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Using extremely deep (rms3.3uJy/bm) 1.4 GHz sub-arcsecond resolution MERKWLA ra-

dio observations of a/8x8!5 field centred upon the Hubble Deep Field North, in conjuncti
with Spitzer 24 um data we present an investigation of the radio-MIR coriateat very low flux
densities. By stacking individual sources within thesexde¢ are able to extend the MIR-radio
correlation to the extremely faint{microJy and even sub-microJy) radio source population- Ten
tatively we demonstrate a small deviation from the correfafor the faintest MIR sources. We
suggest that this small observed change in the gradieneafdirelation is the result of a suppres-
sion of the MIR emission in faint star-forming galaxies. §deviation potentially has significant
implications for using either the MIR or non-thermal radinission as a star-formation tracer at
low luminosities.
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1. Introduction

Radio and infrared emission from galaxies in both the nearby and distaversa is thought
to arise from processes related to star-formation, hence resulting in tiedatimn between these
two observing bands. The infrared emission is produced from dugtdhés photons from young
stars and the radio emission predominately arises from synchrotron raditiduced by the ac-
celeration of charged particles from supernovae explosions. Itdvasver recently been suggested
that at low flux density and luminosities there may be some deviation from the tgjhkaown
radio-IR correlation seen for brighter galaxi¢s[[L, 2].

[ argue that while the IR emission from luminous galaxies will trace the majofithe
star-formation in these sources, in low luminosity galaxies the IR emission willdsduieninous
than expected considering the rate of star-formation within the source @ &R tbmission will not
fully trace the star-formation). In this scenario the reduced efficiendiRgiroduction relative to
the source star-formation rate (SFR) would be the result of inherentlyr ldust opacities in lower
luminosity sources and consequently less efficient reprocessing ofHdtops from hot young
stars into IR emission. The simple consequence of this is that at lower lumindiséiesar linear
radio-IR correlation kagio L', with y > 1 (e.g. [B[®]) will be deviated fromOf course such an
assertion is dependent upon the radio emission providing a reliable tracer of star-formation at low
luminosities which may be equally invalid.

Recently [P] have presented a statistical analysis of Australia Telesaoppdtt Array (ATCA)
20 cm observations of the 24m sources within th&pitzer Wide Field Survey (SWIRE). In this
work [@] have co-added sensitive (rm80puJy) radio data at the locations of several thousand
24 um sources. Using this method they have statistically detected the microJy radliteiquarts
of faint 24um sources. At low flux densities £§,m = 100uJy) they confirm the IR-radio cor-
relation but find it to have a lower coefficient(&sHz,=0.039 S4um) than had previously been
reported at higher flux densities. This coefficient is significantly difiefeom results previously
derived from detections of individual objects (e[d. [5]) and is speedlay [2] to be the result of a
change in the slope of the radio-IR correlation at low flux densities.

In this work (which is described in more detail ifj [B, 7]) we have utilised w@egp, high
resolution 20 cm observations of the Hubble Deep Field North and suiogi@rea made using
MERLIN and the VLA [8] in combination with publicly available 24m Spitzer source catalogues
from GOODS to study the MIR-Radio correlation for microjansky radio sesr This study ex-
tends the flux density limits of the radio-IR correlation by more than an ordemnagfnitude for
individual sources and overlaps the flux density regime studied usingtisetstacking methods
by other authors.

2. Observations

2.1 Radio Data

Extremely deep radio observations of the HDF-N region were made in 99%6-1.4 GHz
using both MERLIN and the VLA. These observations were initially preskimtg], [O] and [10].
The results from the combined 18 day MERLIN and 42 hr VLA observatwagiescribed in detail



An evolution of the IR-Radio correlation? R. J. Beswick

3T T T T T T T T T T T 3 T T T T T T T T
4R flux density = 247.27 to 309.84microly 3| 1R flux density = 197.27 to 247.27micrody AR flux density = 247.27 to 309.84micrody | IR flux density = 197.27 to 247.27micrody

2{® 4 B - 1 - " 1
Peak flux = 18.820 microJy/bm bt Peak ﬂu\( 14'740 microJy/bm - Pe;k ﬂux 8. @92"\{10]\/ b’ {é Peak flux =, 5 5553 ﬂwchylb

Bottom contour DlelmlcraJy/bm =22 || B Bottom contour = 1.414microdyibm, N=49 | “Botiom cofipu? ymcmjy/nm = 2 Bottom can(our1141:dlwcm]ylbm N=49
3 o B . ; ke
it 2t HE 1 3t T T 1

IR flux densny 157410 187 27m\cm.|y IR flux aensuy 1256310 150Jy v IR flux dens\(y iy m=1§7 27mjcruJy SR flux, densny 125768 10 157, AAmmngJy .
A4 u . o o
L0 . . N £ o - o

Relative position (arcsec)

Relative position (arcsec)

peak ntgc 5: 11,66 micrody
M gN=44 Bot uom \cBidour = 1347rrm
!

Peak flux = 4 750?mncmly/ eak flud= 4.1161 micrody/bm Peak flux = 4.4681 micr

@ Boliom contou ~1 452 croJ;g/bm st Boitom coﬂuour 1. 54rmicrodybm, =54 | Bottom tbiour = 1.462

3t g S
} H -

H= HE
IR flux densv\y vazem 125 Sém\c on IRflux aensuy 80,0t 10025micr 1oy
s ¥

=B
-0 &

o . N K E L%
eak flux = 2.9846 micrody/bm,_ 7 s Peak fit:f= 22793 micrody/bm 0% = 3.4989 mmmJy +| Peak fu= $Bagz microayiom
otiom contour = 1.183 m cron/lxm = 70 @ |Bottom contour = 1.228mi chylbm N=es | i contour = 1183 i cron/bm r\mu Bottom coniaur =1.228micrody/lom, = 65
| b | | I | v .

M 4
3 2 1 0 -2 3 3 2 1 0 1 2 3 3 2 1 0 -2 3 3 2 o -1 -2 -3
Relative position (arcsec) Relative position (arcsec)

Figurel: Mean (Ieft) and median (right) images of the 1.4 GHz radlosamn for all sources within the six
faintest 24um flux density logarithmic bins plotted in Fig. 1 in descengftux density order from top-left to
bottom-right. The range of 2dm flux density over which each image has been stacked is shitlie top

of individual panels. Each image is contoured with levels-8f —1.414,—1,1, 1.414, 2, 2.828, 4, 5.657, 8,
11.31, 16, 22.63 and 32 times8.34/N) uJy bnt, where N equals the number of 24n source positions
averaged in the map. The peak flux density, lowest plottedocwrand number of IR sources which have
been averaged over (N) is listed at the bottom of each imagelpa

in [B]. The combined MERLIN-VLA image has an rms noise level of 3.3y per 0’2 circular
beam making it amongst the most sensitive, high-resolution radio images maale to

2.2 GOODS-N Spitzer 24 um observations

As part of the GOODS enhanced data relég8R1+ February 2005) a catalogue Sgitzer
24um source positions and flux densities for the GOODS-N field were relea$bis source
catalogue is limited to flux densities80 uJy providing a highly complete and reliable sample. At
the time of writing this 244m source catalogue represents the most complete and accurate mid-
infrared source list publicly available for the GOODS-N/HDF-N field.

All 24 um sources which are detected optically in GOOBS ACS images show an accurate
astrometric alignment with their optical counterparts implying that the astrometwebe these
two data-sets and their subsequent catalogues is self-consistent. é¢doaweomparison of the
astrometric alignment of the positions of sources catalogued by GOOD&ddrom theirHST
ACS images|[[11[] 7] shows there to be a systematic offset in declinatie842 from the radio
reference frame. This linear declination correction, although small reltditheSpitzer resolution

Thttp://www.stsci.edu/science/goods/DataProducts/
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at 24um is significant when compared to these high resolution radio data. This toeaction

has been applied to tt&pitzer source positions prior to all comparisons between the two data sets.
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Figure 2: Left: Radio 1.4 GHz versus the 2dm flux density. Sources from thé®B<8/5 HDF-N field are
plotted individually (small black triangles). The mediadio flux density logarithmically binned by 24m
flux densities are plotted as large filled red circles. Thalseld line represents the best-fit line to the binned
HDF-N data alone. Sources within the CDFS-SWIRE field deteatdoth 24um and 1.4 GHz from Norris
et al. ] are plotted as either green open stars (identd®@GN) or green triangles (not identified as
AGN). All sources detected at both 1.4 GHz andu24 in the Spitzer First Look Survey (FLS) with source
position separations af1”5 are plotted in orangﬂll?,]. Note the quantisation of the SBV&Rd FLS points,

in this and subsequent plots is a result of the accuracy ofiulkedensities tabulated in the literature. The
blue pluses and fitted lines in the low portion of the plot stiba/IR-radio correlation derived from stacking
radio emission at the positions of 24n sources in the CDFS and ELAIS field by Boyle et 1. [2].

Right: In the upper panel the flux density ratio¢em/S1.46Hz) versus 24um flux density is shown. The
individual sources from the HDF-N field are plotted as smédkck triangles, the median values of these
HDF-N source binned as a function of4pm as filled circles, green stars show the median binned values
for sources listed as non-AGN within the CDFS-SWIRE sampldafris et al. [@] and the blue ‘crosses’
and ‘pluses’ show the flux density ratios derived from thelstzg analysis of the SWIRE-CDFS and ELAIS
fields respectively from Boylet al. [E]. The overlaid black dotted line is the mean value fai(& /Sy 46H2)
derived by Appletoret al. [E]. This line is equivalent to £,=0.84+0.28 with the gray filled box representing
the area enclosed by these errors and the flux density ranvgstigated by Appletogt al.. The values of gy
against 24um flux density are plotted in the lower panel. The symbols wnithis plot are identical to those
in the upper panel, individual HDF-N sources are not inctuéte clarity. The additional diagonal solid
green line represents a line of constant radio flux density0ffuJy, the lowest flux density of sources in
the SWIRE sample plotted here (sources above this line ataded by this limit from the SWIRE sample).
This flux density limit will significantly effect the valued the binned SWIRE data points (green crosses)
negatively biasing the four lowest flux density bins. Thiasonly effects the SWIRE sample.
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3. Results & Discussion

Using these two highly sensitive data sets the radio emission from a samplata®4am
galaxies has been invesitigated. Of the $itzer sources within the radio field 303 were found to
have total radio flux denisties in excess of 3 times the local rms in our de&pinaaging. Many
of these sources, however, have peak flux densities comparablmarthe point source detection
threshold of these radio data.

By using both statistically stacked images and radio flux density measurem#rgpasitions
of individual Spitzer 24 um sources we have investigated the radio structures and flux densities of
faint IR sources. In figurf 1 the statistically averaged radio emission fagmh24um galaxies in
the GOODS-N field are shown. Each of these images is the statistically combitiedemission
from the location of several tens §pitzer 24 um sources and has been contoured at multiples of
three times 3.3Jy beam® divided by+/N where N equals the number 8itzer source positions
that have been stacked together. As can be seen in these images theodfrise levels achieved
approaches the value expected when co-adding multiple images with nessi@anoise proper-
ties. The co-added image rms achieved in the faintegtr@24lux density bin (80.0 to 100.23Jy)
is 0.45 and 0.5@Jy beam! in the mean and median co-added images respectively.

The Gaussian fitted sizes of the radio emission in the stacked imag¢b (Figitepaa upper
limit on the average size of the radio counterparts of these faint IR sawuidee largest angular
sizes of the radio emission in the median stacked images created from this sangdebetween
1”4 and 2. This is approximately equivalent to a linear size of 10 kpc at redshiftsrmk§. These
upper limits on the radio source sizes are consistent with radio emission atigatad sub-galactic
scales and originating within kpc-scale starburst systems.

By combining theSpitzer 24 um flux densities and the extracted 1.4 GHz radio flux densities
for these sources it is possible to begin to characterise the radio emissimfaintest IR galaxies.
Shown in the left-hand portion of FifJ. 2 is 1.4 GHz total flux density of scaiveighin the 85x 85
MERLIN+VLA field plotted against their 2&m flux density. As a direct comparison also overlaid
on this diagram are source flux densities from various other deep mulélarayth observational
campaigns of different regions of sky. As can be seen these newNMIBBODS-N data signifi-
cantly extend the observed IR-radio correlation for galaxies betweee tiv® wavelengths.

Binning and re-plotting these data in terms @f9n/S1.4cHz and G4 (109(Sapum/S1.46H2) (S€€
Fig.[2 right) clearly show the slope and tightness of this correlation. Howit\e@n be seen from
Fig.[2 that these data appear to show that this correlation begins to devitte faintest sources.
This deviation is small (and tentative) but implies that the faintest galaxiesraterduminous
at MIR wavelengths relative to their observed radio wavelengths. Thistge whilst small, has
potentially direct implications on the use of either of these bands to quantifyostaation rates
in faint galaxies. A more complete discussion of these results and their implisat@onbe found

in [, [.

4. Conclusion

Using one of the deepest high-resolution 1.4 GHz observations made tardatejunction
with deep 24um Spitzer source catalogues from GOODS, we have investigated the microJdy radio
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counterparts of faint MIR sources. These observations confirmhbahicroJy radio source popu-
lation follow the MIR-radio correlation and extend this correlation by sevanders of magnitude
to very low flux densities and luminosities, and out to moderate redshifts. Xteéason of the
MIR-radio correlation confirms that the majority of these extremely faint radid 24um sources
are predominantly powered by star-formation with little AGN contamination.

Statistically stacking the radio emission from many tens of faimi@4sources has been used
to characterise the size and nature of the radio emission from very fagdaliXies well below the
nominal radio sensitivity of these data. Using these methods the MIR-ratelaimon has been
further extended and a tentative deviation in this correlation at very lopn24lux densities has
been identified.
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