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The distribution of cosmic-ray arrival directions shows a better agreement with models in which

a fraction of the ŕux is associated with catalogs of nearby source candidates, such as starburst

galaxies, than with isotropy. To investigate this further, we use a novel approach, őtting simulta-

neously the energy spectrum, distributions of shower maxima, and arrival directions at the highest

energies measured with the Pierre Auger Observatory. The astrophysical model consists of ho-

mogeneously distributed background sources as well as an adaptable contribution from nearby

source candidates. Propagation effects and a rigidity-dependent magnetic őeld blurring are taken

into account, producing a rising level of anisotropy with the energy. We demonstrate that a model

containing a ŕux fraction of around 20% from the starburst galaxy catalog at 40 EeV, with a hard,

nitrogen-dominated injection spectrum, provides a good description of the data. By investigating

a scenario with Cen A as a single source in combination with the homogeneous background, we

show that this region of the sky provides the dominant part to the observed anisotropy signal.

Models based on jetted active galactic nuclei whose cosmic-ray ŕux scales with the gamma-ray

emission are disfavored. The modeled energy evolution of the arrival directions, the spectra of

individual sources, as well as the statistical signiőcance of the results, including the inŕuence of

experimental systematic effects, will be discussed in this contribution.
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1. Introduction

Ultra-high-energy cosmic rays (UHECRs) persist as an area of profound investigation, with the

quest to unveil their origin on the brink of realization. Recent őndings indicate a potential correlation

between UHECR arrival directions above 40 EeV and the directions of powerful extragalactic

source candidates [1, 2]. Several catalogs have been tested, including selections of jetted active

galactic nuclei (𝛾-AGNs) and starburst galaxies (SBGs). While the statistical signiőcance is highest

for the selection of SBGs with 3.8𝜎 [3], the presence of several different strong sources in the

Centaurus region makes it difficult to favor any speciőc catalog at present. In a separate study, the

excess in the Centaurus region, centered on the nearby radio galaxy Cen A, is determined to 4.0𝜎

signiőcance [3].1

Previous analyses by the Pierre Auger Collaboration have leveraged the energy spectrum

and shower maximum depth distributions to constrain generic source models of UHECRs [4,

5]. Building upon this foundation, the present work conducts a comprehensive investigation

by simultaneously őtting the energy spectrum, shower maximum distributions, and additionally

the arrival directions measured at the Pierre Auger Observatory. With this approach, parameters

describing the source setup and emission are determined. We employ a straightforward astrophysical

model based on the observed medium-scale anisotropies at the highest energies, correlated with

extragalactic objects. In the model, propagation effects, as well as a rigidity-dependent blurring

as expected from interaction with (mostly) turbulent magnetic őelds, are considered. We use the

following data sets: the arrival direction data >16 EeV from [2], the energy spectrum >10 EeV

from [6], and the shower maximum distributions >10 EeV from [7].

A preliminary proof of concept for this method, utilizing realistic simulations, has been pre-

sented in [8, 9]. In an upcoming publication, the method and results are described in detail [10].

2. Astrophysical model and combined fit

The astrophysical model consists of two parts, the sources from either the SBG / 𝛾-AGN

catalogs from [2] or Cen A as a single source, in addition to a homogeneous background. The

background evolution is modeled as ∝ (1 + 𝑧)𝑚, where either 𝑚 = 0 (ŕat), 𝑚 = 3.4 (star formation

rate, SFR) or 𝑚 = 5.0 (𝛾-AGNs). All sources accelerate CRs to a maximum rigidity 𝑅cut, so that

the generation rate 𝑄inj (per unit of energy, volume, and time) follows a power law with a broken

exponential cutoff:

𝑄inj(𝐸inj, 𝐴inj) = 𝑄0 𝑎𝐴

( 𝐸inj

1018 eV

)−𝛾

·

{

1, 𝑍𝐴𝑅cut > 𝐸inj;

exp
(

1 −
𝐸inj

𝑍𝐴𝑅cut

)

, 𝑍𝐴𝑅cut ≤ 𝐸inj; .
(1)

Here, 𝛾 is the spectral index, 𝑎𝐴 is the contribution of each representative element (H, He, N, Si, Fe)

at a őxed energy below 𝑅cut, and 𝑄0 is a normalization for the UHECR generation rate. In practice,

instead of 𝑎𝐴 we use the integral fraction 𝐼𝐴 = 𝑎𝐴 𝑍
2−𝛾
𝐴

/ (
∑

𝐴 𝑎𝐴 𝑍
2−𝛾
𝐴

)

for a more stable őt.

To take into account the effects of propagation, namely the interactions with background photon

őelds, we generate a database of 1-dimensional CRPropa [11] simulations (for speciőcs see [10]).

1Note that in this work we use a data set including events up to 31 Dec 2020 [2] (rather than up to 31 Dec 2022 [3]),

on which the one-sided signiőcance for the correlation with SBGs was 4.0𝜎, and 3.9𝜎 for the Centaurus region.

2



P
o
S
(
I
C
R
C
2
0
2
3
)
2
5
8

Constraining models for the origin of ultra-high-energy cosmic rays Teresa Bister

We utilize the Gilmore model [12] for the extragalactic background light and TALYS [13] to model

the photodisintegration.

The catalog sources are positioned at their respective distances, and their relative ŕux is

weighted based on the ŕux weights from [2], which are based on astrophysical measurements (the

radio ŕux for SBGs and the 𝛾-ray ŕux for the 𝛾-AGNs). The background and catalog contributions

are then combined by weighting them with a signal fraction 𝑓0. This signal fraction is deőned for

the energy bin 1019.5 − 1019.6 eV (≈ 40 EeV for comparability to [1, 2]). It is important to note

that the catalog contribution 𝑓𝑆 ( 𝑓0, 𝐸
𝑒
det) as a function of energy is fully determined by propagation

effects, and will usually be larger at higher energies due to propagation effects. The signal fraction

𝑓0 is used to őx the absolute scale of that contribution at a őxed energy.

From the arriving UHECRs, we compute probability distributions binned in energy for all three

observables, where detector effects are taken into account. For the energy and 𝑋max distributions,

we use the same approach and binning as in [4]. For 𝑋max speciőcally, we calculate the expected

probability distribution using Gumbel distributions [14] with the EPOS-LHC hadronic interaction

model. For the arrival directions, we generate a probability map (pdf) in each energy bin. To

model the effects expected by mostly turbulent magnetic őelds, we introduce Fisher distributions

around each catalog source with a width 𝛿𝑆 = 𝛿0 𝑍det
10 EeV
𝐸det

, where 𝑍det takes on values of 1, 2,

7, 14, and 26 for 𝐴det ∈ {1}, {2, 3, 4}, {5, ..., 22}, {23, ..., 38} and {39, ..., 56}, respectively. Each

Fisher distribution is weighted by the directional exposure, as well as the number of arriving events

with the corresponding charge 𝑍det in the energy bin 𝐸det, which depends on the source weight and

distance. The background probability map follows the directional exposure, assuming an isotropic

distribution of background sources located at greater distances. Using the signal contribution

function 𝑓𝑆 introduced above, this leads to the energy-dependent pdfs:

pdf (𝐸𝑒
det, pix𝑝) = 𝑓𝑆 ( 𝑓0, 𝐸

𝑒
det) 𝑆(𝐸

𝑒
det, pix𝑝) + (1 − 𝑓𝑆 ( 𝑓0, 𝐸

𝑒
det)) 𝐵(pix𝑝) := pdf𝑒,𝑝 (2)

The pdf, as well as the signal and background maps 𝑆 and 𝐵 are binned into healpy [15] pixels pix𝑝.

Fit method: In total, the model has 9 free model parameters: 𝛾, 𝑅cut, four out of őve element

fractions 𝐼𝑎 (subject to the condition
∑

𝑎 𝐼𝑎 = 1), 𝑄0, 𝛿0, and 𝑓0. Additionally, we include possible

systematic shifts of the energy and 𝑋max scales as nuisance parameters 𝜈𝐸 and 𝜈𝑋max ,2 here in units

of standard scores. The hadronic interaction model has a signiőcant impact on the őt results, which

can be partially captured by a shift of the 𝑋max scale.

To determine the őt parameters, we use both a Bayesian sampler and a gradient-based minimizer

(see [10]). For the systematic uncertainties included as nuisance parameters, we use a Gaussian

likelihood logLsyst. The likelihood function for the measured energy spectrum logL𝐸 is modeled

as a Poisson distribution, and the 𝑋max likelihood logL𝑋max follows a multinomial distribution, as

in [4, 5, 10]. For the arrival directions, we employ a similar likelihood function as in [1, 2], but bin

the events 𝑛𝑒,𝑝 into detected energy bins 𝑒 and pixels 𝑝 and utilize the modeled energy-dependent

probability maps pdf𝑒 from eq. 2:

LADs =

∏

𝑒

∏

𝑝

(pdf𝑒,𝑝)𝑛
𝑒,𝑝

(3)

2In [5], we show results for both free nuisance parameters for the experimental systematic uncertainties, as well as

for őxed 𝜈𝑋max = 𝜈𝐸 = 0. In this work, we focus on the őrst case.
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Cen A, 𝒎 = 0 (ŕat) Cen A, 𝒎 = 3.4 (SFR) SBG, 𝒎 = 3.4 (SFR)

posterior MLE posterior MLE posterior MLE

𝛾 −0.89+0.37
−0.33 −0.65 −1.19+0.45

−0.39 −1.41 −1.02+0.43
−0.36 −1.25

log10(𝑅cut/V) 18.20+0.04
−0.05 18.23 18.21+0.04

−0.05 18.20 18.24+0.04
−0.06 18.22

𝑓0 0.07+0.01
−0.05 0.029 0.07+0.01

−0.05 0.031 0.19+0.07
−0.11 0.23

𝛿0/
◦ 30.5+2.0

−20.2 14.4 27.4+4.2
−17.0 14.3 18.8+5.9

−3.6 21.9

𝐼H 5.8+2.9
−2.6 × 10−2 4.2 × 10−4 1.2+0.2

−1.2 × 10−2 3.0 × 10−4 1.2+0.1
−1.2 × 10−2 1.0 × 10−4

𝐼He 2.7+0.4
−0.4 × 10−1 3.5 × 10−1 9.9+3.8

−2.9 × 10−2 1.2 × 10−1 1.1+0.3
−0.4 × 10−1 1.4 × 10−1

𝐼N 5.6+0.4
−0.4 × 10−1 5.0 × 10−1 6.7+0.7

−0.7 × 10−1 6.8 × 10−1 7.2+0.6
−0.6 × 10−1 7.3 × 10−1

𝐼Si 9.0+3.9
−3.4 × 10−2 1.4 × 10−1 1.5+0.5

−0.6 × 10−1 1.6 × 10−1 1.2+0.5
−0.5 × 10−1 9.8 × 10−2

𝐼Fe 2.3+0.9
−1.2 × 10−2 1.8 × 10−2 5.1+1.5

−1.8 × 10−2 4.4 × 10−2 4.7+1.3
−1.7 × 10−2 3.8 × 10−2

𝜈𝐸/𝜎 −1.24+0.68
−0.50 −1.35 0.23+0.42

−0.60 0.13 0.35+0.44
−0.65 0.40

𝜈𝑋max/𝜎 −0.94+0.29
−0.24 −0.97 −1.60+0.30

−0.25 −1.45 −1.55+0.26
−0.25 −1.33

𝑫syst 2.8 2.1 1.9

𝑫𝑬 (𝑁𝐽 = 14) 13.6 21.9 25.3

𝑫𝑿max
(𝑁𝑋max = 74) 107.4 113.6 112.7

𝑫syst + 𝑫𝑬 + 𝑫𝑿max
123.8 137.7 139.9

log LADs 9.4 9.5 13.5

log Ltot −228.51 −235.3 −232.4

TS𝑬 −1.4 −1.1 −4.5

TS𝑿max
0.2 1.0 2.0

TSADs 18.7 19.0 27.1

TStot 17.3 19.1 25.6

Table 1: Fit results for the Cen A and SBG models: the best-őt (MLE) parameters and the corresponding
deviance 𝐷 = −2(logL − logLsaturated) (see [4]) and log-likelihood values logL are stated. Also, the
posterior mean and highest posterior density interval obtained from a Bayesian sampler are given.

Since the observables are independent measurements, the total likelihood function is the product of

the individual likelihood functions: logLtot = logL𝐸 + logL𝑋max + logLADs + logLsyst.

In our analysis, we include only 𝐸det > 10 EeV for both spectrum and 𝑋max data. We expect

contributions from sources other than our catalog sources below this energy threshold, such as

Galactic or lower-energy extragalactic source classes, as supported by the őndings in [5]. However,

we also ensure that our model does not produce a larger ŕux below this threshold than measured

by Auger through a one-sided spectrum likelihood below 10 EeV. For the arrival directions, we

set an energy threshold at 16 EeV, as we do not intend to model the observed dipole in the arrival

directions that is strongest around 8 EeV [3] with our model.

3. Results

In table 1, the best-őt parameters obtained from the gradient-based minimizer, as well as the

posterior mean values including uncertainties from the Bayesian sampler, are provided for the

SBG and Cen A models. The corresponding őtted spectra and moments of the shower maximum

distributions are depicted in őgure 1. Notably, the spectral index 𝛾 ≈ −1 is hard for all models (note

minus sign in eq. 1), while the maximum rigidity is relatively small with log10(𝑅cut/V) ≈ 18.2.

Note that especially the spectral index is very sensitive to the uncertainty on the 𝑋max scale (see [10]),

which is determined to be around 𝜈𝑋max = −1.5𝜎, corresponding to a heavier true composition than
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intensity with the 𝛾-ray ŕux for a 𝛾-AGN source model is disfavored by the data measured at the

Pierre Auger Observatory.

4. Conclusion

In this work, a possible origin of the observed correlations between the arrival directions of

UHECRs and catalogs of extragalactic objects was investigated. For that, we performed a combined

őt of the energy spectrum, shower maximum depth distributions, and arrival directions, considering

propagation effects and an energy-dependent modeling of source contributions.

The largest test statistic (indicating how much the likelihood improves by adding catalog

sources, compared to the reference model with only homogeneous background) was found for

the model incorporating starburst galaxies. It amounts to 25.6 when experimental systematic

uncertainties are considered, corresponding to a signiőcance of 4.5𝜎. The best őt is reached with a

hard spectral index, a signal fraction of approximately 20% at 40 EeV, and a blurring of around 20◦

at 10 EV rigidity. A separate investigation of a model with Cen A as the sole source resulted in a

test statistic of around 20, independently of systematics and the background source evolution. We

demonstrated that the observed overdensity in the Centaurus region is well described by both NGC

4945 in the starburst galaxy model, as well as Cen A, where in both cases the contribution of the

respective source to the total ŕux is around 3% at 40 EeV. The 𝛾-AGN model, previously showing

correlations with arrival directions, does not agree well with the energy-dependent modeling of the

arrival directions in this work due to the strong contribution of the distant blazar Markarian 421.

Thus, it can be concluded that a scenario where the UHECR ŕux scales with the 𝛾-ray intensity is

disfavored.

Future extensions for this analysis could include investigating the effect of coherent deŕections

by the regular part of the Galactic magnetic őeld, exploring other source catalogs and lower energies,

and leveraging the AugerPrime upgrade to the Pierre Auger Observatory for improved sensitivity

and analysis capabilities.
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