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rather universal and correspond to the CR knee in the
Milky Way.

3.2. “Steam”

Let us consider a galaxy that hosts a powerful active nucleus
launching a relativistic jet with Γ ≈ 30 and an opening angle of

2 ,JD » n which propagates for Hj ∼ several kpc through
diffuse galactic CRs. The typical gyroradius of knee nuclei

E ZB1 pc PeV G
1( )~ m

- is much smaller than the transverse size of
the jet (R Hj j J» D ), but larger than the jet boundary layer
whose thickness is determined by small-scale plasma
processes.

We now estimate the fraction of galactic CRs that can
percolate through the jet’s lateral surface. If NCR˙ is the CR
production rate in the galactic disk of radius Rg, the CR flux in
the halo reads N R2 ,CR CR g

2˙ ( )pF � and the number of CRs
entering the two jets is N H2 .j CR j

2˙ p JF D� Finally, the fraction
of galactic CRs that can be espresso-accelerated is
N N H R3.5% 2 .j CR j g

2˙ ˙ ( ) ( )JD n� Extended jets with Hj ∼
Rg, can boost a few percent of the knee nuclei by a factor of Γ2

≈ 103, producing UHECRs with energies beyond
5Z × 1018 eV, and in particular iron nuclei with energies
1020 eV. Also CR electrons, whose Galactic spectrum is cut
off around 1 TeV, may be reprocessed via the same mechan-
ism; however, it is not obvious that even TeV electrons have
gyroradii large enough to penetrate into the jet and, in general,
radiative losses should prevent them from being accelerated to
very high energies.

3.3. Spectrum and Chemical Composition

A natural prediction of the proposed mechanism is that the
chemical composition of galactic-like CRs, which is increas-
ingly heavy above 1013 eV and dominated by iron nuclei
around 1017 eV (e.g., Kampert & Unger 2012), should be
mapped into UHECRs. This scenario is supported by recent
Auger observations, which suggest a proton-dominated flux at
1018 eV and a heavier composition at higher energies (Aab
et al. 2014a). In particular, the composition is nitrogen-like at
∼4 × 1019 eV, whereas the limited statistics do not yet allow
conclusive measurements at higher energies; the inferred trend
does not exclude an iron contribution above 1020 eV. These
results are not inconsistent with the Telescope Array’s report of
a pure proton composition if the different apertures, event
selection cuts, and Monte Carlo models are taken into account
(Pierog 2013). With adequate statistics, the Telescope Array
should be able to distinguish between a proton-only and the
Auger mixed composition (see, e.g., Abbasi et al. 2015).
Energy fluxes of Galactic CRs can be parameterized as

E K
E E
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exp
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where CR species (s = H, He, C/N/O, Mg/Al/Si, Fe) are
grouped according to their (effective) charge Zs = 1, 2, 7, 13,
26 and atomic mass As = 1, 4, 13, 27, 56; their abundances are
tuned to the ones measured at 1012 eV, namely KH ≈
0.15 m−2 s−1 sr−1, Ks/KH ≈ 1, 0.46, 0.30, 0.07, 0.14, and qH
≈ 2.7 and q 2.6s H »¹ (e.g., Hörandel 2003; Caprioli
et al. 2011; Kampert & Unger 2012). We use these simplified
scalings, which capture the essential features of the most
abundant species in Galactic CRs, as proxies for CR seeds in
other galaxies as well. Interestingly, the CR spectrum
reprocessed by AGN jets may be flatter than the one inside
the galaxy. SNRs inject CRs in the disk (z= 0) with a spectrum
finj(E) ∝ E− γ, propagate in the halo (of thickness H ≈
3–5 kpc) with a diffusion coefficient D(E) ∝ E δ, where δ ≈ 0.5,
and escape after a time τdiff ∼ H2/D(E). The solution of the
diffusion equation (e.g., Lipari 2014) returns an equilibrium
spectrum of feq ∝ E− γ − δ ∼ E−2.7 for z H,∣ ∣ < and

D E Ez z Heq( ) ∣f fµ ¶ µ g
=

- for z H.∣ ∣ > Moreover, if the
host galaxy is very dense (such that spallation losses dominate
over diffusive escape), one finds equilibrium spectra of feq ∝
E− γ, and high-galactic-altitude spectra as flat as Eµ g d- +

(Cardillo et al. 2015). It is hence possible for extended jets to
sweep up CR seeds with relatively flat spectra. Finally, energy-
dependent percolation into the jet (and possibly seed accelera-
tion at the boundary layer: see Ostrowski 1998, 2000) may lead
to flatter injection spectra with a low-energy cut-off determined
by the minimum energy for which CRs can enter the jet.
To calculate the spectra produced via espresso acceleration,

we take galactic-like CRs with the composition in Equation (10)
and with fiducial injection spectra fs(E) ∝ E−2 and boost them
in energy by a factor of Γ2 ≈ 103. Note that reproducing
UHECR spectra and composition only requires the reaccelera-
tion of CRs with rigidities about one decade below the knee.
The overall UHECR normalization is chosen in order to
reproduce the observed fluxes, and is consistent with the
efficiency outlined above. There is a rising consensus (Gaisser
et al. 2013; Aloisio et al. 2014; Taylor 2014) that an additional

Figure 2. Top panel: particle fluxes above 1015 eV for different species as in
the legend. Dashed lines correspond to CRs accelerated in SNRs and solid lines
to UHECRs produced via espresso acceleration in AGN jets with Γ ≈ 30. The
dotted line indicates the extra “EeV component” (see text). Bottom panel:
predicted average atomic mass A as a function of energy; dashed lines
correspond to the elements of the top panel. Colored bands represent data from
various experiments (Kampert & Unger 2012; Gaisser et al. 2013; Aab
et al. 2014a, 2014b and references therein).
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acceleration (e.g., Caprioli & Spitkovsky 2014a); in relativistic
flows, instead, diffusive acceleration may be quite suppressed
(see, e.g., Sironi & Spitkovsky 2011), and different mechan-
isms are needed to produce energetic particles.

Let us consider a relativistic flow with Lorentz factor Γ and
velocity xc ˆb in the laboratory frame, and a particle with initial
energy Ei and momentum

p E , 1 , 0 , 3i i i i
2( ) ( )m m- -�

where pp ;x ∣ ∣m º once in the flow, its energy in the flow frame
is

E E p E 1 . 4xi i i, i i( ) ( ) ( )b bm¢ = G - = G -

If the particle gyrates around the comoving magnetic field B¢
before leaving the flow, its final energy and flight direction
can be written as E Ef i¢ = ¢ and p E ,xf f, im¢ º ¢ ¢ which in the
laboratory frame become

E E 1 1 ,
1

. 5f
2

i i f f
f

f
( )( ) ( )bm bm m

m b

bm
= G - + ¢ =

¢ +

+ ¢

If μf = μi, the particle energy is unchanged, but typically
,f im m¹ which implies Ef ; Γ2Ei, similar to a Compton

scattering against a relativistic magnetic wall. This phenom-
enon, which is independent of where particles enter/leave the
flow, is well known for relativistic shocks: the energy gain is
∼2Γ2 in the first upstream–downstream–upstream cycle (μi ;
−1, μf ; 1), but 2 in the following ones because particles are
re-caught by the shock with μ  1–1/Γ ∼ μf (Achterberg
et al. 2001).

Let us consider a particle with ing G� entering the flow
with μi = 0, corresponding to ,im b¢ = - and assume
B zB¢ = - ¢ . In the flow frame, the particle performs a Larmor
gyration with frequency Ω′ ≡ eB′/(γinΓmc) and in turn
(Equation (5)):

E
E

t t1 cos sin . 6f

i

2 2 ( )⎡
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b
G - W¢ ¢ +

G
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The total energy gain depends on the phase
t mod 2( )j p¢ º W¢ ¢ when the particle leaves the flow: it is

maximum (2Γ2) for 2,fj p¢ = and ∼Γ2 for 2, 3 2 .f [ ]j p p¢ Î
A boost of ∼Γ2 in the laboratory requires the particle to stay in
the flow for Tacc  Γπ/(2Ω′) during which it travels a distance

D T c
B

4 kpc
5 10

, 7acc acc
f

9
G

( )g
»
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�

with γf ≡ γinΓ
2 ∼ 5 × 109 the maximum UHECR Lorentz

factor. In reality, since relativistic flows diverge and the
magnetic field drops (B′ ∼ few G xpc

1- in blazar jets, e.g.,
O’Sullivan & Gabuzda 2009), particles eventually escape,
either because they reach the termination shock or because the
condition in Equation (2) is violated. Also, the expected radial
dependence of the toroidal magnetic field induces an axial B� –

drift toward the flow head.
In realistic flows, we can assume that the orbit is generally

truncated with a random phase ,fj¢ which leads to an average
energy gain E Ef i

2
f

á ñ = Gj¢ (Equation (6)). Figure 1 shows the
sketch of a possible particle trajectory in a conical (expanding)

jet. Exact trajectories in realistic velocity/magnetic profiles of
AGN jets will be presented in a forthcoming publication, but
we anticipate that ∼Γ2 energy gains are indeed common in
astrophysical jets.
UHECR acceleration via such a one-shot (espresso)

mechanism thus requires either ultra-relativistic flows with Γ
 105 or moderate Lorentz factors and pre-accelerated
particles. We now consider the case of AGN jets reaccelerating
energetic CR seeds.

3.1. “Seeds”

Galactic CRs accelerated in SNRs (Morlino & Caprioli 2012;
Ackermann et al. 2013) represent natural seed candidates. The
maximum energy Emax ≈ a few Z PeV (the CR “knee”) is
achieved before the SNR enters the Sedov stage (t ≈ tS) when
the shock velocity VS starts to decrease because of the inertia of
the swept-up material (Blasi et al. 2007). Emax can be estimated
by equating tS and the acceleration time tacc, which scale as

t
E

BV
t

V

M
V

E
M

;
1

;
2

, 8acc
max

S
2 S

S

ej
S

SN

ej
3 ( )

r
µ µ »

where ESN and Mej are the SN ejecta kinetic energy, and mass
and ρ and B are the circumstellar density and magnetic field;
we have also used Bohm diffusion to derive tacc (see Caprioli &
Spitkovsky 2014b, 2014c for a justification of this assumption
based on ab initio simulations). Finally, we have

E ZB Z T , 9max
1 3 1 6

vir ( )r rµ µ-

where we also assumed equipartition between thermal and
magnetic pressures (as in the Milky Way), i.e., B2 ∝ ρT, with a
typical temperature T of the order of the virial temperature Tvir.
Since the dependence on ρ is very weak, and since Tvir is
proportional to the total galactic mass, which does not differ
greatly from galaxy to galaxy, Emax is expected to be roughly
the same for any SNRs expanding in the interstellar medium.
For core-collapse SNe, instead, Emax is achieved while the
shock is still propagating in the wind launched in the pre-SN
stages (Bell et al. 2013; Cardillo et al. 2015), which should be
independent of the properties of the galaxy. We conclude that
the maximum energy of CRs accelerated in SNRs should be

Figure 1. Schematic trajectory of a galactic CR reaccelerated by a relativistic
jet (not in scale). The total acceleration due to the motional electric field does
not depend on the exact trajectory: a rotation π/2 around the jet magnetic
field is sufficient to achieve a ∼Γ2 boost (Equation (6)).
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S. Wykes et al. A&A 558, A19 (2013)
P. Biermann, et al. ApJ 746:72 (2012)
…
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Particle-density and
-composition at ground 

light trace
at night-sky
(calorimetric)

Also: 
Detection of Radio- & Microwave-Signals

Fluorescence light 

Concept pioneered by the 
Pierre Auger Collaboration 
(Fully operational since 06/2008 
 

Now also used by 
              Telescope Array (TA)
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Pierre Auger Observatory
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3000 km2 area, Argentina 
27 fluorescence telescopes plus

...1660 Water Cherenkov tanks

Auger Hybrid Observatory
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Pierre Auger Collaboration
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Event Example in Auger Observatory
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Event Example in Auger Observatory
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Energy Spectrum
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UHECR spectrum with the Pierre Auger Observatory Inés Valiño
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,

14
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The GZK - Horizon
Expect strong anisotropies for 
protons at E>1019 eV ~60 Mpc
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Figure 3: The combined energy spectrum of cosmic-rays as measured by the Auger Observatory, fitted with
a flux model (see text). Only statistical uncertainties are shown. The systematic uncertainty on the energy
scale is 14%. The number of events is given above the points, which are positioned at the mean value of
log10(E/eV). The upper limits correspond to the 84% C.L.

result of the best fit is shown in Fig. 3 and the corresponding parameters are presented in Table 2,
quoting both statistical and systematic uncertainties.

J0 [eV�1km�2sr�1yr�1] Eankle [EeV] Es [EeV] g1 g2 Dg

(3.30±0.15±0.20)⇥10�19 4.82±0.07±0.8 42.09±1.7±7.61 3.29±0.02±0.05 2.60±0.02±0.1 3.14±0.2±0.4

Table 2: Best-fit parameters, with statistical and systematic uncertainties, for the combined energy spectrum
measured at the Pierre Auger Observatory.

The combined spectrum shows a flattening above the ankle, Eankle = 4.8⇥1018 eV, up to the
onset of the flux suppression. This suppression is clearly established with a significance of more
than 20s (the null hypothesis that the power law above the ankle continues beyond the suppression
point can be rejected with such confidence). The spectral index in the region of the suppression is
less certain due the low number of events and large systematic uncertainties.

A spectral observable in the GZK [15, 16] region that can be used to discriminate between
different UHECR source-composition models is the energy E1/2 at which the integral spectrum
drops by a factor of two below what would be expected with no cutoff. The corresponding value
derived from the Auger data, computed as the integral of the parameterisation given by eq. (3.1)
with the parameters reported in Table 2, is E1/2 = (2.47±0.01+0.82

�0.34(sys))⇥1019 eV. This result, for
instance, differs at the level of 3.4s from the value of ⇡ 5.3⇥1019 eV predicted in [17] under the
assumption that the sources of UHECRs are uniformly distributed over the universe and that they
accelerate protons only. Note that, in reality, sources are discrete and in the GZK region the shape
of the spectrum will be dominated by the distribution of sources around us (see [18] for example).

4. Declination-dependence of the energy spectrum

Given the location of the Auger Observatory at a latitude �35.2�, events arriving with q<60�

cover a wide range of declinations from �90� to +25�, corresponding to a sky fraction of 71%,
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D�Dmin where D is the profile deviance as a function of (g,Rcut) and Dmin is the best-fit
deviance. Each coloured area corresponds to 1s , 2s , ... confidence intervals. The inset shows the values of
D along the dotted curve. Right: best-fit and second local minimum parameters for model SPG.
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Figure 2: Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s atmo-
sphere with the best-fit parameters (left) and the local minimum at g ⇡ 2 (right) for model SPG, along with
Auger data points [10]. Partial spectra are grouped according to the mass number as follows: A = 1 (red),
2  A  4 (grey), 5  A  26 (green), 27  A (blue), total (brown). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model predic-
tions in the two scenarios (brown), pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue). Only the energy
range where the brown lines are solid is included in the fit.

of this on our results, we repeated the fit described in the previous section for each of the various
propagation models listed in Table 1. The results are shown in Table 2.

From Fig. 3, it can be seen that the relationship between g and Rcut and the position of the
second local minimum are very similar from one model to another, but the position of the best fit
within the ‘valley’ and the height of the ‘ridge’ between the two local minima are strongly model-
dependent. Furthermore, propagation models with lower photodisintegration rates3 tend to result
in better fits to the Auger data, except at very low values of g and Rcut.

3The Domínguez EBL model has a stronger far infrared peak than the Gilmore model, and TALYS predicts sizeable
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Need  
Mass Composition 
to disentangle GZK-suppression  
from maximum energy scenario
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Longitudinal Shower Development ➙ Primary Mass
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Smooth trend to heavier composition
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Data well Described by Exhausted Sources
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Decomposition of Xmax-Distributions
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Fe

data suggest seeing the exhaustion of sources!

no pure beam at ankle!

Post-LHC Models

See also: Yushkov @ ICRC2015
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Anisotropies 
may tell us more



Karl-Heinz Kampert - Univ. Wuppertal KIT Colloquium, January 2016

γ
cosmic rays
E > 1019eV

Galaxy
B ~ μG

�(E,Z) ⇥ 0.8�
�

1020 eV
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⇥
· Z

Multi-Messenger Astronomy

23

Intergalactic Space
B ~ nG ν

Cosmic Rays, Photons, Neutrinos, 
and a welcome to GWs!

Kotera & Silk: arXiv:1602.06961 
UHECR & UHE νs a potential 
by-product of BH mergers in 
presence of relic B-fields
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UHECR Sky surprisingly isotropic
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UHECR Sky surprisingly isotropic
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Auger/TA: small/intermediate-scales
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2. Auger/TA: small/intermediate-scales

Peter Tinyakov in Brussels

UHECR Sky

Local matter 
       distribution 

Joint analysis with TA in progress

very blurry UHECR sky and 
no clear point sources, yet: 
⇒ surprisingly strong* B-fields 
a/o UHECR dominated by Z>1

* S. Hackstein et al., arXiv:1607.08872 
⇒ B ~ 1 nG
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Astrophysical 
Neutrinos
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A look to the PeV Neutrino Sky
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Observation of Astrophysical Neutrinos in Four Years of IceCube Data C. Kopper

Figure 7: Arrival directions of the events in galactic coordinates. Shower-like events are marked with +
and those containing tracks with ⇥. Colors show the test statistics (TS) for the point-source clustering test
at each location. No significant clustering was found.

6. Future Plans

Other searches in IceCube have managed to reduce the energy threshold for a selection of start-
ing events even further in order to be better able to describe the observed flux and its properties [5],
but at this time they have only been applied to the first two years of data used for this study. We will
continue these lower-threshold searches and will extend them to the full set of data collected by
IceCube. Because of its simplicity and its robustness with respect to systematics when compared
to more detailed searches, the search presented here is well suited towards triggering and providing
input for follow-up observations by other experiments. In the future, we thus plan to continue this
analysis in a more automated manner in order to update the current results with more statistics and
to produce alerts as an input for multi-messenger efforts.
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IceCube Collaboration: update from 
Phys. Rev. Lett. 113 (2014) 101101

No significant clustering seen (p=84%)

cross correlations to catalogs or HESS sources ➾ no signal yet
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UHECR-Neutrino correlations?
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Correlation between the UHECRs measured by Auger and TA and ns from IceCube G. Golup
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Figure 1: Distribution of UHECR deflections in two models for the regular component of the galactic
magnetic field, PT2011 [13] and JF2012 [14], for a rigidity E/Z = 100 EeV.

and Jansson and Farrar [14] and assuming these are protons with E = 100 EeV. The distributions83

of the obtained deflections are different for each model (Fig. 1), but the median values for both are84

2.7�. We have then chosen an average value of 3�. The values of 6� and 9� are also considered85

to account for larger deflections that could arise from other light CR components (Z = 2,3) or a86

stronger than predicted strength of the intervening magnetic fields.87

3.1 UHECR correlation analyses with high-energy cascades and high-energy tracks88

Figure 2: Aitoff-Hammer projection of the sky in galactic coordinates showing the arrival directions of the
IceCube high-energy cascades (plus signs) and high-energy tracks (crosses), and the UHECRs detected by
Auger (circles) and TA (triangles). The dashed line indicates the Super-galactic plane.

The arrival directions of the high-energy tracks and high-energy cascades in IceCube, and of89

the UHECRs measured by Auger and TA are shown in Fig. 2 in galactic coordinates. Two different90

analyses are performed with this data set: a cross-correlation and a stacking likelihood analysis.91

The cross-correlation method consists of computing the number of UHECR-n pairs as a func-92

tion of their angular separation a , np(a), and comparing it to the expectation from an isotropic93

distribution of arrival directions of CRs. The angular scan performed in this case is between 1� and94

30� with a step of 1� and, due to this scan, the method does not rely on any assumption about the95

exact value of the strength of the magnetic deflections, unlike the likelihood method.96

4

 TA >57EeV  ;  ○ Auger >52EeV;  ⨉  IceCube cascades   ;  + IceCube tracks

IC+ Auger+TA-Coll., arXiv:1511.09408; JCAP 01 (2016) 037

• cross correlation and stacking analysis done 
• 3°, 6°, 9° UHECR angular smearing at 100 EeV around neutrino direction

cascade events: smallest pre-trial value for 22°: 575 pairs observed, 490 expected
⇒ post-trial p-value of 5·10-4 (8.5·10-3 ) assuming isotropic CRs (ν’s) 

Potentially interesting, will be monitored

20°-scale well in line with hot spots in UHECR sky
 and point source search; suggest large smearing 

as expected e.g. for heavy UHECR nuclei
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Cosmogenic 
Neutrinos

Recall: 
• If flux suppression above 5∙1019 eV 
  is due to GZK-effect:  
  expect cosmogenic neutrinos & photons 

• If due to source exhaustion: 
  neutrinos & photons strongly suppressed
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EAS are sensitive to all ν flavors and channels

32 RAPP Inauguration, Bochum, 21. - 23- 9.2016



Karl-Heinz Kampert - Univ. Wuppertal

EeV Neutrino Limits
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11

The limit applies in the energy interval ⇠ 1.0⇥1017 eV�
2.5⇥ 1019 eV where the cumulative number of events as
a function of neutrino energy increases from 5% to 95%
of the total number, i.e. where ⇠ 90% of the total event
rate is expected. It is important to remark that this
is the most stringent limit obtained so far with Auger
data, and it represents a single limit combining the three
channels where we have searched for UHE neutrinos. The
limit to the flux normalization in Eq. (3) is obtained in-
tegrating the denominator of Eq. (2) in the whole energy
range where Auger is sensitive to UHE neutrinos. This
is shown in Fig. 4 , along with the 90% C.L. limits from
other experiments as well as several models of neutrino
flux production (see caption for references). The denom-
inator of Eq. (2) can also be integrated in bins of energy,
and a limit on k can also be obtained in each energy bin
[35]. This is displayed in Fig. 5 where the energy bins
have a width of 0.5 in log10 E⌫ , and where we also show
the whole energy range where there is sensitivity to neu-
trinos. The limit as displayed in Fig. 5 allows us to show
at which energies the sensitivity of the SD of the Pierre
Auger Observatory peaks.

The search period corresponds to an equivalent of 6.4
years of a complete Auger SD array working continuously.
The inclusion of the data from 1 June 2010 until 20 June
2013 in the search represents an increase of a factor ⇠ 1.8
in total time quantified in terms of equivalent full Auger
years with respect to previous searches [17, 18]. Further
improvements in the limit come from the combination of
the three analysis into a single one, using the procedure
explained before that enhances the fraction of identified
neutrinos especially in the DGH channel.

In Table III we give the expected total event rates for
several models of neutrino flux production.

Several important conclusions and remarks can be
stated after inspecting Figs. 4 and 5 and Table III:

1. The maximum sensitivity of the SD of the
Auger Observatory is achieved at neutrino energies
around EeV, where most cosmogenic models of ⌫
production also peak (in a E2

⌫ ⇥ dN/dE⌫ plot).

2. The current Auger limit is a factor ⇠ 4 below the
Waxman-Bahcall landmark on neutrino production
in optically thin sources [13]. The SD of the Auger
Observatory is the first air shower array to reach
that level of sensitivity.

3. Some models of neutrino production in astrophys-
ical sources such as Active Galactic Nuclei (AGN)
are excluded at more than 90% C.L. For the model
#2 shown in Fig. 14 of [32] we expect ⇠7 neutrino
events while none was observed.

yields a value of Nup = 2.39 slightly smaller than the nominal
2.44 of the Feldman-Cousins approach.
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Figure 4. Top panel: Upper limit (at 90% C.L.) to the nor-
malization of the di↵use flux of UHE neutrinos as given in
Eqs. (2) and (3), from the Pierre Auger Observatory. We
also show the corresponding limits from ANITAII [29] and
IceCube [30] experiments, along with expected fluxes for sev-
eral cosmogenic neutrino models that assume pure protons
as primaries [31, 33] as well as the Waxman-Bahcall bound
[13]. All limits and fluxes converted to single flavor. We used
Nup = 2.39 in Eq. (2) to obtain the limit (see text for de-
tails). Bottom panel: Same as top panel, but showing several
cosmogenic neutrino models that assume heavier nuclei as pri-
maries, either pure iron [31] or mixed primary compositions
[9].

4. Cosmogenic ⌫ models that assume a pure primary
proton composition injected at the sources and
strong (FRII-type) evolution of the sources are
strongly disfavored by Auger data. An example
is the upper line of the shaded band in Fig. 17
in [31] (also depicted in Figs. 4 and 5), for which
⇠4 events are expected and as consequence that
flux is excluded at ⇠98% C.L. Models that assume
a pure primary proton composition and normalize
their expectations to the GeV �-ray flux observa-
tions by the Fermi-LAT satellite detector are also
disfavored. For instance for the model shown as a
solid line in the bottom right panel of Fig. 5 in [33]
(also depicted in Figs. 4 and 5 in this work), cor-
responding to the best-fit to the cosmic-ray spec-

Auger Collaboration, PRD 91, 092008 (2015)

Neutrino upper limits start to constrain
cosmogenic neutrino fluxes of p-sources

(2015)

Would have expected to see 1-7 GZK neutrinos (for different models), have seen none
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EeV Neutrino Limits Challenge GZK
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6 HEINZE, BONCIOLI, BUSTAMANTE & WINTER

Figure 3. Best-fit UHECR spectra for 3D scan (solid curve) and 2D scans
(dashed/dotted curves), superimposed on the TA 7-year data (Jui 2015;
Ivanov, D. et al. [Telescope Array Collaboration] 2015). The energy scale
of the data points is fixed, while that of the models is for each one shifted by
the best-fit value of �E .

Figure 4. All-flavor flux of cosmogenic neutrinos predicted by the 3D fit to
the TA 7-year UHECR spectrum reported in Section 3. The IceCube upper
limit is from Ishihara (2015).

Table 1
Expected number of cosmogenic neutrino events after 6 years in IceCube,
corresponding to the 7-year UHECR TA best-fit, and to the minimal fluxes

within the 68.3%, 95.4%, 99.7% C.L.

⌫ events
Best fit 180.6
68.3% C.L. min flux 62.7
95.4% C.L. min flux 12.4
99.7% C.L. min flux, TA fit min 4.9

Berezinsky et al. (2011) for discussion. Since the production
of ⇡0 and ⇡± are closely correlated, so are the injections into
electromagnetic cascades and cosmogenic neutrinos. There-
fore, the diffuse gamma-ray data can help constrain the max-
imal allowed neutrino flux and the corresponding parameter
space. Parameter sets leading to low neutrino flux are typi-
cally not affected by the Fermi bound. While we do not take
the gamma-ray constraint into account explicitly in this work,
we note that, since we are interested in the minimal allowed
neutrino flux, we do not expect our conclusions to be sig-
nificantly affected if this additional constraint were imposed.
However, the fit regions in Fig. 2 may be significantly reduced
where large neutrino fluxes are produced.

5. SUMMARY AND CONCLUSIONS

The features of the UHECR energy spectrum are known
to high precision, but their origin remains a mystery. The
unprecedented sensitivity to the predicted flux of cosmogenic
neutrinos can be used as a tool to solve the mystery.

In this work, we have tested the cosmic ray proton dip
model, in which UHECRs above 109 are mainly protons of
extragalactic origin. We have used the UHECR spectrum
recently reported by the Telescope Array using 7 years of
data (Jui 2015; Ivanov, D. et al. [Telescope Array Collabo-
ration] 2015) and the recent upper limit on cosmogenic neu-
trinos reported by IceCube (Ishihara, A. et al. [IceCube Col-
laboration] 2015; Ishihara 2015).

We have performed a 3D parameter space scan in terms of
spectral injection index, maximal proton energy, and source
redshift evolution. The fit to TA data has qualitatively differ-
ent features compared to 2D scans previously performed in
the literature, due to multi-parameter correlations. An inter-
pretation of the data in terms of hard spectra, strong source
evolution, and low maximal proton energy is slightly favored
over the conventional GZK cutoff scenario – at the expense of
a large systematic shift of the energy scale.

We have also computed the associated cosmogenic neutrino
fluxes in the 3D scan. We have identified the minimal allowed
neutrino flux (“TA fit min”), corresponding to the 99.7% C.L.
region allowed by the fit to cosmic ray data. It is in tension
with the IceCube upper limit at more than 95% C.L.

As a result, the conventional proton dip model is challenged
for any possible parameter combination of the 3D scan. Our
result is a test of the proton dip model completely independent
from composition data.

We have also shown the robustness of our results with dif-
ferent sets of assumptions. The only possible caveat is an
injection cutoff at z & 1, which leads to lower neutrino fluxes
but hardly affects UHECRs. The corresponding minimal neu-
trino flux would require about five times more statistics for
detection, which should be within reach of the volume up-
grade IceCube-Gen2 (Aartsen et al. 2014a). Detection of this
flux –though challenging– in combination with verification of
proton composition at the highest energies would be a unique
test of cosmic-ray injection beyond the local universe.

Our result implies that the dip in the cosmic ray spectrum
cannot come from pair production in a pure proton model.
An obvious interpretation is that the composition of cosmic
rays is heavier than protons at the highest energies, which the
Auger composition measurements indicate (Porcelli, A. et al.
[Pierre Auger Collaboration] 2015). Alternatively, the tran-
sition to a flux dominated by extragalactic cosmic rays could
occur at a higher energy than the ankle, while the highest ener-
gies are still proton-dominated. Because few events have been

expected ν-fluxes if flux 
suppression of TA is 
due to GZK-effect

preliminary exclusion 
limits from IceCube

J. Heinze et al., ApJ 2016

Pure proton with GZK suppression challenged by 
upper limits to neutrino fluxes
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Exhausted UHECR Sources
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What did we learn? Where to go?
• UHECR Flux suppression clearly established 
    … but what is the cause of it?  

• Composition increasingly heavier above the ankle 
    … unexpected astrophysics or exotic particle physics? 

• UHECR sky surprisingly isotropic, only dipole LSA >5σ  
    … much stronger B-fields or heavy nuclei ? 

• Cosmogenic neutrino & photon fluxes constrain GZK interpr.

⇒ composition enhanced anisotropy 
⇒ attempt for proton astronomy 
⇒ study particle physics features at cms-energies > 100 TeV 

Single key observation is needed to answer all the 
questions:  
composition measurement into flux suppression region
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Up to know, composition based solely on Fluorescence 
Telescopes, duty cycle ~10-15% 
(different operation modus planned to yield factor ~2)

➙ most effectively achieved by upgrade of surface detectors  
    (duty cycle 100%) 
➙ immediate boost in statistics by a factor of ~10 ! 

classical approach:  
enhance electromagnetic/muonic separation of stations 

How to measure composition with large statistics 
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Technical Realisation
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The road to a better understanding of the sources and 
origin of UHECRs passes through the joint study of the 

three fundamental observables: 
energy spectrum, composition and arrival directions

Only AugerPrime can do this!
Multi-Messenger is becoming Reality !

RAPP is perfectly in place 
at the right time ! 




