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The Pierre Auger Observatory has measured the spectrum of ultra-high-energy cosmic rays with
unprecedented precision, as well as the distribution of the depths of the maximum of the shower
development in the atmosphere, which provide a reliable estimator of the mass composition.
The measurements above 10'7-8 eV can be interpreted assuming two populations of uniformly
distributed sources, one with a soft spectrum dominating the flux below few EeV, and another
one with a very hard spectrum dominating above that energy. When considering the presence of
intense extragalactic magnetic fields between our Galaxy and the closest sources and a high-energy
population with low spatial density, a magnetic horizon appears, suppressing the cosmic ray’s flux
at low-energies, which could explain the very hard spectrum observed at Earth. The distribution
of arrival directions, which at energies above 32 EeV shows indications of a correlation with a
population of starburst galaxies or the radio galaxy Centaurus A (Cen A), are also important to
constrain the sources. Itis shown that adding a fractional contribution from these sources of about
20% on top of an homogeneous background leads to an improvement of the model likelihood.
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1. Introduction

The origin and acceleration mechanisms of ultra-high-energy cosmic rays (UHECRSs) remain
unresolved. Recent measurements by the Pierre Auger Observatory, including the energy spectrum,
depth of shower maximum (X, ) distributions, and arrival directions, provide key insights. Obser-
vations reveal a dipolar anisotropy above 8 EeV, pointing to an extragalactic origin, and correlations
with potential source candidates such as starburst galaxies (SBG) and jetted active galactic nuclei.

This work interprets the Pierre Auger Observatory data, beginning with results from a fit across
the ankle that neglects magnetic field effects. The CR flux and X« distributions constrain CR
source properties [1-3]. Observations above 1078 eV require two source populations: a low-
energy component L, dominating below a few EeV, and a high-energy component H, dominating
at higher energies. These are modeled as uniformly distributed sources with power-law spectra
and rigidity-dependent cutoffs. A maximum likelihood fit suggests a high-energy spectrum harder
than expected from diffusive shock acceleration (DSA), potentially explained by the suppression of
low-energy CR flux due to intergalactic magnetic fields and finite inter-source distances, where the
diffusion length exceeds the nearest source distance.

The final scenario combines the spectrum, Xp,x, and arrival directions in a Bayesian framework
to model UHECR emission and propagation. This approach incorporates high-energy source dis-
tributions, magnetic-field effects, and observational uncertainties, focusing on the highest energies
and contributions from SBGs and Centaurus A (CenA).

2. Source models and magnetic horizon

We model the two source populations dominating at low and high energies (y = L or H) using
an emission rate per unit volume, time, and energy for particles of energy E, mass A, and charge Z:

. . E\™” E
QL (E) = 0p fay (E_o) Feut (W) ) (D

cut

y

“u> and fa y represents

where Qg is the differential CR emission rate at a reference energy Ey < ZR

the elemental fractions (p, He, N, Si, Fe).

y
cut*

shapes: a broken exponential, Fey (E) = exp(l — E/ZR),) for E > ZR) , or a hyperbolic se-

cut?

cant, Foo(E/Z R ) = sech((E/Z Rzu,)A), where A controls the steepness of the cutoff.

cut

The rigidity cutoff function, F.y, suppresses the flux above Z R We considered two

We can define the integrated luminosity of the sources above a threshold energy Ej (taken at
1078 V) as Lg =2 on: dEE QZ(E ). This allows us to introduce the integrated fractions: 7 Z =

( /Eo: dE E Q?(E))/Ly , which allow for an easier comparison of composition between scenarios
with different y, values.

Magnetic fields are known to permeate the Universe. Their strengths range from a few uG
within galaxy clusters to less than nG in the voids between them. Therefore, any model for the
propagation of UHECR should include their effect. We consider turbulent Extra Galactic Magnetic
Fields (EGMFs) characterized by the root-mean-squared amplitude (B.ys) and coherence length
(Lcon). A critical rigidity can be defined when the Larmor radius equals L.on, and is given by
Reiit = Egrit/Z =~ 0.9 (Brms/nG) (Leon/Mpc) EeV, with E; the critical energy. It separates two



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Astrophysical models to interpret the Pierre Auger Observatory data Juan Manuel Gonzalez

propagation regimes, one at energies such that £ < E . with large deflections within L.y, and a
quasi-rectilinear one at higher energies. Deflections due to EGMFs result in longer travel times.
For low enough source densities, or strong enough fields, particles may not have time to reach
Earth from even the nearest sources, resulting in a suppression of the flux known as the magnetic
horizon effect (MHE). The spectrum reaching the Earth can be obtained from that in the absence
of magnetic fields by a multiplicative factor [4, 5],

a
J(E) = G(E/Exx)J5-0(E). Gx) = exp [— (W) ] .
where we defined X; = ds/VruLcon , With rg = ¢/H, the Hubble radius, and x = E/E.;. The
parameters @, [, a and b depend on the evolution of the sources, whether a particle was primary
or secondary, and the spectral index of the sources, as described in [5].

When including the MHE we will consider magnetic field amplitudes of 4 nG < Bps < 100nG
and coherence lengths 25 kpc < L.on < 1 Mpc, resulting in critical rigidities of 0.1 EeV < R <
100EeV and 0.05 < X < 4 for source distances 3 Mpc < dgs < 40 Mpc. Assuming that the low-
energy component originates from sources for which MHE are negligible due to a higher density,
we restrict the impact of the extragalactic magnetic field (EGMF) to the high-energy component.

3. The Extended Combined Fit

We fit the measured spectrum [6] for energies above 10!7-8 eV, using logarithmic bins of width
Alog,y E = 0.1 (with a single bin above 102°-eV), and the Xy,x distributions [7], with bins of
AXmax = 20 gcm™2 per energy interval. The source spectrum is modelled with Eq. (1), and the
propagation of particles to Earth is accounted for using SimProp simulations [8], considering the
photo-disintegration cross sections from TALYS [9] and the extragalactic background light model
from Gilmore et al. [10]. The inferred composition from the Xy,x measurements relies on the
hadronic interaction model, which strongly affects the conclusions [1, 3]. We test results with
EPOS-LHC [11] and Sibyll 2.3d [12]. We group the nuclei at Earth by mass as: A =1 (p), 24
(He), 5-16 (N), 17-30 (Si) and 31-56 (Fe). Nuclei arriving in their original mass group are called
primaries, while those shifted to another group due to photo-disintegration are secondaries. When
including MHE, we multiply the resulting flux at Earth by the suppression factor G from Eq. (2).
We obtain the fit parameters maximizing a likelihood function £, as in [1, 3]. This consists of
two factors: a Gaussian term for the energy spectrum (L ;) and a multinomial one for the Xpx
distributions (L, ), modelled using Gumbel functions dependent on the hadronic interaction
model. The likelihood £ depends on vy, Rzut and the element fractions fy , for both components,
together with Xs and R when including the magnetic horizon effects. We report the deviance
D = -2In(L/ L), where L, represents a model that perfectly describes the data.

Scenarios without MHE: We consider two different models for the UHECR sources. The first
one assumes that the H component injects a mixture of nuclei (p, He, N, Si and Fe), while the L
component injects only protons, with a galactic contribution of N nuclei at the lowest energies. The
second one assumes that both source populations accelerate a mixture of nuclei. The results of the
fit are summarized in Table 1. The first scenario provides a better description of the spectrum data,
albeit with a hard H index and a composition dominated by mid-mass nuclei. The protons in the L
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SceNario 1 SCENARIO 2
Galactic contribution (at Earth) pure N —
J§ /(v km ™2 sr7lyr!) (1.06 + 0.04)x10713 —
log,o (RS /V) 17.48 £ 0.02 —
EG components (at the escape) L H L H
Lo/(10% ergMpc 3 yr=1) * 6.54+0.36 5.00+0.35 | 11.35+0.15 5.07+0.06
v 3.34+0.07 -147+0.13 | 3.52+£0.03 -1.99+0.11
logo(Reut/ V) >19.3 18.19 £ 0.02 >19.4 18.15+0.01
Iy (%) 100 (fixed) 0.0+0.0 48.7+0.3 0.0+0.0
Te (%) — 245+3.0 7.3+04 23.6+£1.6
IN (%) — 68.1£5.0 440+04 72.1+£3.3
Isi (%) — 49+39 0.0+0.0 1.3+1.3
Ire (%0) — 2.5+0.2 0.0+ 0.0 3.1+1.3
Dy (Ny) 48.6 (24) 56.6 (24)
Dx,.. (Nx,..) 537.4 (329) 516.5 (329)
D (N) 586.0 (353) 573.1 (353)

* from Epin = 10178 eV.

Table 1: Best-fit parameters obtained in the two reference scenarios [3].

103 s 10%
NS H
— H —
= 10% Ne =
> — si s
;
g 10 — Fep o w
E D
T g
o0 1028 ~> — A=1
% NN o — 2<A<4
= N ke 5<A<22
1S 1027 N ‘\ m <A<
\ \ = 103 23<A<38
\/\)K\ — A>39
1026 AR \
18.0 18.5 19.0 19.5 20.0 18.0 18.5 19.0 19.5 20.0
logio(EleV) logio(E/eV)
H He
800 T > T N
790 :
— 780 &
' TI0F =
S 3]
S 760 =)
5 70F =
s rof ;
X 730F X
720 o
710 [
700

1 1 1 1 1 1 1 1
18.0 185 19.0 19.5 20.0 18.0 185 19.0 195 20.0
Iogm(E/eV) IoglO(EeV)

Figure 1: Scenario 2. Top left: Generation rate at the extragalactic sources for each representative mass;
the L and H contributions are shown as dashed and solid lines, respectively. Top right: contributions to
the energy spectrum (grouped according to mass number) at the top of the atmosphere. Botfom: First two
moments of the Xy, distributions as predicted by the best-fit results, along with the measured values and
the predictions for pure compositions of various masses according to EPOS-LHC (dashed lines) [3].
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A=3, Sibyll2.3d, NE-NE

A =3, Sibyll2.3d, NE-NE

0=

— 10%

1057

[Mpc=3 yr!

10%L

E

[eVZkm=2 srlyr!]

& g
[«

0%

107

10%

R0 185 100 195 200 BT — T

| n
- 18.0 185 19.0

logig (E/ eV) log1y(E/eV)
800
— 780F &
IS : 5
o 760} =)
g b ~
% 740F £
£ r < :
a 720k B i
y . 1 20F ]
700t \ \ \ £ . \ . ]
180 185 190 195 200 180 185 190 195 200

| ogm(E/eV) | 0910( E/eV)

Figure 2: Analogous to 1, but for an scenario with Sibyll2.3d and a A = 3 cutoff including the MHE [13]

component could arise from the photo-disintegration of H nuclei. Meanwhile, the second scenario
results in an overall better description of the data, due to lower deviances associated to the Xpax
measurements. Here, the L composition is dominated by protons and N nuclei, while the H one is
dominated mostly by mid-mass nuclei. The H spectral index becomes even harder. Fig. 1 presents
the generation rate at the sources for Scenario 2, the resulting best-fit energy spectra at Earth, and
the predictions for the first two Xy,x moments, together with the data points. One can see that each
H element peaks in a narrow energy range, with the composition becoming heavier for increasing
energies. The ankle appears to arise from a transition between the L and H components, and the
instep feature from a bump in the He contribution to the flux. The N flux dominates from the instep
up to the high-energy suppression, above which we find mostly Si and Fe nuclei.

Scenarios with MHE: We present in Table 2 the results of the fits including the MHE for the
different cutoff shapes and hadronic models. Sharper cutoffs lead to softer spectra and higher cutoft
rigidities. For A = 1, the results obtained match those of scenarios without MHE [13]. Meanwhile,
for sharper cutoffs, the MHE plays an important role, which results in softer H spectra, although
with larger deviances. The product of the magnetic horizon parameters satisfies X;R. iy ~ 10 EeV.

with EGMF, NE-NE

EPOS-LHC Sibyll 2.3d
Al vu Ry o Ry X R D yu  RG v RG  Xs R D
[EeV] [EeV] [EeV] (N =353) [EeV] [EeV] [EeV] (N =353)
1]-219 135 354 >60 0 - 572 -1.67 142 337 221 0 - 660
2 1.03 6.02 362 >51 >32 197 583 1.35 622 353 >25 >3.1 1.54 635
3 143 750 369 >6l 2.8 2.79 614 2 750 362 >31 2.6 3.77 640

Table 2: Parameters of the fit to the spectrum and composition including the magnetic horizon effect for the
EPOS-LHC and Sibyll 2.3d hadronic interaction models and cutoff A = 1, 2 and 3 [13].
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Sibyll2.3d, A =3, NE-NE
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Figure 3: Deviance (and H spectral index) obtained from the fit when shifting +ovys in the energy and Xpax
scales for the Sibyll2.3d and A = 3 cutoff scenario [13].

Changing from EPOS-LHC to the Sibyll2.3d model produces softer spectra and larger de-
viances. However, for the Sibyll2.3d model, scenarios with an significant MHE result in lower
deviances than their no MHE counterpart [ 13]. The best fit results for A = 3, which leads to yy = 2,
are shown in Fig. 2. The top left panel presents the generation rate per mass group, showing the soft
injection spectra of the H component. The top right panel presents the resulting spectra at Earth,
which is quite similar to the one found in Fig. 1, but features a substantial contribution of He from
the L component and Si for the H one. The results for the composition measurements are displayed
on the bottom panels with the model predictions closely matching the observations.

Systematics effects on the energy and Xpax scale calibration affect the results of the fits. Fig. 3
presents the deviance and the H spectral index obtained when shifting the energy and Xp.x scales
by +0ys. A positive shift in energy and/or a negative one in X, reduce the deviance, sometimes
by almost 100 units. In general, positive shifts in the X,.x scale are strongly disfavoured. In all
cases, the H spectral index remains close to 2.

4. Combined Fit including arrival directions

Since arrival directions show correlations with catalogs of extragalactic source candidates [14],
an extension of the analysis was performed in [15] including a fraction of the H flux from catalog
sources. The analysis focused on the highest energies, performing the fit to the spectrum and

Xmax above 10! eV and the arrival directions above 10'°-2

eV, and only one (H) component was
considered, with injection parameters shared between catalog and background sources. Different
source cosmological evolutions are considered, multiplying Eq. 1 by (1+z)™, where z is the redshift
and m the cosmological evolution index. Two new fit parameters are included, fy, which represents
the fraction of the flux from catalogue sources at 40 EeV, and 6y, which stands for the blurring of
protons at 10 EeV due to EGMFs. The likelihood has now three independent terms: Lap which
compares the flux map coming from the assumed sources with the actual data in the different energy
bins, Ly, a Poissonian likelihood for the spectrum, and a multinomial one for the Xy, distributions,

modelled using Gumbel functions dependent on the hadronic interaction model.
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Figure 4: Left: Cen A contribution to the flux. Right: First two moments of the X,,x distributions [15].

Table 3 presents the results for two catalogs, one of starburst galaxies (SBG) and another
containing just the radio-galaxy Cen A. We present the best-fit result as well as the posterior mean
and the highest posterior density interval. In all cases, we found very hard H spectra with very low
cutoff rigidities. The spectrum becomes even harder for strong source cosmological evolutions,
reaching y = —3 in some cases, as reported in [15]. The contribution of cataloged sources fy varies
from ~ 3% or 19% and the magnetic blurring parameter ¢ is larger than ~ 15° in all scenarios.
The Cen A scenario with a flat cosmological evolution provides the best fit. The left panel of Fig. 4
presents the spectrum at Earth separated by mass group (each thin line sampled from the posterior
distribution), a black line representing the Cen A contribution. The right panel shows the first two
Xmax moments as proxies for the composition fit results.

Cen A, m = 0 (flat) Cen A, m = 3.4 (SFR) SBG, m = 3.4 (SFR)
posterior MLE posterior MLE posterior MLE
Y —1.67t%§%4 -2.21 _3'09t%62%2 -3.05 —2.77t<3)-022782 -2.67
10g0(Reu/V) 18.23(;84606 18.19 18.1?;:8_102 18.11 18.13;:8-_602 18.13
fo 0.1679 0.028 0.059,0% 0.028 0.17:90% 0.19
S0/° 56.577% 16.5 27.6Y%/, 16.8 22.23 243
In 5913 %1072 7.1x107% | 839 %1073 1.6 x 1075 | 6.473 x 1077 43x107°
Tne 2303 x 107" 1.9%x 107" | 1.3*923 x 107" 1.4x107" | 1.7703 x 1071 1.8x 107!
I 6.3*03 x 1071 62x107" | 7.4%03 x 107" 7.3x 107" | 7.4%93 x 107" 7.4%x 107!
Isi 6.5736 %1072 9.9x 107 | 92533 x 1072 1.1x 107" | 5733 x 1072 54 x 1072
Ire 1617 x1072 20x1072 | 25708 x 1072 23x 1072 | 2.5*0% x 1072 2.3 x 1072
Dg (N, = 14) 223 285 333
Dx,.. (Nx,, =74) 124.9 130.6 126.2
D 147.2 159.1 159.5
log Laps 10.5 10.4 13.3
log £ -239.1 ~245.1 -242.4

Table 3: Fit results for the Centaurus A and SBG models. The best-fit (MLE) parameters and the cor-
responding deviance D and log-likelihood values log £ are stated. Also, the posterior mean and highest
posterior density interval from the MCMC sampler are given [15].
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5. Conclusions

We presented a summary of recent developments on the interpretation of the spectrum, compo-
sition, and arrival direction data as measured by the Pierre Auger Observatory. Using two distinct
source populations modelled with power-law emissions, we performed a Combined Fit to the
spectrum and composition data. This method successfully reproduced the observed measurements.

However, the resulting H energy spectral index is very hard, which is inconsistent with the
expectations from DSA. We showed that including the propagation effect of EGMFs and a finite
distance to the nearest sources can alleviate this tension. The fit can be refined even further by
shifting the energy scale by +14% and the Xy,,x measurements by —oys.

Furthermore, since XgR.it ~ 5 — 10 EeV whenever the MHE plays an important role, in these
type of scenarios the source density and magnetic field parameters should satisfy

ds Brms Lcoh
XRerit ~ 5 EeV N . 3
serit = 5 Y 50 Mpe 100nG \| 25 kpe )

We then explored an astrophysical model that included also the information from the arrival

directions above 16 EeV. Scenarios with a fraction of UHECRs coming from the radiogalaxy Cen A
or a starburst galaxies catalog provided a better fit than a homogeneous flux model. All models had
a very hard H spectrum. The best fit fraction of the flux from the catalog varied between ~ 3% and
19%, with large uncertainties, and a blurring larger than 15° was preferred.
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