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The combined fit of the energy spectrum and mass composition data above 5 - 10'8 ev suggested
the presence of extragalactic sources ejecting ultra-high-energy cosmic rays with relatively low
maximum energies, hard spectral indices and mixed chemical compositions, dominated by the
contribution of intermediate mass groups. Here we present an extension of the fit to lower energies,
to include the feature observed near 5 - 10!8 &V in the all-particle energy spectrum, the so-called
ankle. We show that it is possible to generate such a change of slope assuming that the flux below
the ankle is provided by the superposition of different contributions. The simplest extension of this
sort consists of introducing a supplemental extragalactic component at low energy, characterised
by different physical parameters with respect to the one being dominant above the ankle: such a
component may originate from a different population of sources or be provided by interactions
occurring in the acceleration sites. In this framework we also explore the possibility of including
the end of a Galactic contribution at low energies. The fit suggests that these scenarios provide a
reasonable description of the measurements across the ankle, without significantly affecting the
interpretation obtained for the above-ankle region.

In order to evaluate our capability to constrain the source models, we finally discuss the impact
of the main experimental systematic uncertainties and of the theoretical models choice on the fit

results.
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ~ 10'® 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 10!7-8

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
(E > 10'87 V). 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 n < 5 representative nuclear
species A, chosen among 'H, “He, '“N, 28Si, 3°Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:
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where Jj is the normalisation factor, Z4 is the atomic number of each species A and f4 is the

fraction of A at the energy Eo = 107 eV.
Talys [6], PSB [7] XYZ
Gilmore [8], Dominguez [9] XYZ
EPOS-LHC [10], Sibyl12.3d [11], QGSJetllv4 [12] | XYZ

The energy spectrum and mass com-  “pd
.. . . EBL
position of the particles escaping from the

sources are modified during the propaga-

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.

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 o},q 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 X« 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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2. Fit procedure and results

We use a measurement of the energy spectrum in log,,(E/eV) bins of 0.1 width from 10'7-8 eV
to 10202 eV, obtained with the data collected over 15 years with the Surface Detector Array of
the Observatory [14]. As for the Xy.x distributions, measured by the fluorescence telescopes,
we consider log;,(E/eV) bins of 0.1 from 10'7-3 eV to 10'>® eV and one additional larger bin
containing events with energies greater than 10! eV; each X« distribution is binned in intervals
of 20 g cm™2 [15]. In the fit we minimise the deviance D = — In(L/Lgy), a generalised y?, where L
is our model and Ly, is a model that perfectly describes the data. It consists of two terms, D ; and
Dy ... The first is for the energy spectrum and is a product of Gaussian distributions. The latteris a
product of multinomial distributions used for the fit of the X,,« distributions; they are modelled as
Gumbel distribution functions [16], whose parameters depend on the hadronic interaction model.

For each extragalactic component the free fit parameters are the luminosity density Lo(E >
10'7 V), the spectral index 7y, the rigidity cutoff R.,; and n — 1 of the n mass fractions f4!. Since
the mass fractions are extrapolations of the mass composition at a fixed energy lower than the fit
threshold, they are not necessarily very informative about the actual composition in the energy
range involved in our fit, especially if the energy spectrum is very hard; thus we express the mass
composition in terms of the fractions of the energy density integral 742 above E i, = 10'7.

Galactic contribution (at Earth) N+Si

JE VT km 2 sy (1.07 £ 0.06) - 1013

logyo (REL/v) 17.48 £ 0.02

AN (Te) 93.0

EG components (at the sources) Low energy High energy Low energy High energy
Lo [erg Mpe 3 yr 1] 7.28 107 44107 1.7-10% 4.5-10M
y 3.30+0.05 -1.47+£0.12 3.49 +0.02 -1.98 £0.10
logo(Reut/V) 24 (lim.) 18.19 £ 0.02 24 (lim.) 18.16 + 0.01
Iy (%) 100 (fixed) 0.0 49.87 0.0

Iyye (%) - 27.17 10.92 28.60

IN (%) - 69.86 36.25 69.05

Is; (%) - 0.0 0.0 0.0

Ige (%) - 2.97 2.96 235

Dy (Ny) 49.5(24) 60.1 (24)

Dxnax (NXmax) 593.8 (329) 554.8 (329)

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

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

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

small contribution of heavier species (e.g. silicon); the fraction of nitrogen ( f') at the normalisation
gal

energy Egal = 10'6-85 ¢V, the normalisation Jgal and the Z-dependent rigidity cutoff log,,(R%,

1The n-th mass fraction is obtained from the requirement that the sum ) 4 f4 is equal to one.
2The integral of the energy density above a given energy E i, for a nuclear species A is defined as /Eoo. fAaJ(E)EdE.
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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 R for values above ~ 10'° €V, thus fixing this parameter to
024

an arbitrarily high value, such as 107" 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: A =1 (red), 2 < A < 4 (grey), 5 < A < 22 (green), 23 < A < 38 (cyan), A > 39 (blue).
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Figure 2: The first two moments of the Xmax distributions in each energy bin along with their expected values and the
predictions for pure compositions of Iy (red), 4He (grey), 4N (green), 285 (cyan), S6Fe (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
Xmax 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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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 X,.x mea-
surements. The uncertainty on the energy scale is assumed to be AE/E = 14% in the whole
considered energy range [18]. For the Xp,.x 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 Xp,,x resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Following the same approach used in [2], we take AXmax  AEJE | Dy Dxyy D
4% | 525 5783 6309

—logyst 0 717 5952  666.9

into account the uncertainty on the energy scale and on

the Xmax scale by shifting all the measured energies and +14% | 649 6093 6742
. SR -14% | 535 5813 6348

Xmax values by one systematic standard deviation in each
max Y ‘y ) o 0 0 | 601 5548 6149
direction. We consider all the possible combinations of +14% | 706 5488  619.5
these shifts and their effect on the deviance value is sum- 14% | 79.1 7142 7933
. . ) ) +1 gyt 0 80.8 5554  736.2
marised in Tab. 3. The dominant effect in terms of predic- +14% | 24 6157 6982

tions at Earth is the one arising from the X« uncertainty;
Table 3: The effect on the deviance of the

as for the estimated best fit parameters, they are not much
£1 ogyst shifts in the energy and Xmax scales.

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
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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
Xmax distributions of 1 oyt 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
Xmax 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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the estimated source emissivities (the total variation of £ is of ~ 11 - 10% erg Mpc™3 yr~! and
~ 2-10*erg Mpc =3 yr~! for the LE and the HE component, respectively), whereas the description of
the energy spectrum and the mass composition data is almost unchanged; the largest modifications
of the predicted abundances at Earth are induced by the shifts in the Xy« scale, which also strongly

affect the deviance value.

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. 4 and their effect on the predicted fluxes at Earth is shown in Fig. 4.

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

Lo [erg Mpc3yr~!] 1.7 - 10% 4.5.10M 1.7 - 10% 4.4-10% 2.2-10% 7.1-10% 2.2.10% 7.1-10%

y 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 o (Reut/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

Iy (%) 49.87 0.0 51.15 091 45.48 0.61 45.67 0.79

Tie (%) 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 4057

Is; (%) 0.0 7.32 0.0 423 0.0 275 0.0 7.9

Ife (%) 2.96 235 293 1.87 3.36 2.69 3.67 1.86

Sum 1.0 (lim.) 1.0 (lim.) 0.96+0-04 0.94%0:0¢

Dy (Ny) 60.1(24) 53.0 (24) 447 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)

Table 4: 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 oyyy.

As concerns the hadronic interaction model, we verified that QGSJetllv4 cannot properly
describe our data (D > 1000) 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 Sy,
limited between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as
p = 0um - pFFOS + (1 = oppm) - pSYI.

Our data appear to be better described by either EPOS-LHC or intermediate models compatible
with it, regardless of the propagation models configuration, making the hadronic interaction model
choice the dominant uncertainty among the ones from models in terms of predictions at Earth. As
concerns the models for the propagation in the IGM, some expected modifications in the best fit
parameters at the sources are observed if we change our assumptions on the propagation details.
When the photodisintegration cross sections are modelled on PSB a larger amount of helium is
ejected at the sources to compensate the absence of @ emissions during propagation; when the
EBL spectrum is based on Dominguez the LE component is suppressed at lower energy with a
constrained Ry to compensate the larger amount of secondary particles below the ankle provided
by the HE component. The lowest deviance is obtained in the TGE configuration, however the
impact of changing the propagation models on the deviance and on the predicted fluxes at Earth is
encompassed within the experimental systematic uncertainties.



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

1033 I I I I I 1.0
£
e
- ©
T Yos
> ®
i 0
5 906 : a
‘\I‘ % . //
£ 2
bo 304
%} 37 © f—
S~ 10 g ~__
w 5 0.2
= ©
o .
o — _

; . YA ; - 0.0 - - .
18.0 185 19.0 19.5 20.0 18.0 18.5 19.0

logi1o(E/eV) log1o(E/eV)

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 [19] evolution, an AGN-like one [20],
which have a positive source evolution for z < 1 (m = 3.5 and m = 5, respectively), and a
TDE-like evolution with m = -3 for small z [21]. 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.
In the case of the LE component, a positive (negative) evolu- 500
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-

m LE population

cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the

600

adjustment of the rigidity cutoff of the LE component. If the

-3 0 3.5
HE population has a strong positive evolution (e.g. m = 5), the m HE population

hardening of the energy spectrum at the sources is not enough  Figure 5: Deviance as a function of the
to compensate the increased amount of low-energy particles, cosmological evolution of the two popula-
hence the LE component is suppressed below ~ 10'8 eV to tions.

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
m = 0, 3.5 for the HE component and m = -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
above ~ 6-10!7 eV. The region above the ankle is described by an extragalactic component escaping
from the sources with a very hard energy spectrum (y < 0), a rather low rigidity cutoff and a mass
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composition dominated by medium-mass elements. For values of the rigidity cutoff lower than
approximately 10'® V, such as in the fits shown here, source effects contribute to the observed
suppression of the spectrum at the highest energies more than propagation energy losses, though
neither is negligible. The negative spectral index produces very hard elemental fluxes at Earth, not
much superposed, which describe the very pronounced spectral features of the measured energy
spectrum and the rather narrow Xp,x distributions. A best fit solution with a spectral index < 1
was already favoured in the case of the above-ankle fit presented in [2]. The subsequent energy
spectrum hardening is actually comparable to the effects of the systematic uncertainties, since the
deviance profile is approximately flat for Reye < 5- 108 eVand y < 1.

As concerns the data below the ankle, the presence of a Galactic heavy mass contribution
is disfavoured. Instead, our data can be described by an additional light or light-to-intermediate
very soft extragalactic component, with the presence of a medium-mass Galactic component in the
first case or without it in the latter. Taking into account the photodisintegration processes in the
acceleration sites [22] or considering non-identical sources with different maximal energies [23]
could explain an observed very soft component of protons or mixed elements, respectively.

Among the experimental systematic uncertainties, the strongest effect on the deviance value
and on the predicted fluxes at Earth comes from the uncertainty on the Xp,x scale. As for the
uncertainties from models, their impact is smaller; however, our data are generally better described
when EPOS-LHC is used rather than the other post-LHC models. It is worth noting that the
Observatory, thanks to its low-energy enhancements, can also detect events below 6 - 10'7 eV, thus
in the next future the lower-energy data sets could be included as well, with the aim also to improve
the understanding of the Galactic to extragalactic transition region.
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