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Abstract. We have obtained a deep radio image with the Very Large Array at 6 cm in the Lockman Hole. The noise level in
the central part of the field is ~11 pJy. From these data we have extracted a catalogue of 63 radio sources with a maximum
distance of 10 arcmin from the field center and with peak flux density greater than 4.5 times the local rms noise. The di fferential
source counts are in good agreement with those obtained by other surveys. The analysis of the radio spectral index suggests a
flattening of the average radio spectra and an increase of the population of flat spectrum radio sources in the faintest flux bin.
Cross correlation with the ROSAT/XMM X-ray sources list yields 13 reliable radio/X-ray associations, corresponding to ~21%
of the radio sample. Most of these associations (8 out of 13) are classified as type II AGN.

Using optical CCD (V and I) and K’ band data with approximate limits of V ~ 25.5 mag, [ ~ 24.5 mag and K’ ~ 20.2 mag,
we found an optical identification for 58 of the 63 radio sources. This corresponds to an identification rate of ~92%, one of the
highest percentages so far available. From the analysis of the colour-colour diagram and of the radio flux — optical magnitude
diagram we have been able to select a subsample of radio sources whose optical counterparts are likely to be high redshift
(z > 0.5) early-type galaxies, hosting an Active Galactic Nucleus responsible of the radio activity. This class of objects, rather
than a population of star-forming galaxies, appears to be the dominant population (350%) in a 5 GHz selected sample with a
flux limit as low as 50 wJy.

We also find evidence that at these faint radio limits a large fraction (~60%) of the faintest optical counterparts (i.e. sources
in the magnitude range 22.5 < I < 24.5 mag) of the radio sources are Extremely Red Objects (EROs) with I — K’ > 4
and combining our radio data with existing ISO data we conclude that these EROs sources are probably associated with high
redshift, passively evolving elliptical galaxies. The six radio selected EROs represent only ~2% of the optically selected EROs
present in the field. If their luminosity is indeed a sign of AGN activity, the small number of radio detections suggests that a
small fraction of the EROS population contains an active nucleus.
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1. Introduction to the amount of star formation. For this reason, faint radio sur-
veys and identification of the optical counterparts can in princi-
ple be used, together with optical and infrared surveys, to study
the evolution of the star formation history. This would require a
clear understanding of the flux level at which the star—forming
galaxies do indeed become the dominant population of faint
radio sources. However, despite many dedicated efforts (see,
) i . for example, Benn et al. 1993; Hammer et al. 1995; Gruppioni
below this flux starts to appear a population of star-forming ., ) 1999, Georgakakis et al. 1999; Prandoni et al. 2001) the

galaxies similar to the nearby starburst population dominating .. ive fractions of the populations responsible of the sub-mJy
the Infrared Astrqnomzcal Satelll{e (IRAS? 6(,) Hm counts'. ’I“he radio counts (AGN, starburst, late and early type galaxies), are
excellent correlation between radio and mid—infrared emission still far from being well established

for these objects (Condon 1992; Yun et al. 2001) suggests that

indeed the radio emission in these galaxies is directly related Optical spectroscopy for a complete sample of faint radio
sources would be the most direct way for a proper classification

Send offprint requests to: P. Ciliegi, e-mail: ciliegi@bo.astro.it of the optical counterparts. However, the very faint magnitudes

Deep radio surveys reaching flux density of few uJy have re-
vealed a population of faint sources in excess with respect to
the “normal” population of powerful radio galaxies. While the
radio source counts above a few mly are fully explained in
terms of a population of classical radio sources powered by
active galactic nuclei (AGN) and hosted by elliptical galaxies,
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of a significant fraction of the objects associated to faint radio
sources makes this approach difficult even for 8 m—class tele-
scopes. Alternatively, approximate classification of the coun-
terparts can be achieved using photometric (colours) and radio
(spectral index) data.

The purpose of this work is to shed some light into the
nature of these sources by studying a new faint radio sam-
ple for which we have analyzed the radio spectral properties
and derived photometric optical identifications down to faint
optical and K band magnitudes. To further strengthen these
goals, we have observed a region of the sky at 6 cm centered
in the Lockman Hole, where excellent data are already avail-
able at 20 cm (de Ruiter et al. 1997), in the far-infrared band
(Fadda et al. 2002; Rodighiero et al. in preparation), in the near
infrared and optical bands (Schmidt et al. 1998; Lehmann et al.
2000; Lehmann et al. 2001; Wilson et al. 2001) and in the
X-ray band (Hasinger et al. 2001). In Sect. 2 we give a gen-
eral description of the radio observations, while the radio cata-
logue and the source counts are presented in Sect. 3. In Sect. 4
we present the associations of the 6 cm sources with the ra-
dio (20 cm), near—infrared, optical, and X-ray sources. Finally,
Sect. 5 is devoted to the discussion of our results, while Sect. 6
summarizes our conclusions.

2. The radio observations and data reduction

The VLA observations were done in three runs of eleven hours
each on January 16, 17 and 19, 1999 at 4835 and 4885 MHz
with a bandwidth of 50 MHz in C configuration. A total of
seven pointings in a hexagonal grid with a size of Opwup/ V2 ~
6.4 arcmin (where Ggwpp is the full-width at half-power of
the primary beam, 9 arcmin at 5 GHz) plus one at the cen-
ter were observed for 4 hours each around the ROSAT ultra-
deep HRI field center RA(2000) = 10"52™43%, Dec(2000) =
57°28’48"”. This choice of pointing positions was adopted in
order to obtain a reasonably uniform rms noise level in the in-
ner part of the ROSAT ultra deep HRI field.

All the data were analyzed using the NRAO AIPS reduc-
tion package. The data were calibrated using 3C 286 as primary
flux density calibrator (assuming a flux density of 7.5103 Jy
at 4835 MHz and 7.4617 Jy at 4885 MHz) and the source
1035+564 as a phase and secondary amplitude calibrator.

For each of the seven fields we constructed an image of
1024 x 1024 pixels, with a pixel-size of 1.0 arcsec. Each ob-
servation was cleaned using the task IMAGR, using a restoring
beam of 4 X 4 arcsec. The rms noise levels in the cleaned (not
primary beam corrected) images are uniform and of the order
of 11 wuJy. Finally, using the AIPS task LGEOM, HGEOM and
LTESS, we have combined all the seven pointings, creating a
single mosaic map of 2048 x 2048 pixels. Contour plot of the
mosaic map is shown in Fig. 1.

As expected, the mosaic map has a regular noise distri-
bution: a circular central region with a flat noise distribution,
surrounded by an outer region where the noise increases for in-
creasing distance from the center. No structures or irregularities
were found in the rms noise map. The rms values as a function
of the distance from the field center are well fitted by the func-
tion: rms(6or) = 8.2 X 107 X 8> + 11 pJy where Oy is the
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Fig. 1. Contour plot of the 6 cm VLA image of the Lockman Hole.
Contours are drawn starting from 4.5 times the local rms noise (see
Fig. 2) with an increasing factor of V2. The circle of 10 arcmin radius
shows the area used to extract the sources.
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Fig. 2. The rms noise (in wJy) as a function of the distance from the
image center. The solid line is the best fit function rms = 8.2 x 107 x
92'[?5 +11 pJy. The dashed vertical line indicates the maximum distance
from the center within which the sample described in this paper has
been extracted.

off-axis angle in arcmin. Measurements of the rms noise at var-
ious distances from the field center and the fitting function are
shown in Fig. 2.

Given the rapid increase of the rms noise at large off-axis
angles, we have limited the extraction of the sources to an area
with 6, < 10 arcmin, corresponding to 0.087 square degree.
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3. The source catalogue
3.1. Source detection

The criterion we adopted for including a source in the catalogue
is that its peak flux density, Sp, is >4.5 times the average rms
value at the off-axis angle of the source (see Fig. 2). In order
to choose the threshold in Sp we analyzed the map with the
negative peaks using different threshold values (3.5, 4.0, 4.5,
5.0, 5.5 and 6 respectively). The choice of 4.5 as threshold in Sp
is a compromise between a low flux limit and the necessity to
keep the number of spurious sources as low as possible. From
the analysis of the negative peaks, we are confident that at most
three or four spurious sources are present in the sample.

The sources were extracted using the task SAD (Search
And Destroy) which selects all the sources with peaks brighter
than a given level. For each selected source the flux, the posi-
tion and the size are estimated using a least square Gaussian fit.
However the Gaussian fit may be unreliable both for faint and
bright sources. In fact the noise map could influence the fit for
faint sources (Condon 1997), while the differences between the
Gaussian beam and the real synthesized beam could in princi-
ple influence the goodness of a Gaussian fit even for sources
with a large signal to noise ratio (Windhorst et al. 1984). Thus,
we used SAD to extract all the sources whose peak flux Sp was
greater than 3 times the local rms value. Subsequently, we de-
rived the peak flux for all the sources using a second degree in-
terpolation (task MAXFIT). Only the sources with a MAXFIT
peak flux density >4.5 o were included in the final sample.
Hereafter we will use the MAXFIT peak flux density as the
peak flux density Sp of the sources. For irregular and extended
sources the total flux density was determined by summing the
values of all the pixels covering the source.

With this procedure we selected 63 radio sources (2 of
which have multiple components for a total of 68 components)
over a total area of 0.087 deg?.

In Fig. 3 we plot the ratio between the total (St) and peak
flux density (Sp) as a function of the peak flux density for all
the radio sources. Since the ratio of the total flux to the peak
flux is a direct measure of the extension of a radio source,
it can be used to discriminate between resolved or extended
sources (i.e. larger than the beam) and unresolved sources. To
select the extended sources, we have determined the lower en-
velope of the flux ratio distribution of Fig. 3 and we have
mirrored it above the St/Sp = 1 value (upper envelope of
Fig. 3). We have considered extended the 12 sources laying
above the upper envelope that can be characterized by log
St/Sp) = —log(1-0.15 /Sg'3). However we should note that
only 5 of the 12 sources classified as extended lie significantly
above the upper envelope (see Fig. 3) and can be assumed as
“genuine” extended sources. The other 7 sources just above
the upper envelope might also be unresolved sources whose
total flux has been overestimated due to the noise effect (see
Windhorst et al. 1984 for a detailed discussion). Throughout
the paper we have used the integrated flux for the 12 formally
extended sources and the peak flux for the unresolved sources
in all the calculations involving the radio flux.
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Fig. 3. Ratio of the total flux, S, to the peak flux, Sp, as a function of
the peak flux Sp for all the 6 cm radio sources in the Lockman Hole.
The solid lines show the upper and lower envelopes of the flux ratio
distribution containing all the sources considered unresolved (open
squares). Filled squares show extended sources.

The catalogue with the 63 sources (68 components) is given
in Table 1. For each source we report the name, the peak flux
density Sp (and relative error os,) in mly, the total flux den-
sity St in mJy and error, the RA and Dec (J2000) and corre-
sponding errors. Moreover, for resolved sources we also report
the full width half maximum (FWHM) of the non deconvolved
major and minor axes (6 and 6y, in arcsec) and the position
angle PA of the major axis (in degrees, measured east to north).

All the errors in the source parameters were determined
following the recipes given by Condon (1997). Also in the
calculation of the flux error we used the integrated flux for ex-
tended sources and the peak flux for unresolved sources. For
the latter sources we used 6y = 6, = FWHM of synthesized
beam =4 arcsec.

The different components of multiple sources are labeled
“A”, “B”, etc., followed by a line labeled “T” in which flux
and position for the total sources are given. Fig. 4 illustrates
the distributions of peak flux densities for the 63 sources in the
catalogue.

3.2. Position errors

The projection of the major and minor axis errors onto the right
ascension and declination axes produces the total rms position
errors given by Condon et al. (1998)

O'i = si + oﬁo sinz(PA) + 0'50 cosz(PA)

ey
2

oy = & + 0, cos’(PA) + o, sin’(PA)

where (&4, &5) are the “calibration” errors, 05, = 6y,/(4ln2)p?,
o, = 6 /(4In2)p* with p the effective signal to noise ratio as
defined in Condon (1997).

The mean image offset < Aa >, < Ad > (defined as
radio minus optical position) and rms calibration uncertain-
ties &2 and &2 are best determined by comparison with ac-

curate positions of sources strong enough that the noise plus
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Fig. 4. Distribution of peak flux densities for 6 cm radio sources in the
Lockman Hole.

confusion terms are much smaller than the calibration terms.
We used the 6 cm positions of 20 strong compact sources (de-
tected with Sp > 60) identified with point like optical coun-
terparts in the V band CCD (i.e. we excluded the sources that
have an extended or a multiple optical counterparts). Their off-
sets Ao and A are shown in Fig. 5. The mean offsets are
< Aa >=-0.71 £0.09” and < A§ >= —-0.31 + 0.09”. These
offsets have not been applied to the radio positions reported
in Table 1, but they should be removed (adding 0.71” in RA
and 0.31” in Dec at the radio position) to obtain the radio posi-
tion in the same reference frame as the optical CCD.

From the distributions of Aa and A¢ shown in Fig. 5 we
have estimated the rms calibration errors: &, = 0.36"” and &5 =
0.43”. Since the 20 objects used for this derivation are scattered
over the entire field of view, the small values of g, and &5 show
that our mosaic maps are not affected by relevant geometric
distortions induced by the approximation of a finite portion of
the spherical sky with a bi-dimensional plane (see Perley 1989;
Condon et al. 1998). Using these calibration errors, positional
uncertainties for all sources have been calculated according to
Egs. (1) and (2). The rms position uncertainties (o, o) of all
the sources in our catalogue are reported in Table 1 (see Cols. 8
and 9) and plotted as a function of peak flux in Fig. 6.

3.3. Survey completeness and source counts

The sample of 63 sources listed in Table 1 has been used to
construct the source counts distributions. The rms noise as a
function of distance from the center (Fig. 2) was used to obtain
the detectability area as a function of flux density. In Fig. 7 the
solid angle over which a source with a peak flux density Sp can
be detected is plotted as a function of flux density.

The two sources with multiple components have been
treated as a single radio source. In computing the counts we
have used the integrated flux for extended sources and the peak
flux for unresolved sources (see Sect. 3.1 for the definition of
resolved and unresolved sources).
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Fig. 5. Position offset for strong point sources (20 sources in our sur-
vey detected with Sp > 60 and with a point like-optical counterpart in
the V band CCD).

3.3.1. Completeness

Before discussing the source counts (see next section) we
describe here the simulations that we performed in order to
estimate the combined effect of noise, source extraction tech-
nique and resolution bias on the completeness of our sam-
ple. We constructed a simulated sample of radio sources down
to a flux level of 0.025 mJy with a density in the sky given
by N(>S) = 0.42 x (S/30)"""18 (where N(>S) is the num-
ber of sources (arcmin)~? with total flux greater than S in uJy,
Fomalont et al. 1991) and an appropriate angular size distribu-
tion. Using the relation reported by Windhorst et al. (1990) be-
tween the median angular size (6eq) and the radio flux Oyeq =
2" 89304, We estimated a median angular size between 0.95”
and 1.54” in the flux interval S5 gy, = 0.05-0.25 mJy where
we have ~90% of our sources (56/63). The 5 GHz flux density
of our survey were transformed to 1.4 GHz using a radio spec-
tral index a; = 0.4. Following Windhorst et al. (1990) we have
assumed h(60) = exp(—=In2(6/0yeq)*?) for the integral angular
distribution. We injected the sources simulated with the above
recipes (each of them with known flux density and size) in the
CLEANed sky images of the field. Then these sources were
recovered from the image using the same procedure adopted
to extract the real sources (see Sect. 3.1) and binned in flux
intervals. We repeated this simulation five times. From the
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Table 1. The 4.50 radio sample.

Name Sp s, St os,  RA@J2000) Dec(J2000) o, 05 Ou 6 PA
(mJy) (mly) (mJy) (mly) @ @ (O] deg

LOCK-6 cm.J105135+572739 0.079 0.017 0.079 0.017 10513542 5727 39.6 0.59 0.51 0.0 0.0 0.0
LOCK-6 cm.J105136+572959 0.087 0.017  0.087 0.017 1051 36.19 57 29 59.1 0.89 0.51 0.0 0.0 0.0
LOCK_6 cm_J105136+573302 0.200 0.020  0.200 0.020 105136.24 5733 2.6 0.38 0.45 0.0 0.0 0.0
LOCK_6 cm_J105137+572940 0948 0.017 1.214 0.022 1051 37.01 57 29 40.6 036 043 4.7 4.2 41.7
LOCK_6 cm_J105143+572938 0.074 0.014 0.238 0.046 105143.77 57 29 38.7 0.59 0.92 9.1 6.0 8.9
LOCK_6 cm_J105143+573213 0.071 0.016 0.071 0.016 105143.08 5732 13.5 0.57 0.64 0.0 0.0 0.0
LOCK_6 cm_J105148+573248A  2.135  0.012 3.478 0.019 105144.16 5733 14.1 036 044 240 54 9.2
LOCK_6 cm_1105148+5732488  0.531  0.015 0.635 0.018 105148.73 5732484 036 043 45 42 =313
LOCK_6 cm_1105148+573248¢ ~ 0.228  0.013 0.477 0.028 105156.32 5732 3.2 0.40 045 7.1 44 =541
LOCK_6 cm_J105148+573248T  2.135  0.012 5.032 0.027 105148.73 5732484 - - - - -
LOCK_6 cm_J105150+572635 0.192 0.013 0.192 0.013 105150.12 5726 35.5 0.38 045 0.0 0.0 0.0
LOCK-6 cm._J105150+573245 0.094 0.014 0.141 0.021 1051 50.32 5732453 043 056 94 45 324
LOCK.-6 cm.J105156+573322 0.067 0.014  0.067 0.014 105156.47 5733224 045 048 0.0 0.0 0.0
LOCK-6 cm.J105158+572330 0.125 0.014  0.125 0.014 1051 58.97 5723304 041 047 0.0 0.0 0.0
LOCK.-6 cm.J105210+573317 0.062 0.012 0.062 0.012 105210.14 573317.5 041 076 0.0 0.0 0.0
LOCK-6 cm.J105211+572907 0.485 0.011 0.485 0.011 1052 11.02 5729 8.0 036 043 0.0 0.0 0.0
LOCK_6 cm_J105212+572453 0.124 0.012 0.124 0.012 105212.49 5724 53.0 039 045 0.0 0.0 0.0
LOCK-6 cm.J105213+572650 0.070 0.011 0.070  0.011 1052 13.33 57 26 50.5 046 049 0.0 0.0 0.0
LOCK.-6 cm.J105216+573529 0.076  0.013 0.076  0.013 1052 16.61 57 35 30.0 048 053 0.0 0.0 0.0
LOCK-6 cm.J105225+573322 0.928 0.012 1.625 0.021 1052 25.63 5733225 036 043 6.1 4.5 714
LOCK_-6 cm.J105226+573711 0.080 0.015 0.080 0.015 105226.79 5737 11.1 0.65 056 0.0 0.0 0.0
LOCK_6 cm_J105227+573832 0.091 0.020 0.091 0.020 105227.69 57 38 32.1 0.43 0.56 0.0 0.0 0.0
LOCK_6 cm_J105229+573334 0.054 0.011 0.054 0.011 105229.99 57 33 34.6 047 0.54 0.0 0.0 0.0
LOCK_6 cm_J105231+573027 0.068 0.011 0.068 0.011 105231.13 573027.1 0.48 0.63 0.0 0.0 0.0
LOCK_6 cm_J105231+573204 0.067 0.011 0.067 0.011 105231.48 5732 5.0 0.53 0.51 0.0 0.0 0.0
LOCK_6 cm_1105231+573501 0.076  0.012 0.076 0.012 105231.08 5735 14 0.63 0.48 0.0 0.0 0.0
LOCK_6 cm_J105233+573057 0.231 0.011 0.231 0.011 105233.99 57 3057.1 0.37 0.44 0.0 0.0 0.0
LOCK_6 cm_T105234+572643 0.054 0.011 0.054 0.011 105234.84 572643.6 043 0.54 0.0 0.0 0.0
LOCK_6 cm_J105235+572640 0.054 0.011 0.054 0.011 105235.19 5726 40.2 0.77 0.59 0.0 0.0 0.0
LOCK_6 cm_J105237+572147 0.059 0.013 0.059 0.013 105237.34 572147.1 0.60 0.52 0.0 0.0 0.0
LOCK.6 cmJ105237+573104a  4.376  0.012  5.823 0.015 105236.40 57 30 46.9 036 043 46 44 -418
LOCK.6 cmJ105237+5731048  0.750  0.012  2.863 0.045 105237.39 57 31 04.1 036 043 69 5.7 21.2
LOCK-6 cmJ105237+573104c  1.101  0.011 3.384 0.034 1052 37.77 5731123 036 043 10.0 5.8 12.3
LOCK.6 cmJ105237+573104D  2.172  0.012 3770  0.020 1052 38.17 57 3120.3 036 043 49 42 -89.1
LOCK.6 cmJ105237+573104T1  4.376  0.012 16.452 0.044 1052 37.05 57 30 58.8 - -
LOCK_6 cm.J105238+572221 0.057 0.012  0.057 0.012 1052 38.78 5722214 0.57 059 0.0 0.0 0.0
LOCK_-6 cm.J105238+573321 0.053 0.011 0.053 0.011 10 52 38.00 5733214 0.50 0.51 0.0 0.0 0.0
LOCK-6 cm.J105239+572430 0.058 0.011 0.058 0.011 1052 39.54 57 24 30.7 0.61 053 0.0 0.0 0.0
LOCK-6 cm.J105241+572320 0.812 0.011 0.812  0.011 1052 41.45 57 23 20.6 036 043 0.0 0.0 0.0
LOCK_6 cm_J105242+571915 0.101  0.017 0.160 0.027 10524247 57 19 15.8 0.66 0.81 85 43 38.4
LOCK_6 cm_J105245+573615 0.239 0.013 0.239 0.013 105245.35 5736 15.9 0.38 0.44 0.0 0.0 0.0
LOCK_6 cm_]105249+573626 0.070 0.013 0.070 0.013 105249.73 57 36 26.6 0.66 059 0.0 0.0 0.0
LOCK_6 cm_J105252+572859 0.062 0.011 0.098 0.018 105252.79 5728 59.7 0.71 050 6.5 4.8 84.6
LOCK_6 cm_J105254+572341 0.131 0.011 0.131 0.011 105254.27 5723 41.7 0.39 045 0.0 0.0 0.0
LOCK_6 cm_J105255+571950 1.015 0.017 1.015 0.017 105255.32 57 19 50.6 036 043 0.0 0.0 0.0
LOCK_6 cm_J105259+573226 0.164 0.011 0.164 0.011 105259.34 57 32 26.1 038 046 0.0 0.0 0.0
LOCK_6 cm_J105301+572521 0.103  0.011 0.103 0.011 1053 1.69 572521.2 040 047 0.0 0.0 0.0
LOCK_6 cm_J105301+573333 0.052 0.011 0.052 0.011 1053 1.48 57 33 34.0 1.01 0.51 0.0 0.0 0.0
LOCK-6 cm.J105303+573429 0.067 0.012  0.067 0.012 1053 3.38 57 34 29.1 0.50 0.51 0.0 0.0 0.0
LOCK-6 cm.J105303+573526 0.072 0.013 0.072  0.013 1053 3.28 57 3526.9 050 053 0.0 0.0 0.0
LOCK-6 cm.J105303+573532 0.079 0.014 0.143 0.025 1053 3.91 5735322 048 070 6.6 4.6 -7.7
LOCK-6 cm_J105304+573055 0.183 0.011 0.183 0.011 1053 4.83 57 30 55.9 037 045 0.0 0.0 0.0
LOCK-6 cm.J105308+572223 0.191 0.013 0.191 0.013 1053 8.09 5722230 038 045 0.0 0.0 0.0
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Table 1. continued.
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Name Sp Osp St sy RA (J2000)  Dec (J2000) Ty T Om O PA
(mJy) (mly) (mly) (mly) o @ 0 () deg
LOCK.6 cmJ105308+573436 ~ 0.083  0.012  0.083 0.012 1053 8.65 57 34 36.7 044 046 0.0 0.0 0.0
LOCK.6cmJ105310+573434  0.064  0.012  0.064 0.012 1053 10.57 57 34 34.8 047 053 0.0 0.0 0.0
LOCK_6 emJ105312+573111 ~ 0.097  0.011  0.097 0.011 1053 12.70 5731119 042 052 0.0 0.0 0.0
LOCK.6 cmJ105313+572507  0.079  0.011  0.079 0.011 1053 13.89 5725 74 053 046 0.0 0.0 0.0
LOCK_6cmJ105314+572448  0.091  0.012  0.147 0.020 1053 14.01 57 24 48.8 047 052 54 47 499
LOCK_6emJ105314+573020  0.093  0.012 0.143 0.018 1053 14.20 57 30 20.6 051 048 6.1 40 -674
LOCK.6 cmJ105316+573551  0.088  0.015  0.088 0.015 105316.74 573551.7 054 058 0.0 0.0 0.0
LOCK_6emJ105317+572722  0.053  0.011  0.053 0.011 1053 17.39 5727224 0.65 051 0.0 0.0 0.0
LOCK_6 emJ105322+573652  0.100  0.019  0.100 0.019 1053 22.37 57 36 52.9 049 056 0.0 0.0 0.0
LOCK.6 cmJ105325+572911  0.200  0.012  0.200 0.012 10532530 572911.5 038 044 0.0 0.0 0.0
LOCK.6 cmJ105327+573316  0.128  0.013  0.128 0.013 1053 27.46 57 33 16.6 039 050 0.0 0.0 0.0
LOCK_6cmJ105328+573535  0.084  0.017 0.084 0.017 1053 28.92 57 35 35.8 056 052 0.0 0.0 0.0
LOCK.6cmJ105335+572157  0.093  0.021  0.144 0.032 1053 35.78 5721573 059 080 6.7 47 -314
LOCK_6emJ105335+572921  0.109  0.013  0.109 0.013 1053 35.18 5729 21.3 041 049 0.0 0.0 0.0
LOCK_6emJ105342+573026  0.124  0.014  0.124 0.014 10 53 42.08 57 30 26.5 043 046 0.0 0.0 0.0
LOCK.6cmJ105347+573349  0.172  0.020 0.172 0.020 105347.14 5733 49.5 041 047 0.0 0.0 0.0
LOCK.6 cm_J105348+573033  0.088  0.016  0.088 0.016 1053 48.73 57 30 33.8 046 052 0.0 0.0 0.0
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Fig. 6. The position uncertainties o, and o for all the sources in the
6 cm catalogue as a function of the peak flux density Sp.

comparison between the total number of sources detected in
each bin (from the five simulations) and the total number of
sources in the input sample in the same bin we calculated the
correction factor C to be applied to our observed source counts
due to the incompleteness of the survey.

3.3.2. Source counts

For comparison with other 6 cm studies, the source counts are
normalized to a non evolving Euclidean model which fits the
brightest sources in the sky. At 6 cm the standard Euclidean

integral counts are N(>S ¢ ) = 60 X Sé‘lc'i st™!, with S¢ om €X-
pressed in Jy. The results are given in Table 2 where, for each
bin, we report the flux interval, the average flux, the number
of sources detected (N), the correction factor C, the number of
sources after that the correction factor has been applied (N.),
the expected number of sources for a static Euclidean uni-
verse (Nexp) and the normalized counts N, /Nexp. The estimated
error is Ng/ 2 /Nexp. The average flux in each bin has been as-
sumed equal to the geometric mean of the bin flux limits. Since
in the flux interval sampled in our survey (~0.1-1.0 mJy) the
best fit slope y of the normalized differential counts (dN/dS «
S77)is y ~ 2.0 (Donnelly et al. 1987), this assumption is for-
mally correct. In fact, only when y = 2.0 the value of the aver-
age flux is equal to the geometric mean (Windhorst et al. 1984).

Our results are compared with previous work in Fig. 8. In
this figure we show only the source counts below ~100 mlJy.
Above this flux the source counts are well known, with an
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Fig. 8. Differential 6 cm source counts normalized to a Euclidean
Universe. Filled circles are our 6 cm counts in the Lockman Hole.
The open points come from Donnelly et al. (1987), Fomalont et al.
(1991), Wroble & Krause (1990) and Partridge et al. (1986). The six
points above 15 mJy come from Altschuler (1986).

initial steep rise between S =~ 10 and S ~ 1 Jy, a maximum ex-
cess with respect the Euclidean prediction between § ~ 1.0 Jy
and S =~ 0.1 Jy and a subsequent continuous convergence be-
tween S ~ 100 and S =~ 3 mly. Below § =~ 3 mJy there is a
clear flattening in the slope of the 6¢cm radio source counts (see
Windhorst et al. (1993) for a review of the radio source counts
at different frequencies down to the microjansky level).

As illustrated in figure, there is a reasonably good agree-
ment between the Lockman 6 cm counts and those obtained
by other surveys in the same flux range, confirming that there
is no strong indication for a significant change in slope in the
6 cm counts between ~0.1 and 1 mJy. Although the statistics is
relatively poor, a possible flattening in the differential counts is
instead suggested at fluxes below ~0.1 mly.

4. Radio, optical and X-ray associations
4.1. Coincidences with 20 centimeter sources

Forty-four of the 149 sources in the 40" radio sample at 20 cm
published in de Ruiter et al. (1997) are within the 6 cm
map. Two of these sources have more than one component
(sources 71 and 99, see Table 1 in de Ruiter et al. 1997). When
a compact 20 cm radio source is within 5" from the 6 cm posi-
tion, we accepted it as a real coincidence. Thus a 6 cm source
was considered to be the counterpart of a 20 cm source only
if the difference in position was significantly less than the one
beam radius (the 20 cm map has been restored with a beam
of ~12”, see de Ruiter et al. 1997). However, for extended
20 cm radio sources, we allowed a maximum distance of 10"
between the 20 cm and 6 cm positions. This is a necessary re-
quirement in order not to miss 20—6 cm coincidences of low
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surface brightness sources. We find a total of 32 coincidences.
Except for a few extended sources, the 20—6 cm positional
correspondence is usually better than 3 arcsec. No other pair
of 6-20 cm sources has been found at distances in the range
5-10 arcsec.

Since the 6 and 20 cm surveys have two different beams
(4 x 4 arcsec and 12 x 12 arcsec respectively), the spectral in-
dices a@ (§ o v™®) for all the coincidences were calculated
using the total 20 cm fluxes reported in de Ruiter et al. (1997)
and the integrated 6 cm fluxes obtained after convolving the
6 cm map with the same beam width as the 20 cm image.
For 42 of the 63 radio sources the differences between the 6 cm
fluxes obtained from the maps with the two different beam sizes
are smaller than 20%, while only 4 sources show a difference
between the two fluxes greater than a factor 1.7 (up to a fac-
tor 2.1). However these 4 sources have all a radio flux density
lower than 0.1 mJy and have not been considered in the sta-
tistical analysis of the radio spectral index (see Sect. 5.1). The
error in each calculated value of spectral index was computed
by taking the quadrature sum of the relative errors in the two
flux densities S and S;:

Og = \/(0'31/51)2+(0'52/S2)2/(IUV2_IUV1) 3)

with v; = 1490 MHz and v, = 4860 MHz. For the 6 cm sources
without a 20 cm counterpart, we calculated a 4020 cm upper
limit using o-(uJy) = 0.14r>—1.78r + 34.4, where r is the dis-
tance (in arcmin) from the 20 cm image center (de Ruiter et al.
1997).

The results of the 20-6 cm cross-correlation are summa-
rized in Table 3, where, for each 6 cm source we report the
optical identification (Cols. 2-9, see below), the name of the
20 cm counterpart (from Table 1 of de Ruiter et al. 1997),
the 20 cm flux density (or 40~ upper limit), the radio spectral
index (or upper limit) and the distance between the two radio
positions.

The two 20 cm sources with more than one component
(71 and 99) have been associated with multi component 6 cm
sources. In particular the triple source 71 has been associated
with the three component LOCK_6 cm J105148+573248. For
this source we found a good agreement between the position
of the components detected at the two radio frequencies. More
complex is the situation for the other source (99). This double
source at 20 cm has been resolved into a four component source
(LOCK_6 cm J105237+573104) in the 6 cm map.

Moreover, a new, relatively bright radio source
(LOCK_6 cm_J105233+573057, St = 0.241 mly) has
been detected at a distance of 25” from the geometric center of
the multiple source. This new radio source has a very unusual
inverted radio spectral index (o < —0.48) and an optical
counterpart that shows a clear extension in the direction of the
multiple radio source. A 6 cm contour plot superimposed on
the V band CCD image is shown in Fig. 9.

For the two multiple sources we report in Table 3 only the
spectral index derived from the total integrated flux.
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Table 2. Counts of radio sources.
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Flux Density Number C Corrected Nexp N¢/Nexp
Range Average  Sources Number
(mJy) (mly) (N) Sources (N;) (x1072)
0.050 0.075 0.061 18 1.26 22.7 1135 2.00+0.42
0.075 0.113 0.092 17 1.10 18.7 1064 1.75+0.41
0.113 0.169 0.138 12 1.05 12.6 602 2.09 +0.58
0.169 0.253 0.207 9 1.00 9.0 330 2.72+091
0.253 1.281 0.569 4 1.00 4.0 362 1.10+£0.55
1.281 21.895 5.296 3 1.00 3.0 34  8.82+5.09
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Fig.9. 6 cm radio contour plot of the sources LOCK_6 cm
J105237+573104 and LOCK_6 cm J105233+573057 superimposed
on the V band CCD image. The three + symbols represent the position
of the 20 cm source 99 (99a, 99* and 99b for increasing RA), while the
symbol X represents the position of the X-ray source 116 identified by
Lehmann et al. (2000) with the galaxy near the radio centroid.

4.2. Optical identification of 6 cm radio sources

The entire 6 cm field is covered by V and I CCD data col-
lected at the Canada-France-Hawaii Telescope (CFHT) with
the UHSK camera (see Wilson et al. 2001 and Kaiser et al.
2001 for a description of these data). The approximate limits in
the two bands are V ~ 25.5 mag and / ~ 24.5 mag for point
sources (Vega — magnitude). The CCD field is 30’ x 30" around
the ROSAT ultra deep HRI and 6 cm field center. Moreover, a
mosaic of K’-band images (from the Omega-Prime camera on
the Calar Alto 3.5-m telescope) covering the field in a non-
uniform fashion with gaps in between is also available (see
Lehmann et al. 2000 and Schmidt et al. 1998 for a summary
of the optical available data in the Lockman Hole). The limit-
ing magnitudes of the K’ images is K’ ~ 20.2 mag. The typical
photometric error on the V, I and K’ magnitudes is ~0.1 mag.

4.2 1. ldentification in the V' and / bands

For the optical identification of the 6 cm radio sources, we
used the likelihood ratio technique described by Sutherland &
Saunders (1992). The mean off-set between the radio and opti-
cal positions estimated in Sect. 3.2 has been subtracted from the
radio positions to compute the positional offset r. For a given
optical candidate with magnitude m and positional offset » from
the radio source position, we calculate the probability p that the
true source lies in an infinitesimal box r + dr/2, and in a mag-
nitude interval m + dm/2; on the assumption that the positional
offsets are independent of the optical properties p is given by:

“

where f{r) is the probability distribution function of the posi-
tional errors, assumed to be equal in the two coordinates, with

p =q(m)dm X 2nxr f(r)dr,

+00

Zﬂf f(ryrdr=1 (®)]

0
and g(m) is the expected distribution as a function of magnitude
of the optical counterparts.

The likelihood ratio LR is defined as the ratio between the
probability that the source is the correct identification and the
corresponding probability for a background, unrelated object:

_ am ()

LR m)

(6)
where n(m) is the surface density of background objects with
magnitude m.

The presence or absence of other optical candidates for the
same radio source provides additional information to that con-
tained in LR. Thus a self-consistent formula has been devel-
oped for the reliability of each individual object, taking this
information into account (Sutherland & Saunders 1992). The
reliability Rel; for object j being the correct identification is:

(LR);

Reli = SR (=0

)
where the sum is over the set of all candidates for this particular
source and Q is the probability that the optical counterpart of
the source is brighter than the magnitude limit of the optical
catalogue (Q = | " g(m) dm).

In order to derive an estimate for g(m) we have first counted
all objects in the optical catalogue within a fixed radius around
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each source (total(m)). This distribution has then been back-
ground subtracted

(®)

and normalized to construct the distribution function of “real”
identifications:

q(m)

real(m) = [total(m) — n(m) * Niadio sources * 7T * radiusz]

_ real(m)
© Xreal(m);

where ¥; is the sum over all the magnitude bins of the dis-
tribution, i.e. is the total number of objects in the real(m)
distribution.

In order to maximize the statistical significance of the over
density due to the presence of the optical counterparts, we
have adopted for the radius the minimum size which assures
that most of the possible counterparts are included within such
radius. On the basis of the positional uncertainties shown in
Fig. 6, we have adopted a radius of 2 arcsec. Figure 10 shows
the resulting real(m) distribution (dotted line) together with the
expected distribution of background objects (solid line), i.e.
objects unrelated to the radio sources. The smooth curve fit-
ted to the real(m) distribution (dot dot dot dashed line) has
been normalized according to Eq. (9) and then used as input
in the likelihood calculation. The total number of objects in the
real(m) distribution is 48.8 + 8.7. Since the number of radio
sources is 63, this corresponds to an expected fraction of iden-
tifications above the magnitude limit of the optical catalogue
of the order of (77 + 14)%. On this basis we adopted Q = 0.8.
This value is also in agreement with the results obtained by
Hammer et al. (1995) for the radio sources in the Canada-
France Redshift Survey and by Fomalont et al. (1997) and
Richards et al. (1998) for the radio sources in the Hubble Deep
Field (HDF). Using I band CCD data with a magnitude limit
of I ~ 24.5 mag Hammer et al. found 32 optical identifications
for 36 radio sources with Ssogu, > 16 wJy, while Richards
et al. found 26 optical counterparts down to / = 25 mag
for 29 radio sources with Sgs gy, > 9 uly.

However, to check how this assumption could affect our re-
sults, we repeated the likelihood ratio analysis using different
values of Q in the range 0.5-1.0. No substantial difference in
the final number of identifications and in the associated relia-
bility (see below) has been found.

As probability distribution of positional errors we adopted
a Gaussian distribution with standard deviation, o, which takes
into account the combined effect of the radio and the optical
positional uncertainties:

1 -2
expl—|-
202 P 202

For each source the value of o used is the average value be-

X Q ©))

() = (10)

tween o, = LJery, + 02 and o, = LJerd, + 03, where erq
is the error on the optical position (we assumed a value of
0.5 arcsec), while o, and o are the radio positional errors in
RA and Dec reported in Table 1.

Having determined the values of g(m), f(r) and n(m), we
computed the LR value for all the optical sources within a dis-
tance of 5 arcsec from the radio position. Once that the LR val-

ues have been computed for all the optical candidates, one has
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Fig. 10. Magnitude distributions of background objects (solid line) and
’real’ detections (real(m), dotted line) estimated from the optical ob-
jects detected in the / band within a radius of 2 arcsec around each
radio sources. The smooth curve fitted to the real(m) distribution (dot
dot dot dashed line) has been normalized according to Eq. (9) and then
used as input in the likelihood calculation.

to choose the best threshold value for LR (Ly,) to discriminate
between spurious and real identifications. The choice of Ly, de-
pends on two factors: first, it should be small enough to avoid
missing many real identifications and having a rather incom-
plete sample. Secondly, Ly, should be large enough to keep the
number of spurious identifications as low as possible and to
increase the reliability.

As LR threshold we adopted Ly, = 0.2. With this value,
according to Eq. (7) and considering that our estimate for Q
is 0.8, all the optical counterparts of radio sources with only one
identification (the majority in our sample) and LR > LRy, have
a reliability greater than 0.5. This choice also approximately
maximizes the sum of sample reliability and completeness.

With this threshold value we find 56 radio sources with
a likely identification (three of which have two optical can-
didates with Ly, > 0.20 for a total of 59 optical candidates
with Lg, > 0.20).

The reliability (Rel) of each of these optical identifica-
tions (see Eq. (7)) is always high (>95 per cent for most of the
sources), except for the few cases where more than one optical
candidate with Ly, > 0.20 is present for the same radio source.

The number of expected real identifications (obtained
adding the reliability of all the objects with Ly > 0.20)
is about 53 i.e. we expect that about 3 of the 56 proposed
radio-optical associations may be spurious positional coinci-
dences. Similar results are obtained using the catalogue in
the V band. The results of the optical identification are sum-
marized in Table 3. For each radio source we report all
the optical counterparts within 3 arcsec and with a magni-
tude I < 24.5 plus two objects which, having I > 24.5 mag,
are too faint for a reliable determination of their likeli-
hood ratio, but we however considered as likely identifica-
tion because of their small distance (lower than 0.6 arcsec)



910

from the radio position (LOCK_6 cm_J105158+573330 and
LOCK_6 cm_105259+573226).

In the three cases in which more than one optical object
with LR > LRy have been found associated to the same ra-
dio source, we assumed the object with the highest Likelihood
Ratio value as the counterpart of this radio source.

4.2.2. ldentification in the K’ band

As said above, the K’ band data cover the 6 cm field in a non-
uniform fashion. For 12 of the 63 radio sources K’ band data
are not available. Since all the 51 radio sources with available
K’ band data do have an optical identification in the / band,
we looked for K’ counterparts using a maximum distance
of 1.0 arcsec from the optical position. We found a K’ counter-
part for 49 of the 51 radio sources. The same results is obtained
using a search radius of 2 arcsec.

A summary of the results of our identifications is given in
Table 3. For each radio source, we give the V, I and K’ mag-
nitude (when available), the total distance and the distance in
RA and Dec between the radio and the optical position and
the Likelihood Ratio and reliability values obtained using the
I band catalogue. For the radio sources with more than one
optical counterpart we assumed as the real identification the
optical source with the highest reliability. A blank field in the
K’ magnitude column means no data available.

In summary, considering as good identifications also the
two sources fainter than I ~ 24.5 mag, we have a proposed
identification for 58 of the 63 radio sources (92 per cent): ~54
of these are likely to be the correct identification. Moreover,
for a subsample of 51 radio sources (all of them with an optical
identification in /) we have information also in the K’ band.
For this subsample we found K’ counterparts for 49 sources
(96 per cent of identifications).

4.3. X-ray counterparts

The area from which we have extracted our radio catalogue
(10 arcmin radius) has been covered by the ROSAT Ultra Deep
Survey (about 1 million seconds of exposure with the HRI)
reaching a limiting flux of about 1.2 X 1073 ergem™2s7! in
the 0.5-2.0 keV energy band. The HRI catalogue (Lehmann
et al. 2001) lists 54 sources in this area. A cross- correlation
was performed between the position of the 54 X-ray sources
and the 63 radio sources detected at 6 cm. We find 8 reliable
radio/X-ray associations with a positional difference smaller
than 5 arcsec. An additional radio/X-ray association is found
with the PSPC source 116 (Hasinger et al. 1998) which was
not detected with the HRI. At these fluxes (S¢5-2.0 kev ~ 1.2 X
10715 erg em™2s7!, Seem ~ 50 wJy) the surface densities of
radio and X-ray sources are similar and the coincidences be-
tween the samples selected at radio and X-ray frequencies are
about 15%. All these nine radio/X-ray sources have been op-
tically identified by Lehmann et al. (2000) and Lehmann et al.
(2001). The radio/X-ray associations are given in Table 4. For
each radio source we report the radio flux, the radio spectral
index a;, the I and K’ band magnitude, the name of the X-ray
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counterpart, the distance between the radio and X-ray position,
the ROSAT HRI (except for source 116 for which we have
the ROSAT-PSPC flux) 0.5-2.0 keV flux of the X-ray source
in units of 107! ergcm™2 57!, the optical classification (1 for
type I AGN, 2 for type II AGN and 3 for cluster), the red-
shift and the radio luminosity in W/Hz (Hy = 70 kms™! Mpc~!,
Qm =0.3,Q,=0.7).

Recently the Lockman Hole has been observed also with
the XMM-Newton satellite (Hasinger et al. 2001; Lehmann
et al. 2002). The center of the XMM-Newton observation is
coincident with the ROSAT HRI field center and with the 6 cm
survey discussed in this paper. A total of ~100 ksec good
exposure time has been accumulated, reaching a flux limit
of 3.8 x 1071 ergcm™2 57! in the 0.5-2.0 keV band. Within an
off-axis angle of 10 arcmin (i.e. the same region of the sky that
we used to extract the 6 cm radio sources) a total of 106 sources
have been detected (see Lehmann et al. 2002). In addition to the
9 radio/X-ray associations already found with the ROSAT data,
there are four new radio/X-ray associations with the XMM-
Newton source list. The percentage of XMM/X-ray sources
with a radio counterpart is therefore ~12.3 percent (13/106).
The properties of the new radio/XMM associations are reported
in the last 4 lines of Table 4.

It is interesting to note that out of 13 radio/X-ray associa-
tions, eight (62%) are classified as type II AGN. Eight of the
13 radio sources are detected at both 21 and 6 cm and all of
them have steep spectral indices (o, > 0.4). For the five sources
not detected at 21 cm the upper limits in @, show that two have
a flat, inverted spectrum (a; < —0.06 and o, < 0.21), while
the other three can have both steep and flat spectra. The two
multiple radio sources (LOCK_6 cm J105148+573248T and
LOCK_6 cm J105237+573104T) and the sources LOCK_6 cm
J105255+571950 and LOCK_6 cm J105347+573349 can be
classified as type II Fanaroff-Riley (FRII) radio galaxies on the
basis of their morphology and their radio luminosity (greater
than 10%*° W/Hz, see last column of Table 4), while all the
other 9 radio/X-ray associations have radio luminosities typi-
cal of FRI radio galaxies (Ls gu, < 10%9 W/Hz).

5. Discussion
5.1. Radio spectral index

The spectral indices @, determined between 20 and 6 cm are
listed in Table 3. Our calculation assumes that the radio sources
have not varied significantly in the 8 years interval between
the 20 cm observations (December 1990) and the 6 cm obser-
vations (January 1999) reported here. As shown by Oort &
Windhorst (1985) and by Windhorst et al. (1985), a signifi-
cant variability occurs in only about 5% of the mJy and sub-
mly radio sources population. Hence, the statistical analysis of
the spectral index presented below should not be seriously bi-
ased by source variability. In our analysis we included both the
measured values and the upper limits to a; given in Table 3
and used the software package ASURV which implements the
methods described by Feigelson & Nelson (1985) and Isobe
et al. (1986).



Table 3. Optical, near infrared and 20 cm counterparts of the 6 cm sources in the Lockman Hole.

NAME Ve I K A ARA  ADec LR Rel. 20cm F20  F20¢ a; Qrer A6-20
) ™) ™) Nr. mJy )
LOCK_.6 cm_J105135+572739 22.8 21.1 182 1.02 -0.97 0.30 8.66 098 59 0.190  0.030 0.63 0.21 2.6
LOCK.6 cm_J105136+572959 0.0 20.4 17.8 0.81 -0.81 0.09 23.83 098 61 0.399  0.050 124 0.19 3.9
LOCK_.6 cm_J105136+573302 0.0 21.5 18.8 1.15 -0.67 0.94 269 093 60 0.447  0.040 1.01  0.15 0.5
0.0 215 >202 270 0.27 2.69 0.01 0.00 60 0.447  0.040 1.01  0.15 0.5
LOCK_.6 cm_J105137+572940 0.0 20.7 174 142 -1.41 0.13 572 097 63 2.210  0.080 049 0.03 0.4
LOCK_.6 cm_J105143+572938 0.0 15.4 135 1.62 -0.60 2.55 2466 099 69 0.421  0.040 052 0.19 33
LOCK.6 cm_J105143+573213 0.0° >24.5 - - <0.126 <0.65
LOCK.6 cm_J105148+573248T 0.0 214 180 072 -0.40 0.59 771 097 T71% 15.390  0.580 095 0.03 0.2
LOCK_.6 cm_J105150+573245 0.0 18.0 141 -0.50 1.31 1.87  0.90 <0.126 <-0.06
LOCK_.6 cm_J105150+572635 254 22.8 193 1.03 -0.87 -0.55 3379 099 72 0.216  0.060 0.00 0.26 2.0
LOCK.6 cm_J105156+573322 22.1 20.7  >202 154 037 -1.50 4.67 0.96 <0.131 <0.70
LOCK_.6 cm_J105158+572330 >25.5 253 059 -0.57 0.14 0.00 0.00 74 0.195 0.030 047 0.17 0.6
LOCK.6 cm_J105210+573317 239 22.7 194 182 -0.13 -1.81 041 0.50 <0.131 <0.69
23.5 22.3 19.6 202 -134 1.52 022 026 <0.131 <0.69
LOCK_.6 cm_J105211+572907 25.5 23.6 193 0.67 -0.64 -0.20 0.77 079 81 1.455  0.060 097 0.04 0.3
LOCK.6 cm_J105212+572453 21.6 19.8 171 052 -050 -0.14 7021 099 &3 0.268  0.030 097 0.14 33
LOCK.6 cm_J105213+572650 23.7 20.4 16.8 0.07 -0.07 0.02 57.99 0.99 <0.115 <0.79
LOCK_.6 cm_J105216+573529 18.7 17.5 15.1 020 -0.20 0.00 287.12 099 85 0.206  0.040 1.39 032 4.0
LOCK_.6 cm_J105225+573322 21.3 18.6 157 0.64 -0.64 -0.02 23192 099 &9 4.515 0.160 0.81 0.03 0.5
LOCK_.6 cm_J105226+573711 24.8 23.4 2.18 1.97 -0.92 0.02  0.09 <0.167 <1.21
LOCK_.6 cm_J105227+573832 242 22.6 1.79 -1.74 0.42 0.31 0.60 <0.182 <1.00
LOCK_.6 cm_J105229+573334 25.1 241 >202 1.68 -1.64 0.33 0.04 0.15 <0.137 <0.98
LOCK.6 cm_J105231+573027 22.1 19.1 16.0 1.00 -0.60 0.80 64.56  0.99 <0.121 <0.62
LOCK_.6 cm_J105231+573204 222 20.1 172 228 -0.03 2.28 0.68 0.48 <0.128 <1.15
23.6 222 20.1  1.64 1.64 -0.05 0.53  0.37 <0.128 <1.15
LOCK_.6 cm_J105231+573501 214 19.0 17.8 076 -0.44 -0.63 94.10 099 95 0.203  0.040 059 0.19 34
21.2 18.9 17.5  2.68 268 —-0.03 026 0.00 95 0.203  0.040 059 0.19 34
LOCK_.6 cm_J105233+573057 20.2 18.5 16.0 089 -087 -0.17 14483 0.99 <0.124 <-0.48
LOCK_.6 cm_J105234+572643 21.8 20.3 18.1 043 -0.34 0.27 47.11  0.99 <0.116 <0.75
LOCK_.6 cm_J105235+572640 21.3 19.7 170 1.85 1.65 -0.84 7.96  0.98 <0.116 <0.75
LOCK.6 cm_J105237+572147 21.8 20.0 172 126 -0.61 -1.11 17.86  0.99 <0.116 <0.63
LOCK.6 cm_J105237+573104T 21.8 19.0 16.0 023 0.10 020 20341 099 99* 59452 1910 1.00  0.03 4.1
LOCK_.6 cm_J105238+572221 >255 >245 <0.115 <0.76
LOCK_.6 cm_J105238+573321 224 20.3 175 178 -1.48 -1.00 238 092 <0.138 <0.97
LOCK_.6 cm_J105239+572430 17.8 17.2 160 1.12 -084 -0.73 237.62 0.99 100 0.144  0.030 092 0.22 1.3
LOCK_.6 cm_J105241+572320 233 20.9 17.5  0.13 0.00 -0.13 29.55 099 101 1.724  0.070 059 0.04 0.8

¢ Magnitudes in all bands are Vega magnitudes.
b For this source the V magnitude is not available due to a problem with the electronic readout in the CCD.
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Table 3. continued.

NAME Ve I K A ARA  ADec LR Rel. 20cm F20  F20¢ a; Qrer  A6-20
() @) @) Nr. mJy ™)
LOCK_.6 cm_J105242+571915 18.0 16.7 147 1.10 -0.20 1.08 29778 099 103 0.246  0.030 035 0.17 1.2
LOCK_6 cm_J105245+573615 21.8 19.2 0.61 033 -0.52 13525 099 104 0.458  0.060 046 0.12 2.8
LOCK_6 cm_J105249+573626 25.8 220 189 0.27 027 -0.02 6.94 0.97 <0.170 <1.00
LOCK_.6 cm_J105252+572859 17.8 165 142 0.17 -0.17 0.03 797.05 099 105 0.202  0.030 0.61 0.17 34
LOCK_.6 cm_J105254+572341 23.1  20.8 182 0.67 -034 -0.58 16.99  0.99 <0.115 <-0.06
LOCK_.6 cm_J105255+571950 244 226 18.1 053 -051 -0.14 6.65 097 109 2.692  0.090 093 0.03 0.9
LOCK.6 cm_J105259+573226  >25.5 24.6 20.1 033 0.30 0.13 0.00 0.00 113 0.285  0.040 038 0.13 2.4
LOCK_.6 cm_J105301+572521 229 200 172 0.08 0.00 0.08 92.84 099 114 0.151  0.030 038 0.19 0.5
LOCK_.6 cm_J105301+573333 21.8 19.2 16.3  1.22 1.21  -0.14 4330 0.99 <0.152 <0.97
LOCK_.6 cm_J105303+573429 258 233 185 092 0.80 -045 047 0.70 <0.161 <0.74
LOCK_6 cm_J105303+573526 21.8 19.8 171 093 -0.10 -0.92 3449  0.99 <0.160 <0.71
LOCK_.6 cm_J105303+573532 220 203 17.1  0.70 0.64 0.30 3062 099 116 0.366  0.040 0.81 0.18 1.0
LOCK_.6 cm_J105304+573055 222 19.0 158 044 -044 -0.03 16726 0.99 119 0.440  0.040 0.69 0.10 0.3
LOCK_.6 cm_J105308+572223 20.8 18.7 0.10 -0.10 0.00 364.69 099 121 0.340  0.030 0.61 0.10 0.3
LOCK_6 cm_J105308+573436 20.8 189 16.5 048 -020 -0.44 15127 0.99 <0.166 <0.73
LOCK_.6 cm_J105310+573434 229 219 192 189 -094 -1.64 027 047 <0.167 <0.75
232 217 19.6 2.16 1.71 1.33 0.10 0.18 <0.167 <0.75
LOCK.6 cm_J105312+573111 246 213 179 059 =057 -0.16 795 098 126 0.232  0.040 0.74 0.16 1.4
LOCK_.6 cm_J105313+572507 259 237 175 066 -0.17 -0.64 0.70 0.77 <0.124 <0.41
247 230 18.0 248 1.28 -2.13 0.01 0.01 <0.124 <0.41
LOCK_.6 cm_J105314+572448 233 204 0.13 0.10 -0.08 55.04 0.99 0.124 <-0.14
LOCK_.6 cm_J105314+573020 243 228 188 099 -094 -0.30 2.08 0.88 127 0.292  0.040 062 0.15 24
244 233 19.8 159 -1.31 0.91 0.09 0.04 127 0.292  0.040 0.62 0.15 2.4
LOCK_6 cm_J105316+573551 19.1 182 16.7 0.86 -0.40 0.77 129.49 099 128 0.255  0.050 0.64 0.20 1.6
LOCK.6 cm_J105317+572722 242 229 >202 095 -091 -0.27 2.19  0.90 <0.132 <1.10
LOCK_6 cm_J105322+573652 21.8 19.2 164 053 -0.50 -0.16 12850 0.99 <0.202 <1.00
LOCK_6 cm_J105325+572911 179 172 157 121 -0.87 0.84 169.03 099 134 0.552  0.040 051 0.13 1.3
LOCK_.6 cm_J105327+573316 222 205 18.1 061 -054 -0.30 40.77  0.99 <0.173 <0.42
LOCK_.6 cm_J105328+573535 222 194 164 055 -044 0.33 87.01 099 <0.196 <0.82
LOCK_.6 cm_J105335+572157 250 244 2.06 0.24 2.05 0.00 0.00 <0.139 -0.01
LOCK_6 cm_J105335+572921 233 200 170 046 -0.34 0.31 71.86 099 138 0.214  0.040 053 0.18 1.4
LOCK_6 cm_J105342+573026 >25.5 239 20.1 095 0.27 0.91 024 055 142 0.274  0.040 1.08  0.20 1.2
LOCK_.6 cm_J105347+573349 226 223 0.74 -0.70 0.22 4.64 0.96 <0.203 <0.21
LOCK_.6 cm_J105348+573033 233 212 185 071 -0.64 0.31 1496  0.99 <0.180 <0.80

¢ Magnitudes in all bands are Vega magnitudes.
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Table 4. Radio/X-ray associations.

Radio source Fé cm a; 1 K’ Nr.X AR-X Fx* Type z Log Ls gu.
(mJy) @) (W/Hz)

LOCK_6 cm_J105148+573248T 5.03 095 214 18.0 12 0.8 0.72 2 0.990 25.41
LOCK_6 cm_J105237+573104T 16.45 1.00 19.0 16.0 116 35 0.57 2 0.708" 25.56
LOCK_6 cm_J105239+572430 0.06 0.59 172 16.0 32 0.8 7.02 1 1.113 23.61
LOCK_6 cm_J105252+572859 0.10 041 165 142 901 1.2 0.12 2 0.204 22.07
LOCK_6 cm_J105254+572341 0.13 <-0.06 20.8 18.2 513 1.5 0.43 1 0.761 23.54
LOCK_6 cm_J105303+573532 0.14 0.81 203 17.1 827 2.8 0.18 2 0.249 22.42
LOCK_6 cm_J105316+573551 0.09 0.64 182 16.7 6 0.7 9.32 1 1.204 23.87
LOCK_6 cm_J105328+573535 0.08 <0.82 194 164 815 43 0.18 3 0.700" 23.24
LOCK_6 cm_J105348+573033 0.09 <0.80 21.2 185 117 1.3 0.66 2 0.780 23.41
New radio/X-ray associations found with the XMM-Newton source list

LOCK_6 cm_J105238+573321 0.05 <0.97 203 175 52061 2.3 0.17 2 0.707" 23.04
LOCK_6 cm_J105255+571950 1.02 093 22,6 18.1 52149 1.8 0.07 2 1.450 25.13
LOCK_6 cm_J105304+573055 0.18 0.69 19.0 15.8 52198 1.6 0.05 2 0.805 23.74
LOCK_6 cm_J105347+573349 0.17 <0.21 223 52048 2.5 0.21 1 2.586 24.96

@ Unit of 107 erg cm™2 s~!. Note: The ROSAT/X-ray data, including spectroscopic classification and redshift are all taken from Lehmann et al.
(2001), except for the X-ray source 116 for which the references are Hasinger et al. (1998) and Lehmann et al. (2000). The XMM/X-ray data

are from Lehmann et al. (2003), in preparation.

b The sources J105237+573104T and J105238+573321, although with the same redshift, are not members of the cluster at z = 0.700 associated
with the radio source J105328+573535. However, these three radio/X-ray sources suggest the presence of an overdensity extending over at

least a few Mpc at z ~ 0.7.
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Fig.11. The 6 cm flux as a function of the radio spectral index. The
solid line shows the minimum value of the spectral index below which
no 20 cm detection is possible due to the flux density limit of the 20 cm
survey. The two dashed lines are at S¢ o, = 0.1 mJy and at S¢ ¢ =
0.2 mJy.

We first studied the dependence of the spectral index distri-
bution on the 6 cm radio flux. However, because of the higher
flux limit at 20 cm, if we consider all the 6 cm radio sources,
the observed distribution of the spectral indices is a biased es-
timate of the true distribution. The main reason for this is that,
given a minimum value for the 20 cm flux, for each value of
the 6 cm flux there exists a minimum value of the spectral in-
dex below which no 20 cm detection is possible. In Fig. 11
we plot the 6 cm flux as a function of the spectral indices (or
their upper limits). For illustrative purpose we show (solid line)
the minimum spectral index, as a function of the 6 cm flux,

for sources which could have been detected in the more sen-
sitive, central part of the 20 cm image (S, = 0.120 mly).
The two dashed lines in Fig. 11 are drawn at S¢ .,y = 0.1 mJy
and at S¢ cm = 0.2 mJy. As clearly shown in Fig. 11, below
0.1 mJy there is a bias against detection of sources with a radio
spectral index flatter than ~0.5. In fact, among the 32 sources
with S¢ cm < 0.10 mly, only 8 are detected at 20 cm. The sit-
uation is much better at S¢ ., > 0.10 mlJy, where we have
31 sources with only 8 upper limits and a more relaxed bias
(present only between 0.1 and 0.2 mJy, see Fig. 11) against flat
spectra sources. We have therefore considered in this statistical
analysis only sources with S¢ ¢, > 0.10 mJy.

These sources have been divided in two flux bins (0.1 <
S6em < 0.2 mlJy and S¢ > 0.20 mly, see dashed lines in
Fig. 11) and for each bin we have computed, taking into ac-
count also the upper limits, the median spectral index &;_med,
the mean of the spectral index distribution < @, > and the frac-
tion of flat and inverted spectrum sources f(a, < 0.5). The
results, reported in Table 5, suggest the presence of a flattening
of the radio spectral index in the faint flux bin. The statistical
significance of the difference between the spectral index dis-
tributions in the two flux interval bins has been tested using
the statistical tests in the ASURV software package. All tests
suggest that the two distributions are different with a confi-
dence level of the order of 99.8% (corresponding to about 3 o),
with mean and median spectral index flattening from ~0.75
for S¢ cm = 0.2 mJy to ~0.35 for 0.1 < S¢ ¢ < 0.2 mly.

Also the fraction of flat spectrum sources appears to be dif-
ferent in the two flux intervals, changing from ~25% for the
brighter sample to ~58% for the fainter sample.

Our results for the sources with 0.1 < Sgem < 0.2 mly
are in excellent agreement with previous results in the same
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Table 5. The radio spectral index versus 6 cm radio flux

4860 MHz Flux Median Mean fla; <0.5)
Interval (mJy) @ _med <a >
0.1<8 <02 0.37+0.10 0.28+0.08 11/19 ~58%
02<S<165 081+0.14 0.73+£0.12 3/12~25%
10000 f ' ' '
1000 ¢
100k
=z 3
10k
TE
10 15 20 25 30
mag |

Fig. 12. Magnitude distributions for the / band. The empty histogram
shows the distribution of the whole optical sample, while the filled his-
togram shows the distribution of the optical counterparts of the 6 cm
radio sources.

flux interval (Donnelly et al. 1987) and with those found at
even fainter fluxes (Fomalont et al. 1991 for a sample selected
at 5 GHz with 0.016 < S¢ ¢m < 0.2 mly; Richards et al. 1999
for a sample selected at 8.5 Ghz with S .4 ~ 0.03 mly).

Vice versa, the suggestion from our data of a steeper aver-
age spectral index for S¢ cm > 0.2 mJy appears to be in con-
trast with the conclusion reached by Fomalont et al. (1991) and
Windhorst et al. (1993). They found, in fact, that while the me-
dian spectral index reaches the maximum steepness in the 10—
100 mJy range (see Fig. 5 in Windhorstet al. 1993), it decreases
to ~0.4 below 1 mJy and remains constant over almost a fac-
tor of 100 in flux density down to the faintest observed level
(~0.016 mJy). Both our sample and those listed by Fomalont
et al. (see their Table 9) in the flux range 0.2 < S¢ ¢ < 2 mly
are however very small; only much larger surveys at these
fluxes could better determine at which flux the change in the
spectral properties (from steep spectra at high flux to flat spec-
tra at low flux) is actually occurring.

Finally we calculated the median of the spectral index dis-
tribution of the entire 6 cm sample with S¢ ¢ = 0.1 mJy. The
median value of the 6 cm selected sample is 0.52 + 0.13. This
value is consistent with the general trend of a flattening of the
mean radio spectral index with increasing selection frequency
(Fomalont et al. 1991; Windhorst et al. 1993) and with the re-
cent results of Richards (2000), who found that, while the av-
erage spectral index for the 1.4 GHz radio sample in the HDF
is 0.85 + 0.2, for the 8.5 GHz selected sample it is 0.4 = 0.1.
This flattening of the spectral distribution is consistent with the
idea that high frequency samples preferentially select sources
in which the radio emission is dominated by a flat-spectrum

P. Ciliegi et al.: A deep VLA survey at 6 cm in the Lockman Hole

nuclear component (either a nuclear starburst with a free-free
emission or a synchrotron self-absorbed AGN) and/or sources
in which the radio emission is produced by thermal radio emis-
sion from large-scale star formation (Windhorst et al. 1993;
Richards et al. 2000).

5.2. Magnitude distribution and colour-colour diagram

In absence of spectroscopic data, the magnitude and colour
distributions of the optical counterparts can be used to derive
some hints on the nature of faint radio sources. The / magni-
tude distribution of the optical counterparts of the radio sources
is shown as filled histogram in Fig. 12. The empty histogram
shows the magnitude distribution of the whole data set over the
region covered by the radio catalogue (a circle of 10’ radius).
These counts are in good agreement with the source counts
found in other surveys (Pozzetti et al. 1998). It is clear from
Fig. 12 that the I magnitude distribution of the optical coun-
terparts of radio sources reaches a maximum at magnitudes
(I ~ 20-21) well above our limiting magnitude, consistently
with the fact that a large fraction of the radio sources is opti-
cally identified (see Sect. 4.2). A similar result has been ob-
tained by Richards et al. (1999) in the identification of the
microjansky radio sources in the Hubble Deep Field region.
Eighty-four out of 111 radio sources have been identified down
to I = 25 mag, with the bulk of the sample identified with rela-
tively bright (I < 22 mag) galaxies.

In Fig. 13 we show the V — [ versus I — K’ colour for all
the radio sources in the Lockman Hole with a magnitude mea-
surement in all three bands (42 objects) or an upper limit ei-
ther in V or in K’ (4 objects; see symbols with arrows in the
figure). Typical evolutionary tracks from z = 0 to z = 2, com-
puted convolving the models’ spectral energy distributions with
the appropriate filters, are shown for elliptical galaxies (solid
line: 7 = 0.3 IMF = Scalo age = 12.5 Gyrs; dot dashed line:
7 = 1) and late-type (Sab—Sbc) galaxies (dashed line: 7 = 10
age = 12.5 Gyrs; courtesy of L. Pozzetti).

This comparison between data and models suggests that all
(or most of) the objects above the diagonal line (filled squares)
are likely to be high redshift (z > 0.5) early—type, passively
evolving galaxies. The other objects (empty squares) can be
late—type, star—forming galaxies at all redshifts or early—type
galaxies at low redshift (z < 0.5).

In the upper and right part of the figure we show objects for
which no information in V and K’ magnitudes, respectively,
are available. This is due to the fact that the fraction of the ra-
dio data image covered by the V and K catalogues are ~95%
and ~70%. These objects, shown as circles, are tentatively as-
signed a classification on the basis of the available colour (see
figure caption).

5.3. Radio flux versus optical magnitude

Figure 14 shows the 6 cm radio flux versus the / band mag-
nitude for all the 63 radio sources (I band upper limits are
shown for the 5 radio sources with no optical counterpart).
Superimposed are the lines corresponding to constant values
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Fig.13. V — I versus I — K’ colour for all the radio sources in the
Lockman Hole. The diagonal line represents V—K = 5.2. Typical evo-
lutionary tracks from z = 0 to z = 2 are shown for early-type galaxies
(solid line: T = 0.3 IMF =Scalo age =12.5 Gyrs; dot dashed line :
7 = 1) and Sab Sbc galaxies (dashed line: 7 = 10 age =12.5 Gyrs;
courtesy of L. Pozzetti). Sources above the diagonal line are likely to
be high redshift (z > 0.5) early-type galaxies and are plotted as filled
squares. Sources below the diagonal line can be late-type, star forming
galaxies at all redshifts or early-type galaxies at low redshift (z < 0.5)
and are plotted as empty squares. In the upper and right part of the
plot we show objects (plotted as circles) for which no information
in V and K’ magnitudes, respectively, are available. We tentatively as-
signed a classification on the basis of the available colour: filled circles
are sources with V-1 > 2.5 or /- K’ > 3.0 (i.e. sources probably sim-
ilar to the sources plotted as filled squares), open circles are sources
withV-I<250rl-K <3.0.

for the observed radio-to-optical ratios R, defined as R =
S x 10040-125 "where S and I are the radio flux in mJy and
the apparent magnitude of sources respectively. The symbols
are the same as those defined in the previous figure, except
for the crosses, which represent the objects for which only an
I band magnitude is available and therefore were not shown in
the colour—colour diagram.

This figure, although limited to a relatively narrow range
of radio fluxes (see Fig. 8a in Kron et al. 1985 for a similar
plot at higher flux level), shows that the two classes of ob-
jects defined on the basis of the colour—colour diagram have
a different distribution in the radio flux—optical magnitude di-
agram. In particular, all the objects at large radio-to-optical
ratios (R > 1000) have colours typical of passively evolving
galaxies at relatively high redshift. On the basis of this plot we
would conclude that also the five radio sources without opti-
cal identification are likely to belong to this class. No object
of this class, instead, appears in this plot at low values of R
(R < 30), consistent with previous findings (see, for example,
Gruppioni et al. 1999) that objects with these values of R are
mainly identified with star—forming galaxies. The situation is
less well defined for intermediate values of R (30 < R < 1000)
where the two populations defined on the basis of Fig. 13 are
not clearly separated in this plot. Only spectroscopic data can
help in better defining the relative proportions of the two pop-
ulations in this range of R. In any case, this analysis already al-
lows us to conclude that at least about 50% of the radio sources
in a 5 GHz selected sample with limiting flux S¢ ¢, > 0.05 mJy
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Fig.14. The I band magnitude versus the 6 cm radio flux for all the
63 radio sources. Symbols as in Fig. 13 except for the two crosses
that show the objects for which only an 7 band magnitude is available
and the five arrows that show the radio sources without identification
in the VI and K’ band. The lines represent different radio to optical
ratios R, corresponding to R = 1, 10, 10?, 10, 10%, 10°.

is associated to early—type galaxies. A similar conclusion was
reached by Gruppioni et al. (1999) for a 1.4 GHz selected sam-
ple (S21 em = 0.2 mJy), for which a substantial fraction of spec-
troscopic identifications was available.

5.4. Extremely red radio galaxies

In Fig. 15 we show the I — K’ colour as a function of the ra-
dio flux, of the / magnitude and of the radio-to-optical ratio R.
While no obvious correlation is seen between / — K’ and radio
flux, there appear to be significant correlations between I — K’
and both 7 magnitude and radio-to-optical ratio R.

Both of them are significant at more than 5o level on the
basis of the Spearman rank test. A similar trend for the opti-
cally fainter radio sources to have redder / — K colours was
found by Richards et al. (1999) in their identification of fainter
radio sources in the HDF and SSA13 fields. From Fig. 15 it is
evident that almost all the counterparts of the radio sources in
the magnitude range 22.5 < I < 24.5 or with a radio-to-optical
ratio greater than 1000 are red objects with / — K’ > 3 and
that a high fraction (6/10) of these faint objects can be classi-
fied as Extremely Red Objects (EROs) on the basis of a colour
I — K’ > 4 (McCarthy et al. 1992; Hu & Ridgway 1994).
These EROs sources are not present at magnitudes I brighter
than 7 ~ 22.5 mag and among sources with a radio-to-optical
ratio lower than 1000.

The very red colours of EROs are well known to be con-
sistent with both old passively evolving distant (z > 0.8) el-
liptical galaxies (e.g. Cohen et al. 1999; Spinrad et al. 1997)
and dust-reddened starburst galaxies (e.g. Cimatti et al. 1998;
Smail et al. 1999). The identification of the nature of EROs is
an important test for models of galaxy formation and evolution
and therefore the relative proportions of these two classes of
objects among EROs has been lively debated in the last few
years. However, because of the faintness of these objects in
the optical bands, very few spectroscopic confirmations were
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Fig. 15. The /- K’ colour as function of the total radio flux (top panel),
of the / band magnitude (central panel) and of the radio-to-optical
ratio R (bottom panel). Symbols as in Fig. 13. The vertical line in the
central panel shows the magnitude limit / = 24.5 mag of our optical
data while the dashed slanted line shows the K’ = 20.2 mag limit.
Sources within the two lines can not be detected due to the magnitude
limits.

available until recently. Various authors, in absence of opti-
cal spectroscopy, used colour-colour diagrams and the overall
spectral energy distribution to attempt to discriminate between
passively evolving elliptical or dusty star—forming galaxies
(Pozzetti & Mannucci 2000; Willott et al. 2001). Very recently,
Cimatti et al. (2002), on the basis of extensive VLT spec-
troscopy of a complete sample of EROs with K < 20 have
convincingly shown that the EROs population is indeed made
up of both passively evolving elliptical and dusty star—forming
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galaxies and that the two classes of objects appear to be about
equally populated and cover a similar redshift range (0.7 < z <
1.5). The average spectrum of the star—forming EROs suggests
a substantial dust extinction with E(B — V) > 0.5.

Not yet having spectroscopic data for these radio—selected
EROs, we here try to set some constraints on their nature us-
ing information from our own radio data and from existing
ISO data. If these sources were dusty starbursts at z ~ 1, from
the average dust extinction of E(B — V) = 0.5 suggested by
Cimatti et al. (2002) for this class of objects we estimated
Al ~ 2.7 mag and A(l — K’) ~ 1.9 using the extinction
law of Calzetti (1997) for objects at z ~ 1. A dust extinc-
tion of E(B — V) = 0.5 is in agreement with the extinction
estimated by Willott et al. (2001) studying six extremely red
sources (R—K > 5.5) from the 7C radio sample. From the fit of
their spectral energy distribution they found six best-fit galaxy
models with a dust extinction in the range 0.2 < E(B-V) < 0.8.

Using the above extinction corrections the intrinsic colours
and the radio to optical ratios of the 6 EROs here selected
(2.15 < I - K’ < 4.32 and 50 < radio to optical ratio < 1200)
would become formally consistent with those typical of late
type galaxies. However, under this assumption, their star for-
mation rate (SFR) in massive stars, estimated from the radio
emission using SFR(M > 5 M) = L;4/(4.0 x 10> WHz™")
(Cram et al. 1998) and assuming z ~ 1, would be in the
range 100-2300 M, yr~!. Because of the well established cor-
relation between SFR and far infrared emission (SFR(M >
5 Mo) = Leo,, /(5.1 X 102 WHz™'); Cram et al. 1998),
and assuming the spectral energy distribution of M 82, these
values of SFR would imply 15 ym fluxes in the range 3—
70 mJy and 90 um fluxes in the range 10-200 mJy. However
ISO observations of this field show that none of the six ra-
dio selected EROs selected is detected at 90 ym down to
a flux limit of ~60 mJy (Rodighiero et al., in preparation)
and only two of them (LOCK_6 cm_J105255+571950 and
LOCK_6 cm_J105314+573020) are detected at 15 um with
a flux of 1.5 and 0.7 mJy respectively, with an upper limit
of ~0.30 mJy for the other four sources (Fadda et al. 2002;
Fadda et al. in preparation).

From this comparison of optical, radio and ISO data we
conclude that most of our radio—selected EROs sources are
likely not to be associated with dusty starburst galaxies, but
rather with early-type galaxies, hosting an Active Galactic
Nucleus (AGN) responsible of the radio activity, although some
contribution from the radio emission also from a nuclear star-
burst activity can not be excluded.

This conclusion is also in agreement with most of previ-
ous spectroscopic findings on the nature of extremely red ra-
dio sources. Laing et al. (1983) showed that the light from the
reddest z ~ 1 radio galaxies in the 3CRR sample (3C65) is
dominated by an old (~4 Gyr) stellar population. Subsequently,
two extremely red radio galaxies at z ~ 1.5 have been discov-
ered in the follow up of the faint Leiden Berkeley Deep Survey
(Dunlop et al. 1996; Dunlop 1999). Keck spectroscopy of these
galaxies shows that also in this case their red colours are due
to an old stellar population (>3 Gyr) and not to reddening by
dust. A similar result has been recently obtained by Willott
et al. (2001) studying six extremely red sources (R — K > 5.5)
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from the 7C radio sample. The only example so far of an ex-
tremely red object with I — K > 4 selected from a radio sur-
vey and identified with a dusty star—forming galaxy has been
found by Afonso et al. (2001) studying optical counterparts of
the radio sources from the Phoenix Deep Radio Survey (see
also Waddington et al. (1999) for a similar dusty galaxy with
I314 — K = 2.0 and a likely redshift of z = 4.424).

Finally, it is interesting to note that the six radio selected
EROs represent only ~2% of all the sources with I — K’ > 4
present in the area covered by the K’ data (~300 sources with
I — K’ > 4 over ~220 arcmin?). This fraction could approxi-
mately double if most of the five radio sources with no / band
counterpart also belong to the EROs class, as suggested by the
observed trend between colour and / magnitude (see Fig. 15).
Assuming that their radio luminosity is due to AGN activity,
the small fraction of radio detection suggests a relatively small
AGN content in the optically/near-infrared selected EROs pop-
ulation. This result is qualitatively in agreement with what sug-
gested by the recent deep X-ray surveys. In the Hubble Deep
Field North Caltech area, only 4 of the 33 EROs in the field
have a hard X-ray detection in the ~220 ksec exposure with the
Chandra satellite (Hornschemeier et al. 2001). However, it is
well known that luminous radio sources have lifetimes much
smaller than the age of the early galaxies hosting these AGNs
(=34 Gyr). Therefore, if individual radio sources have life-
times of about ~10% years (Condon 1992), then the number
of EROs undergoing radio activity during their life would be
much higher than that observed.

6. Conclusion

We have used the VLA radio telescope to image at 6 cm a cir-
cular region (10 arcmin radius) to a 4.5 o limit of ~50 uJy in
the Lockman Hole. The region is centered around the ROSAT
ultra-deep HRI field. A complete sample of 63 radio sources
has been obtained. The differential source counts are in good
agreement with those obtained by other surveys, confirming
that while the slope of the counts shows a flattening below a
flux density of ~1-3 mlJy, there is no indication for a significant
change in the slope in the 6 cm counts between ~0.1 and 1 mJy.

The availability of a 20 cm survey down to ~0.12 mJy in
the same area (de Ruiter et al. 1997), gave us the opportunity
to study the radio spectral index as function of the radio flux.
Dividing our 6 cm sample in two subsamples with fluxes lower
and greater than 0.2 mJy, we find a flattening of the radio spec-
tral index and an increase of the population of flat spectra radio
sources in the fainter flux bin. Several explanations for the ob-
served flattening compared with sources detected at higher flux
density level are possible, including an increasing number of
synchrotron self-absorbed AGNs among the microjansky pop-
ulation, and/or a rising component of thermal radiation from
active star formation.

Using the available optical images in V and I bands, we
performed the optical identification of the radio sources using
the Likelihood Ratio Analysis. We found a likely optical iden-
tification for 58 of the 63 radio sources. From the reliability as-
sociated to the likelihood analysis we estimate that at most four
of the proposed identifications may be spurious and therefore
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the identification rate with the “correct” optical counterpart is
in the range ~86%—92%. Moreover, for a subsample of 51 radio
sources we have data also in the K’ band. For this subsample
we find K’ counterparts for 49 sources (96% of identifications).
These high identification rates are consistent with the observed
magnitude distribution of the optical counterparts, which ap-
pears to reach a maximum at magnitudes (I ~ 20-21) well
above the limiting magnitude of our optical data.

A cross correlation between the radio catalogue and
the ROSAT catalogue and the XMM-Newton source list
(106 sources detected in the 0.5-2.0 keV band down to a flux
limit of 3.8 x 107'® ergecm™2s~!, Lehmann et al. 2002) gives
13 reliable radio/X-ray associations. The percentages of the
radio/X-ray associations are ~21 percent of the radio sample
and ~12 per cent of the XMM/X-ray sample.

From an analysis of a colour—colour diagram (V — [ versus
I — K’) we divided the optical counterparts in two classes. The
objects in the first class are likely to be high redshift (z > 0.5)
early—type, passively evolving galaxies, while the objects in the
second class can be both late-type, star—forming galaxies at
all redshifts and early—type galaxies at low redshift (z < 0.5).
This separation in two classes appears to have a physical ba-
sis, related to different radio emission mechanisms, as further
supported by the fact these two classes of objects have a quite
different distribution in the radio flux—optical magnitude dia-
gram. In particular, all the objects at large radio-to-optical ra-
tios (R > 1000) have colours typical of passively evolving
galaxies at relatively high redshift. On the basis of this plot we
suggest that also the five radio sources without optical identifi-
cation are likely to belong to this class. No object of this class,
instead, appears in this plot at low values of R (R < 30), consis-
tent with previous findings (see, for example, Gruppioni et al.
1999) that objects with these values of R are mainly identified
with star—forming galaxies. From this analysis based on colours
and the radio-to-optical ratios we conclude that at least 50% of
the radio sources in a 5 GHz selected sample with limiting flux
S6cm = 0.05 mly is associated to early—type galaxies. A sim-
ilar conclusion was reached by Gruppioni et al. (1999) for a
1.4 GHz selected sample (S 2icmy > 0.2 mly), for which a sub-
stantial fraction of spectroscopic identifications was available.

Our data also show a significant correlation between / —
K’ colour and both / magnitude and radio-to-optical ratio R,
with the redder galaxies being associated with optically fainter
radio sources and with higher radio-to-optical ratio. In particu-
lar, almost all the counterparts of the radio sources in the mag-
nitude range 22.5 < I < 24.5 are red objects with / — K’ > 3
and a high fraction (6/10) of these red objects are EROs with
I-K’ > 4. By combining our radio data with existing ISO data
we conclude that most of our six radio—selected EROs sources
are likely not to be associated with dusty starburst galaxies, but
rather with early-type galaxies, hosting an AGN responsible of
the radio activity.

The six radio selected EROs represent only ~2% of the
optically selected EROs present in the field. If their radio lu-
minosity is indeed a sign of AGN activity, the small fraction
of radio detections suggests that the optically/near-infrared se-
lected EROs population contains a relatively small fraction of
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active AGN, in agreement with what suggested by recent deep
X-ray surveys (Hornschemeier et al. 2001).

The very high percentage of optical identifications and the
availability of near infrared and deep X-ray data make this sam-
ple one of the best samples of radio selected sources available
at uJy flux density level and well suited to study in detail the
nature of faint 6 cm radio sources. With this aim, we already
obtained spectroscopic data for about one third of the radio
sample, while a programme to obtain spectroscopic data for all
the sources is ongoing. The results of the optical spectroscopic
classification and a more detailed comparison with the XMM
source list will be presented in a forthcoming paper.
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