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The measurements by the Pierre Auger Observatory of the energy spectrum and mass composition
of cosmic rays can be interpreted assuming the presence of two extragalactic source populations,
one dominating the flux at energies above a few EeV and the other below. To fit the data ignoring
magnetic field effects, the high-energy population needs to accelerate a mixture of nuclei with very
hard spectra, at odds with the approximate E~2 shape expected from diffusive shock acceleration.
The presence of turbulent extragalactic magnetic fields in the region between the closest sources
and the Earth can significantly modify the observed CR spectrum with respect to that emitted
by the sources, reducing the flux of low-rigidity particles that reach the Earth. We here take
into account this magnetic horizon effect in the combined fit of the spectrum and shower depth
distributions, exploring the possibility that a spectrum for the high-energy population sources
with a shape closer to E~2 be able to explain the observations. We find that a large inter-source
separation ds and a large magnetic field RMS amplitude within the Local Supercluster region,
such that Byps ~ 100 nG (40 Mpc/ ds)m, are needed to interpret the data within this
scenario, where Lq, is the magnetic field coherence length.
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1. Introduction

The cosmic ray (CR) flux and depth of shower maximum (Xp,.x) distributions measured by the
Pierre Auger Observatory have been used to constrain the properties of the CR sources [1-3]. In
order to explain the observations above 10'7-8 eV two different source populations are required. The
first population, referred to as the low-energy component (L), dominates the flux below few EeV.
The second population, referred to as the high-energy component (H), dominates the flux at higher
energies. Considering that these populations consist of continuously distributed equally luminous
sources with the different mass components having power-law spectra with rigidity dependent
cutoffs, a maximum likelihood fit leads to a spectrum for the high-energy component much harder
than the expectations from diffusive shock acceleration. In the presence of intergalactic magnetic
fields and taking into account the finite inter-source distances, one expects however a depletion of
the flux of low-energy particles for which the diffusion time from the closest sources becomes larger
than the age of the sources. This effect would modify the spectrum of the particles reaching the
Earth and hence affect the inferred source spectrum.! We analyse the magnetic field and cosmic
ray source parameters for which this effect is relevant if one wishes to account for the observations.

1.1 Astrophysical model

The CR source populations (x = L or H) are modelled considering a rate of emission per unit
of volume, time and energy for particles with mass A, energy E and charge Z, given by
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The normalisation Qy_ is the present total differential rate of CR emission at the reference energy E

X
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elements with mass number A are f4 .. We consider that the sources emit the representative

(much smaller than the hydrogen cutoff R ), at which the relative source fractions of the different
elements H, He, N, Si and Fe. The function &, takes into account the evolution in redshift z of the
emissivity. We will consider two cases: the no evolution (NE) scenario with é = luptoz =1,
and that of emissivities scaling with the star formation rate (SFR) as parameterised in [5], so that

& o (142)%* upto z =0.97 and then decays as & o (1 +z)~%2%, and we consider in this case

X

z < 4. The function F provides a rigidity cutoff that suppresses the flux above an energy ZR] ;.

We will assume for it an hyperbolic secant shape, with Fy (x) = sech(x®), where A determines the
steepness of the cutoff and we will explore values of A equal to 1, 2 or 3.

The particles emitted at the sources are propagated until they reach the Earth using the SimProp
software [6]. The resulting fluxes depend on the nuclear photo-disintegration cross sections as well
as on the extragalactic background light model considered to evaluate the interactions during
propagation. We adopt in the analysis the photodisintegration cross section from TALYS [7] and
the extragalactic background radiation from Gilmore et al. [8]. The inferred composition depends
on the hadronic interactions model used to interpret the X;,,x measurements, which was found in
[1, 3] to be the assumption that mostly affected the conclusions. We will explore the dependence of
the results on the hadronic interaction models by considering both EPOS-LHC [9] and Sibyll 2.3d
[10].

ICR interactions at the source may also change the emitted spectrum with respect to the accelerated one [4].
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The nuclei reaching Earth will be grouped by mass number as A = 1 (H), 2-4 (He), 5-16 (N),
17-30 (Si) and 31-56 (Fe). Nuclei reaching us as part of the same mass group in which they were
produced will be referred to as primary nuclei. Nuclei produced via photo-disintegration arriving
at Earth as part of a different mass group will be called secondary nuclei.

1.2 Magnetic horizon

When the typical inter-source distance ds is large (the source density ns = 1/d? is low) low-
energy particles propagating diffusively in the intergalactic magnetic field may not have enough
time to reach the Earth even from the closest sources,? leading to a modification of the spectrum
[11-13].

We consider a turbulent and isotropic intergalactic magnetic field, characterized by the root-
mean-square amplitude (B;ns) and the coherence length (L.on). A critical energy can be defined
as that for which the effective Larmor radius equals the coherence length. For a particle of atomic
number Z it is given by Ecit = ZRerit, With Rerip = |e|BrmsLeoh = 0.9(Bims/NG) (Lcon/Mpc)
EeV. The sources are consider to be homogeneously distributed and with a steady emission over
cosmological times.

The spectrum reaching the Earth in the presence of magnetic fields can be obtained from that
in the absence of magnetic fields just through a multiplicative factor, as [14, 15]

J(E) = G(E/Eit)J5-0(E), G(x) = exp [— (W) ] ?)

where X = ds/ 7y Leon, With g = ¢/ Hy the Hubble radius. The parameters @, 8, a and b depend
on the evolution of the sources, on whether particles are primary or secondary nuclei, and on the
spectral index of the sources [15].

The suppression factor G is plotted in Figure 1 for different X and for the NE and SFR
scenarios. The different suppression of primary and secondary particles arises from their different
average travel times. The latter have a higher average redshift of production (in photodisintegration
processes) than that of primaries, resulting in longer travel times. The magnetic suppression is also
milder for the SFR than for the NE scenario due to the longer average travel times associated to the
former.

If one considers magnetic field amplitudes in the range 4 nG < By < 100 nG and coherence
lengths such that 25kpc < L.op < 1 Mpc, one expects the critical rigidy to be 0.1 EeV < Ry <
100 EeV. Moreover, if 3 Mpc < ds < 40 Mpc, one has 0.05 < Xs < 4. We thus consider parameters
R.:it and X within these ranges when performing the fits that include the magnetic horizon effects.

We will assume that the low-energy component arises from a population of sources with a
small dg, such that the magnetic horizon effect is negligible for this component in the energy range
of interest [11]. Therefore, the EGMF will only be considered to affect the high-energy component.
We also assume that the contribution of Galactic cosmic rays is negligible above the energy threshold
of the analysis.

20n average the closest source is at distance 0.55 ds.
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Figure 1: Magnetic suppression factor G for different values of the parameter X as a function of E/E_,
for a spectral index of y = 1 (suppression depends slightly on ) for two different source evolution scenarios.

2. Combined fit to the spectrum and composition

The data sets to be fitted consist of the spectrum data from [16], for energies above 10'7-3 eV
and in logarithmic bins of width Alog;j E = 0.1 (except at the highest energies), and the Xpyax
distributions from [17], with bins of width AXx =20 g cm~2 in each energy interval.

We consider the functional form in Eq. (1) for the spectrum at the sources, account for the
effects of interactions and redshift losses ignoring magnetic fields and then multiply the obtained
fluxes by the suppression factor G in Eq. (2). We fit the parameters by maximizing a likelihood,
following the procedure outlined in [1, 3]. The likelihood consists of two factors, one for the energy
spectrum that is a product of Gaussian distributions for each energy bin and another for the Xpax
distributions that is a product of multinomial distributions modelled using Gumbel distribution

functions, whose parameters depend on the hadronic interaction model. The likelihood £ depends

X
cut

when the magnetic horizon effect is included. We report the deviance D = —2In(L/ Lgsa), where
L corresponds to the model and L, to a model that perfectly fits the data.

on y,, RY . and element fractions f4 , for both components, and two extra parameters, X and Rci,

EPOS-LHC
Xs=2.5 NE-NE SFR-NE
A YH R(I;-{n YL R%ut Rerit D YH R,Ig-{n YL R%ut Rerit D
[EeV] [EeV] [EeV] (N=353) [EeV] [EeV] [EeV] (N=353)
1| -22 1.3 3.5 100 04 572 -2.1 1.4 3.2 100 0.0 578
1.0 6.2 3.6 100 34 586 1.1 6.2 33 100 3.7 588
3 1.4 7.6 3.7 100 3.3 615 1.5 7.6 3.4 100 3.5 617
no EGMF NE-NE SFR-NE
1| -22 1.4 3.5 100 — 572 -2.1 1.4 3.2 100 — 578
2 0.2 5.8 3.6 100 — 605 0.2 5.8 3.4 100 — 607
3 0.6 7.4 3.8 100 — 651 0.6 7.4 3.5 100 — 652

Table 1: Parameters of the fit for the EPOS-LHC hadronic interactions model, different source evolution
scenarios and steepness of the cutoff A = 1, 2 or 3. The first three rows include the magnetic horizon effect
(fixing X = 2.5), while the last three rows are results obtained in the absence of magnetic fields.
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For simplicity we will first present results for the benchmark value of X5 = 2.5 so as to focus on
a region of the parameters where the magnetic horizon is expected to be relevant. Table 1 presents
the fit results for the EPOS-LHC model both for the case with NE in both components (NE-NE)
and for the case with a SFR evolution in the low-energy component and a NE for the high-energy
component (SFR-NE). A SFR evolution for the high energy component leads to worse deviances
by about 35 units with respect to the corresponding NE cases, and hence we do not display them.
We show the results for cutoff shapes with A = 1, 2 or 3, including magnetic field effects and, for
comparison, we also show in the last three rows those obtained in the absence of magnetic fields.
The latter are consistent with the results found in [3] when a comparison can be made.

One can see that A = 1 leads to the hardest spectrum for the high-energy sources, with

H o
cut —

not independent, since to explain the pronounced flux suppression above ~ 50 EeV (which is

yu =~ —2, as well as the lowest associated cutoff rigidity, R 1.3 EeV. These values are actually
dominated by N nuclei, implying a rigidity of ~ 7 EeV) with such a gentle cutoff and hard spectral
index one needs a lower cutoff rigidity. In this case the magnetic horizon effect does not have a
sizeable impact and the fit actually favours the no magnetic field case. In the case of steeper cutofts
(A = 2 or 3), the scenarios with EGMF have smaller deviances than the cases without magnetic
fields. They also lead to values of yy in the range from 1 to 1.5, closer to the diffusive shock
acceleration (DSA) expectations and higher cutoff rigidities are obtained. We note however that the
deviances for these steeper cutoff cases are higher than for the A = 1 case.

The low-energy component has a steep spectrum (ranging from yp, = 3.3 to 3.7, depending
on the assumed evolution). This may still be consistent with the expectations from DSA if there
is actually a superposition of sources with a distribution of cutoff values [18]. When considering
a SFR scenario the higher luminosity present at large redshifts gives rise to stronger interactions
with the CMB and EBL, resulting in a more pronounced steepening of the spectrum due to the
propagation. This requires a harder input source spectrum for the low-energy component to get a
similar spectrum at Earth. However, the differences in deviance and in the other fit parameters for
the SFR and NE cases are quite small.

Fig. 2 displays the spectra at Earth for some illustrative cases. Dotted lines represent the flux of
primary particles, while solid lines add up the flux of primary and secondary particles of each mass
group at Earth. Even if the source scenarios we consider are quite different, the predicted fluxes
and composition at Earth have many common features. Some of those confirm previous results,
such as the dominance of heavier elements at the highest energies and that each element peaks in a
narrow energy range [19]. Important contributions to the H and He components are of secondary
origin, leading to a bump on the H spectrum between 3 and 10 EeV and one in the He spectrum
between 5 and 20 EeV. Additionally, the majority of the low-energy component’s flux consists of H
and N nuclei, accompanied by a small fraction of He and negligible quantities of Si and Fe. We
observe that He nuclei give rise to the instep feature of the spectrum (at ~ 15 EeV), which arises
from the source’s cutoff as well as from the effects of the interactions with the CMB and EBL that
cause the heavier nuclei to photo-disintegrate. Above the instep the N nuclei dominate the flux
and the suppression above 50 EeV arises from a combination of the high-energy source cutoff and
interactions with the CMB. Finally, Si and Fe are the main contributors to the flux at the highest
energies.

We now consider the hadronic interaction model Sibyll2.3d. We present the results of the
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Figure 2: Fits to the flux at Earth in the NE-NE scenario. Coloured lines represent the different mass
groups, while the brown one represents the total flux. Dotted lines correspond to primary nuclei, while solid
lines to primaries plus secondaries. Top and bottom-left panels use EPOS-LHC hadronic model, while the
bottom-right panel uses Sibyll2.3d. Top left corresponds to a case without magnetic field and A = 1. The
other three plots correspond to cases with X; = 2.5. Top right has A = 2 and bottom plots have A = 3.

fit with this model for some representative cases on Table 2 and display the spectrum for one of
them in the bottom right panel in Fig. 2. When changing from EPOS-LHC to Sibyll2.3d, the
Xmax predictions are shifted up and thus the fit requires a heavier composition to account for the
measurements at Earth. The effect is readily seen in the low-energy component, for which the H
contribution is significantly reduced, while that of He nuclei is increased (bottom panels of Fig. 2)
with respecto to EPOS-LHC. One observes that for A = 1 the smallest deviance is obtained for the
B = 0 case, while for A = 2 or 3 smaller deviances result when including EGMFs. For these steeper
cutoff shapes the values of yy are larger, and in particular for A = 3 the high-energy spectrum slope
agrees with the expectations from DSA of y =~ 2. We note that the deviances obtained for Sibyll2.3d
are larger than those for EPOS-LHC for all the cases considered.

In Fig. 3 we show the results of the fit obtained when we scan over the values of the parameter
X, which up to now was kept fixed at the value 2.5. The two left plots show the best fit values
of R.it and yy obtained, together with their uncertainties, as a function of X, while the right
plot shows the associated deviances for different hadronic models and values of A. We see that
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Sibyll 2.3d

Xs=2.5 NE-NE SFR-NE

A YH R(I;-{n YL R%ut Rerit D YH Rg]t YL R%ut Rerit D
[EeV] [EeV] [EeV] (N=353) [EeV] [EeV] [EeV] (N=353)

1| =17 14 34 2.2 0.0 660 -1.6 1.4 3.0 2.9 0.0 665
2 1.2 6.4 3.5 100 2.5 639 1.4 6.3 32 3.5 3.3 634
3 2.0 7.6 3.6 100 3.9 640 2.0 7.4 33 100 4.1 637

no EGMF NE-NE SFR-NE
1| -1.7 1.4 34 2.2 — 660 -1.6 1.4 3.0 2.9 — 665
2 0.5 6.0 3.5 100 — 661 0.5 6.2 3.2 100 — 664
3 0.8 7.4 3.6 100 — 699 0.8 7.4 3.3 100 — 698

Table 2: Same as Table 1, but using the Sibyll 2.3d hadronic interaction model.

A=2, EPOS, NE-NE A=3, Sibyll, NE-NE NE-NE
T 1.2 T T T T T T 2.2 T T T T T T
700 & EPOS, A=1 == Sibyll, A=1 = = -
20 EPOS, A=2 = Sibyll, A=2 = = +
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Figure 3: Best fit values of R;; and yy as a function of X for the scenario with EPOS-LHC with A = 2
(left panel) and Sibyll 2.3d with A = 3 (middle panel), for the NE-NE scenario. Dashed lines display the
behaviour of the best fit R ;i as function of X for Xs > 1.25. The deviance as a function of X, is shown on
the right panel for different scenarios.

the approximate relation XsRit ~ 10 EeV holds when the magnetic horizon effect is relevant (for
Xs > 1.5). Moreover, it is possible to obtain fits with very similar values of yy and similar deviance
for these combinations of X and R., as can be seen on the right plot.

It is useful to consider that these parameters are related to the inter-source separation and
magnetic field characteristics through

XsRcrit ~ ds Brms Lcoh (3)
10EeV  40Mpc 100nG \ 25kpc”

This means that a large inter-source distance, corresponding to a low density of sources, as well as a

quite large rms amplitude of the intergalactic magnetic field within the Local Supercluster are needed
in order for the magnetic horizon effect to play a relevant role in explaining the observations. These
magnetic field values are in the upper range that could result for instance from the amplification of
primordial seeds in the flux conserving gravitational compression during the formation of the large
scale structures and the action of dynamo processes [20].
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3. Conclusions

We have included in the combined fit of the spectrum and X, distributions the effects of the
flux suppression which appears at low rigidities when taking into account the finite CR intersource
separation and the presence of extragalactic magnetic fields, what is known as the magnetic horizon
effect. We explored the impact of different hadronic interaction models, cosmological source
evolutions and of the steepness of the cutoff shape.

It was found that if the inter-source distances are sizeable (suggesting source densities smaller
than 10~* Mpc~?) and if the strength of the turbulent extragalactic magnetic fields in the Local
Supercluster region is large, see Eq. (3), one can obtain best fit values for the source spectral
index of the high-energy population which are much closer to the expectations from diffusive shock
acceleration, in contrast with the much harder source spectra inferred when the magnetic field
effects are ignored. The overall features of the observed CR spectrum at the Earth are however quite
similar in the different scenarios considered.
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