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Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle1

CRs ejected by generic EG 
accelerators

• Description of the Auger measurements in the ankle region with the superposition of different Galactic/extragalactic contributions 

• Inference about the physical parameters related to the energy spectrum and the mass composition of particles escaping the 
environments of EG sources 

• Impact on the results of the systematic uncertainties 

• Effect of the assumptions on the source evolution on the fit results

Propagation through the 
intergalactic medium

SimProp 
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

Introduction to the combined fit

Production of showers 
in the atmosphere+

Choice of hadronic 
interaction models

Energy spectrum

Xmax distributions
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J(E) = ∑
A

fA ⋅ J0 ⋅ ( E
E0 )

−γ

⋅
1, E < ZA ⋅ Rcut;

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

2

Generic population of  extragalactic sources

Energy spectrum escaping from the source environment

✴ 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

The astrophysical model

✴ Spectral parameters γ , Rcut

Characterising the escape spectrum → parameters estimated in the fit

fA ⟶ IA =
∫ ∞

Emin
JA(E)EdE

∑A ∫ ∞
Emin

JA(E)EdE

Fractions of the integral of the 
energy density above Emin= 1017 eV

✴ Energy spectrum normalisation J0 ✴ Mass fractions fA at the energy E0

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

J0 ⟶ ℒ0 =
4π

dmax ∑
A

∫
∞

Emin

E JA(E) dE expressed in 
 erg ⋅ Mpc−3 ⋅ yr−1
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J(E) = ∑
A

fA ⋅ J0 ⋅ ( E
E0 )

−γ

⋅
1, E < ZA ⋅ Rcut;

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

2

Generic population of  extragalactic sources

Energy spectrum escaping from the source environment

✴ 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

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

σpd

• Different possible hadronic interaction models for the propagation in the atmosphere

Propagation through the IGM and the Earth’s atmosphere

The astrophysical model

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

PSB ( Puget, Stecker and Bredekamp (1976)) 

TALYS (Koning, Hilaire and Duijvestijn (2005))

Gilmore et al. (2012) 

Dominguez et al. (2011)

post-LHC hadronic interaction models
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Data in log10(E/eV) bins of 0.1 width fitted above E ~ 6 1017 eV 

✤ Energy spectrum: last bin at 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

[Pierre Auger Collaboration to be submitted to Eur. Phys. J. C. ]

Data set and fit procedure

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

• We aim at interpreting the ankle region 

• At lower energy the Galactic CRs would be become dominant } We use only the data from the standard fluorescence telescopes 
for the Xmax distributions (log10(E/eV) > 17.8 )

→ in the future the the threshold could be lowered to ~1017 eV thanks to data from HEAT (High Elevation Auger Telescopes)

Data sets:

First two moments 
of the Xmax 

distributions for 
figurative purposes 

[A.Yushkov for the Pierre Auger Collaboration PoS(ICRC2019)482] 
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Data in log10(E/eV) bins of 0.1 width fitted above E ~ 6 1017 eV 

Data set and fit procedure

• We aim at interpreting the ankle region 

• At lower energy the Galactic CRs would be become dominant } We use only the data from the standard fluorescence telescopes 
for the Xmax distributions (log10(E/eV) > 17.8 )

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

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

ℒsat
J ) − 2 ln( ℒXmax

ℒsat
Xmax

)

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)

The fit procedure: 
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The astrophysical model: superposition of different contributions to describe the ankle feature and the energy region below it

• The above-ankle region is described by an EG component with a mixed (free) mass composition

• The region below the ankle is described by two scenarios:

Simplest extension to lower energies of the above-ankle combined fit published in JCAP04(2017)038 → fit above 1017.8 eV

The combined fit across the ankle

A.One additional EG component of protons + a heavier Galactic contribution at Earth

✤ Interactions in the source sites could produce an additional pure p component at lower energies with a softer energy spectrum

✤ An additional heavier component is needed to describe the composition below the ankle

→ Galactic contributions with a simple generic shape and different possible mass compositions (1/2 nuclear species)

J(E) =
2

∑
i=1

Ai J0 ⋅ ( E
E0 )

γg

⋅ exp( −
E

Rcut )

Galactic contribution at Earth (no propagation):  
single power law, with arbitrary spectral index + exponential cutoff

• Cutoff  
• Normalisation     
• Fraction of  and  at  : ,  (if there are 2 species)

Rcut
J0

A1 A2 E0 fA1 fA2

Fixed:   (arbitrary value) 
Fixed: E0 = 1016.85 eV

γ = − 3.2

→ free parameters }
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The astrophysical model: superposition of different contributions to describe the ankle feature and the energy region below it

• The above-ankle region is described by an EG component with mixed composition

• The region below the ankle is described by two scenarios:

The combined fit across the ankle

A.One additional EG component of protons + a heavier Galactic contribution at Earth

✤ Interactions in the source sites could produce an additional pure p component at lower energies with a softer energy spectrum

✤ An additional heavier component is needed to describe the composition below the ankle

→ Galactic contributions with a simple generic shape and different possible mass compositions (1/2 nuclear species)

B.One additional mixed component ejected by EG sources

✤ It could be ejected by another population of EG sources

→ similar to the one above the ankle but characterised by different physical parameters 
(spectral parameters, emissivity, mass composition)

Simplest extension to lower energies of the above-ankle combined fit published in JCAP04(2017)038 → fit above 1017.8 eV



Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle
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Total flux
Low-energy comp.
High-energy comp.
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5

Models configuration: Talys, Gilmore, EPOS-LHCFit results in the two scenarios

Scenario A
Gal. contribution +  

EG component of pure p 

Galactic component:

• Additional contribution below the ankle if the LE component is of pure protons 
• A contribution dominated by intermediate masses (e.g. N, as above) is favoured 
• A heavier contribution (e.g. Si, Fe) is disfavoured (D ~ 1000)

18.0 18.5 19.0 19.5 20.0
(E/eV)
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log
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]
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r

-1
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-2
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m
2

J [
eV

3 E

Mass groups at Earth
 = 1A

 4≤ A ≤2 
 22≤ A ≤5 
 38≤ A ≤23 
 56≤ A ≤39 

Scenario A

At variance with SNRs standard model 
→ only heavy nuclei up to ~1017 eV 

→ possible explanation: additional Galactic component  of CRs accelerated 
in Wolf-Rayet stars winds (N nuclei can be accelerated up to ~1018 eV)

• Extending up to ~  
• Dominated by medium-mass nuclei

4 ⋅ 1018 eV }
[S. Thoudam et al., A&A Volume 595, A33, November 2016] 
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2. Fit procedure and results

We use a measurement of the energy spectrum in log10(⇢/eV) bins of 0.1 width from 1017.8 eV
to 1020.2 eV, obtained with the data collected over 15 years with the Surface Detector Array of
the Observatory [14]. As for the -max distributions, measured by the fluorescence telescopes,
we consider log10(⇢/eV) bins of 0.1 from 1017.8 eV to 1019.6 eV and one additional larger bin
containing events with energies greater than 1019.6 eV; each -max distribution is binned in intervals
of 20 g cm�2 [15]. In the fit we minimise the deviance ⇡ = � ln(!/!sat), a generalised j2, where !

is our model and !sat is a model that perfectly describes the data. It consists of two terms, ⇡� and
⇡Xmax . The first is for the energy spectrum and is a product of Gaussian distributions. The latter is a
product of multinomial distributions used for the fit of the -max distributions; they are modelled as
Gumbel distribution functions [16], whose parameters depend on the hadronic interaction model.

For each extragalactic component the free fit parameters are the luminosity density L0(⇢ >

1017 eV), the spectral index W, the rigidity cuto� 'cut and = � 1 of the = mass fractions 5�1. Since
the mass fractions are extrapolations of the mass composition at a fixed energy lower than the fit
threshold, they are not necessarily very informative about the actual composition in the energy
range involved in our fit, especially if the energy spectrum is very hard; thus we express the mass
composition in terms of the fractions of the energy density integral ��2 above ⇢min = 1017.

Galactic contribution (at Earth) N+Si -

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

log10 ('
gal
cut/V) 17.48 ± 0.02 -

5N (%) 93.0 -

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

L0 [erg Mpc�3 yr�1 ] 7.28 · 1045 4.4 · 1044 1.7 · 1046 4.5 · 1044

W 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10
log10 ('cut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01
�H (%) 100 (fixed) 0.0 49.87 0.0
�He (%) - 27.17 10.92 28.60
�N (%) - 69.86 36.25 69.05
�Si (%) - 0.0 0.0 0.0
�Fe (%) - 2.97 2.96 2.35

⇡� (#� ) 49.5 (24) 60.1 (24)
⇡-max (#-max ) 593.8 (329) 554.8 (329)
⇡ (# ) 643.3 (353) 614.9 (353)

Table 2: The fit results in the TGE configuration. Below the ankle we considered an extragalactic component of pure
protons together with a heavier Galactic contribution (left) or a mixed extragalactic component (right).

The above-ankle data are reproduced by a mixed component where all the = = 5 representative
masses are allowed at the sources. As for the low-energy region, i.e. the one below the ankle, we
consider two scenarios and the best fit results are summarised in Tab. 2. In the first scenario we use
a second extragalactic component of pure protons and an additional Galactic contribution at Earth,
given by a power law with W = 3.2 modified by an exponential cuto�. Several mass compositions
have been considered for such a Galactic contribution, both pure and mixed, and the lowest deviance
is obtained by assuming a composition dominated by medium-mass nuclei (e.g. nitrogen), with a
small contribution of heavier species (e.g. silicon); the fraction of nitrogen ( 5# ) at the normalisation
energy ⇢gal

0 = 1016.85 eV, the normalisation �gal
0 and the /-dependent rigidity cuto� log10('

gal
cut)

1The =-th mass fraction is obtained from the requirement that the sum
Õ

� 5� is equal to one.
2The integral of the energy density above a given energy ⇢min for a nuclear species � is defined as

Ø 1
⇢min

5�� (⇢)⇢3⇢ .

3
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5

Models configuration: Talys, Gilmore, EPOS-LHC

Scenario A Scenario B

Fit results in the two scenarios

Scenario B
Gal. contribution +  

EG component of pure p 
Two EG mixed 
components

• Low-energy component:  
 very soft energy spectrum → larger emissivity; 
 very high cutoff →  not sensitive to the exact Rcut value 
(propagation effects are dominant)

• High-energy component:  
 hard energy spectrum, as in the above-ankle fit; 
 mixed mass composition (He and N are dominant) 
 relatively low cutoff → observed fluxes affected by it

Energy spectra at the sources

A = 1 
A = 4 
A = 14  
A = 28 
A = 56 

Energy spectrum at Earth

Very hard high-energy component dominated by N and He 
→ to interpret the very pronounced spectrum features

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

2. Fit procedure and results

We use a measurement of the energy spectrum in log10(⇢/eV) bins of 0.1 width from 1017.8 eV
to 1020.2 eV, obtained with the data collected over 15 years with the Surface Detector Array of
the Observatory [14]. As for the -max distributions, measured by the fluorescence telescopes,
we consider log10(⇢/eV) bins of 0.1 from 1017.8 eV to 1019.6 eV and one additional larger bin
containing events with energies greater than 1019.6 eV; each -max distribution is binned in intervals
of 20 g cm�2 [15]. In the fit we minimise the deviance ⇡ = � ln(!/!sat), a generalised j2, where !

is our model and !sat is a model that perfectly describes the data. It consists of two terms, ⇡� and
⇡Xmax . The first is for the energy spectrum and is a product of Gaussian distributions. The latter is a
product of multinomial distributions used for the fit of the -max distributions; they are modelled as
Gumbel distribution functions [16], whose parameters depend on the hadronic interaction model.

For each extragalactic component the free fit parameters are the luminosity density L0(⇢ >

1017 eV), the spectral index W, the rigidity cuto� 'cut and = � 1 of the = mass fractions 5�1. Since
the mass fractions are extrapolations of the mass composition at a fixed energy lower than the fit
threshold, they are not necessarily very informative about the actual composition in the energy
range involved in our fit, especially if the energy spectrum is very hard; thus we express the mass
composition in terms of the fractions of the energy density integral ��2 above ⇢min = 1017.

Galactic contribution (at Earth) N+Si -

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

log10 ('
gal
cut/V) 17.48 ± 0.02 -

5N (%) 93.0 -

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

L0 [erg Mpc�3 yr�1 ] 7.28 · 1045 4.4 · 1044 1.7 · 1046 4.5 · 1044

W 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10
log10 ('cut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01
�H (%) 100 (fixed) 0.0 49.87 0.0
�He (%) - 27.17 10.92 28.60
�N (%) - 69.86 36.25 69.05
�Si (%) - 0.0 0.0 0.0
�Fe (%) - 2.97 2.96 2.35

⇡� (#� ) 49.5 (24) 60.1 (24)
⇡-max (#-max ) 593.8 (329) 554.8 (329)
⇡ (# ) 643.3 (353) 614.9 (353)

Table 2: The fit results in the TGE configuration. Below the ankle we considered an extragalactic component of pure
protons together with a heavier Galactic contribution (left) or a mixed extragalactic component (right).

The above-ankle data are reproduced by a mixed component where all the = = 5 representative
masses are allowed at the sources. As for the low-energy region, i.e. the one below the ankle, we
consider two scenarios and the best fit results are summarised in Tab. 2. In the first scenario we use
a second extragalactic component of pure protons and an additional Galactic contribution at Earth,
given by a power law with W = 3.2 modified by an exponential cuto�. Several mass compositions
have been considered for such a Galactic contribution, both pure and mixed, and the lowest deviance
is obtained by assuming a composition dominated by medium-mass nuclei (e.g. nitrogen), with a
small contribution of heavier species (e.g. silicon); the fraction of nitrogen ( 5# ) at the normalisation
energy ⇢gal

0 = 1016.85 eV, the normalisation �gal
0 and the /-dependent rigidity cuto� log10('

gal
cut)

1The =-th mass fraction is obtained from the requirement that the sum
Õ

� 5� is equal to one.
2The integral of the energy density above a given energy ⇢min for a nuclear species � is defined as

Ø 1
⇢min

5�� (⇢)⇢3⇢ .
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Models configuration: Talys, Gilmore, EPOS-LHC
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energy ⇢0 = 1016.85 eV, the normalisation �0,gal and the Z-dependent rigidity cuto� log10('cut,gal)
are free fit parameters. Our data cannot be described by a Galactic contribution with heavier mass
compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is assumed.
In the latter scenario we assume only one additional mixed extragalactic component at low energies,
similar to the above-ankle one, but characterised by di�erent physical parameters.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�; the fit is
actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to an
arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results. Left: the estimated contributions
from the two extragalactic components (red: low-energy component, blue: high-energy component). Right:
the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to their
mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).

18.0 18.5 19.0 19.5 20.0
(E/eV)

10
log

700
710
720
730
740
750
760
770
780
790
800

]
-2

 [g
 c

m
〉

m
ax

X〈

H He
N

Si

Fe

EPOS-LHC

18.0 18.5 19.0 19.5 20.0
(E/eV)

10
log

15
20
25
30
35
40
45
50
55
60
65

]
-2

) [
g 

cm
m

ax
(X

σ

H

He

N
Si

Figure 2: The first two moments of the distributions in each energy bin along with their expected values and
the predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the

4

Predicted fluxes at Earth
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2. Fit procedure and results

We use a measurement of the energy spectrum in log10(⇢/eV) bins of 0.1 width from 1017.8 eV
to 1020.2 eV, obtained with the data collected over 15 years with the Surface Detector Array of
the Observatory [14]. As for the -max distributions, measured by the fluorescence telescopes,
we consider log10(⇢/eV) bins of 0.1 from 1017.8 eV to 1019.6 eV and one additional larger bin
containing events with energies greater than 1019.6 eV; each -max distribution is binned in intervals
of 20 g cm�2 [15]. In the fit we minimise the deviance ⇡ = � ln(!/!sat), a generalised j2, where !

is our model and !sat is a model that perfectly describes the data. It consists of two terms, ⇡� and
⇡Xmax . The first is for the energy spectrum and is a product of Gaussian distributions. The latter is a
product of multinomial distributions used for the fit of the -max distributions; they are modelled as
Gumbel distribution functions [16], whose parameters depend on the hadronic interaction model.

For each extragalactic component the free fit parameters are the luminosity density L0(⇢ >

1017 eV), the spectral index W, the rigidity cuto� 'cut and = � 1 of the = mass fractions 5�1. Since
the mass fractions are extrapolations of the mass composition at a fixed energy lower than the fit
threshold, they are not necessarily very informative about the actual composition in the energy
range involved in our fit, especially if the energy spectrum is very hard; thus we express the mass
composition in terms of the fractions of the energy density integral ��2 above ⇢min = 1017.

Galactic contribution (at Earth) N+Si -

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

log10 ('
gal
cut/V) 17.48 ± 0.02 -

5N (%) 93.0 -

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

L0 [erg Mpc�3 yr�1 ] 7.28 · 1045 4.4 · 1044 1.7 · 1046 4.5 · 1044

W 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10
log10 ('cut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01
�H (%) 100 (fixed) 0.0 49.87 0.0
�He (%) - 27.17 10.92 28.60
�N (%) - 69.86 36.25 69.05
�Si (%) - 0.0 0.0 0.0
�Fe (%) - 2.97 2.96 2.35

⇡� (#� ) 49.5 (24) 60.1 (24)
⇡-max (#-max ) 593.8 (329) 554.8 (329)
⇡ (# ) 643.3 (353) 614.9 (353)

Table 2: The fit results in the TGE configuration. Below the ankle we considered an extragalactic component of pure
protons together with a heavier Galactic contribution (left) or a mixed extragalactic component (right).

The above-ankle data are reproduced by a mixed component where all the = = 5 representative
masses are allowed at the sources. As for the low-energy region, i.e. the one below the ankle, we
consider two scenarios and the best fit results are summarised in Tab. 2. In the first scenario we use
a second extragalactic component of pure protons and an additional Galactic contribution at Earth,
given by a power law with W = 3.2 modified by an exponential cuto�. Several mass compositions
have been considered for such a Galactic contribution, both pure and mixed, and the lowest deviance
is obtained by assuming a composition dominated by medium-mass nuclei (e.g. nitrogen), with a
small contribution of heavier species (e.g. silicon); the fraction of nitrogen ( 5# ) at the normalisation
energy ⇢gal

0 = 1016.85 eV, the normalisation �gal
0 and the /-dependent rigidity cuto� log10('

gal
cut)

1The =-th mass fraction is obtained from the requirement that the sum
Õ

� 5� is equal to one.
2The integral of the energy density above a given energy ⇢min for a nuclear species � is defined as

Ø 1
⇢min

5�� (⇢)⇢3⇢ .
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Models configuration: Talys, Gilmore, EPOS-LHC

Scenario A Scenario B

Fit results in the two scenarios
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energy ⇢0 = 1016.85 eV, the normalisation �0,gal and the Z-dependent rigidity cuto� log10('cut,gal)
are free fit parameters. Our data cannot be described by a Galactic contribution with heavier mass
compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is assumed.
In the latter scenario we assume only one additional mixed extragalactic component at low energies,
similar to the above-ankle one, but characterised by di�erent physical parameters.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�; the fit is
actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to an
arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results. Left: the estimated contributions
from the two extragalactic components (red: low-energy component, blue: high-energy component). Right:
the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to their
mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).
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Figure 2: The first two moments of the distributions in each energy bin along with their expected values and
the predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the

4

Predicted fluxes at Earth

Differences between the two scenarios within the systematic uncertainties  
→ further investigations of the Galactic contribution to possibly define a 

favoured scenario 
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2. Fit procedure and results

We use a measurement of the energy spectrum in log10(⇢/eV) bins of 0.1 width from 1017.8 eV
to 1020.2 eV, obtained with the data collected over 15 years with the Surface Detector Array of
the Observatory [14]. As for the -max distributions, measured by the fluorescence telescopes,
we consider log10(⇢/eV) bins of 0.1 from 1017.8 eV to 1019.6 eV and one additional larger bin
containing events with energies greater than 1019.6 eV; each -max distribution is binned in intervals
of 20 g cm�2 [15]. In the fit we minimise the deviance ⇡ = � ln(!/!sat), a generalised j2, where !

is our model and !sat is a model that perfectly describes the data. It consists of two terms, ⇡� and
⇡Xmax . The first is for the energy spectrum and is a product of Gaussian distributions. The latter is a
product of multinomial distributions used for the fit of the -max distributions; they are modelled as
Gumbel distribution functions [16], whose parameters depend on the hadronic interaction model.

For each extragalactic component the free fit parameters are the luminosity density L0(⇢ >

1017 eV), the spectral index W, the rigidity cuto� 'cut and = � 1 of the = mass fractions 5�1. Since
the mass fractions are extrapolations of the mass composition at a fixed energy lower than the fit
threshold, they are not necessarily very informative about the actual composition in the energy
range involved in our fit, especially if the energy spectrum is very hard; thus we express the mass
composition in terms of the fractions of the energy density integral ��2 above ⇢min = 1017.

Galactic contribution (at Earth) N+Si -

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

log10 ('
gal
cut/V) 17.48 ± 0.02 -

5N (%) 93.0 -

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

L0 [erg Mpc�3 yr�1 ] 7.28 · 1045 4.4 · 1044 1.7 · 1046 4.5 · 1044

W 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10
log10 ('cut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01
�H (%) 100 (fixed) 0.0 49.87 0.0
�He (%) - 27.17 10.92 28.60
�N (%) - 69.86 36.25 69.05
�Si (%) - 0.0 0.0 0.0
�Fe (%) - 2.97 2.96 2.35

⇡� (#� ) 49.5 (24) 60.1 (24)
⇡-max (#-max ) 593.8 (329) 554.8 (329)
⇡ (# ) 643.3 (353) 614.9 (353)

Table 2: The fit results in the TGE configuration. Below the ankle we considered an extragalactic component of pure
protons together with a heavier Galactic contribution (left) or a mixed extragalactic component (right).

The above-ankle data are reproduced by a mixed component where all the = = 5 representative
masses are allowed at the sources. As for the low-energy region, i.e. the one below the ankle, we
consider two scenarios and the best fit results are summarised in Tab. 2. In the first scenario we use
a second extragalactic component of pure protons and an additional Galactic contribution at Earth,
given by a power law with W = 3.2 modified by an exponential cuto�. Several mass compositions
have been considered for such a Galactic contribution, both pure and mixed, and the lowest deviance
is obtained by assuming a composition dominated by medium-mass nuclei (e.g. nitrogen), with a
small contribution of heavier species (e.g. silicon); the fraction of nitrogen ( 5# ) at the normalisation
energy ⇢gal

0 = 1016.85 eV, the normalisation �gal
0 and the /-dependent rigidity cuto� log10('

gal
cut)

1The =-th mass fraction is obtained from the requirement that the sum
Õ

� 5� is equal to one.
2The integral of the energy density above a given energy ⇢min for a nuclear species � is defined as
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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A = 1 
1 < A < 5 

4 < A < 23  
22 < A < 39 
38 < A < 57 

Experimental systematic uncertainties:

• Large band around the total flux due to the energy scale uncertainty 
→ impact mainly on the estimated J0 (and emissivity of sources)  

• The strongest impact on the predictions is the one from the Xmax scale

Systematic uncertainties from models:

Hadronic interaction model: Sibyll2.3d/EPOS-LHC/intermediate models 
(with a nuisance parameter)

Propagation models: Talys/PSB; Gilmore/Dominguez 
(fit repeated considering different model configurations)

• EPOS-LHC or models compatible with it are 
always preferred
→ HIM choice: stronger impact on D 
and on the predictions at Earth
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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1 < A < 5 

4 < A < 23  
22 < A < 39 
38 < A < 57 

Experimental systematic uncertainties:

• Large band around the total flux due to the energy scale uncertainty 
→ impact mainly on the estimated J0 (and emissivity of sources)  

• The strongest impact on the predictions is the one from the Xmax scale

Systematic uncertainties from models:

Hadronic interaction model: Sibyll2.3d/EPOS-LHC/intermediate models 
(with a nuisance parameter)

Propagation models: Talys/PSB; Gilmore/Dominguez 
(fit repeated considering different model configurations)

• 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
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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• Three possible source evolution: m=-3 (TDE-like), m=3.5 (SF-like), m=5 (AGN-like) 

• All the combinations are considered for the two EG populations

Some of them have deviances comparable the one without source evolution (D~615): 
• m=0/m=3.5 source evolution for the HE component 
• m=-3/m=0 source evolution for the LE component

An AGN-like source evolution (m~5 at small z) 
for the HE population is disfavoured

Deviance values

The other scenarios exhibit differences encompassed 
within the systematic uncertainties effect

→ no scenario is favoured over the others

Effect of the source evolution
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The energy spectrum and mass composition data for E>1017.8 eV can be interpreted by the superposition of different components

• Alternative scenarios providing similar results for the region below the ankle:  
✴ One additional protons EG component + an intermediate-mass Galactic contribution at the Earth 

• A heavy composition is disfavoured (D~1000 if it is Si-dominated), a N-dominated composition is preferred  

✴ One additional mixed component ejected by another population of EG sources

• Region above the ankle:  

✴ Very hard energy spectrum at the sources → describe the very pronounced spectral features and the rather narrow Xmax distributions 

✴ Hardening wrt JCAP2017 ( ) but it is comparable to the effects of the systematic uncertainties 

• deviance profile approximately flat for  eV and  

✴ Rigidity cutoff < 1018.5 eV → the cutoff at the sources affect the observed fluxes, but propagation energy losses NOT negligible 

γ < 0

Rcut ≤ 5 ⋅ 1018 γ ≤ 1

Conclusions

In both cases the additional EG component has: 
• Very soft energy spectrum 
• Very high rigidity cutoff (not constrained by the fit)

→ larger emissivity
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• All the results are prone to the effect of the systematic uncertainties

• Source evolution effect: some scenarios can be excluded but no favoured one can be selected

Experimental: Xmax scale, (acceptance, resolution) and energy scale  

From models: propagation and hadronic interaction models uncertainties 

→ strongest impact from the Xmax uncertainties on the predictions at Earth 
→ minor impact of the model uncertainties, dominated by the hadronic interaction model choice (EPOS-LHC always preferred)

→ a strong evolution (e.g. m~5) for the HE component is disfavoured by our data (too many predicted low-energy particles to be 
compensated by a hardening of the HE energy spectrum)

Thank you for your attention

Conclusions

The low-energy enhancements of the Observatory will allow in the future to go to even lower energies → explore the transition region
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Backup slides

• Overdensity correction effect 
• Experimental systematic uncertainties 

✴ From the Xmax scale 
✴ From the energy scale 

• Systematic uncertainties from models 
• Fractions of the energy density integral 
• Systematic uncertainties effect in JCAP2017 
• Mean rigidity vs energy

Back-up slides content:
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Taking into account the overdensity of nearby sources 

1

→ overdensity correction to the weight of each event produced at r < 28.5 Mpc (z < 0.007)

λ = 1.66, r0 = 5.4 Mpc [J.J.Condon et al., (2019) ]

No source evolution  

Sources uniformly distributed in the comoving volume up to zmax

In the simplest case:

The Milky Way belongs to a cluster of Galaxy → ρloc > ρavg

ρloc

ρavg
= 1 + ( r0

r(z) )
λ

Good agreement with distributions of 
stellar mass and SFR densities  

(see Biteau 2021)
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Effect of the overdensity correction on the combined fit results

1

Models configuration: Talys, Gilmore, EPOS-LHC

LE HE

γ 3.49 ± 0.03 -1.98 ± 0.10
log (Rcut/V) 24.0 (fixed) 18.16 ± 0.01

IH (%) 49.84 0.0
IHe (%) 10.73 28.09
IN (%) 36.54 69.61
ISi (%) 0.0 0.0
IFe (%) 2.88 2.29

DXmax (N) 554.8 (329)
DJ (N) 60.1 (24)

Dtot (N) 614.9 (353)

With the overdensity correctionWithout the overdensity correction

LE HE

γ 3.52 ± 0.03 -2.21 ± 0.11
log (Rcut/V) 24.0 (fixed) 18.13 ± 0.01

IH (%) 50.09 0.0
IHe (%) 8.74 24.31
IN (%) 38.17 63.01
ISi (%) 0.0 9.67
IFe (%) 3.01 3.01

DXmax (N) 562.0 (329)
DJ (N) 51.6 (24)

Dtot (N) 613.6 (353)
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di�erent mass groups are little superposed and the composition becomes heavier as the energy
increases.

3. E�ect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin a�ect both the energy and the -max mea-
surements. The uncertainty on the energy scale is assumed to be �⇢/⇢ = 14% in the whole
considered energy range [15]. For the -max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm�2 [11]. An additional systematic e�ect could also
arise from the uncertainties on the -max resolution and acceptance parameters [11], but we verified
that their impact on the fit results is here negligible.

�-max �⇢/⇢ ⇡� ⇡-max ⇡tot

-14% 52.5 578.3 630.9
�1fsyst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1fsyst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The e�ect on the deviance value
of shifting the data according to ±1 fsyst in
energy and -max scales.

.

Following the same approach used in [2], we take
into account the uncertainty on the energy scale and on
the -max scale by shifting all the measured energies and
-max values of one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their e�ect on the deviance value is sum-
marised in Tab. 3.
The estimated best fit parameters are not much modified
when the uncertainties on the energy scale and -max scale
are considered; the e�ect of the -max uncertainty alone,
which is the dominant one, is shown in Tab. 4 as an ex-
ample. The maximal variations on the predicted fluxes at
Earth, obtained by considering all the possible configura-
tions of Tab. 3, are shown in Fig. 3.

�-max/fsyst �1 0 +1
Component LE HE LE HE LE HE
W 3.47 ± 0.02 �1.83 ± 0.15 3.49 ± 0.02 �1.98 ± 0.10 3.54 ± 0.04 �2.24 ± 0.14
log10 ('cut/V) 19.4 ± 0.2 18.15 ± 0.02 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.15 ± 0.01
�H (%) 36.48 $ (10�8) 49.87 $ (10�7) 56.07 3.46
�He (%) 13.20 21.76 10.92 28.60 23.30 29.93
�N (%) 30.73 74.64 36.25 69.05 19.57 65.45
�Si (%) 11.86 $ (10�7) $ (10�6) $ (10�7) $ (10�7) $ (10�6)
�Fe (%) 7.74 3.60 2.96 2.35 1.07 1.16
⇡� (#� ) 71.7 (24) 60.1 (24) 80.8 (24)
⇡-max (#-max ) 595.2 (329) 554.8 (329) 555.4 (329)
⇡tot (# ) 666.9 (353) 614.9 (353) 736.2 (353)

Table 4: The e�ect on the best fit results produced by shifting the measured -max values according to
�-max = ±1 · fsyst.

.

The rather large uncertainty on the predicted total fluxes (brown band) is due to the ±14%
shifts in the energy scale, but it significantly a�ects only the estimated flux normalisations �0 and
thus the predicted source emissivities, whereas the description of the energy spectrum and the mass
composition data is almost unchanged; the largest modifications of the predicted abundances at
Earth are induced by the shifts in the -max scale, which also strongly a�ect the deviance value.

5

• Large band around the total flux due to the energy scale uncertainty 
→ impact mainly on the estimated J0 (and emissivity of sources)  

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

Effect of the systematic uncertainties

Experimental systematic uncertainties:

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in

6

A = 1 
1 < A < 5 

4 < A < 23  
22 < A < 39 
38 < A < 57 
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Effect of the experimental uncertainties: Xmax scale
Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

�-max/fsyst �1 0 +1
Component LE HE LE HE LE HE
W 3.47 ± 0.02 �1.83 ± 0.15 3.49 ± 0.02 �1.98 ± 0.10 3.54 ± 0.04 �2.24 ± 0.14
log10 ('cut/V) 19.4 ± 0.2 18.15 ± 0.02 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.15 ± 0.01
�H (%) 36.48 $ (10�8) 49.87 $ (10�7) 56.07 3.46
�He (%) 13.20 21.76 10.92 28.60 23.30 29.93
�N (%) 30.73 74.64 36.25 69.05 19.57 65.45
�Si (%) 11.86 $ (10�7) $ (10�6) $ (10�7) $ (10�7) $ (10�6)
�Fe (%) 7.74 3.60 2.96 2.35 1.07 1.16
⇡� (#� ) 71.7 (24) 60.1 (24) 80.8 (24)
⇡-max (#-max ) 595.2 (329) 554.8 (329) 555.4 (329)
⇡tot (# ) 666.9 (353) 614.9 (353) 736.2 (353)

Table 4: The e�ect on the best fit results produced by shifting the measured -max values according to
�-max = ±1 · fsyst.

.

�-max �⇢/⇢ ⇡� ⇡-max ⇡tot

-14% 52.5 578.3 630.9
�1fsyst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1fsyst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 5: The e�ect on the deviance value of shifting the data according to ±1fsyst in energy and -max scales.
.

�⇢/fsyst �1 0 +1
Component LE HE LE HE LE HE
W 3.40 ± 0.03 �1.78 ± 0.11 3.20 ± 0.03 �2.9 ± 0.3 3.19 ± 0.03 �2.8 ± 0.3
log10 ('cut/V) 24 (lim.) 18.13 ± 0.01 24 (lim.) 17.65 ± 0.03 24 (lim.) 17.72 ± 0.03
�H (%) 56.95 $ (10�8) 60.07 29.49 62.24 30.16
�He (%) 25.27 31.22 7.68 $ (10�10) 6.53 $ (10�7)
�N (%) 16.73 66.68 29.26 46.26 28.45 46.85
�Si (%) $ (10�6) $ (10�6) $ (10�7) 7.32 $ (10�6) 5.30
�Fe (%) 1.06 2.09 2.99 16.93 2.77 17.69
a �0.21 ± 0.17 �1.47 ± 0.13 �1.05 ± 0.13
b 1.9 ± 0.4 4.8 ± 0.3 4.8 ± 0.3
⇡� (#� ) 47.2 (24) 22.5 (24) 24.8 (24)
⇡-max (#-max ) 536.9 (329) 525.8 (329) 521.8 (329)
⇡tot (# ) 584.1 (353) 548.3 (353) 546.6 (353)

Table 6: The e�ect on the best fit results in the TGE configuration produced by adding two nuisance
parameters 0, 1 for the scale uncertainties and by shifting the energies according to �⇢/fsyst.

.

distributions in opposite directions.

6

Models configuration: Talys, Gilmore, EPOS-LHC

3



Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle

Effect of the experimental uncertainties: energy scale

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

3. E�ect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin a�ect both the energy and the -max mea-
surements. The uncertainty on the energy scale is assumed to be �⇢/⇢ = 14% in the whole
considered energy range [14]. For the -max scale we consider an asymmetric and slightly energy
dependent uncertainty, ranging from 6 to 9 g cm�2 [10]. An additional systematic e�ect could also
arise from the uncertainties on the -max resolution and acceptance parameters [10], but we verified
that their impact on the fit results is here negligible.

We take into account the uncertainty on the energy scale by shifting all the measured energies of
one systematic standard deviation in each direction. As concerns the -max uncertainty, we introduce
two nuisance parameters, 0 and 1, which are the factors defining the shifts of the measured -max

values according to the first two eigenvectors of the covariance matrix of the -max scale uncertainty 3.
Since the eigenvectors are normalised so that the nuisance parameters are distributed according to
standard normal distributions, we consider an additional deviance term defined as ⇡fXmax = 02+12,
which is included in ⇡-max .

�⇢/fsyst �1 0 +1
Component LE HE LE HE LE HE
W 3.51 ± 0.03 �1.91 ± 0.13 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.02 �1.87 ± 0.12
log10 ('cut/V) 24 (lim.) 18.13 ± 0.02 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.19 ± 0.01
�H (%) 51.45 1.09 49.87 $ (10�7) 48.15 $ (10�7)
�He (%) 20.67 34.69 10.92 28.60 4.35 21.93
�N (%) 26.20 62.97 36.25 69.05 42.52 74.43
�Si (%) $ (10�6) $ (10�6) $ (10�6) $ (10�7) $ (10�7) $ (10�9)
�Fe (%) 1.68 1.24 2.96 2.35 4.98 3.64
⇡� (#� ) 53.5 (24) 60.1 (24) 70.6 (24)
⇡-max (#-max ) 581.3 (329) 554.8 (329) 548.8 (329)
⇡tot (# ) 634.8 (353) 614.9 (353) 619.5 (353)

Table 3: The e�ect on the best fit results in the TGE configuration produced by shifting the energies according
to �⇢/fsyst.

.

The fit results are written in Tab. 6. In general, our model can better describe the data if a
heavier (lighter) mass composition is assumed at high (low) energy with respect to the nominal
one, which can be achieved for su�ciently large values of the parameter 1. If a positive shift or no
shift is applied on the energy scale, the e�ect of the -max nuisance parameters is stronger: with the
exception of the first three energy bins, where a slightly lighter mass composition is preferred, all
the -max distributions move to lower values. The shift, which is almost null around 1018 eV, gets
larger as the energy increases and reaches ⇠ 20 g cm�2 at the highest energies. As a consequence,
the high-energy component exhibits an extremely hard energy spectrum with a lower rigidity cuto�
and a heavier mass composition at the sources, which provides also a much better description of the
features of the observed energy spectrum. On the other hand, in the case of a negative shift in the
energy scale the impact of the -max uncertainty is smaller, thus both the best fit parameters and the
deviance value are less a�ected. In Fig. 3 the bands represent the variations in the predicted fluxes
at Earth produced by the results written in the three columns of Tab. 6.

3The first eigenvector shifts all the distributions in the same direction, the second one shifts the low/high energy

5

ℒ0(E > 1017 eV) = 1.7 ⋅ 1046 erg Mpc−3 yr−1 ℒ0(E > 1017 eV) = 4.5 ⋅ 1044 erg Mpc−3 yr−1ΔE/σsyst = 0 :

ℒ0(E > 1017 eV) = 1.2 ⋅ 1046 erg Mpc−3 yr−1 ℒ0(E > 1017 eV) = 3.5 ⋅ 1044 erg Mpc−3 yr−1ΔE/σsyst = − 1 :

ℒ0(E > 1017 eV) = 2.4 ⋅ 1046 erg Mpc−3 yr−1 ℒ0(E > 1017 eV) = 5.6 ⋅ 1044 erg Mpc−3 yr−1ΔE/σsyst = + 1 :

Models configuration: Talys, Gilmore, EPOS-LHC

4
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Effect of the systematic uncertainties

Systematic uncertainties from models:

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

• If  is close to 1 → EPOS-LHC is dominantδHIM
• If  is close to 0 → Sibyll2.3d is dominantδHIM

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

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)
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass

7
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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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

Effect of  the systematic uncertainties
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The energy density integral fractions

6

IA =
∫ ∞

Emin
JA(E)EdE

∑A ∫ ∞
Emin

JA(E)EdE

• Mass fractions defined at E0 < the fit threshold → strong dependence on  
→ not really informative about the mass composition at the sources

γ

Fractions of the integral of the 
energy density above Emin= 1017 eV

fH (%) O(10-4)

fHe (%) 98

fN (%) 2

fSi (%) O(10-9)

fFe (%) O(10-4)

IH (%) O(10-6)

IHe (%) 28

IN (%) 70

ISi (%) O(10-6)

IFe (%) 2

Very hard energy spectrum

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

at z = 0 : ℒ0 = ∑
A

∫
∞

Emin

E qA(E) dE

expressed in erg ⋅ Mpc−3 ⋅ yr−1

qA(E) ∝ JA(E) ⋅ 4π / r(zmax)

expressed in erg−1 ⋅ Mpc−3 ⋅ yr−1

A = 1 
A = 4 
A = 14  
A = 28 
A = 56 
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Systematic uncertainties in JCAP2017 (above-ankle fit)

From JCAP2017

How much should we worry?
The spectral index hardening is comparable to effects of Xmax systematics . . .

(SPGE, no overdensity, forward folding)

Figure: Table 8 in JCAP 2017 Figure: Table 2 in GAP2020_028

A. di Matteo (INFN Torino) Changes in the combined fit Auger OCM, Mar 2021 7 / 11

How much should we worry?
The spectral index hardening is comparable to effects of Xmax systematics . . .

Figure: Figure 5 right in JCAP 2017

Should definitely stress this more —
most outsiders don’t seem to realize

But datasets not independent — would
be disingenuous to pretend they are

A. di Matteo (INFN Torino) Changes in the combined fit Auger OCM, Mar 2021 7 / 11

. . . or to those of propagation models . . .

Figure: Figure 10 left in JCAP 2017 Figure: from Sergio Petrera

. . . but the deviance worsening is not.
A. di Matteo (INFN Torino) Changes in the combined fit Auger OCM, Mar 2021 8 / 11
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Plots from S. Petrera

• Effect of  the systematic uncertainties from models in the above-
ankle fit

• For negative spectral indices the deviance is almost flat

• The statistical uncertainties are very small so that each 
configuration has a different minimum, generally not compatible 
with the others within the Dmin+1 interval

7
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Mean rigidity vs energy

8

For each possible mass number A at the Earth (A from 1 to 56):  
 (atomic number for a stable nucleus with mass number A)A → Z(A)

 is the fraction of nuclei A at energy E (from the fit)fA(A, log(E))

Loop over the energy bins

Mean atomic number <Z> at energy E :  < Z > (log(E)) = ΣA fA(A, log(E)) ⋅ Z(A)

The mean rigidity is :  

 

< R > = ΣA fA(A, log(E)) ⋅ E/Z(A)

< log R > = ΣA fA(A, log(E)) ⋅ (log(E) − log(Z(A)))
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�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

Mean rigidity vs energy
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