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ABSTRACT

We announce the discovery of an extended emission linemegisociated with a high redshift
type-2 QSO. The halo, which was discovered in our new widd-fiarrow-band survey, re-
sides at = 2.85 in the Spitzer First Look Survey region and is extended ex&0 kpc. Deep
VLBI observations imply that approximately 50 per cent af tadio emission is extended on
scales> 200pc. The inferred AGN luminosity is sufficient to ionizetéxtended halo, and the
optical emission is consistent with being triggered cdgwaith the radio source. The Lyman-
« halo is as luminous as those found around high redshift rgaliaxies, however the active
nucleus is several orders of magnitude less luminous ab radvelengths than those FRIls
more commonly associated with extended emission line nsgi®MS05 appears to be a high-
redshiftanalogue to the radio-quiet quasar E1821+643twhicore dominated but which also
exhibits extended FRI-like structure and contains an afyipowerful AGN. We also find ev-
idence for more quiescent kinematics in the Lymaamission line in the outer regions of the
halo, reminiscent of the haloes around the more powerfuld=Rhe optical to mid-infrared
SED is well described by a combination of an obscured QBQ;(~ 3.4 0.2 x 10'* Lg)
and a 1.4 Gyr old simple stellar population with mas8.9 + 0.3 x 10! M.

Key words: Galaxies: High-Redshift, Galaxies: Haloes, Galaxies:saus Emission lines,
Galaxies: Jets, Accretion

1 INTRODUCTION Further evidence of these obscured sources comes from radio
surveys, where large-scale radio jets provide a method diniin

11 Type2Q3Os both obscured and unobscured AGN without the problems assoc

Unified schemes rely on different lines of sight toward thévac ~ ated with dust obscuration. These studies have shown thétett-

galactic nucleus (AGN) to explain a variety of different sigs tion of obscured (type-2) radio-loud AGN may be as high as 60
of apparently distinct astrophysical phenomena (e.g. Wuntoi et per cent, with the unobscured (type-1) QSOs traditionaiiynl in

al., 1993). These unified schemes invoke the putative dastst  Optical surveys only comprising 40 per cent of the powerfGIM
around the central accreting supermassive black hole witish ~ Population (e.g. Willott et al. 2000). Therefore, it would pea-
scures the central nuclear source and the high-velocityuésh sonable to assume that a similar fraction of radio-quietoted
lies close to the nucleus, i.e. the broad-line region. Altjtoslight sources should also exist. However, such obscured soueses h
modifications to this simple scheme may be needed (e.g. lbmere ~ Proven very difficult to find with traditional techniques gttizal
1991; Simpson 2005) the general picture remains the saneeevih ~ Wavelengths as they just appear as normal galaxies in ipaigita.

!deln((:jg fort:]his orient?tion-]?aqsed unifield Sghﬁmjf nowb(%ﬂgc’i Although X-ray (Norman et al. 2002; Stern et al. 2002) and
Including the properties of the unresolved hard X-ray g pure spectroscopic (Jarvis et al. 2005) observations cdrsfioh

for example which suggests the existence of a large n_umtmin-of sources at high redshift, it is with ti&pitzer Space Telescofieat

scured QSOs (e.g. Gill .et al., 2007). The .dUSty tor.us '59""".“0 this field has been revolutionized, with many groups usimgfaict

obscure the central engine along certain _Ilnes of sightiftieg in that the dusty torus, heated by the central AGN, reradidtesd

the_nu_clear source appearing faint at qptlcal wavelengitts the infrared wavelengths. Many methods based on mid-infratege

emission domlnatgd by the h.OSt gglaxys stellar populaﬁﬂfla?(- vations have been used to find such AGN; Lacy et al. (2004) and

1es whose properties and orientation causes us to obsaweith Alonso-Herrero et al. (2006) for example used mid-infreset&c-

this manner are known as obscured (or type-2) QS0s. tion criteria to identify them. The combination of radio amad-
infrared data can also be used to reduce the fraction obsiat-
dominated sources from colour selected samples (e.g. Patle

* E-mail: djs@astro.livjim.ac.uk(DS) al. 2005, Martinez-Sansigre et al. 2005, 20§62), and deep ra-
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dio surveys have been shown to harbour a considerable nwhber
these sources (e.g. Simpson et al., 2006). All of these nem se
imply that a large population of obscured AGN exist in thehhig
redshift Universe and that many may also be missed in thewcurr
deep X-ray surveys (e.g. Lacy et al. 2007; Martinez-Saesgal.
2007).

1.2 Lyman-a Haloes

In recent years much effort has been devoted to the studygbf hi
redshift nebulee characterised by large luminosity andtgneant

in the Lymane emission line — typically L~ 10** erg s™*, ex-
tending ove50kpc. The existence of such extended emission line

regions (EELRs) around HzRGs had been known for more than 10

years (e.g. McCarthy et al., 1990) before the discovery ofgim-
ilar haloes atz: = 3.01 by Steidel et al. (2000), which were not
associated with detections at radio wavelengths.

Many EELRs are now known to exist around HzRGs follow-
ing the results of e.g. Eales et al. (1993), Maxfield et al0@0
Reuland et al. (2003), Villar-Martin et al. (2003), to naimg a
handful. Lymane haloes have also been shown to reside around
QSOs by e.g. Bunker et al. (2003), Weidinger et al. (2005), an
Barrio et al. (2008). Furthermore, it seems that these siien
Lyman-« haloes also exist around several galaxies similar to those
discovered by Steidel et al. (2000), which are not assatiaith
powerful AGN. Currently, tens of these galaxies are knowh fo
lowing the results of Francis et al. (2001), Matsuda et @08,
Nilsson et al. (2006), and Smith & Jarvis (2007). Resultsnsho
that the ionizing properties of optically-selected extmtdymane
haloes are diverse, broadly falling into three categoii@sifation
by AGN, galaxy wide super-wind, or a cold accretion processe-
e.g. Smith et al., 2008, for a more in depth discussion). Pesr
to locate these huge line-emitting structures have gdgdsakn
serendipitous (e.g. Francis et al., 2001, Dey et al., 200bows
to harbour an obscured AGN within the halo — or Nilsson et al.,
2006) or targetted on known overdensities (e.g. Steiddl,€2@G00,
Reuland et al., 2003, Matsuda et al., 2005, Villar-Martirak,
2003,2005).

Throughout this paper, the AB magnitude system is used (Oke
& Gunn, 1983), and a standard cosmology is assumed in wiiiich
=71kms?, Qu =0.27 and2, = 0.73 (Dunkley et al., 2008).

2 OBSERVATIONS
2.1 A new narrow-band survey

In order to find the most luminous and extended Lymahaloes
and quantify their diverse ionization mechanisms, we cotetiia
blank-field narrow-band survey with sufficient area to deddarge
sample of them at ~ 3. We observed a total of 15 deégsing the
Wide Field Camera (WFC) on the Isaac Newton Telescope, and
spread our observations over three extragalactic fieldgsXN¥MM-
LSS, Lockman Hole, and Spitzer First Look Survey), enabliag
to take advantage of the wide range of high-quality publiwvey
data available in these regions of sky. We also split our mbse
vations between three different narrow-band filtersiildgs /100,
HBbase1 /170, and [Olil]500s,100- This improves the efficiency of
our survey strategy by reducing our requirements for Sigdrand
observations (i.e. each pointing requires observatiott¥ée sepa-
rate narrow-band filters, plus Sloan-g’ band). Our typi@&&com-
pleteness limits in the narrow- and broad bands wergsnb 24.5
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and gap ~ 25.5 respectively (measured it 4pertures). The sur-
vey strategy, sensitivity and results will be discussed anerdetail
in Smith & Jarvis {(n prep).

Candidate Lymarnx emitters are separated from other objects
whose emission lines are redshifted into the narrow-batet il
transmission function by virtue of their extremely high eaient
widths (EWSs). EWs are estimated based on our broad- andmarro
band photometry (see e.g. Venemans et al., 2005; Smith &sJarv
2007).

Following an extensive set of simulations to quantify the-se
sitivity of our observations, only those objects that $etisthe fol-
lowing criteria (equationis] 1[4 3) are considered candidgtadna
haloes:

19.5 < nbap < 23.5 (1)
EWops > 2004 2
FWHM,, > 2.6". 3)

All objects matching these criteria were inspected by eyeeto
move contaminants and data artefacts such as high prop@ammot
objects, amplifier cross-talk and so on from the sample (agaie
Smith & Jarvisin prep for more details.). In this paper we focus
on one particular halo which is identified with the source AM8S
(Martinez-Sansigre et al., 2005).

2.2 AMSO05: Imaging from our survey

Martinez Sansigre et al. (2005) introduced a sample of-B/pbk-
scured QSOs to constrain the QSO fraction (i.e. the fracifab-
jects which are unobscured — i.e. type-1 — QSOs). This saofple
QSOs was chosen to satisfy the following selection critedie
signed to pick out the elusive type-2 QSO population at 2:

o Sauum > 300udy
° S&G,u,m g 45,““Jy
o 350uly < Sp.acHz < 2MJy

These criteria select galaxies that are intrinsically hoois at
24;m, a result of bright reprocessed hot-dust emission ingieat
the presence of an AGN. They are also chosen to be relatiaily r
at 3.6um ensuring that the bright QSO nucleus does not dominate
the shorter wavelengths, i.e. they must be obscured. TherBdBi-
terion is also expected to reject sources wiff1.4. The 1.4 GHz
criteria were designed to remove the more luminous radid-lo
(e.g. FRII-type; Fanaroff & Riley 1974) galaxies from thergade,
whilst ensuring that the radio emission was caused by an A@N (
that they are QSOs, rather than starburst galaxies). Th#sea
proved highly successful at picking out type-2 QSOs at- 2;
the final sample included 21 candidates (the sample sateigio
discussed in much greater detail in e.g. Martinez-Samsgml.,
2006a).

One of the galaxies that satisfied our Lymarhalo selec-
tion criteria was a previously known type-2 QSO, dubbed ABLSO
Our broad- and continuum-subtracted narrow-band obsengabf
AMSO05 are presented in figuké 1 and show that the halo detected
in the narrow-band filter is extended ovedQ arcsec. The origi-
nal spectroscopy of AMSO05 was carried out at a position aofjle
98°, meaning that the vast emission line structure that ouonarr
band imaging reveals was not detected. Due to the large @&quiv
lent width estimated from our photometry (EW > 1000A), and
the extent of the emission line structure, we obtained nexetsp-
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Figure 1. AMSO05 in g’ band, with the continuum-subtracted Lymaralo
overlaid as a contour map. In this frame North is up, with Eaghe left,
and the location of the host galaxy’s peak radio emissionaidés with the
peak in the Lymanx emission. The halo is extended over at least; 1@th
the original discovery spectrum of Martinez-Sansigrel.ef2906a) being
taken with the slit orientated approximately along the Balsst direction
at a position angle of 98East of North, the huge extent of the Lyman-
halo was not detected. The knot of “Lymanemission” to the North-West
of the adjacent continuum source is probably due to impedeatinuum
subtraction. The contours correspond to between 23 & 93%efpeak
counts per pixel in the continuum subtracted narrow-barabenseparated
at intervals of 10%.

scopic observations of AMS05, this time with a position angt
12°, aligned along the major axis of the extended emission.

2.3 Multi-wavelength data used in this study

In addition to the narrow-band and Sloan-g’ band imagingdat
taken as part of our survey (Smith & Janirs preparatior), we
located publicly-available imaging observations of théZ& First
Look Survey region to constrain the spectral energy distigin of
AMSO05. We use trband data from Shim et al.(2006), the R-band
from Fadda et al.(2004), IRAC data from Lacy et al.(2005)PRlI
24um data from Fadda et al.(2006), 610 MHz data from Garn et
al.(2007), and 1.4 GHz data from Condon et al.(2003). Tha dat
at 4.9 GHz are from Martinez-Sansigre et al. (2006b). Adidél
publically-available data in the J, H & Kbands were obtained us-
ing NIRI on the Gemini-North telescope as part of anotheg@am
(GN-2005B-Q-75). Images were co-added from 9 differensetff
exposures on a (%x3) square grid pattern (with offsets of 10 —
20"), and then median combined to get the resulting total iategr
tion times of 300, 280, & 240 seconds in the J, H & K bands respec
tively. In addition, extremely high resolution Europearrywéong
Baseline Interferometry Network (EVN) data at 1.7 GHz hdge a
been obtained (H-R. Klockner, private communication).

This object was also observed with the Infrared Spectrdgrap
(IRS) aboard th&pitzer Space Telescoard with the Max-Planck
Millimetre Bolometer Array (MAMBO-2) instrument at the IRVA
30m telescope at Pico de Veleta, Spain. The IRS observations
are described in some detail in Martinez-Sansigre et a0gQR
MAMBO-2 has an effective wavelength of 1.2mm, with a beam
FWHM of 10.7’. During these observations, the target was centred
on the most sensitive pixel and standard on-off observatioere
conducted, varying the wobbler throw between 32, 35 & #0az-
imuth at 2 Hz. The atmospheric opacity was always cu, <
0.3, and the sky noise was medium to low 200 mJy beam).

Table 1. Photometry of AMSO05. Measurements are given in AB magni-
tudes unless otherwise stated. ThelH8loan g’, R, & i-band, J, H, K,
IRAC & MIPS flux densities presented below are measured’idi@meter
apertures. The MAMBO-2 data have a beam size of"10while the 610 &
1.4 GHz flux densities are the integrated flux densities froenradio cat-
alogues covering the FLS (see text for details) and the 1.Z GBI data
were supplied by H-R. Kldckner. The errors are quoteddapvihere limits
are given, they correspond te-3

Photometric Band

Magg/Flux Density

u* > 25.75

Her 22.2619%8

Sloan ¢’ 24.98070

R 24.907058

J >21.43

H 20.301240

Ks 20.40703%

3.6um 37.8+ 2.5udy
4.5um 65.6+ 3.3udy
5.8um 142.2+ 13.3pdy
8.0um 294.8+ 12.2udy
24um 1.43+ 0.09 mJy
1.2mm <1.04 mJy

4.9 GHz 0.44+ 0.05 mJy
1.7 GHz (VLBI) 485.6+ 24.2udy
1.4 GHz 1.04+ 0.05 mJy
610 MHz 1.314+ 0.08 mJy

Gain calibration was carried out regularly using Neptunigrius

or Mars, and monitored using very bright millimetre sour(tgpi-
cally > 5 Jy). The data were reduced using MOPSIC (Zylka, 1998)
and the absolute flux scale of MAMBO-2 is uncertain at the 20%
level. Photometry of AMSO05 is presented in table 1.

2.4 Spectroscopy of AM S05

Our spectroscopic observations were taken using the ISUSleo
beamed spectrograph on the William Herschel Telescope @n th
nights of July 12th & 15th, 2007. The red arm of ISIS uses the ne
highly red sensitive REDPLUS CCD, a ARk array of 15.@m
pixels, while the blue arm uses a thinned EEVx&K 13.5:m
pixel CCD. These observations used the red and blue arms with
the R158R and R300B gratings, for exposure times>09@0 and

2x 1800 seconds respectively using a”1sfit orientated at a posi-
tion angle of 12.0 East of North along the long axis of the extended
emission. The red-arm data were binned up to(2), whilst the
blue data were binned (2 2). This resulted in a spectral resolution
of 12.08 in the red, and 8.4 for the blue arm.

The data were de-biassed, illumination- and flatfield-
corrected. Wavelength solutions were derived from obsiemns of
Cu-Ar and Cu-Ne emission line lamps with the same setup as for
the science frames. Flux calibration was derived from olagems
of the spectrophotometric standard star BD*2811.

3 RESULTS
3.1 TheHalo

Although AMSO05 is detected in the Sloan-g’ band image (fiflire
centre), the observed equivalent width is at least,E\W> 1004,
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Table 2. Properties of the different Lyman-emission line components as a function of their separatimm the nucleus, defined as the radio position which
is coincident with the centre of the brightest componenhefltymane: emission. The components of the Lymaremission furthest away from the nucleus
are blue-shifted relative to the central component. Thetaps used here are 2.4n length along the 1/5wide slit.

Core separation  Component Flux ~ Component centre CompéiveritV
@) (ergenT2 s71) (A (A) (kms™1)
0.0 2.04x 1016 4681 17.3:3.0 11104+ 190
2.7 7.10x 10717 4675 14.2:3.1 910+ 200
6.0 6.42x 10~ 17 4673 12.6-4.0 810+ 260
Wavelength ., %ZE
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Figure 2. One- and two-dimensional spectra of AMS05. The asymmetric

line profile, high equivalent width, large spatial extentldhe absence of
other emission lines lead us to identify this emission liséymane. Three
components of the Lyman-emission can be seen in the 2D spectrum (top),
in which they are spread over 9A, which corresponds to approximately
580 km s 1. The spatial extent of the structuresisl0”, which corresponds
to ~ 80 kpc at this redshift. The one-dimensional spectrum disgadyere
corresponds to the sum of all the individual components {he extrac-
tion aperture was chosen to include all of the flux in the twoehsional
spectrum).

however this value is uncertain due to the bright Lynaaemis-

sion dominating the continuum emission in the broad band im-

age. The flux emitted as Lymamn-falling in the slit is3.54 +
0.50 x 1071 erg cm~2 571, giving a luminosity of8.41 +1.19 x
10*% erg s7! (2.19+ 0.31 x 10'° Ly). Our photometric luminos-
ity estimate of 1.50+0.09 x 10" erg cnm? s™' (3.8940.23 x
10'° Lo, which is measured in an’8aperture) suggests that slit
losses account for 44% of the total flux.

The Lymane emission shows a remarkable velocity struc-
ture, apparent in the two-dimensional spectra presentdidjune
[2. The Lymane emission is split into at least three different com-

4650 4660 4670 4680 4690 4700 4710 4720
Wavelength (A)

Figure 3. Extracted spectra corresponding to the three componerite of
Lyman- apparent in the two-dimensional spectrum visible in fiuena
detailed in tabl€]2. Each spectrum has been extracted thr@2g4’ aper-
ture centred on positions 0.0, 2.7 and’6dvay from the nucleus, coloured
black, red and blue respectively (solid, dotted and dasimed)l The nu-
cleus is coincident with the radio centroid and the main conept of the
Lyman- emission. The components of the Lymaremission further away
from the nucleus are blueshifted relative to the centres, iy be due to
either a high-velocity in/outflow or foreground absorptiaround the nu-
cleus.

[2). The spatial extent — which equates~d80kpc atz = 2.85 —
may be due to inflow or outflow of gas surrounding the AGN; this i
very difficult to say for certain. However, for the more pofuéra-
dio galaxies, sensitive polarisation measurements fatiminfall
scenario (e.g. Humphrey et al., 2007). To carry out thisafaahal-
ysis here would require much higher sensitivity radio otsgons
with full polarization properties.

The two most separate components of therlgmission line

are offset from one another by approximately 580 km #& ve-
locity. If we naively interpret this as Keplerian motiohen we can

ponents in the spectrum, with peaks offset from one anotier b
~ 580 km s™*. Table[2 and figurE]l3 show details of spectra ex-

tracted in three separate apertures as a function of thetardie
from the host galaxy and radio core of the Lyma®mitting struc-
ture (which coincide with the peak in the Lymansurface bright-
ness).

Upon inspecting figurelsl 2 ad 3, it is immediately apparent

that those components furthest away from the nucleus ajphezr
shifted relative to the central component; they also shomomaer
linewidths. These properties bear a striking resemblaadeigh

redshift radio galaxies (ERG); these relationships are presented

for a sample of 15 HRGs in van Ojik et al.(1997), and also for the
three LRGs discussed in Villar-Martin et al. (2007a).

The Lymane emission is extended over at least’lid both
our narrow-band imaging (figuké 1), and in our 2D spectrunu(éig

estimate the mass of the halo as beiigj 6 x 10** M. Of course,
due to the resonant nature of the Lymanmphotons, it is also quite
possible that the regions between the knots of Lymagmission
are sites of foreground absorption, or scattering of Lyrmgoho-
tons away from the line of sight (see e.g. van Ojik et al. 19aryis
et al. 2003; Wilman et al. 2004 & 2005).

As well as the optical-infrared SED discussed in sedtionlB.2
below, the loosely conical structure of the Lymaremitting region
suggests that a central ionizing source is more likely thhbecaiuse
of ionization than any of the other commonly suggested nustho
of ionizing a Lymane halo of similar luminosity (see e.g. Smith
& Jarvis, 2007), which are more likely to appear approxityate
spherical.
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3.2 TheHost galaxy
3.2.1 Optical-Infrared SED

To constrain the SED of AMS05, we make use of some of the
multi-wavelength data over the FLS field. To analyse the tsakec
energy distribution of AMS05, we used a combination of teatgl
AGN and simple stellar population models. For template AGN
models, we used the Siebenmorgen template AGN SEDs from
http://ww. eso. or g/ ~rsi ebenn agn_nodel's/| (see

e.g. Siebenmorgen, et al., 2004, for a recent review), asasehe
mean QSO SED from Elvis et al. (1994) with a variety of Milky
Way model dust obscurations betwedgr = 0 and 10 following

Pei et al (1992). The Siebenmorgen template AGN SEDs are the
result of self-consistent radiative transfer simulatianth central
heating sources.

The Elvis et al. (1994) mean QSO SED is empirical, based
on the observations of a large sample of radio quiet QSOs. The
original authors noted that the dispersion in their mean S&ED
the observations of individual objects was around a decadd a
wavelengths. For the simple stellar populations, we madeithe
Bruzual & Charlot (2003) stellar models. We used simplelatel
populations of ages 10, 30, 50, 100, 200, 400, 600, 1000,,1400
1800 & 2200 Myr.

The value of they? goodness-of-fit parameter was calculated
for each linear combination of stellar population and AGkhte
plate, with the model combination corresponding to the kiwe
value ofy? chosen as our best fit in this regime.

To accurately calculate the value of thé parameter, we
removed the Lymane flux from the measurement of the Sloan-
g’ band magnitude since Lymam-haloes are not included in the
Bruzual & Charlot (2003), Elvis (1994) or Siebenmorgen mod-
els. The presence of such profuse Lymamission would, left
unchecked, produce artificially large measurements forptie
tometry of these objects since Lymanfalls near the centre of
the Sloan-g’ band filter’s transmission function at the héflstud-
ied here. This subtraction is reflected in the large errorifdine
Sloan-g’ band data point in figufé 4, since the Lyniaemission
dominates the Sloan-g’ band flux.

The object itself is associated with detections in all bamitls
the exception of:*, J, and 1.2mm. AMSO05 was originally selected
by Martinez-Sansigre et al. (2005) to have a mid-IR/ragiectral
energy distribution consistent with a type 2 high redsh&@ our
studies are consistent with the presence of an obscured AGN.

The optical-infrared SED of AMSO05 is shown in figlite 4; as
mentioned in Martinez-Sansigre et al. (2005) the comhinaif a
high S/N detection at 24m (~ 6.2 um in the emitted frame), faint
flux at 3.um (restframe 935\— 7' band), and a moderate radio
luminosity of Lisoonrzr= ~ 10524 erg st Hz~! sr! ensures that
the host galaxy to this Lymaa-halo contains a powerful AGN
rather than a starburst. The AGN is thought to be obscuretidy t
torus invoked by unified schemes to explain the varying prtoge
of AGN with orientation with respect to the line of sight (seg.
Urry & Padovani, 1995). This is in agreement with our SEDrfiti
we find that the best fit to the SED of AMSO05 is a combination of a
1.4 Gyr old simple stellar population and an obscured EL@9¢)
AGN component wittdy =5.5. The best fit composite SED is also
shown in figuré®.

Whilst the 1.2mm non-detection would appear to be at odds
with our best-fit SED, the uncertainties associated withltenm
observations (for which the flux calibration has an uncetyaof
~20%), in tandem with the large inherent scatter in QSO SEDs
mean that this apparent discrepancy can be easily expldinisd

107"
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-

AFy obs (erg s cm 2)

10718

) -
I I I I

10* 10° Ay, (A) 10° 107

10*%

Figure 4. Spectral energy distribution of AMSO05. The best fit modelefev
laid in black) consists of a linear combination of a simpkllat population
from Bruzual & Charlot (2003) of age 1.4Gyr, a Salpeter IMF @olar
metallicity (shown in blue), with an AGN component from E\1994)
with 5.5 magnitudes of visual extinction (shown in red). T3{€D is con-
sistent with the IRS spectroscopic observations of MertiBansigre et al.
(2008), shown in yellow. The evidence for the presence of @MNAvithin
this halo is convincing. Whilst the 1.2mm limit appears tsatdjree with the
model spectrum, Elvis et al. (1994) noted that there was deraf magni-
tude’s dispersion about the mean SED value for individuatses (and the
SED itself is merely a linear extrapolation between theirifdrared and
radio fluxes in the Elvis et al. sample), and so should not beatiemof
concern.

quite possible that AMSO05 has less cool dust than expected fr
the median SED from Elvis et al. (1994), which was merely edin
extrapolation between the far-infrared and radio waveleniop any
case.

We can use the normalisations of the SED components to esti-
mate the stellar mass and AGN luminosity. For the stellar 8D
derive a mass of 4.4 0.3 x 10'° M, similar in mass to pow-
erful radio galaxies at the same redshift (e.g. Jarvis eP@01,
Willott et al., 2003), and a bolometric AGN luminosity of 3.4
+ 0.2 x 10'3 Ly, with the latter number being derived assuming
that Ly, = 10 x vL, at 8 um (Elvis et al., 1994, Richards et
al. 2006), and assuming the Milky-Way dust extinction lanPei
(1992). Note that the uncertainty on the bolometric coioecilone
could be as high as 50%.

3.2.2 Results from millimetre-wavelength observations

AMSO05 was not detected to ar3imit of 1.04 mJy at 1.2mm. To
constrain the star formation rate due to cold dust mass nvitie
halo, we consider the 1.2mm observed flux to be due to any e thr
different templates; grey body and templates based on M82 and
Arp220. For the grey body template, we assume typical ewifgsi
index and dust temperature from Omont et al. (2008 = 1.5,

T = 45 K), and for all models we adopt the Kennicutt (1998)
calibration of SFR to far-IR luminosity (between 8 and 1061).
Using these assumptions we find that the star formation eateat
assuming grey body emission in the far infrareetis50 M, yr—!

(or < 250 Mg yr—* if we assume a lower dust temperatufe—=

35 K). The M82 and Arp220 templates suggest higher limits on
the star formation rates af700 & 950 M, yr—*, respectively;

it is clear that there may be a vigorous amount of obscured sta
formation residing within AMSO05 that we do not observe in our
optical SED (figur€H).
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Figure 5. Radio properties of AMS05; the spectral energy distributip-
pears to turn over around1.8 GHz in the rest-frame. Whilst in radio-loud
FRI/FRII objects this may be interpretted as a young radioa® this is
not the case for AMSO05, due to its radio quiet nature.

3.2.3 Radio SED

The radio SED of AMSO05 is displayed in figuré 5, overlaid with
a polynomial of the formlog,, S, = Y%,a;log,, v (following
Jarvis & Rawlings, 2001). With a second order polynomial and
three data points the best fit is exact; the radio SED of AMS05
peaks at 455+ 275 MHz in the observed frame (where the er-
rors have been derived analytically, and are consisterit aviset

of 100,000 Monte-Carlo simulations of our observationabits).
This corresponds te-1.7 + 1.0 GHz in the rest frame.
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Figure 6. Lyman- versus rest-frame 1400 MHz luminosity for a selection
of high redshift galaxies known to possess Lymaialoes (Eales et al.,
1993, McCarthy et al., 1993; de Breuck et al., 2000; Steitlell.e 2000;
Francis et al., 2001; Jarvis et al., 2001, Maxfield et al.,20euland et
al., 2003, Villar-Martin et al., 2003, Dey et al., 2005; $m8 Jarvis, 2007,
Villar-Martin et al., 2007). Radio luminosities at 1400 MiHave been de-
rived assuming power law SEDs of the fo$p oc v~ ¢, wherea = 0.8,
except for AMSO05, which uses the gigahertz peaked radio SEARGs
from de Breuck et al., 2000 have been included in order t@beitmon-
strate that AMSO05 (diamond) does not belong to this clas®jefo.

This source appears in many ways to be very similar to the
low-redshift radio-quiet quasar E1821+643 (Blundell & Riags
2001), which exhibits quasar-like optical emission bubaltgs
FRI-type radio emission over 100 kpc scales. Blundell & Rawl
ings explain this as a precessing jet, possibly due to ayinack
hole system at the centre of the galaxy. This precessiordaedl

Gigahertz peaked spectrum radio sources are usually young,Sult in an FRI morphology, with around 50 per cent of the radio

radio-loud objects, whose relativistic jets have not eedape con-
fines of the host galaxy (e.g. O’'Dea et al., 1998). Howevespite
the high radio luminosity (it lies close to the Fanaroff Rilereak
of Li7s ~ 2x10%* W Hz~! sr™1), we will now argue that AMS05
contains a luminousadio quietAGN, and therefore we can draw
no parallels between typical GPS sources and the sourcestiqn
here.

Quasars are considered to be radio-loud or radio-quietdbase
on the ratio of their radio to optical luminositg, with R = 10
generally considered to be the dividing line (Kellerman ket a

luminosity coming from the core, but the detectability o tex-
tended emission becomes very difficult due to the reduceddcir
brightness on large scales. Future low-frequency telescoepch as
LOFAR would be ideally placed to map out such extended struc-
tures around such radio-quiet AGN.

3.2.4 Photon Number counts

We demonstrate that the AGN generates enough photons teioni
the observed Ly halo, using a photon number counts argument,

1989). The same calculation can be made for a type-2 AGN like similar to that described by Neugebauer et al., (1980). Byguhe

AMSO05 if we consider its unobscured optical luminosty, dedi
from our SED fit. We deriveR = 8.5 + 0.7 which places AMS05
in the radio-quiet regime, albeit as a bright example of théss.
This is further supported by the EVN observations, whicheadv
that ~50% of the flux at~1.4 GHz is emitted on scales220 pc,
indicating the absence of the bulk of the radio emission oo kp
scales. It is highly unlikely that the difference betweea VN
and VLA fluxes is due to AGN variability; whilst a factor of tvin
variation is typical of blazars, they demonstrate stroraned con-
tinuum and/or broad emission lines, neither of which is olesgin
AMSO05.

Whilst the Lymane: emission bears great resemblance to the
EELRs around HRGs, the above arguments indicate that AMS05
is an intrinsically different class of source. This can mdsarly
be seen in figurlgl 6; using the polynomial fit to extrapolaterduko
luminosity of the LAB host galaxy to 151 MHz in the rest frame w
find that even though the luminosity in Lymanemission is similar
to the median HzRGs drawn from the 3CRR, 7CRS, 6CE and 6C
samples in Jarvis et al. (2001), the luminosity at radiodesgties
is several orders of magnitude lower.

median unobscured QSO SED from Elvis (1994), scaled to match
our measured flux at 24n (where the effects of obscuration by
dust are negligible and the QSO dominates the monochrotoatic
minosity), we can estimate the number of photons emittechby t
naked source before the effects of obscuration along oerdin
sight are taken into account. We find that the nucleus enuisnar

1.2 x10°7 ionizing photons per second, which is 2 orders of
magnitude more than that which is emitted as Lymaphotons.
There is no doubt that the active nucleus is capable of iogittie
Lyman« halo, although a starburst component could easily con-
tribute as is postulated for HzZRGs (e.g. Binette et al. 200ir-
Martin et al. 2007b), however this contribution is conisied by

the MAMBO-2 observations.

4 CONCLUSIONS

We have discovered the first highly-extended Lynaapmitting
halo around a radio-intermediate type-2 obscured QSO. @l® h
which is extended over80 kpc, is similar to those haloes observed
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Figure7. AMSO05 in Sloan-g’ band data with the 1400MHz VLA data over-
laid; the beam size is shown to the bottom right of the frante iiisets to
the top right indicate the Hg and Sloan-g’ band thumbnails to enable eas-
ier comparison with the 1400MHz data.

around high-redshift radio galaxies, and the more quid4genan-
a blobs, with a luminosity estimated from our photometry &QL.
+0.09 x 10** erg cm 2 s71(3.894 0.23 x 10*° L). By analogy
with the high-redshift radio galaxies, where polarisatitatta help
determine the source orientation on the sky, we interpeevéhoc-
ity offset and decrease in velocity dispersion toward thgeaaf the
halo as evidence for infall rather than outflow, althoughimagais
would need deeper radio observations to determine directly

The existence of Lyman-“fuzz” around QSOs at ~ 3 was
predicted by Haiman & Rees (2001), and Alam & Miralda—Escud”
(2002) - with suggested angular size8”and 0.1-1.0, respec-
tively. Whilst one example of extension on small angularexa
was presented in Francis & McDonnell (2006), this new discpv
is the first detection of a QSO hosting an extensive Lymdmlo
of which the authors are aware.

The halo is associated with a Gigahertz-peaked radio SED,
although since AMSO05 is radio quiet, this does not imply that
radio source is young. The most likely cause of ionizatiorhef
large extended Lyman-emission for this halo is photoionization
from the central radio-quiet AGN. However, we cannot rulethat
at least part of the excess in dyemission may arise from other
sources, such as an episode of star formation (e.g. Binetik, e
2006) or cooling radiation (e.g. Fardal et al. 2001; Dijastt al.
2006a,b).

AMSO05 appears similar to the low-redshift radio-quiet guas
E1821+643 which has large-scale FRI radio struture but d&k op
cally powerful AGN at its centre. Blundell & Rawlings (2004 g-
gest that the lack of bright emission on large scales in thisce is
due to a precessing jet caused by a binary black hole systeithw
would result in lower luminosity emission on the kpc scaleture
observations with the next generation of radio telescopakiale-
tect such emission around optically powerful but sub-lwuasra-
dio sources.
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