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Ultra-High Energy Cosmic Rays
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➡ UHECRs + CMB ⇒ cosmogenic neutrinos

• Gal/Xgal transition ?
• Origin of the ankle ?
• Origin of the UHE 
suppression ?

• Composition at UHE ?
• Sources ?

Contemporary questions:

➡ Implications for CRs from a «multi-messenger approach» ?



Cosmogenic Neutrinos
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• <Ep>~1.6 10 eV/(Eγ/10 eV) with <Eγ>~7 10 eV for CMB photons at z=020 -3 -4

➡ 3ν, Eν~5% Ep

➡ 2γ, Eν~10% Ep
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Production of UHE neutrinos and photons
Typically as decay secondaries (i.e. needs higher energy CR):

UHE-CR (nucleon or nucleus) interacts
  - with matter, e.g. with gas around source
  - with background photons, e.g. CMB or photon fields around source

! pions: neutral " photons, charged " neutrinos

       example: GZK neutrinos and photons:  >50 EeV proton and CMB 

 

alternative top-down (but see later)
! pions from decay or annihilation of exotic particles

! both: same type of initial process, finally from (pion) decay

3!#$each  ~5% Ep

2%#$each  ~10% Ep

➡ Production through decay of pions:

➡ Production through decay of neutrons:

(in particular from the prompt charm production), astrophysical neutrinos produced
by photo-pion or pp interactions of accelerated protons with ambient radiation or
matter in sources such as gamma ray bursts, active galactic nuclei or starburst
galaxies, or cosmogenic neutrinos produced during the propagation of ultra-high
energy cosmic rays (UHECR) through the extragalactic radiation backgrounds.

Although two events are certainly not enough to determine the neutrino flux,
these observations suggest a flux level of E2

!d!!/dE ! 10!8 GeV/cm2s sr in the
1–10 PeV range [1]. Note that the canonical expectations for the rapidly falling
atmospheric background neutrino flux are about one order of magnitude below this
level, while astrophysical source scenarios may produce the required flux. It is our
purpose here to discuss some generic upper bounds on the cosmogenic neutrino
fluxes of various origins to identify the potentially dominant contributions at PeV
energies.

Another relevant feature of the observations is that the two neutrinos are in the
cascade mode (i.e. not involving muon or tau tracks), so that they are due to either
a NC interaction of any of the three neutrino (or antineutrino) flavors or to charged
current interactions of electron neutrinos (or antineutrinos). One interesting aspect
of this is that the !̄e channel presents, besides the interaction with nucleons, a
resonant interaction with the electrons at an energy of EGR = M2

W/2me = 6.3 PeV
(the Glashow resonance [2]), and we will also discuss the possible impact of this
channel for the IceCube detection.

2 Neutrino fluxes from UHECR protons

Extragalactic UHECR protons with energies above 6 " 1019 eV get attenuated
when propagating through the cosmic microwave background (CMB) mostly by
pion production processes, which lead to the well known expected GZK suppres-
sion [3]. These losses reach a maximum strength at the "(1232) resonance, i.e.
when m2

! ! m2
p + 2EpE"(1 # cos "), with " the angle between the p and # mo-

menta in the lab frame. This corresponds to a proton energy (adopting " = $) of
Ep(") ! 1.6 " 1020 eV/(E"/10!3 eV), with the average CMB photon energy being
$ 0.7 " 10!3 eV at present (i.e. for redshift z = 0), see [4] for a comprehensive
review. The process p# % $+n leads to the production of cosmogenic neutrinos
[5] both through the pion decay chain $+ % µ+!µ % e+!e!̄µ!µ and through the
neutron decay n % pe!̄e [6]. Since the pions typically carry about 1/5 of the pro-
ton energy, each neutrino from the pion decay has on average an energy of about
E! ! Ep/20. On the other hand, the !̄e from the neutron decay has a typical energy
of E! ! 4" 10!4En ! 3" 10!4Ep.

When these interactions happen at high redshift, since the CMB temperature
scales as (1 + z) the proton energies for which the photopion production start to be
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➡ Eν~0,03% Ep

• Cosmological evolutions 
➡ Wide peak through pion decay around 1 EeV 

➡ Wide peak through neutron decay around few PeV 

•  Relationship between 
the two fluxes: 

e!cient are Ep ! EGZK/(1 + z), where for definiteness we adopt EGZK = 1020 eV
as the typical proton energy for pion production at z = 0. Note also that the
CMB photon density increases as (1 + z)3, making the opacity of the universe to
UHE protons correspondingly higher. The energies of the neutrinos produced at
high redshifts get further reduced by the adiabatic losses as they propagate to us,
leading to E! ! EGZK/(20(1 + z)2) for the neutrinos originating from pion decays,
and E! ! 3 " 10!4EGZK/(1 + z)2 for those from neutron decays. The neutrino
production turns out to be sizeable up to redshifts of 3–5 [6], depending on the actual
source redshift evolution, and for instance considering a typical neutrino production
redshift z ! 1.2 one gets peaks on the neutrino spectrum resulting from interactions
with the CMB at energies # 1018 eV (from ! decays) and # 6 " 1015 eV (from
n decays). These peaks are anyway quite wide, because the " resonance is wide
(and other pion production channels contribute as well), because the CMB photons
have a wide thermal spectrum and also because di#erent redshifts contribute to the
neutrino production.

A useful relation can be obtained between the two neutrino fluxes just considered,
since in the charged pion producing interactions the same number of low energy "̄e
and higher energy "e, "̄µ or "µ are produced. Hence, denoting by $! the resulting
neutrino di#use fluxes, one has, for the fluxes produced in interactions with the
CMB alone, that

!

d$!̄e

dlogE

"n!dec,CMB

(E!̄e=6"1015 eV)

!

!

d$!µ

dlogE

""!dec,CMB

(E!µ=1018 eV)

. (1)

Using that the EeV neutrinos are actually dominated by those produced in in-
teractions with the CMB (see below), and ignoring for the time being the e#ects of
the neutrino oscillations on the "̄e, we then get

!

E2
!

d$!̄e

dE

"n!dec,CMB

(E!̄e=6"1015 eV)

! 6" 10!3

!

E2
!

d$!µ

dE

""!dec,CMB

(E!µ=1018 eV)

! 2" 10!3

!

E2
!

d$all !

dE

"

(E!=1018 eV)

. (2)

The all flavor di#use neutrino flux has been constrained at EeV energies by
the unsuccessful searches by IceCube [7] and Auger [8], which imply the approxi-
mate bound E2

!d$!/dE < 3 " 10!7GeV/cm2 s sr at EeV energies. Moreover, in
proton scenarios a stronger bound has been obtained indirectly from the so-called
cascade decays [9]. This bound is derived from the requirement that the !0 de-
cay gammas (also produced in the photo-pion processes) and the e+e! pairs do
not produce too large amounts of GeV–TeV photons when they cascade down to
low energies as they interact with the CMB and IR radiation backgrounds. The
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EeV-Cosmogenic Neutrinos

-4-

BUT Many «parameters»...

29

Neutrinos: (some) models

! large uncertainty !
   composition (p, mixed, Fe), E

max
 and slope at source, source evolution with z 

   (strong - FR II, weaker - SFR), transition galactic to extragal. CR
   source neutrinos (AGN, GRB) in addition to cosmogenic neutrinos

! task for phenomenology: combine various constraints to reduce phase space
(incl. ! limits, GeV "-ray bounds, ...) 

• Total emissivity in UHECRs
• Average acceleration 
spectrum

• Chemical composition of 
UHECRs

• Average maximum 
acceleration energy

• Cosmological evolution of 
UHECR sources
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Astrophysical Sources of Neutrinos 

➡ ν: the ideal multi-messenger

• Travel unimpeded through the Universe
• Point back to Xgal sources
• Very distant sources
• Deep into opaque sources
• Detection of EeV neutrinos as indirect 
information on UHECR nature (p vs Fe)

• Photons get attenuated > 100 TeV
• Charged CRs deflected in magnetic fields
• Neutrons decay
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UHECR Composition ?
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➡ Barcikowski et al., EPJ Web of Conferences 53, 01006 (2013)

• Light elements 
around EeV energies

• No consensus at UHE
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UHECR Composition, Implications

Figure 3. The energy spectrum observed at the Telescope Array interpreted in the framework of the dip model. From [45].

accelerated in the distant past would have been degraded by pair production - provided that the initial energy
was high enough to produce electron-positron pairs. The energy spectrum observed now is thus expected to show
the impact of these interactions by a steepening in an energy range where the protons with degraded energies pile
up, followed by a return to the injected slope at higher energies. In other words, a dip in the energy spectrum
is predicted by this mechanism, giving a natural way to induce an ankle spectral feature. Given the distribution
in energy of the photons of the cosmic microwave background 1 , precise calculations [9,10] show that the ankle
is expected at an energy compatible with the one measured by contemporary experiments. This is a remarkable
argument in favor of this scenario.

In this framework, it turns out that the transition between Galactic and extragalactic cosmic rays is already
completed at 1018 eV and has consequently to occur at a lower energy than the ankle one. The observation (though
with limited statistics) of a second knee feature 2 around 5 1017 eV for the HiRes experiment could be interpreted
as the spectral feature marking the transition [9,10]. However, this spectral feature has not been yet confirmed
by subsequent experiments collecting much larger statistics. On the other hand, the magnetic field permeating
the intergalactic space, though small, may be su!cient to reduce the horizon of cosmic rays below some energy
and thus suppress the intensity of extragalactic protons below that energy [44]. Note also that such a low-energy
cuto" may be intrinsic to the sources if they harbor relativistic shocks. For an exponential cuto" located close to
1017 eV, the all-particle energy spectrum can thus be reproduced in the context of the dip scenario, the transition
taking place progressively below 1018 eV [41]. This is also in qualitative agreement with the energy spectrum of
the light elements measured at the KASCADE-Grande experiment.

Using pre-LHC hadronic interaction models for describing the shower developments, the mass composition
inferred from the data collected at the HiRes and Telescope Array experiments is, within current statistics,
compatible with the hypothesis of pure protons up to the highest energies. The dip model thus provides a relevant
framework for describing these data. Using Monte-Carlo simulations of one-dimensional trajectories (that is,
neglecting the e"ect of the magnetic fields) accounting for all energy losses and cosmological evolutions of interest,
and using a maximum likelihood analysis to compare the observed and expected number of events in each energy
bin, the energy spectrum measured at the Telescope Array has recently been confronted with the dip model [45].
The best fit, obtained for a spectral index at the sources of 2.36 and a parameter m = 4.5 describing the source

1. The impact of the extragalactic background light can be neglected for the propagation of ultra-high energy protons.

2. The second knee is not the iron knee. This name was adopted at a time where the iron knee had not been yet observed.
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➡ Kido & Kalashev for TA 2013, ICRC 2013

TA data, dip model
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Figure 4. Left: Intensity of di!erent mass group elements of extragalactic origin required to reproduce simultaneously the energy
spectrum and the chemical composition measured at the Pierre Auger Observatory, within a scenario of rigidity-dependent accel-
eration at the sources. Right: Results in terms of the mean value of the depth of shower maximum (observable sensitive to the
chemical composition). From [48].

number evolution with redshift z (in (1 + z)m), is displayed in figure 3 for a uniform distribution of sources and
for sources following the large-scale structure of matter in the Universe. It turns out that, within the systematic
uncertainties on the energy scale, an overall good agreement is observed. This is mainly because the dip feature
can be well reproduced. On the other hand, more statistics are needed to settle whether the high-energy end of
the spectrum can be described by the suppression expected from pion-production interactions or not.

Although the dip model provides a su!cient framework to describe the data collected at the Telescope Array, it
is in tension with the mass composition inferred from measurements performed at the Pierre Auger Observatory.
The description of these data requires a totally di"erent framework, which is the object of the next section.

4. The Auger data: an appeal in favor of an additional component

Provided that there is no unexpected change of the properties of the hadronic interactions describing the first
steps in the shower developments in the atmosphere at ultra-high energies, the mean depth of shower maximum
and the corresponding fluctuations measured at the Pierre Auger Observatory provide evidences for a transition
from light elements at ! 1018 eV to heavier ones up to ! 3 1019 eV [36,49]. This only observation breaks down
the interpretation of Auger data in terms of the dip model.

To reproduce the energy spectrum and the related-Xmax measurements performed at the Pierre Auger Obser-
vatory, a rigidity-dependent scenario similar to the one observed between the knee and the iron knee energies is
required [46,47,48]. The maximum energy of the accelerators is then constrained mainly by the disappearance of
protons above the ankle energy. The components of heavier elements are then shifted in energy by the charge
number Z. Depending on the exact hypotheses formulated on the species abundances at the sources, the upper
end of the energy spectrum might be due to the cuto" of the source spectrum rather than caused by energy losses
- or to a mix between these two mechanisms.

A discussion of these results is out of the scope of this contribution. An important outcome of this simultaneous
fit relevant for understanding the origin of the ankle is that there is no way to reproduce both the energy spectrum
and the chemical composition below ! 5 1018 eV without introducing a new component mainly composed of light
elements to fill the gap of the all-particle energy spectrum between the iron knee and the ankle energies, and to
reproduce the measurements related to mass composition. An illustration of this new component is given in the
left panel of figure 4 where the intensities of the di"erent mass group elements of extragalactic origin are shown
together with the additional light component below ! 5 1018 eV, while the resulting chemical composition is
shown in the right panel. The new component, falling o" at the ankle energy, appears thus to be the high energy
counterpart of the light elements responsible for the ankle-like feature around 1017 eV (see section 2). As such, it
is not a simple continuation of the bulk of Galactic cosmic rays of lower energies.

All in all, the ankle may get back the status of a transition, but not between the bulk of Galactic cosmic rays
and extragalactic ones. However, the origin of the new component remains to be understood.

6

Auger data, rigidity-dependent 
maximum acceleration energy at 

the sources

➡ Aloisio, Berezinsky & Blasi, arXiv:1312.7459
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UHECR Composition and UHE Neutrinos

29

Neutrinos: (some) models

! large uncertainty !
   composition (p, mixed, Fe), E

max
 and slope at source, source evolution with z 

   (strong - FR II, weaker - SFR), transition galactic to extragal. CR
   source neutrinos (AGN, GRB) in addition to cosmogenic neutrinos

! task for phenomenology: combine various constraints to reduce phase space
(incl. ! limits, GeV "-ray bounds, ...) 

• Strong dependence of the 
EeV-cosmogenic flux with 
the CR composition at UHE

• Observation or non-
observation of EeV-
neutrinos would be an 
indirect tool to understand 
the CR composition at UHE
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PeV-Cosmogenic Neutrinos

• <Ep>~1.6 10 eV/(Eγ/eV) with UV/optical/IR photons17

➡ Cosmogenic neutrinos from pion decay peaking around 8 10 eV/(1+z)/(Eγ/eV)15
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Figure 4: Mixed composition (p–Fe) scenario with source spectral index ! = 2.0
and Emax = 5Z EeV. Indicated are the propagated CR spectrum, the resulting (all
flavor) neutrino fluxes and the separate contributions from p and Fe primaries.

model [27]. The relative source abundances considered are np/nFe = 10 at a given
energy (below the proton cuto!), with power spectrum ! = 2.0 and for the GRB2
source evolution model. We see that the enhanced proton contribution below the
ankle helps to reach a larger flux of PeV neutrinos than in the pure Fe case. In
this mixed composition scenario the CR spectrum in the ankle region is similar to
the measured one, but it does not fit well the highest energies. This may however
depend on the precise distribution of nearby sources and on the shape of the source
cuto! adopted.

We note that in scenarios with more than two components, e.g. those in which
the average CR mass gradually increases above the ankle, harder spectra for each
source component are required to fit the observed overall spectrum, and hence this
will tend to reduce the fluxes of PeV neutrinos with respect to those found for the
p-Fe only mixture.

10

➡  IC events 
interpretation in 

terms of cosmogenic 
neutrinos unlikely

➡ E.Roulet et al, JCAP 01(2013)028
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UHE Neutrinos: Current Searches
with Ground Array of Particle Detectors

ντ

• CRs initiate showers high in the atmosphere
➡ e.m. component absorbed in the atmosphere

➡ Shower front composed mainly of muons

➡ Horizontal Air Showers

• Neutrinos can initiate deep showers
➡ Shower front composed of µ+e.m. components

Searching for neutrinos ⇒
searching for inclined 

showers
 with electromagnetic 

component
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Water Cherenkov Detectors : Auger

➡ Distinguishing muonic from e.m. shower front from the 
time structure of the WCD signals
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Radio-Detection: the Askaryan Effect

• e.m. cascade : Compton scattering of photons on atomic 
electrons induce negative charge excess of ~20%

• Negative charge radiates coherently at MHz-GHz => P~E
• Askaryan effect observed on ice at SLAC with 12-tons of 
ice + ANITA

• Ice is good for radio-detection of neutrinos: long 
radio attenuation lengths (1km for RF vs ~100m for optical 
signals used by IceCube)

• ANITA, TREND, ARIANNA, ARA, Greenland Neutrino 
Observatory, EVA

2
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ANITA-I & ANITA-II

NASA long duration balloon 
launched from Antarctica

8 

ANITA-I & ANITA-II: Best Limit > 1019 eV 

NASA Long Duration Balloon, launched from Antarctica 

 ANITA-I: 35 day flight 2006-07 

 ANITA-I: 30 day flight 2008-09 

Instrument Overview: 

•! 40 horn antennas, 200-1200 MHz 

•! Direction calculated from timing delay  
 between antennas 

•! In-flight calibration from ground  
•! Threshold limited by thermal noise 

A. G. Vieregg 8 

ANITA-I ANITA-II 

Neutrino 

Candidate Events 

1 1 

Expected 

Background 

1.1 0.97 +/- 0.42 

UHE Neutrino Search Results: 
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UHE Neutrino Search Results: 

ANITA-III: factor of 5 improvement 
expected in sensitivity
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Current Limits 

30

Neutrinos: current limits

integral limits: assume E-2 ! flux & find normalization needed to detect ~ 2.4 events
differential limits: assume E-2 ! flux in energy bins & find normalization to have 2.4 events in each bin 
EAS ground array sensitivity peaks at peak of cosmogenic fluxes (~EeV)
 
! event rates (estimated):
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Askaryan Radio Array

ARA: Askaryan Radio Array 

H Pol Antennas V Pol Antennas 

•! Idea: 37-station array of 

antennas buried 200m below 

the surface at the South Pole 

•! Currently: 3 stations + testbed 

deployed and working 

•! Plan: Proposal pending for 

next stage of deployment (10 

stations) 

ARA Collaboration. Astropart. Phys. (2012) 

• Plan: 37-station array of 
antennas buried 200m below the 
surface at the South Pole 

• 3 stations+testbed deployed 
and working 

• Blind analyses of 10% 
sample of the 2011 and 2012 
testbed station data

ARA Testbed Data Analysis 

•! 2011 and 2012 testbed station data 

•! Three independent blind analyses, look at 10% sample 

14 

•! Cut-based analysis: 

–! Reconstruction cuts  

    ! reject thermal noise 
background 

–! Impulsiveness cuts  

    ! reject continuous wave 

background 

–! Directionality cuts  

    ! reject man-made background 

•! Future: much more volume 

instrumented, trigger and 

analysis improvements for full 

37-station array 
ARA Collaboration: arXiv:1404.5285 
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Future Sensitivity Estimates

➡ In 5-10 years, hope to have UHEν observatories

Projected UHE Neutrino Sensitivity 

A. G. Vieregg 19 

ARA Coll. arXiv:1105.2854 

What the sensitivity of a 

next-generation UHE 

neutrino detector looks 
like: 

! With tens of events per 

year, we’ll have a real 

high-energy neutrino 
observatory for particle 

physics and astrophysics 

31

Neutrinos: ~2015 sensitivity estimates

if !  not discovered
 by 2015,

 proton models 
constrained !
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UHECR Sources ?

➡ TA Collaboration, arXiv:1404.5890
Author's personal copy

It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Correlation with Large-Scale Structure

Author's personal copy

4.2.2. Likelihood test
For each model and for different values of the smoothing angle

r and isotropic fraction fiso we evaluate the log-likelihood of the
data sample:

LL !
XNdata

k!1

ln F"n̂k#; "3#

where n̂k is the direction of the kth event.
We consider the models based on 2MRS and Swift-BAT objects

weighted by their flux in the respective wavelength. The top panels
in Fig. 6 plot the results using all the arrival directions of CRs with
EP 55 EeV. The bottom panels plot the results excluding the CRs
collected during period I in Table 1, which were used to optimise
the energy cut for the VCV correlation in that period. The best-fit
values of (r, fiso) are those that maximize the likelihood of the data
sample, and are indicated by a black dot. Contours of 68%, 95% and
99.7% confidence intervals are shown. The best-fit values of (r, fiso)
are (1.5!, 0.64) for 2MRS and (7.8!, 0.56) for Swift-BAT using all
data. With data in period I excluded the best-fit parameters are
(1.5!, 0.69) for 2MRS and (1.5!, 0.88) for Swift-BAT. These values
are not strongly constrained with the present statistics. Notice
for instance that the best-fit value of fiso for the Swift-BAT model
increases from 0.56 to 0.88 and r decreases from 7.8! to 1.5! if data
in period I is excluded. More data is needed to discern if it is the
correlation on small angles of a few events with the very high-den-
sity regions of this model (such as the region in the direction to the
radiogalaxy Centaurus A, the object with the largest weight in
Fig. 4) that masks a potentially larger correlating fraction (hence
a smaller fiso) over larger angular scales.

Finding the values of r and fiso that maximize the log-likelihood
does not ensure that the model fits well the data. To test the com-
patibility between data and model, we generate simulated sets
with the same number of arrival directions as in the data, drawn
either from the density map of the models or isotropically. We then
compare the distributions of the mean log-likelihood (LL=Ndata)
with the value obtained for the data. We present the results in
Fig. 7.

Data are compatible with the models and differ from average
isotropic expectations. The fraction f of isotropic realizations that
have a higher likelihood than the data is 2 $ 10%4 in the case of
the model based on Swift-BAT AGNs, and 4 $ 10%3 with the model
based on 2MRS galaxies. These values of f are obtained with the
parameters r and fiso that maximize the likelihood for the respec-
tive catalog using all the events with energy larger than 55 EeV
(the black dots in the top panels of Fig. 6). With the same param-
eters, and data from period I excluded, f & 0.02 in both models.

Fig. 4. Left: Sky map in galactic coordinates with the AGNs of the 58-month Swift-BAT catalog plotted as red stars with area proportional to the assigned weight. The solid
line represents the border of the field of view of the Southern Observatory. Coloured bands have equal integrated exposure, and darker background colours indicate larger
relative exposure. Right: density map derived from the map to the left, smoothed with an angular scale r = 5!. The 69 arrival directions of CRs with energy EP 55 EeV
detected with the Pierre Auger Observatory are plotted as black dots. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. Cosmic ray density map for the flux-weighted 2MRS galaxies, smoothed
with an angular scale r = 5!. The black dots are the arrival directions of the CRs with
energy EP 55 EeV detected with the Pierre Auger Observatory. Galactic latitudes
are restricted to jbj > 10!, both for galaxies and CR events.

Fig. 6. Confidence intervals for the parameters (r, fiso) derived from the likelihood
function using the arrival directions of CRs with EP 55 EeV for the two models
considered: 2MRS galaxies (left) and Swift-BAT AGNs (right). The pair of parameters
that maximize the likelihood is indicated by a black dot. The plots in the top panels
use all data. The plots in the bottom panels exclude data collected during period I in
Table 1, that were used to choose the energy threshold that maximized the
correlation with VCV objects in that period. In the case of 2MRS galactic latitudes
(both of galaxies and CRs) are restricted to jbj > 10!.

322 P. Abreu et al. / Astroparticle Physics 34 (2010) 314–326

➡ Auger Collaboration, APP 34 314 (2010)

➡ Need for a large fraction of isotropic background...

➡ TA Collaboration, ApJ (2012)
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Full-Sky Map > 10 EeV
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Upper Limits at EeV Energies

➡ excludes the hypothesis that the light component of EeV-cosmic rays is 
of Galactic origin from stationary sources emitting in all directions.

➡ The Pierre Auger Collaboration, ApJS 203 34
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Gal/Xgal Transition ?

index of  2 and weighted to E  3 to better represent the
index of the measured data in this energy range. For the
simulations, a composition of five elements (H, He, CNO,
Si, and Fe) with equal abundances has been used. The
reconstructed light spectra show a significant difference
in composition, where EPOS generated data result in a
much lighter composition. This is probably caused by the
fact that EPOS predictsmore muons compared to QGSJet-
II and, therefore, the ratio of Nch to N  is smaller for a
given number of charged particles resulting in a larger k
value. Especially helium events migrate (by calibrating
with QGSJet-II) to the heavymass group. This effect might
be slightly compensated by the higher reconstructed
energy of the events [18]. Using an EPOS calibration, the
measured showers appear to originate from lighter primar-
ies and of lower energy compared to the QGSJet-II cali-
bration. Figure 3 also demonstrates that the selection of
events according to the k parameter does not induce any
artificial structures in the spectra of light primaries. If the
data are well described by QGSJet-II, then the spectrum of
light primaries with the separation between He and CNO
should consist mainly of protons and helium, maybe with
some additional, less abundant elements between helium
and carbon. This can be seen in Fig. 3, where the combined
simulated proton and helium component for QGSJet-II is
in good agreementwith the reconstructed spectrum of light
elements, which has been obtained by applying the
QGSJet-II based reconstruction and selection criteria to
the data simulated using QGSJet-II. Assuming that the
data simulated with EPOS are closer to real data, then
the measured spectrum of light particles is an almost
pure proton spectrum. The simulated proton spectrum for
EPOS is similar to the reconstructed spectrum of light
primaries, which have been derived from EPOS generated
events using again the QGSJet-II based reconstruction and
selection criteria. According to QGSJet-II, the spectrum of
heavy elements for the same separation would contain
carbon and primaries heavier than that. For EPOS it should
also contain most of the helium component.

In Fig. 4, the results of the present analysis are shown. To
cross-check the results from Ref. [8] the all-particle spec-
trum and the spectrum of light primaries for the former used
area and data are compared with the ones obtained with
higher statistics from the present studies. Both all-particle
spectra and spectra of light elements based on the separation
between CNO and Si are in good agreement. The spectra of
light and heavy particles with the separation between He and
CNO are obtained using the separation line shown in Fig. 2.
The spectrum of the heavy component, which now contains
also the medium mass component, exhibits a change of
index at E ! 1016:88  0:03 e V and it therefore agrees inside
the corresponding uncertainty with the previous result [8]
at Eheavy

knee ! 1016:92  0:04 e V . The hardening or ankle-like
feature visible in the enriched spectrum of light primaries
is more prominent compared to the one that includes the

CNO component. Although statistics gets quite low for the
spectrum of light elements with the separation on He
(obtained by a fit to the mean k values for He in Fig. 2), it
is obvious that it cannot be described by one single power
law only. Formula (4) [19] is used for fitting the spectra of
the light and heavy components:

dI
dE

!E! ! I0  E  1  
 

1 "
 E
Eb

  
 

!  1   2!=  
;

I0: normalization factor;

 1=2: index before/after the bending;

Eb: energy of the break position;

 : smoothness of the break:

(4)

As shown in Fig. 5, a change of the spectral index from
 1 !  3:25  0:05 to  2 !  2:79  0:08 at an energy of

1017:08  0:08 e V is observed for the light component. The
dashed lines mark the systematic error band for the sepa-
ration between He and CNO obtained by using the selec-
tion shown in Fig. 2. Themeasured number of events above
the bending is Nmeas ! 595.Without the bending wewould
expect Nexp ! 467 events above this ankle-like feature.
The Poisson probability to measure at least Nmeas events
above the bending, if Nexp events are expected, is P!N  

Nmeas! !
P 1

k!Nmeas
!N k

exp
k! e!  Nexp!!  7:23  10  09. This cor-

responds to a significance of 5:8  that in this energy range
the spectrum of light primaries cannot be described by a
single power law. If we shift the separation criteria in order
to obtain an even purer proton sample (sep. on He, Fig. 4)
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FIG. 4 (color online). The all-particle and electron-rich spectra
from the analysis [8] in comparison to the results of this analysis
with higher statistics. In addition to the light and heavy spectrum
based on the separation between He and CNO, the light spectrum
based on the separation on He is also shown. The error bars show
the statistical uncertainties.
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Outlook

• In 5-10 years, sensitivity to detect EeV-neutrinos 
• Issue of the light vs heavy composition at UHE
• Absence of correlations at UHE with nearby matter
• Light CR component entering below 1 EeV, most likely 
protons of extragalactic origin 

• Neutrinos and UHECR sources: protons above 10 EeV ?


