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Generic cosmic-ray accelerators
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COMMENT ? UN SCHEMA GENERIQUE

Rayons cosmiques accélérés dans des 
environnements à fortes turbulences magnétiques

Interactions des RC avec les radiations présentes
dans l'environnement de l'accélérateur

Processus dominants: 

Neutrons et produits de désintégration des pions
pouvant s'échapper 

   L'énergie « libérée » par ces accélérateurs   
 se distribue donc en 

rayons cosmiques ~ photons ~ neutrinos
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Ultra-high energy cosmic rays: contemporary questions
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• Gal/xGal transition? 
• Origin of  the ankle? 
• Origin of  the UHE steepening? 
• Composition at UHE? 
• Sources?

NB: From neutrinos/photons upper limits, the bulk of  
UHECRs are accelerated particles in astrophysical objects



The GZK cutoff
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[Alves Batista, Boncioli, 
Di Matteo et al., 2015]

Same phenomenon with nuclei (photo-disintegration)

➡ Sudden reduction of  the CR horizon at UHE 

Example with protons



Magnetic deflections

[Jansson & Farrar 2012]

At UHE, CRs may be rigid 
enough to point back to their 
sources within a few degrees

[Unger & Farrar 2017]
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+ Reduced horizon 
➡  Possibility to identify 

nearby sources?

Origin of ultra-high energy cosmic rays

Magnetic fields
At low energy Galactic Magnetic Field (GMF) and InterGalactic

Magnetic Field (IGMF) deflect CR particles
UHECRs are very little deflected

only for E/Z >> 1019 eV deflections become less than a few degrees 
and C R astronomy could become feasible

propagation in G alactic magnetic fields

!"!
! "

!##

$

%&'

"$#$
#%
()

* %+Cosmic rays are deflected as :

� ⇤ 3� B
3µG

L
kpc

6 ⇥ 1019eVE/Z

Regular component of MF follows
spiral arms

Regular component
B0 = 2 � 3µG coherent over
scales of kpc

Random component with
Brms = fewµG

Intergalactic magnetic field ?

Only for E/Z >> 1019 eV it is possible to point to the source direction
Carla MACOLINO (LPNHE-CNRS Paris) The Pierre Auger Observatory and Cosmic Ray Physics22nd Rencontres de Blois 46 / 52

[Harari et al., 1999]



Multi-messenger connection?
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[Dermer & Razzaque 2010]



ii) The Pierre Auger Observatory 

[NIM A 798 (2015) 172-213]



The Pierre Auger Observatory
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Located in Argentina, province of  Mendoza



Surface detectors
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Surface detectors
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Surface detectors
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~100% duty cycle

Footprint of  the shower at  
ground = lateral sampling

arrival direction +     
‘size’ of  the shower



Fluorescence detectors
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Fluorescence detectors
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Fluorescence detectors
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~13% duty cycle



iii) The energy spectrum and mass composition: the rise 
of  the rigidity-dependent scenario for the maximal 
acceleration energy



Energy spectrum measurements
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Energy spectrum
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Xmax moments

- 18 -



Xmax distributions
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Interpretation of  spectrum and Xmax data
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✦ The Xmax measurements suggest a scenario with a rigidity-dependent 
maximum acceleration energy at the sources

➡ Fit > 1018.7 eV both the energy spectrum and the Xmax 
measurements following a simple astrophysical scenario:

• Identical sources homogeneously distributed in a comoving volume

• Injection consisting only of  1H, 4He, 14N, 56Fe (approximately equally spaced 
in lnA)

• Power-law spectrum at the sources with rigidity-dependent broken 
exponential cutoff:

➡6 free parameters:

[Auger coll., JCAP 04(2017)038 — see also Aloisio, Berezinsky & Blasi, JCAP 1410(2014)10]



Energy Loss vs Max. Acceleration Energy
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➡ Hard spectral index, meal-rich 
injection, low cutoff  (Rcut~1018.7 V)

• Mainly due to narrow Xmax distributions 
(little mixing of  different masses at the 
same energy)

• NB: Relies on extrapolations of the mass 
at UHE



iv) Extragalactic pattern of  cosmic-ray arrival directions 
above 8×1018 eV 



All extragalactic?
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Large-scale anisotropies
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• Galactic origin: strong anisotropies suggestive of  the Milky way structure

• Extragalactic origin: inhomogeneous large-scale distribution of  nearby 
sources 

• Many dependences: source distribution, CR composition, nearby 
dominating sources, magnetic fields… 

2MASS redshift survey



Harmonic analysis
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‣  p.d.f. for amplitude/phase known for isotropy/anisotropy [Linsley, 1975]



Control of  the event rate
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First harmonic in right ascension
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Flux pattern on the sphere
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equatorial coordinates



Observational evidence of  extragalactic UHECRs
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!
‣ Dipole not ‘destroyed’ by the 

GMF (JF12 model here) 
‣ Detection of  higher orders: 

probe of  the extragalactic 
CR density outside from the 
Galaxy

Benchmark-scenario: Dipole at the entrance of  the Galaxy



Flux pattern on the sphere
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Higher order multipole signatures to constrain further models?  
Requires full-sky coverage — joint Auger/TA analyses
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[Di Matteo & Tyniakov, arXiv:1706.02534]

[Auger/TA coll., ICRC15]



v) Correlation of  UHECR arrival directions with the flux 
pattern of  nearby star-forming galaxies 



Extragalactic gamma-ray background
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Extragalactic 𝛾-ray background 
dominated by 2 types of  sources:

UHECR source candidates: 
requirement on power

• >1 EeV, energy production rate 
close to 1045 erg Mpc-3 yr-1 

• Both local SBGs & AGNs match 
this requirement

[Dermer & Razzaque 2010]



Selection of  non-thermal sources

Selected from the 2FHL 
catalog (Fermi-LAT, >50 GeV), 

within 250 Mpc           
[Ackermann et al., 2016]

Selected from Fermi-LAT search 
list (HCN survey) within 250 Mpc, 

with radio flux>0.3 Jy              
[Gao & Salomon, 2005]

Assumption: UHECR flux ∝ non-thermal photon flux

(leptonic processes preferred) (hadronic processes preferred)
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Catalog of  star-forming galaxies
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GeV—TeV observations 
• TeV: M 82 (0.9% Crab), NGC 253 (0.2% Crab),  NGC 

4945 ⊘, NGC 1068 (<5%), M 83 (<2%) 

• GeV: M 82, NGC 253, NCG 4945, NGC 1068 firmly 
detected. GeV/FIR/radio correlation 

➡ Flux at 1.4 GHz used as a proxy for the UHECR flux 

Selected catalog 
• ApJ 755, 164 (2012) 

• Cut @ 0.3 Jy to maximize the completeness 

• Cut that matches a ~200 Mpc GZK horizon: 
take the most luminous source in the sample, 
place it as far away as you can to detect it 
above 0.3 Jy → 173 Mpc 

• 23 brightest (/63) — ~80% of  total flux

supergalactic coordinates



UHECR horizons
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A mixture of  He/CNO nuclei 
in the energy range of  interest

☞ Small horizons already @ 30-40 EeV

[Alves Batista, Boncioli, Di Matteo et al.,  JCAP10(2015)063]
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Test statistics of  alternative vs null

Luminosity distribution: non-equal sources,                                 
flux may be dominated by strong local sources                        

☞ Analysis method: test arrival directions vs density maps

Test statistics (TS): likelihood ratio

• TS = 2 ln(L(ϑ,α)/L(-,0)) 

• Nested hypotheses: TS is 𝛘2-distributed 
with 2 d.o.f. (2 free parameters ϑ,α)
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L(ϑ,α)=Πevents[exposure × model(ϑ,α)](ni)                     
	 α: signal fraction                                                
	 ϑ: search radius (no magnetic offset)                    
model: [α × sources + (1-α) × isotropy]⊗ Gauss(ϑ)

L(-,0)=Πevents[exposure](ni) 

null alternative



- 37 -

Results: test statistics vs energy threshold
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Best fit parameters

3.6 x 10-5  (~4 σ)
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Best fit and residual maps (through Auger f.o.v.)
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SBGs vs ɣ-AGNs
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Perspectives

• Full-sky survey                  

• Include galactic magnetic models in the picture

• Rigidity-dependent analyses — upgrade of  the Auger Observatory

• Global picture spectrum/mass/anisotropies?

[Auger/TA coll., UHECR16]





vi) Backup 
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End of  Galactic CRs

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.

W. D. APEL et al. PHYSICAL REVIEW D 87, 081101(R) (2013)

RAPID COMMUNICATIONS

081101-4

• Rigidity-dependent scenario for GCRs

• « Knees » = maximum acceleration energies

• Extragalactic protons entering progressively
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The Ankle?
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➡ In addition to (extragalactic) 
protons, EeV CRs are from the 
CNO group, not Fe!

Gal/xGal scenario Observed scenario



Energy spectrum: Auger vs Telescope Array
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[Rosado, Blanco & Arqueros, 
Astropart. Phys,  arXiv:1401.4310]



Auger vs Telescope Array: common sky
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➡ Remove distortions induced from 
different directional exposures in 
case of  anisotropies

➡ Energy-dependent systematics…

[Ivanov for Auger/TA coll., ICRC17]



<Xmax> with SD events
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SD-energy calibration

- 17 -

Measurement of  the attenuation  
through ‘constant intensity cut’

High quality hybrid events 
(2661 events for S38)


