
Workshop on Non-Perturbative QCD - 18/06/2018

EeV neutrino astronomy 
and the GRAND project GR DN

Kumiko Kotera
Institut d'Astrophysique de Paris

Giant Radio Array for 
Neutrino Detection



 
The new multi-messenger era!

neutrinos cosmic rays

photons

UHE  
cosmic rays

✔

✔

✔

✔

GRAND 
Science & 
Design



 
The new multi-messenger era!

neutrinos cosmic rays

photons

UHE  
cosmic rays

UHE photons

UHE neutrinos✔

✔

✔

✔

GRAND 
Science & 
Design



 
The new multi-messenger era!

neutrinos cosmic rays

photons

UHE  
cosmic rays

UHE photons

UHE neutrinos✔

✔

✔

✔

GRAND 
Science & 
Design



 Multi-messenger astronomy

 3

 to probe the most powerful sources in the Universe



 Multi-messenger astronomy

 neutrinos are not deflected by magnetic fields
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 neutrinos allow us to see deeper in objects
 clear hadronic acceleration signature
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)

Article number, page 2 of 13

Why transients are promising sources of ultrahigh energy cosmic rays

Kumiko Kotera⇤

Sorbonne Universités, UPMC Univ. Paris 6, CNRS, UMR 7095,
Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014 Paris, France and

Department of Astronomy & Astrophysics, Kavli Institute for Cosmological Physics,
The University of Chicago, Chicago, IL 60637, USA

Kohta Murase†

Department of Physics; Department of Astronomy & Astrophysics;
Center for Particle and Gravitational Astrophysics,
The Pennsylvania State University, PA 16802, USA

(Dated: August 3, 2016)

In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
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sources are subject to the time spread ⌧ experienced by
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netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
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respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)

Article number, page 2 of 13

Why transients are promising sources of ultrahigh energy cosmic rays

Kumiko Kotera⇤

Sorbonne Universités, UPMC Univ. Paris 6, CNRS, UMR 7095,
Institut d’Astrophysique de Paris, 98 bis bd Arago, 75014 Paris, France and

Department of Astronomy & Astrophysics, Kavli Institute for Cosmological Physics,
The University of Chicago, Chicago, IL 60637, USA

Kohta Murase†

Department of Physics; Department of Astronomy & Astrophysics;
Center for Particle and Gravitational Astrophysics,
The Pennsylvania State University, PA 16802, USA

(Dated: August 3, 2016)

In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ
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Figure 2. Spectra of cosmic rays (left) and neutrinos (right) from a magnetar with surface magnetic
field B = 1015 G and initial spin period Pi = 1 ms, comparing to measurements of the KASCADE
[58, 59] and the Auger Observatory [60], as well as the IceCube 5-year sensitivity [61, 62]. Only
hadronuclear interaction is taken into account, and the acceleration e�ciency is set to be ⌘ = 1. In
both plots, analytical results from this work (blue) are comparable to numerical results from [16, 63]
(note that in the right panel, the black dashed line shows only neutrinos from primary cosmic rays).

For milder magnetic fields than for magnetars, the spin-down time is longer and the ejecta
can become diluted enough to allow the escape of heavy nuclei at UHE. One might con-
sider however that some mechanisms invoked in the next section and in Section 4 can carve
a path for cosmic rays to escape safely, for magnetars in particular which are extreme objects.

2.4 Neutrino production and di↵use flux

The cosmic-ray interactions on the hadronic and radiative backgrounds described in the pre-
vious sections will inevitably lead to the production of charged pions, and thus of neutrinos.
The meson production e�ciency reads

fmes = min (⌧pp + ⌧p� , 1) (2.20)

We will assume that for each interaction, charged pions undertake a fraction of the parent
cosmic-ray energy f⇡ ⌘ E⇡/ECR ⇠ 0.2 , and each neutrino f⌫ ⌘ E⌫/E⇡ ⇠ 0.25.

At early times when the ejecta is very dense, the secondary nuclei and pions continue to
interact with the radiation and hadron background and produce higher order nuclei, neutrinos
and pions [14]. Charged pions have a lifetime of ⌧⇡ = 2.6 ⇥ 10�8 s in the lab frame. They
interact with protons with cross section �⇡p ⇠ 5⇥10�26 cm2 and elasticity ⇠⇡p = 0.5 [14], and
with thermal photons with �⇡� ⇠ 10�28 cm2 and ⇠⇡� ⇠ 0.5, producing additional neutrinos
and pions that undergo further ⇡p and ⇡� interaction. Notice that the ⇡� cross section
was estimated by �⇡� ⇠ �p� (�⇡p/�pp). This cascade continues until min(t⇡� , t⇡p) = �⇡ ⌧⇡.
Charged pions then stop interacting and decay into neutrinos via ⇡± ! e±+⌫e(⌫̄e)+ ⌫̄µ+⌫µ.
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ
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Figure 2. Spectra of cosmic rays (left) and neutrinos (right) from a magnetar with surface magnetic
field B = 1015 G and initial spin period Pi = 1 ms, comparing to measurements of the KASCADE
[58, 59] and the Auger Observatory [60], as well as the IceCube 5-year sensitivity [61, 62]. Only
hadronuclear interaction is taken into account, and the acceleration e�ciency is set to be ⌘ = 1. In
both plots, analytical results from this work (blue) are comparable to numerical results from [16, 63]
(note that in the right panel, the black dashed line shows only neutrinos from primary cosmic rays).

For milder magnetic fields than for magnetars, the spin-down time is longer and the ejecta
can become diluted enough to allow the escape of heavy nuclei at UHE. One might con-
sider however that some mechanisms invoked in the next section and in Section 4 can carve
a path for cosmic rays to escape safely, for magnetars in particular which are extreme objects.

2.4 Neutrino production and di↵use flux

The cosmic-ray interactions on the hadronic and radiative backgrounds described in the pre-
vious sections will inevitably lead to the production of charged pions, and thus of neutrinos.
The meson production e�ciency reads

fmes = min (⌧pp + ⌧p� , 1) (2.20)

We will assume that for each interaction, charged pions undertake a fraction of the parent
cosmic-ray energy f⇡ ⌘ E⇡/ECR ⇠ 0.2 , and each neutrino f⌫ ⌘ E⌫/E⇡ ⇠ 0.25.

At early times when the ejecta is very dense, the secondary nuclei and pions continue to
interact with the radiation and hadron background and produce higher order nuclei, neutrinos
and pions [14]. Charged pions have a lifetime of ⌧⇡ = 2.6 ⇥ 10�8 s in the lab frame. They
interact with protons with cross section �⇡p ⇠ 5⇥10�26 cm2 and elasticity ⇠⇡p = 0.5 [14], and
with thermal photons with �⇡� ⇠ 10�28 cm2 and ⇠⇡� ⇠ 0.5, producing additional neutrinos
and pions that undergo further ⇡p and ⇡� interaction. Notice that the ⇡� cross section
was estimated by �⇡� ⇠ �p� (�⇡p/�pp). This cascade continues until min(t⇡� , t⇡p) = �⇡ ⌧⇡.
Charged pions then stop interacting and decay into neutrinos via ⇡± ! e±+⌫e(⌫̄e)+ ⌫̄µ+⌫µ.
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:
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�(✏0)
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p✏02

Z 2�p✏
0

0
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00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
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1044.5 ergMpc�3yr�1, which is not easily reached by most
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leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
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of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
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For all the transient objects depicted in Fig. 1, time-
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are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
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Figure 2. Spectra of cosmic rays (left) and neutrinos (right) from a magnetar with surface magnetic
field B = 1015 G and initial spin period Pi = 1 ms, comparing to measurements of the KASCADE
[58, 59] and the Auger Observatory [60], as well as the IceCube 5-year sensitivity [61, 62]. Only
hadronuclear interaction is taken into account, and the acceleration e�ciency is set to be ⌘ = 1. In
both plots, analytical results from this work (blue) are comparable to numerical results from [16, 63]
(note that in the right panel, the black dashed line shows only neutrinos from primary cosmic rays).

For milder magnetic fields than for magnetars, the spin-down time is longer and the ejecta
can become diluted enough to allow the escape of heavy nuclei at UHE. One might con-
sider however that some mechanisms invoked in the next section and in Section 4 can carve
a path for cosmic rays to escape safely, for magnetars in particular which are extreme objects.

2.4 Neutrino production and di↵use flux

The cosmic-ray interactions on the hadronic and radiative backgrounds described in the pre-
vious sections will inevitably lead to the production of charged pions, and thus of neutrinos.
The meson production e�ciency reads

fmes = min (⌧pp + ⌧p� , 1) (2.20)

We will assume that for each interaction, charged pions undertake a fraction of the parent
cosmic-ray energy f⇡ ⌘ E⇡/ECR ⇠ 0.2 , and each neutrino f⌫ ⌘ E⌫/E⇡ ⇠ 0.25.

At early times when the ejecta is very dense, the secondary nuclei and pions continue to
interact with the radiation and hadron background and produce higher order nuclei, neutrinos
and pions [14]. Charged pions have a lifetime of ⌧⇡ = 2.6 ⇥ 10�8 s in the lab frame. They
interact with protons with cross section �⇡p ⇠ 5⇥10�26 cm2 and elasticity ⇠⇡p = 0.5 [14], and
with thermal photons with �⇡� ⇠ 10�28 cm2 and ⇠⇡� ⇠ 0.5, producing additional neutrinos
and pions that undergo further ⇡p and ⇡� interaction. Notice that the ⇡� cross section
was estimated by �⇡� ⇠ �p� (�⇡p/�pp). This cascade continues until min(t⇡� , t⇡p) = �⇡ ⌧⇡.
Charged pions then stop interacting and decay into neutrinos via ⇡± ! e±+⌫e(⌫̄e)+ ⌫̄µ+⌫µ.
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ
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suppose that a flaring event is associated to the acceleration
of hadrons within the source. We will concentrate in this
study on the proton case, which should lead to higher rates
of neutrino production. Our goal in this work is indeed to
find necessary conditions on the background fields for the
detection of flares in neutrinos, as discussed in Section 5.3.
The case of heavier nuclei can be derived at the cost of
scaling down the expected fluxes in the proton case by a
factor of 5-10 (Murase & Beacom 2010).

2. Neutrino production mechanisms in transients
- acceleration of protons Emax and spectrum
- discussion on energy loss timescales, why tdyn is domi-
nant, also introduce tsyn
- photon backgrounds for transient sources

Neutrinos can be produced by accelerated hadrons. We
consider two principal production channels: photo-hadronic
interactions and hadronic interactions. Firstly we focus on
photo-hadronic interactions and we study the interaction
between the photons emitted during the flaring event and
hadrons that could be accelerated during this violent event.
We discuss hadronic interactions in section 6.6.

2.1. Accelerated particles

In the following, we consider LB = ⌘BLtot, where Ltot is
the total luminosity detected during the flare (by a given
detector) and LB is the magnetic luminosity, defined as
LB ⇠ �c �2R2B2 (Lemoine & Waxman 2009). Here � = v/c
where v is the velocity of the flaring region (bulk velocity)
and � = (1 � �2)�1/2 is the bulk Lorentz factor of the
outflow.

We consider a hadron of charge eZ, Lorentz factor �p
(�p = vp/c) and energy Ep, accelerated in a region of
size R and magnetic field B. We compare the acceleration
timescale tacc and the dynamical timescale tdyn of the re-
gion. In the following, all the quantities denoted with a
prime are in the comoving frame and other quantities are
in the laboratory frame. Therefore, t0dyn = R/��c, where
� = v/c and v the characteristic speed of the region. For
successful acceleration, one needs to satisfy t0acc < t0dyn.

As E0
p = Ep/� and LB ⇠ �c �2R2B02 = ⌘BLtot, we

obtain:

Ep,max ⇠ Ze

�

✓
�⌘BLtot

c

◆1/2

. (1)

This comparison provides a better constraint on the
maximal energy of accelerated particles, as we take into
account the speed of the accelerating region. We get back
to the first condition when � ! 1 (for an ultra-relativistic
moving region).

In practice, we need t0acc < min(t0dyn, t0loss, t
0
esc) (see,

e.g., Kotera & Olinto 2011), where t0loss is the energy-loss
timescale and t0esc is the escape time of particles from the
accelerating region. For non-relativistic flares the limiting
timescale is usually t0dyn. [comment on dynamical time be-
ing limiting]

[comment on spectrum for hadrons]
[comment on luminosity in hadrons (cases where ⌘p >

1)]

2.2. Background photon spectrum

2.3. Photo-hadronic interactions

In the case of photo-hadronic interactions, the interaction
between an accelerated hadron and a photon field can
produce neutrinos. It involves the following interactions:
p + � ! n + ⇡+ and p + � ! p + ⇡0.

In the first channel, neutrinos are produced by the decay
of charged pions, e.g.: ⇡+ ! µ+ + ⌫µ followed by µ+ !
e+ +⌫e + ⌫̄µ. The second channel only produces photons by
the decay of neutral pions: ⇡0 ! 2�.

This description is greatly simplified as many other
photo-hadronic interaction channels contribute to the pro-
duction of neutrinos, for instance multi-pions productions.
Such processes are simulated in the SOPHIA code (Mücke
et al. 1999). A complete description of the photo-hadronic
interaction allows a good prediction of the interaction cross-
section.

2.4. Energy-loss timescale

In the following, all the quantities are calculated in the
comoving frame of the emitting region. Its Lorentz factor
is �.

Photo-hadronic interaction are characterised by an
energy-loss timescale t0�p. We evaluate the neutrino produc-
tion by comparing this timescale to the dynamical timescale
of the flaring region, t0dyn = R/��c. The optical depth
f�p = t0dyn/t0�p characterises the production rate.

Following a classical approach (e.g. Dermer & Menon
2009), in the isotropic and ultra-relativistic case (Stecker
1968), we obtain the energy loss timescale of the photo-
hadronic interaction:

t0
�1
�p =

c

2

Z 1

0
d✏0

n0
�(✏0)

�2
p✏02

Z 2�p✏
0

0
d✏00✏00��p(✏

00)K�p(✏
00) , (2)

where ��p(✏00) is the interaction cross section in the proton
rest frame and n0

�(✏0) = dN 0
�/d✏0dV 0 is the spectral number

density in the comoving frame. The quantity K(✏00) char-
acterises the inelasticity of the reaction in the proton rest
frame, that is the loss of energy during one interaction. The
knowledge of the cross section, the inelasticity coefficient
and the spectrum of the background photons is sufficient
to determine the timescale.

2.5. Cross-section, elasticity profiles and photon spectrum

We can approximate the cross-section profile by the sum of
two step functions, used in Atoyan & Dermer (2003):

��p(✏
00) =

⇢
340 µbarn, 200 MeV < ✏00 < 500 MeV ,
120 µbarn, ✏00 > 500 MeV .

(3)

And the elasticity is:

K�p(✏
00) =

⇢
0.2, 200 MeV < ✏00 < 500 MeV ,
0.6, ✏00 > 500 MeV .

(4)

We can also approximate the product of these quantities
with a Heaviside function, where ✏00th = 0.2 GeV is the
threshold energy in the proton rest frame:

��p(✏
00)K�p(✏

00) = h��pK�pi H(✏00 � ✏00th) . (5)
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e
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In the transient sky are found the most violent phe-
nomena in the universe. Magnetars, super/hypernovae,
gamma-ray bursts, tidal-disruption flares, and many
more bright objects lasting for a fraction of second to
years, are being routinely discovered nowadays, thanks
to surveys and searches conducted mostly in wavelengths
from radio to X-rays. We argue in this paper that such
transient objects seem to be favored as sources of the
highest energy particles, by the current multi-messenger
observational data.

The origin of ultrahigh energy cosmic rays, detected at
energies > 1020 eV, is still unknown [1]. A stringent lower
limit on the bolometric luminosity of any astrophysical
outflow can be placed as a necessary condition to acceler-
ate particles to energy E [2]: L > 1045(E/1020 eV)2Z�2

erg/s, with Z the charge number of the particle. For a
proton composition, this implies that the sources have to
be exceptionally bright.

Many of the new classes of transients would be able
a priori to produce these particles, and their associated
neutrinos. Above E > 1019 eV, the observed cosmic-ray
flux constrains the source energy budget to EUHECR =
1044.5 ergMpc�3yr�1, which is not easily reached by most
astrophysical populations. Additionally, for UHECRs,
the source density for steady candidates is highly con-
strained by the absence of observed anisotropy in the ar-
rival direction of cosmic rays (Abreu et al. 2013, Takami
et al. 2014). Constraints on the density of transient
sources are subject to the time spread ⌧ experienced by
particles as they are deflected in the intergalactic mag-
netic fields (IGMF): n = ⇢s/⌧ , where ⇢s is the real source
density, and ⌧ is bounded by lower and upper observa-
tional limits obtained on Galactic and IGMF structures
respectively [3]. Even rare transient events could thus
mimic a rather dense population - but Fig. 1 shows that
the energy budget condition leaves a handful of transient
events. By going to the highest energies, we narrow down
the number of candidates, and it becomes possible to do

a case-by-case object study.
Another information given by the distribution of the

arrival directions is the absence of multiplets, namely
cosmic ray events arriving with little angular separation
in the sky. This lack can be used to constrain the ap-
parent number density of sources to n0 > 10�5 Mpc�3,
if cosmic rays are protons [3, 4], a simple evaluation
leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
10�5 Mpc�3 are strongly disfavoured [5]. The low density
of steady candidates: clusters of galaxies (10�6 Mpc�3),
FRI-type (10�5 Mpc�3), and FRII-type radio-galaxies
(10�8 Mpc�3) might not be compatible with the lack of
multiplets in the case of proton composition. For tran-
sient sources, the apparent n0 and real ⇢0 number den-
sities of proton UHECR sources are related via the cos-
mic ray arrival time spread �t due to magnetic fields:
⇢0 ⇠ n0/�t [6]. The time spread �t is bounded on its
lower end by the lower limit of the Galactic magnetic
field, and on its upper end by the upper limit on the
intergalactic magnetic field. By intersecting the infor-
mation on the required density with the required energy
budget estimated earlier, one finds that most transient
sources (AGN flares, High and Low luminosity GRBs)
only tightly meat the requirements for UHECR produc-
tion [6]. On the other hand, pulsars seem to easily fulfill
both criteria.
For all the transient objects depicted in Fig. 1, time-

variability is a crucial signature that can only be used if
neutrino/gamma-ray and gravitational wave signatures
are combined. No temporal correlation between a tran-
sient source and charged UHECRs is expected because
of time delays due to deflections in the cosmic magnetic
fields. But secondary neutrinos or photons should exhibit
time-variabilities. This essential quantity can finally be
considered with the current instrumental precision. Its
measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
source or its environment.
n ! p+ e� + ⌫̄e ⇡+ ! µ+ + ⌫µ ! e+ + ⌫e + ⌫̄µ + ⌫µ

⇤ kotera@iap.fr † murase@psu.edu

Figure 2. Spectra of cosmic rays (left) and neutrinos (right) from a magnetar with surface magnetic
field B = 1015 G and initial spin period Pi = 1 ms, comparing to measurements of the KASCADE
[58, 59] and the Auger Observatory [60], as well as the IceCube 5-year sensitivity [61, 62]. Only
hadronuclear interaction is taken into account, and the acceleration e�ciency is set to be ⌘ = 1. In
both plots, analytical results from this work (blue) are comparable to numerical results from [16, 63]
(note that in the right panel, the black dashed line shows only neutrinos from primary cosmic rays).

For milder magnetic fields than for magnetars, the spin-down time is longer and the ejecta
can become diluted enough to allow the escape of heavy nuclei at UHE. One might con-
sider however that some mechanisms invoked in the next section and in Section 4 can carve
a path for cosmic rays to escape safely, for magnetars in particular which are extreme objects.

2.4 Neutrino production and di↵use flux

The cosmic-ray interactions on the hadronic and radiative backgrounds described in the pre-
vious sections will inevitably lead to the production of charged pions, and thus of neutrinos.
The meson production e�ciency reads

fmes = min (⌧pp + ⌧p� , 1) (2.20)

We will assume that for each interaction, charged pions undertake a fraction of the parent
cosmic-ray energy f⇡ ⌘ E⇡/ECR ⇠ 0.2 , and each neutrino f⌫ ⌘ E⌫/E⇡ ⇠ 0.25.

At early times when the ejecta is very dense, the secondary nuclei and pions continue to
interact with the radiation and hadron background and produce higher order nuclei, neutrinos
and pions [14]. Charged pions have a lifetime of ⌧⇡ = 2.6 ⇥ 10�8 s in the lab frame. They
interact with protons with cross section �⇡p ⇠ 5⇥10�26 cm2 and elasticity ⇠⇡p = 0.5 [14], and
with thermal photons with �⇡� ⇠ 10�28 cm2 and ⇠⇡� ⇠ 0.5, producing additional neutrinos
and pions that undergo further ⇡p and ⇡� interaction. Notice that the ⇡� cross section
was estimated by �⇡� ⇠ �p� (�⇡p/�pp). This cascade continues until min(t⇡� , t⇡p) = �⇡ ⌧⇡.
Charged pions then stop interacting and decay into neutrinos via ⇡± ! e±+⌫e(⌫̄e)+ ⌫̄µ+⌫µ.
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The guaranteed cosmogenic neutrinos Alves Batista, de Almeida, Lago, KK, in prep.

GR DN

EeV neutrinos guaranteed 
if lucky: hundreds of events

Conclusion

GR DN

Neutrino flares in coincidence with explosive transients 
➡ analytical, assess quickly with few parameters if a source can produce 

detectable neutrino flares. 

UHECRs and neutrinos from jetted tidal disruption events 
➡ numerical tool, valid for any radiative background, applied for a model of 

jetted TDEs. 

Forthcoming observational projects: GRAND and POEMMA. 

Thank you for your attention!

Alves Batista 
et al. in prep.

GRAND Science & Design
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 Can we detect very high-energy neutrino sources?

 good angular resolution (< fraction of degree)
 number of detected events > 100sYES if

Fang, KK, Murase, Miller, Oikonomou 2016
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NEW! HOT! radio detection of astroparticles works! 
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 high-energy neutrinos well-suited for radio-detection



Radio antenna are probably the most basic  
HE particle detectors you can think of… 

➔  cheap + robust + easy to deploy & maintain 
➔  perfect for giant arrays

LOFAR

 
Radio-detection of high-energy neutrinos?
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•  Size of the neutrino detector is a key 
parameter. 

• >10000 km²? 
 - technical capacity? 
        - topology?
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Deployment in hotspots
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Hotspot with favorable topology 
⇒ enhanced detection rate!

topology

trigger rate

GR DN

•  Target sensitivity:  φ0 = 1.5x10-11  GeV/cm²/sr/s 
• Driver : go for hotspots! Then 200’000 km² may be enough to 

reach target sensitivity
• Giant simulation area (1’000’000 antennas over 1’000’000 km²? 

Full Earth?) to identify hotspots
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9SUBATECH, IN2P3-CNRS, Université de Nantes, IMT-Atlantique, Nantes, France70

10Laboratoire de Physique et Chimie de l’Environnement et de l’Espace LPC2E CNRS-Université d’Orléans,71
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34GEPI, Observatoire de Paris, CNRS, Université Paris Diderot, 5 place Jules Janssen, F-92190 Meudon, France99
35Instituto de F́ısica La Plata – CCT La Plata – CONICET, Calle 49 esq. 115 (1900), La Plata, Argentina100

36Shanghai Astronomical Observatory, Chinese Academy of Sciences, 80 Nandan Road, Shanghai 200030, China101
37LESIA, Observatoire de Paris, CNRS, PSL/SU/UPD/SPC, Place J. Janssen, 92195 Meudon, France102

38Department of Astronomy, School of Physics, Peking University, Beijing 100871, China103
39Kavli Institute for Astronomy and Astrophysics, Peking University, Beijing 100871, China104

40School of Engineering and Computer Science, PO Box 600, Victoria University of Wellington, Wellington 6140, New Zealand105

⇤: Spokesperson / †: Corresponding author (mbustamante@nbi.ku.dk)106

GR DN GRAND: Science and Design Page 4 of 50



 
GRAND Today

 15

GR DN

47 collaborators
main contributing institutes: NAOC, IAP, LPNHE, Radboud U., PennState

  

GRAND organizational structure

Spokespersons:
Olivier Martineau
Kumiko Kotera

Project Management:
Charles Timmermans

Site Management:

Site administration:
NAOC

Technical Board:
Charles Timmermans

Simulation:
Olivier Martineau

Reconstruction:
Anne Zilles

Physics coordination:
Mauricio Bustamante
Kohta Murase

Antenna :
Didier Charrier

Electronics:
Charles Timmermans

Comms:
Charles Timmermans

Central DAQ:
Gu Junhua

Outreach:
Anne Zilles

Central Computing:
V. Niess

Site Spokesperson:
Xiang-Ping Wu

Collaboration board Financial board

Project O/ce

Software Librarian:

GRAND Workshop, IAP, May 2017

Author list49
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28LUTH, Observatoire de Paris, CNRS, Université Paris Diderot, PSL Research University, 5 place Jules Janssen,90

92190 Meudon, France91
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Radio Emission by Particle Cascades

Expected Sensitivity for NeutrinosFirst Stages: GRANDproto35 + GRAND300  

The GRAND Project  

Giant Radio Array for Neutrino Detecion
Frank G. Schröder for the GRAND Collaboration

Sporkespersons: Kumiko Kotera <kotera@iap.fr> and Olivier Martineau <martineau@lpnhe.in2p3.fr>
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Further reading, e.g.: Prog. Part. Nucl. Phys. 93 (2017) 1, arXiv:1607.08781

Air-showers initiated by neutrinos will emit radio 
pulses by the same mechanisms experimentally 
confirmed for cosmic-ray protons and nuclei.
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GRAND Phases Start Antennas Size Main Science Goal
GRANDproto35 2018 35 2 km² technical prototype
GRAND300 2020 300 ca. 200 km² galactic cosmic rays
GRAND10k 2025 10.000 10.000 km² extragalactic CR + neutrinos
GRAND200k 2030‘s 200.000 200.000 km² astrophysical + GZK neutrinos

Huge array of self-triggering, autonomous antenna stations

Radio-quiet site in China, final phase can be distributed over 
several sites in the world

Prototype phases will demonstrate technical feasibility and 
contribute to cosmic-ray science and astrophysics

Final size of array will enable detection of astrophysical and 
cosmogenic (GZK) neutrinos above 1017 eV, and provide the 
world-largest aperture for extragalactic cosmic rays

Most sensitive of planned experiments in the energy range 
between 1017 eV and 1020 eV

Neutrino signal expected in scenarios based on realistic, 
mixed cosmic-ray mass composition 

Prototype array of 35 antennas on  
2 km² under construction at site of 
former TREND experiments

Antenna (right) and electronics will 
be tested and further developped 

Particle detectors enable cross- 
check of  array performance and 
self-trigger efficiency and purity

Planned Layout of GRAND300 Photo: Background measurement with protoype antenna

Large 200 km² prototype consisting of 300 
antenna stations planned for 2020

Crosscheck of simulations of the radio 
signal against measurements for very in-
clined cosmic-ray air showers 

Experimental study of optimum design by 
use of graded antenna spacing

Muon detectors deliver high precision for 
mass composition of cosmic-ray nuclei

High statistics and accuracy for energy 
range of expected transition from Galactic 
to extragalactic cosmic-ray sources
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Science 
Goals

 the highest energies (PeV-EeV) - new physics effects grow with energy
 the longest baselines (Mpc-Gpc) - tiny new physics effects can accumulate

II. Ultra-high-energy messengers in GRAND

FIG. 12. Field of view of GRAND for di↵erent exposure times. Left: For a 1-hour exposure. The field of view is shaded purple;
it is calculated for energies 108–1011 GeV. Overlaid dots mark the positions of sources from the Fermi 3FHL catalog [81]; red dots
indicate the most significant (test statistic TS> 25), brightest Fermi sources at energies > 50GeV with spectral index < 2.5, and
maximum photon energy > 100GeV. Right: Integrated 3-year exposure of GRAND to UHE neutrinos of 3 · 109 GeV. Within the
GRAND field of view are known TeV-emitting AGN and starburst galaxies (yellow stars), from TeVCat [82]. IceCube High-Energy
Starting Events (HESE) from the 4-year data release [83] are shown as diamonds (for showers) and crosses (for tracks). Circles
around diamonds represent the angular uncertainty; for tracks, it is smaller than the symbol size.

corresponding to < 5% of the sky. The figure assumes769

that the 200 000 antennas envisioned for the final config-770

uration of GRAND are grouped in a single array cover-771

ing 200 000 km2. Since all azimuth angles are observed at772

any instant, ⇠80% of the sky is observed within 24 hours.773

Short-lived transients lasting less than a day have a low774

probability of being spotted, but for longer transients —775

blazar flares, tidal disruption events, superluminous super-776

novae, etc.— post-analysis at the location of existing tran-777

sients and stacking searches can be performed. Depend-778

ing on the background discrimination e�ciency, GRAND779

could send alerts to other experiments via a system akin to780

AMON [84]. If the array was divided into several hotspots781

scattered over the Earth (see Section ??), the instantaneous782

field of view would be increased, but at the cost of a de-783

crease in sensitivity to transient sources.784

Table I shows the performance of GRAND in detecting785

neutrinos from several classes of transient sources. Fol-786

lowing Ref. [85], we calculate the minimum photon flux787

��,min, at energy ✏� , that is required to reach the neutrino788

detection limit of GRAND. We also estimate the maxi-789

mum accessible neutrino energy E⌫,max within the source,790

calculated from the maximum cosmic-ray energy, taking791

into account cosmic-ray cooling e↵ects. The values of the792

source parameters are favorably picked within the range793

allowed by the latest observations, i.e., highest allowed794

E⌫,max, lowest allowed ��,min, bulk Lorentz factor of the795

outflow � = 10, and baryon loading ⌘p = 1. We estimate796

the optimistic fluence sensitivity Smax of GRAND by con-797

sidering its e↵ective area Ae↵ at a favorable zenith angle798

✓ = 89� and energy E⌫ = 109 GeV. For three neutrino799

flavors, Smax = 3E⌫/Ae↵(✓, E⌫) ' 1.2 ⇥ 10�1 GeV cm�2 .800

GRAND could observe transient sources such as low-801

luminosity (LL) GRBs, blazar flares, tidal disruption events802

(TDEs), and superluminous supernovae (SLSNe), provided803

that they occur within the detectable distance DL,max. A804

caveat applies to LL GRBs or Type Ibc supernovae, as805

these objects could be o↵-axis GRBs or could have hosted a806

choked GRB, leading to neutrino emission without a promi-807

nent electromagnetic counterpart.808

3 Fundamental neutrino physics809

Astrophysical and cosmogenic neutrinos provide a chance810

to test fundamental physics in new regimes, on account of811

their being unparalleled in two key aspects:812

The highest energies: PeV–EeV neutrinos can test par-813

ticle interactions at energies far beyond the reach of814

man-made neutrinos. Many new-physics e↵ects are815

expected to grow with energy, so PeV–EeV neutrinos816

could probe new physics at these scales.817

The longest baselines: With baselines between Mpc and818

a few Gpc — the size of the observable Universe —819

even tiny new-physics e↵ects could accumulate during820

propagation and reach detectable levels.821

Below, we show that GRAND could test fundamental neu-822

trino physics via several observables.823

Numerous new-physics models have e↵ects whose intensi-824

ties are proportional to some power of the neutrino energy825

E and to the source-detector baseline L, i.e., ⇠ nEnL,826

where the energy dependence n and the proportionality827

constant n are model-dependent [86–90]. For instance,828

for neutrino decay, n = �1; for CPT-odd Lorentz viola-829

tion or coupling to a torsion field, n = 0; and for CPT-830

even Lorentz violation or violation of the equivalence prin-831

GR DN GRAND: Science and Design Page 16 of 50

II. Ultra-high-energy messengers in GRAND

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833
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spheric and solar neutrinos [91, 92]. This holds even if the838
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New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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GRANDproto35 2018 35 2 km² technical prototype
GRAND300 2020 300 ca. 200 km² galactic cosmic rays
GRAND10k 2025 10.000 10.000 km² extragalactic CR + neutrinos
GRAND200k 2030‘s 200.000 200.000 km² astrophysical + GZK neutrinos

Huge array of self-triggering, autonomous antenna stations

Radio-quiet site in China, final phase can be distributed over 
several sites in the world

Prototype phases will demonstrate technical feasibility and 
contribute to cosmic-ray science and astrophysics

Final size of array will enable detection of astrophysical and 
cosmogenic (GZK) neutrinos above 1017 eV, and provide the 
world-largest aperture for extragalactic cosmic rays

Most sensitive of planned experiments in the energy range 
between 1017 eV and 1020 eV

Neutrino signal expected in scenarios based on realistic, 
mixed cosmic-ray mass composition 

Prototype array of 35 antennas on  
2 km² under construction at site of 
former TREND experiments

Antenna (right) and electronics will 
be tested and further developped 

Particle detectors enable cross- 
check of  array performance and 
self-trigger efficiency and purity

Planned Layout of GRAND300 Photo: Background measurement with protoype antenna
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antenna stations planned for 2020

Crosscheck of simulations of the radio 
signal against measurements for very in-
clined cosmic-ray air showers 

Experimental study of optimum design by 
use of graded antenna spacing

Muon detectors deliver high precision for 
mass composition of cosmic-ray nuclei

High statistics and accuracy for energy 
range of expected transition from Galactic 
to extragalactic cosmic-ray sources
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 the highest energies (PeV-EeV) - new physics effects grow with energy
 the longest baselines (Mpc-Gpc) - tiny new physics effects can accumulate

II. Ultra-high-energy messengers in GRAND

FIG. 12. Field of view of GRAND for di↵erent exposure times. Left: For a 1-hour exposure. The field of view is shaded purple;
it is calculated for energies 108–1011 GeV. Overlaid dots mark the positions of sources from the Fermi 3FHL catalog [81]; red dots
indicate the most significant (test statistic TS> 25), brightest Fermi sources at energies > 50GeV with spectral index < 2.5, and
maximum photon energy > 100GeV. Right: Integrated 3-year exposure of GRAND to UHE neutrinos of 3 · 109 GeV. Within the
GRAND field of view are known TeV-emitting AGN and starburst galaxies (yellow stars), from TeVCat [82]. IceCube High-Energy
Starting Events (HESE) from the 4-year data release [83] are shown as diamonds (for showers) and crosses (for tracks). Circles
around diamonds represent the angular uncertainty; for tracks, it is smaller than the symbol size.

corresponding to < 5% of the sky. The figure assumes769

that the 200 000 antennas envisioned for the final config-770

uration of GRAND are grouped in a single array cover-771

ing 200 000 km2. Since all azimuth angles are observed at772

any instant, ⇠80% of the sky is observed within 24 hours.773

Short-lived transients lasting less than a day have a low774

probability of being spotted, but for longer transients —775

blazar flares, tidal disruption events, superluminous super-776

novae, etc.— post-analysis at the location of existing tran-777

sients and stacking searches can be performed. Depend-778

ing on the background discrimination e�ciency, GRAND779

could send alerts to other experiments via a system akin to780

AMON [84]. If the array was divided into several hotspots781

scattered over the Earth (see Section ??), the instantaneous782

field of view would be increased, but at the cost of a de-783

crease in sensitivity to transient sources.784

Table I shows the performance of GRAND in detecting785

neutrinos from several classes of transient sources. Fol-786

lowing Ref. [85], we calculate the minimum photon flux787

��,min, at energy ✏� , that is required to reach the neutrino788

detection limit of GRAND. We also estimate the maxi-789

mum accessible neutrino energy E⌫,max within the source,790

calculated from the maximum cosmic-ray energy, taking791

into account cosmic-ray cooling e↵ects. The values of the792

source parameters are favorably picked within the range793

allowed by the latest observations, i.e., highest allowed794

E⌫,max, lowest allowed ��,min, bulk Lorentz factor of the795

outflow � = 10, and baryon loading ⌘p = 1. We estimate796

the optimistic fluence sensitivity Smax of GRAND by con-797

sidering its e↵ective area Ae↵ at a favorable zenith angle798

✓ = 89� and energy E⌫ = 109 GeV. For three neutrino799

flavors, Smax = 3E⌫/Ae↵(✓, E⌫) ' 1.2 ⇥ 10�1 GeV cm�2 .800

GRAND could observe transient sources such as low-801

luminosity (LL) GRBs, blazar flares, tidal disruption events802

(TDEs), and superluminous supernovae (SLSNe), provided803

that they occur within the detectable distance DL,max. A804

caveat applies to LL GRBs or Type Ibc supernovae, as805

these objects could be o↵-axis GRBs or could have hosted a806

choked GRB, leading to neutrino emission without a promi-807

nent electromagnetic counterpart.808

3 Fundamental neutrino physics809

Astrophysical and cosmogenic neutrinos provide a chance810

to test fundamental physics in new regimes, on account of811

their being unparalleled in two key aspects:812

The highest energies: PeV–EeV neutrinos can test par-813

ticle interactions at energies far beyond the reach of814

man-made neutrinos. Many new-physics e↵ects are815

expected to grow with energy, so PeV–EeV neutrinos816

could probe new physics at these scales.817

The longest baselines: With baselines between Mpc and818

a few Gpc — the size of the observable Universe —819

even tiny new-physics e↵ects could accumulate during820

propagation and reach detectable levels.821

Below, we show that GRAND could test fundamental neu-822

trino physics via several observables.823

Numerous new-physics models have e↵ects whose intensi-824

ties are proportional to some power of the neutrino energy825

E and to the source-detector baseline L, i.e., ⇠ nEnL,826

where the energy dependence n and the proportionality827

constant n are model-dependent [86–90]. For instance,828

for neutrino decay, n = �1; for CPT-odd Lorentz viola-829

tion or coupling to a torsion field, n = 0; and for CPT-830

even Lorentz violation or violation of the equivalence prin-831
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Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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 GRAND sensitive to tau neutrinos!

new physics effects scale as

GRAND can probe

II. Ultra-high-energy messengers in GRAND

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916

GR DN GRAND: Science and Design Page 17 of 50

II. Ultra-high-energy messengers in GRAND

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836
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spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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GRAND300 2020 300 ca. 200 km² galactic cosmic rays
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GRAND200k 2030‘s 200.000 200.000 km² astrophysical + GZK neutrinos

Huge array of self-triggering, autonomous antenna stations
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Final size of array will enable detection of astrophysical and 
cosmogenic (GZK) neutrinos above 1017 eV, and provide the 
world-largest aperture for extragalactic cosmic rays
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between 1017 eV and 1020 eV

Neutrino signal expected in scenarios based on realistic, 
mixed cosmic-ray mass composition 
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to extragalactic cosmic-ray sources
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 the highest energies (PeV-EeV) - new physics effects grow with energy
 the longest baselines (Mpc-Gpc) - tiny new physics effects can accumulate

II. Ultra-high-energy messengers in GRAND

FIG. 12. Field of view of GRAND for di↵erent exposure times. Left: For a 1-hour exposure. The field of view is shaded purple;
it is calculated for energies 108–1011 GeV. Overlaid dots mark the positions of sources from the Fermi 3FHL catalog [81]; red dots
indicate the most significant (test statistic TS> 25), brightest Fermi sources at energies > 50GeV with spectral index < 2.5, and
maximum photon energy > 100GeV. Right: Integrated 3-year exposure of GRAND to UHE neutrinos of 3 · 109 GeV. Within the
GRAND field of view are known TeV-emitting AGN and starburst galaxies (yellow stars), from TeVCat [82]. IceCube High-Energy
Starting Events (HESE) from the 4-year data release [83] are shown as diamonds (for showers) and crosses (for tracks). Circles
around diamonds represent the angular uncertainty; for tracks, it is smaller than the symbol size.

corresponding to < 5% of the sky. The figure assumes769

that the 200 000 antennas envisioned for the final config-770

uration of GRAND are grouped in a single array cover-771

ing 200 000 km2. Since all azimuth angles are observed at772

any instant, ⇠80% of the sky is observed within 24 hours.773

Short-lived transients lasting less than a day have a low774

probability of being spotted, but for longer transients —775

blazar flares, tidal disruption events, superluminous super-776

novae, etc.— post-analysis at the location of existing tran-777

sients and stacking searches can be performed. Depend-778

ing on the background discrimination e�ciency, GRAND779

could send alerts to other experiments via a system akin to780

AMON [84]. If the array was divided into several hotspots781

scattered over the Earth (see Section ??), the instantaneous782

field of view would be increased, but at the cost of a de-783

crease in sensitivity to transient sources.784

Table I shows the performance of GRAND in detecting785

neutrinos from several classes of transient sources. Fol-786

lowing Ref. [85], we calculate the minimum photon flux787

��,min, at energy ✏� , that is required to reach the neutrino788

detection limit of GRAND. We also estimate the maxi-789

mum accessible neutrino energy E⌫,max within the source,790

calculated from the maximum cosmic-ray energy, taking791

into account cosmic-ray cooling e↵ects. The values of the792

source parameters are favorably picked within the range793

allowed by the latest observations, i.e., highest allowed794

E⌫,max, lowest allowed ��,min, bulk Lorentz factor of the795

outflow � = 10, and baryon loading ⌘p = 1. We estimate796

the optimistic fluence sensitivity Smax of GRAND by con-797

sidering its e↵ective area Ae↵ at a favorable zenith angle798

✓ = 89� and energy E⌫ = 109 GeV. For three neutrino799

flavors, Smax = 3E⌫/Ae↵(✓, E⌫) ' 1.2 ⇥ 10�1 GeV cm�2 .800

GRAND could observe transient sources such as low-801

luminosity (LL) GRBs, blazar flares, tidal disruption events802

(TDEs), and superluminous supernovae (SLSNe), provided803

that they occur within the detectable distance DL,max. A804

caveat applies to LL GRBs or Type Ibc supernovae, as805

these objects could be o↵-axis GRBs or could have hosted a806

choked GRB, leading to neutrino emission without a promi-807

nent electromagnetic counterpart.808

3 Fundamental neutrino physics809

Astrophysical and cosmogenic neutrinos provide a chance810

to test fundamental physics in new regimes, on account of811

their being unparalleled in two key aspects:812

The highest energies: PeV–EeV neutrinos can test par-813

ticle interactions at energies far beyond the reach of814

man-made neutrinos. Many new-physics e↵ects are815

expected to grow with energy, so PeV–EeV neutrinos816

could probe new physics at these scales.817

The longest baselines: With baselines between Mpc and818

a few Gpc — the size of the observable Universe —819

even tiny new-physics e↵ects could accumulate during820

propagation and reach detectable levels.821

Below, we show that GRAND could test fundamental neu-822

trino physics via several observables.823

Numerous new-physics models have e↵ects whose intensi-824

ties are proportional to some power of the neutrino energy825

E and to the source-detector baseline L, i.e., ⇠ nEnL,826

where the energy dependence n and the proportionality827

constant n are model-dependent [86–90]. For instance,828

for neutrino decay, n = �1; for CPT-odd Lorentz viola-829

tion or coupling to a torsion field, n = 0; and for CPT-830

even Lorentz violation or violation of the equivalence prin-831
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Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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 GRAND sensitive to tau neutrinos!

new physics effects scale as

GRAND can probe

Flavor ratios — at production

p� ! �+(1232) ! ⇡+n ⇡+ ! µ+⌫µ ! e+⌫e⌫̄µ⌫µ

Flavor ratios at production: (fe : fµ : f⌧)S ⇡ (1/3 : 2/3 : 0)

10

Flavor ratios — at Earth

mixing params. @ 3�������������!

(1/3 : 2/3 : 0)S

11

flavors at Earthflavors at source

Flavor ratios — at Earth

mixing params. @ 3�������������!

(1/3 : 2/3 : 0)S

f⌧,� outside [0.30,0.35] could imply new physics

11
courtesy: M. Bustamante (GRAND Workshop 2017)

II. Ultra-high-energy messengers in GRAND

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.

ciple, n = 1. If GRAND were to detect neutrinos of en-832

ergy E coming from sources located at a distance L then,833

nominally, it could probe new physics with exquisite sen-834

sitivities of n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n.835

This is an enormous improvement over current limits of836

0 . 10�32 EeV and 1 . 10�33, obtained with atmo-837

spheric and solar neutrinos [91, 92]. This holds even if the838

di↵use neutrino flux is used instead, since most of the con-839

tributing sources should anyway lie at distances of Gpc.840

New physics manifests via, at least, three observables:841

Spectral shape: Neutrino spectra are expected to be842

power laws in energy. New physics could introduce843

additional spectral features, like peaks, troughs, and844

varying slopes. Possibilities include neutrino decay845

[93–95], secret neutrino interactions [96–100], and846

scattering o↵ dark matter [101–103].847

In GRAND, detection of EeV neutrinos with large848

statistics and shower energy resolution of ⇠15% (see849

Section IVD) would allow to bin detected neutrinos850

finely in energy and potentially identify sub-dominant851

features introduced by new physics, or to discover852

their energy dependence [94, 95, 104–106].853

Angular distribution: When neutrinos travel inside the854

Earth, the neutrino-nucleon cross section imprints855

itself on the distribution of their arrival directions.856

This has allowed to measure the cross section up to857

PeV energies in IceCube [107, 108]. EeV neutrinos858

could extend the measurement even more. Further,859

we can look for deviations due to enhanced neutrino-860

nucleon interactions [109–111] and interactions with861

high-density regions of dark matter [102, 112]. With862

a pointing accuracy of ⇠ 0.05�, GRAND would be863

able to precisely reconstruct the distribution of ar-864

rival directions.865

Flavor composition: Flavor ratios — the proportion of866

each neutrino flavor in the incoming flux — are867

free from uncertainties on the flux normalization868

and so could provide clean signals of new physics869

[94, 105, 106, 111, 113–135]. Possibilities include neu-870

trino decay [93–95, 106, 113, 114, 120, 122, 123, 136–871

144], Lorentz-invariance violation [86, 87, 114, 120,872

145, 146], coupling to a torsion field [147], active-873

sterile neutrino mixing [135], pseudo-Dirac neutrinos874

[94, 122, 148], renormalization-group running of mix-875

ing parameters [149], and interaction with dark mat-876

ter [103, 150] or dark energy [151].877

GRAND will be sensitive mostly to ⌫⌧ (see Section878

??). Other EeV-neutrino experiments — ARA, ARI-879

ANNA, ANITA — are sensitive to neutrinos of all fla-880

vors, though they are unable to distinguish between881

them (however, see Refs. [152, 153]). If neutrinos882

are detected in GRAND and in one of the other ex-883

periments, combining their data would yield the tau884

flavor ratio at EeV energies.885

Ultimately, the ability of GRAND to probe fundamental886

physics at the EeV scale will depend on the level of the887

cosmogenic neutrino flux. If the flux is low, probing new888

physics will be challenging. On the other hand, with a flux889

high enough to yield hundreds of events, we would be able890

to probe fundamental physics in a completely novel regime.891

4 Sensitivity to neutrinos892

Results in this section were obtained using a preliminary893

simulation that has a simplified treatment of the process894

of radio emission. A full, end-to-end simulation chain, in895

preparation, is expected to produce results in early 2018.896

a. Simulation procedure897

898

The simulation considered an antenna array covering a899

square area of 60 000 km2, located in the Tian Shan moun-900

tain range, centered on the TREND site (86�44’E, 42�57’901

N). The separation between antennas is 800 m.902

Figure 13 shows the topographic map of the site, interpo-903

lated from a 200 m-step elevation map derived from public904

NASA satellite data [154].905

We simulate incoming ⌫⌧ with energies E⌫ between 108–906

1011.5 GeV, zenith angles ✓z between 86�–93�, and azimuth907

angles � between 0�–360�. For each choice of (E⌫ , ✓z,�),908

we generate a number ngen of random neutrino trajecto-909

ries, until 100 air showers with energy Esh > 107 GeV are910

within the simulated area. We track the one-dimensional911

evolution of the neutrino trajectories in a simplified man-912

ner, as detailed in Section ??.913

When a ⌫⌧ interacts in rock, via DIS, it produces an out-914

going tau. We use the neutrino interaction lengths in rock915

from Ref. [33] to calculate the energy-dependent interaction916
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II. Ultra-high-energy messengers in GRAND

Class
E⌫,max

(GeV)

✏�
(eV)

⌘p ��,min

(ph cm�2 s�1)

DL,max

[zmax]

Blazar flares 1010 0.1 103 [1.2]

LL GRBs⇤ 109 0.1 103 18Mpc

TDEs 109 104 103 25Mpc

SLSNe 109 10�3 102 7.9Mpc

SNe⇤ 109 10�2 104 79 kpc

TABLE I. Conditions of detectability of neutrinos in GRAND
for di↵erent transient source classes, following Ref. [85]. The
columns show the derived maximum neutrino energy E⌫,max,
the photon flux from the source ��,min required to have an as-
sociated neutrino detection (for fixed baryon loading ⌘p = 1),
measured at energy ✏� , and the maximum distance DL,max —
or redshift zmax — from which one can expect to detect an asso-
ciated neutrino flare. ⇤In these sources, hidden radiation could
enhance the neutrino flux.
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▸ Transition radiation [Motloch et al., PRD 2017]:

   ▸ Refraction of radio waves at ice-air interface could make horizontal Rq look upgoing

   ▸ Assessment: Needs too large a diduse Gux of Rq, because transition radiation is a small edect

▸ Sterile neutrinos [Cherry & Shoemaker, 1802.01611; Huang, 1804.05362]:

   ▸ Sterile neutrinos propagate in Earth, then convert Rs 8 Rq 

   ▸ Assessment: Model predicts more (unseen) events at shallower angles

   

▸ Dark matter decay in Earth core [Anchordoqui et al., 1803.11554]:

   ▸ 480-PeV sterile right-handed Rr in Earth core decays: Rr 8 Higgs + Rq
   ▸ Assessment: Viable, but exotic explanation

Mystery ANITA Events – What Are They?

courtesy: M. Bustamante (ISVHECRI 2018)

Mauricio Bustamante (Niels Bohr Institute) 10

6

▸ Two upgoing, unGipped-polarity showers:
    ▸ANITA-1 (2006): 20°±0.3° dec., 0.60±0.4 EeV 

    ▸ANITA-3 (2014): 38°±0.3° dec., 0.56±0.2 EeV

▸ Estimated background rate: < 10-2 events

▸ Were these showers due to Rq? Unlikely

▸ Optical depth to RN interactions at EeV:

▸ Flux is suppressed by e-18 = 10-8
ANITA Collab., PRL 2016 + 1803.05088

Mystery ANITA Events – First UHE R Detected?

Problems with di2use-1ux interp.

▸ Flux needs to be 108 times larger

▸ No events seen closer to horizon

Transient astrophysical event?

▸ ANITA-1 event: none associated
▸ ANITA-3 event:
    ▸ Type-Ia SN2014dz (z = 0.017)
    ▸ Within 1.9°, 5 hours before event

    ▸ Probability of chance SN: 3 a 10-3

    ▸ R luminosity must exceed bolometric 

       luminosity of 4 a 1042 erg s-1
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Figure 2: The neutrino-nucleon cross section with x0 = 10−4, details are given in the text.

neutrino energy of 108 − 109 GeV after which it passes the BGBK II, III dipoles, due to
the constancy or drop off of the BGBK gluon distribution function below x = 10−5.
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Figure 3: The same as in Fig. (2) but with x0 = 10−6.

To see the sensitivity of our results to the choice of cutoff x0, we show the neutrino-
nucleon cross section in Fig. (3) with the cutoff x0 now taken to be 10−6. Again, for x > x0,
we use the quark and anti-quark distribution functions in (2) to calculate the cross section
while for the region x < x0 we use the saturation approach. While the BGBK I does not
change as it must not, the case where we have the gluon distribution function falling off

7

Extreme gluon saturation 
@UHE for low Bjorken-x < 10-6

neutrino-nucleon 
cross sections

 to explain ANITA events?
Henley & Jalilian Marian (2006)
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May your GRAND* dreams come true!
*Giant Radio Array for Neutrino Detection

EeV Neutrino Astronomy

Kumiko Kotera - Institut d'Astrophysique de Paris - non-Perturbative QCD Workshop 2018


