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Fig. 11 Energy spectra presented at ICRC 2015 by the Telescope Array (upper panel) and Auger
(lower panel) collaborations. The data from the different sub-detectors are shown separately.

It has finally to be noted that the relation between the longitudinal profile density
and the measured light is provided by the combination of the fluorescence yield and
the measured light transmission. The former has been established experimentally,
the latter is obtained from the atmospheric monitoring data system operated at
each site. Unfortunately the collaborations use different parameterizations of the
fluorescence yield. Including all that the quoted systematic uncertainty in the energy
scale is 14% for Auger and 20% for TA.

TA Collaboration (2015)

As always in Cosmic Rays physics we can
study sources and production mechanisms of
UHECRs only through three basic observables

üSpectrum

üChemical Composition 

üAnisotropy

The Pierre Auger energy spectrum Francesco Fenu
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Figure 3: Left panel: The spectrum in declination bands (blue and red points), compared to the overall one
(in gray). Right panel: the residual of the spectra in the various declination bands with respect to the overall
spectrum.
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Figure 4: The energy spectra obtained with SD 1500 ver-
tical, inclined, hybrid and SD 750 events are shown here.
The systematic uncertainty on the energy scale, common
to all of them, is 14%

Different data samples (see Tab. 1 for
their parameters) can be used from the
Pierre Auger Observatory to derive the
energy spectrum. Similar approaches are
used to obtain each of the spectra but there
are minor differences. The SD 750 en-
ergy estimator is the signal measured at
450 m from the core, S(450), corrected to
a reference zenith angle of 35�, S35. The
SD 1500 events with zenith angles above
60� are reconstructed with an estimation
of the relative muon content N19 with re-
spect to a simulated proton shower with
energy 1019 eV [10]. Finally, the hybrid
sample is built from events detected by
the FD simultaneously with at least one
detector of the SD 1500. The hybrid exposure is calculated using a detailed Monte Carlo simula-
tion [21].

The SD 1500 spectra obtained with events below and above 60�, the SD 750 and the hybrid
spectra are shown together in Fig. 4.

All the spectra agree within the systematic uncertainties, which are dominated by the energy
scale one (14%). The systematic uncertainties on the flux are between 5 and 10% and are respon-
sible for the difference in normalization between the spectra visible in Fig.4.

A combined spectrum is obtained by means a maximum likelihood fit. The likelihood function
is defined in such a way as to fit all the four data sets globally. The flux normalizations are used as
additional constraints to obtain the flux scaling factors that match them: (�0.8±0.2)% for the SD
1500 vertical, (�1±4)% for the SD 750, (5.4±0.7)% for the SD 1500 horizontal and (�6±2)%
for the hybrid.
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Auger collaboration (2017)
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Fig. 12 Comparison between TA (blue) and Auger (red) combined energy spectra.

2.4.1 The energy spectrum

The energy spectra measured at the two observatories are shown in Fig. 11. A more
comprehensive review of spectrum data, including other experiments, e.g. IceCube
and Yakutzk, can be found in [115]. Yet, especially for energies above 1018 eV, the
bulk of the data comes from Auger and TA. The two panels show the spectra as
originating from different detector components for TA (left) and Auger (right).

The most prominent features appear similar in the common energy interval with a
break (the ankle) at around 1018.7 eV and a flux suppression, quite evident (at several
standard deviations for both experiment) in both cases, but exhibiting somewhat
different shapes. It has to be noted that for both experiments the data above the
ankle are dominated by the respective ground arrays.

Both the collaborations exploit procedures to combine the different spectrum
components into a unique spectrum. For a better comparison, the combined energy
spectra are superimposed in Fig. 12, which provides also the values of the main
spectral features [115]. The corresponding exposures are about 6,300 km2 sr yr for
TA and 50,000 km2 sr yr for Auger. Comparing the values of the ankle energy
(Eankle) and of the cut-off (E1/2) (the energy at which the integral flux drops to
half of what is expected in the absence of a cut-off) one finds that the ankle
energies are consistent within the systematic uncertainties in the energy scale, but
the discrepancy between the cut-off energies is not explained by systematics.

V. Verzi (2015)
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Hybrid Measurement of energy spectrum and composition of UHECR by TA Daisuke Ikeda
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Figure 3: The mean Xxmax as a function of the primary energy using TA BR/LR hybrid data. The band
shows the systematic uncertainties of 20.3 g/cm2.
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Auger Highlights Michael Unger
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Figure 4: Comparison of hXmaxi (left) and s(Xmax) (right) to predictions from simulations of proton- and
iron-induced air showers.

models are at odds with laboratory measurements at equivalent fixed-target beam energies of up to
1017 eV, and can therefore not be used to reliably interpret the data.

In addition to the average of Xmax, its standard deviation, s(Xmax), can also be determined
from the data of the FD and the results are shown in the right panel of Fig. 4. A large value of
s(Xmax) can originate from either a light composition or a mixed composition, where in the latter
case the difference in hXmaxi of different nuclei adds to the overall width of the Xmax distribution.
The data at low energies is compatible with both possibilities. At high energies, s(Xmax) decreases
indicating a rather pure and heavy composition. It was shown at this conference [17] that using
the approach of [27] one can find compositions that result in values of hXmaxi and s(Xmax) that
are compatible with the Auger data if hadronic interactions in air showers are similar to the ones
predicted by EPOSLHC or SIBYLL2.3. However, for simulations with QGSJETII-04, the derived
average mass is too light to produce shower fluctuations as narrow as the measured ones and this
model is at odds with our data.

An interpretation of the full Xmax distribution in each energy bin is achieved by fitting a super-
position of Xmax-templates obtained from simulations of p-, He-, N- and Fe-induced air showers
to the data. At this conference we presented an update of our previous study [28] with increased
statistics at high energies and for the first time also for data below 1017.8 eV. The resulting mass
fractions are shown in Fig. 5. At high energies they are compatible with our earlier finding that
the composition is dominated by a single elemental group starting from protons below the ankle
and going through helium to nitrogen as the energy increases. Depending on the hadronic inter-
action model, a small proton fraction may persist up to ultra-high energies and there might be an
iron contribution emerging above 1019.4 eV. The aforementioned difficulty of describing hXmaxi and
s(Xmax) with QGSJETII-04 is also visible in the lower panel of Fig. 5, where the probability of the
fits is shown. The fit probabilities obtained with QGSJETII-04 are consistently low at around 0.01
above 1017.8 eV. Therefore, the mass fractions obtained with QGSJETII-04 should be interpreted
with care.

At the lowest energies, we find hints for a contribution from iron primaries that disappears
rapidly with increasing energy. The proton fraction between 1017.2 and 1017.7 eV is found to be ap-
proximately constant at a value of 38%, 28% and 25% for EPOSLHC, SIBYLL2.3 and QGSJETII-
04 respectively. These estimates of the proton fraction are based on 7498 events and have a sta-
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Auger-TA working group (2015)

Report of the Working Group on the Composition of Ultra-High Energy Cosmic Rays Michael Unger
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Figure 6: Comparison of hXmaxi as measured with the MD of TA (blue squares) and the hXmaxi of the
Auger data folded with the MD acceptance (red circles). The data points are slightly shifted horizontally
for better visibility. In the case of the Auger points, the inner error bars denote the statistical uncertainty of
the measurement and the total error bar also includes contributions from the limited statistics of simulated
events used for the folding. The colored bands show the systematic uncertainties of the Xmax scales of each
experiment.

However, since the elongation rate of the folded Auger data is small (⇠19 g/cm2/decade), the ef-
fect of such an energy shift on the comparison is expected to be at the level of a few g/cm2. For
a more precise evaluation it would be necessary to take into account the energy dependence of the
acceptance of TA. Nevertheless, it is to be expected that the increased difference between the two
data sets once the energy scale shift is taken into account will be much smaller than the system-
atic uncertainties on the Xmax scale of 10 g/cm2 and 16 g/cm2 for the Auger and TA analyses
respectively.

5. Conclusions and Outlook

In this paper we have presented a comparison between the data on hXmaxi as measured by
the Pierre Auger and Telescope Array Collaborations. An adequate comparison was achieved by
taking into account that the hXmaxi published by Auger are corrected for detector effects, whereas
those published by TA includes detector effects. From the preliminary comparison presented here
we conclude that the data of the two observatories are in good agreement.

In the future, we will present results with an improved parametric description of the Auger
Xmax distributions using the EPOS-LHC interaction model and the evaluation of the effect of the
relative energy scale uncertainty. Moreover, we will discuss results from statistical tests of the
compatibility of the full Xmax distribution.

16

proton

iron

ü Auger: 
protons at low 
energy and 
heavier nuclei 
at high energy.

ü TA: protons 
only.

ü Strong 
uncertainties 
due to the 
hadronic 
interaction 
model.
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Fig. 12 Comparison between TA (blue) and Auger (red) combined energy spectra.

2.4.1 The energy spectrum

The energy spectra measured at the two observatories are shown in Fig. 11. A more
comprehensive review of spectrum data, including other experiments, e.g. IceCube
and Yakutzk, can be found in [115]. Yet, especially for energies above 1018 eV, the
bulk of the data comes from Auger and TA. The two panels show the spectra as
originating from different detector components for TA (left) and Auger (right).

The most prominent features appear similar in the common energy interval with a
break (the ankle) at around 1018.7 eV and a flux suppression, quite evident (at several
standard deviations for both experiment) in both cases, but exhibiting somewhat
different shapes. It has to be noted that for both experiments the data above the
ankle are dominated by the respective ground arrays.

Both the collaborations exploit procedures to combine the different spectrum
components into a unique spectrum. For a better comparison, the combined energy
spectra are superimposed in Fig. 12, which provides also the values of the main
spectral features [115]. The corresponding exposures are about 6,300 km2 sr yr for
TA and 50,000 km2 sr yr for Auger. Comparing the values of the ankle energy
(Eankle) and of the cut-off (E1/2) (the energy at which the integral flux drops to
half of what is expected in the absence of a cut-off) one finds that the ankle
energies are consistent within the systematic uncertainties in the energy scale, but
the discrepancy between the cut-off energies is not explained by systematics.

Dipole:
Extragalactic

Hotspot:
Sources??

ü Auger large scale anisotropy: dipole E>8 EeV (5.2!) 
Extragalactic sources

ü TA: hotspot E>57 EeV (3!) 

ü Auger: starburst galaxy M83, E>39 EeV (4!) 

ü Auger: Centaurus A, E>60 EeV (2.7!) 

TA
 C

ollaboration (2017)

Auger Collaboration (2017)

Auger Collaboration (2018)
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Figure 4. The predicted pair-production dip in comparison with Akeno-AGASA, HiRes, Yakutsk and Telescope Array (MD and SD) data
[16]. All these experiments confirm the dip behavior with good accuracy, including also the data of Fly’s Eye [16] (not presented here).

denominator of Eq. (16) compensate or cancel each other,
the dip in terms of the modification factor is a less model
dependent physical quantity than the spectrum. In fact
the dip is determined mostly by the interaction of protons
with CMB photons and it depends mainly on the CMB
spectrum and the di↵erential cross-section of e+e� pair-
production. In particular it depends weakly on the spec-
tral index of the generation spectrum. In Fig. 3 curves are
plotted for 2.1  �

g

 3.0 with a step ��

g

= 0.1, and
uncertainties are seen as thickness of the curves.

Modification factors in Fig. 3 are presented for the case
of no cosmological evolution of the sources, which is usu-
ally described by a factor (1 + z)m up to zmax. The inclu-
sion of evolution may noticeably change the modification
factor, but in fact it allows to improve the agreement of
the dip with data due to additional free parameters m and
zmax (see Fig. 14 of Ref. [15]).

Thus, a remarkable property of the dip in terms of mod-
ification factor is its universality. The dimensionless mod-
ification factor ⌘(E) remains the same with various phys-
ical phenomena being included in calculations [15, 17]:
discreteness in the source distribution (distance between
sources may vary from 1 Mpc to 60 Mpc), di↵erent modes
of propagation (from rectilinear to di↵usive), local over-
density or deficit of sources, large-scale inhomogeneities in
the sources distribution, some regimes of cosmological evo-

lution of sources (most notably those observed for AGN)
and fluctuations in the interactions. The phenomenon
which modifies the dip significantly is the possible pres-
ence of more than 15% of nuclei in the primary radiation.
Therefore, the shape of the proton dip in terms of modifi-
cation factor is determined mostly by the interaction with
CMB.

Above the theoretical modification factor was discussed.
The observed modification factor, according to definition,
is given by ratio of the observed flux Jobs(E) and unmod-
ified spectrum Junm(E) / E

��g , defined up to normaliza-
tion as:

⌘obs / Jobs(E)/E��g
. (17)

Here �

g

is the exponent of the generation spectrum

Qgen(Eg

) / E

��g
g

in terms of initial proton energies E

g

.
Fig. 4 shows that both the pair production dip and the
beginning of the GZK cuto↵ up to energy 100 EeV are re-
liably confirmed by experimental data of Akeno-AGASA,
HiRes, Yakutsk and TA [16].

The comparison of the theoretical dip with observa-
tional data includes only two free parameters: exponent
of the power-law generation spectrum �

g

(the best fit cor-
responds to �

g

= 2.6 � 2.7) and the normalization con-
stant to fit the e+e�-production dip to the measured flux.
The number of energy bins in the di↵erent experiments is

8

Dip Model 

Berezinsky et al (2002-2007)

In the energy range 1018 - 5x1019 eV
the spectrum behavior is a signature 
of the pair production process of UHE 
protons on the CMB radiation field.

Protons footprint

Interpretation of the energy spectrum observed with the Telescope Array surface detectors E. Kido
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Figure 1: The red data points denote the energy spectrum measured by TA SD. The red solid line denotes
the best-fit expected energy spectrum with p = 2.21, m = 6.7, ∆ logE = −0.03 for a uniform distribution
of UHECR sources. χ2/d.o.f. is 12.4/17. In this figure, the energy scale of the data points is fixed and the
energy scale of the model is shifted by ∆ logE =+0.03. The green dashed line denotes the best-fit expected
energy spectrum when UHECRs are distributed along the LSS.

a weighting factor for each selected galaxy to take into account faint galaxies below the limit of
apparent magnitude 12.5 following the procedure described in [25]. First we calculate the depen-
dence of ∑i wiAi on distance from the galaxies, where wi is the weight of each galaxy and Ai is the
relative TA SD exposure in the direction of the galaxy. Then we simulate energy spectra from the
source distribution ∑i wiAi using the modified CRPropa ver.2.0.3 and assuming the injection spec-
trum (2.1). Figure 3 shows the dependence of ∑i wi on the comoving distance from the galaxies.
Some bumps can be seen in this figure and this feature reflects the concentration of local matter
density. The bump around 20 Mpc shows the feature of the Virgo cluster for example.

We obtain the best fit parameters by repeating the procedure described in section 2. The
expected flux with these parameters is shown as a dashed green line in Fig. 1. The differences of
the best fit parameters between LSS and uniform source distribution are ∆p = 0.02, ∆m = 0.3 and
∆(∆ logE) = 0.02.

4.3 Dependence on the IRB

To estimate uncertainty related to poor knowledge of IRB we have repeated the spectrum
fitting procedure using IRB models of Ref. [12], [13] and [14]. The largest difference in terms of
best fit parameters was obtained between the “best fit” model of Ref. [13] and “minimal” model of
Ref. [14]: ∆p = 0.03, ∆m = 0.3 and ∆(∆ logE) = 0.01.

5

TA Collaboration (2015)

üTA surface detector events compared   
with theoretical expectation of the dip 
model, with uniformly distributed 
sources and with sources distributed  
according to large scale structures 
(LSS). 
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FIG. 4: Fitted fraction and quality for the scenario of a complex mixture of protons, helium nuclei, nitrogen nuclei, and iron
nuclei. The upper panels show the species fractions and the lower panel shows the p-values.

Auger Observatory – Composition

Auger Collaboration (2014)

The hybrid events recorded by Auger enable the study of the correlation between depth of shower 
maximum and number of muons in the cascade. These correlations, in the energy range of the 
ankle log(E/eV)=18.5 – 19, seem to exclude a light composition made up of protons and helium 
nuclei. 

Auger data at the ankle can be well explained only assuming a mixed composition with nuclei 
heavier than helium (A>4).  The dip model seems disfavored by this analysis.

Mixed Composition
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FIG. 2: Fitted fraction and quality for the scenario with protons and iron nuclei only. The upper panel shows the proton
fraction and the lower panel shows the p-values. The horizontal dotted line in the lower panel indicates p = 0.1. The results
from the various hadronic interaction models are slightly shifted in energy for better viewing (Sibyll 2.1 to the left, EPOS-LHC
to the right).
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FIG. 3: Fitted fraction and quality for the scenario of a complex mixture of protons, nitrogen nuclei, and iron nuclei. The
upper panels show the species fractions and the lower panel shows the p-values.

Auger Collaboration (2016)
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Critical Lorentz factor
The critical Lorentz factor fixes the
scale at which photo-disintegration
becomes relevant, for heavy nuclei
it is almost independent of the
nuclei specie

It is impossible to observe at the Earth
a pure heavy nuclei spectrum, even if
sources inject only heavy nuclei of a
fixed specie at the Earth we will
observe all secondaries (protons too)
produced by photo-disintegration.

Composition

Caveats



Interaction vs maximum energy

The highest energy behavior of the fluxes is dominated by particles
interaction with backgrounds (nuclei photo-disintegration or protons
photo-pion) depending on the maximum acceleration energy
at the sources.
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üOnly under these conditions the high 
energy flux is shaped by the protons 
photo-pion production process (GZK) 
or by the nuclei photo-disintegration 
process.
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Injection of nuclei flat vs steep 

The combined effect of nuclei energy losses, mainly photo-disintegration, and injection 
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Figure 11:

Updated Hillas (1984) diagram. Above the blue (red) line protons (iron nuclei) can be confined to

a maximum energy of Emax = 1020 eV. The most powerful candidate sources are shown with the

uncertainties in their parameters.

for extragalactic sources. Requiring that candidate sources be capable of confining par-

ticles up to Emax, translates into a simple selection criterium for candidate sources with

magnetic field strength B and extension R (Hillas 1984): rL  R, i.e., E  Emax ⇠
1 EeV Z (B/1 µG)(R/1 kpc). Figure 11 presents the so-called Hillas diagram where can-

didate sources are placed in a B � R phase-space, taking into account the uncertainties

on these parameters (see also Ptitsyna & Troitsky 2010 for an updated discussion on the

Hillas diagram). Most astrophysical objects do not even reach the iron confinement line

up to 1020 eV, leaving the best candidates for UHECR acceleration to be: neutron stars,

Active Galactic Nuclei (AGN), Gamma Ray Bursts (GRBs), and accretion shocks in the

intergalactic medium. The Hillas criterion is a necessary condition, but not su�cient. In

particular, most UHECR acceleration models rely on time dependent environments and

relativistic outflows where the Lorentz factor � � 1. In the rest frame of the magnetized

plasma, particles can only be accelerated over a transverse distance R/�, which changes

subsequently the Hillas criterion.
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meet the energetic requirements to produce
UHECR if a fraction around 10-4 – 10-3 of
their bolometric luminosity is converted
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injection of primary nuclei  
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The Kascade-Grande observations seem to 
confirm the presence of an extragalactic light 
component with a steep injection spectrum.
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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 γg = 2.7, Ep

max
= 3 × 1019 eV for proton and helium and

γg = 1.0, Ep
max = 5 × 1018 eV for sources providing also heavier nuclei. 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. [Right panel]
Kascade grande light component compared with extragalactic proton and helium with γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different 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 σ(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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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 γg = 2.7 and
galactic proton and helium fluxes as computed in [47], with three different choices of the maximum
acceleration energy as labeled.
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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
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Different Classes of Extra Galactic Sources 



üExtragalactic pulsars with flat injection 
provide the observed spectrum and mass 
composition at energies > 3 EeV. A flat 
component from galactic pulsars fills the gap.

Pulsars, Extra Galactic and Galactic 

Figure 1. Propagated energy spectrum of UHECRs from newly born pulsar population with logµ and
P normally distributed, and wind acceleration efficiency η = 0.3. Simulation results were normalized
at 1019 eV with fs ≃ 0.05 for the Auger and Auger-uniform cases, and fs ≃ 0.08 for the TA case
(due to difference in energy scale). The spectrum of each group of propagated nuclei are shown as
in the legend box. Top (Auger-uniform case): a mixed composition of 50% Proton (fH = 0.5), 30%
CNO (fCNO = 0.3) and 20% Fe (fFe = 0.2) was injected to fit the Auger spectrum [52]. The source
emissivity is assumed to be constant over time. Middle (Auger case): 65% Proton, 20% CNO and
15% Fe nuclei was injected also to fit the Auger spectrum [52], but the source emissivity is assumed
to be follow the star formation rate computed by [50]. Bottom (TA case): 50% Proton, 0% CNO and
50% Fe nuclei was injected to fit the TA spectrum [53]. The source emissivity is assumed to be follow
the star formation rate computed by [50].

– 17 –
Figure 2. ⟨Xmax⟩ (left column) and RMS(Xmax) (right column) of the Auger data [14, 15] (black
crosses) and simulation results of the Auger-uniform (top), Auger (middle) and TA (bottom) cases as
in Fig 1 (blue shaded region is for where pulsars contribute more than 80% to the total flux, hashed
region when they contribute less). Flux from both Galactic and extragalactic pulsars are taken into
account. Four interaction models, EPOSv1.99 [57], QGSJET01 [58], QGSJETII [59] and SIBYLL2.1
[60] were used to estimate the range of ⟨Xmax⟩ and RMS(Xmax) as listed in the legend box. The red
and dark blue lines correspond to 100% P and 100% Fe.

– 18 –

Fang, Kotera, Olinto (2012-14)

üProblems with chemical composition and 
anisotropy of the galactic pulsars contribution.
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FIG. 3. Left: Relative abundance of H, He and the elements in the indicated charge ranges, as a function of energy. For
H and the elements between Sc and Fe, the purely Galactic component is shown with faint dotted lines. Center: comparison
between the model predictions for the evolution with energy of the depth of the shower maximum, X
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, and the Auger data,
for three di↵erent hadronic models. Right: same as central panel, for the X

max

variance, �(X
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).

extragalactic component, which rises up strongly above
1019 eV, to reach 60% at 1020 eV.

It is interesting to note that, according to our model,
the dominant class of nuclei over roughly one decade in
energy, between ⇠ 6 1018 eV and ⇠ 5 1019 eV, should in
fact be CNO. This appears in very good agreement with
the recent Auger findings [15].

The spectra of individual nuclei are unfortunately very
di�cult to measure separately, which prevents a direct
comparison with the data. However, it is possible to
compare the data with the model predictions for the
composition-dependent observables, namely the depth
of the maximum shower development, traditionally re-
ferred to as X

max

, and its spread (among the whole set
of showers) at a given energy, �(X

max

). This is done in
Fig. 3, where we plotted the evolution of these two ob-
servables (central and right panels) with energy, together
with the Auger data. For this, we simulated the devel-
opment of a large number of cosmic-ray showers for the
di↵erent nuclei and energies, using the CONEX shower
simulator[47] with three di↵erent choices of the hadronic
interaction model (SIBYLL2.1[48], QGSJetII-4[43] and
EPOS-LHC[45, 46]. The agreement between the predic-
tion of our model and the data is remarkable over the en-
tire energy range, both qualitatively and quantitatively,
especially when the shower development is calculated us-
ing the EPOS-LHC hadronic model. It is again interest-
ing to note that this model takes into account the recent
constraints from measurements performed at LHC. Al-
though they probably do not reproduce perfectly all air
showers properties[49], the most recent hadronic models
seem to give a more coherent picture of the evolution
of the composition deduced from indirect measurements,
from the knee to the highest energies.

IV. SUMMARY

We showed that the whole CR spectrum, including
the key region of the GCR/EGCR transition, can be de-
scribed by simply superposing a rigidity dependent GCR
component and a generic EGCR model, without addi-
tional degrees of freedom.
In our model, the GCR component is identical for all

nuclei with the same rigidity. The maximum energy of
protons accelerated in Galactic sources is ⇠ 6 1016 eV,
and the transition towards extragalactic protons takes
place around 1017 eV, where KASCADE-Grande ob-
serves an ankle in the light CR component. While the
knee-like break in the GCR proton component occurs at
⇠ 3 1015 eV, the corresponding break in the Fe compo-
nents appears at ⇠ 8 1016 eV, which is in agreement with
the observed “heavy-knee” in the KASCADE-Grande
data. The normalisations of the light and heavy com-
ponents are also in good agreement with the data.
Our results suggest that extragalactic protons account

for more than 50% of the total flux from ⇠ 5 1017 eV
to ⇠ 5 1018 eV, and drop below 10% above 3 1019 eV.
The dominant class of nuclei between ⇠ 6 1018 eV and
⇠ 5 1019 eV is CNO. The evolution of the composition
predicted by our model has been shown to be fully com-
patible with the Auger data[14, 15], across the observed
transition from a light-dominated to a heavy-dominated
composition.
An important reason for the success of the model is

the fact that the EGCR source spectrum is significantly
steeper for protons than for the heavier nuclei. As re-
called above, this is because most of EGCR protons in-
jected in the intergalactic medium below ⇠ 1019 eV,
are in fact decay products of freely escaping secondary
neutrons, produced during the acceleration through the
photo-dissociation of heavier nuclei. While this is a direct
consequence of our particle acceleration model, presented
in detail in [13], we believe that it is a generic feature of
UHECR acceleration processes occurring in photon-rich
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FIG. 1. Left: EGCR flux as a function of energy for H, He and di↵erent ranges of nuclei (indicated by the charge labels), as
predicted by our acceleration model in GRBs, adjusted to the Auger data. The figure was taken from [13]. Right: E↵ect on
the propagated EGCR spectrum of di↵erent assumptions for the cosmological evolution of the source density, in (1+ z)↵, with
↵ = 2.1, 2.6, 3.0 or 3.5, as indicated.

such a simple model should be amended to take into ac-
count the energy losses and photo-dissociation processes
that may occur in the acceleration site. In a recent study,
we developed a numerical model for the acceleration of
UHECRs in the mildly relativistic internal shocks of a
GRB [13]. We showed that the relatively high density of
energetic photons in the acceleration site leads to signif-
icant photo-dissociation, which has two important con-
sequences in the present context: i) the resulting maxi-
mum energy of the nuclei is not strictly proportional to
Z, but also reflects their photo-dissociation rate; and ii)
the spectrum of the UHECRs eventually injected by the
source into the intergalactic medium is close to a hard
power-law (roughly in E

�1 below E

max

), but while all
composed nuclei have essentially the same spectral in-
dex, protons have a significantly steeper spectrum. This
is due to the secondary neutrons, which are mostly pro-
duced by photodisintegration processes during the accel-
eration. Indeed, the charged particles mostly escape from
the acceleration region in the weak scattering regime, i.e.
at the highest energies. On the contrary, the secondary
neutrons are not confined by the local magnetic fields,
and thus escape with their production spectrum (which
is similar to that of the nuclei at the shock), flowing freely
out of the source before decaying into protons (see [13]
for more details).

The model consistently predicts the shape of the spec-
tra of individual nuclei, including their high-energy cuto↵
at the source. We then convoluted individual source in-
jection over the GRB luminosity function and used our
UHECR propagation code, taking into account energy
losses, photo-dissociation and magnetic deflections[17],
to derive the propagated spectrum which can be observed
on Earth. The result is shown in Fig. 1, which is taken
from [13], with a comparison to the Auger data. The
shaded area corresponds to the so-called cosmic variance
and represent the expected range for the flux of the di↵er-

ent nuclei, including 90% of independent realisations of
the model. As can be seen, the propagated proton spec-
trum is indeed much softer than that of the other nuclei.
This model reproduces fairly well the overall spectrum,
and shows a clear transition from a proton-dominated
composition at the ankle to a Fe-dominated composition
at the highest energies.

In order to limit the number of free parameters, we use
this model of the EGCR component in the present study.
However, we allow for di↵erent assumptions regarding
the cosmological evolution of the sources. Figure 1 shows
the total spectrum obtained when the source density in-
creases as function of redshift as (1 + z)↵, with ↵ = 2.1,
2.6, 3.0 or 3.5. As expected, changing the cosmologi-
cal evolution does not a↵ect the high-energy part of the
spectrum, since the contributing sources are all located at
low redshifts, due to the GZK horizon e↵ect. However, a
stronger source evolution implies a larger contribution of
the EGCR sources at low energy. Since the correspond-
ing flux is dominated by protons, larger values of ↵ result
in larger contributions of extragalactic protons, which in-
fluences the composition at the GCR/EGCR transition.
From our calculations, we found that a relatively large
evolution, with ↵ between 3.0 and 3.5, provides the most
striking agreement with the composition measurements
over the whole energy range. In the following, we use
↵ = 3.5, which is fully compatible with the observational
constraints. In particular we verified that the gamma-
ray emission resulting from the intergalactic showers as-
sociated with the propagation of the EGCRs does not
violate the measurements made by the Fermi telescope.
We should however note that our results do not neces-
sarily imply that the EGCR sources must have a strong
cosmological evolution. Similar changes of the EGCR
spectrum could also be obtained for instance by modify-
ing the assumed source luminosity function or the turbu-
lence structure at the shock. Moreover, the assumption
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FIG. 2: Spectrum and composition at Earth. Dots are data from the Pierre Auger Observatory [10, 32], error bars denote
the statistical uncertainties and the shaded boxes in the red figure illustrate the experimental systematic uncertainties of the
composition. The composition estimates are based on an interpretation of air shower data with Epos-LHC. The lines denote
the predictions of our model.

source parameters

power law index of injected nuclei � fix -1
mass number of injected nuclei A1 free 28
maximum energy Ep

max

free 1018.5 eV
cosmic ray power density, E ° 1017.5 eV

.
✏
17.5 free 8.2 ˆ1044 erg

Mpc

3

yr

evolution ⇠pzptqq fix star formation rate [37]

source environment

energy of maximum of photon field density "
0

fix 50 meV
power law index of photon spectrum (" † "

0

) ↵ fix ` 5

2

power law index of photon spectrum (" • "
0

) � fix ´2
power law of escape length � fix ´1
ratio of interaction and escape time RFe

19

free 275

propagation to Earth

infra-red photon background – fix Kneiske04 [36]

spectrum of Galactic cosmic rays

power law index at Earth �
gal

free -4.2
mass number of Galactic nuclei A

gal

fix 56
flux fraction at 1017.5 eV f

gal

free 56%

TABLE I: Parameters of the fiducial model.

from Kaskade-Grande [38].

The resulting fit is shown in comparison to data in
Fig. 2. There is a good overall agreement between the
model and the data. The shape of the spectrum is de-
scribed well, including the ankle and the flux suppres-
sion. The model also qualitatively reproduces the in-
crease of the average logarithmic mass with energy and

the decrease of its variance. Normalizing this model to
the observed flux at Earth, we infer a comoving energy
injection rate in CRs at z “ 0 and above 1017.5 eV of
.
✏
17.5 “ 8.2 ˆ 1044 erg

Mpc

3

yr

.

The neutrino signals of our model are shown in Fig. 3.
Details of the calculation are given in Appendix C. The
predicted anti-neutrino flux from neutron �-decay agrees

Globus, Allard, Parizot (2014-2015)

Specific dynamic at the sources 

üSingle class of EG 
sources: Mildly 
relativistic shocks 
in GRBs.

üProblem with 
Galactic CR 
maximum energy 
larger than 1016 eV 

üPhotodisintegration 
at the source. Flat 
injection for nuclei 
(γ ≈ 1) and steep 
for protons (γ > 2).

üAgreement with 
Kascade-Grande. 

Unger, Farrar, Anchordoqui (2015)
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Figure 2. Energies at Earth of protons injected with E
min

= 1017 eV, E
max

= 1021 eV, � = 2
reaching Earth with E > 1 EeV as a function of their source redshift, showing a horizon at z ⇡ 0.9

worse agreement with the measured total photodisintegration cross section data than those
from the preliminary version used in ref. [37]. For this reason, in the file xsect_Gauss2_

TALYS-restored.txt the parameters were fitted to results from TALYS-1.6 with settings
restored to those used in the preliminary version, as described in ref. [4].

Also, all versions of TALYS largely overestimate the cross sections for channels in which
alpha particles are emitted for the few nuclides for which measured data for these channels
are available; these channels are neglected altogether in the PSB model. (The TALYS-1.6
settings that we restored to those used in the preliminary version only a↵ect the total cross
sections but not the branching ratios.)

5 Flux of secondary gamma rays

The main theoretical interest in secondary neutrinos and gamma rays is that this radiation
carries information about sources of UHECRs not otherwise available. For instance, all
protons reaching the Earth with E > 1 EeV must originate from sources at z < 1, no
matter how much energy they started with (figure 2), and this limit is even stricter for other
nuclei (especially light ones). Since the flux of extragalactic nuclei with E . 1 EeV may
be suppressed by di↵usion in intergalactic magnetic fields and/or contaminated by the high-
energy tail of galactic cosmic rays, this means that all information about sources at z > 1 is
lost when looking at charged particles alone.

On the other hand, neutrinos produced in the decay of (photoproduced) pions can reach
the Earth una↵ected by their propagation (except for the redshift energy loss and flavour
oscillations) even if produced up to z ⇠ 10. Neutrino energies range from a few PeV (in the
case of pion production on EBL photons) to a few EeV (with CMB photons). Photons and
electrons from pion decay and electrons/positrons from pair production are produced with
similar energies, but undergo a cascade of pair production (�HE + �CMB, URB ! e+ + e�)
and inverse Compton scattering or synchrotron radiation (e± + �CMB, IGMF ! e± + �HE)
with very short interaction lengths, eventually resulting in cascades of photons with up to
a few hundred GeV each. Provided the energy of the initial photon or pair is not too low,
Eprod & 100 TeV. The shape of the cascade spectrum at Earth does not depend on it [33].

– 13 –

üThe universe accessible in 
UHECRs (protons or nuclei) is 
not larger than redshift z~1. 

üOnly the observation of 
secondary cosmogenic 
neutrinos can open up the far 
away universe (until the first 
stars redshift z~10) in the 
UHE window. 

p� ! ⇡± ! e±, ⌫

üPhoto-hadronic interactions are less efficient in the case of nucleons bounded
inside nuclei. The production of secondary cosmogenic neutrinos and gamma rays
strongly tied to the UHECR mass composition.



üPhoto-pion production

On EBL has a threshold of about 108 GeV,
broadened by the energy distribution of
EBL photons. The pion production by
UHE protons on the EBL can account for
the production of PeV neutrinos.

üCosmological evolution

The result on the diffuse flux depends on
the cosmological evolution assumed for
the sources. The IceCube observations at
PeV can be reproduced in the case of
strong cosmological evolution (AGN
like).
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Figure 2. Cosmogenic neutrino flux for all fla-
vors, for di↵erent UHECR parameters compared
to instrument sensitivities. Dash-dot line corre-
sponds to a strong source evolution case with a
pure proton composition, dip transition model,
and E

max

= 3 ZeV. Uniform source evolution
with iron rich (30%) composition and EZ,max

< Z
10 EeV is shown in the dotted line and dashed line
represents pure iron injection and EZ,max

= Z
100 EeV. Grey shaded range brackets dip and
ankle transition models, with evolution of star
formation history for z < 4, pure proton and
mixed ‘Galactic’ compositions, and large proton
E

max

(> 100 EeV)). Including the uniform source
evolution would broaden the shaded area down
to the solid line below it. Current experimental
limits (labeled lines on top) assume 90% confi-
dence level and full mixing neutrino oscillation.
The di↵erential limit and the integral flux limit
on a pure E�2 spectrum (straight lines) are pre-
sented for IceCube 22 lines [38], ANITA-II [39]
and Auger South [23]. For future instruments,
we present the projected instrument sensitivities
(dashed lines) for IceCube 80 lines (acceptances
from S. Yoshida, private communication, see also
[40]), and for JEM-EUSO [41].

UHECRs if the sources are not continuously emit-
ting particles, but are transient such as GRBs and
young magnetars.

4. Conclusion

The possibility of observing high energy neutri-
nos is intimately related to the resolution of the
long standing mystery of the origin of UHECRs.
To discover the origin of UHECRs will require
a coordinated approach on three complementary
fronts: the direct UHECR frontier, the transition
region between the knee and the ankle, and the
multi-messenger interface with high-energy pho-
tons and neutrinos.

Current data suggest that watershed
anisotropies will only become clear above 60
EeV and that very large statistics with good
angular and energy resolution will be required.
The Auger Observatory (located in Mendoza,
Argentina), will add 7 ⇥ 103km2.sr each year of
exposure to the southern sky, while the Telescope
Array (located in Utah, USA) will add about
2 ⇥ 103km2.sr each year in the North. Current
technologies can reach a goal of another order
of magnitude if deployed by bold scientists over
very large areas (e.g., Auger North). New tech-
nologies may ease the need for large number of
detector units to cover similarly large areas. Fu-
ture space observatories (e.g., JEM-EUSO, OWL,
Super-EUSO) promise a new avenue to reach the
necessary high statistics especially if improved
photon detection technologies are achieved.

Existing and upcoming high energy neutrino
detectors roughly cover three energy ranges: PeV
(= 1015 eV), EeV (= 1018 eV), and ZeV (=
1021 eV). ANTARES, IceCube, and the future
KM3Net are large water or ice cubic detectors
that aim at observing events around PeV ener-
gies. IceCube will also have a very good sensitiv-
ity at higher energies, and will ultimately be able
to cover a wide energy range from about 1 PeV
to ⇠ 10 EeV. Experiments primarily dedicated
to the detection of cosmic rays like the Pierre
Auger Observatory and the Telescope Array have
their best neutrino sensitivities in the EeV energy
range. The radio telescope ANITA and the fluo-
rescence telescope JEM-EUSO are most e↵ective

K
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UHE nuclei suffer photo-pion production
on CMB only for energies above AEGZK .
The production of EeV neutrinos strongly
depends on the nuclei maximum energy.
UHE neutrino production by nuclei practically
disappears in models with maximum nuclei
acceleration energy Emax< 1021 eV.

üEeV neutrinos

üPeV neutrinos
PeV neutrinos produced in the photo-pion
production process of UHECR on the EBL
radiation field The IceCube observations at
PeV can be marginally reproduced in the case
of strong cosmological evolution (AGN like).

Mixed composition model – ν spectra  
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(a) Flux at Earth (b) Composition at Earth

FIG. 4. Spectrum and composition at Earth. The data points are from the Pierre Auger Observatory [16, 50], error bars denote
the statistical uncertainties and the shaded boxes illustrate the experimental systematic uncertainties of the composition. The
composition estimates are based on an interpretation of air shower data with Epos-LHC; the lines denote the predictions of
our fiducial model.
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FIG. 5. Neutrino spectrum (left) and expected number of events in 10 IC86-years (right) for the fiducial model. The measured
flux of low-energy extragalactic neutrinos from IceCube [55] is shown in the left panel (purple lines) as well as the 90% CL
upper limit on the flux of high-energy neutrinos (dashed area) [56]. The peak in the electron neutrino flux at about 1015.8 eV
seen in the right panel is due to the increased interaction probability of anti-electron neutrinos at the Glashow resonance.

in both directions, �
theo

pxlnAyq “ ˘0.6, then a hadronic
interaction model that leads to a heavier interpretation
of Auger data than Epos-LHC would make the fit with
the fiducial model even better, similar to the systematic
shift in the composition scale discussed in the previous
section.

3. Mass Composition at the Source

It is remarkable that a good description of both the
spectrum and mass composition at Earth is possible by

assuming only a single injected species at the source as
assumed for simplicity in the fiducial model. However,
depending on the astrophysical scenario, this might be
an unrealistic assumption.

In Fig. 7 we explore the capability of our model to in-
corporate additional flux components of mass A

1

below
and above the mass A

2

„ 29 that gives the best fit for the
fiducial single-mass model. As can be seen, our calcula-
tion allows for an additional proton or helium component
as large as 80% and up to 70% for nitrogen.

For an additional flux component with a heavy mass,
the model is more restrictive as illustrated in the lower

Unger, Farrar, Anchordoqui (2015)



Clusters of Galaxies and PeV ν   

üBecause of their magnetic fields (at several µG level) clusters of galaxies are “storage 
rooms” for cosmic rays till energies ~106÷108 GeV, depending on the magnetic field 
turbulence.  
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Fig. 2.— Cumulative cosmic ray flux from the accretion shocks of
galaxy clusters in comparison with observational data from KAS-
CADE (Apel et al. 2013), Auger (Aab et al. 2015) and Telescope
Array (Fukushima 2015). Cosmic ray protons are injected with
a spectrum dN/dE / E�2 and a f

cr

= 2% conversion rate from
accretion energy to cosmic rays. The solid line indicates the total
flux of cosmic rays that escape the cluster magnetic field within
the Hubble time. The contribution is decomposed into three mass
groups: M < 1014M� (dash dotted), 1014M� < M < 1015M�
(dashed), M > 1015M� (dotted). The central magnetic field
strength is assumed to be 3µG for all cluster halos in this scenario.

radius, the particle can be simulated as undergoing a
random walk with step size lc, but has each numerical
step correspond to an actual trajectory length l2c/2D,
with D the di↵usion coe�cient at the particle’s current
location. The points in the right panel of Figure 1 hence
describe such a random walk with a uniform step size
lc. Note however these steps represent di↵erent actual
trajectory lengths due to the distinctive D at di↵erent
parts of the cluster. The blue points correspond to the
trajectory of the primary proton, the green ones indicate
that of the secondary protons stemming from the inter-
action with the ICM, and lastly the red ones mark the
neutron and neutrino products, including both electron
and muon neutrinos. The primary proton was never able
to leave the cluster, though the neutrons and some of the
secondary protons succeeded. We conclude this section
by noting that the trajectories are random and could be
very di↵erent from realization to realization.

3.3. Cosmic Ray and Neutrino Spectra

The integrated cosmic ray flux from the cluster popula-
tion in the accretion shock scenario is shown in Figure 2.
In all clusters in this scenario, cosmic rays are injected as
protons following a power-law spectrum dN/dE / E�2.
The conversion rate from the kinetic energy of the clus-
ter shocks to the cosmic rays is set to be f

cr

= 2% to
fit the observed neutrino flux. The turbulent magnetic
fields in clusters have a central strength B

0

= 3µG, and
the baryon density of the ICM is scaled to the cluster
mass by n

0

/ fb / M0.16. The solid line indicates the
flux of the cosmic rays that could successfully leave the
clusters and be observed at the earth. The overall spec-
trum follows E�2 as the injection spectrum and is cut
o↵ around 1017.5 eV. The contribution to cosmic ray flux
from clusters is subdominant in all energies comparing
to observation. The integrated cosmic ray flux in the
central source scenario has a similar behavior as in the

Fig. 3.— Cumulative neutrino flux from the galaxy clusters
compared to the IceCube observations (Aartsen et al. 2015). Top:
accretion shock scenario: as in Figure 2, the cosmic ray injection
follows dN/dE / E�2, f

cr

= 2%, and a maximum energy following
equation 2, determined by particle acceleration and escape in the
accretion shocks. Bottom: central source scenario: the cosmic ray
injection follows dN/dE / E�1.5, f

cr

= 0.5%, and E
max

= 5 ⇥
1016 eV. The blue thin lines decompose the contribution into three
mass groups: M < 1014M� (dash dotted) and 1014M� < M <
1015M� (dashed) and M > 1015M� (dotted). The green thin
lines instead decompose the flux into three redshift bins: 0.01 <
z < 0.3 (dashed), 0.3 < z < 1 (solid) and z > 1(dotted).

accretion shock scenario, except that we assume the flux
follows a E�1.5 injection spectrum.
We further decompose the flux into the contribution

from three mass groups: M < 1014M�, 1014M� <
M < 1015M�, M > 1015M�, shown in dash dotted,
dashed, and dotted lines correspondingly. As the cosmic
ray luminosity significantly depends on the cluster mass
through L

cr

/ M1.95, clusters below 1014M� are not
as luminous as the massive clusters. In addition, since
E

max

/ M2/3, particles from these clusters cannot reach
the highest energies. However, since the strength and
scale of magnetic fields in these clusters are also smaller,
particles have a better chance to leave the source. The
combined impact of these factors leads to a contribu-
tion of this mass group to ⇠ 1/3 of the total cosmic
ray flux around PeV, and  10% above 1017 eV. The
1014M� < M < 1015M� group is found to make the
largest contribution to the flux up to the ankle around
1018 eV.
Above the ankle, clusters with mass M > 1015M�
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CADE (Apel et al. 2013), Auger (Aab et al. 2015) and Telescope
Array (Fukushima 2015). Cosmic ray protons are injected with
a spectrum dN/dE / E�2 and a f

cr

= 2% conversion rate from
accretion energy to cosmic rays. The solid line indicates the total
flux of cosmic rays that escape the cluster magnetic field within
the Hubble time. The contribution is decomposed into three mass
groups: M < 1014M� (dash dotted), 1014M� < M < 1015M�
(dashed), M > 1015M� (dotted). The central magnetic field
strength is assumed to be 3µG for all cluster halos in this scenario.

radius, the particle can be simulated as undergoing a
random walk with step size lc, but has each numerical
step correspond to an actual trajectory length l2c/2D,
with D the di↵usion coe�cient at the particle’s current
location. The points in the right panel of Figure 1 hence
describe such a random walk with a uniform step size
lc. Note however these steps represent di↵erent actual
trajectory lengths due to the distinctive D at di↵erent
parts of the cluster. The blue points correspond to the
trajectory of the primary proton, the green ones indicate
that of the secondary protons stemming from the inter-
action with the ICM, and lastly the red ones mark the
neutron and neutrino products, including both electron
and muon neutrinos. The primary proton was never able
to leave the cluster, though the neutrons and some of the
secondary protons succeeded. We conclude this section
by noting that the trajectories are random and could be
very di↵erent from realization to realization.

3.3. Cosmic Ray and Neutrino Spectra

The integrated cosmic ray flux from the cluster popula-
tion in the accretion shock scenario is shown in Figure 2.
In all clusters in this scenario, cosmic rays are injected as
protons following a power-law spectrum dN/dE / E�2.
The conversion rate from the kinetic energy of the clus-
ter shocks to the cosmic rays is set to be f

cr

= 2% to
fit the observed neutrino flux. The turbulent magnetic
fields in clusters have a central strength B

0

= 3µG, and
the baryon density of the ICM is scaled to the cluster
mass by n

0

/ fb / M0.16. The solid line indicates the
flux of the cosmic rays that could successfully leave the
clusters and be observed at the earth. The overall spec-
trum follows E�2 as the injection spectrum and is cut
o↵ around 1017.5 eV. The contribution to cosmic ray flux
from clusters is subdominant in all energies comparing
to observation. The integrated cosmic ray flux in the
central source scenario has a similar behavior as in the

Fig. 3.— Cumulative neutrino flux from the galaxy clusters
compared to the IceCube observations (Aartsen et al. 2015). Top:
accretion shock scenario: as in Figure 2, the cosmic ray injection
follows dN/dE / E�2, f

cr

= 2%, and a maximum energy following
equation 2, determined by particle acceleration and escape in the
accretion shocks. Bottom: central source scenario: the cosmic ray
injection follows dN/dE / E�1.5, f

cr

= 0.5%, and E
max

= 5 ⇥
1016 eV. The blue thin lines decompose the contribution into three
mass groups: M < 1014M� (dash dotted) and 1014M� < M <
1015M� (dashed) and M > 1015M� (dotted). The green thin
lines instead decompose the flux into three redshift bins: 0.01 <
z < 0.3 (dashed), 0.3 < z < 1 (solid) and z > 1(dotted).

accretion shock scenario, except that we assume the flux
follows a E�1.5 injection spectrum.
We further decompose the flux into the contribution

from three mass groups: M < 1014M�, 1014M� <
M < 1015M�, M > 1015M�, shown in dash dotted,
dashed, and dotted lines correspondingly. As the cosmic
ray luminosity significantly depends on the cluster mass
through L

cr

/ M1.95, clusters below 1014M� are not
as luminous as the massive clusters. In addition, since
E

max

/ M2/3, particles from these clusters cannot reach
the highest energies. However, since the strength and
scale of magnetic fields in these clusters are also smaller,
particles have a better chance to leave the source. The
combined impact of these factors leads to a contribu-
tion of this mass group to ⇠ 1/3 of the total cosmic
ray flux around PeV, and  10% above 1017 eV. The
1014M� < M < 1015M� group is found to make the
largest contribution to the flux up to the ankle around
1018 eV.
Above the ankle, clusters with mass M > 1015M�

üDepending on the CR acceleration mechanism inside clusters, pp and pγ  interactions 
can account for the observed IceCube neutrino flux at energies larger than 1012 eV.

Fang and Olinto (2016)
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Cascade upper limit

CASCADE UPPER LIMIT
V.B. and A.Smirnov 1975

e − m cascade on target photons :

{
γ + γtar → e+ + e−

e + γtar → e′ + γ′

EGRET: ωobs
γ ∼ (2 − 3) × 10−6eV/cm3 .

ωcas >
4π
c

∫ ∞

E

EJν(E)dE >
4π
c

E

∫ ∞

E

Jν(E)dE ≡ 4π
c

EJν(> E)

E2Iν(E) <
c

4π
ωcas.

E−2 − generation spectrum : E2Jνi(E) <
c

12π
ωcas

ln Emax/Emin
, i = νµ + ν̄µ etc.

Fermi-LAT data
ωcas= 5.8x10-7 eV/cm3
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FIG. 5: Range of allowed evolution parameters, m and zmax, for extended reference models with fixed Emax = 1× 1021 eV (left
panel) and Emax = 1× 1022 eV (right panel). The cascade energy density ωcas is shown as function of m by the solid lines for
the ankle model (αg = 2.0), and dashed lines for the dip model (αg = 2.6). The numbers on the lines show zmax. The allowed
parameters correspond to part of the curves below ωmax

cas = 5.8× 10−7 eV/cm3 shown by the red horizontal line.

use extreme values for the model parameters. Choosing
the parameters for the model in the lower-right corner
(the curve marked 1022) we try to reach the sensitivity
of JEM-EUSO. Since a soft spectrum increases ωcas, we
choose the hard spectrum with αg = 2.0, while Emax

should be as large as possible. By other words we search
for the extension of the ankle reference model with al-
lowed evolution and large Emax. We choose Emax =
1 × 1022 eV, with zmax = 2 and evolution parameter
m = 3. Normalized to the HiRes data, this model has
ωcas = 3.3×10−7 eV/cm3, i.e. is somewhat below the cas-
cade limit (see also Fig. 5). For such values, the neutrino
flux is marginally detectable by JEM-EUSO.
In the lower-left corner (the curve marked 1020) we aim

to cosmogenic neutrino detection by IceCube. Here we
should increase the low-energy tail of the neutrino flux
and suppress the pair-produced cascade radiation. To
that end, we use αg = 2.0 with strong evolution to en-
hance the flux of low-energy neutrinos. The maximum
acceleration energy can be low, e.g. Emax = 1× 1020 eV.
Moreover, we choose evolution with m = 3.0 and zmax =
6.0, which results in ωcas = 5.5 × 10−7 eV/cm3

≈ ωmax
cas .

As our calculations show, the flux is only marginally de-
tectable by IceCube even for these extreme parameters.
The two models above demonstrate that even for ex-

treme assumptions cosmogenic neutrinos remain unde-
tectable by existing detectors such as Auger, and could
be only marginally observed by IceCube and by future
detectors JEM-EUSO and Auger-North (with sensitivity
to neutrinos 5–6 times higher than Auger-South).
The observation of radio emission from neutrino-

induced air showers provides an effective method for the
detection of low fluxes of cosmogenic neutrinos from the
highest energy part of their spectrum. The upper limit
on UHE cosmogenic neutrino flux from the most restric-
tive experiment of this type, ANITA, is shown in Fig. 3

(Gorham et al. [18]). Recently, several particles with
energies above 1 × 1019 eV have been detected there
[20]. The high energy threshold is a disadvantage of this
method. In the recently proposed ARIANNA detector
[21], the threshold might be lowered to about 1017 eV
while monitoring 900 km2 of Antarctic ice.

A very sensitive instrument for UHE neutrino detec-
tion has been proposed in the project LORD (Lunar Or-
bital Radio Detector) [22], where a detector on a lunar
satellite can observe the neutrino-produced radio-signal
from lunar regolith. The sensitivity of this instrument,
as estimated by the authors of the project, should be suf-
ficient for the measurement of the cosmogenic neutrino
fluxes shown in Fig. 3 by curves 1021.

Before concluding, we would like to compare the re-
sults of this investigation to the ones of Ahlers et al. [23]
that appeared after ours in the arXiv. While the main
goal of our work was to derive an upper limit on the cos-
mogenic neutrino flux, the authors of Ref. [23] aimed at
exploring the allowed parameter space of UHECR mod-
els, notably of those predicting maximal neutrino fluxes.
These authors used as their criterion for the rejection
of UHECR models ωmax

cas = 5.8× 10−7 eV/cm3 from our
calculations, and thus the derived maximally allowed cos-
mogenic neutrino fluxes should coincide. The largest cos-
mogenic neutrino fluxes presented in Fig. 4 of Ref. [23] are
very similar to our fluxes obtained in the extreme mod-
els with strong cosmological evolution (e.g. the curve 1022

in Fig. 3), both exceeding our reference cases (αg = 2.6
and αg = 2.0 without evolution) by an order of mag-
nitude at E ∼ 1018 ÷ 1019 eV. It is noteworthy that a
much stronger cosmological evolution was considered in
the calculations of Ref. [23]. Among other differences, the
authors of Ref. [23] assumed that the IceCube sensitiv-
ity extends up to 1019 eV, while we used Emax = 1017 eV
following Ref. [19].
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terms of the energy densities of
photons and e+e- initiated cascades
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FIG. 1. Fitting to UHECR spectrum below the ankle and the corresponding diffuse gamma-ray flux initiated by CR propagation
with different source distributions (left: (a) SFR evolution; middle: (b) no evolution; right: (c) sources located at 120Mpc).
In the upper panels, the green solid lines represent the best-fit UHECR fluxes for each source distribution considered, while
the dashed lines represent the unattenuated flux. The thin blue lines show the results for a soft injection spectrum of p = 2.6,
normalized to the data at 1EeV. Hollow circles show the PAO[5] data. The adopted values of the power-law index p and
the local energy production rate are provided within the figure. The lower panels show the corresponding diffuse gamma-ray
emission resulting from the cascade initiated by UHE protons, with thick lines and thin lines are respectively for best-fit case
and p = 2.6 case. The black filled circles show the IGRB measured by Fermi/LAT([3]). The IGRB upper limit for the non-
point-source component (or the truly diffuse component) are shown as a red bar with an arrow. The orange hatched region
represents the uncertainty of the limit due to the uncertainties in the obtained source count distribution (i.e., dN/dS). The
cascade flux in the right panel is multiplied by 10.

shown in the lower panels. In panel (a), we assume that
the redshift evolution of the UHECR source density fol-
lows that of the star formation rate (SFR, [17, 18]). In
this case the mean value for the source redshift is z = 1,
with ∼ 40% of the unattenuated flux being lost to EM
particles through propagation[19]. The cascade flux is
significantly higher than the non-point-source IGRB up-
per limit, reaching the level of the total measured IGRB.
This result is consistent with previous studies[e.g. 20, 21].
In panel (b), results for the case of no evolution in the
source density with redshift are shown. In this case,
a larger fraction of UHECRs arrive from lower redshift
sources, reducing the energy losses experienced en-route,
resulting in less spectral steepening than that for case (a).
A range of softer injection spectra are considered for this
case than that for SFR evolution. Note that the diffuse
gamma–ray flux is not sensitive to the injection spectrum
index for the narrow energy band case we consider. This
is demonstrated in the figures, with the cascade flux be-
ing comparable, regardless of the source index, p. Due to
the reduced number of sources at high redshift for case
(b) relative to case (a), with a mean source redshift of
z = 0.6, only about 20% of the unattenuated flux is lost

to EM particles. The diffuse gamma-ray flux in this case,
however, is still marginally above the non-point source
IGRB upper limit. We note that the obtained flux is
not strongly dependent on the maximum source redshift,
set to zmax = 5 in our calculations, due to the increased
source distance and reduced increase in comoving volume
at high redshift.

It is worth highlighting that when calculating the
UHECR flux from the entire universe, we scale the energy
production rate in the distant universe with the local en-
ergy production rate (see Eq.1), as most other authors in
the literature have done. The underlying assumption for
this treatment is the existence of a uniform and continu-
ous distribution of UHECR sources throughout the whole
universe. This may well be established on large spatial
and temporal scales. However, it is perhaps unlikely that
we are in such an “average” place where the local pro-
duction rate equals the large spatial and temporal scale
mean value.

A natural solution preventing UHECR losses over-
producing the new IGRB limit is to attribute UHECRs
below the ankle to nearby extragalactic objects, or even
to our Galaxy [22–25]. In the right panel (c) of Fig. 1,

6

γg m zmax ηγ (η̃γ) [A] ηγ (η̃γ) [B] ηγ (η̃γ) [C] N̄ν

2.6 1 5 1.40 (0.59) 0.94 (0.50) 1.11 (0.57) 0.78

2.6 1 1 1.38 (0.46) 0.93 (0.39) 1.10 (0.44) 0.31

2.5 2 5 1.60 (0.87) 1.07 (0.74) 1.26 (0.84) 2.24

2.5 2 1 1.57 (0.60) 1.05 (0.51) 1.24 (0.58) 0.48

2.4 SFR 5 1.88 (1.20) 1.26 (1.03) 1.49 (1.16) 2.28

2.3 5 1 2.23 (1.38) 1.49 (1.18) 1.76 (1.33) 1.72

2.2 6 1 2.52 (1.86) 1.69 (1.59) 2.00 (1.79) 2.88

2.2 5 0.7 2.15 (0.83) 1.44 (0.71) 1.70 (0.80) 0.99

2.2 6 0.7 2.31 (0.99) 1.55 (0.85) 1.83 (0.95) 1.19

TABLE I: Maximal ratios ηγ , η̃γ for galactic γ-ray foreground models A, B or C for several representative proton
source models fitting TA spectrum. The ratios higher than 1 are in conflict with Fermi LAT data. Also shown the
expectation value of the neutrino events N̄ν with energy Eν > 10 PeV assuming IceCube 7 year exposure from Fig.1
of Ref. [19]. Models with N̄ν > 2.3 have Poisson probability less than 10%. All spectra are calculated using the EBL

model of Ref. [36].

γg m zmax ηγ (η̃γ) [A] ηγ (η̃γ) [B] ηγ (η̃γ) [C] N̄ν

2.6 1 5 0.92 (0.66) 0.61 (0.57) 0.73 (0.64) 0.78

2.6 1 1 0.90 (0.48) 0.60 (0.41) 0.71 (0.47) 0.31

2.5 2 5 1.02 (1.03) 0.68 (0.89) 0.81 (1.00) 2.24

2.5 2 1 0.99 (0.63) 0.66 (0.54) 0.79 (0.61) 0.48

2.4 SFR 5 1.16 (1.34) 0.78 (1.15) 0.92 (1.30) 2.28

2.3 5 1 1.29 (1.47) 0.87 (1.26) 1.02 (1.42) 1.72

2.2 6 1 1.42 (2.00) 0.95 (1.71) 1.17 (1.93) 2.88

2.2 5 0.7 1.30 (0.87) 0.87 (0.75) 1.03 (0.84) 0.99

2.2 6 0.7 1.35 (1.04) 0.91 (0.89) 1.07 (1.01) 1.19

TABLE II: The same values as in Table I but calculated using the EBL model of Ref. [35]
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FIG. 1: Energy spectra of protons and neutrinos (left panel) and of cascade photons (right panel) from sources
emitting protons with γg = 2.6, m = 1 and zmax = 5 normalized on TA spectrum [41]. Also, the Fermi IGRB
measurements are shown for galactic foreground model B, as well as secondary ν-spectrum along with IceCube

neutrino ’differential flux’ upper limit [18]. The Fermi LAT constraint of Eq. (13) is shown by the black arrow. EBL
models of Ref. [36] (solid lines) and [35] (dashed line) were used in calculations. Only γ-ray spectrum is shown for
EBL model [35] since p- and ν-spectra calculated using different EBL models are practically indistinguishable.

evolution which almost saturates the allowed flux of the cascade photons for the EBL model of Ref. [36]. Sum-

Liu, Taylor, Wang, Aharonian (2016)

Berezinsky, Gazizov, Kalashev (2016)

ü Diffuse extragalactic gamma-ray flux at E ∼ 1 
TeV is a very powerful observable to constrain 
the fraction of protons in the UHECR spectrum. 
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ü The observation of the diffuse extra-
galactic gamma-ray background will be 
one of the important tasks for the future 
CTA observatory.

ü With the available statistics, given the poor 
knowledge of the galactic diffuse foregrounds 
and EBL, it is impossible to exclude a pure 
proton composition at (1 − 40) EeV. 
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in a violation of unitarity bounds. Consequently, per-
turbative QCD predictions are expected to break down
solely when the nucleon has an increasing number of
partons with small x. For the center of mass energies rel-
evant to our study, however, the neutrino-nucleon cross
section can be calculated perturbatively with an accu-
racy of better than 10% when constrained by measured
HERA structure functions, see e.g. Fig 13 in Ref. [60].

The neutrino interactions could result in the produc-
tion of an UAS if the interaction vertex is close enough
to the Earth surface, within the propagation range of the
tau lepton. Tau leptons with energies below E . 1017 eV
propagate over the decay distance range

�⌧ = 5 ⇥ 105
 E
1017 eV

�
cm . (4)

At higher energies, energy loss processes become im-
portant. The most important ones being the photonu-
clear scattering and e+e� pair production. Several groups
of authors starting from Ref. [61] calculated those pro-
cesses both, analytically assuming a continue loss ap-
proximation, and numerically using the stochastic ap-
proach [62–64]. Here we adopt the results of the stochas-
tic calculation of Ref. [63], which show that the character-
istic distance on which a ⌧ lepton loses half of its energy
is

l⌧ ⇠ 3 ⇥ 105�(⇢,E) cm , (5)

where � ⇠ 1 is a numerical factor which depends on
the elemental composition of the medium and theoreti-
cal uncertainties from the calculation of the interaction
cross-sections [55]. For rock, � ' 1, and is twice as
large for water. The energy loss distance becomes much
shorter than the decay distance at the energies above
⇠ 1017 eV. Taus produced within the min(�⌧, l⌧) distance
below the surface emerge in the atmosphere and decay
producing an extensive atmospheric shower (EAS) of ei-
ther hadronic (in ' 65% cases) or electromagnetic (with
⇠ 18% probability) nature. In about 17% of the cases the
tau lepton decays with production of a muon without an
associated EAS [40, 65].

B. Telescope setup

The mean free path of neutrinos with energies above
PeV is shorter than the mean Earth radius r� = 6371 km.
Thus, the neutrino induced UAS would typically have
an elevation angle

✓ < ✓uas = arcsin
 
�⌫
2r�

!
' 7�

 E
1017 eV

��0.3
. (6)

The UAS emerging at largest elevation angles are pro-
duced by neutrinos passing unobscured at the maximal
depth

dmax 
�2
⌫

8r�
' 50

 E
1017 eV

��0.6
km . (7)
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FIG. 1: The bottom panel illustrates the neutrino detection prin-
ciple with a space or balloon borne CHANT system. The top
and middle panels exhibit top and side views of possible ar-
rangement for the telescope modules providing 360� overview
of the strip below the Earth limb. Each CHANT module is a
refractor telescope with 60� wide FoV.

The angular width of a strip containing the detectable
neutrino flux is about

� ' arcsin
 

dmax

Rhor

!

⇠ 2�
 E
1017 eV

��0.6  H
300 km

��0.5
, (8)

where

Rhor '
p

2r�H ' 2 ⇥ 103
 H
300 km

�0.5
km (9)

is the distance to the horizon from a telescope situated
at an altitude H. Note that the numerical estimate in Eq.

Astrophysical ν and UHECR from space

üThe observation of astrophysical neutrinos at energies 
E > few PeV can be achieved only from space.  

üOnly the observation of cosmogenic neutrinos (with E> PeV) 
can open up the far away universe in the UHE window (until 
the first stars redshift z~10).

üAt the highest energies (E> 50 EeV), the required statistics to 
point back UHECR sources can be achieved only from space.  

Probe of Extreme Multi-Messenger Astrophysics 
(POEMMA proposal)



Conclusions     
A pure proton composition (dip model) seems strongly disfavored by Auger while 
still possible according to TA data:

ü Steep injection (gg> 2.5). High maximum acceleration energies (~1020 eV).

ü AGNs are strong candidate as UHECR source.

ü Huge production of cosmogenic neutrinos and gamma rays.

Composition of UHECR is a fundamental observable:
ü To identify possible astrophysical sources. 

ü To tag galactic-extragalactic transition.

ü To quantify the expectations in terms of secondary cosmogenic neutrinos 

and gamma rays

ü Flat injection (gg< 1.5). Dynamics at the source or non-shock acceleration.

ü Low maximum acceleration energies Emax(Z)< 5Zx1018 eV.

Mixed composition, with nuclei heavier than He, imply a rich phenomenology:

ü Reduced flux of secondary cosmogenic neutrinos and gamma rays

üUHECR Astrophysical models



üA simple thought: my personal view on the future
ü The most important future achievements in order to make progresses in the
physics of UHECRs are: univocal determination of mass composition (~
few g/cm2 resolution), larger (> 1 order of magnitude) statistics at the
highest energies.

ü The observation of astrophysical neutrinos with energies larger than PeV
is of paramount importance to open the high energy window on the
faraway universe.

ü To pursue these goals a step forward in the detection technologies is
needed.

ü To reach the required statistics on both UHECR and HE neutrinos
observations from space can be the only option. Even if a substantial
improvement in the detection techniques should be still achieved.

Thank you


