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ABSTRACT

A new analysis of the dataset from the Pierre Auger Observatory provides evidence for anisotropy in the arrival
directions of ultra-high-energy cosmic rays on an intermediate angular scale, which is indicative of excess
arrivals from strong, nearby sources. The data consist of 5514 events above 20EeV with zenith angles up to
80� recorded before 2017 April 30. Sky models have been created for two distinct populations of extragalactic
gamma-ray emitters: active galactic nuclei from the second catalog of hardFermi-LAT sources (2FHL) and
starburst galaxies from a sample that was examined withFermi-LAT. Flux-limited samples, which include all
types of galaxies from theSwift-BAT and 2MASS surveys, have been investigated for comparison. The sky
model of cosmic-ray density constructed using each catalog has two free parameters, the fraction of events
correlating with astrophysical objects and an angular scale characterizing the clustering of cosmic rays around
extragalactic sources. A maximum-likelihood ratio test is used to evaluate the best values of these parameters
and to quantify the strength of each model by contrast with isotropy. It is found that the starburst model �ts
the data better than the hypothesis of isotropy with a statistical signi�cance of 4:0� , the highest value of the
test statistic being for energies above 39EeV. The three alternative models are favored against isotropy with
2:7- 3:2� signi�cance. The origin of the indicated deviation from isotropy is examined and prospects for more
sensitive future studies are discussed.
Keywords:astroparticle physics — cosmic rays — galaxies: active — galaxies: starburst — methods: data

analysis

1. SEARCH FOR UHECR ANISOTROPIES

Identifying the sources of ultra-high-energy cosmic rays
(UHECRs) has been a prime goal of particle astrophysics
for decades. The challenge is great, because the �ux falls
rapidly with increasing energy, and because UHECRs have
a mixed mass composition (Aab et al. 2014a, 2016a) so that
some or all of them experience substantial magnetic de�ec-
tions. Many scenarios have been proposed involving different
populations of host galaxies. In this Letter, we investigate
whether intermediate-scale1 anisotropies in UHECR arrival
directions are associated with either or both of two prominent
classes of extragalactic sources detected byFermi-LAT – ac-
tive galactic nuclei (AGNs) and starburst galaxies (SBGs) –
using the gamma-ray luminosity or its surrogate (radio emis-
sion for SBGs) as a proxy for the relative luminosity of each
source in UHECRs.

The rate of energy production of UHECRs determined from
observations above 1018eV is close to 1045ergMpc- 3 yr- 1

(Unger et al. 2015). Based on theFermi-LAT survey, Dermer
& Razzaque (2010) argue that AGNs and SBGs match such
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1 “Intermediate” denotes hereafter angular scales larger than the experi-

mental resolution,� 1 � , and smaller than large-scale patterns,&45� .

rates in the gamma-ray band. Due to the low density of de-
tected SBGs and AGNs, and the attenuation of UHECR �ux
with increasing distance (GZK effect, Greisen 1966; Zatsepin
& Kuz'min 1966), a few objects would be expected to domi-
nate the local �ux, naturally producing an intermediate-scale
anisotropy if these sources contribute a suf�cient fraction of
the UHECR �ux.

The AGN and SBG populations are well-motivated physi-
cally. AGNs are favored source candidates because their jets
and radio lobes satisfy the Hillas criterion for shock acceler-
ation (Hillas 1984). SBGs – being loci of intense star forma-
tion – potentially have increased rates of extreme events as-
sociated with the deaths of short-lived, massive stars, such as
gamma-ray bursts, hypernovae, and magnetars (see e.g. Bier-
mann et al. 2016; Perley et al. 2016). Their winds have also
been proposed as possible reacceleration sites (Anchordoqui
et al. 1999).

The analysis presented here is an advance in several ways.
First, Fermi-LAT observations of gamma rays from two ex-
tragalactic populations provide us with possible ansatzes for
the relative UHECR �uxes from source candidates. That in-
formation makes the present analyses potentially more sen-
sitive than previous studies based solely on the source di-
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