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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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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
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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
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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 <
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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
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.

– 9 –
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Cosmogenic Neutrinos: parameter space and detectabilty from PeV to ZeV 14

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

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

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

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

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

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

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

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

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

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

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

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

source evolution.

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

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

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

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

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

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

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

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

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

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

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

the most energetic events seen by Auger, which does not give strong credence to these
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I. The GRAND science case
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g1 = 3.293 ± 0.002 ± 0.05
g2 = 2.53 ± 0.02 ± 0.1

Eankle = (5.08 ± 0.06 ± 0.8) EeV

Es = (39 ± 2 ± 8) EeV

E1/2 = (23 ± 1 ± 4) EeV

Eankle = (5.08±0.06±0.8) EeV

g2 = 2.53±0.02±0.1
g1 = 3.293±0.002±0.05

Es = (39±2±8) EeV
E1/2 = (23±1±4) EeV

FIG. 7. The combined energy spectrum measured by the Pierre
Auger Observatory and the fitting function with the fitting pa-
rameters. Figure taken from Ref. [20].

Figure 7 shows the cosmic-ray spectrum found by Auger621

[20]. At ⇠5 EeV, the hardening of the spectrum — the “an-622

kle” — could be due to the transition from a predominantly623

Galactic to a predominantly extragalactic cosmic-ray origin624

above this energy. Above ⇠40 EeV, the energy spectrum625

drops dramatically. This is likely due to UHECR sources626

running out of steam and to the GZK suppression.627

Auger has found an excess in the number of cosmic rays628

above 8 EeV coming from a particular direction [1]. Af-629

ter accounting for cosmic-ray deflections on the Galactic630

magnetic field, the position of the excess is consistent with631

the position of the dipole of the 2MRS galaxy distribution632

[122]. This implies an extragalactic origin of UHECRs at633

the highest energies. There are other anisotropies in arrival634

directions, such as the hot spot in the Northern Hemisphere635

reported by TA [123], the warm spot in the Southern Hemi-636

sphere reported by Auger [124], and the recent correlation637

with starburst galaxies [125]. These anisotropies hint at the638

bulk of UHECRs having intermediate charge at the Earth,639

rather than being pure proton or pure iron.640

Figure 8 shows how measuring the UHECR spectrum641

constrains the nature of the sources. This is done by as-642

suming a population of UHECR sources and comparing643

theoretically calculated spectra and composition associated644

to them to the corresponding experimental observables. In645

Fig. 8, Auger assumed a population of sources with a num-646

ber density that is uniform in redshift, with each source647

injecting cosmic rays following a power-law spectrum and648

an energy-independent mass composition. The analysis fit-649

ted for the spectral index �, the maximum rigidity Rcut,650

and the contribution of five mass groups. The global mini-651

mum occurs at a small � ⇡ 1 and Rcut ⇡ 50 EV. However,652

observations are insu�cient to constrain � strongly.653

Figure 9 shows the corresponding best-fit mass composi-654

tion of UHECRs at Earth. The composition changes from655

γ
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FIG. 8. Two-dimensional projection of the parameter space il-
lustrating the goodness of data description. Contributions from
five mass groups are considered: 1H, 2He, 14N, 28Si, and 56Fe.
The minimized �2 is shown as function of the cosmic-ray injec-
tion index � and the maximum rigidity Rcut above which an
exponential suppression of the source flux is assumed. Figure
taken from Ref. [126].

light to heavy with rising energy. However, at the second656

minimum of Fig. 8, with Rcut = 100 EV, the composition657

is light up to the highest energies. The AugerPrime up-658

grade of the Auger observatory [127] will be the first detec-659

tor to be able to distinguish between these scenarios. The660

UHECR composition at the highest energies significantly661

a↵ects the cosmogenic neutrino flux — a heavier compo-662

sition implies a lower neutrino flux, since the energy per663

cosmic-ray nucleon is lower.664

The most important observable in determining the mass665

composition of cosmic rays is the slant depth Xmax at which666

the electromagnetic component of the shower — electrons667

and photons — is maximum. This is the column depth668

traversed by the shower in the atmosphere. It can be accu-669

rately measured by detecting the fluorescence emission from670

N2 in the atmosphere that has been excited by UHECR-671

induced particle showers. The value of Xmax varies between672

a few hundred to a few thousand g cm�2, depending on the673

identity of the primary cosmic ray and the incoming direc-674

tion. Because of shower-to-shower fluctuations, typically675

the average value hXmaxi of a group of showers is used.676

Results from Auger and the Telescope Array agree on a677

light-to-intermediate UHECR mass composition [128].678
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Reconstructed properties of the sources of UHECR and their dependence on the EGMF David Wittkowski

for hadronic interactions [19]. In order to take detector effects into account, we multiplied the
resulting Gumbel distribution with the energy-dependent detector acceptance and convolved this
product with the energy-dependent detector resolution [16].

To determine the source properties (i.e., the values of fa , g , and Rcut) that describe the data
from the Pierre Auger Observatory best, we minimized the deviance D = DJ +DXmax with DJ =

�2ln(LJ/L sat
J ) and DXmax = �2ln(LXmax/L

sat
Xmax

) with respect to fa , g , and Rcut. Here, LJ and
LXmax are the likelihood values of the simulated energy spectrum and Xmax distribution, respec-
tively, for certain values of fa , g , and Rcut. Furthermore, L sat

J and L sat
Xmax

are the likelihood values
corresponding to LJ and LXmax for the saturated model that perfectly describes the experimental
data (see [3] for details). The minimal deviance Dmin = DJ

min +DXmax
min with the contributions DJ

min
and DXmax

min from the energy spectrum and Xmax distribution, respectively, quantifies the goodness of
fit. To estimate the uncertainties in the best-fit values of the parameters g , and Rcut that originate
from uncertainties in the data from the Pierre Auger Observatory, we applied the same method as
has been used to obtain the uncertainties given in Tab. 8 in [3].

3. Results

When considering models I and II with and without an EGMF, respectively, and fitting the
element fractions fa with a 2 {H,He,N,Si,Fe}, the spectral index g , and the cut-off rigidity Rcut to
the Pierre Auger Observatory data by minimizing the deviance D, we obtain the best-fit parameter
values and the corresponding minimal deviances shown in Tab. 1.

Model g log10(
Rcut
eV ) fH/% fHe/% fN/% fSi/% fFe/% Dmin = DJ

min +DXmax
min

I 1.61+0.08
�0.07 18.88+0.03

�0.07 3.0 2.1 73.5 21.0 0.4 191.9 = 37.3+154.6
II 0.61+0.05

�0.06 18.48+0.01
�0.02 11.0 13.8 67.9 7.2 0.1 221.3 = 48.7+172.6

see [3] 0.87+0.08
�0.06 18.62+0.02

�0.02 0 0 88 12 0 191.9 = 29.2+162.7

Table 1: Best-fit parameter values of g , Rcut, and fa with a 2 {H,He,N,Si,Fe} obtained by minimizing
the deviance D as well as the minimal deviance Dmin and the contributions DJ

min and DXmax
min for our models I

(with EGMF) and II (without EGMF). For comparison, the results of the 1D simulations from [3] are also
shown.

Obviously, the best-fit parameter values of fa , g , and Rcut depend strongly on the chosen
EGMF. The minimal deviance Dmin in Tab. 1 is smaller for model I than for model II, showing
that our model with an EGMF is in better agreement with the Pierre Auger Observatory data than
our model without an EGMF. For comparison, also the results of the previous global fit to the
experimental data [3], which is based on 1D simulations of the UHECR propagation using a homo-
geneous source distribution and considering no EGMF, are shown in Tab. 1.1 Interestingly, when
extending to the 4D simulations with discrete sources following the local mass distribution of the
universe and without EGMF (model II), g and Rcut remain similar, whereas the deviance increases.
In contrast, when including the EGMF in the 4D simulations (model I), g and Rcut strongly increase
and the deviance is found to be at the same level as for the 1D simulations. This shows that the
EGMF has a stronger effect on the simulation results than the source distribution. In particular,

1The fit procedure used in [3] is slightly different from the one used in the current work, but we expect that this has
only a negligible effect on the results.

3

Wittkowski & Auger Coll. ICRC 2017

 influence of EGMF
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Producing EeV neutrinos A&A proofs: manuscript no. flares0607

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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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
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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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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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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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strained by the absence of observed anisotropy in the ar-
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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
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leading to n0 ⇠ 10�4 Mpc�3 [3], and models with n̄ <
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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-
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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
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measurement, combined with data at longer wavelengths
would reveal in particular the magnetic structure of the
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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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Assuming that cosmic rays follow dNCR/dECR / E�p
CR

, then the spectrum of the neutrinos
from the pion decay can be written as [14]:
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where Ehad
⌫ ⇡ 0.25 (t⇡p(ECR)/⌧⇡) m⇡c2 is the break energy for cosmic rays injected with

energy ECR. The neutrino flux is normalized by
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The total neutrino spectrum thus breaks for fsup = 1 at time
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Inserting t⌫,b into equation 2.5, the break is found at energy

E⌫,b = 1.2⇥ 1017 eVA3/4
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For the two estimates above, we have assume that ⇡p interactions are dominant over ⇡�, as
t⇡p < t⇡� for our chosen parameters t3.5, B15 and Pi,�3. Note that most of the neutrinos
are produced by cosmic rays of 1018�19 eVs. The neutrino flux at the break energy from a
population of UHECR sources with birth rate <(D) at a given distance D, can be estimated
as
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where DH is the Hubble distance corresponding to redshift zH, and the factor
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For a uniform source birthrate <(D) = <(0), fz ⇠ 0.55, and for a source emissivity following
the star formation rate (SFR) as in Ref. [64], fz ⇠ 2.5. For magnetars, for which hadronic
interactions dominate, the di↵use neutrino flux can then be estimated as [14] (assuming
tsd ⌧ t⌫,b)
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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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For a uniform source birthrate <(D) = <(0), fz ⇠ 0.55, and for a source emissivity following
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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.
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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
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One can then define a neutrino flux suppression factor as

fsup = min

2

41,
 ✓

t⇡p
�⇡ ⌧⇡

◆�1

+

✓
t⇡�
�⇡ ⌧⇡

◆�1
!�1

3

5 ⇠ 6.5⇥ 10�8 ⌘�1�1

4
P�3

i,�3
B15M

�5/2
ej,1 t43.5 .

(2.21)

Assuming that cosmic rays follow dNCR/dECR / E�p
CR

, then the spectrum of the neutrinos
from the pion decay can be written as [14]:

E2

⌫
dN⌫

dE⌫
/
(�

E⌫/Ehad
⌫

�(2�p)
if E⌫ < Ehad

⌫�
E⌫/Ehad

⌫

�(1�p)
e�E⌫/(f⌫ ECR) if Ehad

⌫ < E⌫ < ECR/4
(2.22)

where Ehad
⌫ ⇡ 0.25 (t⇡p(ECR)/⌧⇡) m⇡c2 is the break energy for cosmic rays injected with

energy ECR. The neutrino flux is normalized by
Z

E⌫
dN⌫

dE⌫
dE⌫ =

Z
3

8
ECR

dNCR

dECR

fsupfmesdECR . (2.23)

The total neutrino spectrum thus breaks for fsup = 1 at time

t⌫,b = 3.0⇥ 105 s ⌘1/41/4
4

P 3/4
i,�3

B�1/4
15

M5/8
ej,1 . (2.24)

Inserting t⌫,b into equation 2.5, the break is found at energy

E⌫,b = 1.2⇥ 1017 eVA3/4
4

⌘3/4P�3/4
i,�3

B�3/4
15

M�5/8
ej,1 . (2.25)

For the two estimates above, we have assume that ⇡p interactions are dominant over ⇡�, as
t⇡p < t⇡� for our chosen parameters t3.5, B15 and Pi,�3. Note that most of the neutrinos
are produced by cosmic rays of 1018�19 eVs. The neutrino flux at the break energy from a
population of UHECR sources with birth rate <(D) at a given distance D, can be estimated
as

E2

⌫,b�⌫,b =
1

4⇡
<(0) fzDH

3

8
E2

CR

dNCR

dE
(t⌫,b) fsupfmes (2.26)

where DH is the Hubble distance corresponding to redshift zH, and the factor

fz ⌘
1

DH

Z zH

0

1

1 + z

dD

dz

<(D)

<(0) dz . (2.27)

For a uniform source birthrate <(D) = <(0), fz ⇠ 0.55, and for a source emissivity following
the star formation rate (SFR) as in Ref. [64], fz ⇠ 2.5. For magnetars, for which hadronic
interactions dominate, the di↵use neutrino flux can then be estimated as [14] (assuming
tsd ⌧ t⌫,b)

E2

⌫,b�⌫,b = 1.5⇥ 10�8GeV cm�2 s�1 sr�1 3/4
4

P�3/4
i,�3

⌘3/4B�7/4
15

Z�1M�5/8
ej,1

⇥ fz
2.25

<(0)
1.2⇥ 103Gpc�3 yr�1

. (2.28)
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FIG. 2. (Color online) Model-dependent 90% confidence-
level limits (solid lines) for (upper panel) cosmogenic-neutrino
predictions (dashed lines) from Ahlers [22] and Kotera [37]
and (lower panel) astrophysical neutrino fluxes from AGN
(BLR) models of Murase [45] and Padovani (long dashes: Y⌫�

= 0.8, short dashes: Y⌫� = 0.3) [46], and Fang pulser model
[48]. The Murase model prediction (s=2.3, ⇠CR=100) [45] is
overlapped with the upper limit. The range of limits indi-
cates the central 90% energy region. The wide energy cover-
age of the current analysis (Fig. 1) allows a stringent model-
dependent limit to be placed for both cosmogenic and astro-
physical models.

of the di↵use extragalactic �-ray background [35, 36].
Our constraints on these models imply that the major-
ity of the observed �-ray background is unlikely to be of
cosmogenic origin.

Limits on cosmogenic neutrino models [37, 38] using
two classes of source-evolution functions are presented
in Table I. One evolution function is the star formation
rate (SFR) [39], which is a generic measure of structure
formation history in the universe, and the other is that
of FRII radio-loud AGN [40, 41]. The cosmogenic mod-
els assuming FRII-type evolution have already been con-
strained by the previous study [7]. In addition, these
strong evolution models may conflict with the observed
�-ray background. The current analysis not only strongly
constrains the FRII-type but also disfavors much weaker
SFR as a UHECR source evolution model. Cosmogenic
models with weaker source evolution than SFR, such as
evolution of high-energy peaked BL Lac objects [42], are
not constrained. The predicted neutrino spectra and
the corresponding model-dependent limits are presented
in Fig. 2. Heavy composition UHECRs produce only a
small flux of cosmogenic neutrinos with respect to pure
proton UHECRs. Thus the limit on the proton com-
position cosmogenic models could also be considered as
the limit on the proton fraction of a mixed-composition
UHECR model for the given evolution model. A more
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FIG. 3. (Color online) Constraints on UHECR source evolu-
tion model and generic all flavor E�2 power-law flux model
parameters. The colored areas represent parameter space ex-
cluded by the current analysis. (Top) Cosmogenic flux pa-
rameters m and zmax of UHECR-source cosmological evolu-
tion function of the form  s(z) / (1+ z)m, assuming proton-
dominant UHECR primaries with only the CMB as the back-
ground photon field. A semi-analytic formulation [43] is used
to estimate the neutrino flux. The boxes indicate approxi-
mate parameter regions for SFR [39] and FRII ([40] and [41])
for reference. (Bottom) Upper limits on E�2 power-law neu-
trino flux normalization �0 and spectral cuto↵ energy Ecut

⌫ .

generic scanning of parameter space for the source evo-
lution function,  s(z) / (1 + z)m, up to the maximum
source extension in redshift z  zmax, was also performed
using an analytical parameterization [43]. Because only
the CMB is assumed as the target photon field in the pa-
rameterization, the limits are systematically weaker than
that on the models that include extragalactic background
light, such as infrared and optical photons, with the given
evolution parameters. The resultant exclusion contour is
shown in the upper panel of Fig. 3. Where each point
represents a given cosmogenic-neutrino model and the
contour represents the exclusion confidence limit calcu-
lated using the LLR method. Our results disfavor a large
portion of the parameter space where m � 3.5 for sources
distributed up to zmax = 2. These constraints imply that
the sources of UHECRs must evolve more slowly than the
SFR. Otherwise, a proton-dominant composition at the
highest energies, in particular the dip model [44], is ex-
cluded.
Astrophysical neutrinos — We tested astrophysical

neutrino models for the UHECR sources. One of the
advantages of studying astrophysical neutrino models
is that not only proton-dominant, but also mixed- or
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⌫ Model Event rate p-value MRF
per livetime

Kotera et al. [37]
SFR 3.6+0.5

�0.8 22.3+10.8
�3.9 % 1.44

Kotera et al. [37]
FRII 14.7+2.2

�2.7 <0.1% 0.33
Aloisio et al. [38]
SFR 4.8+0.7

�0.9 7.8+6.8
�1.8% 1.09

Aloisio et al. [38]
FRII 24.7+3.6

�4.6 <0.1% 0.20
Yoshida et al. [51]
m = 4.0, zmax = 4.0 7.0+1.0

�1.0 0.1+0.4
�0.1% 0.37

Ahlers et al. [22]
best fit, 1 EeV 2.8+0.4

�0.4 9.5+6.5
�1.6% 1.17

Ahlers et al. [22]
best fit, 3 EeV 4.4+0.6

�0.7 2.2+1.3
�0.9% 0.66

Ahlers et al. [22]
best fit, 10 EeV 5.3+0.8

�0.8 0.7+1.6
�0.2% 0.48

TABLE I. Cosmogenic neutrino model tests: Expected num-
ber of events in 2426 days of e↵ective livetime, p-values from
model hypothesis test, and 90%-CL model-dependent limits
in terms of the model rejection factor (MRF) [52], defined as
the ratio between the flux upper limit and the predicted flux.

⌫ Model Event rate p-value MRF
per livetime

Murase et al. [45]
s = 2.3, ⇠CR=100 7.4+1.1

�1.8 2.2+9.9
�1.4% 0.96 (⇠CR 96)

Murase et al. [45]
s = 2.0, ⇠CR=3 4.5+0.7

�0.9 19.9+20.2
�9.2 % 1.66 (⇠CR 5.0)

Fang et al. [48]
SFR 5.5+0.8

�1.1 7.8+14.4
�3.7 % 1.34

Fang et al. [48]
uniform 1.2+0.2

�0.2 54.8+1.7
�2.7% 5.66

Padovani et al. [46]
Y⌫� = 0.8 37.8+5.6

�8.3 <0.1% 0.19 (Y⌫� 0.15)

TABLE II. Astrophysical neutrino model tests: Same as
Table I. The flux normalization scales linearly for AGN
models with the assumed baryonic loading factor ⇠CR for
Murase FSRQ (broad-line region) [45] or neutrino-to-� ra-
tio Y⌫� for Padovani BL Lac [46] models. A power-law pro-
ton UHECR spectrum with index s is assumed in the FSRQ
model. The corresponding parameters for these models to
explain the measured IceCube neutrino flux in TeV-PeV
range [26] are excluded by more than 99.9% CL.
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The maximum accessible energy further depends on many details of the acceleration re-

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

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

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

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

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

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

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

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

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

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

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

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

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

Strittmatter 1987): trad = (6⇡m4

pc
3
/�Tm

2

e)E
�1

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

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

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

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

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

20
B

�2

G
. This timescale has to be com-

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

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

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

Fermi acceleration for instance, A ⇠ g/�
2

sh and tacc ⇠ 107s g E20B
�1

G
�
�2

sh
, where the shock

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

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

Emax ⇠ 1019 eV g
�1/2

B
�1/2
G

�sh.

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

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

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

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

2
/2 > 1045 Z�2

E
2

20 erg s�1. The

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

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

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

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

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

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

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

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

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

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

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

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

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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particles from the acceleration region tesc, the lifetime of the source, tage, and the energy

loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,
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blazars for example, Celotti & Ghisellini (2008) discuss that their jets are not magnetically

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

only possess magnetic luminosities of order 1042�44 erg s�1.
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dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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It should be noted that the escape of particles from acceleration regions is an intricate

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

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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emission (assuming equipartition between the total energy density of non thermal particles

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

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

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

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

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

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

issue that has been scarcely discussed in detail in the literature (note however the works
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loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,
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dominated and that Farano↵-Riley I (FRI) radio galaxies, TeV blazars, and BL Lac objects
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The maximum accessible energy further depends on many details of the acceleration re-
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loss time due to expansion and to interactions with the ambient medium, tloss (see, e.g.,
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forward to derive: the classical determination of the field strength using the synchrotron

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

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

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

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

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

only possess magnetic luminosities of order 1042�44 erg s�1.
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of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).

26 Kotera & Olinto

The maximum accessible energy further depends on many details of the acceleration re-

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

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

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

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

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

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

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

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

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

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

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

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

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

Strittmatter 1987): trad = (6⇡m4

pc
3
/�Tm

2

e)E
�1

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

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

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

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

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

20
B

�2

G
. This timescale has to be com-

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

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

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

Fermi acceleration for instance, A ⇠ g/�
2

sh and tacc ⇠ 107s g E20B
�1

G
�
�2

sh
, where the shock

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

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

Emax ⇠ 1019 eV g
�1/2

B
�1/2
G

�sh.

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

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

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

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

2
/2 > 1045 Z�2

E
2

20 erg s�1. The

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

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

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

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

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

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

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

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

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

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

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

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

of Norman et al. 1995a; Mannheim et al. 2001; Rachen 2008; Allard & Protheroe 2009).
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Category �
tvar
(s)

Lbol

(erg s�1)
Ep,max

(PeV)
E⌫,max

(PeV)
✏th [✏b]
(eV)

⌘p ��,min

(ph cm�2 s�1) DL,max [zmax]

HL GRBs 300 10�3
� 1 1049�53 104�6 0.1 � 103 1 � 103 104�8 [3]

HL GRBs 100 10�3
� 1 1049�53 103�5 10�3

� 10 10 � 103 101�4 [3.2]
Blazar flares 102

� 106 1044�48 102�4 10 � 103 102
� 104 107�11 [3 ⇥ 10�4]

BH mergers 104
� 106.7 1043�46 102�3 1 � 102 103

� 104 109�12
�

NS mergers 103
� 104 1046�48 103�4 102

� 103 102
� 103 107�9

�

WD mergers 102
� 104 1044�46 102�3 1 � 102 103

� 104 109�11
�

Blazar flares 10 102
� 106 1044�48 103�5 10 � 104 0.1 � 10 103�7 [0.7]

LL GRBs 10 � 103 1046�48 104�5 1 � 103 0.1 � 1 103�5 10 Mpc
Magnetar GF 10�3

� 0.1 1044�47 102�3 10�4
� 0.1 [105] 104�7 0.4 Mpc

TDEs 102
� 104 1043�48 103�5 10 � 103 [104] 103�8 20 Mpc

BH mergers 104
� 106.7 1043�46 103�4 10 � 103 1 � 10 105�8

�

NS mergers 103
� 104 1046�48 104�5 102

� 103 10�1
� 1 103�5

�

WD mergers 102
� 104 1044�46 103�4 102

� 103 1 � 10 105�7
�

SLSNe 1 105
� 107 1043�45 104�5 10 � 103 10�3

� 10�2 102�4 4 Mpc
SNe 105

� 107 1040�43 102�4 10 � 103 10�2
� 1 103�7 40 kpc

Novae 105
� 107 1038�40 101�2 1 � 10 1 � 10 107�9 40 pc

Magnetar IB 1 � 40 1041�43 103 0.1 � 1 0.1 � 1 104�6 200 pc
Magnetar SB 0.1 � 1 1039�41 102 10�2 0.1 106�8 2 pc
BH mergers 104

� 106.7 1043�46 103�5 1 � 102 10�3
� 10�2 101�4

�

NS mergers 103
� 104 1046�48 102�3 10�2

� 1 10�2
� 10�1 10�1�1

�

WD mergers 102
� 104 1044�46 102�4 10�2

� 10 10�2
� 10�1 101�3

�

Table 1: Typical properties of different categories of flaring sources. We recall the ranges of values for the bulk Lorentz
factor �, time variability tvar and apparent bolometric luminosity Lbol for each category and the derived maximal energy
of protons Ep,max, maximal energy of neutrinos E⌫,max, threshold energy ✏th (for soft photon spectra) and the required
flux for detectability ��,min. The flux can be converted from ph cm�2 s�1 to Jy by multiplying by ⇠ 10�3. DL,max or
zmax are the order of magnitude of the maximal distance or redshift at which one can expect to detect an associated
neutrino flare with IceCube. Here ⌘B = ⌘p = 1, but the most conservative estimate should use ⌘p = 100. Starred types
of sources should be viewed with care because of possible hidden radiation (Section 6.2).

Source �
tvar
(s)

Lbol

(erg s�1)
Ep,max

(PeV)
E⌫,max

(PeV)
✏th [✏b]
(eV)

��,min

(ph cm�2 s�1)
��,obs

(ph cm�2 s�1) DL [z]

GRB 080319B 300 0.01 � 1 1053 105
� 106 1 � 102 10 � 102 104 10 � 104 [0.937]

GRB 100316D 10 102
� 103 1047 104

� 105 10 � 102 0.1 104 10�1
� 1 260Mpc

PKS 1424-418 10 104
� 105 2 ⇥ 1048 105 103

� 104 0.1 1.7 ⇥ 103 3 ⇥ 102 [1.522]
SGR 1806-20 10 10�3

� 0.01 2 ⇥ 1047 102
� 103 10�4

� 10�3 [105] 104 [107] 15 kpc
Swift J1644+57 10 100 4 ⇥ 1048 104 1 � 10 [104] 103 [0.6] 1.8 Gpc
PS16cgx 1 105 1042

� 1043 103
� 104 102 10�2

� 0.1 104
� 105 8 ⇥ 10�1 [0.1 � 0.2]

Crab Flares 1 104
� 106 1035

� 1036 1 10�2
� 10�1 102 1011

� 1012 < 10�2 1.9 kpc

Table 2: Properties of concrete sources as an illustration of the categories presented in Table 1. The luminosity distance
DL or the redshift z of each source is also specified. The flux ��,min is the minimal flux required to reach the IceCube
sensitivity limit, at threshold energy ✏th or at break ✏b, to be compared with the observed flux of the source ��,obs at
that energy. Fluxes calculated at ✏b are indicated in brackets. Here ⌘B = ⌘p = 1, but the most conservative estimate
should use ⌘p = 100. Starred sources should be viewed with care because of possible hidden radiation (Section 6.2).

tain Ep,max ⇠ 1019
� 1020 eV, E⌫,max ⇠ 1016

� 1017 eV,
✏th ⇠ 0.1 eV and ��,min ⇠ 10 Jy ⇠ 104

� 105 ph cm�2 s�1.
No counterpart was detected at ⇠ 0.1 eV so we can only give
a rough estimate of the source flux: at peak ��,obs(✏b) ⇠

10�1 ph cm�2s�1 and at 1 eV, ��,obs(1 eV) . 1 ph cm�2s�1.
In any case the source flux is far below the IceCube sensi-
tivity limit. For lower values of the bulk Lorentz factor, e.g.
� = 2, ��,min ⇠ 10 � 102 ph cm�2s�1 but the observed flux
is then still below the IceCube detection requirement.

We note that if GRB 100316D was a semi-choked jet,
neutrinos should be searched around 100�1000 s before the
onset of photon emission (Senno et al. 2016a). The reported
absence of precursor neutrinos with IceCube could be used
to constrain the thickness of the extended material around
the source, in the semi-choked model of LL GRBs.
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if this photon flux is observed,  
there is a chance to see a neutrino flare 
from that event
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Fig. 1: Maximal accessible proton energy Ep,max (left column) and corresponding maximal accessible neutrino energy
E⌫,max (right column), as a function of the variability timescale tvar and the bolometric luminosity Lbol of a flaring source,
with bulk Lorentz factor � = 1, 10, 100 (from top to bottom). Overlayed are examples of location of benchmark explosive
transients in the Lbol � tvar parameter-space (see section 5). The beige region indicates the domain where no source is
expected to be found due to the excessive energy budget. The dots locate recently discovered categories of transients
(Kasliwal 2011), superluminous supernovae (SLSNe), peculiar supernovae, and luminous red novae. The small square
box (labelled SNe) and the short diagonal line on its upper left indicate core-collapse and thermonuclear supernovae
respectively. Low-luminosity GRBs and Type Ibc supernovae should be treated with care (see Section 6.2).
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photon flux needed
for detection with GRAND

I. The GRAND science case

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. [49]. 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.

could send alerts to other experiments via a system akin to478

AMON [48]. If the array was divided into several hotspots479

scattered over the Earth (see Section III B 2), the instanta-480

neous field of view would be increased, but at the cost of a481

decrease in sensitivity to transient sources.482

Table I shows the performance of GRAND in detecting483

neutrinos from several classes of transient sources. Follow-484

ing Ref. [49], we calculate the minimum photon flux ��,min,485

at energy ✏� , that is required to reach the neutrino de-486

tection limit of GRAND. We also estimate the maximum487

accessible neutrino energy E⌫,max within the source, cal-488

culated from the maximum cosmic-ray energy, taking into489

account cosmic-ray cooling e↵ects. The parameters of the490

sources are chosen within the range allowed by the lat-491

est observations, so as to provide the most favorable de-492

tection scenario for GRAND, i.e., highest allowed E⌫,max,493

lowest allowed ��,min, bulk Lorentz factor of the outflow494

� = 10, and baryon loading ⌘p = 1. We estimate the op-495

timistic fluence sensitivity Smax of GRAND by considering496

its e↵ective area Ae↵ at a favorable zenith angle ✓ = 89�497

and energy E⌫ = 109 GeV. For three neutrino flavors,498

Smax = 3E⌫/Ae↵(✓, E⌫) ' 1.2 ⇥ 10�1 GeV cm�2 .499

GRAND could observe transient sources such as low-500

luminosity (LL) GRBs, blazar flares, tidal disruption events501

(TDEs), and superluminous supernovae (SLSNe), provided502

that they occur within the detectable distance DL,max. A503

caveat applies to LL GRBs or Type Ibc supernovae, as504

these objects could be o↵-axis GRBs or could have hosted a505

choked GRB, leading to neutrino emission without a promi-506

nent electromagnetic counterpart.507

E Fundamental neutrino physics in508

GRAND509

Astrophysical and cosmogenic neutrinos provide a chance510

to test fundamental physics in new regimes, on account of511

their being unparalleled in two key aspects:512

The highest energies: PeV–EeV neutrinos can test par-513

ticle interactions at energies far beyond the reach of514

man-made neutrinos. Many new-physics e↵ects are515

expected to grow with energy, so PeV–EeV neutrinos516

could probe new physics at these scales.517

The longest baselines: With baselines between Mpc and518

a few Gpc — the size of the observable Universe —519

even tiny new-physics e↵ects could accumulate during520

propagation and reach detectable levels.521

Below, we show that GRAND could test fundamental neu-522

trino physics via several observables.523

Neutrinos have historically been a source of physics be-524

yond the Standard Model. A fundamental di�culty is that,525

since features due to new physics are expected to be sub-526

dominant, they would likely become evident only after suf-527

ficient data has been collected for the dominant, standard528

features to have been identified. New physics could a↵ect529

neutrinos at production, propagation, or detection. In gen-530

eral, it would be di�cult to attribute observed deviations531

to any one of these stages, especially with limited data.532

Numerous new-physics models have e↵ects whose intensi-533

ties are proportional to some power of the neutrino energy534

E and to the source-detector baseline L, i.e., ⇠ nEnL,535

where the energy dependence n and the proportionality536

constant n are model-dependent. For instance, for neu-537

trino decay, n = �1; for CPT-odd Lorentz violation or cou-538

pling to a torsion field, n = 0; and for CPT-even Lorentz539

violation or violation of the equivalence principle, n = 1.540

If GRAND were to detect neutrinos of energy E com-541

ing from sources located at a distance L then, nominally,542

it could probe new physics with exquisite sensitivities of543

n ⇠ 4 · 10�50(E/EeV)�n(L/Gpc)�1 EeV1�n. This is an544

enormous improvement over current limits of 0 . 10�32
545

EeV and 1 . 10�33, obtained with atmospheric and solar546

neutrinos [53, 54]. If, instead, the di↵use neutrino flux —547

the aggregated contributions of all sources — were used, the548

sensitivity would be similar, since most of the contributing549

sources should anyway lie at distances of Gpc.550

Using PeV–EeV astrophysical neutrinos, we can look for551

new physics via, at least, three observables:552

Spectral shape: Neutrino spectra are expected to be553

power laws in energy. New physics could introduce554

additional spectral features, like peaks, troughs, and555

varying slopes. Possibilities include neutrino decay556

[55–57], secret neutrino interactions [58–62], and scat-557

tering o↵ dark matter [63–65].558
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