
 GRBs 
and the connection to 

HECR

 Péter Mészáros
Pennsylvania State University

Albanova, 2011



Cosmic ray spectrum (2011)
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GZK cutoff
         ↓ 

←“UHECR”→

↑ 1  /Km2 /100 yr  
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proton  +  γcmb 
→ π + nucleon 

“GZK radius” 
≲ 75-100 Mpc
(~200-300 Mlyr)

How far do they come from?

heavy nucl. + γIR 
→ photodissoc. 



                            AUGER : 
UHECR spatial correlations with AGNs (or LSS)

•  Dashed line: supergalactic equator
• Circles (proton): Events E> 5x1019 eV,  D<75 Mpc
• Asterisks : Veron-Cety catalog AGNs  

Science Nov 2007;  newer: arXiv:1009.1855; also ICRC 11 



Auger spatial correlation
• Initially found 3-σ corr. with VC AGNs within θ≤3.5o  and    D< 

75 Mpc, for 27 events E>4.5x1019 eV  (Science, 2007)
• The above correlation would suggest protons 
• But: there is even better correlation with “average” galaxies
• If heavy: rL smaller, rms. dev. angle θ~n1/2 θs ~ (r/λB)1/2 (λB/rL) ~ 

(rλB)1/2 /rL  is larger, many more gals. inside error circle
• Also: ( arXiv:1009.1855, etc. ): now (>2010) the VCV-AGN 

significance has weakened to ≲ 1.5σ 
• Low or no VC AGN corr.: also from HiRes (Sagawa talk)
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→ Could be sources are in galaxies - GRB ? HNs? MGRs?
     Or in other, less extreme and more common galaxies?

→ Or could be  they are heavy nuclei, larger error circle?



rms(Xmax) vs. E →
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(PAO coll., ICRC 2011, arXiv:1107.4804;
also talks by Monasor & Ostapchenko here

Auger : 
UHECR 
nuclear 
composition

Xmax vs. E  ↑

Xmax: depth of shower maximum
Dots: data points. Lines: Monte Carlo models

(Depth of muons, shower long.devel., etc: same trend)

Fe: shallower  showers, less dispersion than p,  
data indicates increased heavy comp. @ hi.en.



Rigidity-dependent acceleration: 
anisotropy expectations
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Acceleration controlled by rigidity, ⇒

thus

(Lemoine, Waxman, 2009, JCAP 11:009)

If Φ ∝(E/Z)-s , get bounds on 
the low en. abundance ratio

If excess observed in spatial regions @ VCV AGNs at energies 
Eth >5.5 1019 eV, and this  is due to nuclei Z, then must expect 
protons to show excesses in the same regions at energies E/Z.



Rigidity-dep. accel. composition: test
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obtain a bound     

 (fp /fZ)  ≤  K Z2-s 

where K~(0.5-2),
s=spectral slope

(Abreu & PAO coll, 
arXiv:1106.3048)

Conclusion: either E>5. 1019 eV  UHECR are mainly protons,
                    or else it’s all heavy nuclei, also at low E  (?...)

i.e. at odds with heavy 
composition at high E



Auger  spectrum compared to models
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Cut-off:
 clearly
present

(flux mult. by E3 ,  
> 2011 )

BUT:
sources?
spectrum?



UHECR  :   maximum energy  ?

⇒ GRB, AGN..?
(only strongest qualify !)

But if relativistic expansion,  bulk Lorentz factor Γ >> 1,
then timeobs ~ R/cΓ, and sizeobs ~ R/Γ,  hence need

gyroradius:  rL ~ ctgy ~ mp c2 γ/ZeB = εp/ZeB < R (size of accel.)

or (EM analog):



Maximum Ep for various sources (Hillas plot)
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↙HN

R



Mészáros grb-glast06

GRB ?  Emax  :

• Require : r’L =E’/ZeB’ ≥ R’)  
• ⇒                           →                     

• but, what are R’, B’ for a GRB? 
• we have  R’~R/Γ;    and external shock                                     

occurs at R where    E0 ~ n mp c2 Rdec3 Γ2                  
→ R ~ Rdec ~ (E0/nmp c2)1/3 Γ-2/3 

• for B’, energy equip. :  B’2/8π ~ εB n mp c2 Γ2                                                       

→  B’ ~ εB1/2(8π n mp c2)1/2 Γ    , so
• Emax ~ Ze(8πεB)1/2 E01/3 (n mp c2)1/6 Γ1/3  , or 
• Emax  ~ 2x1020  Z E531/3 εB,-21/2 Γ21/3  n1/3  eV 12

Emax ~Γ Z e B’ R’ - primed:     comoving;
- unprimed : lab frame;
- Γ: jet Lorentz factor
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Pesc  = escape prob. per cycle
f      = energy gain per cycleu1u2

Plausible for non-relat., → 
e.g. GRB internal shocks
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GRB: energetics OK?
• Luminosity function:  Φ(L)=(L/L✸)-α ,                    
where α=(0.2, 1.4) for (L< L✸ , L> L✸)  (Wanderman-Piran ’10)

• L✸ = L✸,γ,iso ≈1052 erg/s     (0.01-10MeV)

• ΔT ~ 10 s/(1+z) ~ 4 s        (long GRB duration in RF)
• E✸,γ,iso ≈ L✸ ΔT ≈ 1052.5 erg                 
• (dnGRB/dt) ≈ 10-9 Mpc-3 yr-1      (GRB rate @ z=0)
• Qγ,GRB ≈   10-9 1052.5    ≈ 1043.5 erg Mpc-3 yr-1  

• Qp,1019eV = Ep2 (dnp/dE)≈ 1043.5 erg Mpc-3 yr-1 ✔
Note: This is if  Ep ~ Eγ .  If extrapolate Ep with spectrum -2 
down to ~GeV, need  Ep~10 Eγ,  and EGRB ~1053.5 erg  (OK).
But if Ep spectrum is -2.3, need EGRB ~1055.5 erg  (too much)



Number of sources?

• Ncr ~ 102  CR events  @  E≥ 1019.5 eV
• If no repeaters ⇒ # sources  Ns > Ncr2 

• Each source produces on avg. ~ Ncr/Ns events,  so                       
⇒  Probability of repeating   Prep ~ Ncr2 /Ns <<1                        

• ⇒  Require Ns ≳ 104 sources (all-sky) ,                                             

⇒   source density:   ns ≳ 3x10-4 Mpc-3                                                                           

(at E> 1019.5 eV,  within  D<200 Mpc)  ;  while, e.g.,           
• Density of normal galaxies:   nG ~ 10-2 Mpc-3

• Density of “active” galaxies:  nAGN~ 10-4 Mpc-3

• Rate density of GRB :   (dnGRB/dt) ~ 10-9 Mpc-3 yr-1
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But: protons in random intergal. magnetic field

• f= volume filling fraction of magn. filaments
• Df = filament diameter  
• λ    = field coherence lenght
• εB = mag. energy density/thermal energy density                     

16

θ ! 0.3o
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Hence, if transient sources:

• nGRB ~ (dnGRB/dt) . Δt(E,d) ~ 10-9 . 2x105 ~ 
2x10-4 Mpc-3 , ✔ comparable to minimum  
number of sources required, ns 

• Could do similar argument with flaring AGNs, 
but AGN flare rate unknown inside 200 Mpc.

• Or might do similar argument with 
hypernovae in normal gals. inside 200 Mpc 
(but HN can only accel. heavies up to 1020 eV)
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Two ≠ views on G-XG spectral shape
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(A) Berezinsky et al (B)  Waxman et al

G:    “low” cutoff
XG: -2    to avoid energy blow-up
       -2.7 to get p,γ→p,e+,e- “dip”

G:    “high” cutoff 
XG:  -2  from diff.shock accel.

(e.g. AGN) (e.g. GRB)



... and how they mesh
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(B)(A)



(A): fine tuning? 

• Any smooth match between two 
steep (G, slope 3 and XG, slope 
2.7) spectra requires fine tuning 
(flattening caused by dip)

• E.g. if increase XG by 3 or G by 
3, would get extra flattening 
bumps, not seen

• Whereas match between G slope 
3 and XG slope 2 always lead to 
a smooth flattening
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(Katz, Budnik, Waxman 09, JCAP 03, 020)

but, (B):
need  G ~ XG  @ E~1019 eV;  
and it is unclear what  G  source 
can get up to that energy    
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from GZK CRs to GZK νs 

Seckel & Stanev 2005, PRL 95:1101

2 ≠CR models 
                 ↓ same GZK CR fit

But …  lead to  ≠ GZK ν  flux ↓ 

get  Eν≳ 1019 eV ?➘

Can infer GZK CR 
injection spectrum 
and/or source cosm.
luminosity evolution
via their GZK νs.

Cosmogenic Neutrinos

(B)

(A)

(A)

(B)



“A” and “B” UHECR constr. from LAT 

• Use FERMI obs. 
diffuse γ-ray 
backgr. to check 
if compatible w.  
EM cascade 
production 

• Can restrict the 
CR spectrum & 
evolution law

• Evol. (1+z)m 

with m>3 are 
excluded

• ←Plotted is m=0
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Berezinsky et al, 2011,  Phys.Lett.B, 695:13

Red:  αp=2.6 
Blue: αp=2.0



Generic GZK PL UHECR cosmogenic γ,ν 

• Difference between secondaries from PL with β=2 and β=2.3 are significant
• Also differences between secondaries from different compositions

• Current diffuse γ-bkg not constraining, could expect obs. diffuse ν-bkg23

4 G. Decerprit, D. Allard: Constraints on the origin of ultrahigh energy cosmic rays from cosmogenic neutrinos and photons

Fig. 2. Expected fluxes of secondary photons for a pure pro-
ton composition, a spectral index β = 2.0, a maximum en-
ergy Emax = 1021 eV, compared to estimates by Kalashev et al.
(2009) and Ahlers et al. (2010). The units are arbitrary but the
different fluxes were consistently normalized with respect to
their corresponding cosmic ray flux at 1019 eV (these UHECR
fluxes are omitted in this figure but show a very good agree-
ment). Both IR/Opt/UV backgrounds estimated by Kneiske et
al. (2004) and Stecker et al. (2006) are used for these compar-
isons (see text).

estimate of Stecker et al. (2006) was used in Kalashev et al.
(2009). In both cases, the comparison shows a very good agree-
ment with previous calculations. One can see the influence of
the modeling of the IR/Opt/UV background on the expected
photon flux in the GeV-TeV region. The fainter optical and UV
background of Kneiske et al. (2004) triggers a pile-up of sec-
ondary photons at higher energy than in the case of Stecker et
al. (2006). The modeling of the optical and UV backgrounds
appears to have some influence on the shape of the resulting
diffuse gamma-ray fluxes in the GeV-TeV region. Although it
is important to stress that these photon backgrounds are not
perfectly constrained at the moment, the estimate of Kneiske et
al. (2004) shows a much better compatibility with recent Fermi
observations (Abdo et al., 2010). At the highest energies, the
modeling of the IR/Opt/UV backgrounds becomes totally irrel-
evant for secondary fluxes, our simulations show a good agree-
ment with previous works especially with Ahlers et al. (2010).

Before presenting the results of our study, we shall compare
the production of secondaries for different species of UHECR
primaries namely protons, helium and iron nuclei (we will
mainly concentrate on the production of photons since a de-
tailed discussion about neutrinos is to be found in Allard et al.,
2006 and Kotera et al., 2010). A comparison between differ-
ent primary composition is displayed in Fig. 3. One can see
the cosmic ray, neutrino and photon outputs for a source lumi-
nosity distribution following the SFR for three compositions:
pure protons, pure helium and pure iron. For the three com-
position models, we assume that the same luminosity is in-
jected between 1016 eV and Emax(Z) = Z× 1020.5 eV. In the top

Fig. 3. Top: cosmic ray, neutrino and photon spectra assuming
three compositions: pure proton, pure helium and pure iron at
the source, a source spectral index β=2.0 and a maximum en-
ergy at the source Emax(Z) = Z × 1020.5 eV. The same cosmic
ray luminosity between 1016 eV and Emax(Z) is assumed. The
contribution of the main fragment is shown in thin dashed lines.
Bottom: same as top panel but assuming a source spectral index
β=2.3.

panel a spectral index β = 2.0 is assumed. The resulting pho-
ton spectra appear very similar whatever the primary composi-
tion assumed. Indeed, in the case of helium or iron primaries,
most of the photon flux is due to secondary nucleons. Above
∼ 2 − 3 × 1018 eV , secondary nucleons are emitted within a
few Mpc from the sources due to photodisintegration of pri-
mary nuclei by CMB photons. Below the photodisintegration
threshold with CMB photons, nuclei interact with far-infrared
photons, although the photodisintegration is much slower (see
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Decerprit & Allard (1107.3722)



Generic HiRes-LAT joint GZK fits

• Use Fermi LAT diffuse 
γ-ray flux to constrain, 
via EM cascades, the 
allowed proton diff. 
spectral index p and 
redshift evol. index m

• Pink 68%, Blue 85%, 
Magenta 99% CL, 
includ. LAT constraint

• (Black lines: same CL 
limits but without 
LAT constraints)

24

Ahlers et al, 2010, ApPh 34:106

γ≡p  : proton diff. index
n≡m : redshift evol. index



HiRes-LAT joint GZK fits
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p=2.47, m=4.05 best fit

Ahlers et al, 2010,  ApPh 34:106



UHECR Auger/HiRes spectr. params. 
with LAT constraints for GRB evol. 
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Ahlers, et al, arXiv:1103.3421 Hsfr(z)=  (1+z)3.4         z<1
             (1+z)-0.3     1<z<4
              (1+z)-3.5        z>4

Hstrong=Hsfr(1+z)1.4

γ≡p  : proton diff. index



UHECR spectra w. LAT constraints
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SFR evolution Strong evolution

Ahlers, et al, arXiv:1103.3421



Nu-flux from GRB internal shock CR 
satisfying LAT constraints
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Ahlers, et al, 
arXiv:1103.3421

-Assume CR 
are accelerated 
in GRB 
internal shocks
- Escaping CRs 
are neutrons
-Satisfy observed 
HiRes CR spectr. 
-pγ→π0→2γ       
- EM cascades 
also satisfy 
constraints set 
by  FERMI LAT 
diffuse γ- bkg 
- pγ→π+→ν ,   
are not limited 
by GZK horizon
-Steeper CR 
spectra  γ= p > 
2.2-2.4 give 
higher nu-bkg.
-Even the  flat 
γ= p=2 spectra 
are pushing 
IC3-40 limits

Constraining optimistical internal 
shock proton acceleration model!



Another alternative: Hypernovae?
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← supernova     
SN 1006 (X-ray)
- Hypernovae: 
similar but ~ 
10-102 times 
more energetic; 
and portion of 
ejecta reaches ≥ 
semi-relativistic 
speed, possibly 
anisotropic 
~500 times the rate 
density of GRBs



 Hypernova ejecta as UHECR sources

• Type Ib/c but isotropic equiv EHN~3-5x1052 erg
• 500 times GRB rate, and 10-1-10-2 usual SNIa rate
• Semi-relativistic (v~c, or Γβ≥1) comp. in outflow 

(shock accelerates down the envelope gradient) 
• Assume shock expands in WR progenitor wind, 

magnetic field fraction εB of equipartition
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Max. CR energy:

→ Proton: Emax ~1019 eV,  and Fe: Emax ~2.6 1020 eV

(Wang et al, 2007, PRD 76:3009;  Budnik et al, 2008, ApJ 673:928)



 Is flat spectrum result of CR escape 
from relativistic shocks (GRB, HN)?

• Relativistic ejecta of approximately uniform velocity
• CRs accelerated in ext. shock have constant fraction 

f  of post-shock thermal energy, indep. of radius R
• Instantaneous spectrum produced is  N(E)∝E-2-x

• Expand into some medium of density  ρ∝ R-δ

• Max. CR energy Emax is some power of radius, and 
the CRs at E≡Emax are the only ones that escape 
upstream, and these are the CRs observed at E31

Approximations  - assume:
Katz,  Mészáros, Waxman 2010,
 JCAP 10:012 (arXiv:1001.0134)



• CR energy escaping @ Emax:  Q= E2 N(E) ~ f η Ekin                                   
where  Ekin ∝ Γ2 M  ∝  Γ2 R3-δ  ,   η∝(Emax/Emin)-x ,            
and     Emax ∝ B’R ∝ρ1/2Γ R ,    Emin ∝  Γ2  

• Γ∝R-(3-δ)/2  (impulsive, energy-conserving)
• Ekin ∝Γ2 R3-δ  ∝ R0 ∝E0 ;    assume  f ~ const.
• E=Emax∝ ρ1/2ΓR ∝R-1/2  ,   Emin ∝Γ2∝R-(3-δ)  , so
• η∝(Emax/Emin)-x ∝(ρ1/2 R/Γ)-x  ∝R-[(5-2δ)/2]x ∝E(5-2δ)x  ,
• Q=E2N(E)∝η∝ E(5-2δ)x ,  and N(E) ∝E-2+(5-2δ)x  , i.e.

• N(E) ∝E-2+5x      (δ=0)  , and   N(E) ∝E-2+x    (δ=2),  
in both cases  harder than -2!    (E> E*CR ~ 1019 eV)

(Reason:  Emin decreases with radius faster than Emax,  so at later times, corresponding to lower 
high end Emax=E ,  there is less escaping CR energy,  i.e. less CRs at low E , i.e. flatter spectrum.)

(2010,  JCAP 10:012 ;  arXiv:1001.0134)

▪ and, after ejecta becomes non-relativistic (E< E*CR ~ 1019 eV):
escaping spectrum ≡ instant. injected spectrum:    N(E)∝E-2-x



Or another alternative: RQ AGNs

• Could be that culprits are radio-quiet (RQ) AGNs
• Enough number inside GZK radius (10x more common)
• Evidence for small jets in RQ AGNs
• Evidence for heavy CR composition (Xmax vs. E)
• Can accelerate heavy elements to right GZK energies,      

Emax ~ZeBR ~1020 Z26B-3R10 eV    (if B~10-3G, R~10 pc)

• Can survive photo-dissociation
• Heavy elements have larger rms. deviation angles 
• Correlation with matter (gal) distribution is good.
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Pe’er, Murase, Mészáros, 2009, PRD  80, 123018 (0911.1776)



Outlook

• The sources of the UHECR are still unknown
• They are almost certainly astrophysical sources (not TD)
• GRB remain good candidates, together with AGN, maybe 

HNe, MGR
• Will increasingly constrain such possibilities with GeV 

and TeV photon observations

• Will learn even more if & when astrophysical UHENUs 
are observed from any type of source

• Constraints from diffuse (and intrasource) γ-ray 
emission will be very useful, and may remain for a long 
time the main constraint

• Composition will also provide important clues, as will 





Auger 
photon 
fraction

(ICRC’11)

• Top-Down (TD) 
largely ruled out

• Z-burst (maybe?)
• GZK photons: 

compatible

36

M. SETTIMO et al. PAPER AN UPDATE ON A SEARCH FOR ULTRA-HIGH ENERGY PHOTONS USING THE PIERRE AUGER
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Figure 5: Upper limits on the photon flux above 1, 2, 3, 5

and 10 EeV derived in this work (red arrows) compared to

previous limits from Auger (SD [1] and Hybrid 2009 [7]),

from AGASA (A) [19] and Yakutsk (Y) [20]. The shaded

region and the lines give the predictions for the GZK pho-

ton flux [2] and for top-down models (TD, Z-Burst, SHDM

from [2] and SHDM’ from [21]). The Hybrid 2009 limits

on the photon fractions are converted to flux limits using

the integrated Auger spectrum.

As the photon induced showers have an almost pure elec-

tromagnetic nature, no significant impact is expected when

using another hadronic interaction model. However, since

the Fisher analysis is also driven by the hadronic showers,

we performed the same analysis using a sample of proton

CORSIKA showers with QGSJET 01 [24]. In this case

the separation capability improves by about 20% because

this model predicts shallowerXmax and a larger number of

muons for proton showers. The number of photon candi-

dates is then reduced by 1 above 1 EeV. The same effect

is obtained when a 50% proton - 50% iron mixed compo-

sition assumption is used in the classification phase. The

impact on the exposure is about a few percent.

4 Conclusions and Outlook

Using more than 5 years of hybrid data collected by the

Pierre Auger Observatory we obtain an improved set of up-

per limits on the photon flux, in an energy region not cov-

ered by the SD-alone, and we extend the range of these lim-

its down to 1018 eV. The derived limits on the photon frac-

tion are 0.4%, 0.5%, 1.0%, 2.6% and 8.9% above 1, 2, 3, 5

and 10 EeV, significantly improving previous results at the

lower energies, where limits well below the 1% level are

reached now. These bounds also help reduce the systematic

uncertainties on primary mass composition, energy spec-

trum and proton-air cross section measurements in the EeV

range. The photon search conducted in this work benefits

from the combination of complementary information pro-

vided by the fluorescence and surface detectors. While the

focus of the current analysis was the low EeV range, fu-

ture work will be performed to improve the photon-hadron

separation also at higher energies using further information

provided by the SD.

References

[1] The Pierre Auger Collaboration, Astropart. Phys.,

2008, 29(4): 243-256.

[2] G. Gelmini, O. Kalashev, D. Semikoz, J. Exp. Theor.

Phys., 2008 106: 1061-1082.

[3] K. Greisen, Phys. Rev. Lett., 1966, 16:748-750.

[4] G.T. Zatsepin, V.A. Kuz’min, Pis’ma Zh. Eksp. Teor.

Fiz., 1966, 4(3): 114-117.

[5] The Pierre Auger Collaboration, Nucl. Instr. Meth.

Phys. Res. A, 2004, 523(1): 50-95.

[6] F. Salamida, for the Pierre Auger Collaboration, paper

0893, these proceedings.

[7] The Pierre Auger Collaboration, Astropart. Phys.,

2009, 31(6): 399-406.

[8] The Pierre Auger Collaboration, Nucl. Instr. Meth.

Phys. Res. A, 2010, 613(1): 29-39.

[9] The Pierre Auger Collaboration, Nucl. Instr. Meth.

Phys. Res. A, 2010, 620(2): 227-251.

[10] G. Ros et al., A new composition-sensitive parameter

for Ultra-High Energy Cosmic Rays, arXiv:1104.3399

[astro-ph].

[11] S. Y. BenZvi et al., Nucl. Instr. Meth. Phys. Res. A,

2007, 574: 171-184.

[12] L. Valore for the Pierre Auger Collaboration, Proc.
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