where Gmodel

ix is the probability to observe an event in the Xmax bin x.220

5 Results of the fit221

Using the procedure described in Sec. 4 we have performed a fit of the spectrum and com-222

position measured by Auger, following Ref. [24]. In this section we will use the quantity223 p
D �Dmin as a proxy for the standard deviation.224

First, we check our implementation of the fit procedure by comparing our results with225

Ref. [24]. In the limit of no source evolution (m = 0) we obtain the following best-fit pa-226

rameters: ↵ = �1.0, log(Rmax/V ) = 18.2, fp = 0.6726, fHe = 0.3135, fN = 0.0133, and227

fSi = 0.0006. These numbers are in agreement with the results by the Pierre Auger Collabo-228

ration for the corresponding scenario, which are: ↵ = �1.03+0.35
�0.30, log(Rmax/V ) = 18.21+0.05

�0.04,229

fp = 0.68, fHe = 0.31, fN = 0.01, and fSi = 0.0006.230

We now fix the source evolution in order to obtain the best-fit spectral index (↵) and231

maximal rigidity (Rmax). This is illustrated in Fig. 1 for the cases of m = �3, m = 0,232

m = +1.5, SFR, GRB, and AGN.233

Figure 1 also suggests a trend that if source evolution is accounted for in the fit, then234

the spectral index tends to become increasingly larger. To study this dependence, we have235

compiled all pairs (m,Rmax) that minimise
p
D �Dmin for a particular choice of ↵; this is236

shown in Fig. 2, left panel. Similarly, one can assume a fixed value for m to obtain the values237

of (↵, Rmax) that minimise the deviances, as shown in right panel of Fig. 2, right panel.238

Our best-fit results are summarised in Table 1 for the complete analysis, as well as the239

specific cases of AGN, SFR, and GRB source evolutions. By computing the pseudo standard240

deviation,
p
D �Dmin, we infer confidence intervals wherein the best-fit parameters ↵, Rmax,241

and m would lie; this is shown in Table 2.242

The choice of the pseudo standard deviation as an estimator is justfied within the fre-243

quentist approach we adopted. This follows Ref. [62]. Our confidence intervals should be244

understood as the regions centred around the maximum likelihood estimator, limited by the245

curves corresponding to the desired percentile of a �2-distribution with one degree of freedom.246

Because this is a multidimensional problem, the confidence regions need not be symmetric247

with respect to the corresponding best-fit parameters.248

Table 1. Best-fit parameters for specific spectral indices.
m ↵ log(Rmax/V) fp fHe fN fSi fFe D

-1.5 +1.00 18.7 0.0003 0.0002 0.8867 0.1128 0.0000 1.46
SFR +0.80 18.6 0.0764 0.1802 0.6652 0.0781 0.0001 1.63
AGN +0.80 18.6 0.1687 0.1488 0.6116 0.0709 0.0000 1.59
GRB +0.80 18.6 0.1362 0.1842 0.6059 0.0738 0.0000 1.60

Fig. 2 is instructive to constrain source models using the combined fit. In particular,249

for the most common spectral indices found in the literature (1 . ↵ . 2.2), scenarios with250

positive source evolution (m > 0) are strongly disfavoured. This confirms the results from251

– 6 –

Table 2. Best-fit parameters for specific spectral indices.
C.L. D parameter range
90% < 2.71 �4.0  m  �1.4 +0.8  ↵  +1.2 18.6  log(Rmax/V)  18.7
95% < 3.84 �5.1  m  +1.7 �1.2  ↵  +1.2 18.2  log(Rmax/V)  18.6
99% < 6.63 �5.3  m  +3.3 �1.5  ↵  +1.6 18.1  log(Rmax/V)  18.8
90% < 2.71 SFR +0.7  ↵  +0.9 18.6  log(Rmax/V)  18.6
95% < 3.84 SFR �1.3  ↵  +0.9 18.2  log(Rmax/V)  18.6
99% < 6.63 SFR �1.5  ↵  +1.2 18.1  log(Rmax/V)  18.7
90% < 2.71 AGN +0.8  ↵  +1.1 18.6  log(Rmax/V)  18.7
95% < 3.84 AGN +0.5  ↵  +0.9 18.5  log(Rmax/V)  18.6
99% < 6.63 AGN �0.4  ↵  +1.2 18.3  log(Rmax/V)  18.7
90% < 2.71 GRB +0.8  ↵  +0.9 18.6  log(Rmax/V)  18.6
95% < 3.84 GRB +0.2  ↵  +1.0 18.4  log(Rmax/V)  18.6
99% < 6.63 GRB �0.9  ↵  +1.2 18.2  log(Rmax/V)  18.7

�6 �4 �2 0 2 4 6

m

18.0

18.2

18.4

18.6

18.8

19.0

19.2

lo
g(
R
m
ax
/E
V
)

�3

�2

�1

0

1

2

3

�

Figure 2. Best-fit values at 99% confidence level for the maximal rigidity as a function of the source
evolution for different spectral indices (left), and as function of the spectral index for different source
evolutions (right panel). For reference, marker sizes are plotted with radii inversely proportional to
the deviance of the corresponding scenarios.

and a coarser spacing in m could compromise the reliability of our predictions from Secs. 6261

and 7.262

The scenarios AGN, SFR, and GRB scenarios lead to almost as good deviances as the263

(1 + z)m evolution, as indicated in Tab. 1. Note that the best fit for these scenarios result264

in ↵ ' 0.5 � 1.0, suggesting that hard spectra may, after all, not be needed. Although265

the emissivity evolutions in these scenarios are positive up to a given redshift (see Eqs. 3.2266

and 3.3), the curves reach a region of slow increase and turnover after some redshift; this267

behaviour may result in a net behaviour cancels out the positive evolution for low redshifts,268

thus explaining why the best fit in these scenarios do not differ from the (1 + z)m case269

significantly.270

The spectrum, and the first two statistical moments of the Xmax distribution are shown271

in Fig. 3 for the (1 + z)m evolution.272

A similar study has been recently performed by the authors of Ref. [65]. They use273

bayesian methods to fit the UHECR spectrum considering a few specific source evolution274

models, obtaining a best fit for ↵ = 1.86 and log(Rmax/V ) = 18.3, as well as a proton fraction275

– 8 –

• if emissivity evolution free parameter —>  best fit m = −1.5 

• Negative source evolution:  
- e.g., tidal disruption events  
- cosmic variance local dominant of sources 

• very hard spectral indices difficult to reconcile with most 
particle acceleration models. α>~1 favored in theory.

favor 
low (negative) m 
hard spectral index 
low rigidity

phenomenologically 
reasonable models with 

good deviances
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Learning from secondary neutrinos? Alves Batista, de Almeida, Lago, KK, submitted
GRAND Science & Design, in prep
KK, Allard, Olinto 2010 
Van Vliet et al. arXiv:1707.04511

Rmax 
below or above pion 

prod. threshold

spectral index 
flux of secondary 

protons 
E-α

UHECR flux 
normalisation

composition

source evolution 
history

pessimistic 
90% C.L. fit to Auger 
data with (1+z)m source 
evolution with m < 0

standard 
99% C.L. fit to Auger  
among generic SFR, 
AGN, GRB source 
evolutions

most pessimistic! 
adding IGMF —> harder α —> increases neutrino flux 
alleviating simplifying assumption —> increases neutrino flux

low rigidities 
Rmax ~ 1018.1-18.8 V

very hard 
-1.5 < α <+1.2

intermediate dominated 
p 8%, He 18%, N 67%, 

Fe 0.01%
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integrated over the whole population

Astrophysical UHE neutrinos: produced at the source
GRAND Science & Design, 2018

II. Ultra-high-energy messengers

FIG. 8. Neutrino fluence from transient sources. Short-
duration transients — a short-duration GRB (sGRB) and a
GRB afterglow — are compared to the GRAND200k instan-
taneous sensitivity at zenith angle ✓z = 90� (solid black
line). A long-duration transient — a TDE — is compared to
the GRAND200k declination-averaged sensitivity (gray-shaded
band). The stacked fluence from 10 six-month-long blazar flares
in the declination range 40� < |�| < 45� is compared to the
GRAND200k sensitivity for a fixed � = 45� (dashed black line).
See the main text for details. The sources were assumed to lie
at distances such to allow for a conservative rate of ⇠1 event
per century, using population rates inferred from Ref. [61] for
short-duration GRBs and associated neutron-star mergers, Ref.
[41] for GRB afterglows, and Ref.[58] for TDEs. The sensitivity
is the Feldman-Cousins upper limit per decade in energy at 90%
C.L., assuming a power-law neutrino spectrum / E�2

⌫ , for no
candidate events and null background.

side the Earth, the neutrino-nucleon cross section im-449

prints itself on the distribution of their arrival direc-450

tions. This has allowed to measure the cross section451

up to PeV energies in IceCube [82, 83]. EeV neutrinos452

could extend the measurement. Further, we can look453

for deviations due to enhanced neutrino-nucleon in-454

teractions [84–86] and interactions with high-density455

regions of dark matter [78, 87]. The sub-degree point-456

ing accuracy of GRAND would precisely reconstruct457

the distribution of arrival directions.458

• Flavor composition: Flavor ratios — the propor-459

tion of each neutrino flavor in the incoming flux —460

are free from uncertainties on the flux normalization461

and so could provide clean signals of new physics462

[23, 70, 81, 86, 88–112]. Possibilities include neutrino463

decay [23, 69–71, 88, 89, 95, 97, 98, 113–121], Lorentz-464

invariance violation (LIV) [62, 63, 89, 95, 122, 123],465

coupling to a torsion field [124], active-sterile neutrino466

mixing [110], pseudo-Dirac neutrinos [70, 97, 125],467

renormalization-group running of mixing parameters468

[126], and interaction with dark matter [79, 127] or469

dark energy [128].470

GRAND will be sensitive to ⌫⌧ . Other EeV-neutrino471

experiments — ARA, ARIANNA, ANITA — are sen-472

sitive to neutrinos of all flavors, though they are un-473

able to distinguish between them; however, see Refs.474

[129, 130]. Comparing GRAND ⌫⌧ data with all-475

flavor data from other experiments could yield the476

tau flavor ratio. Alternatively, this could be done477

with GRAND data alone, by comparing showers ini-478

tiated by neutrinos of all flavors interacting in the479

atmosphere to showers initiated by ⌫⌧ interacting un-480

derground; see Section IVA2.481

Ultimately, the ability of GRAND to probe fundamental482

physics at the EeV scale will depend on the level of the483

cosmogenic neutrino flux. If the flux is low, probing new484

physics will be challenging. On the other hand, with a485

flux high enough to yield tens of events, we could probe486

fundamental physics in a completely novel regime.487

C Ultra-high-energy gamma rays488

Like cosmogenic neutrinos, cosmogenic UHE gamma rays489

are a guaranteed by-product of photo-pion interactions490

of UHECRs with the CMB. They can also be generated491

through inverse-Compton scattering of CMB photons by492

electrons or positrons produced by UHECRs scattering o↵493

the CMB. Like for neutrinos, higher fluxes are expected if494

UHECRs are dominated by protons than if they are dom-495

inated by heavy nuclei or have a mixed mass composition.496

To date, UHE gamma rays have not been detected.497

Figure 9 shows the current state of the art in searches498

for UHE gamma rays and the preliminary sensitivity of499

GRAND, in terms of the fraction of air showers initiated500

by gamma rays; see Section IVE2. The most stringent501

upper limits to date come from Auger. With its present502

sensitivity, Auger constrains the photon fraction to be 503

0.1% of their total event rate, and thus rules out some of the504

region of photon fluxes predicted in astrophysical scenarios505

for a proton-dominated mass composition [132, 133, 135].506

The Telescope Array (TA) provides complementary limits507

in the same energy range in the Northern Hemisphere [134].508

Auger will continue to lower the upper limits on the flux of509

UHE gamma rays, or discover them, until 2025. By then,510

Fig. 9 shows that Auger will have reached sensitivity to511

even conservative predictions of the flux, assuming proton-512

dominated UHECRs [136]. A few years later, GRAND200k513

will be sensitive to cosmogenic gamma-ray fluxes, even for514

iron-dominated UHECRs.515

Searches for UHE gamma rays with GRAND will con-516

tribute to several science goals. The primary objective,517

with a guaranteed scientific return, is measuring the flux of518

cosmogenic gamma rays above 1010 GeV, or strongly con-519

GR DN GRAND: Science and Design Page 11 of 45

unique shapes for 
various sources 

(because of interaction 
backgrounds)

Diffuse flux Point-source fluences



The high-energy Universe and the advent of multimessenger astronomy

2

TXS056+56

AT2019dsg

fast radio bursts

blazar flares

tidal disruption events

GW170817

neutron star mergers

FRB121102

black-hole mergers

neutron star-black hole
mergers

super luminous supernova

magnetar flaresSGR1935+2154

GW170817

TXS0506+056
2017

2015
2013

1962

first 1020 eV  cosmic ray

first gravitational waves

first  1015 eV neutrino

AT2019dsg

2007
first  fast radio burst

2019

wind
acc

reti
on 

disk
jet

ejecta Cosmic-ray interactions + cooling 
Neutrino production

Decoene et al. 2020

ex: pions in kilonova ejecta

13

mechanisms: 
shock acceleration 

magnetic reconnection… 

at various locations: 
inner/external/side jet 

wind 
accretion disk… 

—> max. acceleration energy 
spectrum

Cosmic-ray  
acceleration

Radiative + hadronic 
backgrounds

density, spectra, time evolution 
in acceleration region and beyond

red ejecta

accelerationinteractions

Inner regions

injection

nuclear heating

(thermal)

outflow 
heating

cosmic 
rays

cosmic rays:

7

High-energy neutrinos from fallback accretion of binary neutron star 
merger remnants V. D. (IAP), Ke Fang (Stanford U.), Claire Guépin (Maryland U.), Kumiko Kotera (IAP), Brian D. Metzger (Columbia U.) (JCAP 2019)

1) A model for the radiative background inside the ejecta:

• Thermodynamical equilibrium

dE
dt

= � E
R

dR

dt
� E

tesc
+ Q̇r + Q̇fb

<latexit sha1_base64="aSb4p05qZA/UEpztTDHXrhn+ux0="></latexit><latexit sha1_base64="aSb4p05qZA/UEpztTDHXrhn+ux0="></latexit><latexit sha1_base64="aSb4p05qZA/UEpztTDHXrhn+ux0="></latexit><latexit sha1_base64="aSb4p05qZA/UEpztTDHXrhn+ux0="></latexit>

mechanical

losses

radiative

 losses

opacity (lanthanides)

Metzger et al. 2011

• Fall-back

mass accretion rate

• Nuclear reaction
Q̇r = M Xr ėr(t)
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Astrophysical UHE neutrinos: produced at the source
GRAND Science & Design, 2018

II. Ultra-high-energy messengers

FIG. 8. Neutrino fluence from transient sources. Short-
duration transients — a short-duration GRB (sGRB) and a
GRB afterglow — are compared to the GRAND200k instan-
taneous sensitivity at zenith angle ✓z = 90� (solid black
line). A long-duration transient — a TDE — is compared to
the GRAND200k declination-averaged sensitivity (gray-shaded
band). The stacked fluence from 10 six-month-long blazar flares
in the declination range 40� < |�| < 45� is compared to the
GRAND200k sensitivity for a fixed � = 45� (dashed black line).
See the main text for details. The sources were assumed to lie
at distances such to allow for a conservative rate of ⇠1 event
per century, using population rates inferred from Ref. [61] for
short-duration GRBs and associated neutron-star mergers, Ref.
[41] for GRB afterglows, and Ref.[58] for TDEs. The sensitivity
is the Feldman-Cousins upper limit per decade in energy at 90%
C.L., assuming a power-law neutrino spectrum / E�2

⌫ , for no
candidate events and null background.

side the Earth, the neutrino-nucleon cross section im-449

prints itself on the distribution of their arrival direc-450

tions. This has allowed to measure the cross section451

up to PeV energies in IceCube [82, 83]. EeV neutrinos452

could extend the measurement. Further, we can look453

for deviations due to enhanced neutrino-nucleon in-454

teractions [84–86] and interactions with high-density455

regions of dark matter [78, 87]. The sub-degree point-456

ing accuracy of GRAND would precisely reconstruct457

the distribution of arrival directions.458

• Flavor composition: Flavor ratios — the propor-459

tion of each neutrino flavor in the incoming flux —460

are free from uncertainties on the flux normalization461

and so could provide clean signals of new physics462

[23, 70, 81, 86, 88–112]. Possibilities include neutrino463

decay [23, 69–71, 88, 89, 95, 97, 98, 113–121], Lorentz-464

invariance violation (LIV) [62, 63, 89, 95, 122, 123],465

coupling to a torsion field [124], active-sterile neutrino466

mixing [110], pseudo-Dirac neutrinos [70, 97, 125],467

renormalization-group running of mixing parameters468

[126], and interaction with dark matter [79, 127] or469

dark energy [128].470

GRAND will be sensitive to ⌫⌧ . Other EeV-neutrino471

experiments — ARA, ARIANNA, ANITA — are sen-472

sitive to neutrinos of all flavors, though they are un-473

able to distinguish between them; however, see Refs.474

[129, 130]. Comparing GRAND ⌫⌧ data with all-475

flavor data from other experiments could yield the476

tau flavor ratio. Alternatively, this could be done477

with GRAND data alone, by comparing showers ini-478

tiated by neutrinos of all flavors interacting in the479

atmosphere to showers initiated by ⌫⌧ interacting un-480

derground; see Section IVA2.481

Ultimately, the ability of GRAND to probe fundamental482

physics at the EeV scale will depend on the level of the483

cosmogenic neutrino flux. If the flux is low, probing new484

physics will be challenging. On the other hand, with a485

flux high enough to yield tens of events, we could probe486

fundamental physics in a completely novel regime.487

C Ultra-high-energy gamma rays488

Like cosmogenic neutrinos, cosmogenic UHE gamma rays489

are a guaranteed by-product of photo-pion interactions490

of UHECRs with the CMB. They can also be generated491

through inverse-Compton scattering of CMB photons by492

electrons or positrons produced by UHECRs scattering o↵493

the CMB. Like for neutrinos, higher fluxes are expected if494

UHECRs are dominated by protons than if they are dom-495

inated by heavy nuclei or have a mixed mass composition.496

To date, UHE gamma rays have not been detected.497

Figure 9 shows the current state of the art in searches498

for UHE gamma rays and the preliminary sensitivity of499

GRAND, in terms of the fraction of air showers initiated500

by gamma rays; see Section IVE2. The most stringent501

upper limits to date come from Auger. With its present502

sensitivity, Auger constrains the photon fraction to be 503

0.1% of their total event rate, and thus rules out some of the504

region of photon fluxes predicted in astrophysical scenarios505

for a proton-dominated mass composition [132, 133, 135].506

The Telescope Array (TA) provides complementary limits507

in the same energy range in the Northern Hemisphere [134].508

Auger will continue to lower the upper limits on the flux of509

UHE gamma rays, or discover them, until 2025. By then,510

Fig. 9 shows that Auger will have reached sensitivity to511

even conservative predictions of the flux, assuming proton-512

dominated UHECRs [136]. A few years later, GRAND200k513

will be sensitive to cosmogenic gamma-ray fluxes, even for514

iron-dominated UHECRs.515

Searches for UHE gamma rays with GRAND will con-516

tribute to several science goals. The primary objective,517

with a guaranteed scientific return, is measuring the flux of518

cosmogenic gamma rays above 1010 GeV, or strongly con-519
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The maximum accessible energy further depends on many details of the acceleration re-

gion but can be estimated by comparing the acceleration time, tacc, the escape time of

particles from the acceleration region tesc, the lifetime of the source, tage, and the energy

loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,

Norman et al. 1995a; Lemoine & Waxman 2009). The condition for successful acceleration

can then be written tacc . tesc, tage, tloss. The escape timescale tesc = R
2
/(2D), where D is

the di↵usion coe�cient, depends on the characteristics of the transport of particles in the

ambient medium, i.e., on the magnetic field and on the turbulence features. Detailed stud-

ies of this subject can be found in, e.g., Jokipii (1966); Giacalone & Jokipii (1999); Casse

et al. (2002); Yan & Lazarian (2002); Candia & Roulet (2004); Marcowith et al. (2006).

Energy losses during acceleration are generally due to synchrotron radiation, to interac-

tions with the radiative backgrounds, or to hadronic interactions, the latter process being

mostly ine�cient in diluted astrophysical media. The timescale for energy losses through

synchrotron emission and pion production can be expressed in a generic way (Biermann &

Strittmatter 1987): trad = (6⇡m4

pc
3
/�Tm

2

e)E
�1

B
�2(1 + A)�1, where A = 240U�/UB cor-

responds to the ratio of the energy density of radiation leading to pion production U� , to

the magnetic energy density UB = B
2
/8⇡. In the central region of an AGN for example, as-

suming equipartition with the magnetic field (corresponding to the Eddington luminosity),

for E20 = E/1020 eV and BG = B/1G, trad ⇠ 105sE�1

20
B

�2

G
. This timescale has to be com-

pared to the acceleration timescale which reads (Lemoine & Waxman 2009): tacc = A tL,

where tL is the Larmor timescale and A & 1 for all types of Fermi acceleration (non, mildly,

or ultra-relativistic, 1st and 2nd order Fermi accelerations). For a non relativistic 1st order

Fermi acceleration for instance, A ⇠ g/�
2

sh and tacc ⇠ 107s g E20B
�1

G
�
�2

sh
, where the shock

velocity �sh ⌧ 1 and g ⌘ D/(rLc) & 1. Majoring this timescale with the radiative loss

timescale leads to a maximum acceleration energy in the central region of AGN of order:

Emax ⇠ 1019 eV g
�1/2

B
�1/2
G

�sh.

In the generic case of acceleration in an outflow, Lemoine & Waxman (2009) compare this

acceleration time and the dynamical time tdyn ⇠ R/�W�Wc of the outflow, to set a robust

lower bound on the luminosity that a source must possess in order to be able to accelerate

particles up to E = 1020 eVE20: L > LB ⌘ �WR
2
B

2
/2 > 1045 Z�2

E
2

20 erg s�1. The

magnetic luminosity LB of the source is written as a function of the size of the acceleration

region R in the observer frame, in motion with Lorentz factor �W (and velocity �W) and

imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.

It should be noted that the escape of particles from acceleration regions is an intricate

issue that has been scarcely discussed in detail in the literature (note however the works

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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imparted with a magnetic field of characteristic strength B. This quantity is not straight-

forward to derive: the classical determination of the field strength using the synchrotron

emission (assuming equipartition between the total energy density of non thermal particles

and of the magnetic field for example), depends notably on the hardly known ratio between

the leptonic and hadronic accelerated particles (e.g., Beck & Krause 2005). In the case of

blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects

only possess magnetic luminosities of order 1042�44 erg s�1.
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Schematic picture of various high-energy multimessenger transients.

observable at greater viewing angles than previously anticipated (82, 105, 106), making nearby
binary mergers an interesting target for upcoming joint observing periods.

4. SOURCE MODELS
In this section, we discuss several possible sources of neutrinos and gravitational waves, which can
be accompanied by high-energy emission.Figure 5 depicts the high-energy emissionmechanisms,
and Table 1 lists these sources along with some characteristic numbers.

4.1. Blazar Flares
In general, blazars are highly variable objects that show broadband spectra from the radio, op-
tical, X-ray, and γ -ray bands. In the standard leptonic scenario for SEDs, the low-energy and
high-energy humps are explained by synchrotron emission and inverse Compton radiation from
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“UHE photon bursts” may occur in the nearby Universe

Optimizing the detectors locations on Earth to detect transients?

GRAND?

Expected number of neutrino events

11

FIG. 7. Left : Sky plot of the expected number of neutrino events as a function of galactic coordinates for POEMMA
in the long-burst scenario of a flaring blazar, as in the RFGBW FSRQ model [19], and placing the source at 25 Mpc.
Point sources are galaxies from the 2MRS catalog [72]. Middle: Same as at left for IceCube for muon neutrinos.
Right : Same as at left for GRAND200k. Areas with grey point sources are regions for which the experiment is
expected to detect less than one neutrino.

FIG. 8. Left : Sky plot of the expected number of neutrino events as a function of galactic coordinates for POEMMA
in the “best-case” short-burst scenario of an sGRB with moderate EE, as in the KMMK model [16], and placing the
source at 40 Mpc. Point sources are galaxies from the 2MRS catalog [72]. Middle: Same as at left for IceCube for
muon neutrinos. Right : Same as at left for GRAND200k. Areas with grey point sources are regions for which the
experiment is expected to detect less than one neutrino.

and that neutrino oscillations will yield equal fla-
vor ratios on Earth (for derivation of Eq. (18), see
Appendix C). For any astrophysical model that pro-
vides an observed fluence for a source at a given red-
shift or luminosity distance, the observed fluence can
be computed for any redshift using Eq. (18) by cal-
culating the intrinsic neutrino source emission rate
and then rescaling to the new redshift. The expected
number of neutrino events predicted by the astro-
physical model for a source at z is then given by Eq.
(17). The neutrino horizon, zhor, for a specific astro-
physical model can also be calculated from Eq. (17)
by determining the redshift at which Nev is equal to
a given value. In this study, we set Nev = 1.0.

Though Eq. (17) is expressed in terms of the av-
erage e↵ective area as a function of energy and red-
shift, we can also determine the expected number
of neutrino events and the corresponding neutrino
horizon as functions of celestial position by replacing
A (E⌫ , z) with hA (E⌫ , ✓,�)iT0

, the time-averaged ef-
fective area as a function of celestial position from
Eq. (6). In Figs. 7 and 8, we plot the expected num-
bers of neutrino events as functions of galactic coor-

dinates for POEMMA for a long burst scenario (flar-
ing blazar according to the RFGBW flat-spectrum
radio quasar model, FSRQ, in Ref. [19] and Fig. 2;
for further details on the model see Sec. IIID) and
a short burst scenario (sGRB with moderate lev-
els of extended emission according to the KMMK
model in Ref. [16] and Fig. 4; for further details on
the model see Appendix D), respectively. For com-
parison, we provide analogous sky plots for IceCube
and GRAND200k in their respective energy ranges
(10 TeV–1 EeV for IceCube and 108–3 ⇥ 1011 GeV
for GRAND200k) in Figs. 7 and 8 (numerical results
discussed in this subsection are summarized in Ta-
ble III). As the location on the sky of a given source
as viewed by the instrument varies as a function of
time, we computed time-averaged e↵ective areas as
a function of galactic coordinates for IceCube and
GRAND200k4 in Figs. 7 and 8.

4 The GRAND200k e↵ective area as a function of elevation
angle was provided through private communication with
Olivier Martineau-Huynh.

Venters et al. 2019

short burst model (e.g., Kimura et al. 2017, 40 Mpc)

POEMMA IceCube GRAND

- transient population rates 
- emission spectra 
- duration 
-multi-messengers?

-detector instantaneous field of view 
-location on Earth + rotation
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 sources emitting observable UHECRs and UHE neutrinos 
are likely not the same!

If the measured UHECR composition is not protons

 observable UHE (>1017 eV) neutrino sources are sources of UHECRs 

 but they are likely NOT observable sources of UHECRs! 

 a source will be opaque to UHECR protons to produce abundant UHE neutrinos

it is NOT the end of the world at all!

UHECRs escape
optically thin source 

environment less abundant UHE neutrinos

abundant UHE neutrinos?

if measured UHECR composition heavy  
UHE neutrino astronomy completely possible not really related

optically thick source 
environment

UHECRs interact
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May your GRAND dreams come true!
EeV Neutrino Astronomy
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