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X-ray emission from the nuclel, lobes and hot-gas environments of
two FR-I1 radio galaxies
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1 INTRODUCTION
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X-ray observations are providing answers to many longesten
guestions about the dynamics and physical conditions dbrad
galaxies. Studies of radio-galaxy environments have tedethe
influence of the hot-gas medium on radio-lobe structure awe h
shown that radio-source heating may be common (Kraft eféi32
Croston et al. 2003). Detections of X-ray synchrotron anerige-
Compton (IC) jets have constrained the electron populdtighe
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ABSTRACT

We report the detection of multiple components of X-ray emis from the two FR-II
radio galaxies 3C 223 and 3C 284, based on X&M-Newtonobservations. We attribute
the detected X-ray emission from the lobes of both sourcésvierse-Compton scattering
of cosmic microwave background photons. With this modelfiwe that the magnetic field
strength in the lobes is at the equipartition value for 3C,28®% within a factor of two of
the equipartition value for 3C 223. We also detect groupesicat atmospheres around both
sources, and determine temperatures and pressures ingh&hgalobes of both sources are
in pressure balance with the hot-gas environments, if thedaontain only the synchrotron-
emitting particles and the measured magnetic field strefgt core spectra of both sources
contain an unabsorbed soft component, likely to be relatdke radio jet, and an additional
heavily absorbed power-law component. 3C 223 also disgldéygyht (EW~ 500 eV) Fe kv
emission line.
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with this assumption. In particular, the internal radibdgressures
determined on this basis have been found to be significamiigt
than the external pressures inferred from X-ray measurtsnien
both FR-l and FR-Il radio galaxies (e.g. Morganti et al. 1,988r-
rall & Birkinshaw 2000; Hardcastle & Worrall 2000a), which i
inconsistent with lobe expansion. Investigation of theadii of
this assumption is therefore essential for a full undeditanof the
dynamics and evolution of radio galaxies.

jets (e.g. Harris & Krawczynski 2002) and provided inforioat X-ray IC emission has been detected from the lobes and
about the locations of particle acceleration in low-poweR{) jets hotspots of a number of radio galaxies (e.g. Harris et al4199
(e.g. Hardcastle et al. 2003). Measurements of IC emissizm f Hardcastle et al. 2001; Brunetti et al. 2001; Hardcastlé @082a;
lobes and hotspots are providing information about the magn  Belsole et al. 2004). As this emission process does notvavible
field strength and the relative contribution of particles éield to magnetic field, the X-ray IC flux can be used in combinatiorhwit
source dynamics (e.g. Brunetti et al. 2001, Hardcastle €08Ra; the radio synchrotron spectrum to determine the magnetid fie

Isobe et al. 2002).

strength of the emitting region. To date, detected lobe @s

Prior to the availability of sensitive X-ray data, studies o 2re typically found to be near to equipartition or in the utet
radio-galaxy dynamics and source evolution were basedsiimo dominated regime, with magnetic fields. = (0.1 — 1) x Beg,

entirely on measurements of radio synchrotron emissiorsyhs where B, is the equipartition value: However, the results are de-
chrotron emissivity depends on magnetic field strength dsage ~ Pendent on the parameters of the input electron energyrapect
electron energy density, our knowledge of the physical eriigs used to_model the radio synchrotron emission, _anql on thé@are
of the sources has been limited. The assumption of equipartf separation of.thermal and non-thermal X-ray emission, abekti-
energy density between particles (relativistic electyarsl mag- mates from @fferent authors are often not directly comblarzand
netic field has typically been used to obtain values for thesjgal the overall picture remains unclear.

properties of jets, lobes and hotspots. However, thereratsgms The study of lobe IC emission also has implications for the

* Email: Judith.Croston@bris.ac.uk

dynamics of radio galaxies. As defined above, the equipmartit
calculation assumes that the only particles in the radiedodre
the relativistic electrons (and positrons) responsibletiie radio
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emission. If the lobes contain large contributions fromitoldal
particles, such as relativistic protons, then there is neisl rea-
son for them to prefer magnetic field strengths close to theevaf
Be, calculated for electrons only. Therefore, if observatishew
that sourcesare commonly found withB ~ B, this suggests
that the minimum-energy lobe pressures are correct andhbgst
is no energetically dominant population of non-radiatiragticles.
By combining observations of lobe-related emission andntiaé
emission from the surrounding medium, it is possible to test-
els of radio-source expansion.

It is therefore useful to find more examples of radio galaxies
with lobe-related X-ray emission. In this paper, we descriew
XMM-Newtorobservations of two powerful (FR-11) radio galaxies,
3C 223 ¢ = 0.1368) and 3C 284 £ = 0.2394), and discuss the
dynamics of the radio sources and their impact on their sading
hot-gas environments.

We use a cosmology withd+ 70 km s Mpc™?, Qs = 0.3,
andQ, = 0.7 throughout, which gives a scale of 2.4 kpc arcsec
at the distance of 3C 223, and a scale of 3.8 kpc arcset the
distance of 3C 284.

2 DATA REDUCTION AND ANALYSIS
XMM-Newtonobserved 3C 223 in October 2001 and 3C 284 in

images is on-axis, we do not include the vignetting coroectn
the images. See Section 2.1 for a more detailed discussitireof
vignetting correction.

Spectral analysis was performed using scripts based on the
SAS evselecttool to extract spectra from all three cameras. For
the spectral analysis, we included the vignetting coroechy us-
ing SAS taskevigweight so as to be able to use on-axis response
files downloaded from th&XMM-Newtonwebsite rather than in-
divually generated responses for each spectrum and cahvera.
checked that there is no significant difference in the resuét ob-
tain with these response files and with files generated usifgen
We generated ancillary response files usanfgjen As the extrac-
tion regions are typically small and on-axis, we used localkb
ground subtraction, because this is likely to be a more ateur
representation of the true background in the source reditens
background spectra obtained from template files. The saamde
background spectra were scaled to account for differentaseia
using thesas task backscale asevselectdoes not put this infor-
mation in spectrum headers. Fifj. 1 shows the choice of speetr
gions for 3C 223 and Fifi] 2 for 3C 284. We usezPEcfor spectral
model fitting, and all of our fits assume Galactic absorptieith
Ny =1.4x102° cm 2 andNy = 9.9 x 10*° cm~2 (Dickey &
Lockman 1990) for 3C 223 and 3C 284, respectively.

In order to search for extended emission that might be associ
ated with a hot-gas atmosphere, we used radial surfachtbegs

December 2002. Both observations were made using the mediumprofiling of the central regions. Software developed inieawork

filter, and the pn data were taken in extended full frame mBde.

(e.g. Birkinshaw & Worrall 1993; Hardcastle et al. 2002bkwaed

3C 223, the duration was 33903 s for the MOS 1 camera, 33917 t0 extract and fit radial profiles. We fitted models obtainedduy-
s for the MOS 2 camera and 25849 s for the pn camera, and for volving a point source with g@-model to the surface-brightness

3C 284, the duration was 43066 s for MOS1, 43104 s for MOS2
and 35806 s for pn.

We reduced the data using tK&IM-NewtonScientific Analy-
sis Software (SAS) package, using methods described ind-X
SAS Handbook. The data were filtered for good time intervals u
ing a count-level threshold determined by examining a bistm of
the count rate above 10 keV. For 3C 223, the threshold lessld u
were 4 cts/s for MOS1, 3 cts/s for MOS2, and 5 cts/s for pn; for
3C 284 they were 1.4 cts/s for MOS1 and MOS2 and 1.3 cts/s for
pn. The data were then filtered using the flag bitmask 0x7688206
for MOS and 0xfa000c for pn, which are equivalent to the statd
flagset #XMMEAEM/EP but include out of field-of-view events
(useful for studying the particle component of the backgdjand
exclude bad columns and rows. They were also filtered foepatt
less than or equal to 12 for the MOS cameras and less than ar equ

profiles, and compared these with point-source only models t
study the significance of any contribution from extendedsemi
sion. For the point-source models we used the analyticalrihes
tion in the document XMM-SOC-CAL-TN-0022, obtained from
the XMM-Newtorwebsite.

2.1 Issueswith thevignetting correction and particle

background

The inclusion of the vignetting correction has the effectrafor-
rectly weighting up unvignetted particle events. By examirthe
events in the region outside the field of view, we found thatdbn-
tribution of particle events to the background is partidyléigh
in these two datasets (between 30 and 50 per cent of events in
the background spectra), so that these incorrectly weigknents

to 4 for the pn, as suggested in the Handbook. The 3C 223 obser-could significantly affect our results.

vation included several large background flares, so thdiltbeed
data were of duration 23138s for MOS1, 24651 s for MOS2 and
12305 s for pn. The filtered 3C 284 data were of duration 41775 s
for MOS1, 41496 s for MOS2 and 32095 s for pn.

Our images were created using software that interpolates ov
the XMM-Newtorchip gaps (described in more detail in Croston et
al. 2003) to avoid artefacts in smoothed images. We thentizdhp
smoothed the images using theno taskcsmoothfor the purpose
of better identifying contaminating point sources. Thepeburces
were removed from the unsmoothed images usingcti® task
dmfilth, and the region files retained for use in spectral analysis.
None of the point sources coincided with the positions ofrdre
dio lobes, so that we cannot have accidentally removed atig-ra
related emission. The resulting images were smoothed Gig-
sian kernels in order to show the distribution of extended&sion,
and also adaptively smoothed to show compact structuresineth
gions of extended emission. As the X-ray structure showrhén t

For imaging the X-ray structure in our dataset, it is prefer-
able not to include the correction, because the weightegladicle
events lead to bright regions at the edges of the image cparti
larly after smoothing. For spectral analysis, the corgecits more
important. However, our extraction regions are mainly ®is,aso
that the weighting factor is typically quite small (alwagss$ than
20 per cent). We concluded that the effect of including theem
tion, which leads to a slight overestimation of the backgublevel
for spectral analysis, is less than the error introduced diycor-
recting the spectra, which would lead to an underestimaifdhe
background level. Therefore, all of our spectral analysis wer-
formed with the vignetting-corrected events list.

This compromise means that systematic errors are intraduce
into the background spectra at a level~of7 per cent for 3C 223
and~ 11 per cent for 3C 284. We compared corrected and un-
corrected spectra for our largest extraction region fohesmirce,
and found consistent best-fitting spectral parametersa signifi-
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Figure 1. Extraction regions used to study the core (to a radius’afal
as to include the wings of the XMM PSF), lobes and extendedsion of
3C 223. Note that the extended region excludes the core agitibpoangles
between 148 and 190and between 320 and 37 avoid contamination
from lobe-related emission. We used local background (#xéchded” re-
gion) for the lobe spectra. The extended emission, whictsisall fraction
of the background level, has been smoothed out in this imagadw the
structure of the core and lobes.

cant difference in the model flux. Where it could affect ounda-
sions, we calculated a systematic error in flux measurenhbgrds-
termining the fractional increase in background-subg@ource
counts if the background is over-estimated by the amounengi
above. These provide conservative upper limits on the flixeg
as source counts are also slightly overestimated (alwayeds/
than 2 per cent, since the weighting factor is lower in thers®u
regions).

We included the vignetting correction in the radial-profile
analysis, for similar reasons as above. Since the low sibfaght-
ness of the extended emission leads to large uncertainties o
model parameters, the error introduced here by the weigied
particle events is not significant.

3 RESULTS
31 3C223

Fig.[d shows a smoothed image of 3C 223 with radio contours

overlaid. The most prominent features in the X-ray emissiomn
the core and lobe-related emission. However, the extenelgidrr
around the core suggests the presence of a hot-gas atmespher

We extracted spectra from the MOS1, MOS2 and pn files, as

described above, to study the core and lobe emission. Theecho
of extraction regions is illustrated in Fig. 1, and the catinteach
region are given in Tablgl 1. We initially fitted the core spect
with a single power law model, but this is an unacceptablexfit (
of 179 for 70 d.o.f.), so that multiple components are neetlésl
fitted two multiple-component models to the continuum: Mdde
consisting of a soft, unabsorbed power law, and a hard, bedor
power law; and Model I, consisting of a soft, thermal comgain
with fixed abundance of 0.3 solar, and a hard, absorbed pawer |
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Figure 3. A Gaussian smoothed (= 3.5 arcsec), background point-source
subtracted image in the energy range 0.3 — 7.0 keV made frencdm-
bined MOS1, MOS2 and pn data for 3C 223, with 1.4-GHz radid@mans
(from the 4 arcsec resolution VLA map of Leahy & Perley 199¢¢rtaid,
showing X-ray components associated with the north anchdobts, the
core, and an extended environment. Contour levels ¢&3,4,...,128)x
1.8 x10~5 Jy/beam.
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Figure 4. Combined MOS1, MOS2 and pn core spectrum for 3C 223, with
Model |, described in the text.

In addition, to model residuals at around 6 keV, we includeelda
shifted Gaussian component of fixed linewidth 10 eV. We agslim
Galactic absorption as given in Section 2. It was necesediy the
power-law index of the hard component, so as to constraifitthe
We chose a value of 1.5, which is the expected value for |Caaucl
scattering; however, the choicelbfloes not significantly affect the
fit. The best-fitting model parameters are shown in Thble 2hBo
models are good fits to the data, although Model | gives atyigh
better fit statistic. The inclusion of the Gaussian componesults
in a significant improvement in the fit statistic. We perfochae F-
test for comparison with other results in the literatureijchitshows
that the improvement is significant 2t99.99 per cent confidence
level; however, we note that, although commonly used, &%
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Table 1. 0.3 — 7.0 keV background-subtracted counts extracted fdr spectral region.

3C 223 3C 284
Region Counts Area (arcnih  Counts Area (arcmi)
core 1836 £43 3.1 929 +£31 0.35
N/E lobe 231 +15 2.3 123+11 0.73
S/W lobe 148 +12 2.0 82+8 0.75
extended 30417 17.9 33218 13.3
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Figure 2. Extraction regions used to study the core and lobes (lett)extended emission (right) of 3C 284. To obtain backgroyetsa for the lobes, the
two extraction regions were rotated by 90 degrees. As witl23&, the extended emission is only a small fraction of thé&dpamind level, so that it has been

smoothed away in this image to show the core and lobe staictur

not reliable for this purpose (Protassov et al. 2002). Wewadtl

the linewidth of the Gaussian to vary and found a best-fittizige

of 176152 eV, which is slightly larger than, but consistent with the
expected pn spectral resolution at this energy, so thae tiseno
strong evidence for broadening of the line. We measuredta res
frame equivalent width for the 6.4 keV line of 513? eV. Fig.[2
shows Model | fitted to the MOS1, MOS2 and pn spectra. We dis-
cuss the physical origin of the model components in Sectibn 4

We then studied the emission associated with the radio lobes
of 3C 223, regions N and S in Figl 1. We initially fitted the lobe
spectra withmekal and power-law models. The parameters for
these fits are shown in Tallé 3. The models are equally accept-
able fits to the data, but the best-fitting temperatures fottiermal
models are high. As we have used local background subtradtiie
spectra should not be contaminated by emission from thgaet-
environment. We adopt the power-law models, which seem more
physically plausible than the hatekalmodels; however, we dis-
cuss an interpretation based on thekalfits in Sections 4.2 and
4.5. For the power-law model, the unabsorbed 1-keV flux diessi
are3.1 4+ 0.6 nJy and3.0 £ 0.5 nJy for the north and south lobes,
respectively. We discuss models for the lobe emission ithéur
detail in Section 4.2.

We used radial surface-brightness profiling to search fer ex
tended emission around the radio sources. As there ardiaisof
counts in the two MOS cameras to fit a profile successfully, seslu
only the pn events file for this analysis. We extracted thentoin
annuli centred on the source, excluding angles where lokis-em
sion is present as marked in Fig. 1. Elg 5 shows the profile avith
point-source model (left) and with this plus an additiofahodel

component (right). The inclusion of thé&-model component re-
sults in an improved fit. To determine the statistical sigaifice
of the improvement, we carried out Monte Carlo simulatioes u
ing the PSF model for the pn camera and counting statisties. W
then fitted the two models to the fake datasets and deterntiireed
F-statistic for each set of fits; these were compared withiba-
sured value of F (28.5). We find a less than 1 per cent probabili
that the improvement in the fit could occur by chance. The-best
fitting 8-model parameters ar@ = 1.5 andr. = 140 arcsec, but
the parameters are very poorly constrained, so that a very fip
can be obtained for any plausible lower valugof

To confirm the presence of extended emission and investigate
its nature, we extracted spectra from an annulus of innéusad
60 arcsec and outer radius 167.5 arcsec using the radialegrofi
to determine the location of the expected extended emisaiuh
excluding the angles where the radio lobe emission is pteseh
several point sources not associated with the radio solifeera-
dial profiles for 3C 223 show that we expect a significant foacof
the flux in our extraction region to be scattered emissiomftbe
point source. From the encircled energy fraction inforomatn the
PSF document described in Section 2, we would expect 7 pér cen
of the core spectrum to be scattered into the extractionlaantihe
energy dependence of the PSF is not important at these ratiiica
the scattered spectrum will not be significantly altered. tiiére-
fore included fixed components in the model for the extenged-s
trum, corresponding to our adopted core model describedeabo
and normalised to 7 per cent of the core counts. We then fitted t
temperature and normalisation ofreekalcomponent with 0.3 so-
lar abundance, holding the core components fixed. Tdble wssho



Figure 5. Radial surface brightness profiles for 3C 223 and 3C 284 (jm).d&he top plots are the single point-source model (left) point-source plug
model (right) for 3C 223; the bottom plots are the the sam@@@R84. The3-model component has been convolved with the PSF determameéscribed in

the text.
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Table 2. Models for 3C 223’s core spectrum. Fluxes are in units of ergscm—2.

Radius (arcsec)

Model component Parameter Model | Model Il
Soft, unabsorbed power law T" 2.01 +£0.11
Unabsorbed flux (0.3 -7 keV) (1.3 +£0.1) x 10713
Softmekal kT (keV) 1.627002
Unabsorbed flux (0.3 — 7 keV) (8.6703) x 10714
Nuclear column density Ny (cm™2) (9.5 £1.5) x 1022 (7.5+£1) x 10?2

Hard, absorbed power law T 1.5 (frozen)
Unabsorbed flux (0.3 -7 keV) (5.5 +£0.5) x 1013

1.5 (frozen)
(6.040.5) x 10713

Gaussian = 0.1368) Energy(keV) 6.431057 6.431057
Line width (eV) 10 (frozen) 10 (frozen)

Unabsorbed flux (0.3 -7 keV) (2.5 £0.5) x 10714
85/80

(27752 x 10~ 14

x2/dof 81/80
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Figure 6. A Gaussian smoothed (= 2 arcsec) combined MOS1, MOS2
and pn image of the X-ray-detected quasar described indde®tl.1. Radio
contours overlaid are from the same map used in [Hig. 3. Tisestight
misalignment of the data so that the X-ray and radio coresffset by ~

1 arcsec.

the best-fittingnekalparameters for thmekalplus scattered point-
source model. The unabsorbed fluxes of the extended andrechtt
point-source components (not given in the Table) are rqugbih-
sistent with the ratios shown in the radial profile. We estaddhe
systematic error caused by incorrectly weighted particénts, as
described in Section 2.1. In this case it is very large 300 per
cent), due to the small number of source counts relative ti-ba
ground in the region; however, even a factor of 3 increaseuin fl
does not affect our later analysis and conclusions, as sho®&ac-
tion 4.4.

3.1.1 Nearby quasar

Our radio map for 3C 223 shows a small double-lobed radio

Table 4. Parameters of thenekal component for the fit to the extended
emission surrounding 3C 223. Fluxes are measured in unisgsfcnT 2

s~ 1, and luminosities in ergss'. The flux and luminosity in the model
come from the spectral regions described in the text, andcode the core
and angles where there is lobe emission. The bolometritltotanosity is
calculated by integrating thg-model fits to surface brightness over the
entire model to a radius of 150 arcsec, and so includes thead lobe
regions which were excluded from the spectral fit for the otéel region.

kT (keV)

Flux in model (0.3 — 7.0 keV)
Luminosity in model (0.3 — 7.0 keV)
x* (dof)

Bolometric total luminosity

+2.9
14755
A7+£1.1) x 10714
(1.3 40.5) x 1042
4.5(7)

+246
8512 x 1012
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Figure 7. A Gaussian smoothed (= 14 arcsec), background point-source
subtracted image made from the combined MOS1, MOS2 and pnimat
the 0.3 — 7.0 keV band for 3C 284, with 1.4-GHz radio contoumsde
using data taken from the VLA archive) overlaid. The radiopnhas 5-
arcsec resolution and contour levels ay@(2,4,...,128)x 1.2 x10~3 Jy
beant 1.

32 3C284

In Fig.[d, we show an adaptively smoothed image of the X-ray
emission associated with this source, with radio contoueslaid.
As with 3C 223, the most prominent X-ray features appear to be

source 5.6 arcmin to the north-east of the source, at (J2000) associated with the core and radio lobes. We studied coréohed

RA 09"40™13:9, Dec+35°57'32". We find a bright X-ray source
at that position in ouXMM-Newtondata. Fig[p shows the radio
contours overlaid on a Gaussian smoothed image of the caahbin
MOS1, MOS2 and pn X-ray data. We extracted a radial profile of
the X-ray data, which shows that it is consistent with beimpmpiat
source. We extracted an X-ray spectrum in a circle of radits 4
arcsec, and find a good fit to the spectrugd & 18 for 19 d.o.f.)
with a power-law model, having photon ind&€x= 1.92 + 0.18.
We measure a 0.3 - 7.0 flux (5.4 4 0.5) x 10~ ** ergs cnm? s+
(1-keV flux density of 7.2-0.7 nJy).

This X-ray source was previously detected WRDSATand
an optical identification with a star was made (Mason et 20020
However, the star is offset by 20 arcsec from the X-ray anébrad
source. We obtained the DSS2 images for this field, and findrtha
additional to the star of the previous optical identificatithere is
a faint object at exactly the position of the X-ray sourcehia blue
image, but none in the red. We therefore conclude that thayX-r
source was previously misidentified, and is in fact a distmaisar.

spectra and used radial surface-brightness profiling tockdar
extended emission, as above. IElg. 2 shows our choice ofotigina
regions. For this source, we used a smaller core extractiole c
so as to avoid contamination from the lobe emission. We figted
single power-law model, as well as two multiple-componentim
els as for 3C 223. For the saftekalplus hard, absorbed power-law
model (similar to Model Il for 3C 223), we found that the colam
density tended to zero, so that we instead fittedekalplus un-
absorbed power law. Tablé 5 gives the best-fitting paramdter
the three models. Model | is a single power-law fit, Model Ibdts
power law plus hard, absorbed power law (similar to Modelrl fo
3C 223), and Model Il is anekalplus power-law model. All three
models are accpetable fits to the data, although Il and 18 lgiwer
values ofy2. The best-fitting temperature for Model IIl is much
lower than that of the extended atmosphere (see later) haenidit
minosity is much higher than would be expected if it was simpl
the inner regions of the extended environment. We therefdopt
Model II. The spectrum with this best-fitting two power-lavodel
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Table 3. Best-fitting parameters of the spectral models for the lelgéons of 3C 223 and 3C 284. Errors aeefbr one interesting parameter. The abundance

was fixed at 0.3 solar for athekalfits.

3C 223 3C 284
North South East West
Powerlaw (I) T’ 1.4+0.3 1.G£0.5 2.140.3 1.2£0.6
1-keV flux density (nJy) 3105 3.0:0.5 1.9+0.2 0.9°%3
x? (dof) 11(9) 6(5) 3(8) 2(2)
mekal(1l) kT (keV) >5 >6 2.3 >3
0.3-7.0keV flux (ergscm?s=1)  3.x1071* 3.7x107* 1x10~1* 1x10~14
x? (dof) 11(9) 6(5) 5(8) 2(2)
Table 5. Best-fitting parameters for the three models fitted to the 8€C@re spectrum
Model component Parameter Model | Model Il Model 111
Soft, unabsorbed power law T 2.447019 2.54 +0.11 1911018
Unabsorbed flux (0.3 - 7.0keV) (4.4703) x 10-2%  (4.3703) x 1014 (3.870:2) x 10~
Softmekal kT (keV) 0.32 £ 0.07
Unabsorbed flux (0.3 - 7.0 keV) (9+3) x 10715
Nuclear column density N (cm™2) (26115) x 102
Hard, absorbed power law T 1.5 (frozen)

Unabsorbed flux (0.3 - 7.0 keV)
x?/dof

(7.1152) x 1071

41/40 33/38 32/38

1075
T

Photons/cm? s keV
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Figure 8. Core spectrum for 3C 284, with the best-fitting 2-component
power-law model, as described in the text.

is shown in Figur&l8. There are insufficient counts at highgias
to determine whether there are any emission lines.

As was done for 3C 223, we fitted the lobe-region spectra
with singlemekaland power-law models. For the eastern lobe, the
power-law model is a slightly better fit (see Table 3); howefe
the western lobe, both models fit adequately. We discuspietia-
tions based on each model in Section 4. For the power-law inode
we measured 1-keV flux densities of £0.2 nJy and 0.9} nJy
for the east and west lobes, respectively. Téble 3 showsdke b
fitting parameters for the lobe emission models.

Radial profiles for 3C 284 are shown in Fig. 5. The profiles
were extracted from the pn events file, excluding the pasitio-
gles where there is lobe emission, and excluding point ssuite
show both point-source and point-source ptusnodels. The in-
clusion of thes-model component produces a significant improve-
ment in the fit. The best-fitting-model parameters ayg = 0.75

Table 6. Parameters of the best-fittingekatmodel fits to the extended
emission surrounding 3C 284. Fluxes are measured in uniésgsfcnt 2

s~ 1, and luminosities in ergss'. The flux and luminosity in the model
come from the spectral regions described in the text, anckeclode the
core and angles where there is lobe emission. The bolontetalduminos-
ity is calculated by integrating th8-model fits to surface brightness over
the entire model out to a radius of 150 arcsec, and so incltiiesore
and lobe regions which were excluded from the spectral fitferextended
region.

1.0379-36

—0.20

(1.440.4) x 10714
(2.4 £0.7) x 1042
11 (13)

(3.875:0) x 10%2

kT (keV)

Flux in model (0.3 — 7.0 keV)
Luminosity in model (0.3 — 7.0 keV)
x2/n (dof)

Bolometric total luminosity

andr. = 56 arcsec; however, the parameters are poorly constrained
so we do not quote errors. We used the same method as for 3C 223
to examine the significance of the inclusion offanodel compo-
nent, and find there is a less than 1 per cent probability di suc
improvement (F = 45.7) occurring by chance.

To study the extended emission in the regions identified by
the radial profiles, we extracted spectra from an annulusirodri
radius 60 arcsec and outer radius 150 arcsec excluding the an
gles where the radio lobe emission is present and any comami
ing background point sources. We fitted the spectra with glesin
mekalmodel, as the radial profile (FIJ 5) shows that the emission
in our extraction region is dominated by the atmosphere.best-
fitting mekalparameters are shown in Table 6. As with 3C 223, the
systematic error from incorrectly weighted particle egesthigh,
~ 300 per cent, since the ratio of source to background counts is
low. This does not have a significant effect on our later aasiohs,
as shown in Section 4.4.
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4 DISCUSSION
4.1 Nuclear spectra

The two models we fitted to the nuclear spectrum of 3C 223 lead
to two physical explanations for the soft emission from theec

If we adopt Model I, the soft power-law component of the nu-
clear spectrum could be associated with the base of the jeilio
as it must originate outside the dusty material obscurimgstc-
ond component. Hardcastle & Worrall (1999) report a cotiata
between radio and X-ray core flux basedR@SATmeasurements,
which suggests that a large fraction of the soft X-ray core iy

be associated with the small-scale radio jets. Our meadiued
from the primary power law is in agreement with the Hardea&tl
Worrall relation. If we adopt the slightly better fit of Modké] then
the thermal material has a temperature consistent withieaeéed
thermal atmosphere; however, its luminosity is too hightfiis to

be its origin. For 3C 284, a two-power law model, similar todéb

| for 3C 223, is preferred. Therefore we can explain the rarcle
spectra of both sources with a radio-related soft powerdad an
absorbed, hard nuclear power law. Our results are contsisitn
those found for the nuclear spectrum of Cygnus A (Young et al.
2002), although they find a slightly better fit with a thermagm

for the soft emission, and also consistent with other ragdilaxy
nuclear spectra (e.g. Hardcastle et al. 2002a; Belsole 2064}).

As discussed in Section 3.1, for the core spectrum of 3C 223,
we find strong evidence for a redshifted 6.4-keV line in atkbth
cameras. Although we find a best-fitting line width1al6 52 eV,
the spectral resolution of the XMM cameras (e.g. 130 eV FWHM a
6.4 keV for the pn camera) is comparable to this value, sdlieat
is no evidence for line broadening. Our measured equivalatih
of 51792 eV is within the range of measured values for powerful
radio galaxies{ 100 — 1500 eV; see e.g. Sambruna et al. 1999).
However, only 4 objects in their sample out of 39 (3 broa@-lin
objects, and one narrow-line radio galaxy) have equivalédths
greater than 450 eV. 3C 223 is a narrow-line radio galaxy,thad
majority of iron-line detections in FR-lIs have been in lidme
radio galaxies, where the source geometry is expected tiortilers
to that of quasars. However, the brightest iron line so faeated
(in 3C 321: EW 1510 eV, Sambruna et al. 1999) is in a narrow-
line object. Ptak et al. (1996) present theoretical préatistfor the
relation between equivalent width and column density ofemak
in which the fluorescence is occuring, for several model®ofee
geometry. The column density of absorbing material we finbeto
obscuring the second power-law component in our core spectr
~ 10?2 cm~2, so that our results are roughly consistent with the
relations described in Ptak et al. (1996). The most plaesiy-
planation for the bright iron line in 3C 223 is that we are Bgei
fluorescence of cold gas in a thick torus obscuring the nsatéu
3C 223.

4.2 Lobeemission from thetwo radio galaxies

In neither source was the spectral fitting able to distingbietween
the power-law andnekalmodels for the lobe-related emission. For
3C 223, the best-fittingnekaltemperatures are high, and in both
cases they are poorly constrained. One possible origirufdr hot

Table 7. Predicted 1-keV flux density from nuclear inverse Comptoiisem
sion in the eastern lobe of 3C 284. Column 1 is the lobe’s atmline
line-of-sight. Columns 2 and 3 give the predicted X-ray flexsity for two
values of the low-energy cut-off to the electron energy spac

0 (degrees) 1-keV flux density (nJy)

Ymin = 10 Ymin = 100
90 0.053 0.046
105 0.068 0.060
120 0.074 0.068
135 0.068 0.062

In Fig.[@, we plot the radio-to-X-ray spectra for the two x@di
lobes of each source with an equipartition inverse-Comptodel
determined using the code of Hardcastle et al. (1998). Radies
were obtained at 1.5 and 8 GHz from maps of Leahy & Perley
(1991), and Hardcastle et al (1998). The average of theidracf
the total flux in each lobe at the two measured frequenciesises
to determine 178-MHz fluxes from the 3CRR fluxes (Laing, Riley
& Longair 1983). For 3C 223, we also included 330 MHz fluxes
from data obtained from the VLA archive and reduced in tha-sta
dard manner. A synchrotron spectrum was fitted to the radia da
with an inital energy index of 2, minimum energy Bfx 10° eV,
maximum of6 x 10*! eV, and break of 1 in energy index at an en-
ergy of6 x 10° eV for 3C 223 an@ x 10° eV for 3C 284, assuming
a filling factor of unity. The spectral break parameters wdresen
S0 as to obtain a good fit to the radio data. The synchrotroreteod
and predicted inverse-Compton fluxes for each lobe from @msm
microwave background (CMB) photons and from synchrotrdi se
Compton (SSC) emission, are shown in [Elg. 9.

The equipartition magnetic field strengths (assuming neo rel
ativistic protons) were determined from the synchrotrondeio
above to be- 0.35 nT for both the north and south lobes of 3C 223,
and 0.5 nT for the east and west lobes of 3C 284, respectively.
Fig.[d shows that in all cases the measured flux is fairly doske
value predicted for inverse-Compton scattering of CMB phetby
an electron population at equipartition. If the measurecdh)flux
values are used to determine the value Byrthe magnetic field
strength, we obtain values of 0.22 nT and 0.20 nT for the north
and south lobes of 3C 223, which are within a factor of two of
the equipartition values. In 3C 284, the measured magnedid fi
strength is 0.4 nT for the eastern lobe, and the same as tigaequ
tition value for the western lobe.

The X-ray emission from the eastern lobe of 3C 284 is bright-
est near the core and decreases slightly with radius outisiande
of 45 arcsec (170 kpc), whereas the radio emission incresities
distance. This could be explained if there was a significantrc
bution to the X-ray emission from inverse Compton scattenh
a nuclear photon field (e.g. Brunetti et al. 1997). In additithe
X-ray to radio ratio in the eastern lobe is higher than in thestw
ern lobe (they differ at> 20 level), which could be explained by
the anisotropy of IC emission, which leads to more emission i
the direction towards the illuminating source, if the eastebe
is the more distant one. We therefore computed the expeated fl
from IC scattering by the eastern radio lobe of infrared apé o
tical photons from a hidden quasar, using the results of &tun

gas would be in a model where the supersonic lobe expansion is(2000) as described by Hardcastle et al. (2002a). The eleetn-

shock-heating the environment. We discuss the argumentntb
against this model in Section 4.5, but in the remainder af 8ec-
tion we adopt the single power-law model for the lobes of both
sources, assuming the X-rays to be radio-related.

ergy population was modelled in the same way as for the SSC and
CMB calculations above; however, the calculations wereatgd

for a low-energy cutoff;ym.n, of 10 to include electrons of suffi-
ciently low energy to scatter the optical photons to the Xregion.



X-ray emission from the nuclei, lobes and hot-gas envirorisnaf two FR-II radio galaxies 9

The illuminating point source was modelled using the SEDhef t
quasar 3C 273 (of similar radio luminosity and redshift toZ832).
We used flux density measurements at }8QMeisenheimer et
al. 2001), 1u (Spinoglio et al. 1995), and U-band (Neugebauer
etal. 1979) to parametrize the infrared to optical spectiva per-
formed the calculation for angles to the line-of-sight 061020
and 135 degrees to determine the maximum possible contnibut
to the X-ray flux. The results of the calculations are giverman
ble[d. The highest flux value of 0.074 nJy is obtained for arleang
of 120 degrees andg,.;,, = 10, so that for all choices of angle to
the line-of-sight the total contribution from nuclear ICthee X-ray
flux is less than 5 per cent of the observed flux. In this bes¢ca
scenario, the ratio of observed to predicted IC flux for thetera
and western lobes agree at thel2vel. We therefore conclude that
there could be some contribution from nuclear IC emissiotihéo
eastern lobe; however, the dominant photon population sdrom
the CMB. The contribution from nuclear IC emission in theecab
3C 223 is expected to be even less, as the radio luminosibyvisr|
by a factor of three, and the X-ray emission follows the raudiac-
ture more closely, as expected in the CMB model.

4.3 Group atmospheres

For both 3C 223 and 3C 284, the combination of spectral aisalys
and radial profile analysis leads to an unambiguous deteofian
extended atmosphere. 3C 284 possesses a group-scale laneosp
(Lx ~ 4 x 10*% ergs s'!) with a temperature of 1 keV. This
temperature is close to that expected for a group of thisrosity
from the Lx /T relation for radio-quiet groups (Croston et al. 2003).
We also produced a hardness-ratio map for 3C 284, but theraava
evidence for hotter gas around the lobes; due to the smalbaum
of counts from the environment, it was not possible to sepdte
harder lobe emission from any hot gas emission near the tiggese

3C 223 has an atmosphere of luminosity x 10*2 ergs s'?,
giving an expected temperature of 1.2 keV. This is consistéth
the measured temperaturelof ™22 keV. As with 3C 284, there are
insufficient counts to establish whether or not there arg@tature
variations in the atmosphere. We conclude that there is iteeee
for large-scale heating due to the radio source in the athesspof
either source.

4.4 Pressurebalance

We determined internal lobe pressures from the radio-syticin
models described in Section 4.2, above, assuming an abefiltro
ing factor of unity, and that the only contribution to presscomes
from the population of relativistic electrons producinge thyn-
chrotron emission. We used the magnetic field strengthsngive

0.35 and 2, as the fits are poorly constrained. For 3C 223attierf

of three uncertainty in the flux from the atmosphere leads<to>a

per cent increase in the pressure values (not included, veingh
does not significantly affect our conclusions below aboespure
balance. For 3C 284, the factor of three uncertainty in thefflbm

the atmosphere leads to a 50 — 70 percent increase in theiress
values (not included here). As for 3C 223, this does not figni
cantly affect the conclusions.

Table[® shows that 3C 223 is consistent with being in pressure
balance at the ends of the source, but likely to be undenmeds
at the midpoint. For 3C 284 there is also approximate predsair
ance at the ends of the source, and at the midpoint the lokes ar
underpressured by a factor f2. These results suggest that self-
similar models of radio-source expansion (e.g. Falle 19Giiser
& Alexander 1997; see also a discussion of these models id-Har
castle & Worrall 2000a), which require that the entire seupbe
overpressured, no longer apply to these sources. 3C 2232848
are comparatively large sources, so that it seems plaubifi¢hey
have reached a stage of expansion where the inner parts of the
sources are now underpressured. The outer parts of theesargc
still expanding, but the lateral expansion is now subsdricther
support for this model comes from the radio structure of the t
sources, which have a "pinched” appearance in the cengains.
Gas that was intially pushed out by lobe expansion may now be
falling back in and crushing the central part of the cocoon.

If we instead adopt the second interpretation of the lobesemi
sion — that it is thermal in origin, and hot — then the latergdamn-
sion of the lobes must be supersonic and overpressured, t80 as
produce shock-heated gas surrounding the entire lobesisisde-
nario, since all of the X-ray flux from the lobes is attributechot
gas, the level of IC emission from the lobes must be much lower
than the values we used in Section 4.2. This means that tles lob
must either be magnetically dominated, so that the predeuse-
personic expansion comes from the magnetic field, or elsaicon
a dominant proton or other non-radiating particle contidou This
interpretation requires two coincidences: an X-ray fluxahHiap-
pens to be at the level expected for the minimum energy dondit
in the absence of protons, and that the minimum energy dondit
happens to correspond to an internal pressure approxiniatedl-
ance with the pressure from the surrounding hot gas.

We therefore consider that the IC model for the lobe emission
is far more plausible. However, in the following section, aigcuss
the constraints that our results have placed on models ¢hatre
overpressured lobes.

45 Constraintson supersonically expanding lobes

In order for supersonic lateral expansion of the lobes, thegt
either be magnetically dominated, or dominated by nonataudi

above calculated based on the measured IC flux. We then calcu-particles, as described above. The lobes of low-power (RR-I

lated the external pressure on the lobes from the X-raytemit
gas using the the best-fitting thermal models for the exteedas-
sion described in Section 4.3, above. We used the resultslahB
shaw & Worrall (1993) to determine pressure as a functioraef r
dius from the emission measure and fhmodel fit parameters. For
each source, we determined the pressure halfway along tes,lo
and at the ends of the lobes. For 3C 284, we did the pressure-cal
lation separately for each lobe as they are asymmetricahigth.

dio galaxies do require a large contribution from one of ¢hesn-
stituents; however, it seems likely that much of the addélgres-
sure in FR-Is comes from material entrained into the lobethas
jets decelerate (e.g. Bicknell 1984, Laing & Bridle 2002).HR-
lls, where entrainment is not thought to be an efficient pgsce
a different explanation is probably necessary if the lohesre-
quired to be overpressured. It is therefore tempting to facttee
self-consistent model we proposed in the previous sedtiavhich

Internal and external pressures for each source are given inthe two sources are at equipartition and in approximatespres

Table[®. The errors we quote for pressures are based on tivs err
on the best-fitting3-model parameters, which are the main contri-
bution to uncertainty in the pressure. We assumehatbetween

balance, so as to avoid requiring this additional explamatiever-
theless, we briefly consider possible pressure contribsitio FR-11
lobes in the following paragraphs, both to constrain supecsally
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Figure 9. Radio-to-X-ray spectra for the north and south lobes of 38 (&&p) and the east and west lobes of 3C 284 (bottom), witbtewitron models fitted
to the radio data points as described in the text, and peeti€MB inverse-Compton (dotted line) and SSC (dashed lin#eaposition of the X-ray flux,
showing that in all cases the measured flux is close to theqbeedevel for CMB inverse-Compton emission at equipianrit and the spectral indices are also

consistent with this interpretation.

Table 8. Internal and external pressure measurements for 3C 223@284& TheR values are the ratios of internal to external pressure

R+ (midpoint)/Pa

Rz¢/Pa (end)

Pint/Pa
3C223N  4.x10 14
3C223S 5.3x10° 14
3C284E  8.3x10~ 14
3C284W 6.0x10~ 14

31730 x 10713
31730 x 10713
14703 x 10713
10705 x 10713

9.613%3 x 1014
9.61353 x 10-14
6.6750 x 10714
3.875 0 x 10714

Riia  Rend

0.13 0.42

0.17 0.55
0.6 1.3
0.6 1.6
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expanding models, and since our upper limits on externaispire
for 3C 223 leave room for a large contribution from other jgtes
in that source.

Constraints on the amount of cold gas and a subrelativastic t

to the electron population can be obtained by examiningithe |
its on Faraday depolarization. For 3C 284, Leahy, Pooley &yRi
(1986) report only slight depolarisation between 11 andi.8to
investigate whether 3C 223 showed evidence for internattereal
depolarization we retrieved VLA data from the public areéhi¥he
low-frequency data were from 1.5-GHz observations in thé\\A.

and C configurations, described by Leahy & Perley (1991))evhi

the high-frequency data we used were from the two-pointidg 8

GHz observations at C and D configuration described by Leahy e

al. (1997). The total and polarized intensities were comgarithin

a fixed contour (the & level of the 8.4-GHz total intensity map).
For both lobes the degree of polarization was essentiadigtidal
(20 per cent) at the two frequencies; the ratio of degreelairp
ization was 1.0. There is therefore no detection of radicotep
ization in 3C 223, though we emphasise that the steep spectiu
the lobes means that there is essentially no detectable Blie
flux density within 45 arcsec of the radio core. We concluas th
is unlikely that sufficient cold gas is present in the lobegittier
source to allow supersonic lateral expansion.

The presence of sufficient low-energy electrons to provigle s
nificant pressure would require a steepening of the eleenengy
spectrum below the observable radio region (g.g< 10%). Such
a population of electrons cannot be ruled out by our dataghievy
its physical origin is unclear. If relativistic protons goeoviding
the additional pressure, then large proton to electronsatiould
be needed for supersonic expansion. There are argumergsssug
ing that a significant proton population is required in perseale
jets (e.g. Celotti & Fabian 1993), so that they should be gres
and provide pressure in the lobes as well. We cannot ruleaonés
contribution from protons.

In the absence of efficient entrainment, there are few physi-

cally plausible means for the lobes to contain sufficiensguee
to be expanding supersonically in all directions. We carnmte#
out magnetic domination in the lobes or a dominant poputabio
relativistic protons. However, as discussed above, eibfi¢hese

scenarios requires the X-ray flux from a power-law model to co

incide with the level expected for minimum energy IC emiasio
the absence of protons.

5 CONCLUSIONS

We have detected X-ray emission from the lobes of two FRdiaa

galaxies, 3C 223 and 3C 284, which in both cases can be aéttibu

to inverse-Compton emission from cosmic microwave baakgto
photons. In both cases the magnetic field strengths inféroed

the levels of X-ray flux are near to minimum energy values i th

absence of protons. We also detect extended emission adingu
the two sources. Both sources are in large group-scale ptrares

with temperatures of- 1 keV. Our data are not of sufficient sen-

sitivity to detect temperature variations in the hot-gasasiphere.

We find that the lobes are in approximate pressure balande wit

their external environments if they contain only relatiselec-
trons, but that additional material or magnetic dominanoald/be
required in a model where the lobes have lateral supersapane
sion.
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