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Summary. — Recently the Pierre Auger Observatory has observed a dipolar
anisotropy of amplitude ~6.5% above 8 x 10'® eV that is unrelated to the Galactic
plane. While the significance is largest above 8 x 10*® eV, the cosmic ray data indi-
cate a growth of the dipolar amplitude from 4 x 10'® eV to 3.2 x 10'° eV and beyond.
Furthermore, above 4 x 10'? eV, indications have been found for intermediate-scale
anisotropies associated with extragalactic gamma-ray sources. Apart from those
indications no other significant anisotropies are seen. We review these observations
and discuss their relevance for the origin of ultra-high energy cosmic rays.

1. — Introduction

Even after more than a hundred years of research the origin and the sources of cosmic
rays are still not known beyond doubt. This is in particular true for ultra-high energy
cosmic rays (UHECRSs) in the energy range above ~ 1017 eV. Ideally, sources and their
locations could be identified by observing “hot spots” in the sky, perhaps corrected by
some moderate deflection due to Galactic and extragalactic magnetic field. However,
the UHECR sky is surprisingly isotropic, and only recently have clear indications of
anisotropies been identified, albeit not in the form of localised “hot spots”, but rather
on intermediate and large angular scales corresponding to small order multipoles. In
the present contribution we briefly summarise the current status of UHECR anisotropy
observations and their relevance for building astrophysical models for the sources and
their spatial distributions.

(*) Observatorio Pierre Auger, Av. San Martin Norte 304, 5613 Malargiie, Argentina.
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Fig. 1. — The UHECR flux observed above 8 x 10'® eV in Galactic coordinates, smoothed with
a top-hat function with radius 45°. The Galactic center is located at the origin. The measured
best fit dipole direction is marked by the cross, and the contours delimit the 68% and 95%
confidence level regions. The foot of the arrows mark the dipole direction in the 2MRS galaxy
distribution and their heads indicate the amount of deflection of the 2MRS model for cosmic
rays of rigidity £/Z = 5EeV and 2 EeV, respectively, as expected in the Galactic magnetic field
model from ref. [1]. From ref. [2].

2. — Anisotropy Measurements

Here we briefly summarise recent experimental results on UHECR anisotropy, mainly
from the Pierre Auger Observatory, which consists of roughly 1600 surface detectors
covering an area of about 3000 km?, overlooked by 27 fluorescence detectors located in 5
buildings on the periphery of the array, located in the province of Mendoza, Argentina.
The field of view covers about 85% of the celestial sphere and the total exposure collected
for the studies below is of the order of 10° km?sr yr.

A recent analysis by the Pierre Auger Observatory revealed the first statistically con-
vincing anisotropy of ultra-high energy cosmic ray arrival directions at energies above
8 x 10" eV [2]. As shown in fig. 1, it is well described by a dipole of amplitude 6.5 5%
pointing into the direction (I,b) = (233°,—13°) in Galactic coordinates and has a sta-
tistical significance of about 5.20. Importantly, this implies that the UHECR, sources at
those energies in all likelihood have to be extragalactic because, even when taking into
account deflection in Galactic magnetic fields, the dipolar direction of the source distri-
bution is far from the Galactic center, as is also demonstrated by fig. 1. Also, and to
some extent independently of more extreme galactic magnetic field models which could
shift the dipole of the source distribution closer to the Galactic center, a Galactic origin
would tend to predict larger dipole amplitudes [3].

Although statistical significances for anisotropies at other energies are smaller, a sub-
sequent analysis revealed a dipole amplitude growing with energy E as E°79%0-19 ahove
4 x 10 eV [4].

Furthermore, in ref. [5] a correlation study has been performed between cosmic ray ar-
rival directions and two catalogues of possible source candidates, namely 17 bright nearby
active galactic nuclei detected by the Fermi LAT satellite detector, and 23 nearby star-
burst galaxies. It was assumed that the cosmic ray intensity is roughly proportional to
the detected y—ray flux or the observed 1.4 GHz radio flux, respectively. As free param-
eters were fitted the smearing angle relative to the source directions and the fraction of
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Fig. 2. — Skymaps of the excess fluxes above an isotropic background for the observed (top
panels) and the source model predictions (bottom panels) obtained with the best-fit parameters
for the gamma-ray AGNs (left panels, above 6 x 10'? ¢V) and for the starburst galaxies (right
panels, above 3.9 x 10'° eV), in Galactic coordinates. The gray line indicates the supergalactic
plane and the limit of the field of view of the Pierre Auger Observatory lies within the dashed
red line. The insets labeled as “beam size’ show the signal for a particular number of events
and the respective smearing angle. From ref. [5].

anisotropic cosmic rays being caused by the model. A lower energy threshold was opti-
mised to maximise the correlation signal, with the respective penalty taken into account
through Monte Carlo simulations. The strongest signal, at a significance of about 4o,
occurs for starburst galaxies above ~ 3.9 x 10" eV, with correlating fraction of ~ 10%
within a correlation angle of 12 — 14°, i.e. at intermediate scales. Some of these results
are shown in fig. 2.

Apart from the dipole no statistically significant higher multipoles have been detected
by the Pierre Auger Observatory so far [6,4]. However, a “warm spot” within an angular
radius of ~ 15° around the nearby radio galaxy Centaurus A has been observed above
5.8 x 109 eV with a post-trial significance of ~ 3.2¢ [7].

In the Northern hemisphere the Telescope Array has accumulated evidence for an
intermediate scale anisotropy for UHECR arrival directions in the form of a deficit at
energies 10'92eV < E < 1097 eV and an excess above ~ 10'97° ¢V, which is also
known as the “hot spot” [8]. There are also common anisotropy analyses between the
Telescope Array and Pierre Auger Observatory [9,10] which together cover the whole
sky and allow in particular, one to search for multipolar moments and the angular power
spectrum. Apart from a weak hint for a dipolar anisotropy, no significant deviations
from anisotropy has been found yet in this joint analysis.

For a comprehensive recent review of cosmic ray anisotropies see also ref. [11].
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3. — Interpretation and Open Questions

In the following we present a few general remarks on the implication of observed
cosmic ray anisotropies.

We first remind the reader of the so-called propagation theorem, which is a con-
sequence of the Liouville theorem and in the context of UHECRs was emphasised in
ref. [12]. It states that a homogeneous distribution of sources with equal properties and
nearest neighbour distances smaller than other relevant length scales in the problem
such as energy loss length and propagation/diffusion length within the source activity
time scale gives rise to a universal/isotropic flux spectrum that does not depend on the
propagation mode and thus on the magnetic field properties.

This can be seen in probably the easiest way in the back-tracking picture: The dif-
ferential flux in the direction characterised by the unit vector n at observer position rq
is given by

(1) J(Bo,xo,n) = / "t pE@), tx(tm)] |

to

where p(E, t,r) is the differential injection rate at energy F, time ¢, and location r, r(¢,n)
is the back-tracked trajectory with the initial conditions r(¢g,n) = rg, #(tp,n) = n and
E(t) with E(tg) = Ep is the back-tracked energy. For stochastic energy losses and
interactions one has to average over trajectories with equal initial conditions.

Clearly, if p only depends on F and t and not on location r, then the flux neither
depends on the shape of the trajectories nor on direction, but only on energy, and thus
is universal. This implies that neither detected spectrum nor composition can depend
on propagation mode and intervening magnetic fields and the flux has to be isotropic.

This also applies to secondary fluxes such as neutrinos and gamma-rays because their
fluxes only depend on the time-integrated interaction rates (and energy loss rates) which
are location independent.

An exception to this argument occurs if the observer is moving with respect to the
large scale cosmic frame relative to which the sources are at rest on average. In this case
the Doppler effect induces a shift between the energy measured in the source and the
observer frame which induces a dipole with amplitude of the order of the relative velocity
in units of the velocity of light. This is known as Compton-Getting effect. Its predicted
value is, however, about a factor 10 lower than the observed dipolar amplitude [13] and
thus cannot explain it.

As a result, to be sensitive to the propagation mode, magnetic field structure etc.
requires discrete, inhomogeneous source distributions with nearest-neighbour distances
larger than energy loss length and/or propagation distance within the characteristic
source activity timescales, corresponding to an upper bound on the source density. Quan-
tifying this upper bound requires detailed Monte Carlo simulations.

On the other hand, the absence of a significant two-point correlation of UHECR
arrival directions gives a lower limit of ~ 6 x 10~% Mpc™® [14] on the effective number
density of the sources, as well as a corresponding upper limit of ~ 5 x 103 ergs™' on the
effective average source luminosity [15], for uniformly distributed sources, and somewhat
stronger bounds for sources following the local matter distribution [14]. For intermittent
sources these quantities are interpreted as the total energy released divided by a time
scale T and the rate per volume times T, for an assumed delay time of 7'~ 3 x 10° yr.
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An interesting argument on the energy dependence of cosmic ray anisotropies has
been made by Lemoine, Waxman et al. [16,17]: Since, in the absence of significant en-
ergy losses, propagation only depends on cosmic ray rigidity E/Z, if at energies > F an
anisotropy were seen in cosmic rays of characteristic nuclear charge Z, then at energies
> E/Z an anisotropy should be detected in protons, with a significance even larger than
above energy E, mainly because of the larger event rate at lower energies in a cosmic
ray flux that overall is relatively steeply falling with increasing energy. Since the Pierre
Auger Observatory does see a mass composition that is already significantly heavier than
protons above 8 x 10'¥ eV, see e.g. refs. [18,19] and ref. [15] for a review, it remains to
be seen how, and if, this can be made consistent with smaller observed statistical signif-
icances of anisotropies at lower energies. Note that the scenario by Lemoine, Waxman
et al. [16,17] of dipolar significance increasing with decreasing energy is not in contra-
diction with an intrinsic dipole strength increasing with energy, as predicted by some
models [20,21] and suggested by observations [4]: If the dipole increases as E* and the
integral flux scales as E~2, then the number of events associated with the dipole scales
as F%~2 5o that the signal to noise is oc E*~! which decreases with energy for o < 1.

In ref. [22] a simple situation where the UHECR sky is modelled as a superposition of
an isotropic component and a single nearby source has been analysed semi-analytically
and fitted to the observed dipole. The contribution of the one discrete source to the
total flux is parametrised by 1 and the deflection spread by the concentration parameter
k. Measurement of the dipole and quadrupole can fix both parameters, for example the
ratio of the quadrupole to the dipole moment, Cs/C] fixes k. The best fit parameters are
then n ~ 0.035 and k ~ 2.5, corresponding to an angular spread of the discrete source of
~ 50°. These fits can be translated into constraints on source distance, luminosity and
extragalactic magnetic field strength. For Centaurus A and the Virgo cluster one gets
an r.m.s. field strength Bypms ~ 1(100 kpc/lc)l/2 nG for an iron dominated composition
and Byms ~ 10(100kpc/I.)'/? nG for a proton dominated composition, in terms of the
magnetic field coherence length [..

The challenge is now to build astrophysical models for suitable classes of sources and
for their spatial distribution, as well as for intervening magnetic fields, that are consistent
with all the theoretical aspects discussed above. At the same time such models have to
reproduce significant dipolar anisotropies around 8 x 108 eV but less significant dipoles at
other energies, and no significant higher multipoles at the current amount of experimental
exposure. They also have to be consistent with the observed spectra and composition. So
far this has not been convincingly solved. While satisfactory scenarios exist for spectrum
and composition [23,24], see also the recent review ref. [25], attempting to reproduce
anisotropies at the same time is more difficult. First attempts taking into have been
performed, e.g., in refs. [26-31]. These studies suggest that the amplitude of anisotropies
may be dominated by the source distribution and the most nearby sources. Magnetic
fields may shift directions and mix dipoles and low order multipoles, and disentangling
both influences will be a challenge.

* ok kx

GS was supported by the Bundesministerium fiir Bildung und Forschung (BMBF)
and the Deutsche Forschungsgemeinschaft (DFG).
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