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The region of the toe in the cosmic-ray spectrum, located at about 45 EeV by the Pierre Auger
Collaboration, is of primary interest in the search for the origin of ultra-high energy cosmic rays
(UHECRs). The suppression of the flux with increasing energy can be explained by the interaction
of UHECRs with intergalactic photons, resulting in a shrinking of the observable universe, and/or
by cut-offs in acceleration potential at the astrophysical sources, yielding a high-rigidity sample of
single (or few)UHECR species around the toe. The predominance of foreground sources combined
with reduced deflections could thus offer a path towards localizing ultra-high energy accelerators,
through the study of UHECR arrival directions. In this contribution, we present the results of blind
and astrophysically-motivated searches for anisotropies with data collected above 32 EeV during
the first phase of the PierreAugerObservatory, i.e. prior to theAugerPrime upgrade, for an exposure
of over 120,000 km2 yr sr. We have conducted model-independent searches for overdensities at
small and intermediate angular scales, correlation studies with several astrophysical structures,
and cross-correlation analyses with catalogs of candidate extragalactic sources. These analyses
provide the most important evidence to date for anisotropy in UHECR arrival directions around
the toe as measured from a single observatory.
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1. The Southern sky at ultra-high energies

The night sky is full of marvels. At the high-energy frontier, beyond EeV (≡ 1018 eV) energies,
the night-sky brightness is dominated by ultra-high energy cosmic rays (UHECRs). UHECRs are
detected, following their entry in the atmosphere, by sampling with a surface detector the secondary
particles resulting from the development of extensive air showers and, during clear moonless nights,
through the fluorescence light emitted by nitrogen molecules excited by these secondary charged
particles [1]. The surface detector of the Pierre Auger Observatory has enabled an exquisite
measurement of the UHECR spectrum [2]: it features a spectral hardening at 5.0±0.1±0.8sys. EeV,
the “ankle”, followed by two softenings at 13 ± 1 ± 2sys. EeV and 46 ± 3 ± 6sys. EeV, denoted here
as the “instep” and the “toe”, respectively. UHECRs above the ankle have long been thought to
be of extragalactic origin, based on the spectral hardening which suggests an origin distinct from
the lower energy spectral component. Such an extragalactic origin was recently confirmed by the
discovery of a large-scale deviation from isotropy [3]. This discovery is driven by a first-harmonic
modulation in right-ascension in the instep region, between 8 and 16 EeV, which is well modeled
by a dipole of amplitude 6.3+1.3−0.9 % (with a ?-value of 3.1× 10−7) growing with energy up to 10 and
16% in the energy ranges 16 − 32EeV and ≥ 32 EeV, respectively [4]. The reduced event counts
weakens the ?-values in these two higher energy ranges (7 × 10−4 and 1%, respectively).

UHECR data collected above the ankle at the Pierre Auger Observatory are best described
by a mix of nuclear species, ranging from protons to nuclei at least as massive C-N-O. Both the
spectrum and mass-dependent observables fit within a scenario where nuclei are accelerated up to
a rigidity ' ≡ �// ≈ 5 EV [2], where � and / are the energy and charge of the nucleus. The by-
products of He nuclei are thus expected to dominate the instep region while those of C-N-O nuclei
would dominate the toe region. He and C-N-O nuclei travel to the Earth across limited distances,
characterized by a lifetime of ∼1Gyr in the instep region or 10 − 100Myrs in the toe region [5].
Such limited lifetimes motivated the comparison of the UHECR dipole in the instep region with
the distribution of stellar mass within 140Mpc from the 2MRS catalog [6]. Both the evolution of
the UHECR dipole amplitude and its direction fit within a scenario where UHECR sources follow
the distribution of stellar mass traced by 2MRS in the local Universe, accounting for the crucial
but still underconstrained deflections in the Galactic magnetic field (see [3] and references therein).
Whether all galaxies host UHECR accelerators or sub-categories of hosts are preferred remains to
be determined. The toe region may hold crucial clues, as a reduced horizon at these energies could
reveal preferred directions or patterns aligned with all or some nearby galaxies.

Here, we re-examine searches for anisotropies [7, 8] above 32 EeV, where the significance of the
dipolar signal drops. Revisiting the major searches for small- and intermediate-scale anisotropies
performed by the Pierre Auger Collaboration is motivated by the wealth of data accumulated over
more than 80% of the sky with the Observatory. The dataset explored in the present work covers
17 years (Jan. 2004 − Dec. 2020) of operation of the surface detector, which is composed of 1,600
stations spread over an area of 3,000 km2 in the province of Mendoza, Argentina [9].1 The exposure
accumulated up to zenith angles of 80◦ over this period corresponds to 122,000 km2 sr yr (vs. 66,000
and 90,000 km2 sr yr in [7, 8], respectively), with more than 2,600 events above 32 EeV.

1Despite the pandemic, the surface detector of the Pierre Auger Observatory showed high-reliability throughout 2020:
a steady event rate is observed above its full-efficiency energy threshold across the 17 years of operation.
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2. Underconstrained searches for anisotropies

Following [7], we start with a blind search for a localized overdensity. The number of events,
#observed, above an energy threshold �th within a disc of radiusΨ centered on equatorial coordinates
(R.A.,Dec.) is compared with that expected, #expected, from an isotropic distribution of arrival
directions accounting for the geometric exposure of the Observatory. The search is performed over
a grid, by threshold steps of 1 EeV between 32 and 80 EeV, by radial steps of 1◦ between 1◦ and
30◦, and on a directional grid of 1◦ spacing, a value which corresponds to the angular resolution of
the Observatory at the energies of interest. Besides searching for the main overdensity in the field
of view (FoV) of the Observatory, a search for autocorrelation on specific angular scales offers the
possibility to evaluate a coherent clustering in multiple directions. The autocorrelation search is
performed over the same threshold grid as the overdensity search and, following [7], pairs of events
are counted over a radial grid of 1◦-steps from 5◦ to 30◦, with a spacing of 0.25◦ from 1◦ to 5◦.

The two analyses discussed above are fully model-independent and can be complemented by
studies of specific large-scale planar structures, more particularly the supergalactic plane, along
which galaxies within a few tens of Mpc are distributed, and the Galactic plane and center which
were studied in [7]. The number of free parameters, or alternatively the dimensionality of the
grid, is reduced for such analyses as the direction is fixed. The threshold and the angular scale are
explored over the same grid as that employed for the autocorrelation search.

Analysis �th [EeV] Ψ [deg] #observed #expected Post-trial ?-value
Overdensity 41 24 156 98 1.4 × 10−2

Autocorrelation 41 11 11,709 11,023 0.21
Supergalactic plane 44 20 395 351 0.16
Galactic plane 58 20 154 132 0.41
Galactic center 64 18 17 10 0.54

Table 1: The results of the searches for a localized overdensity, for autocorrelation of events and for
overdensities along the supergalactic plane, Galactic plane and Galactic center. The threshold energy and
disc/band radius (pair angular distance for the autocorrelation study) minimizing the probability that the
signal arises from isotropy are reported in the second and third columns. The number of events (of pairs for
the autocorrelation study) observed and expected above the indicated energy threshold and at the indicated
angular distance are reported in the fourth and fifth columns. The last column provides the post-trial ?-value
accounting for the search over the grid.

The results of the analyses are presented in Table 1. The reported energy threshold and
angle are those that minimize the probability that the signal arises from isotropy. The overdensity,
autocorrelation and supergalactic plane searches show a maximal excess above similar energy
thresholds,2 close to 40 EeV, while the largest excesses along Galactic structures are found at
energy thresholds close to 60 EeV. None of the search yields a notable deviation from isotropy,
with significances smaller than 1f for Galactic searches, autocorrelation and supergalactic plane
studies, and about 2.2f for the search for a localized overdensity.3

2The energy resolution of the surface detector is estimated at ∼ 7% in the energy range of interest [2].
3All ?-values are converted here into significances as B =

√
2 erfc(−1) (2?) .
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Figure 1: Left: The flux map in Galactic coordinates of UHECRs above 41 EeV smoothed with a top-hat
profile of radius 24◦. Right: The associated Li & Ma pre-trial significance map of localized overdensities.
The supergalactic plane is shown as a light grey solid line. The edge of the FoV of the Pierre Auger
Observatory is shown as a dark grey dashed line.

A further examination of the results of the overdensity search is provided in Fig. 1. TheUHECR
flux map and pre-trial significance map are displayed in Galactic coordinates following the same
procedure as in [10], above an energy threshold of 41 EeVwith a top-hat smoothing on angular scale
of 24◦, which correspond to the values found in the overdensity study. The most significant excess,
with a post-trial ?-value of 1.4%, is found in the direction (R.A.,Dec.) = (198◦,−47◦), close to the
intersection of the Galactic and supergalactic planes at Galactic coordinates (;, 1) ≈ (307◦, 16◦).

3. Catalog-based searches for anisotropies

No indication beyond 3f is found in the searches highlighted in Table 1. These limitations
motivatemore constrained studies, either in specific areas of the sky or against flux patterns expected
frommultiwavelength extragalactic observations. A favored area of the sky is the Centaurus region,
which has raised interest from the UHECR community since the early days of the Pierre Auger
Observatory (see [11], with an exposure equivalent to ∼ 7% of the current one). This region encom-
passes prominent galaxies from the Council of Giants [12], which consists of galaxies distributed
in a disk of 3 − 5Mpc radius roughly centered on the Milky Way. These prominent electromag-
netic sources are the radio-galaxy CentaurusA at (;, 1) = (309.5◦, 19.4◦) and the starforming
galaxies M83 at (;, 1) = (314.6◦, 31.9◦), Circinus at (;, 1) = (311.3◦,−3.8◦) and NGC4945 at
(;, 1) = (305.3◦, 13.3◦), the latter two also containing a Seyfert nucleus.4

An overdensity search dedicated to this region, centered on CentaurusA based on the a priori
choice adopted by the community, yields a most significant excess of 56 events on top of 120
expected above a threshold energy of 41 EeV and within a radius of 27◦, as illustrated in Fig. 2, left.
These values are, as expected, comparable to those obtained from the main localized overdensity,
although that underconstrained analysis is more penalized by the directional search. With a signal
fraction of 4.4 ± 0.6 % relative to all events observed above 41 EeV and a post-trial ?-value of
6 × 10−5, an a priori focus on the Centaurus region provides a 3.9f deviation from isotropy at
intermediate angular scales in the toe region.

4As radio-galaxies, Seyfert galaxies are active galactic nuclei (AGN) displaying a bright core emission induced by
accretion onto the central supermassive black hole (SMBH). Seyfert galaxies are non-jetted AGN, contrarily to radio
galaxies such as CentaurusA, which can show prominent jets extending out to Mpc scales.
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Figure 2: Left: The pre-trial ?-value for an overdensity in the Centaurus region as a function of the
energy threshold, �th, and top-hat radius, Ψ. A golden cross marks the threshold energy and top-hat radius
corresponding to the most significant signal. Right: The test statistic profile as a function of threshold energy
for the four studied catalogs, with attenuation according to best-fit composition scenario from [13]. The local
?-value, penalized for the search over the angular scale and signal fraction, is shown on the right-hand side
axis. The profile of the local ?-value for an overdensity in the Centaurus region, accounting for the scan in
Ψ, is shown as a golden line.

Given the numerous objects which could contribute to the excess in the Centaurus region, we
follow the analysis in [8] to determine whether specific flux patterns are preferred over the FoV
of the Observatory. Four catalogs are investigated. The largest one, with 44,113 galaxies out to
250Mpc and beyond the Local Group (> 1Mpc), contains near-infrared (IR) observations from
2MASS up to a K-band magnitude of 11.75. We crossmatched the catalog with the HyperLEDA
database,5 which provides spectroscopic redshifts and cosmic-ladder distance estimates for galaxies
out of the Hubble flow. This IR catalog, which is flux-limited over more than 90% of the sky and
is essentially comparable to 2MRS, enables a mapping of stellar mass in the local Universe with
appropriate distances for nearby objects. Galaxies with a high star-formation rate, loosely denoted
here as “starburst” galaxies, are selected from [14]. We exclude from the original sample the LMC
and the SMC which, as dwarf irregular galaxies, show a far-infrared (60 `m) to radio (1.4GHz)
flux ratio higher by more than one order of magnitude with respect to starburst galaxies. We add
to the sample the Circinus galaxy, as observed by the Parkes telescope, which was not included
by [14] because of its location in the zone of avoidance. This compilation provides a sample of
44 starbursts with 1.4GHz fluxes larger than 0.3 Jy between 1 and 130Mpc, whose distances are
extracted from HyperLEDA. Besides star formation, the other major process that can drive the
life and feedback of a galaxy is AGN activity. Both non-jetted and jetted AGN are selected from
the Swift-BAT 105-month catalog [15] with an integral flux between 14 and 195 keV larger than
8.4 × 10−12erg s−1 cm−2 (flux limit over more than 90% of the sky). This X-ray sample, cross-
matched with HyperLEDA and NED,6 contains 523 AGNs between 1 and 250Mpc. Finally, a
specific attention is paid to jetted AGNs, selected from the Fermi-LAT 3FHL catalog [16] above a
10GeV−1 TeV flux of 3.3 × 10−11 cm−2 s−1 (flux limit over 90% of the sky). A total of 26 sources
remains after selection between 1 and 250Mpc, with distances from HyperLEDA. These four
catalogs are improved versions of those used in [8, 17], although the updates have negligible impact

5http://leda.univ-lyon1.fr/

6https://ned.ipac.caltech.edu/
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Catalog �th [EeV] Ψ [deg] U [%] TS Post-trial ?-value
All galaxies (IR) 40 24+16

−8 15+10
−6 18.2 6.7 × 10−4

Starbursts (radio) 38 25+11
−7 9+6−4 24.8 3.1 × 10−5

All AGNs (X-rays) 41 27+14
−9 8+5−4 19.3 4.0 × 10−4

Jetted AGNs (W-rays) 40 23+9−8 6+4−3 17.3 1.0 × 10−3

Table 2: The results of the searches for anisotropies against catalogs. The second to fourth columns provide
the threshold energy, the equivalent top-hat radius and the signal fraction maximizing the local TS, or
post-trial ?-value, shown in the fifth and sixth columns.

on the analysis results. The catalogs are fully complementary: 2MASS infrared observations of
“all” galaxies provide, through stellar mass, a deep view on integrated star-formation activity; radio
observations of bright starburst galaxies provide a more instantaneous view on ongoing starforming
activity; X-ray observations provide a census of “all” active galaxies, be they jetted or non-jetted;
W-ray observations finally focus on a sub-sample of jetted active galaxies.

To determine whether the flux patterns from these catalogs contribute to the anisotropy in the
toe region, we perform an unbinned maximum-likelihood ratio test [8] between the null hypothesis,
isotropy, and the test hypothesis, that is a catalog contribution added to an isotropic component,
where both hypotheses account for the exposure of the Observatory. The flux of each source is
weighted according to the UHECR attenuation expected from the best-fit model of the spectral and
composition data from [13]. The overall UHECR flux contribution of the catalog is normalized to
a free amplitude U (that of the isotropic component is 1-U) and the catalog flux pattern is smoothed
with a Fisher - von Mises function on a Gaussian angular scale, \. The local test statistic, TS,
corresponding to the maximum likelihood ratio is shown as a function of energy threshold in Fig. 2,
right. The TS profiles of the catalogs display an energy dependence similar to that observed in
the Centaurus region, obtained by profiling the pre-trial ?-value in Fig. 2, left, and penalizing for
the scan over the angular scale. As reported in Table 2, the signal is maximal for all four catalogs
above an energy threshold close to 40 EeV. For the sake of comparison with other results, the best-fit
Gaussian angular scales are converted to equivalent top-hat radii as Ψ = 1.59× \ [17], with best-fit
values at Ψ ≈ 25◦. The signal fractions range from 6 to 15%. The local TS range between 17 and
25, yielding post-trial ?-values between 10−3 (3.1f) and 3 × 10−5 (4.0f), accounting for the scan
in energy threshold and the two free parameters (U, \).

Although similar parameters are inferred for the four catalogs, the TS and corresponding
post-trial ?-values show marked differences. A quantitative comparison between the catalogs is
performed, as in [8], by testing a composite model including contributions from catalog #1 and
catalog #2 against a model including a contribution from catalog #1 only. A W-ray only, X-ray
only, or IR only contribution is disfavored with respect to a composite model including a radio
contribution from starburst galaxies above 38 − 41EeV at confidence levels varying between 2
and 3f. While there is no significant indication for a preferred catalog, such differences can be
qualitatively understood from a comparison of the observed flux map shown in Fig. 1 with the best-
fit flux models shown in Fig. 3. The X-ray and W-ray models of all and jetted AGNs are dominated
by a contribution from Centaurus A, with additional mild contributions close to the edge of the
FoV from NGC4151 (so-called “Eye of Sauron”) for the former and from the blazar Markarian 421
and the radio-galaxy NGC1275 for the latter. The possible mild excess south of the edge of the
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Figure 3: The best-fit flux models of the four catalogs in Galactic coordinates, smoothed on a top-hat scale
of 24◦ as in Fig. 1. The maps are normalized so that the mean flux in the FoV of the Observatory equals
the mean observed flux. The color scales cover the observed flux ranges above the best energy threshold
associated to each catalog.

FoV in Fig. 1, which could be viewed as being associated to NGC1275, is unlikely to contribute
to the TS in any of the models as it arises from only few counts close to the edge of the FoV. The
model of starburst galaxies features both a prominent excess in the Centaurus region, mostly from
NGC4945 and M83, as well as an excess close to the South Galactic pole, dominated by NGC253.
This excess, together with a different pattern in the Centaurus region, is responsible for the larger
TS score of the starburst model. The IR sky model shows prominent contributions both close to the
South Galactic pole and in the Centaurus region, but the expected excess north of the latter region ,
arising from the Virgo cluster, appears to be disfavored by the observations.

4. Discussion and conclusion

UHECR observations at the Pierre Auger Observatory have enabled the firm detection of a
large-scale anisotropy in the instep spectral region. This dipolar component provided the first
observational evidence for UHECRs above the ankle originating outside the Milky Way. A total
of 17 years of accumulated exposure further provides evidence for anisotropy in the toe region, on
an angular scale of Ψ ≈ 25◦ (top-hat) or \ ≈ 15◦ (Gaussian). Underconstrained searches, with
no strong astrophysical a priori, are unable to catch any significant excess because of the vastness
of the parameter space to be probed. A more constrained search based on early-day indications
reveals a ∼ 5% signal fraction from the Centaurus region. The evidence is confirmed up to a 4f
confidence level by analyses of UHECR arrival directions against multiwavelength catalogs tracing
stellar mass, starforming activity, and AGN activity including or excluding non-jetted sources. The
catalog yielding the smallest ?-value grasps a possible tepid spot close to the South Galactic pole,
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although no statistically compelling evidence for a catalog preference can be stated due to the limited
event counts at the highest energies.

The observational ability to discriminate between extragalactic astrophysical scenarios nonethe-
less remains crucial: whether UHECR acceleration is linked to starforming or SMBH activity would
point the community towards preferred sources, e.g. in the form of long W-ray bursts or jetted AGNs,
respectively. Such a potential may be offered by full-sky coverage, as illustrated by the different
flux levels in the blind spot of the Observatory shown in Fig. 3. Probing mass composition across
the celestial sphere may provide further clues, as different nuclear species probe different volumes
of the Universe at a given energy. Finally, deeper multiwavelength catalogs of galaxies may provide
a handle to model the UHECR sky from the ankle to the toe region. The combination of these
efforts, explored separately in this proceeding volume, may very well provide answers to the seminal
question of the field of astroparticles.

References

[1] A. Aab et al. [Pierre Auger Coll.], Nucl. Instrum. Meth. A 798 (2015) 172 [1502.01323].
[2] A. Aab et al. [Pierre Auger Coll.], Phys. Rev. Lett. 125 (2020) 121106 [2008.06488].
[3] A. Aab et al. [Pierre Auger Coll.], Science 357 (2017) 1266 [1709.07321].
[4] R. M. de Almeida [for the Pierre Auger Coll.], these proceedings.
[5] R. Aloisio, V. Berezinsky and S. Grigorieva, Astropart. Phys. 41 (2013) 94 [1006.2484].
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