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Introduction

Combined fit of the Pierre Auger Observatory measurements (spectrum and composition) at ultra-high-energy (UHE) 

Combined fit above 1018.7 eV (above the ankle) already published1 

→ extension to low energies to include the ankle feature 

Preliminary results already shown at ICRC20212 

Paper by the Pierre Auger Collaboration to be soon submitted to a journal

1 The Pierre Auger Collaboration, JCAP04 (2017) 038 
2 E. Guido for the Pierre Auger Collaboration PoS(ICRC2021)311 1
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Fluorescence Detector (FD) 
Duty cycle: ~15% 

Measurement of the longitudinal profile 

Surface Detector (SD) 
Duty cycle: ~100% 

Measurement of the lateral distribution of signals

 Hybrid events = observed by both detectors 
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(a) Light at aperture.
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(b) Energy deposit.

Figure 34: Example of a reconstructed shower profile.

Finally, the calorimetric energy of the shower is obtained by integrating equa-
tion (8) and the total energy is estimated by correcting for the ‘invisible energy’ carried
away by neutrinos and high energy muons [115]. An example of the measured light at
aperture and the reconstructed light contributions, and energy deposit profile is shown
in Figs. 34(a) and 34(b).

11. SD event reconstruction

The reconstruction of the energy and the arrival direction of the cosmic rays pro-
ducing air showers that have triggered the surface detector array is based on the sizes
and times of signals registered from individual SD stations. At the highest energies,
above 10 EeV, the footprint of the air shower on the ground extends over more than
25 km2. By sampling both the arrival times and the deposited signal in the detector
array, the shower geometry, i.e., the shower core, the arrival direction of the incident
cosmic ray, and the shower size can be determined.

11.1. Event selection
To ensure good data quality for physics analysis there are two additional off-line

triggers. The physics trigger, T4, is needed to select real showers from the set of
stored T3 data (see Section 6.3) that also contain background signals from low energy
air showers. This trigger is mainly based on a coincidence between adjacent detector
stations within the propagation time of the shower front. In selected events, random
stations are identified by their time incompatibility with the estimated shower front.
The time cuts were determined such that 99 % of the stations containing a physical
signal from the shower are kept. An algorithm for the signal search in the time traces
is used to reject signals produced by random muons by searching for time-compatible
peaks.

To guarantee the selection of well-contained events, a fiducial cut (called the 6T5
trigger) is applied so that only events in which the station with the highest signal is
surrounded by all 6 operating neighbors (i.e., a working hexagon) are accepted. This
condition assures an accurate reconstruction of the impact point on the ground, and at
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Figure 38: Dependence of the signal size on distance from the shower core.

Figure 39: Angular resolution as a function of the zenith angle q for events with an energy above 3 EeV, and
for various station multiplicities. [40].

factor of about 10 %, while the contribution of the first two terms depends on energy
and varies from 20 % (at low energies) to 6 % (at the highest energies).

11.4. Shower arrival direction
Shower axis â is obtained from the virtual shower origin (of the geometrical recon-

struction) and the shower impact point on the ground (from the LDF reconstruction),

â =
~xsh �~xgr

|~xsh �~xgr|
. (11)

To estimate an angular resolution of the whole reconstruction procedure a single
station time variance is modeled [121] to take into account the size of the total signal
and the time evolution of the signal trace. As shown in Figure 39, the angular resolution
achieved for events with more than three stations is better than 1.6�, and better than 0.9�
for events with more than six stations [40].

11.5. Energy calibration
For a given energy, the value of S(1000) decreases with the zenith angle q due to the

attenuation of the shower particles and geometrical effects. Assuming an isotropic flux

63

Lateral distribution 
function

Xmax

Ecal = ∫
dE
dX

dX

• Xmax used as a mass composition estimator for the FD 
events 

• Energy of all the SD events obtained through the 
calibration between  and  with the hybrid eventsS Ecal

Estimator S(ropt) = shower size at a 
distance ropt from the core

S(r) ∝ rβ(r + rM)β+γ → S(ropt)

Calorimetric energy

SD1500:  
SD750 (Infill): 

ropt = 1000 m

ropt = 450 m

Depth of shower maximum

Measurements of the energy and mass composition
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Energy spectrum and mass composition measurements 
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Fig. 17 SD energy spectrum after combining the individual measurements by the SD-750 and the SD-1500 scaled by ⇢2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma error band in gray.

Table 7 Best-fit values of the combined spectral parameters (Eq. (13)).
The parameter l12, l23 and l34 are fixed to the value constrained
in [21]. Note that the parameters W0 and ⇢01 correspond to features
below the measured energy region and should be treated only as aspects
of the combination.

Parameter Value ±fstat ± fsyst

�0 / (km2 yr sr eV) (1.309 ± 0.003 ± 0.400) ⇥10�18

l01 0.43 ± 0.04 ± 0.34
W1 3.298 ± 0.005 ± 0.10
⇢12/eV (4.9 ± 0.1 ± 0.8) ⇥1018

W2 2.52 ± 0.03 ± 0.05
⇢23/eV (1.4 ± 0.1 ± 0.2) ⇥1019

W3 3.08 ± 0.05 ± 0.10
⇢34/eV (4.7 ± 0.3 ± 0.6) ⇥1019

W4 5.2 ± 0.2 ± 0.1

W0 2.64 – fixed
⇢01/eV 1.24⇥1017 – fixed
l12 0.05 – fixed
l23 0.05 – fixed
l34 0.05 – fixed

where the notation [f]8 9 stands for the coe�cients of the
variance-covariance matrix of the � and ⌫ best-fit estimates
and [f�1] is the inverse of this matrix.

The outcome of the forward-folding fit is the set of pa-
rameters s, XE, X� and X⌫ that allow us to calculate the
expectation values `8 and a8 , and thus the correction fac-
tors 28 , for both arrays separately. The resulting combined

spectrum, obtained as

�
comb
8 =

28,750 #8,750 + 28,1500 #8,1500

Ee�
8 �⇢8

, (17)

is shown in Fig. 17. Here, the observed number of events
#

750
8 in each bin is calculated at the re-scaled energies, while

the e�ective exposure, Ee�
8 , is the shifted one of the SD-750

in the energy range where #8,1500 = 0, the one of the SD-
1500 in the energy range where #8,750 = 0, and the sum
E750 + XE + E1500 in the overlapping energy range. The set
of spectral parameters are collected in Table 7, while the
corresponding correlation matrix is reported in Appendix B
(Table 11) for XE, X� and X⌫ fixed to their best-fit values.
The change in exposure is XE/E = +1.4%, while the one
in energy scale follows from X�/� = �2.5% and X⌫/⌫ =
+0.8%. The goodness-of-fit is evidenced by a deviance of
37.2 for an expected value of 32 ± 8. We also note that the
parameters describing the spectral shape are in agreement
with those of the two individual spectra from the SD arrays.

The impact of the systematic uncertainties, dominated
by those in the energy scale, on the spectral parameters are
reported in Table 7. For completeness, beyond the summary
information provided by the spectrum parameterization, the
correlation matrix of the energy spectrum itself is also given
in the Supplementary material.

The Pierre Auger Collaboration, Eur. Phys. J. C 81, 966 (2021) 
A.Yushkov for the Pierre Auger Collaboration PoS(ICRC2019)482

Energy spectrum for the events measured 
with the SD array 

The Xmax  distribution in each energy bin is sensitive to the mass composition 
→ first two moments shown for figurative purposes

✤ Energy spectrum up to 1020.2 eV 
✤ Xmax distributions: up to 1019.7 eV (+ 1 additional bin for events above), binned in intervals of Xmax of 20 g cm-2

Data in log10(E/eV) bins of 0.1 width:

See also Q. Luce’s talk at 
this conference
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Energy spectrum and mass composition measurements 
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Fig. 17 SD energy spectrum after combining the individual measurements by the SD-750 and the SD-1500 scaled by ⇢2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma error band in gray.

Table 7 Best-fit values of the combined spectral parameters (Eq. (13)).
The parameter l12, l23 and l34 are fixed to the value constrained
in [21]. Note that the parameters W0 and ⇢01 correspond to features
below the measured energy region and should be treated only as aspects
of the combination.

Parameter Value ±fstat ± fsyst

�0 / (km2 yr sr eV) (1.309 ± 0.003 ± 0.400) ⇥10�18

l01 0.43 ± 0.04 ± 0.34
W1 3.298 ± 0.005 ± 0.10
⇢12/eV (4.9 ± 0.1 ± 0.8) ⇥1018

W2 2.52 ± 0.03 ± 0.05
⇢23/eV (1.4 ± 0.1 ± 0.2) ⇥1019

W3 3.08 ± 0.05 ± 0.10
⇢34/eV (4.7 ± 0.3 ± 0.6) ⇥1019

W4 5.2 ± 0.2 ± 0.1

W0 2.64 – fixed
⇢01/eV 1.24⇥1017 – fixed
l12 0.05 – fixed
l23 0.05 – fixed
l34 0.05 – fixed

where the notation [f]8 9 stands for the coe�cients of the
variance-covariance matrix of the � and ⌫ best-fit estimates
and [f�1] is the inverse of this matrix.

The outcome of the forward-folding fit is the set of pa-
rameters s, XE, X� and X⌫ that allow us to calculate the
expectation values `8 and a8 , and thus the correction fac-
tors 28 , for both arrays separately. The resulting combined

spectrum, obtained as

�
comb
8 =

28,750 #8,750 + 28,1500 #8,1500

Ee�
8 �⇢8

, (17)

is shown in Fig. 17. Here, the observed number of events
#

750
8 in each bin is calculated at the re-scaled energies, while

the e�ective exposure, Ee�
8 , is the shifted one of the SD-750

in the energy range where #8,1500 = 0, the one of the SD-
1500 in the energy range where #8,750 = 0, and the sum
E750 + XE + E1500 in the overlapping energy range. The set
of spectral parameters are collected in Table 7, while the
corresponding correlation matrix is reported in Appendix B
(Table 11) for XE, X� and X⌫ fixed to their best-fit values.
The change in exposure is XE/E = +1.4%, while the one
in energy scale follows from X�/� = �2.5% and X⌫/⌫ =
+0.8%. The goodness-of-fit is evidenced by a deviance of
37.2 for an expected value of 32 ± 8. We also note that the
parameters describing the spectral shape are in agreement
with those of the two individual spectra from the SD arrays.

The impact of the systematic uncertainties, dominated
by those in the energy scale, on the spectral parameters are
reported in Table 7. For completeness, beyond the summary
information provided by the spectrum parameterization, the
correlation matrix of the energy spectrum itself is also given
in the Supplementary material.

The Pierre Auger Collaboration, Eur. Phys. J. C 81, 966 (2021) 
A.Yushkov for the Pierre Auger Collaboration PoS(ICRC2019)482

Energy spectrum for the events measured 
with the SD array 

The Xmax  distribution in each energy bin is sensitive to the mass composition 
→ first two moments shown for figurative purposes

γ1

γ2

γ3

γ4

Hardening at ~6×1018 eV (ankle) 
Recently observed softening at ~1×1019 eV (instep) 
Suppression at ~5×1019 eV → energy cut off

• Below the ankle: mass composition gets increasingly lighter 
• At the ankle: mixed composition 
• Above the ankle: increasingly heavier and less mixed 
→ superposition of alternating and heavier groups of elements 
→ increasingly sparse statistics up to ~1019.7 eV

Propagation effect and/or maximum energy at 
the acceleration
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Measurements of the energy spectrum and mass composition

The Pierre Auger Collaboration, Eur. Phys. J. C 81, 966 (2021) 
A.Yushkov for the Pierre Auger Collaboration PoS(ICRC2019)482

Data above E ~ 6 x 1017 eV are considered• We aim at including the ankle region 
• We want to focus on the energy region the Galactic CRs are not dominant anymore }
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Fig. 17 SD energy spectrum after combining the individual measurements by the SD-750 and the SD-1500 scaled by ⇢2.6. The fit using the
proposed function (Eq. (13)) is overlaid in red along with the one sigma error band in gray.

Table 7 Best-fit values of the combined spectral parameters (Eq. (13)).
The parameter l12, l23 and l34 are fixed to the value constrained
in [21]. Note that the parameters W0 and ⇢01 correspond to features
below the measured energy region and should be treated only as aspects
of the combination.

Parameter Value ±fstat ± fsyst

�0 / (km2 yr sr eV) (1.309 ± 0.003 ± 0.400) ⇥10�18

l01 0.43 ± 0.04 ± 0.34
W1 3.298 ± 0.005 ± 0.10
⇢12/eV (4.9 ± 0.1 ± 0.8) ⇥1018

W2 2.52 ± 0.03 ± 0.05
⇢23/eV (1.4 ± 0.1 ± 0.2) ⇥1019

W3 3.08 ± 0.05 ± 0.10
⇢34/eV (4.7 ± 0.3 ± 0.6) ⇥1019

W4 5.2 ± 0.2 ± 0.1

W0 2.64 – fixed
⇢01/eV 1.24⇥1017 – fixed
l12 0.05 – fixed
l23 0.05 – fixed
l34 0.05 – fixed

where the notation [f]8 9 stands for the coe�cients of the
variance-covariance matrix of the � and ⌫ best-fit estimates
and [f�1] is the inverse of this matrix.

The outcome of the forward-folding fit is the set of pa-
rameters s, XE, X� and X⌫ that allow us to calculate the
expectation values `8 and a8 , and thus the correction fac-
tors 28 , for both arrays separately. The resulting combined

spectrum, obtained as

�
comb
8 =

28,750 #8,750 + 28,1500 #8,1500

Ee�
8 �⇢8

, (17)

is shown in Fig. 17. Here, the observed number of events
#

750
8 in each bin is calculated at the re-scaled energies, while

the e�ective exposure, Ee�
8 , is the shifted one of the SD-750

in the energy range where #8,1500 = 0, the one of the SD-
1500 in the energy range where #8,750 = 0, and the sum
E750 + XE + E1500 in the overlapping energy range. The set
of spectral parameters are collected in Table 7, while the
corresponding correlation matrix is reported in Appendix B
(Table 11) for XE, X� and X⌫ fixed to their best-fit values.
The change in exposure is XE/E = +1.4%, while the one
in energy scale follows from X�/� = �2.5% and X⌫/⌫ =
+0.8%. The goodness-of-fit is evidenced by a deviance of
37.2 for an expected value of 32 ± 8. We also note that the
parameters describing the spectral shape are in agreement
with those of the two individual spectra from the SD arrays.

The impact of the systematic uncertainties, dominated
by those in the energy scale, on the spectral parameters are
reported in Table 7. For completeness, beyond the summary
information provided by the spectrum parameterization, the
correlation matrix of the energy spectrum itself is also given
in the Supplementary material.

Energy spectrum for the events measured 
with the SD array 

The Xmax  distribution in each energy bin is sensitive to the mass composition 
→ first two moments shown for figurative purposes

γ1

γ2

γ3

γ4

Combining the information from the two data sets is crucial to interpret the features
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The combined fit

CRs ejected by EG 
accelerators

Propagation through the 
intergalactic medium

SimProp1 
simulations

Comparison with the data 
(detector effects are included)

Assumptions on a simple 
astrophysical model  

(CRs considered at the escape )

Choice of propagation models 
for uncertain quantities

The energy spectrum of cosmic rays beyond the turn-down around 1017 eV 15
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Figure 16. SD energy spectrum after combining the individual measurements by the SD-750 and the SD-1500 scaled by ⇢2.6. The fit using the proposed
function (Eq. (13)) is overlaid in red along with the one sigma error band in gray.

Table 6. Best-fit values of the combined spectral parameters (Eq. (13)).
The parameter l12, l23 and l34 are fixed to the value constrained in [19].
Note that the parameters W0 and ⇢01 correspond to features below the
measured energy region and should be treated only as aspects of the
combination.

Parameter Value ±fstat ± fsyst

�0/(km2 yr sr eV) (1.309 ± 0.003 ± 0.28) ⇥10�18

l01 0.43 ± 0.04 ± 0.34
W1 3.298 ± 0.005 ± 0.09
⇢12/eV (4.9 ± 0.1 ± 0.8) ⇥1018

W2 2.52 ± 0.03 ± 0.05
⇢23/eV (1.4 ± 0.1 ± 0.2) ⇥1019

W3 3.08 ± 0.05 ± 0.10
⇢34/eV (4.7 ± 0.3 ± 0.6) ⇥1019

W4 5.2 ± 0.2 ± 0.1

W0 2.64 – fixed
⇢01/eV 1.24⇥1017 – fixed
l12 0.05 – fixed
l23 0.05 – fixed
l34 0.05 – fixed

set of spectral parameters are collected in Table 6, while the
corresponding correlation matrix is reported in Appendix
B (Table B4) for XE, X� and X⌫ fixed to their best-fit
values. The change in exposure is XE/E = +1.4%, while
the one in energy scale follows from X�/� = �2.5% and875

X⌫/⌫ = +0.8%. The goodness-of-fit is evidenced by a
deviance of 37.2 for an expected value of 32 ± 8. We also
note that the parameters describing the spectral shape are in
agreement with those of the two individual spectra from the

SD arrays. 880

The impact of the systematic uncertainties, dominated
by those in the energy scale, on the spectral parameters are
reported in Table 6. For completeness, beyond the summary
information provided by the spectrum parameterization, the
correlation matrix of the energy spectrum itself is also given 885

in the Supplementary material.

6. Discussion

We have presented here a measurement of the CR spectrum
in the energy range between the second knee and the
ankle, which is covered with high statistics by the SD- 890

750, including 560,000 events with zenith angles up to 40�
and energies above 1017 eV. This measurement includes a
total exposure of 105 km2 sr yr and an energy scale set by
calorimetric observations from the FD telescopes. We note
a significant change in the spectral index and with a width 895

that is much broader than that of the ankle feature.
Such a change has been observed by a number of

other experiments, and via various detection methods.
Most notably, the nature of this feature was linked to
a softening of the heavy-mass primaries beginning at 900

1016.9 eV by the KASCADE-Grande experiment, leading
to the moniker iron knee [8]. Additional analyses by
the Tunka-133 [46] and IceCube [9] collaborations have
given further evidence that high-mass particles are dominant
near 1017 eV and thus that it is their decline that largely 905

defines the shape of the all-particle spectrum. This is also
supported from a preliminary study of the distributions

Production of showers 
in the atmosphere+

Choice of hadronic 
interaction models

Energy spectrum

Xmax distributions

Estimation of free parameters 
→ characterization of the fluxes at the sources (energy spectrum & mass composition)

1 R. Aloisio et al, JCAP 11 (2017) 009
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Q̃ A(E) = Q̃ 0A ⋅ ( E
E0 )

−γ

⋅
1, E ≤ ZA ⋅ Rcut;

exp (1 − E
ZA ⋅ Rcut ), E > ZA ⋅ Rcut,

5

Astrophysical model

Generic population of extragalactic sources

Generation rate at the sources for each mass A (number of nuclei ejected per unit of energy, volume and time) : 

✴ population of identical sources  

✴ uniform distribution ( except for a local overdensity for  ) 

✴ ejection of n representative nuclear species A, chosen among 1H, 4He, 14N, 28Si, 56Fe

d < 30 Mpc

✴ Spectral parameters γ, Rcut

Characterizing the fluxes escaping the source environment → parameters estimated in the fit

Q̃ 0A ⟶ IA =
∫ ∞

Emin
E ⋅ Q̃ A(E) dE

ℒ0
Fractions of the total emissivity of 

sources above Emin= 1017.8 eV

✴ n partial normalisations Q̃ 0A

Emissivity of a population: total energy ejected per 
unit of comoving volume and time 

with ℒ0 = ∑
A

∫
∞

Emin

E ⋅ Q̃ A(E) dE expressed in 
 erg ⋅ Mpc−3 ⋅ yr−1
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Propagation model

• SimProp simulations for the propagation in the IGM    →  model for the photo-disintegration cross sections  
               →  model for the EBL spectrum and evolution

σpd

• Hadronic interaction model for the propagation in the atmosphere

Propagation through the IGM and the Earth’s atmosphere

Photo-pion production  

Pair production 

Photo-disintegration   

• Adiabatic energy losses (expansion of the Universe) −( 1
E

dE
dt )

ad
= H0 (1 + z)3Ωm + ΩΛ

N + γ → N + e+ + e−

N + γ → N + π0 / N + π±

(A, Z) + γ → (A − n, Z − n′ ) + nN

• Interactions of nuclei with background photons (EBL, CMB)

• 1D propagation → intergalactic magnetic fields are here neglected

Model configuration used for our reference results:  
Talys for , Gilmore model for EBL, EPOS-LHC as hadronic interaction modelσpd

J. Koning et al., vol. 769 of American Institute of Physics Conference Series, 2005 
R. Gilmore et al., Mon. Not. Roy. Astron. Soc., 422 (2012) 3189  
T. Pierog et al., Phys. Rev. C 92 (2015) 034906 
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Fit procedure

LXmax
= ∑

i

nobs
i !∑

j

1
kobs

i,j !
(Gmod

i,j )kobs
i, j

• Energy spectrum → Gaussian distributions

LJ = ∏
i

1

2πσ2
i

exp( −
(Jobs

i − Jmod
i )2

2σ2
i ),

• Xmax distributions → multinomial distributions

i = log10(E) bin, j = Xmax bin 

observed unfolded flux  
(detector effects)

expected simulated flux

observed events
model probability  

(Gumbel distribution + detector effects)

→ compare simulated and measured fluxes at the Earth with the maximum likelihood method

D = D(J) + D(Xmax) = − 2 ln( ℒ
ℒsat ) = − 2 ln( ℒJ

ℒsat
J ) − 2 ln( ℒXmax

ℒsat
Xmax

)

D = D(J) + D(Xmax) = ∑
i

(Jobs
i − Jmod

i )2

σ2
i

+ 2 ⋅ ∑
i

∑
kobs

i, j

kobs
i,j ⋅ ln( kobs

i,j

nobs
i ⋅ Gmod

i,j )

Combined fit of the energy spectrum and Xmax distributions above ∼ 6 × 1017eV

→ The observed and simulated fluxes are compared by minimising the deviance D
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The reference scenarios

S C E N A R I O  1  :  E X T R A G A L A C T I C  A N D  G A L A C T I C  P O P U L AT I O N S  
• Extragalactic populations with mixed mass composition dominating at high energy (HE) 

• Extragalactic population of pure protons dominating at low energy (LE) 

→ Possibly produced by decay of neutrons from photodisintegrations of nuclei in the same source environment 

• Galactic additional contribution at low energy (considered at the Earth → no propagation included) 

→ the best fit is given by a nitrogen component extending up to  Z ⋅ RGal
cut ≈ 2 ⋅ 1018 eV

PREL IM
INARY
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✴ Superposition of two (or more) populations to describe the ankle feature 
✴ The extragalactic components ejected according to a power law with a rigidity dependent cutoff (with different parameters)
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The reference scenarios

S C E N A R I O  2  :  T W O  M I X E D  E X T R A G A L A C T I C  P O P U L AT I O N S  
• Extragalactic populations with mixed mass composition dominating at high energy (HE) 

• Extragalactic population with mixed mass composition dominating at low energy (LE) 

→ produced by two different populations of sources 

→ Galactic contributions are subdominant in this energy range 

PREL IM
INARY
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✴ Superposition of two (or more) populations to describe the ankle feature 
✴ The extragalactic components ejected according to a power law with a rigidity dependent cutoff (with different parameters)
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Results in the reference scenarios
Scenario 1 Scenario 2

Galactic contribution (at Earth) pure N —

J
Gal

0
[eV�1 · km�2 · sr�1 · yr�1] (1.06± 0.04) · 10�13 —

log
10
(R

Gal

cut
/V) 17.48± 0.02 —

EG components (at the escape) LE HE LE HE

L0 [10
44 · erg ·Mpc

�3 · yr�1
]

*
6.54± 0.36 5.00± 0.35 11.35± 0.15 5.07± 0.06

� 3.34± 0.07 �1.47± 0.13 3.52± 0.03 �1.99± 0.11

log
10
(Rcut/V) > 19.3 18.19± 0.02 > 19.4 18.15± 0.01

IH (%) 100 (fixed) 0.0± 0.0 48.7± 0.3 0.0± 0.0

IHe (%) — 24.5± 3.0 7.3± 0.4 23.6± 1.6

IN (%) — 68.1± 5.0 44.0± 0.4 72.1± 3.3

ISi (%) — 4.9± 3.9 0.0± 0.0 1.3± 1.3

IFe (%) — 2.5± 0.2 0.0± 0.0 3.1± 1.3

DJ (NJ) 48.6 (24) 56.6 (24)

DXmax (NXmax) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)
* from Emin = 10

17.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

3.1 Scenario 1: extragalactic and Galactic populations274

In the first of the two scenarios we are considering, we assume an extragalactic population275

with a mixed mass composition dominating at high energies (“HE”), plus an additional276

extragalactic population dominating at low energies (“LE”) which in this scenario is of pure277

protons, similar to [58]. The two extragalactic components are not necessarily produced in278

two different types of astrophysical environments. A LE population could e.g. arise from the279

photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,280

and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].281

The heavier nuclei at energies below the ankle are instead assumed to originate from a Galactic282

population.283

We found that a Galactic component at Earth of pure nitrogen, extending up to a284

relatively high energy Z ·RGal
cut ⇡ 2 ·1018 eV, provides the best fit to the data. In fact, heavier285

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)286

cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following287

figures and tables we only show the results obtained in the case of pure nitrogen.288

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The HE289

component has a very hard energy spectrum (� < 0), a rather low rigidity cutoff and a mass290

composition dominated by medium-mass elements. The LE component exhibits a very soft291

energy spectrum, requiring a larger estimated source emissivity than that of the HE one and a292

rigidity cutoff which is much higher than that of the HE component. The estimated generation293

– 8 –

PREL IM
INARY
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Results in the reference scenarios

Some common findings between the two scenarios:

Very hard energy spectrum for the HE extragalactic component 
• little overlap between different masses 

→  description of very pronounced spectral features and narrow Xmax 
distributions.  

• Considering only the extragalactic propagation  

→ energy-dependent effects in the source environment are not included 

Scenario 1 Scenario 2

Galactic contribution (at Earth) pure N —

J
Gal

0
[eV�1 · km�2 · sr�1 · yr�1] (1.06± 0.04) · 10�13 —

log
10
(R

Gal

cut
/V) 17.48± 0.02 —

EG components (at the escape) LE HE LE HE

L0 [10
44 · erg ·Mpc

�3 · yr�1
]

*
6.54± 0.36 5.00± 0.35 11.35± 0.15 5.07± 0.06

� 3.34± 0.07 �1.47± 0.13 3.52± 0.03 �1.99± 0.11

log
10
(Rcut/V) > 19.3 18.19± 0.02 > 19.4 18.15± 0.01

IH (%) 100 (fixed) 0.0± 0.0 48.7± 0.3 0.0± 0.0

IHe (%) — 24.5± 3.0 7.3± 0.4 23.6± 1.6

IN (%) — 68.1± 5.0 44.0± 0.4 72.1± 3.3

ISi (%) — 4.9± 3.9 0.0± 0.0 1.3± 1.3

IFe (%) — 2.5± 0.2 0.0± 0.0 3.1± 1.3

DJ (NJ) 48.6 (24) 56.6 (24)

DXmax (NXmax) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)
* from Emin = 10

17.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

3.1 Scenario 1: extragalactic and Galactic populations274

In the first of the two scenarios we are considering, we assume an extragalactic population275

with a mixed mass composition dominating at high energies (“HE”), plus an additional276

extragalactic population dominating at low energies (“LE”) which in this scenario is of pure277

protons, similar to [58]. The two extragalactic components are not necessarily produced in278

two different types of astrophysical environments. A LE population could e.g. arise from the279

photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,280

and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].281

The heavier nuclei at energies below the ankle are instead assumed to originate from a Galactic282

population.283

We found that a Galactic component at Earth of pure nitrogen, extending up to a284

relatively high energy Z ·RGal
cut ⇡ 2 ·1018 eV, provides the best fit to the data. In fact, heavier285

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)286

cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following287

figures and tables we only show the results obtained in the case of pure nitrogen.288

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The HE289

component has a very hard energy spectrum (� < 0), a rather low rigidity cutoff and a mass290

composition dominated by medium-mass elements. The LE component exhibits a very soft291

energy spectrum, requiring a larger estimated source emissivity than that of the HE one and a292

rigidity cutoff which is much higher than that of the HE component. The estimated generation293

– 8 –

PREL IM
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Generation rate at the sources

Scenario 2

PREL IM
INARY

• “Magnetic horizon” effect 

→  observed harder spectrum because of the suppression of the low-
energy fluxes

Very soft energy spectrum for the LE extragalactic component 
Possible explanation: 
• Sources with different maximal energies (not identical) 

→ the energy spectrum of each source may be less steep

Energy spectrum at the Earth
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Results in the reference scenarios

Low rigidity cutoff of the HE component 
• It affects the observed fluxes ( < 1018.5 eV ) 

→ but not low enough to make propagation effects negligible  

Mixed mass composition of the HE component 
• No mass composition information at the highest energies 

→ fit based on the shape of the energy spectrum

Scenario 1 Scenario 2

Galactic contribution (at Earth) pure N —

J
Gal

0
[eV�1 · km�2 · sr�1 · yr�1] (1.06± 0.04) · 10�13 —

log
10
(R

Gal

cut
/V) 17.48± 0.02 —

EG components (at the escape) LE HE LE HE

L0 [10
44 · erg ·Mpc

�3 · yr�1
]

*
6.54± 0.36 5.00± 0.35 11.35± 0.15 5.07± 0.06

� 3.34± 0.07 �1.47± 0.13 3.52± 0.03 �1.99± 0.11

log
10
(Rcut/V) > 19.3 18.19± 0.02 > 19.4 18.15± 0.01

IH (%) 100 (fixed) 0.0± 0.0 48.7± 0.3 0.0± 0.0

IHe (%) — 24.5± 3.0 7.3± 0.4 23.6± 1.6

IN (%) — 68.1± 5.0 44.0± 0.4 72.1± 3.3

ISi (%) — 4.9± 3.9 0.0± 0.0 1.3± 1.3

IFe (%) — 2.5± 0.2 0.0± 0.0 3.1± 1.3

DJ (NJ) 48.6 (24) 56.6 (24)

DXmax (NXmax) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)
* from Emin = 10

17.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

3.1 Scenario 1: extragalactic and Galactic populations274

In the first of the two scenarios we are considering, we assume an extragalactic population275

with a mixed mass composition dominating at high energies (“HE”), plus an additional276

extragalactic population dominating at low energies (“LE”) which in this scenario is of pure277

protons, similar to [58]. The two extragalactic components are not necessarily produced in278

two different types of astrophysical environments. A LE population could e.g. arise from the279

photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,280

and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].281

The heavier nuclei at energies below the ankle are instead assumed to originate from a Galactic282

population.283

We found that a Galactic component at Earth of pure nitrogen, extending up to a284

relatively high energy Z ·RGal
cut ⇡ 2 ·1018 eV, provides the best fit to the data. In fact, heavier285

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)286

cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following287

figures and tables we only show the results obtained in the case of pure nitrogen.288

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The HE289

component has a very hard energy spectrum (� < 0), a rather low rigidity cutoff and a mass290

composition dominated by medium-mass elements. The LE component exhibits a very soft291

energy spectrum, requiring a larger estimated source emissivity than that of the HE one and a292

rigidity cutoff which is much higher than that of the HE component. The estimated generation293

– 8 –
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Some common findings between the two scenarios:

Energy spectrum at the Earth

Scenario 2

PREL IM
INARY

New observed feature at 13 EeV  
→ interplay between He and N components ejected at the 

sources according to their R-dependent cutoff and then 
shaped by propagation
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Results in the reference scenarios
Scenario 1 Scenario 2

Galactic contribution (at Earth) pure N —

J
Gal

0
[eV�1 · km�2 · sr�1 · yr�1] (1.06± 0.04) · 10�13 —

log
10
(R

Gal

cut
/V) 17.48± 0.02 —

EG components (at the escape) LE HE LE HE

L0 [10
44 · erg ·Mpc

�3 · yr�1
]

*
6.54± 0.36 5.00± 0.35 11.35± 0.15 5.07± 0.06

� 3.34± 0.07 �1.47± 0.13 3.52± 0.03 �1.99± 0.11

log
10
(Rcut/V) > 19.3 18.19± 0.02 > 19.4 18.15± 0.01

IH (%) 100 (fixed) 0.0± 0.0 48.7± 0.3 0.0± 0.0

IHe (%) — 24.5± 3.0 7.3± 0.4 23.6± 1.6

IN (%) — 68.1± 5.0 44.0± 0.4 72.1± 3.3

ISi (%) — 4.9± 3.9 0.0± 0.0 1.3± 1.3

IFe (%) — 2.5± 0.2 0.0± 0.0 3.1± 1.3

DJ (NJ) 48.6 (24) 56.6 (24)

DXmax (NXmax) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)
* from Emin = 10

17.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

3.1 Scenario 1: extragalactic and Galactic populations274

In the first of the two scenarios we are considering, we assume an extragalactic population275

with a mixed mass composition dominating at high energies (“HE”), plus an additional276

extragalactic population dominating at low energies (“LE”) which in this scenario is of pure277

protons, similar to [58]. The two extragalactic components are not necessarily produced in278

two different types of astrophysical environments. A LE population could e.g. arise from the279

photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,280

and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].281

The heavier nuclei at energies below the ankle are instead assumed to originate from a Galactic282

population.283

We found that a Galactic component at Earth of pure nitrogen, extending up to a284

relatively high energy Z ·RGal
cut ⇡ 2 ·1018 eV, provides the best fit to the data. In fact, heavier285

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)286

cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following287

figures and tables we only show the results obtained in the case of pure nitrogen.288

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The HE289

component has a very hard energy spectrum (� < 0), a rather low rigidity cutoff and a mass290

composition dominated by medium-mass elements. The LE component exhibits a very soft291

energy spectrum, requiring a larger estimated source emissivity than that of the HE one and a292

rigidity cutoff which is much higher than that of the HE component. The estimated generation293

– 8 –
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Some common findings between the two scenarios:

PREL IM
INARY

PREL IM
INARY

Very high rigidity cutoff of the LE component 
•  Degenerate fit for  
→ fixing the parameter to any much higher value does not change the fit 

→ only the lower bound 
• The LE component is very steep 

→ dominant only in the first energy bins 

→ not very sensitive to the energy spectrum shape

RLE
cut ≫ 1019.5eV
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Scenario 2: better Xmax distributions and worse spectrum description 
The differences are encompassed within the systematic uncertainties  
In Scenario 2, photodisintegration is negligible for the LE component 
→ light-to-intermediate masses (similar to the one at the sources) 
Further investigation of the Galactic-to-extragalactic transition region is 
necessary 

10

Results in the reference scenarios

Mixture of H+N below the ankle in both scenarios 
Galactic component in Scenario 1 : 
• power law modified by an exponential cutoff with some free parameters 
• Models with Galactic Fe/Si right below the ankle are strongly disfavored  
• a N-dominated composition is preferred 
→ contribution from explosions in the winds of Wolf-Rayet-like stars may 
provide N up to ~1018 eV  

Scenario 1 Scenario 2

Galactic contribution (at Earth) pure N —

J
Gal

0
[eV�1 · km�2 · sr�1 · yr�1] (1.06± 0.04) · 10�13 —

log
10
(R

Gal

cut
/V) 17.48± 0.02 —

EG components (at the escape) LE HE LE HE

L0 [10
44 · erg ·Mpc

�3 · yr�1
]

*
6.54± 0.36 5.00± 0.35 11.35± 0.15 5.07± 0.06

� 3.34± 0.07 �1.47± 0.13 3.52± 0.03 �1.99± 0.11

log
10
(Rcut/V) > 19.3 18.19± 0.02 > 19.4 18.15± 0.01

IH (%) 100 (fixed) 0.0± 0.0 48.7± 0.3 0.0± 0.0

IHe (%) — 24.5± 3.0 7.3± 0.4 23.6± 1.6

IN (%) — 68.1± 5.0 44.0± 0.4 72.1± 3.3

ISi (%) — 4.9± 3.9 0.0± 0.0 1.3± 1.3

IFe (%) — 2.5± 0.2 0.0± 0.0 3.1± 1.3

DJ (NJ) 48.6 (24) 56.6 (24)

DXmax (NXmax) 537.4 (329) 516.5 (329)

D (N) 586.0 (353) 573.1 (353)
* from Emin = 10

17.8 eV.

Table 1. Best-fit parameters obtained in the two reference scenarios. Scenario 1 (section 3.1): a
Galactic contribution of pure nitrogen, a low-energy extragalactic component of pure protons (LE),
and a high-energy extragalactic component with a mixed mass composition (HE). Scenario 2 (sec-
tion 3.2): two mixed extragalactic components (LE and HE) overlapping in the ankle energy region.

3.1 Scenario 1: extragalactic and Galactic populations274

In the first of the two scenarios we are considering, we assume an extragalactic population275

with a mixed mass composition dominating at high energies (“HE”), plus an additional276

extragalactic population dominating at low energies (“LE”) which in this scenario is of pure277

protons, similar to [58]. The two extragalactic components are not necessarily produced in278

two different types of astrophysical environments. A LE population could e.g. arise from the279

photodisintegration of HE cosmic rays by the photon fields in the environment of their sources,280

and the subsequent escape and beta decay of the secondary neutrons thereby produced [29].281

The heavier nuclei at energies below the ankle are instead assumed to originate from a Galactic282

population.283

We found that a Galactic component at Earth of pure nitrogen, extending up to a284

relatively high energy Z ·RGal
cut ⇡ 2 ·1018 eV, provides the best fit to the data. In fact, heavier285

compositions with no nitrogen result in deviances D & 1000, and in the (Si+N) and (N+He)286

cases the best fits are obtained with fSi = 0 and fHe = 0, respectively. Hence, in the following287

figures and tables we only show the results obtained in the case of pure nitrogen.288

The best-fit results are shown in the central column (“Scenario 1”) of table 1. The HE289

component has a very hard energy spectrum (� < 0), a rather low rigidity cutoff and a mass290

composition dominated by medium-mass elements. The LE component exhibits a very soft291

energy spectrum, requiring a larger estimated source emissivity than that of the HE one and a292

rigidity cutoff which is much higher than that of the HE component. The estimated generation293

– 8 –
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The mass composition in the LE region

It is not possible to choose a favored scenario
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Effect of the systematic uncertainties

Experimental systematic uncertainties:

The systematic uncertainty 
effect is tested in the 

Scenario 2

PREL IM
INARY

Systematic uncertainties from models:

PREL IM
INARY

Effect of the uncertainties on the predicted total fluxes and on the partial contributions from different mass groups

• The dominant effect is the one from the experimental uncertainties (mainly from the Xmax scale) 

• The systematic uncertainties do not spoil our conclusions in the reference scenarios
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Cosmological evolution of sources

Three alternative models for the evolution of the source emissivity, parameterized as    
→ m=-3, m=+3, m=+5  (m=0 was used in the reference scenarios) 

The behavior at z>1 has only a negligible impact on the LE component (no impact on the HE one) 

All the possible combinations have been tested 

∝ (1 + z)m

Total deviance

PREL IM
INARY

Strong source evolution for the HE is disfavored  
(too many secondary particles at the ankle) 

 

Neutrinos fluxes for a strong evolution of the LE component

PREL IM
INARY

PREL IM
INARY

• Dependence on zmax (even for z > 1) 
• Dependence on     

→  Future constraints with the next-generation 
neutrino experiments

RLE
cut

Figure 15. The predicted fluxes of neutrinos (single flavour) corresponding to the best fit results
obtained by assuming a source evolution with m = �3 (top left), m = 3 (top right) and m = 5

(bottom) for the LE component; in all the three cases the HE component has no source evolution
(m = 0). The black solid curves represent the fluxes corresponding (from the bottom to the top)
to zmax = 1, 2, 3, 4 and 5, assuming a constant m value in the whole redshift range. The dashed black
curve shows the expected fluxes corresponding to zmax = 3 with a flat source evolution above z = 1.
The observed IceCube HESE flux, the current upper limits from IceCube and Auger (solid lines),
and the predicted sensitivities of future detectors (dot-dashed lines) are also shown for reference (see
text).

by IceCube are shown.666

Note however that neutrinos with E . 10
8
GeV can be produced by nuclei injected667

with energies below the range of our fits, E < 10
17.8

eV, where we extrapolate the injection668

spectrum as a power law with � & 3 down to indefinitely low energies; this is a rather extreme669

hypothesis, as it would require incredibly large integrated emissivities at low injection energies.670

Hence, the predicted fluxes shown in figure 15 below 10
8
GeV should be considered upper671

bounds to the predictions in more realistic scenarios, in which at E ⌧ 10
17.8

eV the injection672

spectra are harder.673

In general, the contribution of the HE population to the flux of expected neutrinos is674

negligible, regardless of its cosmological evolution: due to its rather low rigidity cutoff, even675

when the estimated fraction of protons is not negligible, the pion photoproduction interactions676

cannot occur on CMB photons, but only on the EBL ones. The latter, despite having a lower677

energy threshold, contributes to the neutrino flux to a lesser extent because of the much678

– 25 –

zmax=1

zmax=5

RLE
cut = 1018.6 RLE

cut > 1019.5
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Conclusions

Simple astrophysical model with two extragalactic components (with or without a Galactic contribution at LE) 

→ description of the ankle feature at  as the superposition of different components 

→ description of the instep at  and of the suppression at the highest energies 

→ similar results in terms of deviance in the two scenarios 

Galactic component at LE (if present) : composition heavier than N strongly disfavored  

The systematic uncertainties do not spoil our conclusions 

Very strong evolution (m=5) for the HE component is excluded 

The cosmogenic neutrino fluxes in some scenarios may reach the sensitivity of next-generation experiments

∼ 6 ⋅ 1018 eV

∼ 1019 eV

 Collaboration paper about this analysis almost ready to be submitted to a journal 

E.Guido for the Pierre Auger Collaboration PoS(ICRC2021)311



Eleonora Guido for the Pierre Auger Collaboration UHECR2022 14

Outlook

• Update of the Xmax analysis including also data from low-energy extension of Auger ( HEAT → High-Elevation Auger 
Telescopes) in progress  

→ further insights on the Galactic-to-extragalactic transition region 

• Possible additional information including arrival directions in the fit  

→ preliminary study with a combined fit above the ankle  
( presented at ICRC20211  and in T. Bister’s poster at this conference ) 

• Future mass composition estimates with machine learning techniques on SD data 
• Improvement of the mass composition at the highest energies from the detector upgrade (AugerPrime) 

→ same analysis could be performed with much more statistics 

→ mass composition information at the high-energy suppression
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The Pierre Auger Observatory 

• Located in Argentina, close to Malargüe (~1400 m a.s.l.) 
• Ground-based experiment detecting air-showers 
• Hybrid detection technique (SD+FD)

3000 km2  

~450 members from ~90 institutions 
in 17 countries

SD

FD

• Largest observatory in the world for the detection of ultra-high-energy cosmic rays
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Effect of the systematic uncertainties from measurements

• Large band around the total flux due to the energy scale uncertainty → impact mainly on the estimated emissivity of sources  

• The strongest impact on the predicted fluxes and on the deviance is due to the Xmax scale uncertainty

Two main sources of experimental systematic uncertainties:

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2

The systematic uncertainty effect is tested in the Scenario 2

PREL IM
INARY

• Energy scale → shift all the energies of  in each direction  

• Xmax scale → the correlations among the energy bins are taken into account allowing for different shifts at different energies

±1σE

✴ The Xmax values are shifted by  

✴  are two additional nuisance parameters in the fit 

✴ A term   has to be added to deviance

a ⋅ v1(E) + b ⋅ v2(E)
a, b

Dsyst = a2 + b2
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Effect of the systematic uncertainties from models

Models for propagation in the IGM and in the atmosphere

Hadronic interaction model:   Sibyll2.3d / EPOS-LHC / intermediate models

• Nuisance parameter  to interpolate each Gumbel parameter as 
 

• If  is close to 0 → Sibyll2.3d is dominant 

• If  is close to 1 → EPOS-LHC is dominant

δHIM
αHIM = δHIM ⋅ αEPOS + (1 − δHIM) ⋅ αSib

δHIM

δHIM

Propagation model effect:  
fit repeated considering different model configurations

• Propagation models: some expected changes in the best fit parameters 

• EPOS-LHC or models compatible with it are always preferred

→ HIM choice: stronger impact on D and on the predictions at Earth

The dominant effect on the the predicted fluxes and on the deviance is the one from the experimental uncertainties

PREL IM
INARY

June 26, 2021

�pd Talys, PSB XYZ
EBL Gilmore, Dominguez XYZ
HIM EPOS-LHC, Sibyll2.3d, QGSJetIIv4 XYZ

Galactic contribution (at Earth) N+Si -

J0,gal [eV�1 km�2 sr�1 yr�1] (1.07 ± 0.06) · 10�13 -

log
10

(Rcut,gal/V) 17.48 ± 0.02 -

fN(%) 93.0 ± 0.5 -

EG components (at the sources) Low energy High energy Low energy High energy

L0 [1045 erg Mpc�3 yr�1] 7.28 0.44 17.0 0.45

� 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10

log
10

(Rcut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01

IH (%) 100 (fixed) 0.0 49.87 0.0

IHe (%) - 27.17 10.92 28.60

IN (%) - 69.86 36.25 69.05

ISi (%) - 0.0 0.0 0.0

IFe (%) - 2.97 2.96 2.35

DJ (NJ ) 49.5 (24) 60.1 (24)

DXmax
(NXmax

) 593.8 (329) 554.8 (329)

D (N) 643.3 (353) 614.9 (353)

Talys, Gilmore PSB, Gilmore Talys, Dominguez PSB, Dominguez

LE HE LE HE LE HE LE HE

L0 [1045erg Mpc�3yr�1] 17.0 0.45 16.8 0.44 21.7 0.71 22.1 0.71

� 3.49 ± 0.02 �1.98 ± 0.10 3.49 ± 0.03 �1.95 ± 0.16 3.67 ± 0.06 �0.95 ± 0.12 3.70 ± 0.05 �0.94 ± 0.12

log
10

(Rcut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.06 18.23 ± 0.02 18.03 ± 0.02 18.22 ± 0.02

IH (%) 49.87 0.0 51.15 0.91 45.48 0.61 45.67 0.79

IHe (%) 10.92 28.60 12.68 49.09 6.13 20.25 8.55 48.79

IN (%) 36.25 69.05 33.25 43.89 45.03 73.70 42.10 40.57

ISi (%) 0.0 7.32 0.0 4.23 0.0 2.75 0.0 7.99

IFe (%) 2.96 2.35 2.93 1.87 3.36 2.69 3.67 1.86

�HIM 1.0 (lim.) 1.0 (lim.) 0.96+0.04
�0.16 0.94+0.06

�0.14

DJ (NJ ) 60.1 (24) 53.0 (24) 44.7 (24) 43.0 (24)

DXmax
(NXmax

) 554.8 (329) 562.8 (329) 586.3 (329) 591.6 (329)

D (N) 614.9 (353) 615.8 (353) 631.0 (353) 634.6 (353)

1
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Intergalactic magnetic fields

rL ≈ 1.08 ⋅ (E/EeV) ⋅ Z−1 ⋅ (B⊥/nG)−1 MpcLarmor radius:

Propagation theorem: the effect of intergalactic magnetic fields is negligible if the distance among sources is much lower than rL

• The lowest relevant rigidity ~E/Z in our model is that of N (Z=7) at ~1017.8 eV

• Typical distance among sources is ≲ 10 Mpc

→ magnetic fields should have  to be negligibleB⊥ ≪ 10−11 G


