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We fit the cosmic-ray spectrum measured with the Pierre Auger Observatory’s surface detectors
above an energy of 10'7 eV, along with composition information inferred from the depth of shower
maximum measured with its fluorescence detectors above an energy threshold of 10'7-8 eV. We
consider astrophysical scenarios with two distinct extragalactic source populations: one dominat-
ing the flux above a few EeV, and the other dominating at lower energies, with representative nuclei
being injected at the sources with power-law spectra and rigidity-dependent cutoffs. The high-
energy population exhibits a hard source injection spectrum and a relatively heavy composition,
while the low-energy population exhibits a softer spectrum and a lighter composition. Extending
the fit down to the low energies considered here shows the potential to test the energy region
towards the Galactic to extragalactic transition with the data of the Pierre Auger Observatory. In
particular, the Galactic contribution is expected to be still sizable at the lowest energies considered,
and the extragalactic contribution needs to become suppressed for decreasing energies, an effect
that could naturally result from a magnetic-horizon-induced suppression.
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1. Introduction

The cosmic-ray spectrum and the composition inferred from the measurements of the depth
of shower maximum Xp,x, have been jointly fitted by the Auger Collaboration using physically
motivated astrophysical scenarios [1-4]. In these scenarios usually five representative mass com-
ponents (H, He, N, Si and Fe) are considered to be emitted from uniformly distributed extragalactic
sources, having a common power-law spectra and rigidity-dependent cutoffs. The cosmological
source evolution and the propagation effects through the radiation backgrounds are also accounted
for in order to obtain the spectrum of the cosmic rays (CRs) arriving at Earth.

The first studies [1] considered energies above 10187

eV and included just one population of
extragalactic sources. The main conclusion was that this high-energy (HE) population was required
to have hard source spectra (d®/dE o« E~7Y, with ygg < 1) and a relatively small cutoff rigidity,
so that the CRs of charge Z get suppressed for energies greater than a few Z EeV. In this way, the
observed trend towards a heavier composition for increasing energies can be reproduced and each
mass component becomes relevant only in a narrow energy range, in agreement with the small
values of the dispersion o (Xp,x) measured above the ankle energy.

Extensions down to a threshold energy of 10!7-8

eV were then performed [2], which required
the consideration of a second population with different composition and spectral properties and
eventually also with different cosmological evolution. This low-energy (LE) component, which
becomes dominant below a few EeV, contains mostly light and intermediate mass nuclei and is
required to have a steep source spectrum (yr g > 3.3). It is presumably a new population of
extragalactic origin, although the possibility that it could be partly related to a Galactic component
and/or to secondary particles produced in the interactions of CR nuclei in the neighborhood of the
sources was also discussed. Moreover, since this LE population extends above the ankle energy,
the spectrum of the HE component is now required to be even harder to leave room for the LE
component. It was also found that the shape of the cutoff adopted has direct implications on the
spectral slope and the cutoff rigidity inferred for the HE population, with steeper cutoff shapes
leading to softer source spectra and higher cutoff rigidities [2, 4].

In the present work we further extend the combined fit analysis to even lower energies, consider-
ing the spectral data down to 10!7 eV [5], besides the measured X, moments above 10'7-8 eV [6].!
We focus on scenarios with two different extragalactic populations, with the HE one dominating
above few EeV and the LE one dominating at lower energies. Note that since the LE population has
a steep spectrum, its extension to lower energies can lead to an overshooting of the spectrum below
a few hundred PeV. To avoid this, we will hence consider the impact of a magnetic horizon effect
(MHE) due to the presence of extragalactic magnetic fields [7, 8]. The MHE could affect the spec-
trum of the low-energy extragalactic component once the finite density of this source population is
taken into account. This is due to the fact that for small enough energies, even for the closest sources
the time required for the CR diffusive propagation up to Earth may exceed the source’s lifetime.
This will then suppress the CR flux from extragalactic sources for decreasing energies, avoiding
the overshooting of the spectrum. In addition, we also study the impact of the Galactic component,
which is expected to be non-negligible in the energy range being now considered. We adopt for it
the results of [9], where also measurements from other experiments extending down to PeV energies

IWe do not include Xmay data at lower energies given their still preliminary status.
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could be reproduced using the same five mass groups and considering a rigidity-dependent break
in their spectrum. In this scenario, the knee of the spectrum at around 3 PeV is associated with the
H break and the break of Fe lies close to 100 PeV.

2. The astrophysical scenario

2.1 The extragalactic source populations

We consider two different source populations of extragalactic sources, injecting the five rep-
resentative elements (H, He, N, Si and Fe) with a power-law spectrum having a rigidity dependent
cutoff. The differential particle generation rate of each component of atomic number Z and mass
number A, per unit volume, energy and time, is then

. . E\ Ya A
0% (E. 2) = 0% (2) £ (E—O) sech(( )) (1)

with a = (LE, HE) identifying the population dominating at low and high energies respectively.
For each population, the normalization Qg is the present total differential rate of CR emission per
unit energy, volume and time, at the reference energy Eq (smaller than the hydrogen cutoff R, at
which the relative source fractions of the different elements are f. The factor £“(z) parameterises
the evolution of the emissivity as a function of the redshift z, for which we consider here the simplest
case £ = 1 associated to steady non-evolving sources. The parameter A characterizes the steepness
of the cutoff suppression, and in this analysis we will consider the values A = 1 or 2. For A =1
the shape is actually quite similar to a broken exponential cutoff, while for A = 2 it is steeper, and
this case has also recently been found to fit well numerical results of CR acceleration in magnetic
turbulence [10].

To account for the interactions during propagation, we use the SimProp code [11] with the
TALYS photodisintegration cross sections [12] and the Gilmore et al. extragalactic background
light model [13].

2.2 The magnetic horizon of the LE component

Given that extragalactic magnetic fields are ubiquitous in the Universe and that the extragalactic
sources have a finite density, one expects that a magnetic horizon effect should suppress the fluxes
of the extragalactic cosmic rays for decreasing energies. In particular, this effect could naturally
be the cause for the required suppression of the extragalactic LE contribution below a few hundred
PeV [7]. Considering a uniform turbulent extragalactic field with root mean square strength
Bims and coherence length Loy, one can introduce the critical rigidity for which the Larmor
radius equals the coherence length as Reit = €BmsLceon = 0.9(Bms/nG)(Leon/Mpc) EeV. If the
'3 the
flux suppression should depend on the parameters R and on the normalized source distance
Xs = ds/VLeonru = (ds/10Mpc)+/25kpe/Leon, With ry = ¢/Hy being the Hubble radius. One
typically finds that the MHE leads to a suppression of the spectrum by a factor 0.5 for rigidities

sources have an average density ng, characterized by the intersource distance dy = ng

E/Z ~ XsR.it/4 for non-evolving sources, and for a rigidity of about half that value for sources
evolving like the star formation rate [14].
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In [4] we considered a HE population having a low source density, smaller than 10~% Mpc =3,
for which the MHE suppression could occur around the ankle energy for He nuclei. This could
help to explain the hardness of the observed spectrum of the high-energy population in a scenario
in which the source spectral slope is more in line with the expectations from diffusive shock
acceleration (y =~ 2). Considering that the LE population may consist of a much larger number
of less powerful sources, their higher density would imply that their associated magnetic horizon
would become relevant only at lower energies, closer to 0.1 EeV for H and He nuclei. This effect can
be quantified through a suppression function G(E) = J(E)/J(E)q4,—0, given by the ratio between
the actual flux at Earth from the discrete source distribution and the flux that would result in the
limit of a continuous source distribution (with the same emissivity per unit volume).> To implement
this suppression, we adopt the parameterization obtained in [14] from the study of the results of
simulations of CR propagation in turbulent magnetic fields. This suppression has the expression

a X @
x+b(x/a)f )

where x = E/(ZRi;). The parameters a, b, « and S, tabulated in [ 14], are sensitive to the assumed

G(x) = exp [— ( : 2)

cosmological evolution of the source population emissivity as well as to whether the particles are
primaries emitted at the sources or secondaries produced by photo-disintegration interactions during
their propagation. Given that for the LE component the magnetic horizon effect appears typically
at rigidities below few hundred PeV, the interaction effects of the extragalactic CRs during their
propagation are small in this regime, and hence only the suppression of the primary elements turns
out to be relevant. The parameters R and X that specify the shape of the low-energy magnetic
horizon-induced suppression will be determined from the fit. We considered values X5 < 2, which
typically correspond to source densities 7y > 1074 Mpc =3 (Leon/25 kpe)?/2.

2.3 The Galactic component

The Galactic component is expected to dominate the cosmic-ray spectrum up to about 100 PeV,
an energy close to that of the second-knee in the spectrum. In any case, the Galactic component
should extend beyond this energy, progressively steepening but probably only becoming negligible
at energies larger than 1 EeV. The Galactic component is therefore expected to have an impact on
the fit we perform above 0.1 EeV.

We have considered the Galactic component as derived in [9], consisting of a superposition
of the same five elements adopted for the other populations, which should be representative of the
different cosmic-ray mass groups. Their spectra are taken as rigidity dependent smooth broken
power-laws with a cutoff at high rigidities, so that the total spectrum is parameterized as

- Ay/w] ™Y
ddg dog ( E ) 4 E E
—_— = —_ = e 1+|——= sech . 3
dE ~ 44 dE ¢GZAl T4 \Eev ZRS ZRS, ©

Relying on direct measurements at energies around 10 to 100 TeV, the fractions of the different
representative elements are taken as fg = fge = 0.35, fny = 0.12, fsi = 0.08 and fr. = 0.1. A fit

2For the case of a continuous source distribution, the magnetic fields have no suppression effect due to the so-called
propagation theorem [15], and the interaction effects should be similar to those obtained in the case of rectilinear
propagation.
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to CR data above 1 PeV [9] determined that each component has a break at an energy ZRS, with
Rl? =~ 3.1 PeV. At this break energy the individual spectra change from a power index y; =~ 2.76 to
V2 =y1 + Ay =~ 3.45, and w ~ 0.11 characterizes the width of this transition. The normalization
of the Galactic spectrum is ¢g = 419/(km?sryrEeV). These values are those obtained when
including in the fit the Auger data and using the EPOS-LHC hadronic model, although the resulting
Galactic spectral parameters turn out to be quite similar for the other hadronic models considered.
Note that in [9] the Auger energy scale was rescaled by a factor of 1.07 to match the Telescope Array
energy scale. Transforming back to the Auger energy should then require a rescaling of the energies
of the different features by a factor & = 1/1.07 (e.g. RS — £R{’), and also the flux normalization
should be modified as ¢ — &Y'~ ¢g. In [9] the cutoff rigidity RSH was found to be about 40 PeV,
but its value is expected to depend on the actual shape of the magnetic horizon suppression of the
LE extragalactic population. We will hence determine it in the present analysis from the combined
fit including all the different components.

3. Results

In order to reproduce the measurements by the Pierre Auger Observatory we fit the 17 parame-
ters of the model (for each extragalactic population there are 4 independent elemental abundances,
the spectral slope, cutoff rigidity and the flux normalization, together with the parameters X and
Rrit determining the MHE, as well as the Galactic cutoff rigidity). For the spectrum we use the
events detected by the Surface Detector array. For energies above 2.5 EeV we considered the array
with stations separated by 1500 m while for smaller energies the denser array with stations sepa-
rated by 750 m is adopted [5]. The mass composition is inferred by fitting the first two moments
of the X« distributions, measured using the Fluorescence Detector telescopes, above an energy of
10'7-8 eV [6]. There are 32 energy bins for the spectrum and 19 energy bins for X, which leads
to a total of N = 70 data points to fit by minimizing the y? function (with the number of degrees of
freedom being 53).

In Table 1 we show some of the results of the fit performed. We considered the two hadronic
interaction models, EPOS-LHC and Sibyll 2.3d, which are relevant for the determination of the
cosmic-ray masses from the measured Xp,x moments. We also adopt two different shapes for the
cutoff function of the extragalactic component, considering A = 1 or 2. In Fig. 1 we display the
measured spectrum and Xp,ax moments, together with the results from the fitted models, which are
found to reproduce the measurements reasonably well.

EPOS-LHC Sibyll 2.3d
Al yue RE yeg RE X Ra RS, x* | vee RE yg RE X Ra RS, x?
[EeV] [EeV] [EeV] [PeV] [EeV] [EeV] [EeV] [PeV]

1] -2.1 1.4 3.6 100 2 019 25 984 | -1.6 1.4 3.5 2.6 2 012 15 97.8
21049 63 3.4 100 2 0.18 85 114 | 056 6.3 3.6 100 2 014 17 82.4

Table 1: Parameters of the fit to the spectrum and Xy,,x moments. Results for the EPOS-LHC and Sibyll 2.3d
hadronic interaction models are reported, for cutoff shapes with A = 1 or 2. The corresponding y? values
are given.
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Figure 1: Results of the fit to the spectrum for E > 10'7 €V and X;,,x moments for E > 10'7-3 eV. The top
row is for the EPOS-LHC hadronic model while the bottom one for Sibyll 2.3d. Left panels are for A = 1
while right panels for A = 2.

The general characteristics of the two extragalactic populations are similar to those found in
0'7-8 eV. The HE population has a hard spectrum with
a rigidity cutoff of few EeV, leading to a succession of narrow bumps for each mass group and an

previous works considering energies above 1

increasingly heavy composition. The LE extragalactic population is instead lighter and has a steep
source spectrum. One can see that the composition turns out to be lighter with the EPOS-LHC
hadronic model than with the Sibyll2.3d model. The shape of the cutoff has an impact on the
reconstructed parameters of the HE component, with A = 2 leading to softer source spectra and
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Figure 2: Left panel: Values of the )(2 (right scale) and of X R (left scale) as a function of X;. Right
panel: effect of the systematic shifts on the values of the )(2 and on XgR; (Within parentheses). Both cases
are for the Sibyll 2.3d hadronic model with A = 2.

higher rigidity cutoffs, although the overall shapes of the spectra at Earth are not very different in
the two cases. For the Galactic CR model considered (from [9]), the cutoff rigidity is found to be
between 15 and 85 PeV, depending on the particular hadronic interaction model adopted.

In order not to overshoot the measured spectrum, the population dominating below the ankle
needs to get suppressed below a few hundred PeV. This can happen naturally once the finite source
density and the presence of extragalactic magnetic fields are taken into account, with the suppression
resulting from the magnetic horizon effect. In particular, the observed flattening of the spectrum
occurring below 200 PeV results in this scenario from the effect of the magnetic horizon on the
light H and He extragalactic contributions from the LE population. This typically requires to have
XsReiit =~ 0.3 EeV, which translates into a constraint in terms of the extragalactic magnetic field
parameters and intersource distance

10M 25k
Bims = 13 pe be nG. 4)
ds Lcoh

One should keep in mind that the relevant magnetic field strength is that in the region between Earth

and the closest UHECR sources, i.e. within the Local Supercluster region, which is expected to be
much larger than that in the voids of the large-scale structure.’

Let us note that the normalized intersource distance X; often slides towards the largest allowed
value in the fit (equal to 2 in this analysis), but the y? remains very flat for larger values, as illustrated
in the left panel of Fig. 2, where we also show that the product X5 R is almost constant for larger X
values. Similarly, in many cases the cutoff of the LE population slides towards its highest allowed
value of 100 EeV, but the y? in these cases is actually very flat for Rgft > 30EeV. Let us also

mention that had we ignored the MHE, the fit would have been much worse, with the y? typically
increasing by more than 100 units.

3The structure in the extragalactic magnetic field strength could introduce an additional ingredient in the analysis, so
that the assumption of a uniform magnetic turbulence is an approximation to the average behavior expected in our local
neighborhood.
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On the other hand, systematic effects could possibly affect the energy calibration or the X«
values, and in the right panel of Fig. 2 we illustrate the changes in the y? (and in the values of
inferred for X R within parentheses) after performing positive or negative shifts by one systematic
deviation on those quantities. Note that the systematic uncertainty in the energy is about 14%, while
that in Xy is energy dependent, being about 10 gcm™2 at 1 EeV and about 7 gcm™2 at 10 EeV.
One finds that negative shifts in Xp,,x, which lead to heavier inferred compositions, usually improve
the quality of the fit, while the value of X R, is not strongly affected.

The presence of the tail of the heavier Galactic component helps in general to reproduce the
observations, with the transition from a Galactic dominance to an extragalactic dominance taking
place in this scenario at energies of about 0.1 EeV. Extending the composition measurements to
these energies, as well as extending the spectrum measurements using the denser array of surface
detectors with separation of 433 m, should help to better determine the features of the Galactic to
extragalactic transition that were observed in the present work.
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