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ABSTRACT

The nearby radio galaxy Centaurus A is poorly studied at frigipuencies with conventional
radio telescopes because of its very large angular sizes bne of a very few extragalactic ob-
jects to be detected and resolved by\iékinson Microwave Anisotropy Prolfg/MAP). We
have used the five-ye®YMAPdata for Cen A to constrain the high-frequency radio spectra
of the 10-degree giant lobes and to search for spectral esaamya function of position along
the lobes. We show that the high-frequency radio spectrheohbrthern and southern giant
lobes are significantly different: the spectrum of the setihiobe steepens monotonically
(and is steeper further from the active nucleus) whereasgbetrum of the northern lobe re-
mains consistent with a power law. The inferred differernelse northern and southern giant
lobes may be the result of real differences in their highrgpparticle acceleration histories,
perhaps due to the influence of the northern middle lobe,tenmediate-scale feature which
has no detectable southern counterpart. In light of themdtse we discuss the prospects for
Gamma-ray Large Area Space Telesc¢@&AST) detections of inverse-Compton emission
from the giant lobes and the lobes’ possible role in the petdn of the ultra-high energy
cosmic rays (UHECR) detected by the Pierre Auger Obseryafde show that the possibil-
ity of a GLASTdetection depends sensitively on the physical conditiarthé giant lobes,
with the northern lobe more likely to be detected, and thgteanission observed b@LAST

is likely to be restricted to the soft end of td ASTenergy band. On the other hand we argue
that the estimated conditions in the giant lobes imply thdBCRs can be accelerated there,
with a potentially detectable-ray signature at GeV-TeV energies.
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1 INTRODUCTION overall spectra for the giant lobes, finding no evidence foriak
tion from a single power law between 408 MHz and 5 GHz. The
low-frequency two-point spectral index maps of Combi & Rome
(1997), however, do show some evidence for position-degrend
spectral steepening, particularly towards the end of théhgon gi-

ant lobe.

Centaurus A is the closest radio galaxy to us (we adopt 3.7
Mpc, the average of 5 distance indicators in Ferrarese 20al7).
Its proximity makes it one of the brightest extragalactidioa
sources in the sky at low frequencies (only exceeded by Gygnu
Baars et al. 1977), but also means that the outer ‘giant’ kédobes
(throughout the paper we use the nomenclature adopted layedv
et al 2000) subtend an angle©f10° on the sky, although their to-

Cen A is widely believed to be a restarting radio galaxy, in
the sense that the inner lobes are the result of the curretearu

tal physical size{ 600 kpc in projection) is not particularly large.

The large angular size of the lobes has prevented the typpasf

tially resolved multifrequency study of their spectral structure that

is commonplace for more distant radio galaxies (e.g. Aldrai&
Leahy 1987). Published radio data from ground-based oahtens
only exist up to 5 GHz (Junkes et al. 1993) and the spectrdy/siti
Alvarez et al. (2000), involving (at many frequencies) p&iking
graphical integration of contour maps, was only able to rdeitee

activity, while the giant outer lobes are the result of a ey
outburst (Morganti et al. 1999). This picture is supportedtie
observation of hot thermal X-ray emission, apparently #wult
of strong shocks, surrounding both inner lobes (Kraft e2@03,
2007; Croston et al., in prep.) which implies that they amppgat-
ing supersonically into the intergalactic medium (IGM) ofrCA
and are disconnected from the giant lobes. However, theenafu
the intermediate-scale northern middle lobe (NML: Morgabtl.
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1999) is not completely clear in this model. In standard spéc
ageing models (e.g. Jaffe & Perola 1973), we might expece¢o s
spectral steepening at high frequencies in the giant lcdesea-
surement of spectral ageing gives a model-dependent aortsin
the time since the last injection of high-energy electrams these
lobes. Such a constraint on spectral age could be compatéad wi
other estimates of the dynamical age of the radio sourceyant
therefore be of considerable interest, but the work of Adzaet al.
(2000) only sets upper limits on this quantity, since theyndbsee
any deviation from a power-law spectrum.

The giant lobes of Cen A are also interesting because they are

predicted to be strong sources of inverse-Compton emissidhe
relativistic electrons in the lobes scatter cosmic micrevback-
ground (CMB) photons to high energies; a detection of irsers
Compton emission from Cen A would constrain the magnetid fiel
strength in the lobes of Fanaroff & Riley (1974) class | (here
after FRI) radio sources in general: we have little inforioraton
the magnetic field strengths in these low-power radio gakaxsit
present. However, X-ray emission from this process wouldise
tributed on similar scales to the giant lobes, making it hadketect.
Cooke, Lawrence & Perola (1978) claimed an early detectitineo
giant lobes usind\riel V, but Marshall & Clark (1981) argued that
this was the result of point source contamination, placimgueh
lower upper limit on the flux fronBAS 3observations. At soft X-
ray energies (e.g. Arp 1994) the situation is seriously esad by
the presence of known thermal X-ray emission from the itetes
medium of the host galaxy, which more recently has been exten
sively studied withChandraand XMM-Newton(e.g. Kraft et al.
2003), and is also hard to study because the X-ray emissien fil
the field of view of modern soft X-ray imaging instruments suc
asROSAT(Arp 1994),XMM, and ASCA(Isobe et al. 2001), pre-
senting almost insuperable problems of background maodedind
subtraction. However, the spectrum of the inverse-Comptuis-
sion should be hard up to high energies (exactly how high de-
pends on the model adopted for the electron energy spectsim,
we will discuss below). There are thus also interesting airgs
from observations at MeV to GeV energies made withGoenpton
Gamma-Ray Observato(g.g. Steinle et al. 1998; Sreekumar et al.
1999), which do not detect the giant lobes but again set Ujppies
on their high-energy flux densities. More sensitive hardajty-
ray observations exist with wide-field instruments lIRTEGRAL
(e.g. Rothschild et al. 2006) and tisawift Burst Alert Telescope
(e.g. Markwardt et al. 2005) but as these are coded-apentsire-
ments they are insensitive to extended emission (see engudet
al. 2007). At present, therefore, there is no unambiguotectien
of X-ray or v-ray inverse-Compton emission from the giant lobes
of Cen A. One of us has shown (Cheung 2007) BaASTmay
have the sensitivity to detect inverse-Compton emissiomfthe
lobes of Cen A at energies from100 MeV to 10 GeV. However,
the details of this depend on modelling of the electron gnspgc-
trum at high energies, which in turn depends on high-frequen
radio data.

Finally, Cen A's giant lobes are possible sources of uligirh
energy cosmic rays (UHECRs). Cen A's proximity means thiat al
aspects of the active galaxy — central AGN, inner jets anedpb

and giant lobes — have long been considered as possible UHECR

accelerators. Interest in Cen A has been spurred by the keiyiar

2008). Most scenarios discussed in the literature to dateas that
UHECRSs are produced near the supermassive black hole (SMBH)
or in the inner jets (e.g. Cuoco & Hannestad 2008; Kachedries
Ostapchenko & Tomas 2008), but an explanation in terms of the
giant lobes has the advantage that it can easily accourtiédd?AO
events seen on larger scales. In order to investigate tlaistita-
tively we need information about the magnetic field stresgthd
theleptonicparticle acceleration in these lobes, which can be pro-
vided by a combination of high-frequency radio observatiand
inverse-Compton constraints or measurements.

TheWilkinson Microwave Anisotropy Prolfg MAP) has ob-
served the whole sky at frequencies around 20, 30, 40, 60 @nd 9
GHz (known as K, Ka, Q, V and W bands respectively) with the aim
of measuring structure in the CMB (e.g. Hinshaw et al. 2008
currently availableVMAP data represent 5 years of observations.
Cen A is clearly detected, and spatially resolved, inWidAPob-
servations at all frequencies (e.g. Page et al. 2007) aae!lst
al. (2008) have recently present@dMARderived measurements
of the flux density of the whole source, showing that therdaarc
steepening in the integrated spectrum at high frequeritias the
data are available to carry out a study of the variation ofrtiuto
spectrum as a function of position, to fit spectral ageing etotb
the large-scale lobes and investigate whether we can legthiag
about the source dynamics, and to make predictions of theceg
inverse-Compton emission from the giant lobes.

In this paper we present the results of such a study. We first
combine the 5-yeaWMAP data on Cen A with single-dish radio
images at lower frequencies to make spatially resolved oneas
ments of the radio spectra from 408 MHz to 90 GHz. We then dis-
cuss the implications of the high-frequency detectionstierdy-
namics of Cen A, for possible inverse-Compton detectionthef
giant lobes at high energies, and for acceleration of UHE@Rk
their possibley-ray emission signatures.

2 DATA
2.1 Radiodata

We obtained electronic versions of ground-based radio nofps
Cen A to provide low-frequency counterparts to the MWoAP
images. At 408 MHz we used the all-sky map of Haslam et al.
(1982) which is available from the NCSA Astronomy Digital-lm
age Librar{}]. The 1.4-GHz and 4.75-GHz (hereafter, 5-GHz) data
were taken with the Parkes telescope and kindly provided toyu
Norbert Junkes; the 5-GHz data are those presented by Jeindkies
(1993).

2.2 WMAP data and processing

FITS maps of the 5-year WMAP data for Cen A at al\ABMAP
frequencies were kindly provided by N. Odegard. For each,map
monopole due to our motion with respect to the CMB and the-inte
nal linear combination (ILC) CMB map were subtracted. Theada
were interpolated from HEALPix to a Galactic co-ordinatédgr
with 0.1° spacing. The images were then converted into a celestial
co-ordinate frame using AIPS, and the units of the maps ctetve
from mK to Jy beam® for ease of comparison with the ground-

discovery that 2 of the 27 UHECR events detected so far by the | 4 144io maps, which have these units. For the unit csiover

Pierre Auger Observatory (hereafter ‘PAQ’; Abraham et 02
appear to be arriving from the direction of the centre of Cen A
while at least 2 additional events may be associated witbettd
the large angular extent of the giant radio lobes (Moskalestlal.

we used the beam areas tabulated by Page et al. (2003) ardl adde

1 See http://adil.ncsa.uiuc.edu/document/95.CH.01.01 .


http://adil.ncsa.uiuc.edu/document/95.CH.01.01

The giant lobes of Centaurus A 3

DECLINATION (32000)

DECLINATION (32000)

DECLINATION (32000)

DECLINATION (32000)

Y.

DECLINATION (32000)

AT T

DECLINATION (J2000)

Q

DECLINATION (J2000)

DECLINATION (J2000)

30—

a0 -

1345 40

35 30 25 20 15
RIGHT ASCENSION (J2000)

1345

40

04
| O | ®1l5

35 30 25 20
RIGHT ASCENSION (J2000)

|
1345

|
40

35 30 25 20 15
RIGHT ASCENSION (32000)

| |
1345 40 35 30 25 20
RIGHT ASCENSION (32000)

15

Figure 1. Large-scale structure of Centaurus A with a resolutior-di.83°. Contours are at, 2,4 . . . times the base level specified for each map, and take
no account of background, except for the 408-MHz, from whidonstant background of 43 Jy beatnhas been subtracted. Top row, from left to right: 408

MHz (3 Jy beanT!), 1.4 GHz (1 Jy beam!), 5 GHz (0.25 Jy beam!), 20 GHz (1.0 Jy beam!). Bottom row, from left to right: 30 GHz (0.5 Jy bearh),
40 GHz (1.0 Jy beam!), 60 GHz (1.0 Jy beam!), 90 GHz (2.0 Jy beam!). The 20-GHz data have different noise characteristicsfitoee otheAWMAP
images because they have not been convolved with a GauSsiarhe text (Sectidn 2.2) for discussion of the convolytifiective resolution and beam area

of these images.

a ‘beam size’ header to the FITS file that defined the beam to be will refer to the different bands as the 20, 30, 40, 60 and $=G
a Gaussian of the same area. Although the WMAP beam is not bands in what follows.

a Gaussian (Page et al.), this approximation has no effecuon
flux density measurements, since the two identical valudsam
area cancel; in addition, the Gaussian FWHM of the beam ealcu
lated in this way is similar to the true FWHM tabulated by Page
et al. (2003), and so gives us a convenient way to charaettre
resolution of the resulting maps. We were then able to useSAIP
for simple analysis of the WMAP data and software based on the
Funtools packa&for measurement of flux densities from matched
regions of the ground-based awMAPradio maps. The effective
central frequencies of th&MAPbands for extended emission with

In measuring flux densities from regions of Cen A WittMAP
we need to take careful account of the foreground and baakgdro
characteristics of the data. Firstly, the ILC subtracti@satibed
above only takes account of structure in the CMB on scalestgre
than1°: this gives rise to real structure on small scales in the maps
of this 10° source, which is a problem at higher frequencies and
correspondingly high resolutions. Secondly, synchrogorission
from the Milky Way provides a foreground which is both pasiti
and frequency-dependent, being strongest at low freqeeraid
towards the south of the Cen A field (e.g. de Oliviera-Costal.et

a spectral index of 0.7 are 22.5, 32.7, 40.4, 60.1 and 92.9 GHz 300g).

(based on the bandpass characterization of Jarosik etG8) 20d
we treat measured flux densities as being measured at thasal ce
frequencies in all subsequent analysis, although for $aityle

2 Documented al http://hea-www.harvard.edu/saord/fustop see also
Mandel, Murray & Roll (2001).

For our analysis we convolved all the images with a Gaussian
that gave us approximately the resolution of the 20-GHz WMAP
image (0.88) at all observing frequencies, with the exception of
the 20-GHz data themselves and of the 408-MHz dataset, which
already has a very similar intrinsic resolution. The contioh has
two effects on our analysis: for thyMAP data, it helps to reduce
any contamination from the unsubtracted real structurieeriMB;
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Figure 2. Map of two-point spectral index between 1.4 and 30 GHz in
the giant lobes of Cen A. Only pixels where the total intgnsitceeds 5

times the off-source r.m.s. level are plotted. Contourdrama the 1.4-GHz

Parkes data dt, 2, 4 . . . Jy beant!. The resolution (0.83) is indicated by

the circle in the bottom left-hand corner.

and, for all the datasets, it allows us to measure flux dessitom
extended regions with sufficient confidence that we are gabim
same structures at different frequencies.

Fig.[I shows a montage of the radio images used in this paper.
Full-resolutionWMAPImages are presented by Israel et al. (2008).

3 RESULTS
3.1 Spectral index mapping

To search for evidence for spectral differences in the large
scale structure of Cen A as a function of position we ini-
tially constructed a map of the two-point spectral index &
—log(S1/S2)/ log(v1/v2)) between 1.4 and 30 GHz (Figl 2).
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Figure 3. Regions for the spectral extractions whose results aredlist
Table[1 and plotted in Fif] 4. The greyscale shows the 20-GNAPdata.

on the source. Regions 1 and 2 are respectively the outemand i
ner regions of the northern giant lobe, region 3 is dominatethe
emission from the nucleus, inner lobes and north middle,lahd
regions 4 and 5 are respectively the inner and outer regibtieo
southern giant lobe. The regions are all substantiallyelatigan the
adoptedWMAPbeam sizes. For each region we defined two back-
ground regions lying adjacent to the source regions in teewast
direction. The background regions were used both to find axamea
background flux density, which was subtracted from the tfotdie
source regions (thus removing contamination from our owiasda
whose strength varies with position on the maps) and to ehter

an off-source r.m.s. for each map, from which we estimatedti
source noise. The measurements of flux density for eachrregid
frequency, together with the error estimated from the bemkud
region r.m.s., are tabulated in Table 1 and plotted togethiig.[4.

We initially note that the total flux density listed in Talble 1

the sum of all measured flux densities from the regions, agred
with the values tabulated by Israel et al. (2008) (theiradhlwithin

Such a map can only be approximate given that the beams of thethe uncertainties. Our flux densities are generally shghawer,

ground-based antWMAP data are only approximately matched,
and it cannot take account of the varying position-depenback-
ground in theWMAPimages, but it does provide an indication of
whether the spectral steepening already observed by lstas!
(2008) is position-dependent. The spectral index map giwgtsng
indication that the spectral index does indeed steepenwasctidn

of distance from the ‘nucleus’ (which at this resolutionlides
the entire inner lobe and north middle lobe structures akasehe
flat-spectrum core), confirming the lower-frequency (0.4-GHz)
results of Combi & Romero (1997).

3.2 Flux density measurements

To investigate spectral changes in the giant lobes moretig@an
tively we next divided the radio source into 5 regions encassing
all of the structure detected at 20 GHz. These regions angrsho
Fig.[3 and for simplicity we number them 1-5 from north to $out

and the discrepancy is greatest at the higher frequenciesewte
have not attempted to measure fluxes for the whole sourceybnt
here the differences do not exceed the errors quoted by krak
(larger than ours because they do not restrict themselvegions
where emission is clearly detected). As our analysis igegtin-
dependent, we can be confident that our flux measurementerare ¢
rect, and we confirm the spectral steepening of the integjsaterce
spectrum detected by Israel et al.

Examination of the SEDs for individual regions (Fig. 4) sisow
clear differences between the northern giant lobe (redicasd 2),
the central region (3), and the southern giant lobe (4 andf&g.
central region shows no evidence for spectral steepeniceptie-
tween 5 and 20 GHz. ANMAPfrequencies the spectral indexs
very consistently about 0.65, close to the lower-frequespsctral
index of 0.70 derived for the inner lobes by Alvarez et al.0@0
Given that region 3 in our analysis includes the flat-spectcore
(which is strongly variable, e.qg. Israel et al. 2008), theeinlobes,
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Table 1. Flux densities of the regions of Cen A as a function of fregyefihe final column gives the sum of all measured quantitieke preceding columns.
Blanks indicate combinations of frequency and region wisegrificant emission was not visible by eye.

Frequency Flux density (Jy)
(GHz) Region 1 Region 2 Region 3 Region 4 Region 5 Total

0.408 191.3+10.8 165.3+12.0 1074.0+18.8 366.3f26.7 238.5+30.7 2035.2+-47.6
1.4 91.2+ 2.1 74.6+ 3.0 545.0+ 1.3 204.7+£ 4.3 111.2+ 6.0 1026.7+ 8.3
4.75 30.3+ 0.3 26.3+0.9 2735+ 1.0 104.3£ 0.9 47.0+£ 1.7 481.4+ 2.4

22.5 5.7 0.5 4.9+ 0.3 71.3£ 0.6 19.6+ 0.6 6.3+ 0.7 107.9£ 1.2
32.7 42+ 0.4 3.4+0.3 56.4+ 0.4 13.5+0.4 3.9+ 0.5 81.3+ 0.9
40.4 3.5+ 05 2.8+0.4 48.8+ 0.5 10.2+0.3 3.0£0.5 68.3+ 1.0
60.1 - - 37.6:0.8 52+ 0.6 2.2+£0.8 443+ 1.3
92.9 - - 28.14+1.9 - - 28.1£1.9
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Figure 4. Flux densityx frequency ¢ f.) for the regions of Tablgl1l (see
Fig.[) as a function of frequency. 1 Jy Hzli8—23 erg s~ cm—2.

the north middle lobe and some extended lobe emission, ibtis n
surprising that its spectrum is poorly fitted by a single polagy
or curved spectrum. Probably it consists of (at least) ssfi@tctrum
component and a component with a spectral turnover betwaed 5
20 GHz.

The spectra of the southern giant lobe regions (regions and
remain relatively flat up to 5 GHz, but show clear steepentrnicn
frequencies. Moreover, the spectrum of region 5 is systieaibt

steeper than that of region 4, even at low frequencies (asaited!

by our spectral index mapping and also seen by Combi & Romero
1997). This difference is statistically significant: cafesing just

the spectral indices between 1.4 and 5 GHz,= 0.55 £ 0.02
while a5 = 0.71 £ 0.05. The systematic increase in spectral cur-
vature as a function of frequency, seen particularly inaedt, is
characteristic of spectral ageing models, and we explareffguch
models to the data below.

On the other hand, the northern giant lobe regions (regions 1
and 2) show no significant spectral differences. Their spdmith
start to steepen between 1.4 and 5 GHz and then remain roughly
constant (at around = 1.0) at higher frequencies. Hints of an
increase inv f,, (i.e. a spectral flattening) at high frequency in Fig.
[ are probably not statistically significant, but the spectrtainly
seem different from those of the southern giant lobe. It dugs
seem possible to explain this difference in terms of inadézu
background subtraction — the Galactic background is a ptamer
and the nominal statistical differences are highly sigaiitdoth at
low and high frequencies. We explore the reasons for thierdifice
below (Sectioh 4]2).

3.3 High-resolution imaging of the NM L

Finally we note that in the 90-GH&/MAPimage, the only one to
have the required resolution to distinguish between theritobes
and the NML, there is a clear extension of the central pointc®
(Fig.[H) which is exactly coincident with the NML. Its flux den
sity at 90 GHz is around 1.5 Jy which implies a comparativedy fl
spectrum ¢ ~ 0.6) between 5 and 90 GHz, measuring flux from
matched regions of the full-resolution 5-GHz map of Junkeal.e
(1993) and the 90-GH#VMAPimage. This strongly suggests that
particle acceleration is either ongoing there or has récentised,
although given that we only have two spectral data pointsave c
not rule out the possibility that the spectrum is flatter dingue to

a higher magnetic field strength (cf. Katz-Stone, Rudnicki&Ar-
son 1993). We discuss the implications for the nature of the-N

in Sectiof 4.1L.

4 DISCUSSION
4.1 Thenatureof theNML

As discussed in Secti@h 1, the North Middle Lobe (NML: e.grMo
ganti et al. 1999) is a feature at the base of the northern tyiba,
peaking at around 0°5(30 kpc in projection) from the active nu-
cleus, that has no counterpart on the southern side. Higiurtion
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Figure 5. WMAP and radio images of the central parts of Cen A, show-
ing the elongated structure that we associate with the Nditlle Lobe.
Contours are from the full-resolutioWMAP 90-GHz image, ab.75 x
(1,2,4...) Jy beant!) overlaid on the 5-GHz radio map of Junkes et
al. (1993). The area of th&/MAPbeam at this frequency corresponds to
an effective resolution around 15 arcmin. The compact featuthe SW of
the inner lobes/core of Cen A, undetected at 90 GHz, is a lbaukd radio
galaxy.

radio data (e.g. Junkes et al. 1993; Hifj. 5) show a high-sexfa
brightness feature, centred at around RA £ 23™ Dec = —42°
40', which extends smoothly northwards into the larger-sazte |
with the magnetic field vectors oriented along the long akithe
structure (Junkes et al.). At higher resolutions still thighitest part
of the NML has been imaged by Morganti et al. (1999), who see a
jet-like structure (the ‘large-scale jet’) connecting tielL and the
northern inner lobe. Although high-resolution imagingteé horth-
erninner lobe (e.g. Clarke et al. 1992) shows a sharply bedina-
dio structure with no evidence for continued outflow, it isgible
(as argued by Morganti et al.) that the existence of the laogde
jet implies that there is continued energy supply to the NVhis
interpretation would be consistent both with the flat speutbe-

J-P) ageing spectrum, the data require particle accadertdihave
ceased no more thanhx 10° years ago.

4.2 Spectraand spectral ageing in the giant lobes

As shown above, the spectra of the giant lobes of Cen A present
mixed picture. The southern giant lobe has a steep highuémzy
spectrum and (within the limitations of our data) the speappear

to steepen systematically both with frequency and withadise
from the nucleus (Figs] Z] 4). In the northern giant lobe thecsp
tra seem very uniform as a function of position and do notEire
significantly with frequency above 5 GHz. What causes théfse d
ferences in the two giant lobes?

We begin by noting that, given the large integration regions
the southern giant lobe spectra are remarkably well fittedthg-
dard J-P aged synchrotron spectra with an injection index ef
0.5 (determined from the low-frequency spectral infex)ve es-
timate an equipartition field strength in the integratiogioes
around 1.3uG (treating them as cylinders in the plane of the
sky), which implies that inverse-Compton losses dominsitasce
the CMB has an energy density equivalent to a magnetic fiehd wi
a strength of 3.3.G. If we assume that the field strength has the
equipartition values and that the CMB is the dominant phéiedd,
the spectral fits (see Figl 6 for an example) imply spectrabayf
2.4 x 107 years for region 4 an8l.0 x 107 years for region 5. By
contrast, regions 1 and 2 (corresponding to the northemnt tpae)
are rather poorly fitted by such models, since their low-dety
spectra are too steep and their high-frequency spectraaind ley
are better fitted with standard ‘continuous injection’ lenlpower-
law models with an injection index of 0.5 steepening to 1.Righ
frequencies (Heavens & Meisenheimer 1986). If a J-P modt is
ted the derived ages are, unsurprisingly, of the same ofdeag-
nitude but, implausibly, region 2 appears older than redigages
2.2x 107 and2.9 x 107 years for regions 1 and 2 respectively). The
ages we derive are similar to the upper limits quoted by Adzaat
al. (2000), who used somewhat lower magnetic field strengths

One possible explanation for the spectral differences &etw
the two giant lobes is that the northern lobe has undergome so
particle injection event that the southern lobe has not. finah
explanation is that this is connected to the existence ofNfli
(Sectior[4.11): in this model the NML would be currently (orye
recently) connected to the energy supply and injecting-kigérgy
electrons into the base of the giant lobe. In this picture,kfight

tween 5 and 90 GHz of the base of the NML region (see above) and radio structure extending from the NML into the northermgiabe

with the detection of X-ray emission apparently embeddethén
lobes (Feigelson et al. 1981; Morganti et al. 1999) whichimmm

by XMM observations to be highly overpressured thermal material,
plausibly requiring an interaction with an ongoing outflodrgft

et al., in prep.). The NML is a highly complex region asscaiat
with optical filaments and kinematically disturbed neutmgtiro-
gen (Morganti et al. 1999; Oosterloo & Morganti 2005) and any
interpretation is difficult, particularly as we are not aeaf analo-
gous structures in other restarting sources (Sektion lyeMer, our
data support the idea that the NML is, or at least was untédmty,

fed by an active jet. Assuming an equipartition magnetia:ﬁ.edin
injection index ofa = 0.5 and a Jaffe & Perola (1973: hereafter

3 Here and throughout the paper, except where otherwiselsta¢eassume
an electron-positron plasma with no significant energetigribution from
protons.

on larger scales could be interpreted as continued outflove-of
cently accelerated electrons, although this would havetend to
100-kpc scales to fully explain the peculiar spectra of Iaggons
1 and 2. The strong differences in the polarization strestaf the
giant lobes (Junkes et al. 1993), and in particular the fzat the
northern giant lobe is strongly polarized with the magnéttd
direction aligned along the long axis of the NML, supporsthic-
ture, as do differences in the fine structure of the radio signsin
the northern and southern giant lobes (Feain et al. in prep).

4 We note that the injection indices we assume are significéatter than
the spectral index of the inner lobes measured by Alvarek.eflas is not
necessarily a problem, since 1) the equipartition magtietid strength in
the inner lobes is much higher and 2) there is no particuksae to believe
that the particle acceleration process currently opegatirthe inner lobes
is the same as that which operated in the giant lobes.



1000

100

Flux (Jy)

10

WOH

10

Frequency (Hz)

Figure 6. Flux densities for region 4 (Tablé 1) fitted with a standarffieda
Perola (1973) aged synchrotron spectrum assuming aniotjantex (low-
frequency spectral index) of 0.5, an ageiigfield of 1.3.G and a spectral
age 0f2.4 x 107 years.

If this is the case, then the spectral ages derived for thiasou
ern giant lobe (where there is no evidence of a connectiohdo t
energy supply) allow us to suggest that the last accelerafiche
electrons now dominating the synchrotron radiation in tegon
took place around x 107 years ago (with the usual large system-
atic uncertainties due to the assumption of equipartitibhjs does
not seem unreasonable given that various estimates of thendy
ical age of the inner lobes give a fewl0° years. The dynamical
age of the giant lobes, if they have expanded at speeds ofdiee o
of the sound speed in the hot external medium, wkith ~ 0.35
keV (Kraft et al. 2002), is expected to be almost an order af-ma
nitude higher, but this is consistent if we assume that leigérgy
particles continued to be supplied to the southern giare lmpa
(now dissipated) jet throughout its lifetime.

4.3 Prospectsfor inverse-Compton detections

The mixed results on the spectra of the giant lobes imply guoibi
ous prospects for inverse-Compton detections at high &send/e
estimate the inverse-Compton spectrum for an equipartitiag-
netic field using the code of Hardcastle, Birkinshaw & Wdrral
(1998), taking the flux densities of the giant lobes to be ta s
of the fluxes for regions 1 and 2 (north lobe) and 4 and 5 (south
lobe) in Tabld 1, and treating the lobes as cylinders in thegbf

the sky. We then use two reference models for the electrorygne
spectrum: a J-P spectrum with a spectral aga sf10” years, as
found for regions 4 and 5, for the south lobe, and a broken powe
law, which provides a better fit to regions 1 and 2, for themtwbe.
The results are shown in Fig. 7. For the south giant lobe, evtier
J-P spectrum is used, we see a sharp cutoff in the inversgt©om
prediction between abou?' and10?? Hz (4-40 MeV). This is

as expected, since in the J-P spectrum there are no eleetvons

~ 3 x 10" eV (corresponding toy = 6 x 10°) and significant
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depletion of the spectrum below that, and the gain in enesgihie
inverse-Compton process is of ordgr. Thus we do not predict a
GLASTdetection for equipartition field strengths for the soutimgi
lobe.

On the other hand, for the broken power-law spectrum used to
model the north giant lobe, the maximum energy of the elesti®
unconstrained. If we were arbitrarily to assume a suffityedarge
value (2 103 eV) we would obtain a spectrum that does not cut off

even in theGLASTband (0?2 — 10%° Hz). However, the predicted
spectrum would be inconsistent with the 30 MeV — 2 GeV EGRET
detection of Cen A (Sreekumar et al. 1999; Hartman et al. 1999
The derived EGRET position is coincident with the nucleusveo
can treat this measured spectrum, particularly at low éegrgs a
strict upper limit on the spectrum of either of the giant Ispgnce
the angular resolution of EGRET is 1° or greater at these ener-
gies (see e.g. fig. 1 of Funk et al. 2008). If we adopt a loweunesal
of Emax, ~ 4 x 10! eV, we obtain an inverse-Compton spectrum
that does not violate the EGRET limit but still allows a deid]

of emission from this process at the extreme soft end o&hAST
band. ThisE:.x is the one used in Fif] 7. Although lower values
of Fmax are possible, it cannot be reduced too much before it starts
to predict an (unobserved) high-frequency cutoff in theckyatron
spectrum. However, values ef 10! eV are permitted by the data,
and this predicts no emission in tlie. ASTband.

The inverse-Compton calculation in Fig. 7 assumes equdpart
tion, while in general we find in the lobes of FRIIs that theetved
inverse-Compton emission exceeds the equipartition gtiedi by
a factor of a few (e.g. Croston et al. 2005). Reducing the re@gn
field strength both increases the number density of elesf{gince
the synchrotron emissivity is fixed) and increases theirimamn
energy (since the observed cutoff frequency is fixed). Hanehe
existing observations, particularly the soft X-ray limftidarshall
& Clark (1981), constrain the magnetic field to be no more than
factor ~ 3 below equipartition. If we reduce the magnetic field by
this factor, then the inverse-Compton prediction impliegedtabil-
ity at very soft energies even for the southern giant lobg.[®), al-
though we emphasize th&lLASTFLAT observations are challeng-
ing in this energy range due to the decreased effective aidama
increase in the background diffuse emission. This preaticthay
already marginally conflict with thEGROdata, and more extreme
electron-density excesses over the equipartition valieesatainly
ruled out both by the Marshall & Clark limit and tl@GROspec-
trum, but we can conclude that even for the southern giaré lob
there is a region of parameter space With< B.q where aGLAST
detection is possible.

The results to be expected fraBLASTtherefore depend sen-
sitively on the magnetic field strength in the lobes and onutfre
known high-energy electron spectral cutoff in the nortmgiabe.

If the magnetic field strength is significantly below equtpiam, or

if the high-energy cutoff is high enough in the north loberthwe
expect aGLASTdetection for our adopted sensitivities, although
in all cases th&sLASTemission must be very soft to avoid violat-
ing the limits imposed by EGRET between 30 MeV and 1 GeV. If

5 We use GLAST 1-year 50 point-source sensitivities taken from
http://www-glast.slac.stanford.edu/software/IS/glzé performance.htm:
these are appropriate fiducial values in the absence of \aiEeTal
constraints orGLASTs real performance for an extended source. Below
100 MeV, the background is expected to be high and our extipo is
based on the sensitivity curve for the "inner galaxy” préedrin Funk et

al. (2008).


http://www-glast.slac.stanford.edu/software/IS/glast_lat_performance.htm:
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Figure 7. Inverse-Compton predictions for the giant lobes of Cen AdiRaata points are the sum of our measurements from the dvoased radio maps
andWMAPdata for the regions corresponding to the northern (left) southern (right) giant lobes as described in the text. BffteXsray limit of Marshall

& Clark (1981) is converted to a flux density at 2 keM (5 x 1017 Hz) on the assumption that = 0.5. The 0.05 — 30 MeV 4 109 —5 x 1022 Hz)
points are the reportedompton Gamma-Ray Observat¢@GROQ OSSE and COMPTEL detections of Cen A (Steinle et al. 199&pined from the NASA
Extragalactic Database (NED), while the bow-tie plot cetiton 100 MeV is the EGRET spectrum reported by Sreekumar. €1399), and the point at
190 GeV 6 x 10%% Hz) represents the upper limit reported by Aharonian et24105) from HESS observations, converted to a flux densityssyiming
power-law emission with photon index 3. We treat the highrgy data points as strict upper limits on the emission frbengiant lobes. We also plot an
estimate of the point-souré8LASTsensitivity after one year (dashed line). The solid linevshthe predicted synchrotron emission for the specifiedrelec
spectrum and the dotted line shows the inverse-Comptorigticed The left-hand panel, corresponding to the northgiamt lobe, shows the synchrotron
and inverse-Compton spectra corresponding to a brokenrdaweelectron energy spectrum with a high-energy cutoffolviwe take to bet x 10! eV,
as discussed in the text. For the southern giant lobe (Hght panel) we plot the synchrotron spectrum and inversep&m prediction for a J-P model as
described in the text.

] GLASTdoes detect the giant lobes, then we will measure the mag-
netic field strength, and the sensitivities are such that el
be able to observe in thELASTspectrum the difference in the
. high-energy electron spectra of the two giant lobes imptigdhe
~ I i WMAPdata. If extended inverse-Compton emission is not detected
" . ] thenGLASTwill set field-dependent limits on the high-energy cut-

= off in electron energies in the northern giant lobe and wilprove
! significantly on the existing limits on magnetic field strémgout

7 the problem of detecting inverse-Compton emission from &en
, \ and thusmeasuringthe magnetic field strength in the giant lobes,
& \ ‘ will remain unsolved.
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Do/ i 4.4 UHECRsfrom the giant lobesand their possible
‘ 1 radiative signatures

As mentioned in Sectioh] 1, at least 4 of the 27 PAO UHECR
] events (Abraham et al. 2007, 2008) may be associated wittACen
. (Moskalenko et al. 2008). These events, identified heneafii

] protons, are characterized by energies in a relativelyomarange

E, ~ (0.6 —0.9) x 10%° eV. In this section we argue that the giant
lobes of Cen A may confine such extremely relativistic pret@md
logs(Frequency/Hz) may indeed be the sites for their acceleration. Our speatysis

Figure 8. Inverse-Compton predictions for the south giant lobe of Ben of the giant lobes suggests that there is ongoing continpatiile

Symbols and lines as for Figl 7, but here we adopt a magneiticstiength (electron) acceleration in the northern part of the sowexgyiring,
a factor~ 3 below equipartition. in turn, the presence of magnetic turbulence which can ereedi-

ferent cosmic ray species via stochastic particle-waweaations.
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In addition, the parameters of the giant radio lobes of Cersth e
mated in the previous sections allow us to consider the proldf
acceleration of UHECRs in Cen A in a more quantitative waytha
has previously been possible.

The Larmor radius of a cosmic ray with enerdy, =
E20 10%° eV gyrating in a magnetic field with intensitp =
B_6107% Gisry, = E,/eB ~ 100 E20B~; kpc. Thus, the gi-
ant lobes of Cen A, with an estimated equipartition magrféetid
B_s ~ 1 and a spatial scal& ~ 100 kpc, satisfy the standard
Hillas (1984) criterion for a possible source of UHECRs,csin
r, < R for Exg < 1. The lobes of radio galaxies are highly
magnetized, rarified cavities inflated by jets in the surchog
medium, and are expected to contain a predominantly tamgéed
netic field component with the maximum wavelength of the turb
lent modes possibly as large as the scale of the system. Biace
giant lobes are plausibly close to equipartition betweegmatic
field and particle energy density, as indicated by our arslys
Sectiond 4P anfi4.3, the velocities of such modes are egbect
to be very close to the speed of light. These are excellerdicon
tions for the efficient stochastic acceleration of protatjedted by
the jets into, and confined within, the lobes, by means ofnasb
Fermi-type processes. The shortest possible timescatiébr ac-
celeration corresponds to Bohm-type diffusion (where thrtigle
mean free path is comparable to the particle gyro-radiusasve
sume this timescale in what follows), and is roughly: ~ 107 /c
(see in this context, e.g., Aharonian et al. 2002). This iegpthat
tace ~ 3.5 Eog B:é Myr, which is comfortably smaller than the
age of the lobes estimated in the previous sectigp. ~ 30 Myr.

On the other hand, the characteristic timescale for theslifé es-
cape of particles from the lobes is of the same order or loogkr

if B2 < 1, namelytaig ~ 3 R?/rr.c ~ 0.9 R3yy ' B_s Myr,
whereR100 = R/100 kpc. The maximum energy of cosmic rays
available in the acceleration scenario we are considegirgn by
the conditiont... ~ tais (Since all the other loss timescales are
much longer thara;s, see below), if¥20 ~ 0.5 B_s Ri0o (thus
satisfying the Hillas criterion, since the conditioft. ~ taig re-
duces exactly tor, ~ R for the assumed acceleration and diffu-
sion timescales). For the estimated lobe paramed®ers ~ 1 and
Rioo ~ 1, this maximum energy is in very good agreement with
the observed energies of the PAO events associated with CezeA
above).

We next consider whether Cen A is powerful enough to ac-
count for the detected flux of UHECRs. We begin by estimating
the energetics of the giant lobes assuming rough equiipartie-
tween the magnetic field, relativistic electrons and (natessar-
ily relativistic) protons. For a cylindrical volume matdgi the gi-
ant radio structure with” = 7 R2h ~ 5.5 x 10"* R%y0 heoo
cm? (the radiusR = Rigo 100 kpc and heighth = heoo 600
kpc), Fiot ~ 3UsV ~ 6.6 x 10°® B24 R2q heoo €rg, where
Us = B?/8t ~ 4 x 107" B%4 erg cnmi® is the magnetic
energy density. This leads to a very rough limit to the powfer o
the jets supplying energy to the lobes; ~ Fiot/2tiobe ~
3.5 x 10" B24 R%y heoo €rg s '. This estimate should be con-
sidered as a lower limit, as it neglects any mechanical woried
by the jets on the surrounding medium and the actual jeitifet
may also be substantially shorter than the age of the gideisto
however, it is of the same order of magnitude as kinetic pager
timates for the jets powering the inner lobes of Cen A (sedtleta
al. 2003) and with jet power estimates for more distant FRiaa
galaxies (e.g. Laing et al. 2002). The UHECR flux detected&® P
from a point source witllV associated events abolig, = 60 EeV
energies, assuming a power-law form of the cosmic ray spactr
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with a energy index = 2, is Funr ~ 0.33 x 10" N E5? km—2
yr—' eV~!, when corrected for the relative exposure appropriate
for Cen As declination (e.g. Cuoco & Hannestad 2008). The pa
ticle energy indexs is poorly known in the energy range we are
considering; for simplicity, we assume hereafter the steshgalue

of s = 2, consistent with the electron injection spectrum withia th
giant lobes of Cen A used in our analysis, which results iraéqu
power stored per decade of cosmic ray energy. Foe 4, the
monochromatic particle energy flux and the monochromatiti-pa
cle luminosity are thefiE; Fluur ~ 0.66 x 10~'* erg cnm? s~
andLung ~ 47 d° [E2Fluae ~ 10* erg s, respectively. Even

if we extrapolate the cosmic ray spectrum down to the lowest e
ergies withs = 2, the total cosmic ray luminosity is found to be
Lot ~ 10 Luur ~ 10%° erg s71, and thus it constitutes a negligi-
ble fraction (< 0.1%) of the power supplied by the jets to the giant
lobes.

The timescales and energetics are therefore both cortsisten
with the hypothesis that UHECRs are accelerated contifyious
within the giant lobes of Cen A. In this scenario, the ulttare
tivistic protons within the extended and magnetized lobakrar
diate, with the main loss processes being due to synchrotron
diation and proton-protonp(— p) interactions. The former pro-
cess is characterized by a timescalg, ~ 1.4 x 10° E,,' B~?
Myr, resulting in a synchrotron continuum peaking at photon
ergieses,n ~ 25FE3 B_¢ keV (Aharonian 2002). In the latter
case, the characteristic timescaletis ~ 1.7 x 10°n_} Myr,
whereny, = n_4107% cm™2 is the number density of the cold
gas within the giant lobes, angrays with energies, < 10 EeV
for the maximum proton energg, ~ 10%° eV will be generated
(see e.g. Aharonian 2002). It follows immediately from tioee
results that the synchrotron emission of the cosmic-rajopsopro-
duced within Cen A's giant lobes is negligible, since it ipegted
to peak around photon energiesl0 keV with a luminosity of the
order of Leyn ~ Lung taig/tsyn ~ 10** R0 B¢ erg s7*. This
is orders of magnitude below the expected X-ray luminositthe
giant lobes’ electrons due to inverse-Comptonization ef@vB
photon field forB_g ~ 1 (~ 2 x 10* erg s 1), and large increases
in the magnetic field strength over the equipartition valoeiht be
required for the proton synchrotron emission to become dami

However, the expectegray emission fronp — p interactions
is much more promising in terms of allowing an independent de
tection of the high-energy protons. We note first that theeioale
for the diffusive escape of cosmic ray protons from the syspe-
comes longer than the timescale for- p interactions below en-
ergiesE, ~ 100 R%q, B_¢ n—4 TeV. Thus, all of the power chan-
neled to such particles in the acceleration process issetkas
~-ray emission, below photon energies ~ 10 TeV, with an ex-
pected photon indek, = s (Kelner, Aharonian & Bugayov 2006).
Unfortunately, the number density of thermal protons wittiie
lobes of radio galaxies is not known. The lack of observedrint
nal depolarization in low-frequency radio observation$ofiC &
Jones 1980) has been used to set temperature-indepemigsiofi
the order ofl0~* cm~2 for extended components of other radio
sources (e.g. Eilek et al. 1984; Spangler & Sakurai 1983)tHisi
method depends on assumptions about the field geometryg(Lain
1984) and in any case the required multi-frequency radiarpol
ization observations of Cen A are not available to us. Isdts.e
(2001) claim arASCAdetection of soft X-ray emission coincident
with the outer part of the giant lobes, witfl" = 0.62 keV: assum-
ing an abundance of 0.1 solar, we find that their quoted safiyX-
(0.5-2.0 keV) flux corresponds to a density, = 1.6 x 10~*
cm~3 if it comes from a uniform thermal plasma internal to the
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lobe. This is a strict upper limit on the gas density sincession
may also be coming from gas external to the giant lobes (@sing
the abundance reduces the derived density). Similarlydrshall
& Clark (1981) 2—10 keV flux limit acts as a strict upper limit o
the density of hot {T" = 2.5 keV) gas in the giant lobes, giv-
ing nen ~ 1.3 x 107 cm~2 if all the emission comes from a
uniform thermal plasma with the same abundance. Theseslonit
densities look comparable to the expected parameters aftire
galactic medium at hundred-kpc distances from the centtaeof
galaxy group hosting Cen A (i.e., from the Cen A host galaapy
hence we assume_4 ~ 1 for illustration, although we note that
gas with this density must be relatively cold if it is not tonde
nate the energy density of the giant lobes. With this value_of,
and with the model cosmic ray spectrum= 2 anticipated above
and normalized to the PAO flux, the expected monochromgatic
ray flux energy density from the whole volume of the extended
giant lobes isleS(e)]<10mev ~ Lunp/4md? ~ 0.7 x 107"
erg cm 2s~ 1. This can be compared with the upper limit set on
the TeV emission from the nucleus of Cen A by the existing 4.2-
h HESS observation' (> 0.19 TeV) < 5.68 x 10~ '2 ph cni?
s~! (Aharonian et al. 2005; cf. Fi@l 7), which, with~aray pho-
ton indexI"y, = 2, corresponds to a monochromatic luminosity of
[eL(e)]o.19mev < 2.8 x 10% erg s, or a flux of 1.7 x 107'2
erg cm 2s~ L. Thus it seems that HESS could in principle detect
the predicted emission in longer observations. A caveatgher,
is that the angular resolution of HESS in thé — 100 TeV photon
energy range is< 0.1°, which is much better than the 10° — 1°
point spread function of EGRET (Sectibn 4.3) in the photon en
ergy range~ 0.03 — 10 GeV. Cen A therefore does not appear
point-like to HESS, whereas it is effectively point-like latist at
low energies with EGRET, so that the sensitivity limit of HESp-
propriate for an extended source will be substantially éighan
the quoted point source value.

On the other hand, the estimatgday flux of ~ 0.7 x 1072
erg cm 2 s~! should be considered as a very conservative lower
limit, as long asn.y is not significantly smaller than the value of
10~* cm~? used abo& This is because we have assumed a rather
flat cosmic ray spectrum within the whole proton energy range
For any more realistic (steeper) spectrum for the acceldrebs-
mic rays at the highest energy range, the expegetedy flux in-
creases. For example, assuming 2.7 (as used by other authors)
above some break enerdy,, < Fin, ands = 2 below Ey,,, we
obtain the PAO flux at, > Ey, with N = 4 events equal to
[E2F)une ~ 1.1 x 107" (E,/60EeV) " ergcm ? s7* (see
Cuoco & Hannestad 2008), and thus the monochromatic cosyic r
luminosity Lor ~ 1.8x10% (E,, /60 EeV) ™7 ergs™! at proton
energiesk, < Ei.. For example, withEy,, ~ 108 eV (see in this
context Kachelriess et al. 2008), one obtaliisg ~ 3.2 x 10%°
erg s'!, which is more than one order of magnitude higher than
our previous estimate, resulting in an expected monochiionya
ray energy flux as high d85(e)]<10Tev ~ 2 x 107 erg cni?
s~ . Yet another reason why this is a conservative lower limit is
that the re-processing of higher-energyrays, produced by the
E, > 100 TeV protons has not been taken into account in our
analysis. Interestingly, the-ray spectrum is expected to continue
with comparable monochromatic luminosity to lower photoere
gies, if the injected cosmic ray spectrum can be extrapoldoevn

6 Note that withn_4 < 1 the expectedy-ray emission in thev TeV
photon energy range resulting frgm- p interactions would decrease by a
factor of ~ t4ir /tpp When compared to the presented estimates.

with the energy index = 2. In particular, emission af 1 GeV

is expected at a level that is possibly very close to the flugated

by the EGRET instrument from the Cen A source. It is then inter
esting to note that Sreekumar et al. (1999) stated thatkeutitie
COMPTEL signal reported by Steinle et al. (1998), the EGRET
flux observed from Cen A seemed to be steady over the duration o
the CGROobservations; thus it is conceivable that theay spec-
trum arising from high-energy — p interactions may already have
been detected. However, we emphasize that all the aboveatet
depend crucially on the unknown broad-band spectrum of msm
rays formed within the system under consideration, for Wwhie
have justassumedome particular, albeit ‘canonical’, form.

The possibility of detecting the high-energyray emission
from p — p interactions in the giant lobes of Cen A is an exciting
one, since the large extent of these lobes means that thelgecan
resolved at the highest Teyray energies using HESS. In this way
the contribution from the inner regions of Cen A (includimg tin-
ner, sub-pc to kpc scale jet, the host galaxy, and activeengglto
the totaly-ray signal could be spatially resolved from the emission
from the lobes. In this context it is important to note that anal-
ysis of the leptonic emission generated within the exteridbds
(Sectior4.B) indicates that we expect no significant Te\atazh
produced by ultrarelativistic electrons via inverse-Ctonjzation
of the CMB photon field, since the limits from synchrotron and
inverse-Compton continuum indicate a cut-off in the lobelsc-
tron spectrum around energi&s <1 TeV, corresponding to a cut-
off in the inverse-Compton emission spectrum around pheton
ergiess, <1 GeV. Thus, if any TeV emission is detected from the
giant lobes, it can be safely identified with being hadronioii-
gin. The situation is not that clear at the lower, GeV photoargy
range probed bBLAST AlthoughGLASTcan also resolve the gi-
ant lobes from the central regions of Cen A, the expectediépt
(inverse-Compton) emission produced from the lobes maybe c
parable to the level of hadronic emission. In this situgtimwever,
it should be possible to distinguish the two possibilitipecrally,
since in the former case the emission is expected to haveya ver
steep (exponentially decaying) spectrum-atGeV photon ener-
gies (Sectiol 4]3), whereas in the latter case the expetigibmp
index is relatively flatl', = s = 2, or even inverted due to the de-
creasing interaction cross section around and below theshioid
energy for pion production (Kelner et al. 2006).

Obviously, UHECRs can in principle be accelerated in other
components of the very complex Cen A system. Indeed, models f
UHECR production on the very smallest scales (around the SMB
or in the inner jet) have been considered extensively initeeat
ture. These models are all based around the general idethéhat
accreting SMBHs in the centers of at least some active gadaxi
provide a sufficient drop in potential for such an extremesbee
ation. Indeed, the electromagnetic force associated Wélbtack
hole of mass\/gn rotating with angular momentumh in an exter-
nal magnetic field (supported by the accreting matter) witkri-
Sity Buuc, IS AV ~ J Bnuc/Msh ¢ (Phinney 1983). The precise
value for Bruc is not known, but it is generally expected that the
nuclear magnetic field energy density cannot be higher taad (
may be equal to) the energy density of the accreting mattgr (e
Ghosh & Abramowicz 1997). Thus, for an object accreting aieso
fraction  of the Eddington rateBu.. ~ 6 x 10%7"/2 Mg />
G, whereMs = MBH/l()8 Mg . The spin of SMBHSs in general
is also a very poorly known parameter. However, assuming the
spin paradigm for efficient jet production (Blandford 1996he
can expect SMBHs in elliptical-hosted radio galaxies to pi@-s
ning at the maximal rate] ~ Jmax = Mpu crg, Whererg =



G Mgu/c? is the Schwarzchild radius of the hole (see Sikora,
Stawarz & Lasota 2007). These giveV’ ~ 10'® /2 M,/? stat-
volt, and therefore the maximum available energy for a tastip
cle with chargee accelerated in this potential drop is as high as
Ermax ~ 3 x 102 /2 M}/? eV. For Mg ~ 1in Cen A (Marconi

et al. 2006; Haring-Neumayer et al. 2006) and assuming areac
tion efficiency of ordem ~ 0.01 (Evans et al. 2004), this leads to
Eumax ~ 3 x 10'° eV, in agreement with the energies of the as-
sociated PAO events. However, even in these models it isleat ¢
where and how the involved electric circuit closes. It maysel
very close to the black hole, or along the edges of extend#id ra
lobes (see e.g. Blandford 2008). In the former case UHECR pro
tons may indeed be generated in the inner regions of Cen A (see
in this context, Kachelriess et al. 2008); however, in thietecase,
stochastic interactions with the magnetic turbulenceatgiace in
the giant lobes, as discussed in this paper, or some ottmigfh
more speculative) mechanism involving reconnection ofdbes’
magnetic field (see in this context Benford & Protheroe 200&)y
mediate the particle acceleration. Irrespective of thaitést mech-
anism, only in the case of UHECR production in the giant lokidls
there be a clear radiative signature potentially deteetablGeV-
TeV photon energies, since any analogous emission prodaced
the inner regions of the radio galaxy, even though posstbbnger
due to the richer particle and photon environment (and fhere
more significanp — p or proton-photon interactions), will always
be confused with othey-ray ‘nuclear’ components, including di-
rect emission from the inner jet, or the emission from a gpait
halo created by the re-processing of such emission (assdisdun
the context of Cen A by Stawarz et al. 2006). The detectioroar n
detection of extended GeV-TeV emission from the giant lotfes
Cen A can therefore in principle help to distinguish betwtase
models.

5 SUMMARY AND CONCLUSIONS

We have presented the first high-frequency, spatially vesiobtudy
of the giant lobes of Centaurus A. We confirm recent findings (|
rael et al. 2008) that the overall lobe spectra steepen quére
cies above 5 GHz, but in addition we have shown that the narthe
and southern giant lobes are significantly different at éhleigh
frequencies: the spectrum of the southern lobe steepenetomn
ically (and is steeper further from the active nucleus) whsrthe
spectrum of the northern lobe, after an initial steepeniamains
consistent with a power law to within the limits of our datae W
suggest that this indicates a real difference in the particceler-
ation history of the northern and southern giant lobes, ggestdue
to the influence of the poorly understood NML region.

Few FRI sources have so far been studied at radio frequen-
cies above a few tens of GHz, with more attention having been
given to the hotspots and jets of powerful FRIIs (e.g. Hastlea&
Looney 2008 and references therein). W&1AP data for Cen A
show that it is both possible and useful to study the dynamics
FRIs with high-frequency data. The Atacama Large Millinaer-
ray (ALMA), in combination with current and next-generatile-
scopes operating at lower frequencies, will allow spestiadies of
large samples of well-studied FRI radio galaxies to be edrdut
relatively easily. It will be interesting to compare theukts of such
work with the results presented here for Cen A, and in pdeido
search for other radio sources that show strong spectfateiifces
between the lobes at high frequencies.

Our results also have implications for the high-energyoastr
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physics of Cen A. If the simplest interpretation of our spalanod-
elling is correct, then the southern giant lobe is a true mslth no
ongoing particle acceleration, while the northern giattelanay
have an electron spectrum that extends to substantialhehign-
ergies. WhileGLASTdetections of both lobes remain possible, the
northern lobe is likely to be more clearly detectable, andat
GLASTpredictions imply a relatively soft spectrum. Upper limits
in the soft X-ray and from the EGRET detector on board@@&RO
already rule out magnetic field strengths more than a fadter o
few below equipartitionGLASTwill either detect the giant lobes
or substantially improve this limit.

Finally, we have shown above that the giant lobes of Cen A are
potential sites for acceleration of protons to the highdsteoved
energies,F, ~ 10%° eV, although we are required to adopt the
most optimistic acceleration timescale, correspondirthédBohm
limit for the particle-MHD wave interactions, in order to leéi-
cient enough to account for the PAO UHECR flux. We have also
found that in this scenario theray radiative signatures accompa-
nying the acceleration process, resulting from the intevas of
ultrarelativistic protons with the thermal gas within tlodoés, can
possibly be observed by Cherenkov telescopes and/@GLAST
thus permitting a test of this scenario.

ACKNOWLEDGEMENTS

MJH thanks the Royal Society for a research fellowship. CEC i
supported by an appointment to the NASA Postdoctoral Progita
Goddard Space Flight Center, administered by Oak Ridgeodksso
ated Universities through a contract with NASA. LS acknaigles
support by MEIN grant 1-P03D-003-29. We thank Nils Odegard
for providing theWMAPdata, Norbert Junkes for providing us with
radio data from ground-based observations of Cen A and Maitth
Renard for helpful discussions of the detectability of thenG\
lobes with coded-mask high-energy instruments. This rebe@as
made use of the NASA/IPAC Extragalactic Database (NED) fwhic
is operated by the Jet Propulsion Laboratory, Californsditute of
Technology, under contract with NASA.

REFERENCES

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

Abraham, J., et al. [for the Pierre Auger Collaboration]020Astroparticle
Phys., 29, 188

Aharonian, F.A., 2002, MNRAS, 332, 215

Aharonian, F.A., Belyanin, A.A., Derishev, E.V., Kochasay, V.V.,
Kocharovsky, V.V., 2002, Phys. Rev. D, 66, 023005

Aharonian, F., et al. [for the HESS Collaboration], 2005, A&41, 465

Alexander, P., Leahy, J.P., 1987, MNRAS, 224, 1

Alvarez, H., Aparici, J., May, J., Reich, P., 2000, A&A, 3553

Arp, H., 1994, A&A, 288, 738

Baars, J.W.M., Genzel, R., Pauliny-Toth, I.I.K., Witzel, A977, A&A, 61,
99

Benford, G., Protheroe, R.J., 2008, MNRAS, 383, 663

Blandford, R.D., 1990, in Active Galactic Nuclei, Courvieis T.J.-L., &
Mayor, M., eds, Saas-Fee Advanced Course 20, SpringerinBerl
161

Blandford, R.D., 2008, in Extragalactic Jets: Theory and&tation from
Radio to Gamma Ray, Rector, T.A., & De Young, D.S., eds, ASR-Co
ference Series vol. 386, San Francisco, p. 3

Cheung, C.C., 2007, in The First GLAST Symposium, Ritz S.chdl-
son P., & Meegan C.A., eds, AIP Conference Proceedings i, 9
Springer, p. 325



12 M.J. Hardcastle et al.

Cioffi, D.F., Jones, T.W., 1980, AJ, 85, 368 Sreekumar, P., Bertsch, D.L., Hartman, R.C., Nolan, P.hariipson, D.J.,
Clarke, D.A., Burns, J.0O., Norman, M.L., 1992, ApJ, 395, 444 1999, Astroparticle Phys., 11, 221

Combi, J.A., Romero, G.E., 1997, A&AS, 121, 11 Stawarz, t., Aharonian, F., Wagner, S., Ostrowski, M., 2008RAS, 371,
Cooke, B.A., Lawrence, A., Perola, G.C., 1978, MNRAS, 18, 6 1705

Croston, J.H., Hardcastle, M.J., Harris, D.E., Belsole Bikinshaw, M., Steinle, H., et al., 1998, A&A, 330, 97

Worrall, D.M., 2005, ApJ, 626, 733

Cuoco, A., Hannestad, S., 2008, Phys. Rev. D, 78, 023007

Eilek, J.A., Burns, J.O., O'Dea, C.P., Owen, F.N., 1984, A¥3B, 37

Evans, D.A., Kraft, R.P., Worrall, D.M., Hardcastle, M.Janes, C., For-
man, W.R., Murray, S.S., 2004, ApJ, 612, 786

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

Feigelson, E.D., Schreier, E.J., Delvaille, J.P., Giagdan Grindlay, J.E.,
Lightman, A.P., 1981, ApJ, 251, 31

Ferrarese, L., Mould, J.R., Stetson, P.B., Tonry, J.L.k8ee, J.P., Ajhar,
E.A., 2007, ApJ, 654, 186

Funk, S., Reimer, O., Torres, D.F., Hinton, J.A., 2008, AY®, 1299

Ghosh, P., Abramowicz, M.A., 1997, MNRAS, 292, 887

Hardcastle, M.J., Looney, L.W., 2008, MNRAS, 388, 176

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

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

Haring-Neumayer, N., Cappellari, M., Rix, H.-W., Hartyrig., Prieto,
M.A., Meisenheimer, K., Lenzen, R., 2006, ApJ, 643, 226

Hartman, R.C., et al., 1999, ApJS, 123, 79

Haslam, C.G.T., Salter, C.J., Stoffel, H., Wilson, W.E829A&AS, 47, 1

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

Hillas, A.M., 1984, ARAA 22 425

Hinshaw, G., et al., 2008, ApJ in press, arXiv:0803.0732

Isobe, N., Makishima, K., Tashiro, M., Kaneda, H., 2001, @mrlg R.A.,
Blundell K.M, eds, Particles and Fields in Radio GalaxieSPACon-
ference Series vol. 250, San Francisco, p. 394

Israel, F.P., Raban, D., Booth, R.S., Rantakyrd, F.T.820@&A, 483, 741

Jaffe, W.J., Perola, G.C., 1973, A&A, 26, 423

Jarosik, N., et al., 2003, ApJS, 145, 413

Junkes, N., Haynes, R.F., Harnett, J.I., Jauncey, D.L3]188A, 269, 29

Kachelriess, M., Ostapchenko, S., Tomas, R., 2008, ar386X2608

Kelner, S.R., Aharonian, F.A., Bugayov, V.V., 2006, PhygvRD, 74,
034018

Kraft, R.P., Vazquez, S., Forman, W.R., Jones, C., MuBay,, Hardcastle,
M.J., Worrall, D.M., Churazov, E., 2003, ApJ, 592, 129

Kraft, R.P., et al., 2007, ApJ, 665, 1129

Laing, R.A., 1984, in Bridle A.H., Eilek J.A., eds, PhysidsEmergy Trans-
port in Radio Galaxies, NRAO Workshop no. 9, NRAO, Green Bank
West Virginia, p. 90

Laing, R.A., Bridle, A.H., 2002, MNRAS, 336, 1161

Mandel, E., Murray, S.S., Roll, J.B., 2001, in Harnden FRimini F.A. &
Payne H.E., eds, Astronomical Data Analysis Software arste®ys X,
ASP Conference Series vol. 238, San Francisco, p. 225

Marconi, A., Pastorini, G., Pacini, F., Axon, D.J., Capefti, Macchetto,
D., Koekemoer, A.M., Schreier, E.J., 2006, A&A, 448, 921

Markwardt, C.B., Tueller, J., Skinner, G.K., Gehrels, NarBBelmy, S.D.,
Mushotzky, R.E., 2005, ApJ, 633, L77

Marshall, F.J., Clark, G.W., 1981, ApJ, 245, 840

Morganti, R., Killeen, N.E.B., Ekers, R.D., Oosterloo, T.2999, MNRAS,
307, 750

Moskalenko, I.V., Stawarz, t., Porter, T.A., Cheung, CZD08, ApJ sub-
mitted (arXiv:0805.1260)

de Oliviera-Costa A., Tegmark, M., Gaensler, B.M., Jonasl.dndecker,
T.L., Reich, P., 2008, MNRAS, 388, 247

Oosterloo, T.A., Morganti, R., 2005, A&A, 429, 469

Page, L., etal., 2003, ApJS, 148, 39

Page, L., etal., 2007, ApJS, 170, 335

Phinney, E.S., 1983, in Astrophysical Jets, Ferrari A., &iédczyk A.G.,
eds, Reidel, Dordrecht, p. 201

Renaud, M., Gros, A., Lebrun, F., Terrier, R., Goldwuirm, 8eynolds, S.,
Kalemci, E., 2006, A&A, 456, 389

Rothschild, R.E., et al., 2006, ApJ, 641, 801

Sikora, M., Stawarz, t.., Lasota, J.P., 2007, ApJ, 658, 815

Spangler, S.R., Sakurai, T., 1985, ApJ, 297, 84



	Introduction
	Data
	Radio data
	WMAP data and processing

	Results
	Spectral index mapping
	Flux density measurements
	High-resolution imaging of the NML

	Discussion
	The nature of the NML
	Spectra and spectral ageing in the giant lobes
	Prospects for inverse-Compton detections
	UHECRs from the giant lobes and their possible radiative signatures

	Summary and conclusions
	REFERENCES

