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Abstract. After over 60 years, the powerful engines that accelerate ultra-high-energy cosmic rays (UHECRs) to
the formidable energies at which we observe them from Earth remain mysterious. Assuming standard physics,
we expect UHECR sources to lie within the local Universe (up to a few hundred Mpc). The distribution of matter
in the local Universe is anisotropic, and we expect this anisotropy to be imprinted on the distribution of UHECR
arrival directions. Even though intervening intergalactic and Galactic magnetic fields deflect charged UHECRs
and can distort these anisotropies, some amount of information on the distribution of the sources is preserved.
In this proceedings contribution, we present the results of the joint Pierre Auger Observatory and Telescope
Array searches for (a) the largest-scale anisotropies (the harmonic dipole and quadrupole) and (b) correlations
with a sample of nearby starburst galaxies and the 2MRS catalogue tracing stellar mass within 250 Mpc. This
analysis updates our previous results with the most recent available data, notably with the addition of 3 years
of new Telescope Array data. The main finding is a correlation between the arrival directions of 12.1%2‘:?% of
UHECRs detected with £ > 38 EeV by Auger or with E > 49 EeV by TA and the positions of nearby starburst
galaxies on a 15.1":‘:82 angular scale, with a 4.70 post-trial significance, up from 4.2¢" obtained in our previous
study.

1 Introduction of magnetic deflections depends on ZB/E, where Z is
the UHECR electric charge, B the strength of the mag-
netic field, and E is the UHECR energy. Therefore, at
higher energies we expect the anisotropic distribution of
sources to be better preserved than at low energies because
UHECRs travel more rectilinearly. Moreover, at higher
energies the UHECR propagation horizon is smaller and
the original anisotropy is more pronounced. However,
at higher energies the number of UHECRs is also much
smaller, thereby increasing the shot-noise contribution for
anisotropy searches. Large-scale anisotropies, for exam-
ple the harmonic dipole or quadrupole, corresponding to
anisotropies on angular scales of 180° and 90°, respec-
tively, are expected to be much less affected by strong
magnetic deflections of even some tens of degrees. On
the other hand, associating events with specific sources is
very hard unless the magnetic deflections, particularly the
stochastic ones, are small enough. It is therefore fruitful to
try to detect anisotropies at different energy scales.

Ultra-high-energy cosmic rays (UHECRs) are particles
which impact the Earth’s atmosphere with energies E >
1EeV = 10'%eV ~ 0.16]. Over 60 years after their dis-
covery, we still do not know what are the sources of UHE-
CRs and what is the mechanism that accelerates them to
such formidable energies [1, Z]. To a smaller extent, we
also still do not know what UHECRs are, namely what is
their mass composition. What we do know is that the high-
est energy rays are most likely extra-Galactic. This can be
inferred from the fact that their arrival direction distribu-
tion does not correlate with the matter density in the Milky
Way [B3-8].

At the highest energies, UHECRs lose energy or dis-
integrate because of their interactions with cosmological
background photons. This significantly reduces their prop-
agation length, which is limited to a few hundred Mpc at
a few tens of EeV and rapidly decreases further at higher
energies. At such distances the local Universe is highly
anisotropic, the more so the closer we look. Therefore, we The two largest cosmic-ray detector arrays in the world
expect that the distribution of UHECR arrival directions are the Pierre Auger Observatory (Auger) in Argentina and
is also anisotropic. However, charged UHECRS on their the Telescope Array (TA) in Utah, USA. Neither obser-
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are made. Moreover, there are comparably bright starburst
galaxies (SBGs) in both hemispheres, and with partial-sky
coverage we would miss some of them. It is therefore cru-
cial to combine the data from both observatories in order
to maximize their data yield. This is the motivation be-
hind the establishment of the TA-Auger working group
on UHECR arrival directions.

The first, and thus far only, anisotropy detected with
more than 50 significance was a 6.5% dipole at E > 8 EeV
reported by Auger [@] with approximately 32 000 events,
which has since grown in amplitude to 7.3% and in sig-
nificance to 6.6 [8] (with about 44 000 events). Hints of
a medium-scale anisotropy have been reported as a corre-
lation between the arrival directions of UHECRs and the
positions of nearby SBGs on a 15.5°*}3. angular scale,
disfavouring isotropy at 4.20" post-trial significance, using
a joint Auger-TA dataset [f] (for the Auger-only analysis
see [[1, B]).

2 The data sets

The Pierre Auger Observatory [J] is a hybrid detector
of UHECRs located in the Southern hemisphere in Ar-
gentina at a latitude of —35.2°. It consists of a surface
array of 1660 water-Cherenkov detectors covering an area
of approximately 3000 km?, overlooked by the fluores-
cence detector composed of 27 fluorescence telescopes.
The detector has been taking data since January 2004.
In this work, we use the dataset described in Ref. [IU],
consisting of events detected by the surface detector ar-
ray from 2004 Jan 01 to 2020 Dec 31. The geometrical
exposure is 95700 km? yr sr for Auger vertical events
(zenith angles 6 < 60°) and 26 300 km? yr sr for Auger
inclined events (60° < 6 < 80°). This corresponds to
39691 events with Eayeer > 8.53EeV and 2635 events
with Epyger > 32 EeV.

The Telescope Array [[IT] is a hybrid detector of UHE-
CRs located in the Northern hemisphere in Utah, USA at
a latitude of 39.3°. It is taking data since May 2008. The
surface detector of TA consists of 507 plastic scintillator
detectors covering an area of about 700 km?. The fluores-
cence detector of TA is composed of 38 fluorescence tele-
scopes arranged in 3 towers overlooking the surface detec-
tor area. In this work, we use the events with the zenith
angles 6 < 55° detected by the TA surface detectors array
from 2008 May 11 to 2022 May 10, namely three years
more compared to the previous analyses [, T2]. The effec-
tive exposure is 18 000 km? yr sr for TA events: this corre-
sponds to 6014 events with Et4 > 10EeV and 395 events
with Ets > 40.5EeV.

3 The cross-calibration

UHECR energy measurements are affected by sizeable
systematic uncertainties (+14% for Auger, +21% for TA).
If not corrected, a mismatch between energy scales can
yield a spurious dipole. For instance, imagine that events
with Eye = 10EeV are reconstructed as E.. = 9EeV by
Auger and as E.. = 11 EeV by TA. If we collect all events

with E. > 10EeV, then events with Ey, = 10EeV
are included in the TA data set but not in the Auger
one; therefore, the flux would appear to be larger in the
North compared to the South. It is therefore necessary
to cross-calibrate the two data sets before searching for
anisotropies. This can be done from the data themselves
without any extra assumptions on the nature of the energy
determination systematics by comparing the data of the
two observatories in the equatorial band where their ex-

posures overlap [T3].
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Figure 1. Top: the directional exposures of the datasets, with
the declination band used for the energy cross-calibration high-
lighted. Bottom: the energy cross-calibration fit (y?/ngs =
20.7/14; p = 0.11).

In this contribution we follow the recipe outlined
in [I2] (which itself follows the earlier works [I3-5])
and update it using the latest available data sets. We si-
multaneously fit a twice-broken power-law model for the
energy spectrum and a power-law model for the Eayger ¢
Eta conversion to the data in a common declination band
as shown in figure [:

EAuger = Eea(ETA/EA')ﬁ ,and Etp = Ee_(Y/ﬁ(EAuger/E)l/ﬁ >
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where £ = 10EeV, @ = —0.159 + 0.012 and 8 = 0.945 +
0.016. The fit returns y?/n = 20.7/14 with n = 14 degrees
of freedom, corresponding to a p-value of 0.11. Note that
in this fit we used data sets optimized for anisotropy stud-
ies at Eta > 10 EeV: the result must not be extrapolated to
lower energies or used outside of the scope of this analysis.

4 Latest results

4.1 Large-scale anisotropies: dipoles and
quadrupoles

The flux ®(i) of UHECRS as a function of the arrival di-
rection fi can be expanded into spherical harmonics Y, (1)
as

+oo  +{

d(h) = Z Z Apm Y g ()

=0 m=—-¢

=(I)avg><(1+d~ﬁ+ n-Qh+---1,

1
2
where the coefficients ay, represent anisotropies on
scales O(180°/¢). The contribution of the two lowest non-
trivial harmonics ¢ = 1,2, the dipole and quadrupole, can
be rewritten in terms of a dipole vector d and the sym-
metric traceless quadrupole tensor Q;; as d = \/§(a ux +
ai_1y + aio2)/ago, and Q. — Oy = 2V15an/ag, Qx. =
Vi5axi/ag, Qpn = V15ar_i/ag, Q. = 2V5axn/aw,
Oy = V15a:_, [ago (the remaining components of Q;; are
obtained from its symmetry and zero trace conditions).

The dipole amplitude |d| and the quadrupole ampli-
tude |Q| are relatively insensitive to magnetic fields, pro-
viding some information about sources: coherent deflec-
tions mainly affect the directions of d, Q rather than their
amplitudes, and small-scale random deflections only at-
tenuate the 2‘-pole by a factor O (exp(—€29t2urb/2)), where
Owrb 1s the average deflection accumulated from the scat-
tering in turbulent magnetic fields, so that most of the |d|
and a sizeable fraction of the |Q| should survive (see also
ref. [LA]).

Using a full-sky data set wherein the exposure w(fi)
is non-zero everywhere, each as, can be independently
estimated in a way that is unbiased regardless of any as-
sumption made about higher multipoles [I2], as ag, =
>k Yem(fiy)/ () where the sum runs over all kK UHECR
events.

Our results are listed in table M: we do not find
any deviations from isotropy other than a weakly energy-
dependent dipole towards a direction far away from the
Galactic Center and a hint of a quadrupole at the high-
est energies roughly along the Supergalactic Plane. Com-
pared to the previous analysis [[7] the dipole component
dy = 5.0%+1.1%+0.0% has become more prominent, viz.
dy = 4.8% + 1.1% + 0.0%, while most uncertainties have
slightly decreased. The reconstructed strength of large-
scale anisotropies remains at the low edge of a range of
model expectations such as those of refs. [I"Z, IX], sug-
gesting a medium to heavy mass composition.

4.2 Medium-scale anisotropies: correlations with
nearby galaxies

In order to search for medium-scale anisotropies we need
to focus on the highest energies, where the magnetic de-
flections are expected to be smaller and the UHECR prop-
agation horizon shrinks (thus, fewer candidate sources re-
main, making the anisotropy from the distribution of the
sources more pronounced). However, the amount of statis-
tics available at those energies is dramatically lower, mak-
ing “blind” searches very unlikely to succeed. We there-
fore perform targeted searches based on two different cat-
alogues, following our previous study [G]. The first is a
list of 44 113 galaxies of all types at distances 1 Mpc <
D < 250 Mpc, based on the 2MASS catalogue with dis-
tances from HyperLEDA and weights assumed propor-
tional to the near-infrared flux in the K-band (2.2 um).
The second is a list of 44 starburst galaxies (SBGs) at dis-
tances 1 Mpc < D < 130 Mpc, taken from Ref. [T9] except
that we removed the SMC and LMC (these are dwarf irreg-
ular galaxies, not SGBs, as inferred from the fact that their
infrared-to-radio flux ratio is much lower than all other ob-
jects of the list), and we added the Circinus galaxy with
data from the Parkes telescope (o = 213.29°, § = —65.34°,
D = 421, S146n, = 1.50 Jy); these galaxies were as-
signed weights proportional to their radio flux at 1.4 GHz,
see also Ref. [R].
We define the test statistic

L(kb, f’ Emin)
L(lﬁ, 07 Emin) ’

Q(1;; ¢, fHw(i;)
L(d/’ f’ Emin) = s
Eil;!;ﬁn v dQ (D(ﬁ’ lﬁ’ f)w(ﬁ)

TS(‘/’? fv Emin) =21n

where w(f) is the combined directional exposure of the
two data sets, and the flux model is

O; ¥, f) = fq)signal(ﬁ§ )+ A= f)q)background s

where the contribution of each source is a von Mises—
Fisher distribution and the background is isotropic (nor-
malized to 1 over the whole sphere):
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Here E; and fi; are the energy and arrival direction of the
i-th event; w, and fi; are the weight and position of the s-th
source candidate, and i is the root-mean-square deflection
per transverse dimension (i.e. the total r.m.s. deflection
is V2 x ). The analysis is repeated using energy thresh-
olds of 32 EeV,33 EeV,...,80 EeV on the Auger scale,
corresponding to 40.5 EeV,41.9 EeV,...,106.8 EeV on
the TA scale.

In this work, we neglect the energy losses undergone
by cosmic rays, because, given the distance distributions
of the objects we are considering, the effect of energy
losses on the results can be presumed to be relatively small
(in the case of all galaxies) or negligible (in the case of
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Table 1. Our measurements of the dipole and quadrupole moments. The first uncertainty is statistical, the second is due to the
uncertainty in the cross-calibration of energy scales. Values in italics (bold) are locally significant at > 20 (> 407).

EAuger [EeV] [8.53,16) [16,32) [32, +c0)
Eta [EeV] [10,19.49) [19.49,40.5) [40.5, +c0)

d, [%] -02+1.1+£0.0 +09+19+0.0 -44+ 37x0.1
d, [%] +5.0+1.1+0.0 +4.4+1.9+0.0 +10.0+ 3.5+0.0
d, [%] -3.0+13+12 -84+22+13 +33+ 44+35

Owx — Oy [%] | -43+£46+0.0 +129+£81+0.0 +39.7+15.0+0.0
0, [%] -2.7+27+0.0 +4.1+4.7+0.0 +49+ 9.7+0.1
Oy [%] —-43+27+0.0 -83+4.6+0.1 +12.8+ 9.1+0.3
0., [%] +0.5+£3.1+1.5 +45+£54+1.5 +22.0+10.3 £ 4.1
Oy [%] +13+23+00 -06+40=+0.1 +4.0+ 7.8+0.1
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Figure 2. The observed flux in the three energy bins used for the large-scale anisotropies (top panels), and the reconstructed directional

flux truncated to ¢ < 2 (bottom panels).

SBGs). This enables us to be agnostic about the UHECR
injection properties, thus reducing the number of model
parameters for this search.

We present the result for the TS in figure B. The most
significant correlation we found gives TS = 31.1 with
the SGB catalogue, using Eni, = 38 EeV on the Auger
scale (49 EeV on the TA scale), ¢ = 15.1°*35., and f =
12.1%f§:§3§; the observed flux and the model prediction
are compared in figure B. The post-trial significance of
this is 4.70-® This is a significant increase compared to
the previous analysis [6], wherein the TS = 27.2 corre-
sponded to a post-trial significance of 4.207; the Auger-
only analysis presented in [[0U] obtained 7S = 25.0 and
a post-trial significance of 4.00~. The correlation with the
catalogue of all galaxies is much weaker at TS = 14.3 us-
ing Enin = 40EeV on the Auger scale (51 EeV on the TA
scale), ¢ = 28°*1%., and f = 41%*%%, with a post-trial
global significance of 2.70—this has decreased compared
to our previous study in which the TS = 16.2 returned a

global significance of 2.90.

IThe post-trial significance is found accounting for the scans over all
three parameters: i, f and Epip.

5 Summary and Outlook

In this work we have updated the full-sky searches for
large-scale and medium-scale anisotropies in the distribu-
tion of UHECR arrival directions, making use of the lat-
est data sets available, namely 17 years of data taken with
the Pierre Auger Observatory (the same used in our pre-
vious analyses) and 14 years of data taken with the Tele-
scope Array (three years more compared to our previous
study). Using the same methods outlined in [f, 7] the
most important findings are: (1) a mild increase in the
significance of the d, dipole component which grew from
dy=48% +1.1% £ 0.0% to dy = 5.0% + 1.1% + 0.0%;
(2) a marked increase in the post-trial statistical signifi-
cance of the correlation with SBGs, which in this study is
found to peak at 4.70 (cf. 4.20 in the previous analysis)
using Enin = 38 EeV on the Auger scale (49 EeV on the
TA scale), with r.m.s. deflection parameter ¢ = 15.1°f‘3‘18:,
and correlated flux fraction f = 12.1%*377.

Besides the obvious increase in statistics, our results
complement single-hemisphere analyses in two qualitative
ways. In the case of large-scale anisotropies, having full-
sky coverage means that we do not need to assume any-
thing about the UHECR flux, and the first moments of
the harmonic flux decomposition can be recovered without
bias. In the case of medium-scale anisotropies, we are able
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Figure 3. The TS as a function of the energy scale for the SBG catalogue (green) and the all-galaxies catalogue (violet).

Figure 4. The observed UHECR flux above 38 EeV on the Auger scale (49 EeV on the TA scale) (left), compared to the starburst

galaxy model predictions (right).

to observe all comparable sources; for example in the case
of SBGs, the two most UHECR-bright sources, NGC4945
and M82, are in opposite hemispheres.

The astrophysical interpretation of the UHECR-SBG
association is complicated by our incomplete knowledge
of intergalactic and Galactic magnetic fields as well as the
UHECR mass composition. Indeed, in our analysis, in or-
der to reduce statistical penalties, the TS was based on a
simple model that does not take into account the energy
losses of UHECRs (which depend on their mass composi-
tion), coherent magnetic deflections, and the possibility of
several anisotropic classes of sources at once. In order to
estimate their effects, and therefore to better interpret our
results, we are generating simulated sets of data based on
a variety of scenarios, which we will subject to the same
analyses as the observational data to test which simula-
tions return similar values for ¢, f, TS as the data.

TA is undergoing an upgrade (TAx4) which will in-
crease its area by a factor of 4, and which will rapidly re-
duce statistical uncertainties in the northern hemisphere—
currently a bottleneck for our combined analyses. New
scintillation and radio detectors are being added to the

existing water-Cherenkov and fluorescence detectors (the
AugerPrime upgrade), which will reduce statistical and
systematic uncertainties on UHECR masses. Moreover,
improved mass estimation from new analysis techniques
(e.g., machine learning) are being developed [20, IXT].
The combination of these will allow us to study mass-
dependent anisotropies, potentially allowing us to disen-
tangle the effects of magnetic deflections from the distri-
bution of UHECR sources, for instance by selecting high-
rigidity samples with smaller magnetic deflections. To
conclude, given the statistical significance of the results
presented here, in particular the 4.70 correlation of UHE-
CRs with the SBG catalogue, it is imperative that the two
observatories continue running through this decade in or-
der to decidedly confirm this correlation.
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