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We explain in a unified way the experimental data on ultrahigh energy cosmic rays (UHECR) and
neutrinos, using a single source class and obeying limits on the extragalactic diffuse gamma-ray
background (EGRB). If UHECRs only interact hadronically with gas around their sources, the
resulting diffuse CR flux can be matched well to the observed one, providing at the same time
large neutrino fluxes. Since the required fraction of heavy nuclei is, however, rather large, air
showers in the Earth’s atmosphere induced by UHECRs with eneffgie8 x 10'®eV would

reach in such a case their maxima too high. Therefore additional photo-hadronic interactions of
UHECRSs close to the accelerator have to be present, in order to modify the nuclear composition of
CRs in arelatively narrow energy interval. We include thus both photon and gas backgrounds, and
combine the resulting CR spectra with the high-energy part of the Galactic CR fluxes predicted by
the escape model. As result, we find a good description of experimental data on the total CR flux,
the mean shower maximum depthaxand its width RMS(¥%ax) in the whole energy range above

E ~ 10'eV. The predicted high-energy neutrino flux matches IceCube measurements, while the
contribution to the EGRB is of order 30%.
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1. Introduction

A major motivation for the construction of Khmeutrino telescopes has been the goal to iden-
tify the sources of ultrahigh energy cosmic rays (UHECR): While deflectidreharged CRs in
magnetic fields have prevented so far a successful correlation of theal directions with poten-
tial sources even at the highest energies, photons and neutrinodacknto their sources. These
neutral secondaries are produced by UHECRS interacting with gas wrshia their sources, and
with cosmic microwave and other background photons during propagationpmcess involving
hadronization leads mainly to the production of pions, and isospin symmetry fexestté ratio of
charged to neutral pions produced. The production of neutrinos is ttinsiely tied to the one of
photons, and both depend in turn on the flux of primary cosmic rays.

In Ref. [1], we addressed the question if a single source class carirekpthe extragalac-
tic CR flux, ii) its nuclear composition aridi) the observed neutrino flux in IceCube. Moreover,
we required thaitv) the accompanying photon flux is only a subdominant contribution to the extra-
galactic gamma-ray background (EGRB) measured by Fermi-LAT [2].lIizina the model should
be consistent with an early galactic to extragalactic transition. No model haslbeeloped yet
which satisfies all five requirements. Since the neutrino flux measurede@ube is high [3],
Moreover, existing models aiming to reproduce the observed nuclear composititiEERs fail
to produce sizable neutrino fluxes, see e.g. [5]. In contrast, models |eadarge neutrino fluxes
in the 0.1-1 PeV energy range use typically proton primaries with 10-10@ReMgies, without a
direct connection to measurements of UHECR composition [6].

2. Constraints

Let us explain these conditions in more detail. Additionally to the all-particle CR spegctru
data on the primary composition have become available in the last years: Theadbllgboration
derived the fraction of four different elemental groups aboxel6' eV [7], while the KASCADE-
Grande experiment measured the composition up %al@2'’ eV [8]. These measurements can
be summarized as follows: First, the proton fraction amounts #)—-60% in the energy range
between % 10" eV and 7x 10'®eV and decreases afterwards, while the fraction of intermediate
nuclei increases. Second, the iron fraction in the energy range befnedt’ eV and 2< 10'°eV
is limited by < 15-20%. Despite both theoretical and experimental uncertainties, the ifadiow
conclusions can be drawn: First, the Galactic contribution to the observesp€®Rrum has to
die out around % 10'7eV. This inference is supported by limits on the CR dipole anisotropy
which require a transition below 10'8eV in case of a light composition [9]. Consequently, we
demanded an early Galactic-extragalactic transition and had to explain tieetiefoankle as a
feature in the extragalactic CR spectrum. Second, the composition measureraént®asistent
with a strong dominance of either protons or iron nuclei. We assumed thetégttra mixture of
nuclei is injected in the source, with a rigidity dependent maximal energy.

The main part of the EGRB is attributed to unresolved blazars [10, 11]. maises blazars
and in particular BL Lacs attractive neutrino sources, since their cotitibto the EGRB is much
larger than the one from other sources. An attempt to connect the obd2¢HECR proton flux
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with neutrino and gamma-ray data was performed in Ref. [12]. Howewverglation studies of
arrival directions of muon neutrinos with Fermi blazars showed that blazamsot be the main
source of IceCube neutrinos [13]. Thus leptonic models are favoregtaie the main part of the
photon flux from blazars. As a result, neutrino sources should giuba@osninant contribution to
the EGRB.

3. Source mode

We assumed in Ref. [1] that UHECRSs are accelerated by (a subcleastiof galactic nuclei
(AGN). We neglected the details of the acceleration process, and assuatdketlenergy spec-
tra of nuclei follow a power-law with a rigidity dependent cutdff (E) 0 E~% exg—E /(ZEmax)]-
Subsequently, the CR nuclei diffuse first through a zone dominateddigbtadronic interactions,
before they escape into a second zone dominated by hadronic interaciibrgas: The propa-
gation in both zones is modeled as a one-dimensional process, determinedragiaiteof the
interaction ratdR;; to the escape rate.se

The spectra of AGN show a characteristic blue bump produced by UV phibtam the accre-
tion disc and, at lower energies, thermal emission from dust surroundérghtdH. We assumed
that these IR photons provide the main interaction target. Interactions on fRes®tons will
result in a suppression of the heavier nuclei fluxes at the desiredyerarge. We parametrised
the interaction depthr as T(fy = Rint/Reso USINg protons with energlp = 10 EeV as reference.
We assumed that the accelerated CR nuclei escape from the region filletthevital photons in
a diffusive way, so that their escape r&gis proportional to(E/Z)%v. For the numerical simu-
lations, we used the open source code [14] which is based on kinetic ecuiatione dimension.
Diffusion of charged particles was taken into account by multiplying the interadies by the es-
cape times; neutrons escape freely. In the 2nd zone, we modeled botbtiotesavith the gas and
the escape of CRs as a Monte Carlo process, using QGSJET-II-Ptb[d&scribe nucleus-proton
collisions. We assumed that charged CRs diffuse in an extended halo alelecescape and in-
teractions in the leaky-box picture. The produced neutrons escapefaagin The source is then
fully described specifying the interaction dep@’lO = Rint/Resc Of protons at the reference energy
Eo = 10 EeV and the energy dependence of the escapeRates Ro[E/(ZEo)]%». The spectrum
of particles exiting the source is then used in the third step as an “effectivaianjespectrum”,
from which we calculate the resulting diffuse flux, taking into account theibigton of sources
as well as the interaction of protons, electrons and photons with the EBL ar@ZMIB.

For the cosmological evolution of AGNs we use the parameterization obtained .iflBgf
choosing the ones derived in Ref. [16] for (&g /erg) = 43.5. As second option, we use the
parameterization for BL Lac/FR1 evolution presented in [11]. We use the mcahealues given
in Table 3 of Ref. [11] for the free parameters of this model. The evolutioneoétfective source
density as function of redshift shown in Fig. 3 of Ref. [17] illustrates that cintr@ast to average
AGNs, the number density of BL Lac and FR | galaxies peaks at low redghiftl. Thus their
evolution is similar to that of galaxy clusters. In fact, most of the FR | sourceighaare the parent
population of BL Lacs reside in the centres of the dominant central ellipticakxigalaf galaxy
clusters (cD galaxies). Thus these two models serve as templates for an evodatkomg early or
late, respectively. We performed steps 1-3 injecting pure p, He, N, S& prifmaries in the initial
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step and obtained then results for a mixed injection spectrum performing a loméiration of
the final spectra.

4. Results

Having calculated for a specific set of source parameters the diffusefllHECR nuclei and
their secondaries, we combine them with the high-energy part of the Gald&tilukzs predicted
in the escape model [18]. We aim to reproduce the total CR flux, the averagenum depthXnax
of observed CR-induced air showers and the width ohg distributions [7]. Since the experi-
mental and theoretical systematic uncertainties in botiXthgand the RMSXmnax) measurements
are difficult to quantify, we do not perform a standarflanalysis. Instead, we determine first the
nuclear composition of extragalactic CRs which fits best the observed totaliGRifice this is the
most reliable quantity. After that we check if the composition is allowed by the EGRBti@int
and results in a sufficiently large neutrino flux.

We consider first the case that photo-hadronic interactions are negligielguiritig both a
small contribution to the EGRB and a large contribution to the neutrino signalvauséy Ice-
Cube restricts the allowed range of slopestrongly,a < 2.1. We chooséap = 0.5 as the energy-
dependence of the escape 1Bte.= Ro[E/(ZEp)]*/?, corresponding to Kraichnan turbulence. The
interaction and escape rates have been normalized sucrbpﬂwato.035 for proton primaries at
Eo = 10 EeV. Since the interaction depth decreases with increasing energiesttieddster CR
escape, the UHECR flux is dominated by primary nuclei. In order to repedithedight component
in the KASKADE-Grande data, the extragalactic CR flux has to remain light up'fteV. Insist-
ing to reproduce the ankle requires a relatively low cutoff endigyy = 3 x 10'8eV, and a small
contribution of intermediate nuclei. This drives the composition towards a two-canparodel,
consisting mainly of protons and iron. In this scenario the spectra of intertegdiNO nuclei are
cut off around the ankle energy, and hence their contribution is insignificaless the proton flux
is strongly reduced. A reduction of the proton flux would in turn reduce thegrmo flux and the
model will fall short of explaining the IceCube data. The upper left pahélig. 1 shows the re-
sulting diffuse fluxes of CR nuclei and their secondaries. Both the ankiehveorresponds in this
scenario to the transition between the proton and iron dominated components xtrégalkactic
CR flux, and the proton (light) component observed by KASCADE-Gramee@eproduced well.
The contribution to the diffuse EGRB is low except in the TeV range, while therine flux is
somewhat below the level indicated by IceCube observations. The two lofivpatels of Fig. 1
show the predicted shower maximufpax and the corresponding distribution width RNG#x),
respectively. Since the composition above the ankle is heavy, the preHjgiedoincides with the
one of Fe, in contradiction to observations. Also the predicted width RS is smaller than
the observed one.

In our second scenario, we added photo-hadronic interactions clogegouttce. In contrast to
hadronic interactions, nuclear scattering on IR photons can give ristatvedy large interaction
depths, leading to the dominance of secondary nuclei in the ankle regianparlmeter space
of this case, however without including hadronic interactions on gas, waasxely studied in
Ref. [5]. We employ therefore simply their base case, ugirg850 K, TP = 0.29 andd,, = 0.77
for diffusion close to the source. In contrast to Ref. [5], we assumeher a compact acceleration
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Figure 1: Predictions for the diffuse flux (top) of five elemental greupgether with the proton (orange
errorbars) and total flux from KASCADE, KASCADE-Grande (ligblue errorbars) [8] and Auger (dark-
blue errorbars) [7], the EGRB from Fermi-LAT (light-bluererbars) [2], and the high-energy neutrino flux
from IceCube (light-blue shaded area) [3]. Crosses an@ddittes denote neutrinos and photons frayn
andAp interaction, respectively. The middle and lower panelsama predictions foXmaxand RMSKmax)
using the EPOS-LHC [19] and QGSJET-11-04 [15] models to deden Auger [7]. Left panels for only
hadronic interactions withr = 1.8, Emax= 3 x 10 eV and BL Lac evolution. Right panels for bofty and
Ap interactions withor = 1.5, Emax = 6 x 1018 eV, TP = 0.29 and AGN evolution. The hadronic interaction

depth is normalised ag” = 0.035.
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region and use therefore an exponential attenuation. Moreover, weehganjection slopa =

1.5 andEmax = 6 x 108 eV. The interaction depth for hadronic interactions is kept as before, i.e.
normalised ag® = 0.035. The resulting diffuse fluxes of CR nuclei and their secondaries are
shown in the upper right panel of Fig. 1. The spectra of intermediateiraide a narrow dip: The
low-energy end of this dip is determined by the threshold energy for piesmciation, which is at
higher energies patrtly filled by secondary nuclei generated by heainesry nuclei. The resulting
neutrino flux matches now IceCube data, while the contribution to the diffud®BE6 of order
30%. While neutrinos from interactions on gas dominate<at0'®eV, Ay interactions become
important at higher energies. The two lower right panels of Fig. 1 shovpithéicted shower
maximumXmax and the corresponding distribution width RMG£y), respectively. Accounting for

the systematic uncertainties of the experimental data and of the hadronictintenaodels, the
two distributions are well reproduced. Note that the peak in R&( could be shifted to lower
energies, reducing the extragalactic proton flux somewhat. This may intheateot all neutrons
escape freely from their sources.

In which astrophysical environments could the considered UHECR iti@nadbe realized?
Interaction depths of order one for proton-gamma interaction arise natu@itydcattering on IR
photons [20]. These photons may be either emitted by the dust torus of feacpaextension or,
as considered here, from a more compact source region [21]. Similarlgusteand gas in the
accretion disc surrounding the SMBH provides a target for hadronicaictiens of UHECRSs. In
both cases, UHECRs have to be accelerated close to the SMBH, exclugirareeleration sites
as radio lobes of AGN jets. The composition of injected CRs has to be strongiyesdh towards
intermediate nuclei compared to the solar composition. This may indicate a connectian to th
tidal ignition of white dwarf stars close the the SMBH. Next we comment on the implicafion o
our results for the EGRB. Since the AGN evolution peaks early, the spebaipef the photon
flux is close to the “universal shape” obtained after many cascadeagemesr [22], which in turn
reproduces well the observed shape of the EGRB. Moreover, negirgfdthe large neutrino flux
observed by IceCube requires that in our model unresolved AGN cotdrdround 30% to the
EGRB. For a discussion of the dependence of our results on the upedregntal data and the
hadronic interaction model see Ref. [1].

5. Conclusions

We studied in Ref. [1] if a single source class can explain both the flux ancbtin@osition
of extragalactic CRs including the sub-ankle region and the high-energlyimos observed by
IceCube. Using only hadronic interactions of UHECRs with gas around theticss, we obtained
a good fit to the CR energy spectrum, however, only if intermediate nuaesan-dominant.
Therefore the predicted maximuXy,ax of CR-induced air showers lies higher in the atmosphere
than observed. Adding photo-nuclear interactions, with a relatively latgeaiction depth, we were
able to reduce significantly the fraction of heavy nuclei in the primary fluxes emnsequently,
to fit satisfactorily both the spectrum and the composition data on UHECRs. Aathe 8me,
the high-energy neutrino flux obtained matches IceCube measuremeitésthehcontribution of
unresolved UHECR sources to the EGRB is of order 30%. The large ititaratepth for photo-
nuclear interactions suggests that UHECRSs are accelerated close to SMBHs
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