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Problem: What fills the gap 
between Galactic and EGCRs?!
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Motivation
I “component X” below 1018.6 eV??
I light (Auger/TA Xmax)
I extra-galactic (isotropy)
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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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AugerModel C,   isotropic,   Bext = 0.1nG

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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Kaskade-Grande: Heavy Galactic !
component breaks at ~ 1017 eV!

UHECR fits: shortfall below ~ 1018.5 eV!



Is there a natural explanation for the ankle, 
and the light extragalactic CRs below?!

(apart from the dip model)!

Natural means:
•  Position is predicted (c.f., dip model)!
•  Composition makes sense !
(If its a new component, why isn’t it heavy at 
its hi-E end, like the Galactic and UHE 
components? )!
•  Shape of spectrum is right

If there is no natural explanation, 
maybe new physics in hadronic 

interactions is fooling us, and the 
composition is really pure proton. !

Then spectrum & composition would be natural, 
and some astrophysicist would be happier.!

3!

Galactic protons too anisotropic

UFA, ICRC 2015!



UFA proposal:    Extragalactic CRs below the 
ankle are protons from the spallation of 

UHECRs by photo-disintegration. !

Inevitable consequences 
of UFA mechanism:!

•  EG composition below the ankle is 
pure .!

•  Position of the ankle is fixed.!

•  Anti-νe spectrum fixed (and large).!

υeυe

Spectrum & composition of 
UHECRs above the ankle:!

•   Processing depends on tesc / tint, and its 
energy dependence.!

•  => UHECR data constrains crucial 
features of the environment:  Properties of 
the radiation field, size of the PD region 
relative to RL , … !

!  spectrum & composition:  A 
SMOKING GUN FOR 
SOURCEs?!!

Accelerator:  Spectral index and composition 
of UHECRs escaping accelerator.!
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UFA proposal:    Extragalactic CRs below the 
ankle are protons from the spallation of 

UHECRs by photo-disintegration. !

υeυeυe

Spectrum & composition of 
UHECRs above the ankle:!

•   Processing depends on tesc / tint, and its 
energy dependence.!

•  => UHECR data constrains crucial 
features of the environment:  Properties of 
the radiation field, size of the PD region 
relative to RL , … !

!  spectrum & composition:  A 
SMOKING GUN FOR 
SOURCEs?!!

Accelerator:  Spectral index and composition 
of UHECRs escaping accelerator.!

Attractive candidate – young NS or magnetar:!
•  Blasi, Epstein, Olinto, Arons,…!

"  Spectral index ~ -1!
•  Detailed studies +Fang, Kotera, …!

•  Found primarily in regions of high star formation. (Produced by 
collapse of massive stars which evolve quickly.)!

•  ULIRGs (ultraluminous IR galaxies) !
•  very common in the past !
•   local example Arp 220 is very well studied: several SNe/yr.!
•  Environmental conditions of Star Forming Regions is quite universal 

(dust, temperature from OB stars,…) ! 5!



Technicalities!
•  Generic leaky box model for CR propagation in 

source environment after injection from accelerator:!
•  Allows efficient treatment of propagation/spallation – essential for 

exploring parameter space.!
•  tesc ~ Eδ  (generally insensitive in range  -1 ≤ δ ≤ -1/3)!
•  tint  calculated from CRPropa with TALYS for 4 radiation fields!

•  peak photon energy ε0 is key parameter. !

•  Accelerator:!
•  Power law Eγ  !
•  Spectrum depends on rigidity:  EA,max = Z Ep,max !

•  Propagate to Earth with CRPropa!
•  Tried several different EBL models; makes little difference (when 

using lastest models).!
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“Fiducial Model”!



Mechanism works!!
dN/dE ~ E-1!

dnγ ~ (ε/ε0 )5/2,-2!

ε0 = 50 meV !
(Tbb ~ 200 K)!

 evolution: SFR!
Single Ainj !

Fitted for:!
Ainj , Ep,max !

R19: (tesc/tint) for Fe at 

1019 eV!
7!

Fiducial Model!

M. Unger, GRF, L. Anchordoqui  arXiv:1505.02153  !



How does it work? !
What features are poorly/well constrained?!

Sensitivity to spectral index, temperature, pure initial composition?!

8!

Fe energy at which typical !
photon excites GDR, set by ε0!

N photoproduction!
 via GDR, set by ε0!

Mixed composition!
& harder exiting !

environment!

Pure Si exiting !
accelerator!



Ankle position is fixed by 
accelerator, not environment!!

Spallation spectrum ~ injected spectrum with!
Espallation = 1/A EZ*,inj (= ½ Ep,max)!

9!

Fe energy at which typical !
photon excites GDR, set by ε0!

N photoproduction!
 via GDR, set by ε0!

Cutoff in !

Pure Si exiting !
accelerator!

(2x14)/!



Parameter scan!
•   Peak energy of radiation field  !
  - black-body, modified bb (bb multiplied by (ε/ε0 )1,2 ), & broken power law!

•    Source density evolution:  SFR, (1+z)m!

•   Injection index!
•   Escape index!
•   Composition!

Also:!
     +- 1 sigma_sys (energy scale, lnA) !
      TA vs Auger spectrum!
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Using source evolution as display variable…!
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•  Spectral index likes -1 !
  (but decreases m<0 c.f., Taylor+15)!

•  Fit quality insensitive to functional
 form of radiation field.!
•  Max mass & Emax,p  vary little !
over scan.!
•  Composition “compensation” for 
non-leading masses.!



Minimalist model (E-1, single mass) !
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Key results of parameter scans!
Peak energy of photo-dissociation environment 
is sharply constrained.  !
•   Must be > ~0.05 eV  # Teff = 200 K!

  Death-knell for young magnetar/NS scenario? !
ULIRG (intense SFR):  ε0 <0.01 eV  -- factor 10 too low:  !

Only maximum-Z component from accelerator is 
significantly constrained in this scenario. !
•    Sub-leading components can be compensated by more/
less spallation in environment or propatation (evolution).!
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Can spectrum/composition 
discriminate sources?!

14!

UFA Fiducial model vs. GRB with strong evolution (Globus, Allard, Parizot) !

M. Unger, GRF, L. Anchordoqui  arXiv:1505.02153  !



Key Predictions of 
Spallation Mechanism!

"   Position of the ankle relative to UHE cutoff!
"   Composition (extragalactic component) below ankle pure p!
?   Anti-electron neutrinos!
     1-2 per year in IC Gen2 !
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Conclusions & up-next:!
•   Detailed shape of spectrum INCLUDING ANKLE  gives strong constraints on radiation 
field surrounding (in?) UHECR accelerators.!

•  Appears capable of discriminating between (at least some) source types!
   -- Requires photon energies > ~50 meV!
   -- Larmor radius relative to size => constrains magnetic field of    environment!

•  Magnetar and young magnetars have positive aspects, but problems too.!

•  Its premature to draw strong conclusions, until systematic uncertainties on UHECR 
composition and energy scale are reduced (including hadronic interactions) !

• To do:  more specific modeling of AGNs.!

16!



Backup slides!
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Auger best fit without spallation!

18!



Pure Fe, happiest with TA spectrum!
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