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In the run up to routine observations with the upcoming generation of radio facilities, the nature

of sub-mJy radio population has been hotly debated. In this talk, we describe multi-frequency

radio data designed to probe the emission mechanism that dominates in these faint radio sources.

Our analysis is based on observations of the Lockman Hole using the Giant Metre-wave Radio

Telescope (GMRT) – the deepest 610-MHz imaging yet reported– together with 1.4-GHz imaging

from the Very Large Array (VLA), well matched in resolution and sensitivity to the GMRT data

(σ610MHz∼ 15µJy/beam,σ1.4GHz∼ 6µJy/beam, FWHM∼5 arcsec). The GMRT and VLA data

are cross-matched to obtain the radio spectral indices for the faint radio emitters. Statistical

analyses show no clear evolution for the median spectral index,α1.4GHz
610MHz (whereSν ∝ να ), which

is found to be approximately−0.6 to−0.7 based on an almost unbiased 10-sigma criterion, down

to a flux level of S1.4GHz≥ 100µJy. The fraction of inverted spectrum sources,α1.4GHz
610MHz ≥ 0, is

less than 10%. The results suggest that the most prevalent emission mechanism in the sub-mJy

regime is optically-thin synchrotron, ruling out a dominant flat spectrum or an aged ultra-steep

spectrum radio population. The spectral index distribution has a significant scatter,∆α ∼ 0.4–0.5,

suggesting a mixture of different populations at all flux levels. This is supported by spectroscopic

classifications of radio sources with X-ray emission, whichhas allowed us to estimate that the

fraction of radio-quiet (type 1 and 2) active galactic nuclei (AGN) at 30µJy<S1.4GHz≤ 300µJy

is 15–35%, consistent with a dominant star-forming galaxy population in the sub-mJy regime.
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1. Introduction

In early studies, radio astronomy was limited to bright sources associated withrare luminous
radio galaxies and quasars (QSOs), usually hosted by massive elliptical galaxies [14]. It was not
until the mid-1980s that radio telescopes started to shed light on objects with sub-mJy levels, re-
vealing a new population – usually bluer and associated with star-forming galaxies instead of AGN
(e.g. [21]). Nowadays, the improved sensitivity reached by radio facilities has allowed the detection
of a large number of faint sub-mJy radio sources, although the fraction of AGN and star-forming
galaxies that contribute to this population remains largely unknown. The nature of this faint popu-
lation is being hotly debated, e.g. [1, 18].

In this talk, we present a study of these sources, looking at their radio spectral properties.
We have combined radio data at frequencies where synchrotron emissionis the dominant emission
process. We merge two datasets to characterise the spectral index of theµJy radio population as a
function of flux density, thereby probing the physical mechanisms that dominate in this enigmatic
population: optically thin (steep spectrum) or self-absorbed (hard spectrum) synchrotron emission.
We have also analysed their X-ray properties in order to quantify the fraction of AGNs in the
sample.

2. The sub-mJy radio population

We obtained two very deep radio images centred on the Lockman Hole (LH): the deepest to
date at 610 MHz (σ ∼15µJy beam−1; FWHM = 7.1×6.5arcsec2) using the GMRT and a deep 1.4-
GHz image (σ ∼6 µJy beam−1; FWHM = 4.3×4.2arcsec2) using the VLA. In a total area of 3,534
and 2,019 arcmin2, we have found 1,587 and 1,452 sources (> 5-σ ), at 610 MHz and 1.4 GHz,
respectively.

Figure 1: Euclidean number counts as a function of flux density in the Lockman Hole at 610 MHz (left) and
1.4 GHz (right). Errors are assumed to be Poissonian in counts. At 610 MHz, and 1.4-GHz we compare our
results with previous surveys.
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Based on the large number of sources, we have estimated the differential number counts down
to µJy flux densities (see Fig. 1). We observe a flattening in the Euclidean differential number
counts towards sub-mJy flux densities at both 610 MHz and 1.4 GHz. We find evidence for a second
peak in number counts at∼80µJy and∼200µJy for the VLA and GMRT counts, respectively.

Our number counts are in good agreement with previous bright (> 100µJy) surveys, although
a large scatter is seen at fainter 1.4-GHz flux densities. This may be due to underestimation of
the number counts in shallow images; for example, Owen et al. [16] reportedan approximately
flat logN–logSdistribution down toS1.4GHz∼ 15µJy, exploiting an extremely deep VLA 1.4-GHz
image of The Deep Swire Field (σ ∼3 µJy). The origin of the wide scatter in reported 1.4-GHz
number counts is controversial. It is possible that for< 500µJy sources our survey area is not
large enough to average out cosmic structure [7] – note that for a field subtending an angle of one
square degree, the angular diameter distance at redshift unity is only∼20 Mpc. On the other hand,
noise fluctuations can contaminate the number counts through the inclusion of spurious sources
and by boosting intrinsically faint sources to higher flux densities. After a detailed analysis, we
concluded that most of the scatter at faint flux densities is due to the different corrections applied
to the number counts due to: the non-homogeneous noise across the image, theefficiency of the
source extraction method and the uncertainties in the intrinsic source size distribution.

3. Radio spectral indices

We have cross-matched (within 7 arcsec) the GMRT and VLA radio catalogues in order to
estimate the spectral index of the radio emitters. The distribution ofα610MHz

1.4GHz shows a large scatter
σα ≈ 0.4 in the sub-mJy regime (Fig. 2,left), which suggests the detection of a variety of different
populations – normal star-forming galaxies, probably a substantial number of synchrotron self-
absorbed AGN cores [2] and high-redshift ultra-steep-spectrum (USS) sources [11] – casting doubt
on previous studies which assume a clean star-forming galaxy population witha single spectral
index in the sub-mJy radio regime. Roughly 6% (.10% – upper limit) of the sources haveα > 0
in the catalogues – these sources look compact at both wavelengths.

In terms of median and mean values (Fig. 2,right), roughly within−0.7 and−0.6 (similar
to that found in local star-forming galaxies [6]), we find no clear trend in the spectral indices
toward fainter flux densities in either the GMRT- or the VLA-selected samples.Since these two
samples tend to select spectra with different spectral indexes (flatter andsteeper for higher and
lower frequencies, respectively), numerical differences of∼0.2 in the meanα , and∼0.1 in the
median, are seen in the estimates for similar flux density bins. These variations reflect the non-
Gaussianity and the large scatter of the distribution, especially at the faintestdetections.

We suggest the sub-mJy radio population is dominated by optically-thin synchrotron emis-
sion from star-forming galaxies and/or from steep-spectrum lobe-dominated Fanaroff-Riley (FR)
AGN [8]. These results contradict the suggested flattening in spectral index at sub-mJy radio flux
densities quoted in previous studies (see Table 1).

4. X-ray identifications

To identify AGN sources in the sub-mJy radio population we have cross-matched our VLA
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Figure 2: The radio spectral indices as a function of flux density basedon a 610-MHz-selected sample (left).
Plus symbols are detections (limited to 10- and 5-σ at 610 MHz and 1.4 GHz, respectively).Dashedand
solid lines show the flux limits for each survey.Arrows are 5-σ upper limits. Diamondsshow unreliable
spectral indexes. Data atα = −3 are sources outside the overlapping region. On theright, the median-
bootstrap (in black) and the Kaplan-Meier mean (in red) spectral indices as a function of flux density. Data
are based on 610-MHz- and 1.4-GHz-selected samples. In the image, mean values are slightly shifted in flux
density (just for clarity).

Reference Flux range (mJy) 〈〈α610MHz
1.4GHz 〉〉Ref.

median 〈〈α610MHz
1.4GHz 〉〉Ours

median
Bondi et al. [3] 0.5 < S1.4GHz −0.67±0.05 −0.63±0.03

0.15< S1.4GHz < 0.5 −0.46±0.03 −0.63±0.02
0.1 < S1.4GHz < 0.15 −0.61±0.04 −0.59±0.03

Garn et al. [9] 1.0 < S610MHz −0.56±0.04 −0.69±0.04
0.5 < S610MHz < 1.0 −0.36±0.12 −0.71±0.04

Tasse et al. [19] 30< S610MHz −0.76 −0.71±0.17

Table 1: A direct comparison of our results with previous work.

1.4-GHz catalogue with the deepestXMM/Newtoncatalogue so far published [5]. In Fig. 3 (left)
we show the fraction of radio sources detected in the hard X-ray band – agood indicator of AGN
activity – as a function of radio flux density. We find that this fraction declines from∼30% at
∼1 mJy to∼10% at. 100µJy. This suggests that the fraction of AGN decreases as we go to
fainter sub-mJy flux densities.

We use the optical spectroscopic classification presented by Brunner etal. [5] to plot the hard
X-ray and 1.4-GHz flux densities (Fig. 3,right) as a function of different populations. We find
that in the sub-mJy radio regime, the number of normal galaxies at fainter (S2−10keV . 3×10−15

erg sec−1 cm−2) X-ray flux densities increases, therefore a hard X-ray counterpart does not ensure
an AGN nature. Taking into account the spectroscopic classification, we have considered a rough
estimation for the total fraction of radio-quiet AGN in the sub-mJy radio regime based on four
assumptions: (1) the X-ray catalogue contains almost all the type-1 AGN in theredshift range of the
radio sources (mean,z≈ 0.8); (2) to estimate an upper limit the spectroscopically-identified sources
maintain the same relative fractions in the unknown population as in Fig. 3 (right); (3) a constant
fraction of type 1/type 2 AGN= 1:4 based on X-ray observations of local Seyfert galaxies, e.g.
[13]; (4) 25% of the X-ray sources are Compton-thick (undetected) based on synthesis population
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Figure 3: Left: The fraction of radio sources (at 1.4 GHz) detected byXMM/Newtonin the hard X-ray
band. Errors are assumed to be Poissonian in counts.Right: Radio flux density versus X-ray flux density
for cross-matched sources. The solid and dashed lines correspond to the expected correlation for radio-quiet
AGN [4] and star-forming galaxies [6, 17] introduced by Simpson et al. [18], respectively. The different
populations are based on spectroscopic identifications ([12] and Szokoly et al., in preparation) compiled by
Brunner et al. [5].

models to reproduce the Cosmic X-ray Background, e.g. [20]. Under these assumptions, we expect
an AGN contribution of 15–35% in the 30µJy≤ S1.4GHz< 300µJy radio population. We conclude
at sub-mJy radio flux levels a transition from a bright and powerful AGN toa dominant star-forming
galaxy population, contaminated at the∼ 15-35% level by radio-quiet AGN atS1.4GHz≈ 100µJy.

5. Concluding remarks

We have observed the Lockman Hole field using the GMRT at 610 MHz and theVLA at
1.4 GHz, obtaining two deep radio images with similar spatial resolutions and well-matched noise
levels (15 and 6µJy beam−1, respectively) – the former representing the deepest GMRT image yet
published. The data reveal a flattening followed by a second peak in the Euclidean-normalised
number counts in the sub-mJy radio regime – evidence for the appearance of a different dominant
radio population at these faint flux densities.

We study the spectral index of the radio emitters by combining our deep, well-matched obser-
vations – about three times deeper than previous data – which mitigate the well-known bias towards
the detection of steeper spectra at longer wavelengths, or flatter spectraat shorter wavelengths. Our
results, show that the mean and median spectral index does not evolve strongly as a function of
radio flux density, certainly between∼100µJy and 10 mJy at 1.4 GHz. We findα610MHz

1.4GHz ≈ −0.6
to −0.7, which suggests that optically-thin synchrotron emission is the dominant emission mech-
anism in the sub-mJy population – similar to local star-forming galaxies. These findings rule out
a possible dominant flat-spectrum population (e.g. AGN-cores; GPS) at these faint flux densities
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[3, 9]. The distribution of spectral indices has a significant scatter (σα ≈ 0.4) suggesting a compli-
cated scenario where different populations mix together.

Based on X-ray observations with spectroscopic classifications [5], weestimate that approxi-
mately∼15-35% of the radio sample is made up of radio-quiet AGN at 30µJy. S1.4GHz< 300µJy,
with this fraction rising towards brighter flux densities. These results suggest a transition from AGN
to a dominant star-forming population at sub-mJy radio fluxes.
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