PROCEEDINGS

OF SCIENCE

Categorising the sub-mJy population: Star-forming
galaxies from deep radio surveys

Tom Dwelly®, Nick Seymour®, lan M°Hardy?, Derek Moss?, Abdu Zhogbi?, Mathew
Page®, Andrew Hopkins®, George Rieke®, Nicola Loaring’

aSchool of Physics and Astronomy, University of Southampton, Southampton, SO17 1BJ, UK

bSpitzer Science Centre, Caltech, 1200 East California Boulevard, Pasadena, CA 91125, USA

®Mullard Space Science Laboratory, UCL, Holmbury S. Mary, Surrey, RH5 6NT, UK.

dschool of Physics, University of Sydney, Sydney, Australia

€Seward Observatory, University of Arizona, Tuscon, Arizona, USA

fSALT, PO box 9, Observatory, 7925, South Africa
E-mail: t d@hys. sot on. ac. uk, seynour @ pac. cal t ech. edu

Models predict that starforming galaxies make up the mggjarfi the source population detected
in the very deepest radio surveys. Radio selected samplasidbrming galaxies are therefore
a potentially excellent method to chart e.g. the cosmioohysof star-formation. However, a

significant minority of the faintest radio sources are AGNvpeed ‘contaminants’, and must
be removed from any solely star-formation powered sampletetive descibe a multi-pronged
method for spearating star-forming and AGN powered souitesdeep 1.4 GHz radio survey.
We utilise a wealth of multi-wavelength information, inding radio spectral and morphologi-
cal information and radio to mid-IR SED modelling, to selaatlean sample of star-formation
powered sources. We then derive the 1.4 GHz source courdsately for AGN and SFGs, cal-
culate an independent measure of the evolving star-foomatite density toz2, and compare

our results to the star-formation rate density determirteutteer wavelengths.
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1. Introduction

There is now good agreement between the various methods of estimatin@teedgmsity of
star-formation rate (SFRD) at low redshifts< 1), with uncertainties around 30-50%. However,
the situation at higher redshifts remains much less clear, with uncertaintiesSfr&ie, due to e.g.
poorly known dust absorption corrections, of as much as 300-50D% &tio emission from star-
forming galaxies (SFGs) is unaffected by absorption and scales rolirgdyly with star-formation
rate [2], thus the radio luminosity of SFGs provides an excellent indepe¢nddiased measure of
their star-formation rate. The current deepest ‘blank field’ radioeys\{reaching<10 uJy rms at
1.4 GHz) are sensitive enough to detect starburst galaxies out2pand so potentially offer an
excellent way to measure the SFRD. However, a significant fraction datheradio population
are AGN ’contaminants’, which must be filtered out in order to get a sampfruadly starburst
powered radio sources. In the past, various strategies have bgaeddtmcarry out this SFG/AGN
separation. For example in the local sample of [3], optical emission lineswsexkto identify the
presence of AGN in the host galaxies of bright radio selected soukdesiever, due mainly to
their typical faintness at optical wavelengths, such techniques areasibfe for sub-mJy radio
sources, and the nature of the very faint radio population remains umk(eg.[4],[5]). Now is a
very opportune time to consider this problem with the imminent massive increaadimsurvey
sensitivity (LOFAR, eMERLIN, e-VLA, SKA etc), which will deliver mas® samples of very
faint radio sources.

2. Separating starbursts from AGN in deep radio surveys

Below 1 mJy the 1.4 GHz Euclidean normalised source counts show a strtumrg epove that
expected from an extrapolation of the counts from higher flux densitisssiiggested that the bulk
of this upturn is due to starforming galaxies. The source counts at 1.4 &tdizat 610 MHZz) can
be reasonably well modeled by an AGN population (dominant at high fluges) a starforming
population that evolves rapidly with redshift (dominant below a few 409 [4],[6]) However,
due mainly to the typical faintness of the radio sources at shorter wavbterighas not yet been
possible to determine directly the fractional contributions from SFGs and &G source counts
as a function of flux density.

We present results here from our multi-wavelength survey of th€ ‘d8ep field’ (lying at
13734M +37°54), a high Galactic latitude field that has been targeted with deep observations
from X-rays to radio. Our starting point is the sample of radio sourcesctigtén the 1.4 GHz
VLA A+B array maps (which reach to 7By rms with~3" resolution, and cover a 30’ diameter
region), as reported in [4]. These 449 sources constitute the ‘psaemple’ discussed here. We
have used a number of techniques to determine the most likely radio powee $outhe objects in
this parent sample. We prefer to use only AGN/SFG discrimination techniqaeardependent
on the radio emission itself. This is important because some radio sourcesomajncan AGN,
but may have their radio emission powered mainly by star-formation. Theretfo work out the
power sources for the sub-mJy sources, radio-related diagnostittseamost direct. For each radio
source we look for any sign that it is AGN powered in the following diagnestiadio morphology
and spectral indices, absolute radio luminosity, radio tar@4lux density ratio, and radio to K-
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band flux density ratio. Any sources that show no sign of being an AGNeanyeone of these
diagnostics are most likely powered by star-formation.

We have obtained 163 spectroscopic redshifts for radio sources ir8théield with multi-
object spectrographs on the WHT, CFHT and Keck telescopes. Thisrepeopic redshift in-
formation is supplemented with photometric redshifts calculated using our deepdybased
optical/near-IR, an@pitzer-IRAC imaging in theu*,B,g’,R/i",1,Z,Z2,J,H K ,3.6,4.5, and 58um bands
(Dwelly et al., in prep). We have tested the accuracy of the photometrihifesdby compar-
ison with the spectroscopic values, and find a scattex @05 in Az/(1+ z) for galaxies not
spectroscopically classed as broad emission line AGN. Star-formationaieeterived from the
1.4 GHz radio luminosities using the conversion from [2], which is linear lfpsgH, > 10°?
WHz 1. We assume that all sources with radio luminosities greater th&f Y0Hz 1 (equiv-
alent to SFR- 3000M,, yr—1) must be AGN powered.

2.1 Radio morphologies and spectra

At sub-mJy levels, the best current radio morphological information cdroasthe MERLIN
array, which has a resolution of2) at 1.4 GHz (or about.8” if one combines VLA and MERLIN
data to improve sensitivity). In the 13field, 18 days of MERLIN observations at 1.4 GHz are
spread over four pointings, covering a 220’ field, when combined with the VLA A-array data,
these observations reach+ol2uJy rms per 0.5” beam (Zhogbi et al., in prep.). Radio spectral in-
formation requires deep surveys at more than one wavelength. In‘thiéel@spectral information
is currently provided by a mosaic of VLA observations at 5 GHz which afgcgent to put useful
constraints on the radio spectra of the brighter 1.4 GHz sources. \&apthg we have also carried
out over 60 hours of 610 MHz GMRT observations of th& fi@ld, which will reach below 16Jy
rms (e.g. [7]), and provide spectral index measurements for virtually itieeel .4 GHz sample.
All unresolved, flat spectrum radio sources (with or without linearly edts jet- or lobe-like fea-
tures), are most likely AGN powered, whereas steep spectrum radioesyuwesolved on roughly
the scale size of their optical host galaxies, are most likely star-formatiweneal.

2.2 Radio/mid-IR and Radio/near-IR flux ratio diagnostics

In SFGs, the radio flux is tightly correlated with the IR emission (e.g. [8], beedoth trace
the same star-formation processes: the high mass stars, whose dosesspd UV emission is
seenin the IR, are the same objects that become supernovae and giieesgiehrotron emission
seen in the radio. The T'Jield is covered by deefpitzer-MIPSimaging of comparable sensitivity
to the 1.4 GHz data. We use the##/1.4 GHz flux density ratio as a AGN/starburst discriminator.
In Fig. 1 we show the distribution of 24n/1.4 GHz flux density for our parent sample and compare
it to the tracks (as a function of redshift) expected for luminous starigatsixy templates (Rieke
et al., in prep). Any radio sources that lie far from these tracks are liteelye primarily AGN
powered.

A high radio to near-IR flux ratio is expected for radio loud AGN. For stigsts, the 1.4 GHz/K-
band flux density ratio is somewhat dependent on specific SFR, buyalaaer than for radio
loud AGN. We identify as AGN all the radio sources in our sample that havefsigntly higher
radio/K-band flux density ratios than expected for model SFG templates.
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Figure 1: Left panel: The 24um/1.4 GHz flux density ratios for our radio sample (pointsinpared to
tracks expected for starburst galaxies (red lines), a radid AGN (blue line) and a radio quiet AGN (green
line). All sources below the solid black line are incongigterith being powered by starformationright
panel: The Euclidean normalised differential 1.4 GHz source csimthe 13' field subdivided by source
type (AGN in blue, SFGs in red, and total source counts ink)laé/e also show the source counts predicted
by the model AGN and SFG populations from [4] (dot-dashed duottkd lines), and the AGN population
model from Jarvis et al. (in prep, dashed lines).

3. Results

After applying the AGN/SFG discrimination techniques listed in section 2, we fiatdntore
than half (269/449) of the 1.4 GHz sources in our parent sample are melst ikwered by star-
formation rather than accretion processes. We have useful redgbifiniaition (spectroscopic or
photometric) for all of these SFG candidates.

We can now sub-divide the AGN and star forming galaxy contributions toubensly bump.
Figure 1 shows the source counts below 2 mJy, with the AGN and SFGs pletiathsely. We see
that as predicted, the SFGs are the dominant constituent of the radio popbkelow 1.4 GHz flux
densities of~ 200uJy. Interestingly, the AGN population appears to be higher than the ekrapo
tion from higher fluxes, and is very well matched by the AGN population mofighrvis et al. (in
prep), which includes a contribution from radio quiet AGN. At the fainkflumit of our survey,
the SFGs constitute 2/3 of the population, with AGN making up the remainder.

We can use the radio selected SFG sample to calculate the cosmic star-forratgidansity
(SFRD) as a function of redshift. In the left panel of Fig 2 we compareartbasured integrated
SFRD to that predicted by [1] model luminosity function. It is clear that odicalata provide
a strong constraint on the SFRD. In the right panel of Fig 2 we show the dtaaformation
history derived from our radio-selected sample of SFGs. We have thseshape of the SFG
luminosity function [1] to correct for objects below the luminosity sensitivity limibof data set.
Our measurements of the SFRD clearly agree well with measures obtaintgtbatvavelengths
(e.g. UV, Ha, far-IR).

4. Summary and Conclusions

We have used a multi-pronged method to separate AGN and SFG poweredoadces in
a deep 1.4 GHz survey of the 13urvey field. We find that no single one of our AGN/SFG
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Figure 2: Left panel: The summed SFRD as a function of redshift for our radio-sete8FGs (red symbols).
For comparison we show (in blue) the range of integrated SF&tes that are consistent with the best fitting
luminosity function/evolution model of [1], where the mddgintegrated down to the luminosity limit of
our survey. The lowest SFRs detectable (derived from th&H2 flux density limit) at the centre of each
bin are approximately 3, 15, 30 and 200, yr—* in the 0.1-0.52, 0.52—-1.1, 1.1-1.9, and 1.9-3.0 redshift
ranges respectivelyRight panel: The SFRD measured in the13ield (red symbols) after correction for
sources below our radio flux density limit. For comparisonskew in blue the radio-based determination
from [9], and in grey we show the compilation of multi-wavedgh SFRD measurements taken from [1].

discrimination techniques, based on sub-arcsec radio morphologicamiation, radio spectra,
24um/1.4 GHz flux ratios and K-band/1.4 GHz flux ratios, is sufficient on its owaweéVer, using

a combination of all these methods one can identify a clean, flux limited sampleGs. S¥e find
that star forming galaxies are the major contributor below 20§) and that there is some evidence
for an ‘extra’ population of radio-quiet AGN. We have used the radiecded SFG sample to
calculate the SFRD, and find that the radio measures are consistent withsthes at shorter
wavelengths. These results will be presented more fully in Seymour etéin{ged to MNRAS).
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