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Previous Mixed Composition Models
e.g.
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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 different 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 different luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, Lγ, ε) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each different 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 diffuse 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 diffuse 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 diffuse 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 different 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. Diffuse 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 different 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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Previous Mixed Composition Models
e.g.
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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 different 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 different luminosities,
for each of the three models. This allows us to estimate the con-
tribution functions F(A, E, r; t, Lγ, ε) and fluxes expected from sin-
gle GRBs, for all the luminosities and energy redistribution mod-
els, at each redshift and each different 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 diffuse 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 diffuse 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 diffuse 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 different 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. Diffuse 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 different 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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Light Composition around 1018 eV ...
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... but no Anisotropy

Auger dipole amplitude limits:
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Mixed Composition Model plus “Component X”

Emax ∝ Z

hard injection spectrum γ ≈ 1

ad-hoc composition fractions

ad-hoc low-E light component
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Photonuclear Interactions in Source Environment?

MU, G. Farrar & L. Anchordoqui PRD 92 123001
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Photonuclear Interactions in Source Environment?
analytic example: full spallation of nucleus A, diffusion τesc ∝ Eα, τint ∝ Eβ

High-pass filter for injected nuclei, soft low-E nucleon spectrum
7



Photonuclear Interactions in a “peaky” Photon Field
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2
, β = −1 and ε0 = 0.11 eV 8



Photonuclear Interactions in a “peaky” Photon Field

broken power law (BPL), black body (BB), modified black body (MBB)
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Details of Calculation

I PSB chain with TALYS cross sections and branching ratios
I Lorentz-factor conservation E ≈ Ei/A

I recursive “trickle-down” calculation of production rates Q

Q(E, A) =
∑
A′>A

A′−A∑
i=1

b(Ei, A,A+ i) η (Ei, A+ i)Q(Ei, A+ i)

∣∣∣∣dEi

dE

∣∣∣∣
injected nuclei A′, secondary A, branching ratio b, interaction fraction η

I fixed pion inelasticity for photo-pion: κPP = 0.8

I full decay kinematics of neutron and pion decay
I neutrino oscillation over astronomical distances
I end of Galactic spectrum: power law mass Agal

I fast intergalactic propagation using propagation matrices (CRPropa)

→ full calculation of CR spectrum and composition at Earth in O(100 ms)
10



Examples of Spectra Escaping from Source Environments
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Examples of Spectra Escaping from Source Environments
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Examples of Spectra Escaping from Source Environments
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Fiducial Scenario
7

source parameters
power law index of injected nuclei γ fix ´1
mass number of injected nuclei A free 28 (29)

maximum energy Ep
max free 1018.5 p18.6q eV

cosmic ray power density, E ą 1017.5 eV
.
ε17.5 free 9.2 (13) ˆ1044 erg Mpc´3 yr´1

evolution ξpzptqq fix star formation rate [60]

source environment
energy of maximum of photon field density ε0 free 0.11 p0.07q eV
power law index of photon spectrum (ε ă ε0) α fix ` 3

2
power law index of photon spectrum (ε ě ε0) β fix ´2
power law index of escape length δ free ´0.77 (´0.94)
ratio of interaction and escape time RFe

19 free 4.4 (3.7) ˆ102

propagation to Earth
infra-red photon background – fix Gilmore12 [61]

spectrum of Galactic cosmic rays
power law index at Earth γgal free ´4.2 (´3.7)
mass number of Galactic nuclei Agal fix 56
flux fraction at 1017.5 eV fgal free 57 (72) %

TABLE I. Parameters of the fiducial model. Values in brackets denote the parameters of the best-fit obtained when shifting
the data by its systematic uncertainties (see text).

left panel of Fig. 7 using A1 “ 56. In this case, the de-
scription of the data considerably deteriorates for frac-
tions above 10%. The reason for this behavior is twofold.
Firstly, the injection of too much iron at the source leads
to a too heavy composition at Earth as compared to the
estimates from the Pierre Auger Observatory. Secondly,
if the end of the cosmic ray spectrum is to be described
by the maximum rigidity of iron nuclei, then the energy
of secondary nucleons needed to populate the flux at and
below the ankle is too small to describe the data (the
maximum energy of secondary nucleons is 1{A of the
maximum energy of nuclei).

If the cut-off of the flux is at higher energies, as sug-
gested by the measurement of TA [65], then a larger frac-
tion of iron primaries at the source can be incorporated,
as shown in the lower right panel of Fig. 7. When using
the TA data in the fit, as shown in Fig. 8, the spectrum
can be described reasonably well even for an injected
flux consisting of 100% iron nuclei. But in this scenario
the composition at Earth at ultrahigh energies is heavier
than suggested by the interpretation of the Xmax data of
Auger.

As an illustration of a more complex composition
model, we use the abundances of Galactic nuclei at a
nucleus energy of 1 TeV, which we read from Fig. 28.1
in [66]. The flux fractions are 0.365, 0.309, 0.044, 0.077,
0.019, 0.039, 0.039, 0.0096, 0.014, 0.084 for H, He, C,
O,Ne, Mg, Si, S, Ar+Ca, Fe, respectively. The result-
ing fit is shown in Fig. 9 (γ “ ´1.25 and δ “ ´1). This
example demonstrates that our mechanism for producing
the ankle is working even when considering a complicated
mix of primaries.

4. Source Evolution and Spectral Index

To have a concrete fiducial model, we needed to specify
how the production of UHECRs varied over cosmological
time scales. This is known as the source evolution, which
we took to be in direct proportion to the star-formation-
rate – as would be expected in a source scenario such as
young magnetars. In this section, we consider alternative
evolutions of the source luminosity density described by
the simple one-parameter functional form

ξpzq “
#
p1` zqm z ă z0

p1` z0qm exp p´pz ´ z0qq otherwise
(8)

with z0 “ 2 and m ranging from ´4 to `4. m “ 0
yields a uniform source luminosity distribution, m “ `4
corresponds to a strong evolution similar to the one of ac-
tive galactic nuclei, and negative values result in sources
that are most abundant or most luminous within the low-
redshift universe as suggested in [67]. The resulting fit
parameters are displayed in Fig. 10 for three choices of
the spectral index γ of the injected flux: ´1, as in the
fiducial model, ´2 as expected for stochastic shock accel-
eration and for letting γ float freely in the fit. As can be
seen in Fig. 10(a), γ “ ´2 gives a poor description of the
data for m Á 0, but is a viable choice for closeby sources,
in accordance to the findings of [67]. For positive values
of m, a fixed value of γ “ ´1 gives a similar fit quality
as the freely floating γ, but the latter converges to val-
ues larger than ´1 for source evolutions with m ą 2 (cf.
Fig. 10(c)).

For the “traditional” source evolutions with m ě 0 and
the fit with γ “ ´1 we find that most of the parameters
exhibit only a minor variation with m, with the exception

16



Fiducial Scenario

29Si injected, escaping
flux at source

flux and composition
at Earth
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29Si injected, escaping
flux at source

flux and composition
at Earth
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What about Mixed Injected Composition?
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Fit using TA Spectrum, 100% Iron at Injection

56Fe injected, escaping
flux at source

flux and composition
at Earth
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Fit injecting Galactic Mix∗
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Effect of Source Evolution
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I source evolution ∝ (1 + z)m

I test −4 < m < 4 and star formation rate
I m = 0: no evolution
I m < 0: local sources dominate (à la Taylor et al 2015)
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Photon Peak Energy and Neutrino Predictions

χ2/Ndf and Nν vs. peak energy
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Summary
Previous mixed-comp. scenarios

Emax ∝ Z

hard injection spectrum γ ≈ 1

ad-hoc composition fractions

ad-hoc low-E light component

Photonuclear interactions at source

Emax ∝ Z

works with Galactic composition

explain ankle and low-E protons

hard injection spectrum γ ≈ 1

source properties: additonal doF
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see also:
I photonuclear interactions in GRBs

N. Globus et al 2015, D. Biel et al
2017

I p+p interactions at source
M. Kachelriess et al. 2017

I galactic-extragalactic transition
S. Thoudam et al 2016
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