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(almost every third event detected by Auger, except for the larger
gap between events #8 and #14). If the rate is indeed steady, as
would be expected if giant Mpc-scale radio lobes of Cen A are
the acceleration sites of these events, this will be easily tested
with an additional 2 to 4 years of Auger observations.

Considering the four events closest to Cen A, the positions of
these four events are roughly aligned with the axis of the radio
lobes, which is also aligned with the supergalactic plane (see
Figure 2 of Abraham et al. 2008a). The latter two events are
closest to the center of Cen A and the former two are coincident
with other AGN in the field. It is of interest to note that one of
the field AGN is NGC 4945 (event #8), which is located in the
Centaurus group (i.e., it is at the same approximate distance as
Cen A). NGC 4945 hosts a less powerful radio source than Cen
A and is dominated by extended emission from the galaxy and
a compact nonthermal core (Elmouttie et al. 1997). Also, of the
six UHECR events without an associated nearby (z < 0.018)
AGN within a θ � 3.◦2 circular area, two are in the plotted
field (#14, #26). However, #14 is the one closest to the Galactic
Plane, where it is more difficult to identify AGN, and #26 is
the one furthest from Cen A. As discussed in the next Section a
larger deflection angle for the events close to the Galactic plane
is possible, which could mean that Cen B could be associated
with more than one event.

4. PROPAGATION AND COMPOSITION OF UHECRS

The propagation of the UHECRs from the sources to the
observer is not rectilinear due to deflection by intervening
magnetic fields. The magnetic field structure (both extragalactic
and Galactic), along with the UHECR source distribution, the
nature of sources (transient versus steady), the energy spectrum
at the injection, and the CR composition, are all “known
unknown” factors that affect the distribution of the observed
arrival directions.

Though quite an extensive literature on simulation of UHECR
propagation in extragalactic magnetic fields exists, very little is
known about the strength and configuration of such fields. So
far, direct evidence for the presence of extragalactic magnetic
fields has been found only in galaxy clusters (for a review see
Carilli & Taylor 2002). Faraday rotation measurements provide
evidence for intracluster core fields in the range of 1–10 μG.
Outside clusters only upper limits at the level 1–10 nG are
available. Extragalactic magnetic fields are ad hoc assumed to
have a domain structure with a Kolmogorov power spectrum
and a uniform correlation length. Toy models assume a field
strength ∼ 1 nG in voids with a somewhat larger field ∼ 10 nG
at the supergalactic plane (e.g., Stanev et al. 2003).

Recent simulations of magnetic fields in the intergalactic
medium are more sophisticated. They take into account the
growth of the magnetic fields from seed fields such that the
resulting field strength traces the baryon density as the large-
scale structure evolves. A more realistic extragalactic magnetic
field of this nature may result in significantly larger deflections
than is expected from a purely random field. A simulation by
Sigl et al. (2004) used the Biermann battery mechanism to
generate seed fields which were evolved, and then rescaled
so that the magnetic field in the core of a simulated Coma-
like galaxy cluster is comparable to the μG fields as indicated
by Faraday rotation measures. Simulations of the large-scale
structure formation and the buildup of magnetic fields in the
intergalactic medium have also been performed by Dolag et al.
(2005). The basic assumption is that cosmological magnetic
fields grow in a magnetohydrodynamic amplification process

driven by the formation of structure from a magnetic seed
field present at high redshift. The initial density fluctuations
were constructed from the IRAS 1.2 Jy galaxy survey by first
smoothing the observed galaxy density field on a scale of
7 Mpc, evolving it linearly back in time and then using it
as a Gaussian constraint for an otherwise random realization
of a ΛCDM cosmology (Mathis et al. 2002). As a result, the
positions and masses of prominent galaxy clusters coincide
closely with their real counterparts in the local universe. Takami
et al. (2006) have used a magnetic field strength scaled with the
matter density |B| ∝ ρ2/3, where the distribution of galaxies
is constructed using the IRAS PSCz catalog. The correlation
length is taken to be 1 Mpc and the magnetic field is assumed to
be represented as a Gaussian random field with a Kolmogorov
power spectrum in each cube. The field is further renormalized
to obtain ∼ 0.4 μG in a cube that contains the center of the Virgo
Cluster.

The average deflection angle in a random field is 〈θd〉 ≈
2◦.5ZE−1

20 B−9(D100l1)1/2, where Z is the particle charge, D100 is
the distance in units 100 Mpc, B−9 is the rms field strength
in nG, E20 is the particle energy in units 1020 eV, and l1
is the correlation length in Mpc (e.g., Waxman & Miralda-
Escudé 1996). The average time delay corresponding to the
average deflection angle 〈θd〉 is 〈τ 〉 ∼ 〈θ2

d 〉D/4c (Alcock &
Hatchett 1978, their Equation [29]), where 〈θ2

d 〉 = 4〈θd〉2/π
can be derived from the θ2

d probability distribution (their Equa-
tion [23]), and c is the speed of light. This yields 〈τ 〉 ∼
〈θd〉2D/πc ∼ 2 × 105Z2E−2

20 B2
−9D2

100l1 yr. For a 1020 eV
proton injected at D ∼ 75 Mpc for characteristic values of
B−9 ∼ 1 and l1 ∼ 1, 〈θd〉 ∼ 2◦ and 〈τ 〉 ∼ 1.6 × 105 yr
which is comparable to the crossing time of the Galaxy and
the characteristic timescale of jet lifetimes in Seyfert galaxies
as discussed earlier, but is negligible compared to the galactic
evolution timescale. Therefore, observations at different wave-
lengths show us nearly a snapshot of the sources at the time
when the highest energy CRs were emitted. If a detected CR
particle has been accelerated by a pc-scale jet, the jet will ex-
pand during the time delay to become larger, ∼ 105 lt yr, and
this may be seen as a more extended structure in the radio. The
association of UHECR accelerators must correspondingly take
into account such time delays and source evolution since ob-
served photon signals come from later times than the epoch of
UHECR escape from the source.

The Galactic magnetic field is known much better than the
extragalactic one. It can be determined from pulsar rotation and
dispersion measures combined with a model for the distribution
of free electrons (e.g., Cordes & Lazio 2003a, 2003b). A large-
scale field of a few μG aligned with the spiral arms exists, but
there is no general agreement on the details (Beck 2001). Recent
studies give a bisymmetric model for the large-scale Galactic
magnetic field with reversals on arm-interarm boundaries (Han
et al. 2006; Brown et al. 2007; Han 2008). Independent estimates
of the strength and distribution of the field can be made by
simultaneous analysis of radio synchrotron, CR, and γ -ray data,
and these confirm a value of a few μG, increasing towards
the inner Galaxy (Strong et al. 2000, A. W. Strong et al.
2009, in preparation). The magnetic field in the halo is less
known. Observations of the rotation measure of extragalactic
radio sources reveal azimuth magnetic fields in the halo with
reversed directions below and above the plane consistent with
A0 symmetry type (Wielebinski & Krause 1993; Han 2008).

Because of their large Larmor radii >1 kpc (rL ≈
105E20/B−9 kpc), UHECRs propagating in the Galactic
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magnetic field are sensitive to the global topology of the field.
The influence of the geometry of the Galactic magnetic field has
been studied in various source distribution scenarios (Stanev
1997; Alvarez-Muñiz 2002; Takami et al. 2006). For a ∼ 1
μG magnetic field, the distance D ∼ 100 kpc, and a cor-
relation length l ∼ 1 kpc, the average deflection angle is
〈θd〉 ∼ 2.◦5 E−1

20 , but the actual value depends on the arrival
direction of a CR particle. Cen A is only ∼50◦ away in longi-
tude from the Galactic Center, and only ∼ 20◦ from the Galactic
plane, while Cen B is very close ∼ 1◦ to the Galactic equator.
Cosmic rays coming from either of these objects could be influ-
enced by the stronger magnetic field near the Galactic plane (a
few μG versus ∼ 1 μG in the Galactic halo) over tens of kpcs
of their trajectory. This would provide a greater deflection than
the relatively longer pathlength through the weak extragalactic
magnetic field. Therefore, an association of Cen A and Cen B
with more events in this region is plausible.

The UHECR source distribution is usually assumed homoge-
neous or to follow the baryon density distribution. The former
case is relevant for energies below the photopion production
threshold for proton injection where the energy losses are small
and particles may come from cosmological distances. Since
only a small fraction of the sky is covered with an extragalac-
tic magnetic field capable of deflecting UHECR particles by a
significant angle (Dolag et al. 2005), the resulting distribution
of arrival directions is close to isotropic (Takami et al. 2006). If
the observed energy of CRs is near the GZK cutoff, the sources
are likely local. In this case the distribution of sources traces the
baryon density distribution in the local Universe and the effec-
tive field acting on UHECRs should be considerably stronger,
leading to larger deflection angles. The distribution of the deflec-
tion angles depends on the details of the simulations, e.g., Sigl
et al. (2004) predicts large deflection angles, ∼ 20◦ at 1020 eV,
while Dolag et al. (2005) gives much smaller angles, but allows
for angles greater than 3◦ in a small fraction of the sky less than
0.01. Therefore, the arrival directions of UHECRs (Abraham
et al. 2007b) should correlate with the distribution of large de-
flections on a deflection map; such a correlation can be seen
even from a by-eye comparison with the deflection map given
by Takami et al. (2006, their Figure 5). The sources of UHECRs
should also be capable of producing lower energy CRs and γ -
rays (and neutrinos) and, therefore, may be observed with the
next generation γ -ray telescopes.

Most of our discussion has described the situation if the UHE-
CRs particles are protons. This is complicated further if the in-
jected particles are CR nuclei since the deflection angles can
be larger for a given magnetic field and the nuclei undergo
photodisintegration processes on the CMB and extragalactic in-
frared background fragmenting into lighter nuclei (e.g., Stecker
& Salamon 1999). The UHECR chemical composition is un-
known and subject to considerable debate. Results from the sur-
face arrays AGASA (Shinozaki 2006) and Yakutsk (Knurenko
et al. 2008) and fluorescence detectors (e.g., Abbasi et al. 2005;
Sokolsky & Thomson 2007, and references therein) indicate a
trend toward proton dominated composition at the highest en-
ergies. However, the Auger Collaboration has presented a fit to
the elongation rate17 (Unger et al. 2007) showing a heavier or
mixed composition at the highest energies. These interpretations
are complicated by the necessary reliance on hadronic interac-
tion models which have to extrapolate cross section information

17 The elongation rate is the slope dXmax/d log E, where Xmax is the depth of
shower maximum.

beyond current accelerator energies, and indeed even details of
the UHECR sources themselves can introduce degeneracy in
the interpretation of the data with different chemical compo-
sitions (e.g., Arisaka et al. 2007). It has been argued recently
(e.g., Hooper et al. 2008; Fargion 2008; Dermer 2008) that the
current anisotropy results can be explained if the composition
has a significant component of light nuclei, 4 � A � 14, but
this remains to be tested by further data.

5. CONCLUSION

A transition from an isotropic distribution of arrival di-
rections of CRs above ∼ 1 EeV (Watson 2008) to an
anisotropic distribution of the highest energy CRs above 57 EeV
(Abraham et al. 2007b) observed by Auger implies a change
in the propagation mode of UHECRs in intergalactic and/or
Galactic space. The association of the observed events with the
supergalactic plane (Abraham et al. 2007b; Stanev 2008) points
to the sources tracing the supergalactic plane and matter distri-
bution which correlates with AGN. However, as we have shown,
almost all nearby (dL � 150 Mpc) active galaxies found within
the search radii of 3.◦2 around the UHECR events detected by
Auger are typical for the local low-luminosity AGNs of the
Seyfert/LINER type. They are characterized by low-power and
short jet activity, which is substantially different from that ob-
served in radio galaxies and quasars (as typically considered
in the scenarios for acceleration of UHECRs). Moreover, such
selected low-luminosity AGNs are expected to be quite com-
mon in the local universe, with the estimated surface density
1.4 × 103 per steradian, when limited to a redshift z � 0.037. If
the acceleration of UHECRs is indeed associated with jet activ-
ity, which is most likely, we conclude that the correlation with
particular AGNs is a coincidence. To distinguish between the
persistent and episodic (e.g., Farrar & Gruzinov 2008) models
of UHECR sources, future, more extensive analyses have to take
into account details of the AGN radio morphology and spectral
properties, and may yield a correlation with a larger deflection
angle and/or more distant sources.

We emphasize that there is no complete all-sky catalog
of nearby AGNs. In addition, many “regular” galaxies when
studied at sufficient spatial resolution at different wavelengths
show some (typically weak) level of the AGN-like activity.
Hence, the confusion in classification of such sources in the
literature, different databases, and catalogs. Thus, investigating
the correlation of UHECRs with AGNs based on some given
particular AGN catalog may be tricky and even meaningless. In
particular, using catalogs of X-ray selected local active galaxies
(as in, e.g., George et al. 2008) may give misleading results
since the X-ray emission of Seyferts and LINERs is produced
by the accretion disks and the disk coronae, and therefore
represents the accretion power of the active nucleus rather than
the power of its jet. Although the most recent studies have
found a correlation between the disk luminosity and the radio
power of the unresolved nucleus (Ho 2002; Ho & Peng 2001;
Panessa et al. 2006, 2007), the former has no direct relation
with the large-scale radio structures which are supposed to
be capable of accelerating CRs up to the highest energies.
Besides, the present time X-ray luminosity of the disks may
have nothing to do with the observed UHECR events because
of the considerable time delay between the arrivals of particles
and photons (see Section 4); on the other hand, past UHECR
acceleration activity that produced the observed UHECR events,
if not episodic, has to manifest itself by extended jets that we
should be able to see now. As argued in this paper, the spectral
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and morphological properties of thejetted AGNs which are
selected as likely counterparts of the detected UHECR events
should be considered in detail and compared with the properties
of the parent population.

Other possibilities include a few close sources with extended
jet/ lobe structures, such as Cen A and Cen B, and relatively
large de�ections due to either stronger magnetic �elds or due to
the presence of heavy nuclei in the �ux, or more distant sources.

Observations with� -ray telescopes, such asFermi/LAT,
HESS, MAGIC, and VERITAS may point to theclass of sources
able to accelerate particles to TeV energies, and are therefore
potentially capable of accelerating particles up to EeV energies.
Such sources could also produce TeV and UHE neutrinos.
Taking into account the delay between the arrival times of� -
rays (neutrinos) and UHECRs, such observations have to be
interpreted with care: UHECRs may come from sources that
are not generating TeV� -rays anymore, or UHECRs that are
accelerated in present day� -ray emitters have not had time to
propagate to us, yet. Meanwhile, Cen A and Cen B are two
powerful nearby radio galaxies and, if they are indeed UHECR
sources,� -ray observations can provide a “current” picture at
the time when the CRs were emitted since the overall time delay
from propagation is very short. Moreover, Cen A is large enough
to be resolved by� -ray instruments (e.g.,Fermi/LAT, McEnery
et al.2004; Atwood et al.2009). Therefore, observations with
� -ray telescopes may provide additional clues to the origin of
UHECRs.
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