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ABSTRACT

Numerous authors have suggested that the ultra-high ecersyyic rays (UHECR) detected
by the Pierre Auger Observatory and other cosmic-ray tefest may be accelerated in the
nuclei, jets or lobes of radio galaxies. Here | focus on sastih acceleration in the lobes. |
show that the requirement that they accelerate proton®thighest observed energies places
constraints on the observable properties of radio lobdsatteasatisfied by a relatively small
number of objects within the Greisen-Zat'sepin-Kuzmin (Gzutoff; if UHECR are pro-
tons and are accelerated within radio lobes, their sounegm@bably already known and
catalogued radio galaxies. | show that lobe acceleratemiaiplies a (charge-dependent) up-
per energy limit on the UHECR that can be produced in this vifdgbes are the dominant
accelerators in the local universe and if UHECR are predantly protons, we are unlikely to
see cosmic rays much higher in energy than those we havelglbbaerved. | comment on the
viability of the stochastic acceleration mechanism andikety composition of cosmic rays
accelerated in this way, based on our current understaditing contents of the large-scale
lobes of radio galaxies, and finally discuss the implicatiohstochastic lobe acceleration for
the future of cosmic ray astronomy.
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1 INTRODUCTION

It has been known for many years (e.g. Hillas 1984) that trgela
scale structures of radio-loud active galaxies are passites for
the acceleration of the highest-energy cosmic rays yet tdese
tected, the ultra-high-energy cosmic rays (UHECR) withrgies
above a fewx10'° eV. Radio galaxy jets, hotspots and lobes are
particularly interesting to modellers, both because tmelsgotron
emission by which we see them in the radio already implies the
presence of a high-energy particle population (albeitdejot and
of much lower energies) and therefore of a particle accédera
process, and because the physical conditions, in pantit\danag-
netic field strengthB, can either be estimated from equipartition
or minimum energy arguments (Burbidge 1956) or, more régent
determined directly from observations of inverse-Companis-
sion (e.g. Hardcastle et al. 2002). It is thus reasonably &asay
whether any given component of a radio galaxy is capable of co
fining an energetic particle of a given energy and chargecase
sary precondition in almost all models of particle accdlera

The idea that radio-loud AGN might be the origin of the
UHECR receives some tentative support from, or is at leasdise
tent with, recent results from the Pierre Auger Observa(BAO)
suggesting that the spatial arrival directions of UHECR vabo
6 x 10'° eV are correlated with local AGN (Abraham et al. 2007).
The imposition of this high low-energy cutoff on the cosmays
ought to imply that they have a relatively local (within 100
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Mpc) origin, since UHECR at these energies coming from large
distances would suffer strong attenuation due to inteyastivith

the photons of the cosmic microwave background radiatiba (t
so-called Greisen-Zat'sepin-Kuzmin or GZK cutoff; Greisk966)

and also means that these UHECR undergo the smallest gossibl
deflection in the Galactic and intergalactic magnetic fiekipar-
ticularly striking effect in the PAO data released in 2007swlae
spatial coincidence between several of the UHECR and theqros

of the closest radio galaxy to us, Centaurus A (e.g. Moskalet

al. 2009). While it is not yet clear whether the correlatiathvocal
AGN remains significant in the PAO data collected since 2007,
dated versions of the Abraham et al. (2007) map appear to show
a continued overdensity of UHECR around the position of Cen
A (e.g. Fargion 2009). Meanwhile, several authors have estgd
that the correlation between the arrival directions of UHEG the
original PAO dataset and the positions of local radio-lo@Mis

at least as good as that with AGN in general (Nagar & Matulich
2008; Hillas 2009).

How can specifically radio-loud AGN accelerate UHECR? It
is of course possible that they are accelerated on subgpscates,
comparable to the scale of jet generation or initial collioa The
high photon and magnetic field energy densities expectezk ¢m
the active nucleus provide important loss processes, badbeler-
ation efficiency might also be higher. Many authors haveudised
mechanisms by which UHECR can be accelerated in the nuclear
regions of Cen A and of radio galaxies in general (e.g. Ka@&l
Ostapchenko & Tomas 2009) but these necessarily rely amass
tions about the physical conditions close to the nucleus dha
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hard to test observationally. In what follows | thereforeds on
the larger-scale components of radio-loud AGN.

Direct information about the leptonic particle acceleration
processes in radio galaxies, derived from observationkenop-
tical and X-ray where the synchrotron loss timescales apetesh
than the transport timescales from the nuclei soithattu particle
acceleration is required, implies that particle acceienatmust be
taking place in the hotspots of powerful double (Fanaroff #&eR
1974 class I, hereafter FRII) radio galaxies, and in the-&qae
jets of the lower-power FRI class. FRII hotspots have tradilly
been modelled as the terminal shocks of the relativistierivally
supersonic jet that extends up to Mpc scales in these oljeds
Blandford & Rees 1974; Heavens & Meisenheimer 1987; Meisen-
heimer et al. 1989), and, while optical and X-ray synchrotew-
idence complicates this picture (e.g. Prieto et al. 20025
Young & Shopbell 2001; Hardcastle et al. 2007a) it seemsr clea
that they are particle acceleration sites. Moreover, thiees and
their magnetic field strengths, which can be measured veltyiae
the inverse-Compton process in the most luminous systerssawh
X-ray synchrotron emission is not a contaminant (e.g. daeti
al. 1994; Hardcastle et al. 2004) are certainly sufficienaltow
UHECR to be confined (Hillas 1984). However, the space dgnsit
of FRIls is very low: we expect only a few within the GZK cut-
off (for example, the nearest FRII in the northern sky, 3Ci9&t

a distance of 134 Mpc) and so their effect on the PAO sky above

6 x 10 eV is negligible.

The numerically dominant population of radio galaxies, by
several orders of magnitude, within 100 Mpc is composed wf lo
power FRI objects. Here the resolved particle acceleraggion is
typically the 100-pc to kpc-scale inner jet. Several nedfBy ra-
dio galaxies, including Cen A (e.g., Hardcastle et al. 2QU8)7c;
Goodger et al. 2010) and M87 (e.g., Perlman & Wilson 2005: Har
ris et al. 2006) have jets that are comparatively strongcssuof
X-ray synchrotron emission, allowing their particle aecation
properties to be studied in detail, while the evidence issistant
with the idea that all powerful FRI jets can accelerate |pptto
the > TeV energies required for X-ray synchrotron emission (e.g.
Worrall et al. 2001). The picture that emerges from the X-ahy
servations is of a combination of strongly localized péetaccel-
eration, which may be due to small-scale shocks, and a mbre di
fuse process, which produces a different X-ray spectruih tfaere-
fore a different electron energy spectrum) and which masefioee
have different underlying acceleration physics. It hantsrgued,
most recently by Honda (2009), that the Cen A jet is capable of
accelerating protons to energies comparable to those dPAlae
UHECR, which of course implies acceleration of heavy nutdei
even higher energies. This work relies on rather gener@aisgs
tions about the sizes and magnetic field strengths of théexatien
regions, though: as yet we have no direct constraint on thgmete
field strength in FRI jets (although TeV inverse-Comptonssioin
should in principle provide one; Hardcastle & Croston, iamp).

This leaves us with the possibility of UHECR acceleration in
the lobes, the largest-scale components of both FRI andr&Riid
galaxies. At first sight these appear less promising cateid@r
UHECR acceleration, since there is little direct eviderararf situ
particle acceleration in the lobes. However, in the casbé®B00-
kpc giant lobes of Cen A (Hardcastle et al. 2009, hereafte3)HO
we showed that the high-frequency radio data fromWikinson
Microwave Anisotropy Prob8VMAP) are consistent with the idea
that the lobes contain at least some relatively energefitotfes;
they do not rule out the idea that particle acceleration goarg at
some level. Similarly, while we do not as yet have a robustiise-

Compton measurement of the magnetic field in the lobes of &by F
radio galaxy, the available limits in the case of Cen A caistthe
field strength to be comparable to or greater than the editipar
value. HO9 argued that the known size, and the limitsByrfor
the giant lobes meant that they couwlohfineprotons of energies of
order10%° eV, and could thereforaccelerateprotons to such en-
ergies, provided that a relatively efficient acceleratiomcpss was
able to operate. We also showed that, provided that the giverg
dex for the accelerated cosmic rays is relatively flat, thergetic
requirements for the acceleration of the PAO UHECR playsibt
sociated with Cen A are trivially satisfied — UHECR need only
account for a small fraction of the total source energe€us. pre-
ferred acceleration mechanism involved scattering offithaktic
turbulence within the lobes, which requires the assumgtiahthe
internal energy density is not dominated by thermal pati¢kee
also O'Sullivan et al. 2009) but is otherwise consistentvab-
servations. We will return to the question of particle comtand
lobe energetics later in the paper, but in the next sectiatl $lhow
that a model in which UHECR are accelerated in the giant labes
unique in providing some predictions for the spatial andgeiic
properties of UHECR which may already be testable using At P
data.

Finally, it should be noted that none of the above mechanisms
are mutually exclusive. In fact, it seems highly likely that a
source like Cen A, hadronic cosmic rays can be accelerattgbin
nucleus and the kpc-scale jet as well as in the giant lobes- Pa
cles accelerated in the inner few kpc will eventually pass the
giant lobes and will then be confined (and potentially acetel)
there for some time before escaping. Hybrid models of thimfo
potentially reduce the problems of acceleration purelh&lobes,
by providing a seed population of cosmic rays at &y —10'®
eV and therefore reducing the required UHECR acceleraiima t
in the lobes. A corollary of this, unfortunately, is that thkility
of the giant lobes t@onfineUHECR, irrespective of whether they
can accelerate them, implies that the UHECR willdreittedby
a source like Cen A on scales of the giant lobes, whatever thei
original acceleration site. Even if all UHECR were geneatatethe
nucleus, we would not expect a source like Cen A to appeantpoi
like’ at the resolution of the PAO, so we cannot use the oleskrv
large-scale excess of UHECR around Cen A to argue that aaeele
tion takes place either wholly or even partly in the giangebT his
limitation should be borne in mind in what follows.

The remainder of the paper is structured as follows. In Sec-
tion[2 | show that the requirement that the lobes can configie-hi
energy particles gives a potentially interesting constran their
radio luminosity, and argue that this means that if the PACEGR
are protons they are likely to originate in a small numberraght
nearby radio galaxies, all probably nearby well-studiejcts. In
Sectior B | discuss our best existing constraints on théctadon-
tent of FRI lobes and the implications for cosmic ray acelen
and composition. Finally, in Sectinh 4 | discuss the imglimas of
a picture in which particles are accelerated in radio galakes
for the future of cosmic ray astronomy. Throughout the papese
a cosmology in whichiy, = 70 km s™! Mpc™!, Q,, = 0.3 and
Qa = 0.7. The distance to Cen A is taken to be 3.7 Mpc (the mean
of 5 distance estimates given in Ferrarese et al. 2007).

2 CONSTRAINTSON THE RADIO EMISSION

In HO9 we argued that stochastic acceleration by largeesoalg-
netic turbulence (as discussed by, e.g., Stawarz & Peir@€la8)



imposes a condition on the energy, acceleration regiomusaatid
magnetic field strength that is equivalent to the classiealige
confinement condition. This comes about because the aatieter
timescale, assuming Bohm diffusion, 4s 1071, /c, wherery, is
the Larmor radius, while the timescale for diffusive escipen
the lobes is~ 3R?/rLc: equating these two gives, ~ R for
the highest-energy cosmic rays that can be accelerateeeffic
which is simply the confinement condition. Ignoring numatieac-
tors of order unity, therefore, we can consider the confimegroen-
dition as giving us the (best-case) estimate of the uppér dimthe
cosmic ray energy. In this section | demonstrate that thaireq
ment that the lobes be capable of confining UHECR at the ezergi
observed gives rise to an interesting constraint on the aaatibn
of the radio luminosity and size of the lobes.

The confinement criterion for a particle of energy is that
the gyroradiust, be less than the size of the regi@t) in other
words, in Sl units,

JpMoc Eyp
ZeB ~ ZeBc @)
where Z is the nuclear charge andis the charge on the proton.
We consider a spherical radio lobe with radiisand a uniform
magnetic field strength and electron energy density. Letlénetron
energy distribution be given bv(E.) and let the magnetic field
be a factor away from equipartition, so that

R>

Emax B2
U. = / E.N(E.)dE. = eUp = e— 2

Emin Ho

Here, as in HO9, we are assuming ‘true’ equipartition betwtbe
electron energy spectrum and the magnetic field, by integyat
over all electron energies [following Myers & Spangler (59&nd
Hardcastle, Birkinshaw & Worrall (1998)] rather than betnehe
energies corresponding to a pair of observed frequenciesaas-
sical’ equipartition. The differences between the two pqttition
formulae are discussed in more detail by Brunetti, Setti &@e-
tri (1997) and Beck & Krause (2005). Beck & Krause (2005) show
that the ‘classical’ formula can lead to a significant undéneate
of the field strength, and thus to the ability to confine higlergy
particles, in radio galaxy lobes.

The simplest electron energy distribution we can consigler i
then a power law in energy, i.&V(E.) = NoE_ *, with a mini-
mum and maximum energy given Wi, and Emax respectively.
This allows us to solve the integral of &d. 2 analyticallyt Le

7 Emax d ln(Emax/Emin) §=2
= E.E;°dE. = —s —s
®3)

The total energy in electrons is theNyI. However, shock-
acceleration models predict that the electron energy spact
should actually be described by a power law in momentum, i.e.
n(p) = nop~ ° (e.g. Blandford & Ostriker 1978). In this case, the

electron energy integral becomes
1/2
) —l]psdp 4)

1 9 Pmax p2
I =c  °*mec / 1+ 55
p mec

(wherepmin andpmax are the momenta corresponding to the ener-
gies Emin and Emax respectively, and the leading factor accounts
for the difference between the normalizatid¥s andng in energy
and momentum). It is most convenient to evaluate the integra
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equatior#t numerically, though clearly it converges to thaly-
ical solutions of equatiof]3 in the limit thamin > me.c?. We
comment below on the differences that arise when using tinase
values ofT.

Now for a power-law electron energy distribution the vol-
ume emissivity in synchrotron emission at a given (restafpfre-
guencyr may be written

J() = C(s)Nov~ 7> B=H )
(Longair 1994 eq. 18.49) where
3 3 4 (s—1)/2
C’(s) _ \/ge 2mmec
8meocme(s + 1) 3e ©)
L VAG A+ 0G - H0G + D)

L+ 1)
for an isotropic pitch angle distribution. The frequencpeéedence
in eq.[B expresses the well-known relationship betweand the
synchrotron spectral index. This result is valid both for the trun-
cated power-law distribution used in equatidn 3 and for theqr
law in momentum described in equatith 4 so long as the chosen
observing frequency lies in a region where the electrontspec
is a power law (i.e. not too close to the high-energy or lowrgyp
cutoff or to regions wher& ~ mcc?). Since from equatiorid 2 and
B we have

2

EB— = Nol
2/1,0

we can now use equatigh 7 to eliminate the electron speatral n
malization Ny from equatiori b:

@)

B? (=1 _(s+1)
J) = 0(8)621;1,0 v.o2 2
C(s)e _(s=1) _(s+5)
= v 2 2
21 o

Now rewriting eq[ll a3 > E,/ZeRc, we can eliminate3 from
equatiori 8, turning it into an inequality:
(s+5)

v
ZeRc

Finally, we can turn the emissivity(v) into an observable quantity
by noting thatZ(v) = 37 R*J(v), so that

(s+5)
2rC(s)e _s-v ([ E, 2 (s—1)
L(v) > WU 2 <% R Tz 9

We have derived a limit on thieminosityand size of a lobe that
is (marginally) capable of confining a particle of enetfy and
chargeZ. For conventional values &f(in the range 2—3) note the
strong dependence of the luminosity B /Z (rigidity), the linear
dependence on the equipartition factorand the relatively weak
dependence on source sigewhich is in the sense that a lower lu-
minosity is required for a larger size. For knowrs andE,/Z, eq.
defines a line in the conventional radio luminosity/sizegdam
for radio galaxies separating those that can acceleratepsuticles
from those that cannot (Figl 1), if we adopt a model such asotha
HO9 in which efficient stochastic particle accelerationasgible in
the lobes.

What are the implications for the population of radio gadsxi
that can accelerate UHECR? First of all, we can substituysipal
constants into ed.]9 to obtain a relationship in useful utfitere
takes = 2, Enin = 5 MeV, Enax = 5 GeV,v = 408 MHz,

C(s)e

J(v) > 5T

®)
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Figure 1. The luminosity-size constraint of €g.110 fer= 1, E20/Z =
1 applied to both lobes (i.eD 4R, Lt 2L) and plotted
over the luminosity-size diagram for the B2 bright sampléA$Ldata
from Fanti et al. 1987, flux densities, redshifts and spedtndices
as tabulated by Hardcastle et al. 2003) and 3CRR sample (data
http://3crr.extragalactic.info/ ). Only sources above #olid line can con-
fine UHECR with energies 01020 eV; sources below the line cannot.
While almost all the powerful 3CRR sources can, in pringipfeny of
the lower-luminosity B2 sources cannot. Note that this fgsrillustrative
only; only a few of the lowest-luminosity objects in this plre within the
GZK cutoff and none are in the southern sky to which the PAOdstrsen-
sitive. No attempt has been made to take projection intowattaar to model
the actual physical sizes of the lobes.

R = 1100 X 100 kpc, E = Ea0 x 10%° eV, and use the numerically
calculated expression fdr based on a power-law distribution in
momentum, then we obtain
7/2

Laos > 2.0 x 10*%¢ (%) rol>WHz™' (10)
What restrictions does this put on the population of radiaxgas
capable of accelerating UHECR? We can begin by turning s i
a strict limit on luminosity by imposing the observationaliased
limit that R < 250 kpc (i.e.r100 < 2.5) since we know that very
few radio galaxies exceed 1 Mpc in size. To compare to totibra
luminosity we must also scale up by a factor 2, since so far we
have only been considering the luminosity of a single lokgsT
gives us a strict lower limit orL4s Of 2.5 x 10%* W Hz~! for
e = 1.0, B = 1, Z = 1. Immediately we see (Fifl 1) that only
reasonably luminous radio galaxies can accelerate UHE @rete
energies; the Fanaroff-Riley break is-at3 x 10?® W Hz~* at 408
MHz. (Centaurus A, with a 408-MHz luminosity 3 x 10** W
Hz~!, just satisfies this criterion, as we would expect given the
results of H09.) If we compare with a recent determinatiothef
local radio luminosity function, such as that by Mauch & Sadl
(2007), we find that within a sphere of radius 100 Mpc (thetrigh
order of magnitude fol0?° eV protons) we expect 20 radio
galaxies satisfying the luminosity criterion alone, of ahinot all
will satisfy the size criterion (and of course only roughlgifhof
which will be visible to the PAO). Thus for the parameters \age
used here we see that radio galaxies capable of accelepatituns
to 10%° eV will be rare. In addition, since their luminosities are
large and their distances constrained, their fluxes are kr(pw?2
Jy at 408 MHz) and so we can say that all such objects are plsobab
bright, well-studied local radio galaxies.
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Figure 2. The normalizing luminosity of equatidn 110 as a function af th
power-law indexs of the energy/momentum power law. The lower (black)
curve showsF,in, = 0.5 MeV, the middle (red) curve shows,,;, = 5
MeV, and the upper (green) curve shols,;, = 50 MeV. The solid lines
show the luminosity for an assumed power-law distributiommiomentum
and the dashed lines show a power law in energy. The cleaesst ts a
decrease in the limiting luminosity with increasingWe also see that the
effect of changingF.,i,, is very limited fors = 2 but very significant by
the times = 3. The effect of incorrectly assuming a power-law distribati

in energy is only significant for the lowest value Bf,;,.

Let us now consider varying some of the assumptions in the
calculations above.

2.1 Power-law index and minimum energy

The normalizing luminosity in equatidn 110 has a relativetpsg
dependence on the power-law indexThis reflects the fact that
the electron energy density, and thus the magnetic fielcgtine
is dominated by the low-energy electrons, while it is higiemgy
electrons that produce the observed radio emission at ooratia-
ing frequency. There is also a dependence on the minimungygner
FEmin Which is stronger for larges. These dependencies are illus-
trated in Fig[2. Values of close to 2.0 are predicted in shock ac-
celeration models and appear to be consistent with obgemvat.
Young et al. 2005). Fid.]2 shows that the normalizing lumityds
not greatly affected for values close to 2, say 2.2, so that the
number of potential accelerating sources is probably resttyr af-
fected by our uncertainties on this parameter or on the g@pjaite
value of Epin.

The dependence afi,,.x is always weak, and so it is unnec-
essary to put in a more realistic electron energy distrilputivith
spectral steepening belaf, .-

2.2 Particleenergy

The number of radio galaxies capable of accelerating UHEK®R p
tons to high energies is a very strong functionff,. Even for
FE2 = 2, the expected number of radio galaxies in the southern
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sky within 100 Mpc that satisfy e._]10, neglecting the siza-co
straint, is less than 1 (and here we also neglect the steepadec
in the appropriate radius to use due to the energy-depe@&igiit
cutoff). By contrast, if we sef2o = 0.6, there are perhaps 40 radio
galaxies in the southern sky that are in principle capabkeoéler-
ating protons to those energies, again neglecting the sizgtmint.
Effectively, therefore, this model for UHECR acceleratimedicts
a very steep cutoff in the integrateturcespectrum of UHECR
protons which, by chance, occurs at energies close to thigyeae
which GZK effects become significant, and which therefoiia-re
forces the effect of the GZK cutoff.

2.3 Equipartition

In the calculations above | have used= 1, corresponding to
equipartition between radiating particles and magnetid fighich

is consistent with the known constraints from inverse-Campa-
diation from Cen A. If there were an energetically dominampy>-
lation of non-radiating charged particles, such as protwesvould
expect the magnetic field to be in equipartition with thosd ao

e < 1. On the other hand, the evidence in those FRII sources in
which inverse-Compton modelling has been possible is that t
magnetic field strength is typically somewhat below the paui
tition value, implyinge > 1. Values ofe > 1, implying very low
B-field strengths for a given observed synchrotron lumirypsib-
viously make it very hard for lobes to accelerate UHECR. ¥alu
< 1 make it easier, but given the rather flat radio luminositycfun
tion do not immediately fill the sky with UHECR-emitting radi
galaxies: for example, substituting= 0.1, Ey = 1, Z = 1,
ri00 = 2.5 in eq.[I0 and integrating over the luminosity function
gives around 50 radio galaxies in the southern sky that nieet t
luminosity constraint.

2.4 Relativistic turbulence

The acceleration timescale and therefore the efficiencyEOR
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25 Composition

As with all UHECR acceleration models, it is much easier to ac
celerate nuclei, wittZ > 1, than protons to a given energy. If we
naively substitute = 1.0, E29 = 1, Z = 26 (iron), riop0 = 2.5
into eq.[10, then the luminosity limit comes down by nearlyr5 o
ders of magnitude and we find that practically every radiaxal

in the sky is a potential UHECR source, although in practiee t
size constraint will still impose some limitations. A sebinsistent
model for heavy nucleus acceleration in the lobes would need
take account of losses to photodisintegration within tthhesothem-
selves — both the acceleration and loss timescales areesliiort
nuclei than for protons — but such a model is beyond the scope
of this paper. Here we have simply to note that the strongl+igi
ity dependence of eff] 9 means that the composition of thehary
available to accelerate in the source will have a strongcefia
the predicted composition, energy spectrum and arrivaitipos

of UHECR in this model (all of course modified by propagation
effects; e.g. Hooper & Taylor 2009). We discuss the avaéaboin-
straints on composition in the next section.

3 PARTICLE CONTENT

The preceding sections have shown a strong dependence of the
predictions of a model in which UHECR are accelerated inaadi
galaxy lobes on the source composition of the particlesaidhes,
and so at this point it is appropriate to comment on the known ¢
straints on the particle content of lobes, and to ask whatesLof
(1) protons and (2) heavy nuclei are available on thesescale

We do not know whether jets in radio-loud AGN are electron-
proton or electron-positron in their initial compositiofhere is
some evidence in FRII radio galaxies that the lobes aredoot-
inatedenergetically by protons — see Croston et al. (2005) for the
argument — but there is no way in these FRII lobes to rule cait th
possibility that a relativistic proton population has ayeroughly
comparable to that in the electrons and magnetic field, wbase
ergy densities can be measured. A fortiori, we do not know the
expected fraction of heavy nuclei in these lobes, since dvie
jets contain protons, it is not clear at what point in the g@igration

acceleration in the acceleration model of HO9 depend on the process they get there.

presence of strong magnetic turbulence in the lobes: weireequ
Uturb ~ Up WhereUs,v, and Uy are the energy densities in the
turbulent magnetic field component and the unperturbed cemp
nent respectively. OncEi.,, becomes much less thdh turbu-
lent acceleration will be very much less efficient. Magnétidu-
lence is presumably generated by large-scale hydrodynproic
cesses and therefore relies on a continued energy supphebgtt

In lobes where the jet is disconnected the turbulence wilhgieon
timescales which may be as shortgc. Since the energy density
in relativistic turbulence may therefore depend on locahitie of
the coupling between the jets and the large-scale lobescliearly
therefore possible to imagine a situation in which the pbertaccel-
eration efficiency varies from source to source, dependinguzh
factors as the large-scale morphology of the lobes and #sepce
or absence of strong jet-lobe interactions (such as jetibation
shocks). We necessarily cannot take account of this in thelsi
models presented here, but it should be borne in mind thdtithe
minosity/size cutoffs apply only in sources in which relgic tur-
bulence can efficiently be maintained; in particular, diseected
lobes (possibly even including the S giant lobe of Cen A; se@)H
are likely to be unable to accelerate UHECR.

The situation in FRI radio galaxies has been known for many
years to be more interesting. Here inverse-Compton measumts
are not in general available, but the minimum pressuresr¢app
mately equivalent to the assumption of equipartition betwield
and electrons alone) in the large-scale lobes or plumes €ae\b
eral orders of magnitude below those of the external medag® (
Hardcastle et al. 2007b and references therein) and, sineese-
Compton constraints rule out electron dominance by vegeléac-
tors and energetic dominance by magnetic field seems a priori
plausible, it is conventional to suggest that the missirgggure is
supplied by a population of non-radiating particles (ppehwith
the magnetic field in approximate equipartition, implyingg 1).
We have recently argued (Croston et al. 2008; Croston & Herdc
tle, in prep.) that there is some evidence that these pestaie the
same particle population that is required to be entrainedet®l-
erate the kpc-scale jet; this requires a means of efficidrahting
or accelerating these particles to make them provide theinest
pressure. Entrainment is interesting here because it deesug
some constraints on the expected abundance of the heauglgart
population, which should be similar to that of the externabimm
(i.e. roughly 1 iron nucleus per0® protons for an assumed 0.3
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solar abundance). It is important to note, though, that &f ¢im-
trained particles were thermal and dominated the eneggdtien
the Alfvén speeds in the lobes would &e ¢ and the efficiency of
stochastic acceleration in the lobes would be greatly redi(e09;
O'Sullivan et al. 2009). To avoid this, we would need the ainied
particles to be relativistic and to participate in the equiiion pro-
cess so that the energy densities in magnetic field and bawyere
comparable. There is as yet no direct evidence that rulesptbi
ture out (see Croston & Hardcastle, in prep., for more disiomsof
constraints on the state of the entrained material). Intaadiwe
have shown that the necessity for entrainment varies francedo
source, even among FRIs (Croston et al. 2008). It is ceytpivdsi-
ble that jets in the low-power sources are initially electpsitron
and that the amount of material entrained, at least in somess,
is enough to provide the seed population for stochasticleece
tion of baryons in the lobes while not being so much that sastib
acceleration is inefficient.

4 PREDICTIONSAND THE OUTLOOK FOR COSMIC
RAY ASTRONOMY

One of the attractive features of the model proposed in H@P an
discussed in this paper is that, at least superfically, itesaome
simple testable predictions. If the UHECR mapped by the P&O a
protons, which would be implied by a genuine detection of cor
relation on the sky with the positions of distant objectsrifpes
excluding Cen A, see below) then | have shown above that the lo
acceleration model would imply that their local sources fargs-
ically large ¢ 100 kpc), luminous, relatively rare radio galaxies.
A couple of hints that this is so are already seen, firstly andp-

parent excess of events around Cen A, and secondly in the work

of Nagar & Matulich (2008) who found a correlation betweea th
positions of extended radio galaxies and the arrival pmsitof the
PAO UHECR. With the eventual release of updated PAO position
data it should be possible to make a systematic investigafiall
possible radio-loud sources of UHECR.

However, the situation is complicated by the current uncer-
tainty about the composition of the PAO cosmic rays. Cumesi-
surements of the mean and RMS depth of shower maximum imply
a large fraction of heavy or intermediate mass nuclei, anticgy
do not appear consistent with a pure-proton spectrum (Asonadit
al. 2010), although it is important to note that the HiReslitss
are quite different (e.g. Aloisio, Berezinsky & Gazizov 200If
we are required to accelerate nuclei with> 1, then the predic-
tions change in two crucial ways: firstly, the number of ptitdn
radio-galaxy UHECR sources increases rapidly with indnepg,
as discussed above (Sectionl 2.5); secondly, it becomesaisiagly
unlikely that a spatial correlation will be observed betwéee ar-
rival directions of the UHECR and the positions of their s@s,
due to the larger deflection & > 1 UHECR in intergalactic mag-
netic fields. At this point a model that intended to reprodthee
observations would need to take account of (1) the spaséiiloli-
tion of the radio galaxy sources throughout the GZK volume an
perhaps beyond; (2) the distribution of the physical coodg in
their lobes; (3) the intrinsic UHECR energy and composispec-
trum; (4) propagation losses for the various species of UREDd
(5) deflection in the Galactic and intergalactic magnetici§eThe
tools to do (1) and (2) are available and to some extent predgen
in this paper; (3) remains very uncertain, though we haveesom
constraints (see Secti@h 3 above); and (4) and (5) are icipkn
possible (e.g., Hooper & Taylor 2009), although cruciahwtats

remain uncertain. Putting all five elements together woela ma-
jor effort which may not yet be justified by the state of theadat
but detailed modelling like this will be the way forward if vaee to
start doing serious astrophysics with UHECR observations.
Having said this, some limiting cases of the model if the PAO
UHECR are heavy or intermediate-mass nuclei are relativaby
to imagine. Aloisio et al. (2009) discuss what they call thisap-
pointing model’ for the PAO results in which rigidity-depent ac-
celeration (as is implicit in the lobe-acceleration piefurogether
with an acceleration cutoff for protons at 10'° eV leads to a
steadily increasing fraction of heavy nuclei with incregsenergy
across the PAO band, as observed. Given that we require tae mo
favourable assumptions to make radio galaxies acceleraterns
up to10?° eV, itis easy to imagine that the high-energy cutoff might
be reduced by an order of magnitude or so (e.g., by reduciag th
maximum energy placed into large-scale magnetic turbelerso
that they might provide the ‘disappointing’ population u@gd by
Aloisio et al.The detection of an enhanced count rate ardlew
A would then be explained by its proximity, which has the efffe
that few-Z particles are deflected by the Galactic and intergalac-
tic magnetic fields by only a few (up to 10) degrees. However, t
UHECR from all other sources would be scattered by much targe
angles and it would never be possible to identify them witkirth
parent radio galaxies. While this model would be slightlslelis-
appointing than the limiting case suggested by Aloisio gt@n
A would remain the only detectable UHECR source in the sky.

5 SUMMARY
The principal results of this paper may be summarized asvistl

(i) Stochastic acceleration of UHECR in the large-scale $fobf
radio galaxies may be possible, but there are strong (thougtel-
dependent) constraints on the properties of the radio galdakat
can accelerate them to the highest energie’(eV).

(i) These constraints imply that only a small number of loca
radio galaxies can be involved in the acceleration of UHEER,
the UHECR are protons, and that UHECR energies will cut off
steeply around the energies currently being observed bipAls
this model is testable in principle using existing radioveys and
up-to-date UHECR arrival positions, and is consistent wwitich
of the available data.

(iii) However, if UHECR are heavy nuclei witf > 1, as sug-
gested by the latest PAO composition results, then many radie
galaxies can be sites of UHECR acceleration, and it may l¢htba
nearest radio galaxy, Cen A, will be the only identifiablerseuin
the cosmic-ray sky.

ACKNOWLEDGEMENTS

This work was first presented at the Trondheim workshop on
‘Searching for the origins of cosmic rays’ in June 2009, amanl
indebted to the organizers for inviting me and to many piaicts
there for helpful comments. | also owe a debt of gratitudeitkasz
Stawarz and Teddy Cheung, without whom the discussion of cos
mic ray acceleration in HO9 would have been extremely lichite
The paper was substantially improved as a result of comnfiemts

an anonymous referee. | acknowledge generous financiabgupp
from the Royal Society through the University Researchdvell
ships scheme.



REFERENCES

Abraham, J., et al. [for the Pierre Auger Collaboration]020Sci, 318, 938

Abraham, J., et al. (for the Pierre Auger Collaboration)1@0Phys. Lett.
B., in press (arXiv:1002.1975)

Aloisio, R., Berezinsky, V., Gazizov, A., 2009, arXiv:096194

Beck, R., Krause, M., 2005, Astron. Nachr., 326, 414

Blandford, R.D., Ostriker, J.P., 1978, ApJ, 221, L29

Blandford, R.D., Rees, M.J., 1974, MNRAS, 169, 395

Brunetti, G., Setti, G., Comastri, A., 1997, A&A, 325, 898

Burbidge, G., 1956, ApJ, 124, 416

Croston, J.H., Hardcastle, M.J., Harris, D.E., Belsole Bikinshaw, M.,
Worrall, D.M., 2005, ApJ, 626, 733

Croston, J.H., Hardcastle, M.J., Birkinshaw, M., Worrd.M., Laing,
R.A., 2008, MNRAS, 386, 1709

Fanaroff, B.L., Riley, J.M., 1974, MNRAS, 167, 31P

Fanti, C., Fanti, R., De Ruiter, H.R., Parma, P., 1987, A&8S,57

Fargion, D., 2009, arXiv:0908.2650

Ferrarese, L., Mould, J.R., Stetson, P.B., Tonry, J.L.k&¢ee, J.P., Ajhar,
E.A., 2007, ApJ, 654, 186

Goodger, J.L., etal., 2010, ApJ, 708, 675

Greisen, K., 1966, Phys. Rev. Lett., 16, 748

Hardcastle, M.J., Birkinshaw, M., Worrall, D.M., 1998, MM, 294, 615

Hardcastle, M.J., Birkinshaw, M., Cameron, R., Harris, DLIBoney, L.W.,
Worrall, D.M., 2002, ApJ, 581, 948

Hardcastle, M.J., Worrall, D.M., Kraft, R.P., Forman, W.Bones, C., Mur-
ray, S.S., 2003, ApJ, 593, 169

Hardcastle, M.J., Harris, D.E., Worrall, D.M., BirkinshaWt., 2004, ApJ,
612, 729

Hardcastle, M.J., Croston, J.H., Kraft, R.P., 2007a, Ap9, 893

Hardcastle, M.J., Kraft, R.P., Worrall, D.M., Croston, J.BHvans, D.A.,
Birkinshaw, M., Murray, S.S., 2007b, ApJ, 662, 166

Hardcastle, M.J., et al., 2007c, ApJ, 670, L81

Hardcastle, M.J., Worrall, D.M., Birkinshaw, M., CanosaMC 2003, MN-
RAS, 338, 176

Hardcastle, M.J., Cheung, C.C., Feain, |.J., Stawarz, @092 MNRAS,
393, 1041

Harris, D.E., Carilli, C.L., Perley, R.A., 1994, Nat, 367,37

Harris, D.E., Cheung, C.C., Biretta, J.A., Sparks, W.BnatuW., Periman,
E.S., Wilson, A.S., 2006, ApJ, 640, 211

Heavens, A.F., Meisenheimer, K., 1987, MNRAS, 225, 335

Hillas, A.M., 1984, ARA&A, 22, 425

Hillas, A.M., 2009, Astropart. Phys., 32, 160

Honda, M., 2009, ApJ, 706, 1517

Hooper, D., Taylor, A.M., 2009, Astropart. Phys., 33, 151

Kachelrie3, M., Ostapchenko, S., Tomas, R., 2009, NJP65017

Longair, M.S., 1994, High energy astrophysics, Cambridgavérsity
Press, Cambridge

Mauch, T., Sadler, E., 2007, MNRAS, 375, 931

Meisenheimer, K., Roser, H.-J., Hiltner, P.R., Yates, Ml®ngair, M.S.,
Chini, R., Perley, R.A., 1989, A&A, 219, 63

Moskalenko, 1.V., Stawarz, ., Porter, T.A., Cheung, CZD09, ApJ, 693,
1261

Myers, S.T., Spangler, S.R., 1985, ApJ, 291, 52

Nagar, N.M., Matulich, J., 2008, A&A, 488, 879

O’Sullivan, S., Reville, B., Taylor, A.M., 2009, MNRAS, 40248

Periman, E.S., Wilson, A.S., 2005, ApJ, 627, 140

Prieto, M.A., Brunetti, G., Mack, K.H., 2002, Sci, 298, 193

Stawarz, L., Petrosian, V., 2008, ApJ, 681, 1825

Wilson, A.S., Young, A.J., Shopbell, P.L., 2001, ApJ, 54407

Worrall, D.M., Birkinshaw, M., Hardcastle, M.J., 2001, MRR, 326, L7

Young, A., Rudnick, L., Katz, D., DeLaney, T., Kassim, N.Eakishima,
K., 2005, ApJ, 626, 748

Radio galaxies and cosmic rays 7



	1 Introduction
	2 Constraints on the radio emission
	2.1 Power-law index and minimum energy
	2.2 Particle energy
	2.3 Equipartition
	2.4 Relativistic turbulence
	2.5 Composition

	3 Particle content
	4 Predictions and the outlook for cosmic ray astronomy
	5 Summary
	REFERENCES

