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1 Introduction and Data

=

We use Virtual Observatory methods to investigate the strong association between the presence of radio and X-ray emission at high redshifts.
A region of 100 arcmin? around the Hubble Deep Field North (HDFN 10-arcmin eld) was observed by the UK radio interferometer MERLIN and the USA VLA [13]. 92 sources brighter than 40 Jy
were found in the combined images, which reach a noise level of < 4 Jy using beam sizes of 0:99 290 These are the only observations apart from the HST images (this background shows the UDF)

to resolve almost all the objects detected. There is a close relationship between radio and FIR emission of starburst origin which exends to z

3[10, 12]. Many of the higher-redshift radio sources

have sub-mm SCUBA counterparts (e.g. [16, 7, 8]), corresponding to the rest-frame FIR peak. 55 of the radio sources are among the 100 X-ray sources detected by Chandra in the 10-arcmin eld[4].
18 of these are among the obscured AGN identi ed by [14]; the radio emission Is starburst dominated in at least 11 cases.
We employed data access, crossmatching and manipulation tools now available via the AstroGrid Workbench[1] and the EuroVO[2]. These include the Vizier and Aladin services, TopCat and a
cut-out extractor for radio images which uses the parselTongue scripting interface developed by RadioNet[3]. We compare the radio data with the Chandra CDF(N) source list and other GOODS [11]
HDFN observations to investigate the properties of active galaxiesatz 1.

1. Can radio emission originate from a process different from the X-ray source in the same galaxy? If so, how much radiation has a common origin and how much is separate?

2. Are high-redshift starbursts just analogues of local ULIRGs or are they a distinct phenomenon only seen in the early universe?

2 Classi®cation of radio+X-ray sources
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3 High-redshift radio starbursts host
X-ray-selected AGN
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5 A distinct population of high-z
starburst AGN hosts

At z < 1.1, under 1/3 X-ray sources in the HDFN have radio counter-
parts. This rises to over 1/2 at higher redshift and in most of these the
high X-ray luminosity indicates the presence of an AGN. The Lx Lg
relationship for starbursts at z < 1:3 [6] shown by the green line in Fig.
4 breaks down at higher z where we see a dramatic increase in the
scatter. This is the case even if only the soft-band or the de-absorbed
hard-band X-ray luminosity is considered.

The mean angular size of the radio sources in the HDFN is 1°.3 (Fig. 3),
corresponding to a typical extent of 8-10 kpc for starbursts, all of which
are larger than 2 kpc. The inferred star-formation rates are 1-2000 M
yr 1 for the higher-redshift sources. In contrast, local ULIRGs, with FIR
luminosities 10 W m 2, have star-formation rates typically 50+200
M yr !, concentrated inside the inner kpc of the galaxy. The near and
far starbursts do have one feature in common; their optical counterparts
very frequently show signs of severe disturbance and merger.
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Fig. 1 Radio contoursat ( 1;1;1.4;2:) 10 Jy/beam
overlying astrometrically aligned ACS images in the HDFN.
Black crosses show the Chandra source positions; all are
X-ray type-2 AGN.

Fig. 1. illustrates the radio classi®cation criteria developed by [13].
J123646+621404 (z = 096 Is a bright AGN with a compact core
overlying the optical peak and lobes extending outside the host.
J123635+621424 (z = 2:.01) shows a radio AGN core within an ex-
tended starburst overlying a spiral galaxy. J123621+621109 (z = 1.0))
and J123622+621629 (z = 2:4) are fainter starbursts associated with
iInteracting or disrupted hosts. Where 8.4 GHz measurements [15] are
available, a radio spectral index 0:8 supports a starburst origin,
whilst AGN have
detections and do not rely on the supporting evidence from rest-frame
FIR detections or ACS optical morphology.

A Chandra source with luminosity Ly > 16/ W is probably an AGN. If
It has a hard photon index ( < 1), this indicates the presence of an
obscured (type-2) AGN [5]. Padovani et al. [14] identi®ed 64 type-2
AGN in the 10-arcmin ®eld. The radio emission is starburst dominated
In at least 11 of the 18 radio counterparts. The redshift distribution of
radio+X-ray source classi®cations is shown in Fig. 2.
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Fig. 3 Resolved radio-X-ray sources in the HDFN. Symbol
height is proportional to the radio source largest angular
size which ranges from 0”.3-12". Symbol shade from
orange to dark red represents the redshift range 0.2-4.4.

Fig. 3. shows the classi®cations and luminosities of 1.4-GHz radio
sources in the HDF(N) with X-ray counterparts and measured redshifts.
3 out of every 4 Jy sources are starbursts, including those with X-ray
counterparts. Over half of these X-ray sources have Lx > 106° W (the
unshaded area in Fig. 4.), indicating an AGN, 17 of which are classed
as type-2 AGN. [14]. These are shown by a blue A in Figs. 3., 4. and
5.
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Fig. 2 The lled area is the number of radio sources of
each type. The grey dashed line is the total number of ra-
dio sources hosting X-ray-selected type-2 AGN and the solid
line shows their counterparts in the subsample.
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Fig. 4 The changing relationship between X-ray and radio
luminosities Ly and L g with increasing z for the 57 sources
detected at 1.4 and/or 8.4 GHz which have measured
redshifts.

4 Constraints on mixed-origin emission

The extended nature of the radio counterparts to SCUBA sources Is
strong evidence that, as in the local universe, rest-frame FIR emission
IS starburst-dominated and dust heated by AGN contributes 10% [5].
Three of the starbursts have compact radio cores suggesting an em-
bedded AGN (shown by squares superimposed on stars in Fig. 4).
Only one of these, J123642+621331 at z = 4:424 has a radio luminos-
ity about ten times greater than predicted from its FIR emission [10] and
over half of its VLA ux was detected by European VLBI Network ob-
servations at 0°.025 resolution [9]. In the less distant sources it seems
that AGN contribute at most 50% of the radio luminosity.

We calculated the hard-band X-ray luminosity Lxy using an assumed
Instrinsic photon index of 1.8 [14]. A relationship between radio and X-
ray emission was demonstrated out to z 1.3 [6], attributed to a com-
mon starburst origin, shown by the green lines (including uncertainties)
In Fig. 4. We use this to set an upper limit on the X-ray emission of
starburst origin by assuming that all the radio emission from galaxies
classi®ed as starbursts does come from star formation. Subtracting
this from Ly gives a lower limit to X-ray emission of AGN origin. All
the X-ray selected type-2 AGN have remaining luminosities > 10 W;
the meanis 4 10°W and on average 1=3 of the X-ray emission
IS of starburst origin. A similar exercise gives a mean of less than half
this value for radio-selected AGN and a negligible mean for starbursts
without type-2 AGN.
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Fig. 5 The segregation of radio starbursts hosting X-ray
type-2 AGN. The purple line is an observed-frame =0
extrapolated from z = 0to 4:5 using the models of [5] for

absorbed sources with Ny~ 1073m 2

IS measured from the observed-frame soft and hard X-ray bands di-

vided at 2 keV; at z = 4 this becomes 10 keV where the rest-frame
spectral energy distribution of absorbed sources is steeper. Fig. 5 sug-
gests that the highest-z radio+X-ray source J123642+621331 is also a
type-2 AGN as its observed = 1:35%3% could meet the obscuration
criteria in its rest frame.
Half of the 18 X-ray selected type-2 AGN with radio counterparts are at
z > 1.3, all but one of which are radio starbursts. Two also have radio
AGN cores. A large proportion of these objects are SCUBA sources
(Fig. 2), whose X-ray properties are discussed in detail by [5]. All 4
of the radio AGN identi®ed with X-ray type-2 AGN, with no starburst
sighature, are at lower redshifts. This segregation is seen in Fig. 5.

6 Conclusions

1. At z > 1.3, there Is a strong association between the pres-
ence, but not the power, of faint radio and X-ray emission.
The extended radio emission is starburst-dominated in 3/4
of the objects [13] whilst over half the X-ray sources are
hard enough and bright enough to be AGN2 [14].

2. The high-z population of Jy radio sources contains a sig-
ni cant fraction of starbursts an order of magnitude more
active and more extended than any found at z < 1, which
simultaneously host highly X-ray-luminous obscured AGN.






