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A number of radio galaxies has been detected by Fermi/LARégamma-ray domain. In some
cases, like Cen A and M 87, these objects have been seen etrenTV range by Cherenkov
telescopes. Whereas the gamma-ray emission is likely tmbeected with the non-thermal jet
emission, dominating also the radio band, the situatioess tlear at hard X-rays. While the
smoothly curved continuum emission and the overall speetrergy distribution indicate a non-
thermal emission, other features such as the iron line @missd the low variability appear to
be rather of Seyfert type, i.e. created in the accretion disk corona around the central black
hole.

We investigate several prominent cases using combined/>md gamma-ray data in order to
constrain the possible contributions of the jet and theetimor disk to the overall spectral energy
distribution in radio galaxies. Among the three sources tuedys three different origins of the
hard X-ray flux can be identified. The emission can be puretythermal and caused by the jet,
as in the case of M 87, or thermal inverse Compton emissian fhe Seyfert type core (Cen A),
or appears to be a superposition of non-thermal and themaatse Compton emission, as we
observe in 3C 111. Gamma-ray bright radio galaxies hostiatikof AGN cores, Seyfert 1 and
2, BL Lac objects, and also LINER.
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1. Introduction

Among the radio loud objects, radio galaxies present thescatere the central engine is hid-
den by circumnuclear mattter, but the object produces bragtio jets, sometimes with prominent
extended lobes [1]. In order to be detectable as a radio gdlax jet angle with respect to the line
of sight has to be large, i.e> 10° because for smaller angles the object would appear as a laza
which we assume to look right down the jet. The main emiss@nmonent we see in the extended
images of radio galaxies is produced by synchrotron emissidhe charged particles interacting
with the magnetic field of the jet. The inverse Compton congmbiof radio galaxies is expected to
appear rather as that of Seyfert galaxies. The emissiondghotbe efficiently beamed toward the
observer, as the jet is not pointing towards us, resulting @mponent decreasing rapidly in the
X-ray domain, with a high-energy cut-off in the range 50—ReV.

One exception from this rule has been known since the obsemgeof theCompton Gamma-
Ray Observatorf{CGRQ in the 1990s: Cen A was detected 6sROCOMPTEL and EGRET
up to~ 1GeV. WithFerm/LAT the number has increased and there are now more thaneandoz
gamma-ray bright radio galaxies known. Four radio galaxédisof them of type FR-I, are de-
tectable up to the TeV range (3C 66B, NGC 1275, M 87, Cen A)s Taises the question, how
the high photon energids > 100keV are achieved in these cases, and what makes a raahity gal
gamma-ray bright [2]. For example, the apparently brightesragalactic radio source, the FR-II
Cygnus A is not a gamma-ray emitter, although it displays @ b&ray flux of f20_100kev =
8 x 10~ ergenr?s [3]. Gamma-ray loud radio galaxies are of further interesth@y might be
responsible for a large fraction of the cosmic backgroura/ald MeV [4].

In this work we use X-ray data and the overall spectral endigjyibution (SED) to investigate
the characteristics of 3 gamma-ray bright radio galaxiesn &, 3C 111, and M 87. In the X-rays
we want to clarify whether the observed spectrum has theomabn-thermal characteristics, i.e.
whether it is produced by inverse Compton scattering closthé central engine in a electron
plasma cloud (e.g. a hot corona on top of the accretion disk) @ jet.

2. Centaurus A

Centaurus A is a FR-I radio galaxy that has been detecteteaivay from the radio domain
up to the TeV region. Its brightness and small distarize=(3.8 Mpc) makes it an ideal target
to clarify in which energy bands the emission is thermal amene it appears to be dominated
by non-thermal processes. The double hump structure of Eiev@th an apparently continuous
inverse Compton emission from the X-rays to the TeV domaigysests that this emission is of
non-thermal origin. Analysis c€EGROdata shows that the emission from 50 keV up to 1 MeV
is well represented by a double broken power-law model [Blictv could be a simplification of
the smoothly curved continuous inverse Compton emissioa lofazar and therefore caused by
the jet. One has to keep in mind though, that in the ran§e-@MeV, the CGROdata provided
only upper limits on the source flux. A transition from a thafnmverse Compton (IC) dominated
process to a non-thermal component could therefore occtlrisrenergy range and would have
passed unnoticed.
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In order to clarify the situation we performed an in-depthlgsis of all the availableNTEGRAL
data [6]. The analysis of the 3—1000 keV data showed thatvhiat spectrum can be fit by a phys-
ical model of thermal Comptonisation (compPS) giving aplasemperature &Te = 20662 keV

within the optically thin corona with Compton paramees 0.42022. A reflection component

with a reflection strengtR = 0.12* % has been measured. Therefore, the data are consistent with
R =0 on the 190 level, and a strength d® > 0.3 can be excluded on as3level. Extending the
cut-off power-law or the Comptonisation model to the ganmayarange shows that they cannot
account for the high-energy emission. On the other handykebror curved power-law model can
also represent the data, therefore a non-thermal origiheoKtray to GeV emission could not be
ruled out.

We then studied the extended, jet, and core emission in thé ReV band as observed and
resolved byChandra(Fig. 1). Extrapolating the phenomenological models wefihe core and jet
spectra in th&€handraband to the 20—100 keV energy range coveredNohEGRALIBIS/ISGRI,
we find that the expected flux for the core emission of CenfgSigokev~ 6 x 10 %ergecm2s1,
while the expected flux of the jet is about two orders of magitgt lower with fo0_100kev =
7 x 10 2ergent?s7L. It turns out that the extrapolated core spectrum giveseiddbe flux we
measure in IBIS/ISGRI [6]. Thus, we can conclude that thession in the hard X-ray band is still
dominated by the Seyfert-type core and can be describecamdhinverse Compton process.

The transition to the non-thermal, jet dominated spectmal@y distribution has then to take
place somewhere between a few 100 keV anti0 MeV. This underlines the need for a dedicated
satellite mission in this up to now poorly explored energygeof 1— 100 MeV [7].

3. 3C111

3C 111 is a FR-Il radio galaxy at redsh#t= 0.049 © = 205M pc), which displays a broad
line region in the optical and iron & emission in the X-rays, similar to Seyfert galaxies. The
radio jet has an angle of 18o the line of sight. This object has been first detectedrdayniLAT
in the gamma-rays, with a photon indexof= 2.4+ 0.2 in the range A — 200GeV and a flux
of f ~ 10 8phcnr?s 1 [8]. This low flux level allows only for a low significant detiéon of
~ 30. In both, the soft and the hard X-rays, the source is faifiten tCen A, withfyg_200kev >~
10 Pergcnr?s .

In order to determine whether the (hard) X-ray data are dataahby non-thermal or thermal
emission, we analysed combin&dizakuXIS and PIN,SwiffBAT, and INTEGRALIBIS/ISGRI
data. The overall spectrum in theld- 200 keV band shows an absorbed exponential cut-off power-
law with reflection from neutral material with a photon index= 1.68+ 0.03, a high-energy cut-
off at Ecy = 230" keV, a reflection component witR= 0.7+ 0.3 and an iron K line with an
equivalent width oEW = 85+ 11eV [8]. Thus, in the case of 3C 111 we see indication for both
thermal and non-thermal inverse Compton emission in thays-rThe measured high-energy cut-
off can occur in a thermal IC emission, or can be the signatiige smoothly curved hard X-ray
spectrum. The iron line and the Compton reflection hump aardhdications for a thermal IC
process, but at the same time the iron line is rather weak aoedpo the continuum emission and
the overall spectral energy distribution can be fit by a omeezsynchrotron self-Compton model
as typical for blazars. This seems to suggest that althcagle is compelling evidence for Seyfert-
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Figure 1: ChandrdACIS-I image of Centaurus A based on a 98 ksec exposure fakistay 2007. The
core, which is piled-up in this image, shows a 100 times hidlo& level than the combined extended and
jet emission (including the hot spots). For comparison: iB Mwhich is another gamma-ray detected radio
galaxy, the jet emits about 4 times as much as the core in the eV band [10].

like emission from 3C 111, the X-rays are most likely alsoueaficed by non-thermal jet emission.
This is further supported by the fact that the equivalentthwinf the iron line and the continuum
emission are variable, and we observe a highly-significatitcarrelation between the equivalent
width and the continuum flux. It seems, that the variationghefunderlying continuum by a factor
of ~ 4 are driven by the variable non-thermal emission, whileShgfert core remains persistent.

Thus, for 3C 111 we conclude that the X-rays show contriloutid both, non-thermal jet
emission and thermal inverse Compton emission similarabithSeyfert galaxies. Also here, like
in the other radio galaxies, we assume that the gamma-ragsemican be entirely attributed to
jet emission, because the thermal IC component with its mempibal cut-off in the hard X-rays will
not contribute significantly beyond 500keV.

4. M 87

The third radio galaxy we studied in this work is the FR-1 M 8 Aalistance oD = 16 Mpc.
In this case, similar as for Cen A, the different componerts lbe resolved in the optical and
X-ray regime. The jet of M 87 has an angle to the line of sighB@f, and several knots can be
distinguished in the X-rays based on Chandra data [9]. Thecsds detectable up to the TeV
range, but so far has escaped detection in the hard X-raye dfbkeV, with a & upper limit
of f < 3x 10 *2ergcnr?s71 [10]. Different than in the case of Cen A and 3C 111, this seurc
shows a dominance of the jet over the core emission in the Re¥(and: the jet emission is on
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FRtype jetangle coretype f.i00mev foo_60kev X-rays
[phen?s71]  [ergent?s7?]
M87  FR-l 30 LINER  24x108 <3x10 22 jet
CenA FR-l 50-80 Seyfertl5 2lx10°/ 6x 10710 core
3C111 FR-ll 18 Seyfert 1 41078 85x 10711  coretjet

Table 1: Selected parameters of the three gamma-ray bright radixigal studied here.

average about a factor of 4 brighter than the core. This daends on the time of observation,
as the jet emission is highly variable. In addition, thereasron Ka emission detectable from the
core. Studying the hard X-ray light curve as derived fromMséc effective on-source observation
with INTEGRALBIS/ISGRI, there is no detection achievable in the hardaj{srat any given time.
The overall spectral energy distribution can be modeldd iin the case of 3C 111, by a one-
zone synchrotron self-Compton model with parameters &par high-frequency peaked BL Lac
object.

Further investigations on the nature of the SED and the pitigsito detect M 87 at hard
X-rays are performed and will be presented soon (de Jong é2(dl3, in preparation). But the
picture which emerges for M 87 is that of a radio galaxy withsign of Seyfert-type activity in
the core detectable in X-rays, with this energy range dptdeminated by non-thermal emission.
Considering that the core has been classified as that of aRINEhe optical domain [11], the
lack of strong thermal inverse Compton emission in the Xsm@gn be expected because of the low
power output of the central engine, and LINER are also knawmbt displaying an iron K line
[12]. In summary, it seems that the X-ray emission of M 87 imdwmted by non-thermal inverse
Compton emission arising from the jet.

5. Fermi/LAT detected radio galaxiesin the X-rays

Although we have investigated only three particular caskesady in this small sample we find
three different types of X-ray emission in gamma-ray brigittio galaxies. The hard X-rays are
either dominated by non-thermal emission from the jet (MRR;1), by thermal inverse Compton
emission arising from the Seyfert type core (Cen A; FR-a@aomposite of core and jet emission
is visible in this band (3C 111; FR-Il). Summarizing somelwd parameters of interest in Table 1,
it might be that the core dominance in the X-rays in the cageenf A can be attributed to the large
jet angle with respect to the line of sight. The fact that thexinal inverse Compton component is
not visible in the case of M 87 could be caused by the relatiwedak AGN core.

Three objects are not sufficient in order to draw any firm aasions here. In a next step
we will investigate the hard X-ray spectra of other gammadatected radio galaxies, in order
to see whether a trend emerges in which certain physicahneess of the objects determine the
gamma-ray brightness. Already a glance at the optical dassification of these galaxies seems to
indicate that the type of AGN at the center does not give aigther or not a radio galaxy can be-
come gamma-ray bright. Radio quiet AGN do not seem to befgignt gamma-ray emitters [13].
For example, among 493wifiBAT detected Seyfert galaxies, only NGC 4945 and NGC 1068
were detected byermi/BAT, and in these cases the star burst component in the ladestygis
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likely to be the origin of the high-energy emission [14]. Angpthe FermV/LAT detected radio
galaxies, there are cores with BL Lac spectra (IC 310), of tgpyfert 2 (NGC 1275), Seyfert 1.9
(NGC 6521), Seyfert 1.5 (3C 380.0, Cen A), Seyfert 1.2 (3C.@Q0%Beyfert 1 (3C 111), several
LINER (Fornax A, OH -342, M 87), and even an apparently ofificaon-active elliptical galaxy
(Cen B). Gamma-ray bright radio galaxies are also observedarge redshift range, from Cen A
at a distance oD = 3.8 Mpc out to 2400Mpc ¢ = 0.68) in the case of 3C 207.0, and thus we
observe objects which are very different in terms of lumityos
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