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ABSTRACT
We present an extensive X-ray spectral analysis of the coresof 19 FRII sources in the redshift
range0.5 < z < 1.0 which were selected to be matched in isotropic radio power. The sample
consists of 10 radio galaxies and 9 quasars. We compare our results with the expectations
from a unification model that ascribes the difference between these two types of sources to
the viewing angle to the line of sight, beaming and the presence of a dust and gas torus. We
find that the spectrum of all the quasars can be fitted with a single power law, and that the
spectral index flattens with decreasing angle to the line of sight. We interpret this as the effect
of increasingly dominant inverse Compton X-ray emission, beamed such that the jet emission
outshines other core components. For up to 70 per cent of the radio galaxies we detect intrinsic
absorption; their core spectra are best fitted with an unabsorbed steep power law of average
spectral indexΓ = 2.1 and an absorbed power law of spectral indexΓ = 1.6, which is
flatter than that observed for radio-quiet quasars. We further conclude that the presence of
a jet affects the spectral properties of absorbed nuclear emission in AGN. In radio galaxies,
any steep-spectrum component of nuclear X-ray emission, similar to that seen in radio-quiet
quasars, must be masked by a jet or by jet-related emission.

Key words: galaxies: active: high redshift: nuclei; quasars: general; radio continuum: galax-
ies; X-ray: galaxies

1 INTRODUCTION

Active Galactic Nuclei (AGN) are observed across the whole elec-
tromagnetic spectrum, but X-ray observations probe the process
of converting gravitational energy into radiation most directly, as
spectral and variability studies have shown that at least some of the
X-ray emission comes from regions very close to the central en-
gine. The most luminous AGN are found at high redshift and thus
their study probes accretion processes and AGN environmentearly
in the Universe.

AGN comprise a large variety of objects, for which both sim-
ple and more complicated classification schemes have been pro-
posed. Unification Models explain the observed differencesamong
AGN as the result of orientation with respect to the line of sight
(e.g. Barthel 1989; Urry & Padovani 1995). In particular, itis pro-
posed that powerful radio galaxies and radio-loud quasars are the
same objects, and an obscuring torus is invoked to hide the nucleus
of objects (namely radio galaxies) viewed at large angles tothe jet
axis (e.g. Barthel 1989).

Large orientation-unbiased samples of AGN are needed to test
unification. They must be observed at many wavelengths, in order
to detect both isotropic and anisotropic emission. At low radio fre-
quencies optically-thin synchrotron radiation from the radio lobes
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of radio-loud AGN dominates the emission, and this lobe emis-
sion should be isotropic. Thus, selection of objects via their low-
frequency radio emission represents the most reliable method for
selecting an orientation-unbiased sample. The low-frequency radio
emission is also an indirect measure of the power supplied bythe
jet over the lifetime of the source (some 108 yr).

X-ray emission on small spatial scales, particularly at soft
energies, is expected to be anisotropic because of the obscur-
ing torus required in unified models to obscure the broad-line re-
gion and optical continuum emission. For those sources which
are radio-loud, high-frequency nuclear radio emission, probing
sub-arcsecond scales of the source, is explained as synchrotron
radiation from the unresolved bases of relativistic jets, which
is anisotropic due to relativistic beaming. The correlation found
using ROSAT data between the nuclear, soft X-ray emission
and the core radio emission of powerful radio-loud AGN (e.g.
Hardcastle & Worrall 1999, Brinkmann et al. 1997) thus implies
that at least part of the soft X-ray emission is also relativistically
beamed and originates at the base of the jet (Hardcastle & Worrall
1999). FromROSATdata it had earlier been found that lobe-
dominated quasars tend to lie above the flux-flux correlationvalid
for core-dominated quasars (Worrall et al. 1994), supporting the
idea that lobe-dominated quasars are viewed at an angle to the line
of sight such that the observer sees in X-ray both the jet-dominated
component and a more isotropically emitted, probably nucleus-
related component, with the two components being more similar in

http://arxiv.org/abs/astro-ph/0511606v1
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flux density than for the core-dominated quasars. This suggestion
is further supported by the rather flat X-ray spectra of radio-loud
(core-dominated or blazar-type) quasars, with slopesΓ ∼ 1.5−1.6
(e.g., Worrall & Wilkes 1990; Brinkmann, Yuan & Siebert 1997;
Reeves et al. 1997; Reeves & Turner 2000; Gambill et al. 2003),
which may be compared to the values ofΓ ∼ 2 more commonly
found in their radio-quiet counterparts (e.g. , Yuan et al. 1998;
Reeves et al. 1997; Reeves & Turner 2000). The flat spectrum has
been interpreted as the result of beamed emission from the jet.

X-ray results supporting unification of quasars with power-
ful, (narrow-line) radio galaxies (i.e. that those sourcesare viewed
on the plane of the sky and are thus strongly obscured by a
torus), especially at redshift above 0.5, are less abundant. Few
such radio galaxies were detected in X-ray withROSAT. However,
Worrall et al. (1994) found that the core soft X-ray emissionof the
galaxy 3C 280 lies on an extrapolation of the correlation obtained
for core-dominated quasars, and interpreted the result as due to
X-ray emission from a jet-related component, with the nucleus-
related component being obscured by a putative torus. This re-
sult was later extended to a a larger sample of radio galaxiesby
Hardcastle & Worrall (1999).

In the simple picture of an obscuring torus, quasar light
heats the gas and dust of the torus and thermal radiation is re-
emitted isotropically in the mid/far-infrared in order to main-
tain energy balance in the inner regions. Thus, in principle,
far-infrared radiation should provide an orientation-independent
measure of the emitted power from the central engine. Studies
based on data fromIRAS(Heckman, Chambers & Postman 1992;
Hes, Barthel & Hoekstra 1995), and later the Infrared Space Ob-
servatory (ISO) (e.g. Meisenheimer et al. 2001) were controversial
because of the limited sensitivity and spectral coverage that made
it difficult to separate star formation heating and AGN heating. The
sensitivity in the mid/far-infrared of theSpitzersatellite provides
for the first time the possibility to test this hypothesis fora large
number of objects. Shi et al. (2005) have found that indeed AGN
heating contributes more than 50 per cent of the far-infrared lumi-
nosity in most objects from a sample of 20 radio-loud galaxies and
quasars.

A study of a sample of sources at a range of orientations for
which X-ray and mid/far-infrared properties derived from high-
quality data can be compared, is useful for understanding selec-
tion effects in X-ray-selected samples and for comparison with
the new understanding of these sources coming fromSpitzerdata.
Here we present high-quality X-ray observations obtained with
Chandra and XMM-Newtonof 19 sources in the redshift range
0.5< z < 1.0, which are mostly part of a larger sample of Faranoff-
Riley type II (FRII) radio galaxies and quasars currently being ob-
served withSpitzer. In this paper we focus on the X-ray properties
of the nuclear regions; we will address the environment of these
sources (which is also a potential source of isotropic X-rayemis-
sion) in a forthcoming paper.

Throughout this paper we use the concordance cosmology
with h0 = H0/100 km s−1 Mpc−1 = 0.7, ΩM = 0.3, ΩΛ = 0.7.
If not otherwise stated, errors are quoted at1σ for one interesting
parameter.

2 THE SAMPLE

The AGN for our study were chosen from an orientation-unbiased
parent sample. As discussed above, a reliable method for such a
criterion is selection on the basis of the low-frequency radio emis-

sion. The best known and best studied orientation-unbiasedsam-
ple of radio sources is the 3CRR sample (Laing, Riley, & Longair
1983), selected at 178 MHz. There are 50 3CRR sources at redshift
0.5 < z < 1.0, of which ∼ 2/3 are radio galaxies and∼ 1/3
are quasars. We do not aim to carry out a statistical test of unifica-
tion models, for which a random selection from the parent sample
would be necessary. Instead we intend to look for differences in the
X-ray emitting components between quasars and radio galaxies, as
would be expected in unification schemes. For this reason we base
our work on a sub-sample of 34 high-redshift 3CRR radio galax-
ies and quasars that are being observed withSpitzeras part of a
guaranteed-time programme.

These 34 sources were selected from the 3CRR on the basis
of Galactic latitude for convenient scheduling ofSpitzerobserva-
tions, and they display similar distributions in redshift and isotropic
radio power to the parent sample. Here we present X-ray results
for 15 of the sources in this sample, those so far observed with
Chandraor XMM-Newton. 3C 200 is part of theSpitzersample al-
though the source lies slightly outside the0.5 < z < 1 range,
sinceChandraobservations were available at the time of the selec-
tion of the infrared sample. In addition, we have added to ourstudy
four sources (3C 228, 3C 265, 3C 345, 3C 454.3) that are not in the
Spitzersample, since they are in the same redshift range and have
available high-quality X-ray observations. This gives us asample
of 19 sources (see Table 1). Figure 1 shows that for the quasars and
radio galaxies in this subsample, the redshift, isotropic radio power,
and radio flux distributions are similar.

Chandraor XMM-Newtonobservations of 9 sources (3C 184,
3C 200, 3C 220.1, 3C 228, 3C 263, 3C 275.1, 3C 292, 3C 330,
3C 334) were awarded to us in support of various projects, while
data for the remaining sources were extracted from theChandra
archive. Table 1 lists the sources used in this work.

3 X-RAY OBSERVATIONS AND DATA PREPARATION

Table 2 lists basic observational information for the sources anal-
ysed in this paper. AllChandraobservations were performed with
ACIS-S with the source at the aimpoint of the S3 chip. For some
bright sources (see Table 2) sub-array modes were used to reduce
the readout time and hence the effect of pileup. TheXMM-Newton
observations for two sources, 3C 184 and 3C 292, discussed inthis
paper were taken with the EPIC cameras. Data analysis for these
sources is described in Belsole et al. (2004).

Chandradata were processed using CIAO 3.2.1 and CALDB
v3.0.2. We first removed theafterglowcorrection, and produced a
new Level 1 event list. We then generated new bad-pixel files using
the CIAO tool ACIS RUN HOTPIX. The new Level 1 photon lists
were then processed using the CIAO toolACIS PROCESSEVENTS

in the standard way. The standard Charge Transfer Inefficiency
(CTI) correction was not applied for 3C 220.1, since the focal
plane temperature was higher than -120◦ C. For those observations
telemetered in VFAINT mode, we applied the additional back-
ground screening recommended for this mode, although this is not
particularly useful for the study of the bright central component.
We filtered for good grades (0, 2, 3, 4, 6) and generated a Level
2 photon list after filtering using the pipeline good-time-interval
(GTI) filter. Finally, for each source we produced a light curve in a
region void of sources to check for variability of the background.
No strong flare events were found in any of our sources. However,
all data sets were filtered following the prescription givenin
http://asc.harvard.edu/ciao/threads/filter/.

http://asc.harvard.edu/ciao/threads/filter/
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Table 1.The sample

Source RA(J2000) Dec(J2000) redshift scale type NH Comments
h m s ◦ ′ ′′ kpc/arcsec 1020 cm−2

3C 6.1 00 16 30.99 +79 16 50.88 0.840 7.63 NLRG 14.80
3C 184 07 39 24.31 +70 23 10.74 0.994 8.00 NLRG 3.45
3C 200 08 27 25.44 +29 18 46.51 0.458 5.82 NLRG 3.74
3C 207 08 40 47.58 +13 12 23.37 0.684 7.08 QSO 4.12
3C 220.1 09 32 39.65 +79 06 31.53 0.610 6.73 NLRG 1.87
3C 228 09 50 10.70 +14 20 00.07 0.552 6.42 NLRG 3.18 noSpitzer
3C 254 11 14 38.71 +40 37 20.29 0.734 7.28 QSO 1.90
3C 263 11 39 57.03 +65 47 49.47 0.646 6.90 QSO 1.18
3C 265 11 45 28.99 +31 33 49.43 0.811 7.54 NLRG 1.90 noSpitzer
3C 275.1 12 43 57.67 +16 22 53.22 0.557 6.40 QSO 1.99
3C 280 12 56 57.85 +47 20 20.30 0.996 8.00 NLRG 1.13
3C 292 13 50 41.95 +64 29 35.40 0.713 6.90 NLRG 2.17
3C 309.1 14 59 07.60 +71 40 19.89 0.904 7.80 GPS-QSO 2.30
3C 330 16 09 34.71 +65 56 37.40 0.549 6.41 NLRG 2.81
3C 334 16 20 21.85 +17 36 23.12 0.555 6.38 QSO 4.24
3C 345 16 42 58.80 +39 48 36.85 0.594 6.66 core-dom QSO 1.13 noSpitzer
3C 380 18 29 31.78 +48 44 46.45 0.691 7.11 core-dom QSO 5.67
3C 427.1 21 04 06.38 +76 33 11.59 0.572 6.49 LERG 10.90
3C 454.3 22 53 57.76 +16 08 53.72 0.859 7.68 core-dom QSO 6.50 noSpitzer

Galactic column density is from Dickey & Lockman (1990); NRLG means Narrow Line Radio Galaxy; LERG means
low-excitation radio galaxy. Redshifts and positions are taken from Laing et al. (1983).

Table 2. Observation log. Col 1: 3CRR name; Col. 2: Instrument used for the observations, C stands forChandra, X for XMM-Newton; Col.3: Observation
ID; Col. 4: Date of observation; Col 5: Detector, where the numbers following “ACIS” correspond to the CCD chips turned onduring observation. The target
was placed at the aim point of chip 7. EPIC means that MOS and pncameras have been used for the observation and analysis; 3C 184 was observed with MOS
cameras only for observation ID 0028540201; Col. 6: Observation mode. ForXMM-Newtonobservations the filter is also listed and the mode refers to the
EPN camera; Col. 7: Frame readout time; the first value forXMM-Newtonobservations refers to MOS cameras; Col. 8: Nominal exposure Time; Col.9: Net
exposure time, after flare screening; Col. 10: Pileup fraction.

Source Instrument Obs ID Obs Date Detector MODE TIME/FRAME EXPOSURE Screened time Pileup
sec ks ks fraction

3C 6.1 C 4363 2002-08-26 ACIS-235678 VFAINT 3.24 20 20.0 5%
C 3009 2002-10-15 ACIS-235678 VFAINT 3.24 36 35.7 5%

3C 184 C 3226 2002-09-22 ACIS-23678 VFAINT 3.14 20 18.9 1%
X 0028540201 2001-09-19 EPIC/MOS Thin/FF 2.6 38.9 32/– na
X 0028540601 2002-03-10 EPIC Thin/EFF 2.6/0.2(pn) 40.9 26/16.4(pn) na

3C 200 C 838 2000-10-06 ACIS-235678 FAINT 3.24 16 14.7 1%
3C 207 C 2130 2000-11-04 ACIS-235678 FAINT 3.24 39 37.5 22%
3C 220.1 C 839 1999-12-29 ACIS-23678 FAINT 3.24 21 18.5 7%
3C 228 C 2453 2001-04-23 ACIS-235678 FAINT 3.24 12 10.6 2%

C 2095 2001-06-03 ACIS-235678 FAINT 3.24 15.5 13.8 3%
3C 254 C 2209 2001-03-26 ACIS-23678 VFAINT 3.14 31 29.5 20%
3C 263 C 2126 2000-10-28 ACIS-235678 FAINT 3.24 51 48.8 26%
3C 265 C 2984 2002-04-25 ACIS-235678 VFAINT 3.24 59 50.6 1%
3C 275.1 C 2096 2001-06-02 ACIS-567 FAINT 1.64 26 24.8 4%
3C 280 C 2210 2001-08-27 ACIS-235678 VFAINT 3.24 63.5 46.3 < 1%
3C 292 X 0147540101 2002-10-29 EPIC Medium/FF 2.6/0.07(pn) 33.9 20/17(pn) < 1%
3C 309.1 C 3105 2002-01-28 ACIS-7 VFAINT 0.44 17 16.6 6%
3C 330 C 2127 2001-10-16 ACIS-235678 FAINT 3.24 44 43.8 0%
3C 334 C 2097 2001-08-22 ACIS-567 FAINT 0.94 33 30.2 9%
3C 345 C 2143 2001-04-27 ACIS-7 FAINT 0.44 10 9.0 13%
3C 380 C 3124 2002-05-20 ACIS-7 FAINT 0.84 5.5 5.3 16%
3C 427.1 C 2194 2002-01-27 ACIS-235678 FAINT 3.24 39 39.0 0%
3C 454.3 C 3127 2002-11-06 ACIS-7 FAINT 0.84 5.5 5.5 24%

We then applied an astrometry correction to the final event list
using the tool available on line1. The level 2 event lists were then
used for the analysis described below.

1 http://asc.harvard.edu/cal/ASPECT/fixoffset/fix offset.cgi

4 ANALYSIS

4.1 Spatial analysis

We performed preliminary spatial analysis on theChandradata in
order to investigate whether the X-ray radial profile was consistent
with the instrumental point spread function (PSF). PSFs foreach
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Figure 1. Redshift (Top), isotropic (178 MHz) radio flux (Middle) and
power (bottom) for the sample of 19 sources analysed in this paper. The
shaded area corresponds to the 10 radio galaxies.

source were generated using the PSF library for ACIS at a conve-
nient energy depending on the spectrum of the source. For most
sources this was 2.5 keV. We then used the CIAO toolMKPSF to
simulate a point source image, and the toolDMIMGCALC to nor-
malize the PSF to the count rate of each source. We extracted radial
profiles for each source in the energy range 0.5-8.0 keV and com-
pared with the radial profile derived for the simulated PSF. Features
such as jet emission or extended emission clearly associated with
the radio lobes were masked prior to the radial profile extraction.

We are aware that this approach is not perfect since a monochro-
matic estimate of the PSF was used. However, it gives an estimate
of the extent of the PSF that is good enough to allow us to definethe
radius for spectral analysis of the nuclear region and the associated
background for each source, especially in cases where the sources
are piled up.

This quick spatial analysis also gives indications of the
presence of extended emission associated with a cluster-like
environment or inverse-Compton scattering in the radio lobes
(Croston et al. 2005). We will discuss the environments of these
sources in a future paper.

We found that for most of the sources more than 90 per cent
of the flux was included in a circular region of radius 2.5 pixels.
The radial profile of 3C 200 shows that extended emission starts
to dominate at∼ 2 arcsec from the X-ray peak. However, only 2
counts contribute to the extended flux in the circular regionused for
the spectral analysis, and this is much less than any statistical error.
For 3C 263 we found that the point source photon distributionwas
broader than the PSF obtained at 2.5 keV, which is likely to bethe
effect of the strong pileup (see Sect. 4.3): a piled-up pointsource
will show a photon distribution which is flatter in the centreand
broader in the wings than a standard PSF as calculated withMKPSF.
For all sources, we applied corrections for the missing fraction of
the PSF (see below) to the X-ray fluxes we quote.

4.2 Timing analysis

For all Chandraobservations we generated light curves from the
0.5-8.0 keV energy range for each core using the CIAO toolDMEX-
TRACT, and in different time bins from 100 to 4000 s intervals, de-
pending on the source exposure time and photon statistics (we did
not perform timing analysis for theXMM-Newtonobservation of
3C 292).

We usedχ2 to test for significant deviations from the average
count rate within the light curve, and Table 3 reports theseχ2 val-
ues calculated using the binning that shows the largest deviation
from a constant value as well as the probability that the light curve
is constant. None of our sources exhibits significant time variabil-
ity, including 3C 207 (Hough et al. 2001), and the core-dominated
quasars which are known to be variable at 5 GHz (and higher
frequency) on time scales of years (e.g., Lister, Tingay & Preston
2001; Aller, Aller & Hughes 2003). 3C345 in particular was found
to be variable in X-ray flux density (Unwin et al. 1997), but on
timescales of order of weeks.

We investigated flux variability for the two sources which
were observed in two exposures, 3C 6.1 and 3C 228. The average
count rate for the two exposures of 3C 6.1 are 0.044±0.008 s−1

and 0.039±0.014 s−1 for exposure IDs 3009 and 4363, respec-
tively. 3C 228 does not show any flux variability either, withboth
exposures having count rate of 0.023±0.005 s−1.

4.3 X-ray spectral fitting

The spectrum of each core was extracted from a circle of radius
2.5 pixels (1.23 arcsec; core region), which includes> 90 per cent
of the ACIS-S3 PSF (as verified by our spatial analysis). A local
background region was selected from an annulus of internal and
external radii 3.5 and 6 pixels. This choice of background should
provide the best possible subtraction of any contribution from a
cluster-like environment. In all cases the core strongly dominates
any such extended emission. The net counts in the core regionin
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Table 3.X-ray variability

Source time bin χ2
r /d.o.f. Pχ2

s
3C 6.1/3009 750 0.599/27 0.950
3C 6.1/4363 2000 0.663/18 0.850
3C 184 3000 0.450/6 0.846
3C 200 2000 0.650/7 0.715
3C 207 1000 0.521/38 0.993
3C 220.1 650 0.806/30 0.764
3C 228/2095 3000 1.012/5 0.962
3C 228/2453 2000 0.600/5 0.700
3C 254 3000 0.568/10 0.842
3C 263 500 0.470/100 1.000
3C 265 3000 0.648/17 0.856
3C 275.1 750 38.549/10 0.000
3C 280 3000 0.500/14 0.935
3C 309.1 3000 0.612/6 0.721
3C 330 3000 0.464/15 0.959
3C 334 2000 0.496/17 0.956
3C 345 750 13.305/14 0.503
3C 380 650 1.286/9 0.238
3C 427.1 4000 0.300/9 0.975
3C 454.3 1000 0.711/5 0.615

Numbers given after multiple observations of the
same source are theChandraobservation IDs. The
time bin is the one that gives the largestχ2 value (see
the text). The probabilityPχ2 is the probability of ob-
taining a value ofχ2 as extreme as this under the null
hypothesis of no variability.

the 0.2-10.0 keV energy band, for each source, are listed in Table
4.

Spectra were extracted using the toolPSEXTRACT, which gen-
erates Ancillary Response Files (ARF) and Redistribution Matrix
Files (RMF). Spectra were grouped to have a minimum of 15 to 20
counts per channel (except for theChandraobservations of 3C 184
and 3C 427.1 where there are too few counts for spectral fitting).
We used version 3.0.2 of the calibration database, which accounts
for spatial variation of the Quantum Efficiency (QE) degradation.

Because of the nature of the sources discussed here, the issue
of pileup needed to be considered. Pileup will distort the spectrum
at high energy (for details see Ballet 1999; Davis 2001). An indica-
tion of the pileup fraction (PUF; defined as the ratio of the number
of detected events that consist of more than one photon to thetotal
number of detected events) was estimated using PIMMS and Fig-
ure 6.18 in theChandraProposers’ Observatory Guide Sect. 6.142.
The PUF was calculated for each source, and is listed in Table2.
Pileup effects were ignored if the PUF was less than 8 per cent, al-
though we verified that the addition of a pileup model in XSPEC
did not change the best-fit parameters for such sources (see Sect.
5.1 for more details). For those sources for which a higher PUF was
found, we excluded a circle of radius from 1 to 2 pixels (see below
for details of each individual source) from the initial circle of radius
2.5 pixels and used this annulus as the region for spectral analysis,
since the wings of the PSF are less affected by pileup. Although an
annular region contains only a fraction of the PSF, it is valuable in
finding the correct spectral index of the source. To measure fluxes
and flux densities for these sources we adjusted the normalization

2 http://asc.harvard.edu/proposer/POG/html/ACIS.html
#SECTION037140000000000000000

to account for missing counts based on simulating the PSF at the
position of the source using MARX. Although this correctionis
dependent on the source spectrum, it has been shown that for NGC
6251 the spectral dependence is negligible (Evans et al. 2005). We
applied similar tests to those applied for NCG 6251 to 3C 334,and
found that any correction due to the energy-dependence of the PSF
is within the statistical errors. Therefore we ignored energy depen-
dence when correcting fluxes and flux densities for the missing PSF,
and we corrected solely for the fraction of the PSF missing atthe
energy of 2.5 keV.

In the case of 3C 263, which is heavily piled-up, we adopted
the spectrum extracted in an annulus of inner and outer radii3 and
5 pixels, after inspecting the radial profile.

Spectral analysis was performed using XSPEC v11.3.1. All
spectra were fitted in the energy band 0.5-8.0 keV, where the ACIS-
S calibration is most precise. We initially fitted the background-
subtracted core spectrum with a model composed of Galactic ab-
sorption (see Table 1), and a power law. Additional components
were added to the model as required after inspection of the residu-
als. The significance of adding additional model componentsto the
fit was estimated using theF -test.

Fluxes, flux densities and luminosities for all sources whose
spectrum was extracted in the canonical circle of radius 2.5pixels
were corrected by 10 per cent to account for the missing PSF frac-
tion. Values derived from spectra extracted in annular regions were
corrected appropriately as described above. Moreover, as aconser-
vative approach, we added a 10 per cent systematic error to the
error estimates for the fluxes, flux densities and luminosities of all
sources with pileup fraction greater than 8 per cent (see Table 2).

5 RESULTS

5.1 X-ray spectral properties

The results of the spectral fitting are reported in Table 4. A sin-
gle power law absorbed by Galactic absorption provides a good fit
to the core continuum for 11 sources (3C 200, 3C 207, 3C 220.1,
3C 228, 3C 254, 3C 263, 3C 275.1, 3C 309.1, 3C 334, 3C 380,
3C 434.3), of which 8 are lobe-dominated or core-dominated
quasars. Intrinsic absorption is required for 7 sources, all of
them radio galaxies (3C 6.1, 3C 184, 3C 265, 3C 280, 3C 292,
3C 330, 3C 427.1). An additional thermal component is required
for only 1 object, 3C 184, a very small radio source observed with
XMM-Newtonfor which cluster-scale X-ray emission was detected
(Belsole et al. 2004). This is much less than any statisticalerror. In
only one case, 3C 345, is a single power law not an acceptable fit
for a quasar. A second power law is necessary to account for the
flattening above 1.7 keV in the core spectrum. This is in agreement
with the results of Gambill et al. (2003), who used a broken power
law to fit the spectrum. Several of the radio galaxies required a soft
unabsorbed power law in addition to the absorbed power law. De-
tails of additional continuum components, both non-thermal and
thermal, required to fit the core spectra of the sources in oursample
are listed in Table 5.

In agreement with Bondi et al. (2004), we detect significant
line emission for 3C 265, indicating a neutral Fe line at a rest-
frame energy of 6.37±0.13 keV and of equivalent width 443+196

−190

eV. The core spectrum of 3C 330 displays a broad, asymmetric
line at rest-frame energy 6.7+0.6

−0.3 keV. Although this may suggest
the presence of ionized iron in the central region, deeper obser-
vations of this source are needed to establish the reality ofthe line.
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Table 4.Spectral fit results for the core region.Col. 1: source 3CRR name;Col. 2: net counts in the 0.2–10.0 keV energy band contained in a circular region
of radius 2.5 pixels; if two exposures have been used this is the sum of the two data sets;Col. 3: intrinsic NH, when required;Col. 4: power law index. This
corresponds to the slope of the hard spectrum when a composite model is used;Col. 5: normalization of the power law model, in units of photons keV−1

cm−2 s−1 at 1 keV. The normalization corresponds to the best-fit valuefound while fitting the region specified in Col. 9 and does not correspond to the final
luminosity displayed in Col. 8. Moreover, the normalization corresponds to the power law used to fit the hard spectrum when a model composed of more than
one power-law is adopted;Col. 6: χ2/d.o.f. corresponding to the best-fitting model;Col. 7: where the best-fitting model was not a power law with Galactic
absorption, this column gives the probability under the null hypothesis (from theF -test) of obtaining an improvement inχ2 as large as was observed. When
not applicable the original model represents a good fit to thedata;Col. 8: unabsorbed X-ray Luminosity in the energy band 2.0-10.0 keV- absorbed component
only in radio galaxies (flux for the same component is listed in Table 6);Col. 9: comments; if there are no comments, the region used for spectral analysis is a
circle of radius 2.5 pixels.

Source net counts NH(intrinsic) Gamma Norm χ2/d.o.f. F -test LX[2-10 keV] Comments
[0.2-10 keV] ×1022 cm−2 ×10−5 ×1044

(ph/keV/cm/s) ( erg s−1)
3C 6.1 2326±49 0.28+0.11

−0.10
1.53+0.06

−0.07
6.5+0.4

−0.5
139.1/126 3.6×10−3 10.0+0.7

−0.6
2 exposures combined

3C 184a 776±65 48.7+22.0
−12.1 1.4+0.3

−0.2 2.4+1.1
−1.0 39.3/44 2.7×10−7 5.7+2.2

−2.0 XMM
3C 200 166±14 na 1.68+0.18

−0.16 1.3+0.1
−0.2 5.3/5 na 0.41+0.07

−0.08

3C 207 6349±80 na 1.27+0.05
−0.05

3.6+0.1
−0.1

96.5/105 na 13.7+1.7
−2.1

1.0-2.5 pix annulus
3C 220.1 1133±34 na 1.55+0.04

−0.05 5.4+0.2
−0.2 55.3/57 na 3.9+0.2

−0.1

3C 228 646±50 na 1.59+0.11
−0.10 2.7+0.2

−0.2 23.7/32 na 1.5+0.1
−0.1 2 exposures combined

3C 254 4528±70 na 1.64+0.11
−0.10

1.4+0.2
−0.1

34.1/33 na 20.8+4.4
−3.1

1.5-2.5 pix annulus
3C 263 9759±100 na 1.88+0.10

−0.10 1.10+0.08
−0.04 14.2/20 na 15.0+2.5

−1.9 2.5-5.0 pix annulus
3C 265 285±17 16.8+10.5

−7.2 1.01+0.66
−0.30 1.3+2.5

−0.8 5.6/10 3.2×10−3 3.1+1.2
−1.2

3C 275.1 1302±36 na 1.45+0.05
−0.05

5.1+0.2
−0.2

62.0/63 na 3.3+0.2
−0.1

3C 280c 53±8 9.7+6.2
−4.7 1.27+0.43

−0.41 0.4+0.1
−0.1 0.7/3 2.0×10−2 10.0+3.5

−3.5

3C 292b 251±10 26.4+12.8
−5.9 2.05+0.15

−0.15 4.5+1.8
−1.3 14.6/19 1.8×10−4 2.5+0.7

−0.7 XMM
3C 309.1 5528±75 na 1.54+0.02

−0.03
34.2+0.5

−0.7
159.4/169 na 60.0+2.0

−2.0

3C 330 118±11 23.6+16.3
−13.4

1.95+0.55
−0.36

2.3+1.4
−1.8

6.7/6 1.3×10−1 0.8+0.2
−0.6

3C 334 7241±85 na 1.74+0.04
−0.05 8.2+0.2

−0.3 105.4/78 na 12.0+2.2
−2.2 1.0-2.5 pix annulus

3C 345 6637±81 na 1.27+0.11
−0.11

15.8+2.3
−2.1

87.8/83 1.2×10−2 43.3+7.7
−5.0

1.0-2.5 pix annulus
3C 380 2553±51 na 1.54+0.09

−0.09
12.5+1.2

−1.0
15.5/20 na 65.0+12.5

−12.5
1.5-2.5 pix annulus

3C 427.1 15±3 10 (fix) 1.6 (fix) 0.2+0.1
−0.1 2.7d na 0.13+0.05

−0.05 C-statistics used
3C 454.3f 3889±63 na 1.25+0.15

−0.15
5.3+0.7

−0.7
9.0/8 na 235.0+60.0

−60.0
2.0-2.5 pix annulus

Chandradata fits were done in the 0.5-8.0 keV band; “2 exposures” in Col. 9 means that the spectra from both exposures of the source have been used.
Luminosities are corrected for the extraction aperture while normalizations are the actual, best-fit value.a Parameters are fromXMM-Newtondata fitting.
The total spectrum of the source was extracted in a circle of radius 40 arcsec; the count rate in Col. 2 corresponds to the total EPIC count rate in this region
(see Belsole et al. 2004 for details); theChandraobservation of 3C 184 contains 41 counts in the energy band [0.2-10.0] keV. TheXMM-NewtonandChandra
fitting results are in agreement, but the former was preferred since gives significantly better constraints.b TheXMM-Newtoncore spectrum was extracted in
a circular region of radius 10 arcsec, and the count rate is the total EPIC background-subtracted count rate in this region (the background estimated in an
annulus of inner radius 30 arcsec and outer radius 35 arcsec –see Belsole et al. 2004 for details); the ARF accounts for themissing PSF, and the spectrum
was fitted between 0.3 and 10 keV.c An F -test was performed for a model with intrinsic absorption versus a model with no intrinsic absorption; see the
details for this source in Appendix A for discussion of an unabsorbed component at soft energies.d C-statistic value instead ofχ2. The quoted error is the
“real” error, i.e. statistical plus systematic.

Table 5.Spectral fit results for the core region: Additional components

Source Soft PL Thermal Flux LX

Γ NPL kT NTh [0.2-10.0] keV
×10−5 (keV) ×10−5 (erg s−1 cm−2) (erg s−1)

3C 184a 1.9+1.4
−1.5 0.1+0.2

−0.09 3.6+14.1
−1.8 2.3+0.5

−0.5 7.3 × 10−15 3.0 × 1043

3C 265 2.1+0.8
−0.7

0.17+0.04
−0.04

— — 1.0×10−14 2.8×1043

3C 280 2.2(fix) 0.02+0.01
−0.01 — — 1.5 × 10−15 7.1×1042

3C 292 2.7+0.6
−0.7 0.2+0.1

−0.1 — — 1.3×10−14 4.2×1043

3C 330 1.9+0.8
−0.7

0.16+0.03
−0.03

— — 1.0×10−14 1.2×1043

3C 345 1.8+0.1
−0.1 21.3+0.6

−0.7 — — 5.0×10−12 6.0×1045

3C 427.1 2.2(fix) < 0.08 — — < 4.5 × 10−15 < 5.6 × 1042

Upper limits are quoted at the3σ confidence level for one interesting parameter; errors are the 1σ confi-
dence range.a Flux and luminosity refer to the soft power-law component. The soft power-law parameters
were obtained by fitting theChandraspectrum. The bolometric X-ray luminosity of the thermal component
is 8.3×1043 erg s−1 (Belsole et al. 2004).
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Figure 2. 1-keV X-ray core versus 5-GHz radio core spectral luminosity density. Symbols are as follows: filled squares are radio galaxies (when applicable
only the unabsorbed component was taken into account to compute the 1-keV luminosity density); asterisks are lobe-dominated quasars and stars are core-
dominated quasars. The dot-dashed line corresponds to the maximum likelihood linear regression method applied to the whole sample. The dashed line is the
linear regression applied to the sample composed of core-dominated quasars and radio galaxies only. The continuous line corresponds to the best fit regression
for core-dominated quasars only. When 1σ error bars are not visible they are smaller than the symbols.

Table 6.X-ray and radio fluxes and flux densities

Source f1keV L1keV × 1022 f2.0−10.0keV coref5GHz coreL5GHz × 1024 total L178MHz × 1025 αR

(nJy) (W Hz−1 sr−1) (×10−13 erg cm−2 s−1) (mJy) (W Hz−1 sr−1) (W Hz−1 sr−1)
3C 6.1 47.6+2.9

−3.7 12.18+0.74
−0.95 3.9+0.5

−0.4 4.4 8.2 332 0.68
3C 184 0.73+0.58

−0.66
0.35+0.28

−0.32
1.7+0.7

−0.6
<0.2 <0.5 535 0.86

3C 200 9.5+0.8
−1.4 0.66+0.06

−0.1 0.6+0.1
−0.1 35.1 18.8 71.7 0.84

3C 207 79.1±11 11.11+1.55
−1.55 9.7+1.3

−1.3 510V 622.5 229 0.90
3C 220.1 39.8+1.3

−1.4
4.99+0.16

−0.18
2.7+0.1

−0.1
25 24.1 210 0.93

3C 228 19.8+2.0
−1.3 2.02+0.20

−0.13 1.4+0.1
−0.1 13.3 10.5 231 1.0

3C 254 153.3+32.9
−24.1 30.67+6.58

−4.82 10.4+2.2
−1.4 19 26.7 412 0.96

3C 263 187.2+32.0
−26.1

32.31+5.52
−4.51

9.0+1.2
−1.4

157 174.2 220 0.82
3C 265a 1.2+0.3

−0.3 0.40+0.09
−0.10 1.8+0.3

−0.5 2.9 5.0 515 0.96
3C 275.1 37.6+1.4

−1.2 3.69+0.14
−0.12 3.4+0.1

−0.1 130V 104.5 194 0.96
3C 280a 0.18+0.08

−0.09
0.10+0.03

−0.03
0.3+0.1

−0.1
1.0(7%) 2.6 931 0.81

3C 292a 1.3+0.3
−0.3 0.42+0.09

−0.1 1.1+0.2
−0.2 1.0(11%) 1.3 180 0.80

3C 309.1 250.4+4.0
−5.3 75.90+1.21

−1.60 19.9+0.2
−0.3 2350 5030.0 591 0.53

3C 330 1.1+0.2
−0.2

0.13+0.02
−0.03

0.7+0.2
−0.5

0.74(6%) 0.6 255 0.71
3C 334 181.0+19.0

−25.0
19.94+2.09

−2.75
10.0+2.0

−2.0
111 88.2 110 0.86

3C 345 470.4+62.5
−60.3 48.89+6.49

−6.27 46.0+7.6
−13.6 8610V 7889.9 97.2 0.27

3C 380 500.3+80.3
−84.5

82.72.0+13.28
−13.97

40.0+8.0
−8.0

7447 9272.1 930 0.71
3C 427.1 < 0.5 < 0.07 0.1+0.04

−0.04
0.8(4%) 0.68 302 0.97

3C 454.3 820+192
−192

185.49+43.43
−23.63 100+21.0

−14.0 12200V 2.36×104 224 0.04
a Flux density at 1 keV is computed by using the soft component only, upper limits when appropriate. The 2.0-10.0 keV flux is from the absorbed
component only in the case of radio galaxies.V the source is known to be variable at the measured frequency.Errors are quoted at 1σ confidence
for one interesting parameter; upper limits are 3σ confidence level. Unless otherwise stated, errors on the 5 GHz flux densities are 3%, as defined
by calibration errors.

Hints of possible line emission are seen in 3C 207 (ionized, see also
Brunetti et al. 2002) and 3C 275.1 (neutral), although the addition
of a line does not technically improve these fits.

5.2 X-ray versus radio correlations

In Table 6 we list the unabsorbed X-ray flux density at 1 keV, de-
rived from our spectral fitting, and the 5-GHz core flux density,
obtained from various sources and tabulated in the on-line 3CRR
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catalogue3. Errors on the radio measurements are generally dom-
inated by the calibration errors (of order 3 per cent) and arethus
small compared to the X-ray errors. Where the uncertainty isdom-
inated by thermal noise we tabulate per-source uncertainties in Ta-
ble 6. We have also computed the 1-keV and 5-GHz rest frame
spectral luminosity densities, assumingαX = Γ − 1 whereΓ is
the best-fit spectral index. In general the spectral indicesof the ra-
dio cores are not known (and likely to be variable) but as com-
pact cores are known to have typical spectral indices close to 0
(e.g. Bridle & Fomalont 1978) we adoptαR = 0 in calculating
the rest-frame radio luminosities. We used the analysis package
ASURV Rev 1.1 (LaValley, Isobe & Feigelson 1992), to calculate
the generalized Kendall’sτ coefficient in the presence of censored
data to the relation between core 1-keV flux density and the core
5 GHz flux density. We found that the flux-flux correlation is sig-
nificant for the sample as a whole, as well as for subsamples of
data. This support the idea that the luminosity-luminositycorrela-
tion is not redshift-induced. However, to test correlations between
properties of sources spanning a wide redshift range, and partic-
ularly for high-redshift sources for whichK-correction must be
taken into account, the respective luminosity values should be used
(e.g. Kembhavi et al. 1986). We apply the generalized Kendall’s τ
algorithm to the 1-keV luminosity density and 5-GHz luminosity
density correlation (see Table 7). Linear regression were evaluated
by applying a maximum-likelihood fitting routine to fit a model
consisting of a straight line in log space and an intrinsic dispersion
to the luminosities. Our fitting procedure takes into account the un-
certainties and upper limits on the radio and X-ray data points and
is intrinsically symmetrical with respect to the two types of lumi-
nosity. 90 per cent errors on the fitted slopes were estimatedusing
a Monte Carlo method.

Logarithmic slopes for all subsamples are consistent within
the errors, mainly because of the limited statistics. However, we
observe a trend when taking the best fits at their face value (see
Table 7, where we also list the intrinsic dispersion as 1-sigma
values of Gaussians in log space). The slope of the best-fit cor-
relation deviates significantly from 1 only when samples contain-
ing more than one class of object are fitted, and it becomes very
close to 1 when samples consisting only of radio galaxies or core-
dominated quasars are fitted (with a possible flattening for the
latter, consistent with what was observed in larger samplesof
core-dominated quasars; e.g., Kembhavi, Feigelson & Singh1986;
Worrall et al. 1994).

The dot-dashed line in Figure 2 shows the linear regressions
for the whole sample, while the dashed line shows the same re-
gression to the sample composed of core-dominated quasars and
radio galaxies. We also show the linear regressions found when fit-
ting only core-dominated quasars (continuous line). We observe
that lobe-dominated quasars (asterisks) lie above the correlation
valid for core-dominated quasars (see. e.g., Worrall et al.1994;
Hardcastle & Worrall 1999). We also notice that 3 radio galaxies
lie in theLX − LR plane aboveall correlations, suggesting a be-
haviour similar to lobe-dominated quasars. However, this is not sur-
prising since the radio galaxies in question are 3C 6.1, 3C 220.1 and
3C 228, for which a simple power-law spectral model is a good fit to
the data. It is interesting that the radio galaxies have excess X-ray
emission over an extrapolation from the core-dominated quasars,
and may suggest a difference in the mechanisms responsible for
the jet-related X-ray emission in the two class of objects.

3 http://www.3crr.dyndns.org/cgi/database

Figure 3. X-ray luminosity in the energy band 2.0-10.0 keV (using the
unabsorbed luminosity of absorbed components in the radio galaxies) ver-
sus the 178 MHz luminosity density. Symbols are as follow: filled squares
are radio galaxies; asterisks are lobe-dominated quasars and stars are core-
dominated quasars. When 1σ error bars are not visible they are smaller than
symbols. Axis are the logarithm of the defined quantity.

Absorbed X-ray emission in radio-quiet AGN is associated
with the power of the central engine. We thus also tested possible
relations between the high-energy X-ray emission from the core
and the large-scale radio emission, which should be an indicator of
the overall power emitted over the source life-time. This isshown
in Figure 3, where the 2-10 keV luminosity (assuming isotropic
emission) is plotted versus the 178 MHz luminosity density (K-
corrected adopting the value ofαR specific to each source as listed
in Table 6). For radio galaxies we measured the high energy lumi-
nosity of the absorbed component. We observe a large dispersion in
these two values, showing that if any correlation exists, itis weak.

We notice that radio galaxies lie below quasars in this plot.
This is an additional indication that the X-ray emission is relativis-
tically boosted, and the values for the quasars are higher than those
for radio galaxies due to beaming in the line of sight. On the other
hand, the lack of correlation between these two parameters may
also be an indication that absorbed emission from radio galaxies is
at least in part jet-related.

5.3 Spectral index distribution

Figure 4 shows the distribution of the spectral index for thewhole
sample. For radio galaxies this is the spectral index of the ab-
sorbed component. The histogram shows that the population of ra-
dio galaxies and quasars have a similar spectral index distribution.
A Kolmogorov-Smirnov (K-S) test applied to the two populations
does not allow us to reject the null hypothesis that the two groups
of data are drawn from the same distribution (the probability of
obtaining a K-S statistic equal to or more extreme than the one ob-
served isp = 0.828). We calculated mean, median and a bi-square
weighted mean for the whole sample and each subsample (see Ta-
ble 8). In addition to the classical mean value we calculateda more
robust mean using the method described in Worrall (1989), which
takes into account the errors associated with each data point and
fits an intrinsic dispersion in spectral index. Bearing in mind that
the samples are small, the different estimates of the mean values
are in agreement.
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Table 7.Correlation results of linear regression for logarithmic luminosity-luminosity relations. SmallZ-values mean the correlation is less significant.

Subsample Number Kendall’sτ Probability Intercept Slope Dispersion
Z-value

All sources 19 4.42 0.00001 6.3+1.4
−4.1 0.63+0.15

−0.06 0.38

Core-dominated 4 1.08 0.2786 0.4+9.0
−9.0

0.84+0.30
−0.30

0.04
QSO

Radio galaxies 10 2.06 0.0397 -4.6+7.0
−10.0

1.07+0.4
−0.4

0.57

Core-dominated
QSO and 14 3.62 0.0003 5.0+1.9

−4.5 0.68+0.12
−0.08 0.43

radio galaxies

Figure 4. Spectral index distribution for the whole sample. The dashed
histogram illustrates the distribution of the absorbed components of radio
galaxies, and empty boxes represent quasars.

The maximum-likelihood analysis gives a mean spectral in-
dex for the whole sample of 1.55±0.17. Radio galaxies and lobe-
dominated quasars have mean value ofΓ = 1.57 andΓ = 1.59,
respectively, and the core-dominated quasar subsample hasa mean
value ofΓ = 1.45, significantly different from the other two popu-
lations (see Table 8).

We find a different behaviour when looking at the unabsorbed,
soft power law characterising some of the radio galaxies in the sam-
ple. For the four radio galaxies for which a spectral index was de-
termined, we find a mean spectral indexΓML = 2.05 ± 0.25.
Although errors are large, this analysis suggests that whenan un-
absorbed soft component is present, its spectrum is relatively steep.
A K-S test applied to the spectral index of the unabsorbed compo-
nents of radio galaxies and the absorbed components of the whole
sample allows us to reject the null hypothesis that the two sam-
ples are drawn from the same population at better than 99 per cent
confidence.

6 DISCUSSION

We have assembled X-ray results for a sample of 19 radio galax-
ies (RGs) and radio-loud quasars (RLQs) for which core spectral
properties have been derived with good precision. Core spectral
properties have been discussed before for RLQs at high redshift

(e. g., Brinkmann, Yuan & Siebert 1997; Brinkmann et al. 2000;
Reeves & Turner 2000; Brunetti et al. 2002; Hardcastle et al.2002;
Hasenkopf, Sambruna & Eracleous 2002; Donahue et al. 2003;
Belsole et al. 2004; Galbiati et al. 2005), in particular forcore-
dominated sources with resolved jet-emission (e.g. Tavecchio et al.
2002; Gambill et al. 2003; Marshall et al. 2005).
This is the first time that the unabsorbed and absorbed X-ray emis-
sion from RGs at0.5 < z < 1.0 has been measured with preci-
sion in a systematic way and with a well-defined sample. Previous
large-scale analyses of the X-ray spectrum of RGs have been lim-
ited to the soft (unabsorbed) X-ray emission from these sources
and/or have had insufficient spatial or spectral resolutionto allow
separation of core and extended emission.

Our sample allows us to discuss our spectral results in the con-
text of unification schemes.

6.1 The origin of the core X-ray emission

TheChandraspatial resolution allows us to separate emission from
the core and to establish, through spectral fitting, that theemis-
sion from the central 5 pixels of the observation for 17 of the18
sources in the sample can be described by one or more power laws.
3C 292, observed only withXMM-Newton, also shows power-law
emission in the core spectrum. The nuclear X-ray continuum is well
described by a single power law with Galactic absorption forall
quasars, while 70 per cent of RGs in our sample show intrinsicab-
sorption ranging from 0.3 to 50×1022 cm−2. For about 50 per cent
of all sources, mostly RGs, we conclude that a single power-law
model does not satisfactorily fit the data.

As discussed in the introduction, the soft X-ray nuclear
emission of core-dominated quasars is consistent with thataris-
ing from a relativistic jet, in agreement with results based
on data fromEinstein (e.g. Shastri et al. 1993),ROSAT (e.g.,
Brinkmann, Yuan & Siebert 1997; Hardcastle & Worrall 1999),
and ASCA (e.g. Reeves & Turner 2000). Only very few radio
galaxies have been detected withROSATat soft energy, and they
were found to lie on an extension of the flux-flux correlation for
core-dominated quasars (Worrall et al. 1994; Hardcastle & Worrall
1999). We follow the interpretation of Worrall et al. (1994)in ex-
plaining the lower X-ray flux density of the radio galaxies asdue
to the effect of a relativistic jet which beams the emission from the
core-dominated quasars into the line of sight.

Our study shows that radio-galaxy soft X-ray flux density is
indeed consistent with being unboosted emission from the same
component as seen in the core-dominated quasars (Fig. 2). How-
ever, the spectrum is significantly steeper, with an averagevalue
of Γ ∼ 2.1 (α ∼ 1.1), and is consistent with the extrapo-
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Table 8.Average value of spectral index. For radio galaxies both absorbed and unabsorbed components are tabulated. Col. 1: subsample under analysis; Col. 2.:
number of objects in the subsample; Col. 3: Mean value and standard deviation; Col. 4: median value and associated error;Col. 5: bi-square weighted mean
and robust error estimate; Col. 6: Maximum-likelihood method mean and error.

Subsample Number Mean Median BW-mean ML-mean
All sources 19 1.54±0.19 1.54±0.19 1.54±0.27 1.55+0.05

−0.04

Absorbed PL 10 1.56±0.21 1.59±0.21 1.56±0.32 1.57+0.03
−0.02

Radio Galaxies

Core-dominated 4 1.40 ± 0.14 1.54 ± 0.14 1.40±0.17 1.45+0.06
−0.06

QSO

Lobe-dominated 5 1.60±0.19 1.65±0.18 1.60±0.26 1.59+0.09
−0.09

QSO

All QSO 9 1.51±0.18 1.54±0.17 1.51±0.23 1.52+0.06
−0.07

Unabsorbed PL
Radio Galaxies 4a 2.15±0.28 2.10±0.25 2.13±0.40 2.05+0.24

−0.25
a Statistical analysis is performed using only those sourceswith detections.

lation of a broken-power law synchrotron spectrum of∆α ∼

0.5 − 0.9 from radio frequencies, as observed in the resolved jets
of lower-redshift FRI radio galaxies (e.g. Böhringer et al. 2001,
Hardcastle, Birkinshaw & Worrall 2001; Worrall et al. 2001b). The
steep spectrum disfavours inverse Compton (IC) scatteringas the
mechanism forthis emission. On the other hand, the flat X-ray
spectrum (α ∼ 0.45) observed in core-dominated quasars is sug-
gestive of IC emission becoming dominant as the Doppler factor
becomes larger (e.g., Kembhavi, Feigelson & Singh 1986). Incore-
dominated quasars the inner jet is unobscured, and synchrotron
self-Compton emission and upscattering of external photons from
the nucleus are expected to dominate, while scattering of cosmic
microwave background (CMB) photons by a beamed jet might be-
come important at larger jet radii. Since increased beamingde-
presses the X-ray to radio (IC to synchrotron) ratio, the slope of
the correlation in Figure 2 (1.0 for radio galaxies, flattening to 0.8
for core-dominated quasars) can be qualitatively understood, and
confirm previous work within the limited statistics of our sample of
core-dominated quasars.

The biggest surprise is that, with the exception of 3C 292 and
3C 330, the absorbed components of radio galaxies have flatter
spectra (Γ = 1.57+0.03

−0.02) than those of radio-quiet quasars (RQQs)
(typically Γ ∼ 1.9-2.0, e.g. Yuan et al. 1998; Reeves & Turner
2000) and consistent with the best-fitting power law of RLQs (Γ =

1.52+0.06
−0.07), although somewhat steeper than the core-dominated

sample alone (Γ = 1.45 ± 0.06).
There are two possible explanations for this observation. One

is that the X-ray properties of the accretion regions in radio-loud
and radio-quiet objects are different. However, if we wish to re-
tain a simple unification scheme in which radio-loud sourcesare
essentially radio-quiet ones with the addition of jets, then our re-
sults imply that the absorbed emission that we measure in 70 per
cent of the RGs in our sample is primarily associated with thein-
ner jet rather than with the accretion region. There is no reason in
principle why jet emission cannot come from within the torus, and
the flat X-ray spectrum of this emission is certainly consistent with
a jet model.

It is thus interesting to ask whether the central engine is
the same in radio-loud and radio-quiet objects. For lobe or core-
dominated quasars the beamed and unbeamed components cannot
be separated, but radio galaxies allow us to try to answer this ques-

Figure 5. X-ray spectral index (absorbed component for radio galaxies)
versus the radio core prominence parameterRc. Symbols are as in Fig. 2,
the white box is 3C 427.1 for which the spectral index was fixed. The dot-
dashed line is the best-fit Buckley-James (B-J) correlation( as implemented
in ASURV Rev 1.1 and presented in Isobe, Feigelson & Nelson (1986)) to
the subsample of quasars; the continuous line is the best-fitB-J regression
to the subsample of core-dominated quasars.

tion. We can ask at what level absorbed emission with a steep
spectrum as measured for RLQs may be present in radio galax-
ies, assuming that we are not sensitive enough to measure it.If a
steep component of high absorption is mixed with a flatter onewith
lower absorption then the fitted slope can be relatively flat and un-
absorbed, even if the absorption-corrected luminosity of the steeper
component is significant.

The result shown in Figure 3, in which radio-galaxy X-ray
luminosities are lower than those of quasars, may support this.
Although we expect core-dominated quasars to have higher lumi-
nosities, since no correction for beaming is applied, this may also
suggest that part of the difference between the two populations
of sources arises because radio-galaxy luminosities are underesti-
mated if the correct model has an additional steep absorbed com-
ponent of high intrinsic luminosity.

Further support comes from Figure 5. Here the spectral in-
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dex (absorbed component for radio galaxies) is plotted versus the
core-dominance parameterRc. This is defined as the ratio between
the core luminosity density at 5 GHz and the large scale luminosity
density at 178 MHz (Rc = L5GHz/L178MHz) and is accepted as an
orientation parameter. In agreement with what has been found ear-
lier with larger samples (e.g., Kembhavi, Feigelson & Singh1986;
Brinkmann, Yuan & Siebert 1997), at least for core- and lobe-
dominated quasars, we observe a tendency for the spectral index
Γ to increase with lower core dominance. However, no information
was available in these earlier studies on the absorbed components
of RGs. The sample of RGs discussed here extends the samplingof
the core-dominance parameter by 2 order of magnitude over the use
of quasars alone. The anti-correlation for core-dominatedquasars
is significant at the 90 per cent level on a Kendall’sτ test. The
anti-correlation is also valid for the population of all quasars (lobe-
dominated plus core-dominated), but the slope tends to zero, the
smallerRc becomes.

This result could be an indication of the presence of an addi-
tional, isotropicspectral component in the radio-galaxy population.
We may be indirectly observing the effects of accretion-related
emission similar to that observed in RQQs, i.e. heavily absorbed
and with spectral slope∼ 2, which may be (partially) masked by a
less absorbed, jet-related component.

In an attempt to test this hypothesis quantitatively for theRGs
in our sample, we simulated a spectrum inXSPEC using the re-
sponse file for the core region of one of the radio galaxies. Weini-
tially simulated a power law of spectral indexΓsteep = 1.9, which
is similar to that found for RQQs (e.g. Reeves & Turner 2000) ab-
sorbed by a column densityNsteep

H
= 1024 cm−2, i.e.∼ a factor

of ∼10 higher than the average absorption found for radio galaxies
of our sample. We then added a flatter power law (ofΓflat = 1.57,
the average value for radio galaxies; see Table 8) absorbed by a
column densityNflat

H = 1023. For simplicity we ignored a soft un-
absorbed component. We varied the normalization of the steeper
power law until the whole spectrum was fitted with a single power
law. We found that with a large number of counts (excellent photon
statistics) the steep power law is washed out if its contribution to
the normalization at 1 keV is< 10 per cent of the softer power law.

The statistics in real observations are limited by effective area
and exposure time. We thus repeated the same exercise using pho-
ton statistics similar to those of our data. This yielded theconclu-
sion that a steep, absorbed power law is not detected spectrally in
the presence of a flatter and less absorbed power law emissionif
the 1-keV normalizations of the two components are similar.

If the normalization at 1 keV of the steeper highly absorbed
power law is a factor of two greater that the original less absorbed
component, then we still find that the whole spectrum can be fit-
ted with a single power law of a spectral index which is found to
be flatter thanΓflat. This may explain, for example, the very flat
absorbed-power-law slope of 3C 265. The result can be attributed
to the ACIS-S response: since the sensitivity at 1 keV is higher than
at higher energies, the effect of the flat spectrum resultingfrom the
large absorption dominates that of the steep spectrum at high en-
ergy.

A steep-spectrum core-related component of intrinsic lumi-
nosity at least a factor of two greater than the 2–10 keV luminos-
ity that we actually measure may be present for all our absorbed
radio galaxies, and with the current data we are unable to sepa-
rate this component. Our simulations thus support the hypothesis
that the observed absorbed emission from RGs is jet-relatedor jet-
dominated. However we cannot exclude the possibility that the cen-
tral AGN in RLQs and RQQs are different.

Figure 6. X-ray flux density versus the radio core prominence parameter
Rc. The 3CRR designation for each galaxy is also marked. Symbols are as
in Fig. 2.

6.2 The effect of orientation and implications for unification
schemes

The correlation between the X-ray flux density at 1 keV and the
core prominence parameterRc (Fig. 6) is an alternative representa-
tion of information shown in Figure 2, since the sources havesim-
ilar isotropic luminosities and the 5-GHz flux density is beamed.
However, we notice that the RGs with no or weak absorption are
those with a largerRc and that they occupy a position in that plot
which is closer to that of lobe-dominated quasars. This is consis-
tent with the expectations from unified models, in which the X-ray
emission from quasars which are viewed at a large angle to theline
of sight is the sum of jet-related and core-related emission.

The finding that only RGs show intrinsic, rest-frame absorp-
tion is again in agreement with unification models if these sources
are viewed in the plane of the sky through an absorber. If emission
from RGs is not affected by beaming, we expect a slope close to1
for the correlation between X-ray and radio core emissions,which
is what we find. Moreover, we also find that the slope of the cor-
relation valid for radio and X-ray flux density becomes smaller the
more the beaming is expected to play a role, as in core-dominated
quasars (but note that this effect is less observed in the luminosity-
luminosity relations). This is an indirect indication of the different
effects of beaming in the X-ray and the radio, which depends on
the mechanism responsible for the emission. We argued in Sec. 6.1
that it is likely that synchrotron radiation accounts for the jet X-ray
emission in radio galaxies and that IC becomes important, oreven
dominant, in core-dominated quasars.

We do not find any correlation between the absorption and
the redshift, as found for larger samples of both RQQs and RLQs
(e.g. Reeves & Turner 2000; but the correlation is significant only
for sources at redshift above 1), but we notice that the 3 RGs in
our sample which do not show intrinsic absorption are also those
at lower redshift. No significant correlation was found between the
intrinsic NH and the spectral index, strengthening the constraints
we can put on these two parameters, since they are intrinsically
correlated.

A new result is that the unabsorbed non-thermal emission
from RGs is consistent with synchrotron emission from a high-
energy extension of the electrons which emit at radio frequencies.
Because of the relatively short energy-loss timescales of the re-
sponsible electrons we may expect soft X-ray variations on short
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timescales for at least some of these sources. This is not observed,
but this may be an effect of the limited statistics availablefor such
high redshift objects.

7 SUMMARY AND CONCLUSIONS

We have presented X-ray spectra of the unresolved components of
9 quasars and 10 radio galaxies which were similar in isotropic ra-
dio power and which lie in the redshift range0.5 < z < 1.0. This
is the first time that two spectral components have been reported
in the core spectra of a reasonably large sample of radio galaxies.
We have compared our results with the expectations from a unifica-
tion model that describes each source as having a) a central largely
isotropic X-ray component similar to the X-ray core of a radio quiet
quasar; b) a torus that absorbs X-ray core emission from sources
whose jets are in the plane of the sky (namely radio galaxies), and
c) X-ray jet emission on scales comparable with and larger than the
torus

Several results support this simple unification model and allow
conclusions to be drawn about the origin of the X-ray emission in
both radio galaxies and quasars:

(i) Radio galaxies display higher intrinsic absorption than
quasars, as expected from b);

(ii) An unabsorbed X-ray component is also seen in radio galax-
ies; we interpret this component as arising from the jet. Itssteep
slope (steeper than the radio spectrum) is consistent with asyn-
chrotron origin;

(iii) Radio galaxies show a radio-core/X-ray-core correlation of
slope≈ 1 when the unabsorbed X-ray component is used. This also
argues in favour of a jet-related emission.

(iv) The radio-core/X-ray-core correlation flattens when quasars
are considered, i.e. they are relatively X-ray under-luminous for
a given radio flux density. This is qualitatively consistentwith IC
X-ray emission becoming more dominant than synchrotron in the
jet as the angle to the line of sight is decreased and beaming be-
comes more important. The flat X-ray slope of the core-dominated
quasars (similar to the radio slope) supports this conclusion. Beam-
ing causes the jet to outshine other core components in the X-ray.

(v) The lobe-dominated quasars have somewhat more X-ray
emission than expected on the basis of the jet component in ra-
dio galaxies, implying an unabsorbed contribution from theinner
nucleus that is not outshone by beamed emission in these sources.
The two contributions to the X-ray emission cannot be separated
with current statistics.

(vi) Although the radio galaxies show absorbed X-ray emission,
its spectrum is flatter than is typically seen in RQQs. This implies
that either the nuclear emission is affected by the presenceof a
jet or that the absorbed emission is largely from the jet. We have
shown through simulations that it is possible that a steep-spectrum
absorbed core can be present, but masked by jet emission.
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APPENDIX A: NOTES ON PARTICULAR SOURCES AND
COMPARISONS WITH THE LITERATURE

3C 6.1: the source was observed in two separate exposures of 36
ks (Obs ID 3009) and 20 ks (Obs ID 4363), respectively. We ex-
tracted the spectrum in the same region (a circle of radius 2.5 pix-
els) for the two exposures. Observation 3009 contains 1568 net
counts in the 0.2-10.0 keV energy band. Observation 4363 con-
tains 758 counts in the same energy band. The two spectra were
fitted simultaneously. We fitted the spectrum with a model com-
posed of a power law and a pileup model. However the addition
of the pileup model does not improve the fit, and in each exposure
the estimated PUF is less than 8 per cent. X-ray emission is also
observed from hotspots (Hardcastle et al. 2004) and from thelobes
(Croston et al. 2005). With a mean flux of 0.044±0.008 for Obs ID
3009 and of 0.039±0.014 for Obs ID 4363, no significant variabil-
ity can be claimed.
3C 184: theChandradata do not contain enough counts (15±4 net
counts) to perform a spectral analysis. For this source the spec-
tral properties of the core are derived fromXMM-Newtondata. The
source is very small in the radio, with a maximum extent of only
5 arcsec. As discussed in Belsole et al. (2004) theXMM-Newton
spectrum is fitted by a three-component model representing the
emission from a cluster-like atmosphere, with best-fit parameters
kT = 3.6+10.6

−1.8 keV, Z/Z⊙ = 0.3, and bolometricLX = 1.1 × 1044

erg s−1; a jet/lobe related soft non-thermal component; and a core-
related absorbed power law component as listed in Table 4.
3C 200: the source shows extended X-ray emission out to 10 arcsec,
but point-like emission dominates within the 2.5 pixel radius of the
circle used for the core spectral analysis. The X-ray properties of

the core of this source have not been described previously inthe
literature.
3C 207: the core spectrum of 3C 207 is best-fitted with a single
power-law of rather flat slopeΓ = 1.27 ± 0.05. This is in agree-
ment with what was found previously by Brunetti et al. (2002)
(Γ = 1.22 ± 0.06), and Gambill et al. (2003) (Γ = 1.36 ± 0.06).
We do not find evidence for absorption above the Galactic value as
found by Brunetti et al. (2002), and, although we do not exclude
emission of ionized gas in the nucleus, the addition of a Gaus-
sian iron line does not improve the fit statistically. Hotspot, jet,
lobe and extended emission were also previously discussed (e.g.,
Brunetti et al. 2002, Hardcastle et al. 2004, Gambill et al. 2003).
The 2.0–10.0-keV flux we found is somewhat lower than found by
Gambill et al. (2003), but the two values agree within 20 per cent.
3C 220.1: the source shows extended emission which is likely to be
cluster-like in origin (Worrall et al. 2001a). The spectralindex we
found is somewhat flatter than that found by Worrall et al. (2001a),
who found that intrinsic absorption was required. When our results
are compared with the Worrall et al. fit without intrinsic absorption
then the two slopes are in good agreement. Moreover, after taking
into account the different cosmological parameters, fluxesand lu-
minosities are in agreement.
3C 228: the source was observed in two separate exposures of 10
ks (Obs ID 2453) and 13 ks (Obs ID 2095), respectively, after flare
screening. The shorter observation detected 281 net counts, while
the longer has 365, consistent with no flux variation betweenthe
two.
3C 254: the source is piled up. Within uncertainties our power-low
slope is in agreement with that found by Donahue et al. (2003)us-
ing the same data. The flux and luminosity are also in agreement
after considering the different cosmological parameters.The 1-keV
flux density is 1/3 greater than that found by Hardcastle & Worrall
(1999), but this is likely to be within the large uncertainties arising
from theROSATanalysis.
3C 263: the source is heavily piled up. We examined the spectrum
extracted in several regions and we finally adopted the annular re-
gion of inner radius 3 pixels and outer radius 5 pixels as the least
affected by pileup. The background spectrum was extracted in an
annulus of inner and outer radii 9 and 12 pixels, respectively. We
also excluded the emission from the jet using a rectangular region.
The power-law slope agrees with that found by Hardcastle et al.
(2002) using the same data to within 1σ errors. The 1-keV flux
density differs significantly, with our value found to be 50 per cent
lower, even after according a systematic error of 10 per centto ac-
count for the PSF correction factor. This is likely to be due to a
combination of a different region used (Hardcastle et al. used a cir-
cle of radius 5 pixels) and improvement in the calibration since the
Hardcastle et al. analysis, or their use of a pileup model rather than
fitting the spectrum in an annulus.
3C 265: the fit of this source spectrum requires 5 components. The
model is composed of Galactic absorption, a power law, an ab-
sorbed power law and a Gaussian at the energy of the neutral iron
line. Bondi et al. (2004) discussed the properties of this source in
detail. We find that the slope of the absorbed power law is consis-
tent with the result of Bondi et al. (2004).
3C 275.1: there is no evidence for X-ray emission from a
resolved jet, but the source shows extended emission which
has been interpreted as arising from a cluster-like atmosphere
(Crawford & Fabian 2003; Hardcastle & Worrall 2000) or from
lobe inverse-Compton emission (Croston et al. 2005).
3C 280: this source is one of the best studied powerful radio
galaxies. It has an extended emission-line (OII) nebula with a

http://arxiv.org/abs/astro-ph/0504622
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central peak and a loop around the eastern radio lobes (e.g.,
McCarthy et al. 1987; Ridgway, Stockton & Lacy 2004). We se-
lected a background in the canonical annulus of inner radius3.5
pixels and outer radius 6 pixels, but we also excluded the east-
ern and western regions corresponding to the X-ray lobes. There
are only 50 net source counts, but these are at energies above
1 keV, suggesting that we are seeing an absorbed power law.
Donahue et al. (2003), also usingChandra data, find a very flat
spectral index, consistent with zero, when fitting between 0.3 and
8.0 keV. The 1-keV flux density we found is in agreement with
their result. 3C 280 was one of the few high-redshift radio galaxies
with a clearROSATdetection (Worrall et al. 1994). Discrepancies
between theROSATandChandraresults have been discussed by
Donahue et al. (2003).

Constraints on the soft emission were obtained by fixing the
slope of the unabsorbed power law to 2.1, as for other radio galax-
ies for which direct fitting was possible. The absorbed component
parameters were also fixed to obtain constraints on the normaliza-
tion of the unabsorbed component. Because parameter valueshave
been fixed, we added a systematic error of 20 per cent to the flux
and luminosity of the unabsorbed component.

3C 292: we usedXMM-Newtondata for this source. Details of the
analysis are described by Belsole et al. (2004). The core spectrum
extracted in a circle of radius 10 arcsec was fitted with a two-power-
law model. The source also shows extended X-ray emission coin-
cident with the radio lobes but little spectral evidence fora cluster-
like atmosphere.

3C 309.1: our estimate of the X-ray flux density at 1 keV is in very
good agreement with previous results from ROSAT observations
(Hardcastle & Worrall 1999).

3C 330: the source X-ray image shows the presence of some ex-
tended emission aligned with the radio lobes (see also Croston et al.
2005; Hardcastle et al. 2002). Core emission was analysed previ-
ously usingChandradata (Hardcastle et al. 2002) and results are
in good agreement despite the slightly different regions used for
spectral analysis.

3C 334: a reducedχ2 of 1.35 suggests that an additional component
may be necessary. However, the addition of a thermal or power-law
component does not improve the fit. Some residuals are observed
at low energy (below 0.7 keV) suggesting a soft excess.

3C 345: in agreement with Gambill et al. (2003) we find that two
power laws are necessary to fit the spectrum from this source:
a steeper (Γ = 1.8) slope fits the soft spectrum, while a flat-
ter (Γ ∼ 1.3) is used to represent that hard spectrum. Using the
broken-power-law model we find an energy break of 1.74±0.33
keV, in agreement within the errors with Gambill et al. (2003).

3C 380: the strong pileup for this source led us to mask a central cir-
cle of radius 1.5 arcsec. Our result is in agreement with thatfound
by Prieto (1996) usingROSATdata (Γ = 1.58 ± 0.13) and con-
sistent with the photon index recently published by Marshall et al.
(2005):Γ = 1.61 ± 0.09. However there is a discrepancy between
our and their measure of the X-ray flux. We and Marshall et al.
(2005) extracted the spectrum from the same area; we used slightly
different background, but the background is negligible forsuch a
high-flux source. However, the big difference between the two stud-
ies is the calibration. Our newer analysis has taken into account
the charge transfer inefficiency and the ARF is better determined.
Moreover, without using a pileup model, Marshall et al. found a
poor fit, with a spectrum that was inconsistently flatter thanthat
in the current work, and consequently a lower 1-keV flux density.
Marshall et al. attributed the flat spectrum and bad fit to pileup, but

the improved calibration now available allows a more precise flux
density to be determined.
3C 427.1: the statistics are not sufficient to perform conclusive
spectral fitting. The spectrum is dominated by hard emission, with
only 3 of the 15 counts found at energy below 2 keV. We fixed the
parameters for an absorbed power law to typical values foundfor
the other radio galaxies in the sample. We thus adopted a model
composed of an absorbed power law of spectral index 1.6, and in-
trinsic absorption 1×1023 cm−2. We also obtained an upper limit
for the presence of an unabsorbed soft component.
3C 454.3: the source is heavily piled up. We extracted the spectrum
in an annulus of inner and outer radii 2.0 and 2.5 pixels. Although
in this region any effect of pileup is negligible (and indeedthe addi-
tion of a pileup model does not improve the fit), the best-fit spectral
index is rather flat. Marshall et al. (2005) found a slightly steeper
spectral index, but this is attributable to the different calibration
used (see also 3C 380). As in the case of 3C 380, when the spec-
trum is fitted above 1 keV the two results are in better agreement.
Our best-fitΓ is also in agreement with Tavecchio et al. (2002) who
usedBeppoSAXdata. Discrepancy in the 1-keV flux quoted by us
and Marshall et al. are explicable as for the case of 3C 380.
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