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ABSTRACT

We present new X-ray and optical spectroscopy of a Type 2aju@ndidate selected from
a follow-up program of hard, optically-dim, serendipitobandrasources. The source is
confirmed to be a Type 2 quasarzat 0.536 with an intrinsic 2—10 keV luminosity.s_1o =
5% 10* hy 2 ergs !, an absorbing column densilyi; = 8 x 1023 cm~2 and a neutral Fe &
line detected bXMM-NewtorEPIC-MOSL1 as well a€handraACIS-S. An extended optical
forbidden emission line cloud is detected at the same rédahd at about 15 kpc in projected
separation. This cloud lies in close proximity to the peathefcompact steep spectrum radio
source 4C +39.29, which has previously been identified witlieground galaxy in the cluster
Abell 963. We present evidence to show that 4C +39.29 is &seolowith the background X-
ray Type 2 quasar. The radio luminosity is dominated by latiés complex structure and the
radio core is weak in comparison to narrow-line radio gaaxit the same X-ray luminosity.
The morphology and emission line properties of the extenidgibn are consistent with an
on-going jet—cloud interaction. 4C +39.29 possesses a icatin of high power and high
absorbing column density compared with other X-ray Type &squs in the literature. These
observations highlight the efficacy of using X-rays to idigrthe primary energy source of
complex radio sources and distant obscured AGN.

Key words: galaxies: individual: 4C +39.29; CXOU J101714.2+390124-ra¥(s: galaxies
— Radio: galaxies — galaxies: active

1 INTRODUCTION dio (low frequency) observations, it is not surprising thihbptical
sources marked 2, 3 as well as 4 in Fig./dff) were proposed as
possible counterparts to the radio source, though sour@s2isu-
ally considered most likely (Riley 1975; Wills 1976; Padiii&
Conway 1977; Owen et al. 1993; McMahon et al. 2002).

Powerful jets and associated lobes and hotspots make rakiir-g
ies and quasars visible to vast distances across the Uaiviers
crowded fields, however, these extended (and often, distprt
structures can make counterpart identification tricky. Tadio

source 4C +39.29 is such a case; it lies in the direction ofitte The advent of superb imaging capabilities in the X-ray demai
ness class 3 cluster of galaxies Abell 963, but the issue efiveln provides a complementary observational technique to iigethie
the radio source is associated with the cluster, or not, bas bn- correct counterpart, since X-ray emission is a ubiquitdwes acter-
resolved thus fat. istic of active galactic nuclei (AGN) that are thought to owadio

The problem can be understood from Fig. 1, which shows an jéts and lobes (e.g., Mushotzky et al. 1993). Gandhi et 8042
archivali-band (SDSS filter) image of the field of 4C +39.29 from  discovered, using€handraobservations§(2), an X-ray source in
the William Herschel Telescope, overlaid with 3.6 cm radimc  the field of 4C +39.29, but associated it with the faint, rethgga

tours extracted from an archival radio observation (dbsdring 5 (B ~ 22.8; R ~ 19.8; B — K = 6.3) that lies 4 arcsec to the N-
below). The peak of the radio emission is seen to be appraglyna W of the previous identification. This identification [at 18:14.1
coincident with the optical source marked “2”. This isAnv 18.5 +39:01:24 (J2000)], marked “1” in Fig. 1, was possible du¢ht
galaxy at RA=10h17m14.2s De¢=59°01'21.5" (J2000). Yet, the excellent spatial resolution @handraand the presence of a weak
field is crowded (there are 6 detections within a radius df &b emission feature in the X-ray spectrum, the observed enefgy
the radio peak above the limitingr3magnitude of 23.4). Given ~ Which agreed with a photometric redshift estimate of 8:64., if
the comparatively lower resolution of early optical and lveel ra- identified as Fe K. This suggested that the X-ray source lay be-

hind Abell 963, not associated with the cluster.

But is there any physical connection between the X-ray and
1 the NASA Extragalactic Database assigns the tentativehifeds z = radio sources? 4C +39.29 has long been known to have at least
0.206 (of Abell 963) to the radio source. two radio components separated by approximately 8 arcsgg (e
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2 P.Gandhi, A.C. Fabian and C.S. Crawford

Saikia et al. 2001; Machalski & Condon 1983), with the southe
component being brighter and complex, while the northempm
nent has a fainter, but normal, jet-like morphology endimg ot
spot. These components are seen in Fig. 1 and, interestaggyn
to be centred on the optical galaxy marked 1 that is assalovite
the X-ray source, suggesting that this may be the sourcedas ra
emission.

In this paper, we present detailed observations at X-ray, op
cal and radio wavelengths of the field of 4C +39.29. We find that
the likely counterpart of 4C +39.29 is source 1, which is a @dut
Type 2 quasar obscured by column densities of cold gas agiproa
ing Nu ~ 10%* cm™2. We present newly analysetMM-Newton
observations to support the Type 2 quasar hypothesis gdgleay-
gested in Gandhi et al. (2004). New optical spectroscopyhef t
field uncovers spatially extended emission lines at thehiédsf
source 1, and provides reinforcement of the counterpantifite-
tion. We then discuss different mechanisms that could pdier
bright emission of the extended radio and forbidden linecstires
and suggest that a jet—cloud interaction is likely to be oimg

in Fig. 2, and we refer the reader to Gandhi et al. (2004) fbr fu
details on theChandraanalysis.

2.2 XMM-Newton

We retrieved an archival observation of the field of Abell %&8en

with XMM-Newton(see Table 1). Standard data reduction tasks of

creating filtered event lists and extraction of images/spewere

carried out usingsAs v 6.5.0, with the latest calibration informa-

tion. Fortunately, the observation was not affected byrftari
Unfortunately, CXOU J101714.1+390124 lies in the gap be-

tween CCDs 4 and 5 of the EPIC-pn camera, the one with the

largest effective area. Furthermore, the source lies abgged

distance of 2.5 arcmin from the core of Abell 963, and is affiddy

the extended intra-cluster foreground, especially in tfetsand.

2.2.1 EPIC-MOS1

Compared to other narrow-line radio quasars, 4C +39.29 has aThe EPIC-MOS1 data are shown in Fig. 2 along with €fean-

weak radio core, and suggests that the relation betweenammp
steep spectrum radio sources and X-ray Type 2 quasars sheuld
further explored. 4C +39.29 lies in the regime of the brightnd

dra ACIS-S spectrum. Due to the bright extended cluster emissio
several different circular and elliptical aperture20 — 40 arcsec
in size were tried for source count extraction in each imsémnt.

most obscured AGN when compared to other Type 2 quasars. We| arger regions representative of the average noise at #iquoof

assumef, = 70 km st Mpc™!, Oy = 0.3 andA = 0.7, where
required.

We note that some initial results consistent with ours, in-
cluding possible non-association of 4C +39.29 with the telus
Abell 963, as well as detection of extended line emissiorrewe
reported by Lavery et al. (1993). To our knowledge, howener,
result other than an abstract has been published.

2 X-RAY OBSERVATIONS
2.1 Chandra

the source were used for background extraction. The MOSdrebs
vation showed approximatell00 net counts above 2 keV. Lower
energies are significantly contaminated by the clustergfotend,

as well as some possibly extended source emission, and geere i
nored in the modeling below. For completeness, we note that a
‘leaky’ absorber, with a covering fraction of ‘holes’ of Qu2r cent,
could fit the data between 1-2 keV, but any soft emission &k

to be of a different origin, as discussed belov§i2.3.

Each spectral channel was binned to have a minimum of 10
counts. The flat (hard) slope of the data is apparent abové/3 ke
We first fit a redshifted, absorbed power-law model to the MOS1
spectrum alone (using = 0.536; see§ 4 below). Fig. 2 clearly
shows the excess residuals at an observed energy£t keV in

The X-ray source CXOU J101714.1+390124 was discovered by the MOS1 spectrum as well, exactly where a redshifted &dite

Gandhi et al. (2004) during a serendipitous search for albyic
dim sources with hard X-ray spectral count ratios in the §eld
of medium-deepChandra ACIS-S observations (typically, obser-
vations of relaxed galaxy clusters available at that tinee $a-
ble 1 for observation details). The source, designatedcsolib
in the field of Abell 963 (or A96315) was easily identified as
having an extremely hard/H count ratio of 0.08. Only a faint
optical counterpart was visible on Digitized Sky Survey ges.
Though there was some ambiguity in source identificatiapibst
likely counterpart assigned in cross-correlation with meddeep

in the source frame is expected to lie. The rest energy ofitige |
is inconsistent with H-like (6.7 keV) or He-like (6.96 keWpoh;
we thus included a neutral line with fixed rest-energy of &% k
and a narrow width of 10 eV in the model. Galactic absorptioa d
to a fixed column density oNy = 1.4 x 10%° cm~2 (based on
observation of H; Stark et al. 1992) was also included in all fits.
Fixing the photon-index slope tB = 1.9 results in a very
large column density oV = 1.270% x 10°* cm™~? local to the
source (errors corresponding to 90 per cent confidence firen
teresting parameter using statistics), consistent with the source

UKIRT near-infrared images was the source marked 1 in Fig. 1. The peing Compton-thick. The Fe line, with a rest-frame eqeiwal

extracted X-ray spectrum itself gave an indication of these red-
shift, showing a peak at about 4.1 keV, possibly implying 0.5

if the feature was Fe &. The line was detected at 90 per cent sig-
nificance, with the data allowing a large equivalent width.

width (EW) of 900 eV, is significant only at 90 per cent (via the
f-test). The intrinsic, absorption-corrected 2—10 keV inosity is
10*® erg s71. In the small counts regime, the variance of parame-
ter values is better characterized by the C-statistic, lvbimes not,

The line was seen to be superposed on a hard X-ray contin- however, provide an estimate of the goodness-of-fit (Arriagb).

uum, consistent either with an absorbed power-law wWih ~
10%* cm~2 or with a reflection model (with an additional fore-
ground absorber). In either case, the intrinsic, absanptmrected
X-ray luminosity of the source was well above typical Sey/fiemi-
nosities, making this a Type 2 quasar. The ACIS spectrumaash

2 S/H = Cts(o.5—2xev) / Cts(2—7kev)

Using this results in only a marginally reduced best-fit apison
as well as luminosity, well within the error range above.

Fitting the ACIS and MOS1 spectra together gives a good
fit with the above model. Using? statistics and letting the nor-
malization of each instrument vary freely, the goodnesBtas
x*/v = 11.2/12, wherev are the number of degrees of freedom.
The fit is worsened byAx> = 8.5 when the Fe line is frozen out
and removed from the fit. This implies a significance leveldp@r

(© 0000 RAS, MNRASD0O, 000—-000



4C +39.29 — Extended emission around a powerful Type 2 quasar

cent for the line, which is a stronger result than for eitistiument
alone. The rest-frame EW itself is not well constrained, has a
value of 0.58_5?@ keV (approximate 68 per cent re-sampling errors
returned byxspPeQ.

The Chandraand XMM-Newtonobservations were taken 11
months apart, and the normalizations of the two power-lawet®
agree at the 68 per cent level (with fl#_10 = 1.470 5 x 107 ?
erg s ' cm2). Thus, we tried another fit under the assumption of
no variability in the physical parameters between the twaskts,
i.e. the relevant normalizations and intrinsic absorpfionboth
sets were varied together. With this fit, we obtain a lowgr =
8.413 x10%* cm2 andL2—10 = 5 x 10** erg s (90 per cent C-
statistic), but the significance of the Fe line is increagedreater
than 99 per cent.

The presence of a strong Fe line could also be indicative of
strong reflection (e.g., lwasawa et al. 2005). We tried a fihef
PEXRAV model of Magdziarz & Zdziarski (1995) with an e-folding
energy of 300 keV and 2w pure reflection model with solar abun-
dance. As for the ACIS spectrum before, we found that the MOS1
spectrum required an additional absorber §af = 717 x 10%3
cm~ 2 if local to the source), and the intrinsic luminosity is ired
tobeLs 10 = 2.6 x 10" f~" erg s°*, wheref is the reflection
albedo. Fitting the MOS1 and ACIS spectra together, withmads
izations let free, the absorbedExRAv model has a goodness-of-
fit x?/v = 11.0/12, and is indistinguishable from the absorbed
power-law model above with the present data.

2.2.2 EPIC-MOS2

The MOS2 spectrum of CXOU J101714.1+390124 (not shown)
contained about 10 per cent fewer net counts than MOS1ngritti
an absorbed power-law model to only the MOS2 data still adlow
for high intrinsic absorption oV = 5.47% x 10?* cm™2 (C-
statistic). There is, however, no evidence for a redshifedKa
line; the weak upper limit to the rest-frame equivalentwithat

we derive is~ 450 eV. Fitting together the MOS2 data with MOS1
and ACIS decreases the significance of the Fe line slight§5to
per cent as compared to 97 per cent measured in the previous se
tion. The difference with respect to the EPIC-MOSL is presioim
due to small number statistics combined with the high chusie-
ground, but a deeper observation is required to confirm this.

2.3 Extended X-ray emission

The X-ray emission is marginally extended along the dicecbf
the radio axis (Fig. 1). Atthe location of CXOU J101714.16324
(about 2.5 arcmin S—E of the aim-point Ghandrg the off-axis
point-spread-function (PSF) is also expected to be eleagato
we checked the source parameters returned bywReDETECT
detection algorithm (Freeman et al. 2002), using the fuibeof
V2 wavelet scales. ThesFRrATIOOf the source is found to be 1.7.
Clearly extended sources should ha#gFRATIO>>1, so evidence
for extension is marginal.

At the faintest level, however, there is an adjacent clump of
soft X-rays about 5 counts above the background to the S-¢E1Ji
almost coincident with the position of source 2. This waduked
from the ACIS spectrum, but could contribute to low-energyq
keV) residuals seen in théMM-Newtonspectrum where it is un-
resolved. This emission is unlikely to be from any activelaus
in source 2, given its soft X-ray nature, and the fact thaoiptical
spectrum of source 2 (discussed below) is quiescent. Icatsd
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with source 1, it could be thermal emission from shocked gas o
Inverse Compton emission even though there is not an exaet co
cidence of the radio emission with the X-ray clump (e.g., il€ar
et al. 2002).

3 OPTICAL, NEAR-INFRARED PHOTOMETRY

Broad band optical magnitudes ihBR and: were measured by
Gandhi et al. (2004) by extracting and calibrating archivai
ages from various telescope archives. Combined with méeared
JH K photometry obtained dKIRT, a photometric redshift of
Zphot = 0.56 £ 0.1 for source 1 was derived. A 500 Myr Bruzual-
Charlot starburst model reddened with- = 0.9 mags of extinc-
tion gave a good fit to the broad-band colours. The impliedlaibs
magnitude in théB-band is —22, about 5 times more luminous than
the magnitude—redshift relation of red field galaxies fobpd.illy

et al. (1995, after correcting for differences in the assligwsmol-
ogy). TheK-magnitude ofl6.5 + 0.1 is consistent with thé — z
relation for massive radio ellipticals of Eales et al. (1993

4 OPTICAL SPECTROSCOPY

An optical spectrum of source 1 was obtained with the ALFOSC
instrument at the Nordic Optical Telescope. The obsemativere
carried out in service mode on the night of 2005 Jan 20. Trssrgri
used gave a resolution ef 500 at 6000A. The best range for spec-
tral extraction was restricted to4000—-8000A due to vignetting at

the blue end and bright, blended night sky emission at thened
Conditions during the observations were clear with optseaing

~ 0.7 — 1.3 arcsec. The useful exposure time was 4000 s (2000 s
of additional data were discarded due to poor seeing).

The raw data were bias-subtracted, flat-fielded, dispersion
corrected and flux calibrated using standerdF routines. Con-
tinuum from source 1 was found to be weak, so a one-dimerisiona
spectrum was extracted from a slit 11 pixels2(arcsec) in width
centred on the single brightest emission line detectedl{sksv).

The flux density in the source continuum agrees with thatiate
from photometry to better than a factor of two (after slitda®r-
rections).

The final spectrum is shown in Fig. 3; it shows a very red con-
tinuum and we detect two emission lines, that can be idedt#ge
redshifted [M]A3727 and [(Dl]ASOO?A at z = 0.536. Emission
line characteristics, measured assuming a single gaupsidite,
are listed in Table 2. In addition, there are absorptionufiesst, in-
cluding weak, redshifted Ca interstellar absorption aecBO0A
break at~61004, beyond which the continuum level increases by
a factor of about two. The limiting8flux at the expected position
of the undetected Blline is1.4 x 10" erg s cm=2.

The strong and narrow forbidden emission lines are consis-
tent with those expected from a Type 2 QSO, hosted by an early-
type host galaxy with the red continuum seen (e.g., Normah et
2002). Compared to other Type 2 quasars with spectra cayerin
a similar rest-frame wavelength range, 4C +39.29 shows lzehig
[ONnIA3727:[Q1]1A5007 ratio ofx 2.7 (whereas Della Ceca et al.
2003 and Caccianiga et al. 2004 find this ratio to be less thah o
This may result from a low ionization parameter, as is charae
tic in the nuclei of many central cluster galaxies (e.g., v@cad
et al. 1999). Further analysis and conclusions regardiag#ture
of the excitation are deferred for now, however, given thdy owo
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Figure 1. (Left) WHT i-band image of the field~ 35 arcsec on a side) of 4C +39.29, with radiaA 3.6 cm contours superposed in red. North is to the top
and East is to the left. Sexagesimal coordinates (J2000narked along the edges. The optical counterpart usuallyceged with 4C +39.29 is source 2,

though sources 3 and 4 have also been considered in théditerén this paper,

we present evidence that source 1 isoineat counterpartRight) A better

sampledUKIRT K-band zoom-in{ 10 arcsec on a side) of the region around source 1, showing tfie cantours again in red, in addition @handra
0.5-7 keV contours in blue. The X-ray contours are linegogced with the faintest oneat 1 ct pix—! above the local background, while the radio contours

follow a square-root progression from 0.5 mJy bednupward.

Observatory Instrument Obs ID Exposure Time Obs Date Ryanci

/Seq no. s Investigator
Chandra ACIS-S 800079 36290 Oct 112000  S.W. Allen
XMM-Newton EPIC-MOS 0084230701 26510 Nov 022001  J.-P. Kneib
" EPIC-pn " 20021 " "

Table 1.Log of X-ray observations analysed.

emission lines are detected, and one of themi(JQ5007) is weak
and possibly affected by telluric absorption (Fig. 3).

4.1 Spectroscopy of objects in the field

The spectroscopic slit was placed at a position angle of eg#dess
(East of North) in order to include objects neighbouringrseul
(Fig. 4). The nearest source on the slit is source 2, abouar8:5
sec SSE of source 1, and its spectrum is shown in Fig. 5. Absorp
tion lines typical of am early-type galaxy at= 0.210 place the
source within the large scale structure associated witfclinter
Abell 963 (the implied recession-velocity relative to tHaster is
~1000 km s1). Two emission lines are also clearly visible in the

the bright [Q1] A 3727 emission line of source 1. Similar emis-
sion straddling the two objects is observed at the positiored-
shifted [Q1] A 5007 (not shown). The early-type galaxy spectrum
of the neighbour (at = 0.21) includes these superposed emission
lines (Fig. 5). This is likely to be extended line emittingsgessoci-
ated with source 1. The angular separation between the [i¢laé o
[On] A 3727 line in source 1 and the peak of the extended emis-
sion is~ 2.6 arcsec, corresponds to a projected spatial separation
of approximately 17 kpc at = 0.536.

In order to measure the flux of the extended line emission, the
sky emission lines and background in the two-dimensionatsp
trum (Fig. 4) were first subtracted at each pixel of the disijoer
axis. Next, the continuum of source 2 was removed by comgutin

~ 2" extraction aperture, and these are discussed in the next seca median spatial profile of the source from pieces of contimuu

tion.

Finally, the bright source 3 approximately 7 arcsec NNW
of source 1 shows an early-type galaxy spectrum at 0.209
(Fig. 5), implying that it is also associated with Abell 963.

4.2 Extended line emission associated with Source 1

In Fig. 4, there is a clear detection of emission straddimgtivo
horizontal spectra, at the same position on the dispersitnas

free of the extended emission. This profile was subtractad the
above image, resulting in a spectrum of the extended emi$se

of contamination by the continuum of source 2. This was ekt
and calibrated in a manner similar to the spectra of the ather
jects, using a fixed aperture of 5 pixels (0.95 arcsec) oreegiue
of the peak of the extended emission lines (although no drtén
continuum is observed, the extraction was straightforviachuse
there is very little spectral curvature on the ALFOSC CCD)eT
measured extended line parameters are listed in Table Rjrgio
that the extended emission is almost as powerful as thatiseen

(© 0000 RAS, MNRASD0O, 000—-000
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Figure 2. X-ray spectra of CXOU J101714.1+390124 extracted fidviM-NewtonEPIC MOS1 (red filled squares and error bars) @héndraACIS-S data
(black circles and error bars). Best-fit obscured powerrzdel lines are shown with the same colours as above. Résiduhe fits in the bottom part of the
plot show an excess at 4.1 keV in the MOS1 and ACIS spectra consistent with the jmositf a redshifted Fe K line. The excess at low energies (below 2
keV) in the MOS1 spectrum is from residuals of the backgrosuiotraction due to the projected proximity of the sourcentodiuster Abell 963, and some

possible extended emission.

Emission line Obs\ z Rest FWHM Line Flux Line luminosity W
A) (kms1) (106 ergslcm=2) (10! ergs!) A)
@ @ ©) Q) ®) (6) @
[O11]A3727 5725.2 0.5361  89% 3.59" 03 4.1 16559
[O]A5007  7685.0 0.5348  7137° 1.35" 24 15 4037
[ON]A3727z 57265 05365 6245 2.65"0-3¢ 3.0 -
[O]A5007; 7690.4 05359 68327 2.05" ;53 2.3 -

Table 2. Observed optical emission line characteristics as medsarine Nordic Optical spectrum. Lines with a subsciiptefer to the extended emission
regions § 4.2). Errors on line parameters are foAa2 = 2.7, corresponding to a 90 per cent confidence interval for desipgrameter of interest. Column 4
lists the rest-frame full-width at half-maximum of the I;ye&orrected for instrumental broadening. The final coluwi ) lists the observed equivalent widths
of the lines. Since no continuum is visible at the positiotthef extended emission lines, no equivalent widths were uneds

source 1 itself. This is discussed furthegif. The limiting flux at

the position of redshifted Blis~ 6 x 1077 ergs! cm™2.

5 ARCHIVAL RADIO OBSERVATIONS

The radio source 4C +39.29 has, for some time, been knowrvio ha
a compact and asymmetric morphology (e.g., Machalski & ©@and
1983). Integrated fluxes at several frequencies smaller5HaHz
(= 6 cm) are tabulated in the NASA Extragalactic Database (NED)
With a spectral index oft = 0.7 (S, < v~ %), itis classified as a
compact steep spectrum source (CSS; e.g., Saikia et al).2001
We retrieved high-frequency radio observations (NRAO
project ID AO111 from 1993 Jan 17) with the Very Large Array
(VLA) in the ‘A" configuration at 2 cm and 3.6 cn=(15 GHz
and 8.5 GHz respectively) from the NRAO archiv@hese data

3 http://archive.nrao.edu/archive/e2earchive.jsp

(© 0000 RAS, MNRASDOQ, 000-000

were analysed using standard routines within the Astrooahhin-
age Processing Systemigs) package. The source 3C 286 and the
compact source 0923+392 were used as primary and secoradary ¢
ibrators respectively.

The 3.6 cm image of the source is shown in Fig. 1, and fluxes
of individual radio components are listed in Table 3. Imagsoiu-
tion is proportional to frequency, and is about 0.2 arcsec@tm.

At least two radio components are discerned, aligned approx
mately along the axis separating sources 1 and 2. The natitew
component has a jet-like morphology ending in a point-like h
spot. The southern component, on the other hand, is moreleamp
with at least two sub-component lobe-like structures dmegiside

of the ‘jet’ axis. The southern-most hotspot is the dominautio
component in the field, and contains at least 60 per cent dfitee
grated flux at 3.6 cm. This hotspot is itself resolved into further
components in the highest frequency image at 15 GHz (notishow
also noted by Lavery et al. 1993). Using iterative selffmaliion

to clean the images reveals the presence of a very faintitéue
spectrum core at botWLA frequencies (see Fig. 1). The radio
coordinates of this point source are 10h17m14.125°8824" .4
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Figure 3. Optical spectrum of source 1 obtained with the Nordic Opfledescope, smoothed with a moving box average of size 3pigedisplay. Parts of
the spectrum significantly affected by sky subtractiondwesis are plotted in light grey. Identified features (whithiraply z = 0.536) are labelled in bold;
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Figure 4. A UKIRT K-band image of the field of 4C +39.2f(t) showing the position of the optical spectroscopic stigh{) The two-dimensional spectrum
image of the redshifted [@] A 3727A region in the spectrum of source 1 obtained with the Norditi€al Telescope. The bright emission line (on very faint
continuum) at the top is redshifted [ Dispersion direction is from left to right. The bright doruum seen about 16 pixels-@ arcsec) below this emission
line is the spectrum of source 2. Note thea[[dine emission between the two spectra, that we associdtespatially extended line emission of source 1.
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Figure 5. Optical spectra of source Bdtton) at z = 0.210 and source 3t¢p; offset upwards byl x 10~17 units on the y-axis for clarity of plotting) at
z = 0.209. The emission lines due to forbidden Oxygen transitionfiénextended emission region of source t at 0.536 were included in the extraction
aperture of source 2, and are labelled below the spectrueritggt). See caption of Fig. 3 for other details of the plot.

Component Flux (3.6cm)  Flux (2 cm)
mJy mJy
Total 277 143
Southern lobe + hotspots 236 132
Southern hotspot peak 150* 54*
Northern lobe + hotspot 31 26
Corét 0.6 15

* mJy beant!; T At 2 cm, the southern hotspot splits into two, with
fluxes of 70 and 30 mJy each.; ¥ The core flux density is uncertain by a
factor ofx 2.

Table 3.VLAflux densities integrated over various components.

(J2000), and the astrometry of our images at all other wagéhs
(optical, near-IR, X-ray) has been tied to this position.

The position of the extended optical forbidden line emissio
(Fig. 4) overlaps with the fainter part of the radio emisseen in
the southern lobe. Given that our spectroscopic slit didcover
the exact position of the peak of the southern radio hotspd,
possible that the radio and extended optical emission @& more
closely associated, as discussed in the next section.

(© 0000 RAS, MNRASDOQ, 000-000

6 DISCUSSION

6.1 Source 1 as the counterpart of 4C +39.29

Previous association of the bright radio hotspot with seufc
(Fig. 1) was due to the low resolution radio/optical imagavgil-
able at that time. On the other hand, our observation thatvibe
main radio components (the NW and SE lobes/hotspots) atecen
approximately on source 1, where a weak core is also disgerne
high frequencies, indicates that this is the correct caopate of
4C +39.29. The detection of extended emission line gas atthe
shift of source 1 along the same axis as the radio lobes, and co
cident with the southern radio lobe, is strong evidence fipert
this hypothesis. Finally, the detection of obscured X-rayssion
from source 1 is completely consistent with the hypothéwsthis
is a powerful radio galaxy driving oppositely-directedimajts ap-
proximately oriented on the plane of the sky. No strong Xemys-
sion is detected from source 2; nor are optical emissios keen at
the source redshift. Combined with the astrometric offettvben
the radio lobe and source 2, there is little doubt that thisotsthe
correct counterpart.
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Figure 6. The radio to X-ray spectral energy distribution (SED) of 48929, assuming that source 1 is the correct counterpagtspéctrum, plotted inL,,
units, is shown in the source rest-frameat 0.536. The X-ray emission (blue squares) is from the obscured Zypeasar, the optical:near-IR emission from
the host galaxy (green circles; with the best-fit Bruzuak«@it SED overplotted), and the radio emission (red diarspigifrom the lobes, predominantly the
southern-most hotspot. For comparison, the SED of the FRdib galaxy Cygnus A is shown as the dotted line, normalieeithe SED of 4C +39.29 at 8
keV. This SED shows representative radio to ultravioletigaltaken from the NED Extragalactic Database, i.e., imduktra-nuclear emission as well. The
X-ray part of the SED of Cygnus A represents the best absqbeer-law model of Young et al. (2002).

6.1.1 Spectral Energy Distribution

We thus collate the X-ray (CXOU J101714.1+390124) , optical
near-infrared (source 1) and radio (4C +39.29) data in Figh6w-

ing the total, rest-frame spectral energy distribution DEEThe
SED of the powerful radio galaxy Cygnus A is a good overall eom
parison to 4C +39.29. Representative integrated radiottavib-

let fluxes of Cygnus A are compiled from the NED Extragalactic
Database. The X-ray part of the Cygnus A SED is the best-fit ab-
sorbed power-law nuclear model of Young et al. (2002, Cyghus

is also highly obscured withip~ 2 x 102 cm™2).

The luminosity and colours of the host galaxy of source 1
are consistent with those of a powerful early-type galaxge(s
§ 3), while any optical light from the nucleus itself is highdyx-
tincted by dust associated with the obscuring gas. Assumiyg-
ical optical:X-ray spectral index for the nucleus,x = —1.4
(L, o< v%=; Zamorani et al. 1981), we can convert the de-
absorbed, monochromatic 2 keV X-ray luminosity to that A5
to estimate the extinction. Using the absorbed power-ladehior
the X-ray emission§ 2.2.1), we find (/L,,);;g:)ef“ = 3.5 x 10"

erg s'', a factor of 230 higher than the observed (host-galaxy)
monochromatic luminosity. Assuming an AGN contribution to
250 even as high as 50 per cent, the implied extinction at 2500

is 7 mags. This is likely to be a very conservative lower-tinis-
suming instead an optical extinction to neutral gas densitip
Ay : Ny value lower than the Galactic value by a factor of 10
(Maiolino et al. 2001), amy ~ 50 mags is implied from the ab-
sorbing X-ray column.

The radio power of 4C +39.29 is due to the lobes, and is
dominated by the southern hotspot. With an integrated;fraste
power at 178-MHz of x 10% W Hz~! sr!, 4C +39.29 lies well
above the dividing luminosity identified by Fanaroff & Ril€}974)
for their two classes of sources. This is consistent withltte-
dominated morphology typical of FR Il galaxies. Neitheruf ra-
dio jets themselves are clearly detected, presumably beoczry
little Doppler-boosting is expected for jets directed ajéaangles
to the line-of-sight. The radio core is extremely weak witrest-
frame 13 GHz radio core power[,) of ~ 5x 10%° erg s, again
consistent with the absence of beaming. The ratio betweemth
tegrated flux densities of the southern and northern lobabasit
a factor of= 2 if the southern hotspot is excluded (and a factor of
~ 7 if included). Such differences have been attributed to itiens
asymmetries in the clumpy media surrounding radio gala@es,
McCarthy et al. 1991).
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6.1.2 Is 4C +39.29 Compton-thick?

Bassani et al. (1999) have explored the possibility of iifgng
Compton-thick sources by comparing the equivalent widtW)E
of the fluorescent Fe K line with the ratioT = F»_10/Fiomu),
with the de-reddened @] A5007 flux from the narrow line region
(NLR) assumed to be a measure of the isotropic source luiitynos
For 4C +39.29, we have EW 600 eV andT,,s = 630 4400 (er-
ror is from propagation of 90 per cent confidence intervads}.in
the absence of a measurement of the reddening affectin@thé [
line, a determination of the intrinsic value @fis difficult. Using
the Lis1 mu. — Liony relation found by Grimes et al. (2004) for
radio galaxies, a crude estimate of thal[Pflux decrement of 13
(and up to 400, by using the scatter in their relation) isrirefe. We
note that obscuring gas associated with the NLR dust catisisig
decrement could be the same excess absorbing materiateequi
by the X-ray reflection-dominated modé) 2.2.1). Correcting for
this reddening places 4C +39.29 in the regime of highly oletu
(Nu > 4 x 10%® ecm~2) sources in Fig. 1 of Bassani et al. (1999).
Deeper and longer wavelength optical spectra coveringirtd H3

(to measure the Balmer decrement) will provide better cairds.

6.2 The nature of the extended emission

The observed radio and emission line properties of 4C +3&89
similar to those observed for many radio galaxies. For imstathe
bright extended emission line region (EELR) lies on the sitkbe
nucleus with the smaller projected distance to the radie (dlic-
Carthy et al. 1991), and is closely aligned with the radis &kc-
Carthy et al. 1987). No continuum is detected at the posiidhe
EELR, however, and star-formation is unlikely to be a siguifit
excitation mechanism.

EELRs are also seen in the®) — 100 kpc scale environ-
ments of QSOs (e.g., Stockton & MacKenty 1987) and are thibugh
to be excited by the hard quasar continuum, to which they usu-
ally have an unobscured line-of-sight along the radio aisch
photo-ionization modeling of line intensity ratios arouadio-loud
guasars has shown the extended gas to be at high pressune-or de
sity if ionized by the quasar continuum, suggesting the gores
of larger, confining media (e.g., Crawford & Fabian 1989). We
followed Fabian et al. (1987) and attempted to model the EELR
line intensities in 4C +39.29 by using the photo-ionizattmde
CLOUDY (version 05.07, Ferland et al. 1998). Simultaneously sat-
isfying the observed [@]:[O111] ratio of 1.3 + 0.7 with the limit of
[OIn]:HB>3 proved to be difficult, however (since the former ratio
requires a low ionization parametéi [while the latter limit pushes
£ in the other direction). Marginally consistent solutionsres ob-
tained with a total Hydrogen column density of'1022 cm™3,
and a correspondingly high gas pressur®of nT ~ 1.8 x 10°
cm 3 K.

6.2.1 A possible jet—cloud interaction

On the other hand, the good spatial coincidence betweenxthe e
tended optical emission line gas and the brightest radie b
4C +39.29 suggests that the radio jet itself (unseen) cordd p
vide the ionization source for the optical emission linasclSjet—
cloud interactions have been observed in several radiaigala
(e.g., Clark et al. 1997; Crawford & Vanderriest 1997). The-m
chanical energy of the jet can directly shock-ionize the gapro-
vide a high-energy photon field that acts as an ionizing peszuo
the shock. Facts supporting this interpretation are:

(© 0000 RAS, MNRASDOQ, 000-000

(i) Radio—Optical alignmentThere is a close projected align-
ment of the EELR with a hotspot along the radio axis, as wosld b
expected in a physical interaction;

(i) Kinematics:The linewidths of the observed forbidden lines
in the EELR are large: upto 600-700 km's Increased linewidths
are expected following turbulent motions of an interactiout not
in passive photo-ionization by the AGN (Clark et al. 1997hcg
our spectroscopic slit did not cover the position of the ogutak
itself, we cannot rule out the presence of even larger mstion
adjacent regions just outside our spectroscopic slit. $litigosi-
tioning may also be why we do not see significant radial véjoci
shifts (Table 2);

(i) Morphology: The southern lobe of radio emission has a
complex structure (Fig. 1) that may have prompted Laveryl.et a
(1993) to consider gravitational lensing as a possibilityerac-
tion of a jet with a dense, clumpy medium is also likely to prod
a complex morphology (e.g., Pedelty et al. 1989), as plasma a
matter diffuse outwards following ram pressure and shotted
relaxation;

(iv) Radio polarizationWhereas multi-frequency detections of
the polarized intensity of 4C +39.29 have not been publisGed-
way et al. (1977) state an upper-limit of fractional polatian at
6 cm to be less than 2.7 per cent. The source was not resolved in
their observation, but the southern radio lobe is undouptdte
dominant component. Such an absence of polarization iscteghe
due to the high rotation measure of the dense, irregular unedi
of the EELR, if the synchrotron emitting radio plasma is iede
interacting with it (e.g., Clark et al. 1997). Full mappinfthe
multi-wavelength depolarization is needed in order to ecamthis;

(v) Shock excitationSpectral signatures expected from fast,
radiative shocks propagating through typical narrow-Ilk@&N
clouds have been investigated by Dopita & Sutherland (19gy
find that the key parameters controlling the emission linesaare
the shock velocity and magnetic parameter (that depend$ien t
strength of the magnetic field and the gas density in the ¢lduue
inclusion of ‘precursor’ ionization due to hard radiatioengrated
in the wake of the post-shock, cooling plasma that diffusas o
wards is crucial to explain differences seen in Seyfert aiMBR
galaxies. We find that the observed {{O111] ratio and [Q]/H3
limit are consistent with a ‘shock+precursor’ model witlosk ve-
locity exceeding~ 250 km s™! at least, and with a finitex 0 4G
cm®/?) magnetic parameter (See Fig. 1 of Dopita & Sutherland)

Alternatively, the jet power could simply act to comprese th
gas, effectively decreasing its ionization parametersistent with
the large [@1])/[O111] ratio observed (Table 2). In this case, shock
compression/ionization could be any additional effechvabthat
expected from AGN photo-ionization.

Given that we detect only two extended emission lines along a
single slit position, the comparative importance of shockaglia-

tive ionization cannot be further quantified. While the daaour
shock ionization occurring in a jet—cloud interaction, ghoto-
ionization cannot be completely ruled out from the line insiéies
alone. We note, however, that Best et al. (2000) found frotodys

of z ~ 1 3CR radio sources that sources with a small linear ex-
tent (S 120 kpc) show emission line properties consistent with
being excited by radiative shocks. Several of the observegd-p
erties of 4C +39.29, including the high power in thelJQ3727

line and the low ionization state, are easily accommodatiiairw
the overall picture inferred by Best et al. Sensitive sgectivering

the ultraviolet or longer wavelengths, with emission lisesh as
the [91]A\6717,6731 doublet, are needed. These will better con-
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strain the physical conditions of the EELR (densities, terafures
etc.) itself.

6.2.2 Lensing of the southern lobe by source 2?

Lavery et al. (1993) mentioned the possibility of gravitatl lens-
ing to explain the complex radio morphology of the southelrel|
though no details other than their unpublished abstracteaé-
able to us. In any case, it is pertinent to check if lensing tdutbe
foreground source 2 could boost the luminosity of the bamlgd
hotspot/EELR. A rough prediction of the expected lensingpee-
ters has been made based on the observed configuration. Ehe pu
tive lens, source 2, is an early-type galaxy with an absdiiteag-
nitude of—23.3, making it a0.6 K * system, using the near-infrared
luminosity function of field galaxies by Gardner et al. (1p9he
angular separation between the lens (source 2) and the péad o
radio emission ise 1 arcsec, corresponding to a physical radius
of 3.5 kpc the redshift of source 2. Assuming an approximate e
closed mass within this region ®9'! M, (cf. Broadhurst & Lehar
1995) for a point lens model, the Einstein radius is predittebe
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Figure 7. Comparison of intrinsic luminosities and fitted obscuriouenn
densities for X-ray selected Type 2 quasars from the liteeatAll lumi-
nosities have been converted to the 2-10 keV band using arpawéwith
I' = 1.8, if unspecified), and corrected for differing Hubble cons$aThe

~ 0.7 arcsec, for a background source (the radio lobe/hotspot of plot is not meant to be a complete compilation, but includeses of the

4C +39.29) that lies at = 0.536. Given the crudeness of this es-
timate as well as possible systematic astrometric unceigaj the
fact that the predicted Einstein radius is close to the alesElens—
image separation implies that simple boosting of the flurifthe
radio lobe of source 1 due to lensing by the foreground sofrce
cannot be ruled out. No obvious multiple images of the southe
radio hot spot are detected on the other side of source 2 Meowe
Furthermore, a search for faint multiple images of the [®mis-
sion line around the spectrum of source 2 in Fig. 4 did notakve
any (see, e.g., Willis et al. 2005). To summarize, whereath
served configuration may be consistent with a gravitatitereding
solution, the present data do not provide strpuogitiveevidence
for this.

6.3 Comparison to other Type 2 quasars and radio galaxies

Fitting a simple power-law at = 0 to the X-ray spectra shown in
Fig. 2 results in a best-fit photon-index f~ —2 [Ng o« E~"].
This is, of course, not physically viable, but can be usedéonpar-
ison with other samples of powerful, obscured AGN. For inséa
the above power-law is flatter than all the Compton-thickdtan
date spectra presented by Tozzi et al. (2006) in a study of ey
sources identified in an ultra-deep exposure of the ChandepD
Field South (their Fig. A.21). Furthermore, with _10 > 5 x 10**

erg s, 4C +39.29 is more luminous than all their Compton-thin
Type 2 quasars at least. In fact, 4C +39.29 possesses a @mbin
tion of high power as well as high obscuration when compaoed t
many other Type 2 quasars in the literature (Fig. 7). It iseast

most luminous, securely-identified (i.e., with a spectopsc redshift, and
usually a good X-ray spectrum) obscured quasars from a nuofbee-
cent X-ray surveys. Only power-law transmission model petars have
been considered, since corrections in the case of Comptok-dbscura-
tion are uncertain, though arrows indicate (schematipalig general di-
rection of correction in the case of Compton-thick obsdareif discussed

in the literature. This then excludes some clear refleafiominated quasars
such as IRAS 09104+4109 (lwasawa et al. 2001). Some lumisouces
with La—10 >> 10%> erg s™! are off the scale, but these usually have
columns log(Vyy) << 23 (e.g., Severgnini et al. 2006). Plotted sources
are as follows:— CDFS263, CDFS202 (Mainieri et al. 2005;rham et al.
2002; Tozzi et al. 2006); CXO52 (Stern et al. 2002);_R2 (Willott et al.
2003); A18 (Abell 2390 field, Crawford et al. 2002; Gandhi Et2004);
AXJ0843 (Della Ceca et al. 2003); LH443, LH12A and LH14Z (kec
man Hole, Sturm et al. 2006; Mainieri et al. 2002; Mateos ef@D5);
05370043, A2690#029 (HELLAS2XMM, Perola et al. 2004; Maiolet al.
2006); XBSJ204043 (Caccianiga et al. 2004). Also overptbfior com-
parison are the radio galaxies 3C 294 (Fabian et al. 2001)Cyatius A
(Young et al. 2002). The dashed line is the canonical Segteasar divide
of Lo 10 =3 x 10** ergs 1.

servations), 4C +39.29 is a good example of such an objecistha
bright enough to be amenable to detailed study.

While the integrated radio emission of 4C +39.29 is typidal o
radio-loud objects (comparable, say, to the Type 2 radio-HQSO
identified by Della Ceca et al. 2003), the nucleus of 4C +3%29
radio-weak. The X-ray to infrared part of the SED (due to the n
cleus and host galaxy; Fig. 6) matches well with objects irsée
literature as template comparisons for radio-quiet Typai@sars

comparable to CDFS263, the Type 2 QSO detected in the sub-mm(e.g., NGC 6240; Iwasawa 1999). Using the monochromatic ra-

by Mainieri et al. (2005) and to the powerful radio galaxy 32
(Fabian et al. 2001), both of which are likely to have higtcklhole
massesX, 103 M,). Unlike 4C +39.29 however, neither shows an
obvious Fe kv line. Note that the canonical Seyfert/quasar divide
is drawn a3 x 10** erg s ! because this is the 2—10 keV luminos-
ity expected for a typical Bolometric luminosity of 4Oerg s°!
with a Bolometric correction of 30 (Elvis et al. 1994); many po-
tential Type 2 quasars would not fulfil this criterion. Giviire dif-
ficulty of identifying distant, heavily obscured AGN withloonns
approaching the Compton-thick limit (see e.g., Fabian .e2@02
for predictions; Tozzi et al. 2006 & lwasawa et al. 2005 for ob

dio core power § 6.1) and the inverted spectral-index found for
the core & ~ —1.5), we deduceL}"S, qu, = 10%° erg s''.
For a range of different spectral indices upto= 0.7 (similar

to that of the lobes), we find "%, gu, < 3 x 10*! erg s°'.
Thus, LX*°/L1" cu, > 1600, where Lx is the 2-10 keV de-
absorbed, rest-frame luminosity of 4C +39.29. Carilli ef(2002)
found that this ratio is about 500 for the narrow-line radio quasar
PKS 1138-262 as well as for Cygnus A. Thus, the core radiayX-r
power of 4C +39.29 is lower than that of typical narrow-liaelio
quasars. Finally, we also note that the compact scale oftttie r
lobes ¢ 30 kpc, typical of CSS sources) as well as the lack of
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powerful diffuse X-ray emission implies that 4C +39.29 ig fwm
cated at the centre of a massive cluster extending out to bhles

of the source would also favour shock ionization, in conguari
with studies of 3CR radio galaxies (Best et al. 2000). Pu@gh

Type 2 quasars, as well as CSS radio sources are thought toionization by the unabsorbed quasar nucleus can margifitathe

represent the early stages in the evolution of AGN (e.g.jdrab
1999; Fanti et al. 1995). AGN could form from accretion uniigh
column densities and sky covering fractions of matter thatifas
well as obscure the nucleus. Feedback from the growing AGN wi
eventually begin to scatter the optically thick clouds sunding it,
allowing radiation and matter to punch through the obsguiém-
bryo’. The radio source will then be ‘born’ only when hot pizs
begins to expand outwards, and CSS radio sources will then re
resent transition objects, in which the obscuring matteuad an
AGN begins to dissipate, or to settle into the canonical stafa
torus. The radio lobes will eventually expand outwards aiegvgo
lengths of hundreds of kpc (and also drop in luminosity; Bleih

& Rawlings 1999). In the case of 4C +39.29, interaction with a
asymmetric, dense and clumpy medium is probably respanfibl
one radio hotspot being particularly bright. A targetedrsledor
fainter, compact radio lobes around X-ray selected Typedaajs
(and, vice-versa, an X-ray study of known CSS radio sourises)
needed to test this evolutionary picture. Current multis@kangth
studies of Type 2 quasars (e.g., the optically-selectegkanf Za-
kamska et al. 2004) do not possess the resolution to prolmthe
pact scales involved.

7 CONCLUSIONS

4C +39.29 is a bright, steep spectrum radio source with a
complex morphology. In this paper, we have presented evi-
dence to suggest that the X-ray source CXOU J101714.1+39012
powers 4C +39.29. We have also confirmed the photomet-
ric redshift estimate of Gandhi et al. (2004), implying that
CXOU J101714.1+390124 is a Type 2 quasar with powerful, nar-
row optical emission lines, as well as intrinsically-lurous and
obscured X-ray emission, at= 0.536.
The newly-analyseXMM-Newtondata in this paper support
the obscured quasar hypothesis, and allow for the presdrme o
Fe Ko line on a flat continuum. This increases the significance of
the line compared to the previo@handrameasurement, but due
to photon statistics, high foreground due to cluster théenas-
sion and unfortunate source location within a gap in the EfiC
field-of-view, the improvement is not as high as hoped. Asegm
a simple transmission model, the intrinsic X-ray luminpsif the
source isLa_19 ~ 5 x 10** erg s*, under an obscuring column
of Nug ~ 10* cm~2 approaching the Compton-thick limit. The
source is thus an interesting example of the handful of slistgpe
2 quasars currently well-studied in X-rays. 4C +39.29 is alse of
the few distant AGN for which an indication of the correctshiit
was obtained first from the X-ray data (cf., Braito et al. 2005
Strong optical forbidden line emission at the redshift af th
Type 2 quasar is detected at a projected distance of at |Bdgicl
from the optical early-type galaxy counterpart. The nednae
dence of this EELR with the peak of the radio emission (trex li
in the southern hotspot) is strong evidence that 4C +39.2% &
dio galaxy at this higher redshift. Compared to other pouled-
dio galaxies, the core is radio-weak. Several diagnosticisiding
the complex morphology, the absence of polarized radio sams
as well as large measured linewidths are consistent witimtee-
pretation of a jet—cloud interaction occurring in the EEIERedic-
tions of line excitation due to the ionization field of a faatiiative
shock easily match the observed line ratios. The compactrenat
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line intensity ratios and limits, and implies that the EEL&&sgnust
be highly pressurized. Observations of other spectrosdings are
required in order to study the excitation mechanism and oreas
any reddening in the EELR and as well as the narrow line region

One important part of the SED of 4C +39.29 (Fig. 6) that is
missing is the infrared regime, where its peak is likely & The
present X-ray data cannot differentiate between the treassom
model above, and a reflection model with additional foregtbu
absorption that would imply an intrinsic luminosity highey the
inverse of the scattering albedg)(into the line-of-sight. But inter-
esting constraints can be placed pifrom the far-infrared power,
since this is an estimate of the bolometric luminosifys4;) of
the source (e.g., Wilman et al. 2003). THRASSky Survey At-
last only provides a limit of4 x 10%6 erg s™! to the far-infrared
monochromatic power at = 0.536 (for a limiting point-source
flux of 1.2 Jy at 100um). Assuming this to be an approximate
upper-limit toLg.;, and using a bolometric correction of 30 for the
intrinsic 2-10 keV quasar luminosity (Elvis et al. 1994), fired
Lo_10 = 2.6 x 10**f~1 < 0.033 x L. for the pure reflection
model § 2.2.1). This gives a lower-limit t¢ of 0.2, i.e., the cover-
ing fraction of any material scattering X-rays into the hofesight
must be 20 per cent at the (unobserved) nucleus, at leasticDet
tion of the source in the far-infrared regime, say wipitzer will
provide further, important constraints.
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