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Motivation

High energy end of CR spectrum
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Motivation

UHECR conundrum
1 Ankle shape readily produced by superposition of two power-laws

Natural candidate: transition between GCRs and EGCRs
Original models + transition from Galactic 56Fe to EG protons

(Bird+,1993)
Recent models + transition from G 56Fe to EG heavies

(Allard-Olinto-Parizot,2007)

2 Ankle feature also naturally arises as dip in spectrum
from e+e− energy loss of EG protons propagating in CMB

(Berezinsky-Gazizov-Grigorieva,2002)

3 Auger data + light but EG component near and below ankle
+ intermediate composition above
(Auger Collaboration,2014)

4 Recent models + fit Auger spectrum and composition
at price of adding an ad hoc light EG component below ankle
with a steep injection spectrum ∝ E−2.7

(Gaisser-Stanev-Tilav,2013;Aloisio-Berezinsky-Blasi,2014)
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Motivation

Example of  4 (Aloisio-Berezinsky-Blasi,2014)

Motivation

Example (Aloisio-Berezinsky-Blasi,2014)
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Figure 6. [Left panel] Fluxes of protons and nuclei in the case of two populations of extragalactic
sources with an injection parameters �g = 2.7, Ep

max = 3 � 1019 eV for proton and helium and
�g = 1.0, Ep

max = 5 � 1018 eV for sources providing also heavier nuclei. Curves with di�erent colors
show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with �g = 2.7 and
galactic proton and helium fluxes as computed in [47], with three di�erent choices of the maximum
acceleration energy as labeled.
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Figure 7. Mean value of the depth of shower maximum �Xmax� and its dispersion �(Xmax) as
measured by Auger [15] and in our calculations with the same choice of parameters as in figure 6.

elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, � 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 � 1018 eV, with a steep light extragalactic component kicking in around � 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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max = 5 � 1018 eV for sources providing also heavier nuclei. Curves with di�erent colors
show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with �g = 2.7 and
galactic proton and helium fluxes as computed in [47], with three di�erent choices of the maximum
acceleration energy as labeled.
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measured by Auger [15] and in our calculations with the same choice of parameters as in figure 6.

elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, � 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 � 1018 eV, with a steep light extragalactic component kicking in around � 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, � 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 � 1018 eV, with a steep light extragalactic component kicking in around � 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been

– 12 –

1021

1022

1023

1024

1025

1018 1019 1020 1021
E3  J

(E
) (

eV
2  m

-2
 s

-1
 s

r-1
)

E (eV)

γg(p,He,A>4)=1.0, γg(p,He)=2.7

Emax(p,He,A>4)=5Zx1018 eV, Emax(p,He)=3Zx1019 eV

Fe, gal
p

He
CNO

MgAlSi
Fe

1018

1019

1020

1016 1017 1018

E2.
7  J

(E
) (

eV
1.

7  m
-2

 s
-1

 s
r-1

)

E (eV)

KG light
5 PeV
6 PeV
7 PeV

p+He, extra gal

Figure 6. [Left panel] Fluxes of protons and nuclei in the case of two populations of extragalactic
sources with an injection parameters �g = 2.7, Ep

max = 3 � 1019 eV for proton and helium and
�g = 1.0, Ep

max = 5 � 1018 eV for sources providing also heavier nuclei. Curves with di�erent colors
show the sum of the flux of primaries with given mass number A0 and all secondaries produced by
the same nuclear species. The shadowed area shows the flux of all secondaries alone. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with �g = 2.7 and
galactic proton and helium fluxes as computed in [47], with three di�erent choices of the maximum
acceleration energy as labeled.

 650

 700

 750

 800

 850

1018 1019 1020

<X
m

ax
> 

(g
/c

m
2 ) 

E (eV)

EPOS
Sibyll

QGSJet1
QGSJet2

 10

 20

 30

 40

 50

 60

 70

1018 1019 1020

σ
(X

m
ax

) (
g/

cm
2 ) 

E (eV)

Figure 7. Mean value of the depth of shower maximum �Xmax� and its dispersion �(Xmax) as
measured by Auger [15] and in our calculations with the same choice of parameters as in figure 6.

elements (p+He) is contributed mainly by sources with steep injection. In the left panel of
Fig. 6 the end of the proton spectrum coincides with the maximum energy reached in the
sources, while the spectra of nuclei are ended by photo-disintegration on the EBL. Together
with the extragalactic CR components, in the left panel of Fig. 6 we also plot the tail of the
galactic (iron dominated) CR spectrum (black dotted line) as computed in Ref. [47] (with a
maximum energy for galactic protons of 6 PeV, see below).

The fitting to the Auger data on spectrum and mass composition leads to conclude
that at the energy of the ankle, � 5 EeV, the flux is dominated by extragalactic CRs,
thereby locating the transition from the Galactic to the extragalactic component in the
range 1016 � 1018 eV, with a steep light extragalactic component kicking in around � 1018

eV.
As anticipated above, it is interesting to notice that a light CR component has been
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Figure 2. Fluxes of protons and nuclei in the case of an injection power law index γg = 1 with primary
injected particles as labelled. Curves with different colors show the sum of the flux of primaries with
given mass number A0 and all secondaries produced by the same nuclear species. The shadowed area
shows the flux of all secondaries alone. Experimental data are the Auger data on flux [38, 39].
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Figure 3. Mean value of the depth of shower maximum ⟨Xmax⟩ and its dispersion σ(Xmax) as
measured by Auger [15] and in our calculations with the same choice of parameters as in figure 2.
The gray region corresponds to the energy range in which the Auger flux is not reproduced.

Below we consider two possibilities to describe the Auger all-particle CR spectrum and
chemical composition, namely the case in which the additional EeV component has a galactic
origin, extending to very high energies, and the case in which the additional EeV component
composed by protons and helium nuclei has an extragalactic origin.

3.1 Galactic EeV component

The basic version of the SNR paradigm suggests that SNRs may accelerate CRs at the SN
blast wave up to rigidity R ∼ (3 − 5) × 106 GV, which leads to iron nuclei with maximum
energy 7.8× 1016 − 1.3× 1017 eV. This range of energies should also correspond to the end of
Galactic CRs. On the other hand it has been speculated that some rare but more energetic
SN events may give rise to CRs with even larger energies [45], although there may be severe
theoretical difficulties in understanding how to achieve such high energies [46].
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Motivation

Photo-nuclear interactions during acceleration

UHECR+� Interactions during Acceleration
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Motivation

Example (Fang-Kotera-Olinto,2012-2014)

7

Fig. 1.— Timescales at play for the escape of UHECRs from a supernova envelope with Mej,10 and Eej,52. The crossing time tdyn

(dashed lines) and energy loss time by hadronic interactions thad (solid lines) are displayed as a function of particle energy E, for pure iron
(red) and pure proton (blue) injections. The timescales are calculated for various pulsar initial rotation velocities Ωi = 103, 104 s−1 and
magnetic dipole moments µ = 1030 to 1031.5 cgs, as labeled. The other pulsar parameters are set to I = 1045 g cm2, η = 0.1.

The numerical estimates are calculated for secondary
protons. Peaks of the various secondary elements should
appear in the escaped cosmic-ray spectrum at their re-
spective energies. A tail due to lower energy secondary
nucleons (E < E′

low,Z) following approximately a power-

law with index ∼ −1/2 should also be produced together
with the main fragment, down to PeV energies. The am-
plitude of this tail around ∼ E′

low,Z is about a fraction
of the number of the main fragment.

From Eq. (16) and (17), one can derive:
tdyn/thad ∼ 3 × 1010 t−2

2 M2
ej,10E

−1
ej,52 at t2 ≡ t/100 s,

for (A, Z) = (90, 40). We assumed a cross-section
σ90 = 1.5 b for nuclei-proton interactions and an elas-
ticity of ξ = 0.4, at energies E ∼ 1020 eV (in the target
rest-mass frame). This demonstrates that nuclei with
A ! 56 that could be injected at times t ∼ 10 − 100 s
if a successful r-process occurred in the neutrino-driven
wind (Section 2.3), cannot survive the crossing of the
supernova envelope.

Ultrahigh energy ions could also experience photo-
disintegration in the radiation fields generated at the in-
terface between the pulsar wind and the supernova shell.

This radiation field can be expected to be significant
if the supernova explosion is driven by the pulsar wind,
as expected for millisecond rotators. A fraction ηγ of the
wind energy ∼ (1/2)IΩ2

i can be converted to radiative
energy via internal shocks and another fraction ηth of
this radiation then thermalizes depending on the opacity
of the medium. This thermal component peaks at energy

ϵγ = kT ∼ 0.4 (ηγ,1ηth)1/4E
−1/8
ej,52 M

3/8
ej,10t

−3/4
yr eV, with en-

ergy density Uth ∼ 0.5 ηγ,1ηthE
−1/2
ej,52 M

3/2
ej t−3

yr erg cm−3,

where ηγ,1 ≡ ηγ/0.1. This background leads to a cooling

time by photo-disintegration of order:

tAγ,th =[c ξAγ(∆ϵAγ/ϵ̄Aγ)σAγUth/ϵγ]−1 (25)

∼ 105A−0.21
56

(
Eej,52

η2
γ,1η

2
th

)3/8

M
−9/8
ej,10 t9/4

yr s (26)

where ∆ϵAγ/ϵ̄Aγ ∼ 0.4 A0.21
56 , σAγ ∼ 8 × 10−26 A56 cm−2

(Murase et al. 2008), and we take for the elastic-
ity of the Aγ interaction: ξAγ = 1/A (which
is a crude approximation). This estimate of
the cooling time is valid for cosmic-ray energy

EA,peak ∼ 4 × 1017 (ηγ,1ηth)−1/4E
1/8
ej,52M

−3/8
ej,10 t

3/4
yr eV, and

is about one order of magnitude larger for EA ! EA,peak,
as the photo-disintegration cross-section lowers. At the
highest energies (EA ∼ 1020 eV), photo-disintegration
could thus play a role on the escape of cosmic rays if the
radiation and thermalization efficiencies are higher than
ηγηth ! 10−2. The rate of wind energy going to radiation
is evaluated to be of order 10% (e.g., Kasen & Bildsten
2010), but the thermalization fraction of these photons,
ηth, is not known, due to the uncertainties on the
opacities in the internal shock region. Mixing and
Rayleigh-Taylor instabilities effects creating finger-type
structures could lead to a leaking of the high energy
photons, and the thermalization fraction could be as
low as " 10%. A higher acceleration efficiency η would
also enable particles to reach the highest energies by the
time the radiation field intensity has become negligible.
Given these uncertainties, and for simplicity, we will
assume in this paper that the radiation field can be
neglected for the escape of UHECRs from supernova en-
velopes, the baryonic background playing the major role.

To summarize, the conditions for successful accelera-

tesc
tint

Figure 4. Cosmic ray flux measurements by KASCADE-Grande [72], Auger [15] and TA [73] com-
pared with pulsar model predictions. The total spectrum in solid black sums up extragalactic (dash)
and Galactic (solid) components. The top, middle, and bottom panels correspond to the Auger-
uniform, Auger, and TA cases respectively, as in Fig 1. Pulsar and propagation parameters: wind
acceleration coefficient η = 0.3, Galactic magnetic field coherence length lc = 20 pc, magnetic halo
height H = 2 kpc.

– 20 –

�� ��Newly-born pulsars embedded in core-collapse supernovae

initial rotational velocity: Ωi = 103, 104 s−1

magnetic dipole moment: µ = 1030, 1031.5cgs
need GCR population (solid lines) to fill-in spectrum below ankle
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Simple explanation for shape of UHECR spectrum

New idea: photodisintegration after acceleration

UHECR+� Interactions in the Source Environment

4
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Simple explanation for shape of UHECR spectrum

Example that doesn’t create ankle (Globus+,2014)
UHECR acceleration at GRB internal shocks 27

chrotron cooling of photoproduced e+e� pairs and charged mesons
and muons. The high energy photons emitted by these processes
can either escape from the GRB environment or induce electro-
magnetic cascades that would contribute to the prompt emission
at lower energy. Although we did not fully calculate the cascad-
ing of these high energy photons and their final contribution to
the prompt emission, we however estimated the energy transferred
from cosmic-rays to high energy photons and compared it with
the prompt emission energy. It turns out that the amount of en-
ergy transferred from cosmic-ray to photons does not exceed a few
percents of the prompt emission calculated in Sect. 2 in the case
of model A (it is even almost negligible at low luminosity) while it
represent 10 to 20% of the prompt emission in the case of models
B and C. Although non negligible, this supplementary contribu-
tion to the prompt emission does not invalidate our calculations of
cosmic-ray photo-interactions. The full calculations of the contri-
bution of high energy photons emitted by accelerated cosmic-rays
to the prompt emission will be considered in a forthcoming paper.

6 DIFFUSE FLUXES

6.1 GRB luminosity function and cosmic-ray e↵ective
spectrum

In the previous section, we calculated the emitted cosmic-ray and
neutrino spectra for synthetic single pulse GRBs assuming values
of Leq

wind between 1051 and 1055 erg s�1 for models A, B and C. To
calculate di↵use fluxes observable on Earth, which is the main goal
of our study, one needs to make additional assumptions on the GRB
luminosity function, the local rate density and its cosmological evo-
lution. Numerous works have been recently dedicated to estimate
the GRB prompt emission luminosity function, mostly based on
the analysis of BATSE, HETE2 and/or Swift data (see for instance
Daigne et al. 2006; Guetta & Piran 2007; Liang et al. 2007; Le &
Dermer 2007; Guetta & Della Valle 2007; Zitouni et al. 2008; Wan-
derman & Piran 2010). In the following, we use one of the most
recent estimates of the GRB prompt emission luminosity function
and rate density derived from the analysis of Swift GRBs by Wan-
derman and Piran (2010). The authors found that the luminosity
function of GRBs with L� > 1050 erg s�1 is well reproduced by a
broken power law:

dNGRB

dL�
(L�) /

8>><>>:
L�↵� for L� 6 L?
L��� for L� > L?

(27)

where the power indices are ↵ = 1.2, � = 2.4 and the break lumi-
nosity L? = 1052.5 erg s�1. To normalize the luminosity function, the
authors estimated the local (at redshift z=0) rate density of GRBs
with L� > 1050 erg s�1, ⇢GRB(0) = 1.3 Gpc�3 yr�1.
For the redshift evolution of the (comoving) rate density, ⇢GRB(z), a
broken power law behaviour was also found by the same authors,

⇢GRB(z) = ⇢GRB(0) ⇥
8>><>>:

(1 + z)n1 for z 6 z?
(1 + z?)n1�n2 ⇥ (1 + z)n2 for z > z?

(28)
where n1 = 2.1, n2 = �1.4 and z? = 3.
For our assumption on the Lorentz factor distribution (see Sect. 2),
we found that L� is approximately related to Leq

wind by the relation
L� ' 0.05 ⇥ Leq

wind. It is then easy to translate the prompt emission
luminosity function into a cosmic-ray luminosity function for each
energy redistribution model. In the previous sections, we consid-
ered single pulse synthetic GRBs with a wind duration twind = 2s,

Figure 31. Di↵erential luminosity density (also called e↵ective injection
spectrum in the text) of UHECRs emitted by GRBs, calculated for models
A (top), B (center) and C (bottom). The contributions of di↵erent groups of
nuclear species is shown.

c� 2002 RAS, MNRAS 000, 1–??

UHECR acceleration at GRB internal shocks 27

chrotron cooling of photoproduced e+e� pairs and charged mesons
and muons. The high energy photons emitted by these processes
can either escape from the GRB environment or induce electro-
magnetic cascades that would contribute to the prompt emission
at lower energy. Although we did not fully calculate the cascad-
ing of these high energy photons and their final contribution to
the prompt emission, we however estimated the energy transferred
from cosmic-rays to high energy photons and compared it with
the prompt emission energy. It turns out that the amount of en-
ergy transferred from cosmic-ray to photons does not exceed a few
percents of the prompt emission calculated in Sect. 2 in the case
of model A (it is even almost negligible at low luminosity) while it
represent 10 to 20% of the prompt emission in the case of models
B and C. Although non negligible, this supplementary contribu-
tion to the prompt emission does not invalidate our calculations of
cosmic-ray photo-interactions. The full calculations of the contri-
bution of high energy photons emitted by accelerated cosmic-rays
to the prompt emission will be considered in a forthcoming paper.

6 DIFFUSE FLUXES

6.1 GRB luminosity function and cosmic-ray e↵ective
spectrum

In the previous section, we calculated the emitted cosmic-ray and
neutrino spectra for synthetic single pulse GRBs assuming values
of Leq

wind between 1051 and 1055 erg s�1 for models A, B and C. To
calculate di↵use fluxes observable on Earth, which is the main goal
of our study, one needs to make additional assumptions on the GRB
luminosity function, the local rate density and its cosmological evo-
lution. Numerous works have been recently dedicated to estimate
the GRB prompt emission luminosity function, mostly based on
the analysis of BATSE, HETE2 and/or Swift data (see for instance
Daigne et al. 2006; Guetta & Piran 2007; Liang et al. 2007; Le &
Dermer 2007; Guetta & Della Valle 2007; Zitouni et al. 2008; Wan-
derman & Piran 2010). In the following, we use one of the most
recent estimates of the GRB prompt emission luminosity function
and rate density derived from the analysis of Swift GRBs by Wan-
derman and Piran (2010). The authors found that the luminosity
function of GRBs with L� > 1050 erg s�1 is well reproduced by a
broken power law:
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L�↵� for L� 6 L?
L��� for L� > L?
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where the power indices are ↵ = 1.2, � = 2.4 and the break lumi-
nosity L? = 1052.5 erg s�1. To normalize the luminosity function, the
authors estimated the local (at redshift z=0) rate density of GRBs
with L� > 1050 erg s�1, ⇢GRB(0) = 1.3 Gpc�3 yr�1.
For the redshift evolution of the (comoving) rate density, ⇢GRB(z), a
broken power law behaviour was also found by the same authors,

⇢GRB(z) = ⇢GRB(0) ⇥
8>><>>:

(1 + z)n1 for z 6 z?
(1 + z?)n1�n2 ⇥ (1 + z)n2 for z > z?

(28)
where n1 = 2.1, n2 = �1.4 and z? = 3.
For our assumption on the Lorentz factor distribution (see Sect. 2),
we found that L� is approximately related to Leq

wind by the relation
L� ' 0.05 ⇥ Leq

wind. It is then easy to translate the prompt emission
luminosity function into a cosmic-ray luminosity function for each
energy redistribution model. In the previous sections, we consid-
ered single pulse synthetic GRBs with a wind duration twind = 2s,

Figure 31. Di↵erential luminosity density (also called e↵ective injection
spectrum in the text) of UHECRs emitted by GRBs, calculated for models
A (top), B (center) and C (bottom). The contributions of di↵erent groups of
nuclear species is shown.

c� 2002 RAS, MNRAS 000, 1–??

UHECR acceleration at GRB internal shocks 27

chrotron cooling of photoproduced e+e� pairs and charged mesons
and muons. The high energy photons emitted by these processes
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the prompt emission energy. It turns out that the amount of en-
ergy transferred from cosmic-ray to photons does not exceed a few
percents of the prompt emission calculated in Sect. 2 in the case
of model A (it is even almost negligible at low luminosity) while it
represent 10 to 20% of the prompt emission in the case of models
B and C. Although non negligible, this supplementary contribu-
tion to the prompt emission does not invalidate our calculations of
cosmic-ray photo-interactions. The full calculations of the contri-
bution of high energy photons emitted by accelerated cosmic-rays
to the prompt emission will be considered in a forthcoming paper.
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derman & Piran 2010). In the following, we use one of the most
recent estimates of the GRB prompt emission luminosity function
and rate density derived from the analysis of Swift GRBs by Wan-
derman and Piran (2010). The authors found that the luminosity
function of GRBs with L� > 1050 erg s�1 is well reproduced by a
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wind. It is then easy to translate the prompt emission
luminosity function into a cosmic-ray luminosity function for each
energy redistribution model. In the previous sections, we consid-
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Figure 31. Di↵erential luminosity density (also called e↵ective injection
spectrum in the text) of UHECRs emitted by GRBs, calculated for models
A (top), B (center) and C (bottom). The contributions of di↵erent groups of
nuclear species is shown.
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We simulate the propagation of UHECRs above 1017.5 eV, consider-
ing various nuclear species, following a power law spectrum injec-
tion at 156 di↵erent redshifts (from a few 10�4 to ⇠5), for three dif-
ferent hypotheses about the EGMF variance : 0.01, 0.1 and 1 nG. In
total, more than 109 trajectories from the injection redshift to z = 0
were simulated in order to calculate the above-mentioned contri-
bution functions and fluxes with large statistics. Once the simula-
tions have been completed, the distributions of proper comoving
distances from the GRB, of masses and of energies, after propaga-
tion, can be calculated for each injection redshift and EGMF vari-
ance. The particles are reweighted in order to simulate the injection
and composition calculated in Sect. 5 at 21 di↵erent luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, L�, ✏) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each di↵erent EGMF variance. For each
case of redshift and EGMF variance, we divide the proper comov-
ing range obtained into 280 bins11 and calculate the contribution
functions and fluxes in each bin. We are thus able to estimate the
flux on Earth contributed now by a GRB of a given luminosity, ex-
ploding at a given proper comoving distance at a given look-back
time/redshift. Finally, the total UHECR di↵use flux from GRBs can
be estimated by summing the contribution of all single GRBs (at all
luminosities) for each of the 300 realizations of the GRB history in
the universe.
In what follows, we restrict ourselves to a qualitative discussion of
the impact of the EGMF on the expected UHECR di↵use flux from
GRBs. More quantitative aspects, such as the number of GRBs con-
tributing as a function of the energy, time delays, anisotropy ex-
pectation (which requires to include the galactic magnetic field) as
well as the study of inhomogenous magnetic fields configurations
(see for instance Takami & Murase 2012; Kalli, Lemoine & Kotera
2011) will be considered in a forthcoming paper.

6.2.2 Results

UHECR di↵use fluxes, calculated for models A, B and C and three
hypotheses about the EGMF variance are shown in Fig. 32 and 33.
Fig. 32 displays the spectra obtained for the three models assuming
an EGMF variance of 0.1 nG. The lines show the mean values ob-
tained averaging over 300 realizations, for the total spectrum (plain
line) and for di↵erent nuclear species. The shaded areas show the
90% intervals of the 300 realizations, excluding the 5% highest and
lowest ones.
Concerning model A, one sees, as anticipated in the previous sec-
tion, that the power emitted in UHE cosmic-ray is too weak to con-
tribute significantly to the flux observed on Earth. It is almost two
orders of magnitude (at least a factor ⇠70) below the flux recently
reporter by Auger (Abraham et al. 2010a, Aab et al. 2013).
In the cases of models B and C, the predicted fluxes are in very good
agreement with what is observed : the absolute scale of the fluxes
have only been slightly rescaled, by ⇠5% downward for model B
and ⇠ 25% upward for model C, to fall on top of Auger data.
In the case of model B, the mean value obtained for the total spec-
trum is slightly too soft to reproduce the Auger data at the highest
energies. For the 0.1 nG EGMF variance, displayed in the central

estimate of the density of the infrared, optical and ultra-violet backgrounds
(and their redshift evolution) described in Kneiske et al. (2004).
11 The bin size is chosen so that particles are spread over more than two
bins at all energies.
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Figure 32. Di↵use cosmique ray flux spectrum, expected on Earth, assum-
ing an EGMF variance of 0.1 nG, in the cases of model A (top), B (center)
and C (bottom). The contributions of di↵erent groups of nuclei are shown,
the lines (plain lines for the total spectrum) represent the mean value calcu-
lated over 300 realizations of GRB history in the universe, the shaded areas
represent the 90% intervals (excluding the 5% highest and the 5% lowest
realizations) of the 300 realizations. These fluxes are compared with the
latest Auger estimate of the UHECR flux.

panel of Fig. 32, only a few realizations (among the 5% highest)
allow to reproduce correctly the shape of the Auger spectrum at the
highest energies. For instance, Fig. 34 shows one of the 300 real-
izations, which appears to give a relatively good fit to Auger data.
Let us note that for lower values of the EGMF variance, 0.01 nG for
instance, the spread of the predictions becomes larger (see below)
and the Auger data lie comfortably within the 90% interval.
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We simulate the propagation of UHECRs above 1017.5 eV, consider-
ing various nuclear species, following a power law spectrum injec-
tion at 156 di↵erent redshifts (from a few 10�4 to ⇠5), for three dif-
ferent hypotheses about the EGMF variance : 0.01, 0.1 and 1 nG. In
total, more than 109 trajectories from the injection redshift to z = 0
were simulated in order to calculate the above-mentioned contri-
bution functions and fluxes with large statistics. Once the simula-
tions have been completed, the distributions of proper comoving
distances from the GRB, of masses and of energies, after propaga-
tion, can be calculated for each injection redshift and EGMF vari-
ance. The particles are reweighted in order to simulate the injection
and composition calculated in Sect. 5 at 21 di↵erent luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, L�, ✏) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each di↵erent EGMF variance. For each
case of redshift and EGMF variance, we divide the proper comov-
ing range obtained into 280 bins11 and calculate the contribution
functions and fluxes in each bin. We are thus able to estimate the
flux on Earth contributed now by a GRB of a given luminosity, ex-
ploding at a given proper comoving distance at a given look-back
time/redshift. Finally, the total UHECR di↵use flux from GRBs can
be estimated by summing the contribution of all single GRBs (at all
luminosities) for each of the 300 realizations of the GRB history in
the universe.
In what follows, we restrict ourselves to a qualitative discussion of
the impact of the EGMF on the expected UHECR di↵use flux from
GRBs. More quantitative aspects, such as the number of GRBs con-
tributing as a function of the energy, time delays, anisotropy ex-
pectation (which requires to include the galactic magnetic field) as
well as the study of inhomogenous magnetic fields configurations
(see for instance Takami & Murase 2012; Kalli, Lemoine & Kotera
2011) will be considered in a forthcoming paper.

6.2.2 Results

UHECR di↵use fluxes, calculated for models A, B and C and three
hypotheses about the EGMF variance are shown in Fig. 32 and 33.
Fig. 32 displays the spectra obtained for the three models assuming
an EGMF variance of 0.1 nG. The lines show the mean values ob-
tained averaging over 300 realizations, for the total spectrum (plain
line) and for di↵erent nuclear species. The shaded areas show the
90% intervals of the 300 realizations, excluding the 5% highest and
lowest ones.
Concerning model A, one sees, as anticipated in the previous sec-
tion, that the power emitted in UHE cosmic-ray is too weak to con-
tribute significantly to the flux observed on Earth. It is almost two
orders of magnitude (at least a factor ⇠70) below the flux recently
reporter by Auger (Abraham et al. 2010a, Aab et al. 2013).
In the cases of models B and C, the predicted fluxes are in very good
agreement with what is observed : the absolute scale of the fluxes
have only been slightly rescaled, by ⇠5% downward for model B
and ⇠ 25% upward for model C, to fall on top of Auger data.
In the case of model B, the mean value obtained for the total spec-
trum is slightly too soft to reproduce the Auger data at the highest
energies. For the 0.1 nG EGMF variance, displayed in the central

estimate of the density of the infrared, optical and ultra-violet backgrounds
(and their redshift evolution) described in Kneiske et al. (2004).
11 The bin size is chosen so that particles are spread over more than two
bins at all energies.
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Figure 32. Di↵use cosmique ray flux spectrum, expected on Earth, assum-
ing an EGMF variance of 0.1 nG, in the cases of model A (top), B (center)
and C (bottom). The contributions of di↵erent groups of nuclei are shown,
the lines (plain lines for the total spectrum) represent the mean value calcu-
lated over 300 realizations of GRB history in the universe, the shaded areas
represent the 90% intervals (excluding the 5% highest and the 5% lowest
realizations) of the 300 realizations. These fluxes are compared with the
latest Auger estimate of the UHECR flux.

panel of Fig. 32, only a few realizations (among the 5% highest)
allow to reproduce correctly the shape of the Auger spectrum at the
highest energies. For instance, Fig. 34 shows one of the 300 real-
izations, which appears to give a relatively good fit to Auger data.
Let us note that for lower values of the EGMF variance, 0.01 nG for
instance, the spread of the predictions becomes larger (see below)
and the Auger data lie comfortably within the 90% interval.
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We simulate the propagation of UHECRs above 1017.5 eV, consider-
ing various nuclear species, following a power law spectrum injec-
tion at 156 di↵erent redshifts (from a few 10�4 to ⇠5), for three dif-
ferent hypotheses about the EGMF variance : 0.01, 0.1 and 1 nG. In
total, more than 109 trajectories from the injection redshift to z = 0
were simulated in order to calculate the above-mentioned contri-
bution functions and fluxes with large statistics. Once the simula-
tions have been completed, the distributions of proper comoving
distances from the GRB, of masses and of energies, after propaga-
tion, can be calculated for each injection redshift and EGMF vari-
ance. The particles are reweighted in order to simulate the injection
and composition calculated in Sect. 5 at 21 di↵erent luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, L�, ✏) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each di↵erent EGMF variance. For each
case of redshift and EGMF variance, we divide the proper comov-
ing range obtained into 280 bins11 and calculate the contribution
functions and fluxes in each bin. We are thus able to estimate the
flux on Earth contributed now by a GRB of a given luminosity, ex-
ploding at a given proper comoving distance at a given look-back
time/redshift. Finally, the total UHECR di↵use flux from GRBs can
be estimated by summing the contribution of all single GRBs (at all
luminosities) for each of the 300 realizations of the GRB history in
the universe.
In what follows, we restrict ourselves to a qualitative discussion of
the impact of the EGMF on the expected UHECR di↵use flux from
GRBs. More quantitative aspects, such as the number of GRBs con-
tributing as a function of the energy, time delays, anisotropy ex-
pectation (which requires to include the galactic magnetic field) as
well as the study of inhomogenous magnetic fields configurations
(see for instance Takami & Murase 2012; Kalli, Lemoine & Kotera
2011) will be considered in a forthcoming paper.

6.2.2 Results

UHECR di↵use fluxes, calculated for models A, B and C and three
hypotheses about the EGMF variance are shown in Fig. 32 and 33.
Fig. 32 displays the spectra obtained for the three models assuming
an EGMF variance of 0.1 nG. The lines show the mean values ob-
tained averaging over 300 realizations, for the total spectrum (plain
line) and for di↵erent nuclear species. The shaded areas show the
90% intervals of the 300 realizations, excluding the 5% highest and
lowest ones.
Concerning model A, one sees, as anticipated in the previous sec-
tion, that the power emitted in UHE cosmic-ray is too weak to con-
tribute significantly to the flux observed on Earth. It is almost two
orders of magnitude (at least a factor ⇠70) below the flux recently
reporter by Auger (Abraham et al. 2010a, Aab et al. 2013).
In the cases of models B and C, the predicted fluxes are in very good
agreement with what is observed : the absolute scale of the fluxes
have only been slightly rescaled, by ⇠5% downward for model B
and ⇠ 25% upward for model C, to fall on top of Auger data.
In the case of model B, the mean value obtained for the total spec-
trum is slightly too soft to reproduce the Auger data at the highest
energies. For the 0.1 nG EGMF variance, displayed in the central

estimate of the density of the infrared, optical and ultra-violet backgrounds
(and their redshift evolution) described in Kneiske et al. (2004).
11 The bin size is chosen so that particles are spread over more than two
bins at all energies.
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Figure 32. Di↵use cosmique ray flux spectrum, expected on Earth, assum-
ing an EGMF variance of 0.1 nG, in the cases of model A (top), B (center)
and C (bottom). The contributions of di↵erent groups of nuclei are shown,
the lines (plain lines for the total spectrum) represent the mean value calcu-
lated over 300 realizations of GRB history in the universe, the shaded areas
represent the 90% intervals (excluding the 5% highest and the 5% lowest
realizations) of the 300 realizations. These fluxes are compared with the
latest Auger estimate of the UHECR flux.

panel of Fig. 32, only a few realizations (among the 5% highest)
allow to reproduce correctly the shape of the Auger spectrum at the
highest energies. For instance, Fig. 34 shows one of the 300 real-
izations, which appears to give a relatively good fit to Auger data.
Let us note that for lower values of the EGMF variance, 0.01 nG for
instance, the spread of the predictions becomes larger (see below)
and the Auger data lie comfortably within the 90% interval.
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Simple explanation for shape of UHECR spectrum
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Simple explanation for shape of UHECR spectrum

Impact of source environment depends on photon field
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Comparison with experimental data

Example fit: broken power lawBPL, Kneiske04, "0 = 0.05 eV, A = 28
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Comparison with experimental data

Example fit: greybodyBPL, Kneiske04, "0 = 0.05 eV, A = 28
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Comparison with experimental data

Systematic sensitivity (spectrum 1σ ↑ and 〈Xmax〉 1σ ↓)

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.27 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.550galf

0.04± = -4.33
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 484.804/622χ

evolution: SFR2, IRB: Kneiske04

f(27)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.27 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.550galf

0.04± = -4.33
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 484.804/622χ

evolution: SFR2, IRB: Kneiske04

f(27)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.27 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.550galf

0.04± = -4.33
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 484.804/622χ

evolution: SFR2, IRB: Kneiske04

f(27)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

greybody

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n
-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n
-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

broken power law

BPL, Kneiske04, "0 = 0.05 eV, A = 28

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.02

0.04

0.06

0.08

0.1

eν + eν µν + µν τν + τν  sum

 events = 0.9Σ

5

BPL, Kneiske04, "0 = 0.05 eV, A = 28

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.02

0.04

0.06

0.08

0.1

eν + eν µν + µν τν + τν  sum

 events = 0.9Σ

5

BPL, Kneiske04, "0 = 0.05 eV, A = 28

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1 interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.44 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.558galf

0.03± = -4.18
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 502.018/622χ

evolution: SFR2, IRB: Kneiske04

f(28)= 1.0e+00

 = 8.2e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.02

0.04

0.06

0.08

0.1

eν + eν µν + µν τν + τν  sum

 events = 0.9Σ

5

BPL, Kneiske10, "0 = 0.05 eV, A = 23

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1
interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.6 p
maxlg(E

0.01±) = 2.63 Fe19
esclg(R
 = -1.00escδ

0.009± = 0.573galf

0.03± = -4.05
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 591.536/622χ

evolution: SFR2, IRB: Kneiske10

f(23)= 1.0e+00

 = 8.1e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.02

0.04

0.06

0.08

0.1

0.12

eν + eν µν + µν τν + τν  sum

 events = 0.9Σ

6

BPL, Kneiske10, "0 = 0.05 eV, A = 23

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-510

-410

-310

-210

-110

1
interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.6 p
maxlg(E

0.01±) = 2.63 Fe19
esclg(R
 = -1.00escδ

0.009± = 0.573galf

0.03± = -4.05
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 = 0.05 eV0ε

=-2β=2.5, α

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 591.536/622χ

evolution: SFR2, IRB: Kneiske10

f(23)= 1.0e+00

 = 8.1e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.02

0.04

0.06

0.08

0.1

0.12

eν + eν µν + µν τν + τν  sum

 events = 0.9Σ

6

MBB, Kneiske04, T = 150 K, A = 27

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.27 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.550galf

0.04± = -4.33
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 484.804/622χ

evolution: SFR2, IRB: Kneiske04

f(27)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

eν + eν µν + µν τν + τν  sum

 events = 0.4Σ

7

MBB, Kneiske04, T = 150 K, A = 27

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.008±/eV) = 18.5 p
maxlg(E

0.01±) = 2.27 Fe19
esclg(R
 = -1.00escδ

0.01± = 0.550galf

0.04± = -4.33
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 484.804/622χ

evolution: SFR2, IRB: Kneiske04

f(27)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

eν + eν µν + µν τν + τν  sum

 events = 0.4Σ

7

MBB, Kneiske10, T = 150 K, A = 23

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

   injected

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

 d
N

/d
lg

E/
dt

 [a
.u

.]
0

 n

-210

-110

1

10

210

   escaping

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

]
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) [

eV
3 E

0

10

20

30

40

50

60

70

3610×

 flux at Earth

 Auger 2013 prel.
 model

lg(E/eV)
17.5 18 18.5 19 19.5 20 20.5

  [
M

pc
]

τ
c 

-410

-310

-210

-110

1

10

210

310

interaction
escape

 = -1.00
inj
γ

0.007±/eV) = 18.6 p
maxlg(E

0.01±) = 2.56 Fe19
esclg(R
 = -1.00escδ

0.009± = 0.560galf

0.03± = -4.07
gal
γ

/eV) = 19.0gal
maxlg(E

 = 0.00noPhotf

 =2σT =150 K, 

σ) = 0 max(Xsys = 0, nsyslgE∆

/ndf = 628.108/622χ

evolution: SFR2, IRB: Kneiske10

f(23)= 1.0e+00

 = 7.8e+4417.5ε
 yr3Mpc

erg

lg(E/eV)
17.8 18 18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 19.8

, V
(ln

 A
)

〉
ln

 A
〈

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

 composition at Earth

〉ln A〈  V(ln A) Auger 2014

 2≤ A ≤1  6≤ A ≤3  19≤ A ≤7  40≤ A ≤20  56≤ A ≤40 galactic (A=56)

lg(E/eV)
13 14 15 16 17 18 19

]
-1

 s
-1

 s
r

-2
(E

) [
G

eV
 c

m
Φ 2 E

-1210

-1110

-1010

-910

-810

-710

eν µν τν  sum  IC2013
eν µν τν  IC2014

lg(E/eV)
14.5 15 15.5 16 16.5 17 17.5 18 18.5 19ev

en
ts

 p
er

 0
.1

 lg
(E

) p
er

 1
0 

IC
86

-y
ea

rs

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

eν + eν µν + µν τν + τν  sum

 events = 0.5Σ

8

MBB, Kneiske10, T = 150 K, A = 23
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BPL, Kneiske04, "0 = 0.05 eV, A = 28, syst. shifts
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Assuming γ = 1, Kneiske04
log(Emax

p /eV) = 18.6
A = 28

�� ��tail of GCRs (dashed line)
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Multimessenger astrophysics: ν’s and γ’s

Distinctive ν signal + broken power law (left) and greybody (right)
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Multimessenger astrophysics: ν’s and γ’s

EM cascades from γ-rays
Cosmogenic neutrinos safely below upper limit set by Fermi-LAT flux
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FIG. 4: Comparison of proton, neutrino and gamma ray fluxes for di�erent crossover energies. We show the best fit values
(solid lines) as well as neutrino and gamma ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed
lines). The gamma ray fluxes at the 99% C.L. are marginally consistent with the highest energy bins of the Fermi LAT data.
Note, that due to the uncertainties of the infrared background the exact contribution around 100 GeV is uncertain.

The marginalization in Eq. ((9)) also determines Nbest and �best for the model which are the values of the energy shift
and normalization that render the best description of the experimental data, i.e. the maximum probability.

The model is compatible with the experimental results at given goodness of the fit (GOF) if

X

~k

P~k(n, �, Nbest, �best)⇥
⇥
P~k(n, �, Nbest, �best) � Pexp(n, �)

⇤
 0.99 (11)

Technically, this is computed by generating a large number Nrep of replica experiments according to the probability
distribution P~k(n, �, Nbest, �best) and counting the fraction of those which verify P~k(n, �, N , �best)�Pexp(n, �)  0.99

Wit h this method we determine the value of (n, �) parameters that are compatible with the HiRes I and HiRes II
experiments [5]. We plot in Fig. 1 the regions with GOF 64%, 95% and 99% for four values of the minimum energy.
We also show the corresponding values of wcas. These results are obtained assuming an energy scale uncertainty
�Es

= 25% with a top hat prior for the correspondig energy shifts which are assumed to be uncorrelated for HiRes I
and HiRes II. In Fig. 3 we explore the dependence on the results on these assumptions by using a di↵erent form for
the prior, assuming the energy shifts to be correlated between the two experiments, or reducing the uncertainty to
�Es

= 15%. As seen in the figure, the main e↵ect, is associated with the reduction of the energy scale uncertainty
which, as expected, results into a worsening of the GOF for models with larger n. This is directly related to the
normalization constraint from Eq. (10). If one naively ignores the energy scale uncertainty, the constraint in Eq. (10)

Figure 4: Comparison of proton, neutrino and �-ray fluxes for di↵erent crossover energies. We show the best-fit values (solid
lines) as well as neutrino and �-ray fluxes within the 99% C.L. with minimal and maximal energy density (dashed lines). The
values of the corresponding model parameters can be found in Table. 1. The dotted line labeled “maximal cascade” indicates
the approximate limit E2Jcas . c!max

cas /4⇡ log(TeV/GeV), corresponding to a �-ray flux in the GeV-TeV range saturating the
energy density (10). The �-ray fluxes are marginally consistent at the 99% C.L. with the highest energy measurements by
Fermi-LAT. The contribution around 100 GeV is somewhat uncertain due to uncertainties in the cosmic infrared background.

in Fig.2 for illustration only (hence our results are directly comparable to those in Ref.[22]). As described
in Refs. [6, 17], besides the energy scale uncertainty there is also an (energy-dependent) energy resolution
uncertainty which implies that bin-to-bin migrations influence the reconstruction of the flux and spectral
shape. Since the form of the corresponding error matrix is not public, this data [6, 17] cannot be analysed
outside the Auger Collaboration.

4. Discussion

The cosmogenic neutrino fluxes that we have shown in Fig. 4 are compared to present upper limits on
the di↵use neutrino flux in Fig. 5. As before, the solid green line shows the neutrino flux (summed over
flavours) corresponding to the best fit of the proton spectra and the dashed green line indicate the range of
neutrino fluxes within the 99% C.L. For all crossover energies considered, the range of models at the 99%
C.L. is consistent with existing neutrino limits. For illustration, the thin dotted line shows the larger range
of neutrino fluxes at the 99% C.L. corresponding to a fit without the Fermi LAT constraint (cf. the black

9

(Ahlers+,2010)

γ’s from nucleus de-exitation + negligible contribution to EM cascades
(Anchordoqui,2015)
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Conclusions

Take home message

Ankle and light extragalactic CRs below it, can be explained by
photodisintegration of UHECRs in region surrounding accelerator

Auger composition and spectrum explained within systematics

Distinctive signature in neutrino flavors * testable

Astrophysical realizations being studied – stay tuned to arXiv...
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