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Finding and understanding the 
sources of the most powerful
 accelerators in the Universe 
          drives the entire field !
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Telescope Array
Utah (USA), 700 km2

Pierre Auger
Observatory
Argentina, 3000 km2
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The Pierre Auger Observatory

2

4 fluorescence detectors 
(24 telescopes up to 30°)

 Sub-array of 750 m 
(63 stations, 23.4 km2)

AERA - Auger Engineering Radio Array

World’s largest radio experiment for
CR-physics.

Profiting from 3 other nearby CR-detectors:
(→ high quality data, ext. trigger, ...).

100% duty cycle.

Energy threshold ∼ 1017 eV.

2/16

1665 surface detectors: 
water-Cherenkov tanks 

(grid of 1.5 km, 3000 km2)

Radio antenna array 
(153 antennas, 17 km2)

  More than 400 members, 
  98 institutes, 17 countries 

LIDARs and laser facilities

Pierre Auger Observatory 
Province Mendoza, Argentina

Southern hemisphere: Malargue, 
Province Mendoza, Argentina

Water-Cherenkov
detectors and
Fluorescence 
telescopes

Underground muon 
detectors (24+)

(Christoph Schäfer)
(Andrew Puyleart)

High elevation telescopes (3)

Links to contributions at ICRC

Ralph Engel 2
slide from R. Engel
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Air shower observables (hybrid observation)

3

The energy spectrum from surface detector data (I)
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The energy spectrum from surface detector data (I)
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100% duty cycle

Erec = f (S1000,θ)

ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

ONLINE ICRC 2021
THE ASTROPARTICLE PHYSICS CONFERENCE

Berlin |  Germany

37th International 
Cosmic Ray Conference

12–23 July 2021

1. Heavy particles interact earlier than light  
—> Depth of the shower maximum (Xmax) is probe 
for cosmic-ray mass. 

2. MHz radio signals from: 
 
 
 
 
 
 
 
 
 

3. Radio emission footprint on the ground is sensitive 
to Xmax.  
 

4. Compare measured footprint to footprint from 
CORSIKA air shower simulation  
—> minimise for Xmax of measured shower. 

Introduction: Depth of the shower maximum (Xmax) as ‘mass composition’ 

3/11
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Bjarni Pont [Pierre Auger Collaboration] — July 2021 — ICRC2021 — CRI | Cosmic Ray Indirect

Ecal =
∫ ∞

0

(
dE
dX

)

obs
dX

Fluorescence Detector (FD): 
15% duty cycle

Radio Detector (RD): 
100% duty cycle

Auger is a Hybrid Observatory

Ralph Engel 3
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Auger is a Multi-Hybrid Observatory
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Auger: A 4    MM Observatory

6

1⃣ Neutrons and charged CRs: Θ ≤ 80°
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Auger: A 4    MM Observatory

6

1⃣ Neutrons and charged CRs: Θ ≤ 80°

2⃣ Photons: 30° ≤ Θ ≤ 60° 

3⃣ Down-Going Neutrinos: 60° ≤ Θ ≤ 90° 

4⃣ Earth Skimming Neutrinos: 90° ≤ Θ ≤ 95° 

5⃣ BSM Particles: Θ > 90°

π
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Pierre Auger Coll., PRD 2020, PRL 2020 (twice editor’s choice)
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ƮX[ VXS�
SUHVVLRQ
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ρ = 4π/c

∫ ∞

Eankle
E Flux(E) dE

= (5.66± 0.03± 1.40)×1053 erg Mpc−3

→ VRXUFH OXPLQRVLW\ GHQVLW\

L ∼ ρ/tloss = 2×1044 erg Mpc−3 yr−1

7\SLFDO HQHUJ\ ORVV WLPH tloss ∼ 1 Gpc/c DWEankle = 5 × 1018 H9

)XOO FDOFXODWLRQ ZLWK 6LP3URS JLYHVL = 6×1044 HUJ 0SF−3 \U−1�
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Pierre Auger Coll., PRD 2020, PRL 2020 (twice editor’s choice)
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Measurement of local CR energy density

εCR = 4π/c∫
∞

Eankle

E ⋅ Flux(E) dE

= (5.66 ± 0.03 ± 1.40) ⋅ 1053 erg Mpc−3

→ source luminosity density

ℒ ∼ εCR/tloss = 2 ⋅ 1044 erg Mpc−3 yr−1

Typical energy loss time  at 

Full calculation with SimpProp: 

tloss ∼ 1 Gpc/c Eankle = 5 ⋅ 1018 eV

ℒ ≃ 6 ⋅ 1044 erg Mpc−3yr−1
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Note: plot applies both for steady and transient sources, when 
assuming a characteristic time spread of .τ = 3 ⋅ 105 yr
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Emax ∝ Γshock ⋅ Z × B × R
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p + γCMB → Δ+ → p + π0
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GZK effect ?

p + γCMB → Δ+ → n + π+

νμ , νe

Protons and Nuclei with
 suffer rapid

energy losses and produce 
cosmogenic ’s and ’s

E > 6 ⋅ 1019 eV

γ ν
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p + γCMB → Δ+ → p + π0

γγ

GZK effect ?

p + γCMB → Δ+ → n + π+
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energy losses and produce 
cosmogenic ’s and ’s

E > 6 ⋅ 1019 eV

γ ν

Maximum 
source energy?

p CNO
Fe

Emax ∝ Γshock ⋅ Z × B × R



Origin of the cut-off

13Karl-Heinz Kampert - University of Wuppertal MMAW Workshop, Pisa Oct. 10-12, 2022

(QHUJ\ 6SHFWUXP

1710 1810 1910 2010
E / eV

24−10

22−10

20−10

18−10

16−10

14−10

12−10

) -1
 e

V
-1

 y
r

-1
 s

r
-2

 F
lu

x 
/ (

km

Auger 2019

1710 1810 1910 2010
E / eV

3910

4010

) 
2.

1
 e

V
-1

 y
r

-1
 s

r
-2

 F
lu

x 
/ (

km
3.

1
 E

Auger 2019

3LHUUH $XJHU &ROO�� 35' ����� 35/ ���� �WZLFH HGLWRUoV FKRLFH�

�QG NQHH

DQNOH

LQƮHFWLRQ

ƮX[ VXS�
SUHVVLRQ

0HDVXUHPHQW RI /RFDO &5 (QHUJ\ 'HQVLW\

ρ = 4π/c

∫ ∞

Eankle
E Flux(E) dE

= (5.66± 0.03± 1.40)×1053 erg Mpc−3

→ VRXUFH OXPLQRVLW\ GHQVLW\

L ∼ ρ/tloss = 2×1044 erg Mpc−3 yr−1

7\SLFDO HQHUJ\ ORVV WLPH tloss ∼ 1 Gpc/c DWEankle = 5 × 1018 H9

)XOO FDOFXODWLRQ ZLWK 6LP3URS JLYHVL = 6×1044 HUJ 0SF−3 \U−1�

8/24

*=. )OX[ 6XSSUHVVLRQ" (p+ γCMB → n/p+ π+/0 or A+ γCMB → (A− 1) + p/n)
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p + γCMB → Δ+ → p + π0

γγ

GZK effect ?

p + γCMB → Δ+ → n + π+

νμ , νe

Protons and Nuclei with
 suffer rapid

energy losses and produce 
cosmogenic ’s and ’s

E > 6 ⋅ 1019 eV

γ ν

light → heavy

Maximum 
source energy?

p CNO
Fe

Emax ∝ Γshock ⋅ Z × B × R
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GZK Flux Suppression ?
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An astrophysical interpretation
Global fit of a model to spectrum and mass measured at Earth

- now extended to below the ankle with two possible scenarios 

PoS(ICRC2021)311

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

1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�
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◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;
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⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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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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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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hadronic interaction model. In all the cases we repeat the fit considering different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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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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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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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.
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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

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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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
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Predicted fluxes at Earth
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favoured scenario 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
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Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.
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Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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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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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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.
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adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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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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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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Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.
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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.
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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
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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.
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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
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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

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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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
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source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

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

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

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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#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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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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• 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 
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Propagation models: Talys/PSB; Gilmore/Dominguez 
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→ 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 effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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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TDE-like evolution with " = −3 for small ! [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.
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hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
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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 effect, so it is more
difficult 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.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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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.
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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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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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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

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

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.
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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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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

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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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
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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 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.
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Combined fit of all-particle energy spectrum and 
CR mass composition: 
• assuming uniformly distributed identical sources 
• and a rigidity dependent cut-off
• and accounting for propagation effects
⇒ Cut-Off appears mostly an effect of sources
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An astrophysical interpretation
Global fit of a model to spectrum and mass measured at Earth

- now extended to below the ankle with two possible scenarios 
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Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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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
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⇡HIM 1.0 0.78 0.69 0.52
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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
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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)  
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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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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

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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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
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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 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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 effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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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

6

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

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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�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

6

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

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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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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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.
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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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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

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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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
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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 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 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

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the 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 by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst 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 region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
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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 second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

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 cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; 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 in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different 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 #max 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
Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle6

Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

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

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

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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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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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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass

7

Bands: 
Experimental uncertainties 
(model uncertainties smaller)

Different model scenarios considered for low-energy part 
(transition to galactic component), similar results for total composition obtained

Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle6

Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

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

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

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst 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. Effect 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 different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect 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 #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

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

! 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
%HIM 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 different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

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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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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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect 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 different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [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 effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff 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 effect, so it is more
difficult 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 (# < 0), a rather low rigidity cutoff and a mass
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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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Mass composition at Earth

Rcut = 1.4 . . .1.6×1018 V

Extragalactic index very hard, but no really good handle on this parameter

Flux suppression superposition

of injection maximum energy 
and propagation energy losses

(Eleonora Guido)

Mass and spectrum at Earth

Eleonora Guido Combined fit of the energy spectrum and mass composition across the ankle6

Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

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

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

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

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

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

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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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

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

18.0 18.5 19.0 19.5 20.0
(E/eV)

10
log

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

R
el

at
iv

e 
ab

un
da

nc
e 

at
 to

p 
of

 a
tm

op
sh

er
e

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

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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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
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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 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.

11ICRC21 311 (2021)

Combined fit of all-particle energy spectrum and 
CR mass composition: 
• assuming uniformly distributed identical sources 
• and a rigidity dependent cut-off
• and accounting for propagation effects
⇒ Cut-Off appears mostly an effect of sources

E. Guido; Auger Collaboration, PoS (ICRC21) 311

1) Dramatic reduction of cosmogenic  
     2) Source hunting more demanding

ν, γ
⇒ Two consequences:
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UHECR Anisotropies

local significances range from +4σ  to -σ 
Auger/TA Anisotropy Working Group UHECR 

Auger/TA Anisotropy Working Group UHECR18
E > 40/52.3 EeV, 20° top-hat 0.21%/2.5% post-trial
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Observed sky E > 41 EeV

9

Arrival directions above 32 EeV   
Pierre Auger Collab.  The Astrophys. J. 935 (2022)170

Most significant local excess over whole observable sky

Search for localized excesses  
not specifying a priori the targeted regions of the sky

Eth ≥ 41 EeV,   Ψ  = 24°  

(!, ") = (196.3º, -46.6º), (l, b) = (305.4º, 16.2º) 

Nobs = 153 events, Nexp = 97.7 events from isotropy 

Local p-value 3.7 × 10-8 , Li&Ma significance = 5.4σ 

Global p-value = 3%  
(after accounting the scan, penalty factor ～#(105)) 
  

Approach 

► Investigate binomial probability to measure the cumulative number of events (Nobs)   
    given the expected on average from isotropic simulations (Nexp) 

► Scan in energy threshold in [32; 80] EeV, step of 1 EeV 

► Scan in top-hat search angle Ψ  in [1°; 30°],  steps of 1°

Galactic coordinates

Supergalactic Plane 

The dataset above 32 EeV is available for public use  

with the code to reproduce the results (here)

top hat: Ψ=24°
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Comparing the sky models 
Best fit model above 40 EeV

All models capture the hotspot in the Centaurus region (M83+ NGC4945 + CenA) 

The starburst model adds the excess in the Galactic South Pole (NGC253)  

 5 sigma deviation from isotropy at 2025 ± 2 years  (165,000 ± 15,000 km2 sr yr 
(C.L. )) 

Observed above 41 EeV

Compatible with linear growth  
within the expected variance  
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(after accounting the scan, penalty factor ～#(105)) 
  

Approach 

► Investigate binomial probability to measure the cumulative number of events (Nobs)   
    given the expected on average from isotropic simulations (Nexp) 

► Scan in energy threshold in [32; 80] EeV, step of 1 EeV 

► Scan in top-hat search angle Ψ  in [1°; 30°],  steps of 1°
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with the code to reproduce the results (here)
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0 20 40 60 80 100 120
 yr sr]2 km3 32 EeV  [10≥Pierre Auger Obs. exposure 

0

5

10

15

20

25

30

th
E ≥

Cu
m

ul
at

ed
 T

S 

0

10

20

30

40

50

60

70

80

Ce
nt

au
ru

s 
re

gi
on

 e
xc

es
s

Year

 = 38 EeVthEStarburst galaxies (radio) - 
 = 38 EeVthECentaurus region - 

2006 2008 2010 2012 2014 2016 2018 2020

0 20 40 60 80 100 120
 yr sr]2 km3 32 EeV  [10≥Exposure 

0
5

10
15
20
25
30th

E ≥
Cu

m
ul

at
ed

 T
S 

68% C.L.
95% C.L.

0 20 40 60 80 100 120
 yr sr]2 km3 32 EeV  [10≥Exposure 

0
10
20
30
40
50
60
70
80

Ce
nt

au
ru

s 
re

gi
on

 e
xc

es
s

68% C.L.
95% C.L.

Comparing the sky models 
Best fit model above 40 EeV

All models capture the hotspot in the Centaurus region (M83+ NGC4945 + CenA) 

The starburst model adds the excess in the Galactic South Pole (NGC253)  
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Best Fit Models E > 40 EeV
All Galaxies Starburst Galaxies

Jetted AGN ( -rays)γ All AGN (hard x-rays)
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Arrival directions above 32 EeV   
Pierre Auger Collab.  The Astrophys. J. 935 (2022)170

Most significant local excess over whole observable sky

Search for localized excesses  
not specifying a priori the targeted regions of the sky

Eth ≥ 41 EeV,   Ψ  = 24°  

(!, ") = (196.3º, -46.6º), (l, b) = (305.4º, 16.2º) 

Nobs = 153 events, Nexp = 97.7 events from isotropy 

Local p-value 3.7 × 10-8 , Li&Ma significance = 5.4σ 

Global p-value = 3%  
(after accounting the scan, penalty factor ～#(105)) 
  

Approach 

► Investigate binomial probability to measure the cumulative number of events (Nobs)   
    given the expected on average from isotropic simulations (Nexp) 

► Scan in energy threshold in [32; 80] EeV, step of 1 EeV 

► Scan in top-hat search angle Ψ  in [1°; 30°],  steps of 1°

Galactic coordinates

Supergalactic Plane 

The dataset above 32 EeV is available for public use  

with the code to reproduce the results (here)

top hat: Ψ=24°

Cen A

4σ
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Best Fit Models E > 40 EeV
All Galaxies Starburst Galaxies

Jetted AGN ( -rays)γ All AGN (hard x-rays)

All models account for the measured mass composition and deflections in B-fields
• All source catalogues capture the hotspot in the centaurus region
• The Starburst model adds the excess at the Galactic South Pole (NGC253)
• 5σ deviation expected in 2025±2 yrs
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Unexpected Feature: Composition Anisotropy
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Composition Sky Map

Map compares hXmaxi of events
within 30� of each bin to
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Cosmogenic Photons 
and Neutrinos
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

CR → old shower at ground JCAP10(2019)022
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Figure 1. FADC traces of stations at a distance of approximately 1 km to the shower core. From
top to bottom panel the station belongs to a vertical event, to an inclined event, and to a neutrino-
simulated event. The reconstructed energy (E) and zenith angle (✓) for the events, as well as the
simulated E and ✓ of the neutrino-induced shower, are indicated in each panel. The value of the
Area-over-Peak (AoP) of each trace is also given.

Applying these criteria, a search for ES neutrino-induced showers is performed in the
Observatory data from 1 January 2004, when data taking started, up to 31 August 2018. No
neutrino candidates are identified. In figure 2 we show the distribution of hAoPi for the whole
data period compared to that expected in Monte Carlo simulations of ⌫⌧ -induced ES showers,
along with the optimized value of the cut (hAoPi = 1.83) above which an event would be
regarded a neutrino candidate. After the inclined selection and the neutrino identification
criteria, ⇠ 95% of the simulated neutrinos that induce triggers are kept. This proves that the
Pierre Auger Observatory is highly e�cient as a neutrino detector, with its sensitivity mostly

– 5 –

Signal trace in water 
Cherenkov station

ν → young shower at ground

JCAP10(2019)022
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Figure 1. FADC traces of stations at a distance of approximately 1 km to the shower core. From
top to bottom panel the station belongs to a vertical event, to an inclined event, and to a neutrino-
simulated event. The reconstructed energy (E) and zenith angle (✓) for the events, as well as the
simulated E and ✓ of the neutrino-induced shower, are indicated in each panel. The value of the
Area-over-Peak (AoP) of each trace is also given.

Applying these criteria, a search for ES neutrino-induced showers is performed in the
Observatory data from 1 January 2004, when data taking started, up to 31 August 2018. No
neutrino candidates are identified. In figure 2 we show the distribution of hAoPi for the whole
data period compared to that expected in Monte Carlo simulations of ⌫⌧ -induced ES showers,
along with the optimized value of the cut (hAoPi = 1.83) above which an event would be
regarded a neutrino candidate. After the inclined selection and the neutrino identification
criteria, ⇠ 95% of the simulated neutrinos that induce triggers are kept. This proves that the
Pierre Auger Observatory is highly e�cient as a neutrino detector, with its sensitivity mostly
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JCAP10(2019)022

Figure 2. Distribution of hAoPi after the Earth-skimming inclined selection. Black histogram:
full data set up to 31 August 2018 containing 25904 events. Red-shaded histogram: Monte Carlo
simulated ES ⌫⌧ events.

governed by its lifetime and the available target matter for neutrino interactions along the
earth’s chord. The neutrino search is not limited by the background due to UHECR-induced
showers since this can be very e�ciently reduced as shown in figure 2.

2.3 Downward-going (DG) neutrinos

For optimization purposes, the DG category of events is further subdivided into two sets for
Low (DGL) and High (DGH) zenith angles, between 60� < ✓ < 75� [33, 54] and 75� < ✓ <
90� [50] respectively.

Since the core of DG showers always hits the ground, standard angular reconstruction
techniques [46] can be used to obtain an estimate of the zenith angle of the shower. However,
these techniques have larger uncertainties for nearly horizontal events [46, 47]. For this reason
the primary observables for inclined selection in the DGH case are the ratio L/W of the signal
pattern of the shower at ground as well as the apparent average velocity of the signal hV i,
in addition to a simple estimate of the zenith angle ✓rec [33, 47]. In the case of DGH showers
the cuts on the properties of the signal pattern are L/W > 3, hV i < 0.313mns�1 and
RMS(V )/hV i < 0.08, along with a further requirement on the estimated shower zenith angle
✓rec > 75� (see table I in [33]). In contrast, in the DGL case, corresponding to 60� < ✓ < 75�,
restrictions on the signal patterns have been found to be less e�cient in selecting inclined
events than ✓rec [54], and only an angular cut 58.5� < ✓rec  76.5� is applied, including
some allowance to account for the resolution in the angular reconstruction of the simulated
neutrino events [54]. In both the DGH and DGL cases, at least 4 stations (Nstat � 4) are
required in the event.
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perfect discrimination
just by Area-over-Peak

background free measurement !CR ν
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expect up to 6 νs for pure p-composition
and spectral cut-off be caused by GZK-effect 
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expect up to 6 νs for pure p-composition
and spectral cut-off be caused by GZK-effect 

JCAP10(2019)022

Figure 7. Constraints on UHECR source evolution models parameterized as  (z) / (1 + z)m for
sources distributed homogeneously up to a maximum redshift zmax and emitting protons following
a power-law dN/dE / E�2.5 up to E = 6 ⇥ 1020 eV. A proton-only flux is matched to the Auger
spectrum at 7⇥1018 eV (benchmark calculation for fp = 1, see text). The cosmogenic neutrino fluxes
for each combination of m and zmax were obtained with the Monte Carlo (MC) propagation code
CRPropa [79]. Top panel: exclusion plot for source evolution parameter m and zmax with fp = 1.
The colored areas represent di↵erent levels of C.L. exclusion. In particular the solid and dashed lines
represent the contours of 68% and 90% C.L. exclusion, respectively. The dashed-dotted blue line
represents the 90% CL contour exclusion for cosmogenic neutrino models obtained with the analytical
calculation in [82]. Bottom panel: exclusion plot for source evolution model parameter m and variable
fp  1. The regions above the colored lines corresponding to several values of zmax are excluded at
90% C.L. from the lack of neutrino candidates in Auger data.
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expect up to 6 νs for pure p-composition
and spectral cut-off be caused by GZK-effect 

expect up to 0.4 νs for pure Fe-composition 
and spectral cut-off be caused by GZK-effect 
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Figure 7. Constraints on UHECR source evolution models parameterized as  (z) / (1 + z)m for
sources distributed homogeneously up to a maximum redshift zmax and emitting protons following
a power-law dN/dE / E�2.5 up to E = 6 ⇥ 1020 eV. A proton-only flux is matched to the Auger
spectrum at 7⇥1018 eV (benchmark calculation for fp = 1, see text). The cosmogenic neutrino fluxes
for each combination of m and zmax were obtained with the Monte Carlo (MC) propagation code
CRPropa [79]. Top panel: exclusion plot for source evolution parameter m and zmax with fp = 1.
The colored areas represent di↵erent levels of C.L. exclusion. In particular the solid and dashed lines
represent the contours of 68% and 90% C.L. exclusion, respectively. The dashed-dotted blue line
represents the 90% CL contour exclusion for cosmogenic neutrino models obtained with the analytical
calculation in [82]. Bottom panel: exclusion plot for source evolution model parameter m and variable
fp  1. The regions above the colored lines corresponding to several values of zmax are excluded at
90% C.L. from the lack of neutrino candidates in Auger data.
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Figure 7. Constraints on UHECR source evolution models parameterized as  (z) / (1 + z)m for
sources distributed homogeneously up to a maximum redshift zmax and emitting protons following
a power-law dN/dE / E�2.5 up to E = 6 ⇥ 1020 eV. A proton-only flux is matched to the Auger
spectrum at 7⇥1018 eV (benchmark calculation for fp = 1, see text). The cosmogenic neutrino fluxes
for each combination of m and zmax were obtained with the Monte Carlo (MC) propagation code
CRPropa [79]. Top panel: exclusion plot for source evolution parameter m and zmax with fp = 1.
The colored areas represent di↵erent levels of C.L. exclusion. In particular the solid and dashed lines
represent the contours of 68% and 90% C.L. exclusion, respectively. The dashed-dotted blue line
represents the 90% CL contour exclusion for cosmogenic neutrino models obtained with the analytical
calculation in [82]. Bottom panel: exclusion plot for source evolution model parameter m and variable
fp  1. The regions above the colored lines corresponding to several values of zmax are excluded at
90% C.L. from the lack of neutrino candidates in Auger data.
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expect up to ~0.001 νs in Auger (& IceCube) 
for maximum source energy scenario

ϕsrc(z) ∝ (1 + z)m
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Similarly, photon upper limits start to constrain
cosmogenic photon fluxes of p-sources and SHDM models

Auger Collaboration, JCAP04 (2017) 009

Photons can be identified by deep Xmax  
and low muon number

 M. Niechciol (Auger collaboration), UHECR2022

γ p 

data 

Upper limits on the integral flux of photons

4 October 2022Marcus Niechciol (Universität Siegen), UHECR 2022 12
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton I (Kampert et al. 2011)
GZK proton II (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)
CR interactions in Milky Way (Berat et al. 2022)
SHDM Ia (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

• Most stringent limits to date on 
the diffuse flux of photons over a 
wide energy range

• “Exotic” models strongly 
constrained

• Predictions of some cosmogenic 

models (e.g., involving GZK 
interactions) are within reach

• Limits especially useful to 
constrain models involving 
SHDM particles
[Pierre Auger Coll., arXiv:2203.08854, arXiv:2208.02353]

PRELIMINARY

[Pierre Auger Coll., submitted to Universe]
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Neutrino Upper Limits for GW170817
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LIGO, ANTARES, IceCube, Auger,
The Astrophys. J. Lett. 850 (2017) L35

100 PeV, the upper limit on an E 2� power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2� q � � �( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (OU) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
OU-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2� q �( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1R R ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jR . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsR � n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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Auger

100 PeV, the upper limit on an E 2� power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2� q � � �( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (OU) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
OU-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2� q �( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1R R ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jR . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsR � n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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Absence of Neutrino consistent with 
SGRB viewed at >20° angle

May have seen neutrinos if jet were pointing towards us
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Isotropic Neutrino Luminosity Bound from BBHs
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24 hrs stacking limit from 62 GW events 60 day integration
M. Schimp; Auger Collaboration, PoS (ICRC2021) 968

Neutrino emission energy limit  as compared to  radiated GW energy
assuming isotropic emission and  flux

∼ M⊙c2/300 ∼ M⊙c2

E−2
ν
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Alerts & MM-network

• Excellent sensitivity to photons and neutrinos in the EeV range

• The Pierre Auger Observatory actively participates in the joint international 
  effort within the framework of multi-messenger astrophysics 

- Automatic GW follow-up routine in place

- Sending and receiving alerts to/from Global Coordinate Network (GCN)

- SD Data stream sent to the AMON and Deeper Wider Faster (DWF)

30



Pierre Auger: Open Data & Open Source
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https://opendata.auger.org
doi 10.5281/zenodo.4487613

• 10% cosmic ray data
• 100% atmospheric data
• Close to raw data and higher level reconstruction
• Surface and Fluorescence Detectors
• JSON and summary CSV files
• Python code for data analysis

Offline reconstruction 
framework is open source 
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Next Steps
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Snowmass Whitepaper
UHECR whitepaper prepared for U.S. 
Snowmass survey which is about 
particle physics in the next decade(s)

WP covers particle and astrophysics 
aspects of UHECR

almost 100 authors + 200+ endorsers

283 pages (with front- and back-matter)

to be published in Astroparticle Physics

Input from the community via 
workshops and via topical conveners
WP makes general recommendations 
and outlines a plan for experiments 
over the next decades

caveat: Snowmass targets U.S. funding 
agencies and particle physics community

see references in WP for material shown here:

https://arxiv.org/pdf/2205.05845



Ongoing …
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Telescope Array now upgraded to TA*4 (start operation 2024) 
→ increasing size from 700 km2 to 2800 km2 (focussed to higher energies)

Auger upgraded to AugerPrime (start operation 2023)
→ enhance composition capabilities to allow „proton astronomy“ 

 and enhance particle physics capabilities 



Next…: Global Cosmic ray ObServatory (GCOS)
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Distributed UHECR Observatory covering > 60,000 km2

Several highly attended workshops were conducted for 
conceptual design, targeted at 

- full efficiency at 10 EeV
- energy resolution <10%, muon resolution <10%
- Xmax better than 30 g/cm2

- angular resolution ~1°
- strong MM capabilities with photons and neutrinos 

⇒ source correlations at 5σ within one year of operation

The idea: optical separation of a Water Cherenkov Tank
A water volume responds di↵erent to photons, e± and µ±

photons electrons muons
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Cosmic Ray Air Fluorescence Fresnel lens Telescope (CRAFFT)
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梅田

寝屋川

ここ!!

で宇宙(天文)を学ぼう！

工学部　基礎理工学科 

講師　多米田　裕一郎
Y.Tameda “CRAFFT: Concept and Design” GCOS 2022

CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope)

2

1.4m

1.0m

2.0m

8 in. PMT with UV transmitting filter. 
8° spacial filter for test observation.

Appearance of CRAFFT prototype.

For UHECR observation, we need a huge observatory with 
detectors which can measure Xmax such as FD. 
We need reduce the cost. 

Simple structure, without container 
Easy to deploy 
No obstacle between lens and focus 
Necessity of multiple observation for geometrical 
determination 
Worse S/N compared to multi pixels. 

Componen Product Specification Cost/
Structure MIWA Aluminum 950
Fresnel lens NTKJ, CF1200-B 1m2, f=1.2m 370
UV trans. Hoya, UL330 ~90%,300-360 3,000
PMT Hamamatsu, R5921 8 inch 2,000
FADC TokushuDenshiKairo, 80MHz, 12bit 290
Amplifier Lecroy, 612AM 1,000
HV CAEN, N1470AR 8kV, 3mA 1,600

Total ($) : 9210

F.O.V. 8° x 8° 
originaly 12° x 12° w/o spacial filter 
for 8 inch. PMT at the focus

Shading curtain inside.

Detection efficiency.

Y. Tameda

16

GCOS Cyclops FD: Small elevation, large area, small pixelsGCOS Cyclops FD: Small Elevation Range, Large Area, Small Pixels
e.g. MACHETE Design J. Cortina et al. APP (2016) 46

• 2 MACHETE rings ! 360� ⇥ 10� FoV
• cost: ⇠ 10 M$ Trinity whitepaper arXiv:1907.08727

• 0.3� pixel, effective aperture 10 m2

• (S/N)FD _
p

A/⌦pix ! (S/N)Cyclops
�
(S/N)Auger =

p
10 m2/0.3�2

.p
3 m2/1.5�2 = 9

! optimization for GCOS needed & check dual use ⌫+UHECR

Nepomuk Otte PoS ICRC19

5

M. Unger
17

concepts for
simplified
fluorescence
telescopes



GRAND: Giant Radio Array for Neutrino Detection
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Giant Radio Array for Neutrino Detection
UHECR as important second 
science case next to neutrinos
various sites worldwide

main ones in China

200,000 km2 total
inclined showers only

aperture of 100,000 km2 sr

Possibly Xmax measurement  
in addition to energy, but no 
muon detection at most sites

mediocre mass resolution

strengths is the high statistics
common sites with GCOS 
possible, but different 
requirements on accuracy



POEMMA: Stereo Fluorescence Obs. from Space
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POEMMA: stereo fluorescence observation from space
Two science cases: UHECR and neutrinos, both with full sky coverage
Good Xmax and ok energy resolution (Æ mediocre rigidity resolution) and very high aperture
Complementary to GRAND in many aspects: technology, space vs. ground, …



UHECRs in next two decades
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https://arxiv.org/pdf/2205.05845
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Experiments of the next two decades
Auger and TA upgrades will lead the field for the next 10 years
4 main experiments identified for the decade afterwards that complement each other

3 of them designed also (mainly) as neutrino observatories: IceCube-Gen2, GRAND, POEMMA

GCOS (Global Cosmic Ray Observatory) will be designed to deliver event -by-event rigidity for UHECR 

-
-

Figure 2: Upgraded and next-generation UHECR instruments with their defining features, main
scientific goals, and timeline.

Recommendations:

• Even in the most optimistic scenario, the first next-generation experiment will not be operational
until around 2030. AugerPrime and TA⇥4 should continue operation until at least 2032.

• IceCube and IceCube-Gen2 provide a unique laboratory to study particle physics in air showers.
For this purpose, the deep detector in the ice should be complemented by a hybrid surface array
for su�ciently accurate measurements of the air showers.

• A robust e↵ort in R&D should continue in detector developments and cross-calibrations for all
air-shower components, and also in computing techniques. This e↵ort should include, whenever
possible, optimized triggers for photons, neutrinos and transient events.

• To achieve the high precision UHECR particle physics studies needed to provide strong con-
straints for leveraging by accelerator experiments at extreme energies, even finer grained cali-
bration methods, of the absolute energy-scale for example, should be rigorously pursued.

• The next-generation experiments (GCOS, GRAND, and POEMMA) will provide complementary
information needed to meet the goals of the UHECR community in the next two decades. They
should proceed through their respective next stages of planning and prototyping.

• At least one next-generation experiment needs to be able to make high-precision measurements
to explore new particle physics and measure particle rigidity on an event-by-event basis. Of the
planned next-generation experiments, GCOS is the best positioned to meet this recommendation.

• As a complementary e↵ort, experiments with su�cient exposure (& 5⇥105 km2 sr yr) are needed
to search for Lorentz-invariance violation (LIV), SHDM, and other BSM physics at the Cosmic
and Energy Frontiers, and to identify UHECR sources at the highest energies.

• Full-sky coverage with low cross-hemisphere systematic uncertainties is critical for astrophysical
studies. To this end, next generation experiments should be space-based or multi-site. Common
sites between experiments are encouraged.

• Based on the productive results from inter-collaboration and inter-disciplinary work, we recom-
mend the continued progress/formation of joint analyses between experiments and with other
intersecting fields of research (e.g., magnetic fields).

• The UHECR community should continue its e↵orts to advance diversity, equity, inclusion, and
accessibility. It also needs to take steps to reduce its environmental impacts and improve open
access to its data to reduce the scientific gap between countries.

vii



RI related Questions
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• TNA 
UHECR do continuous all-sky observations → no observer programs needed

• Data Management 
- open data already implemented 
- tools and sample scripts for analysis are provided 
- … allow reproducing published results 
- open source software, heavily used by community 
- distributed computing facilities for joint simulations, using also GPUs

• Tools 
- alert tools: do exist but would profit from standardisation, both sending & receiving 
- regular workshops for training young scientists

• Societal Impact 
- geophysics data are 100% public, including tools 
- carbon footprint: observatories mostly run on solar power 
- visitors centres and regular citizen science programs
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• UHECR data full 
         of surprises 
• drive extreme Universe 
• essential in MM studies 
• Future being planned
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Deflections: JF12 vs JF22a
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Michael Unger, UHECR2022
Deflections: JF12 vs JF22a
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