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ABSTRACT
Radio emission is a key indicator of star formation activity in galaxies, but the radio luminosityÐ
star formation relation has to date been studied almost exclusively at frequencies of 1.4 GHz or
above. At lower radio frequencies, the effects of thermal radio emission are greatly reduced, and
so we would expect the radio emission observed to be completely dominated by synchrotron
radiation from supernova-generated cosmic rays. As part of the LOFAR Surveys Key Science
project, the Herschel-ATLAS NGP Þeld has been surveyed with LOFAR at an effective
frequency of 150 MHz. We select a sample from the MPA-JHU catalogue of Sloan Digital Sky
Survey galaxies in this area: the combination of Herschel, optical and mid-infrared data enable
us to derive star formation rates (SFRs) for our sources using spectral energy distribution Þtting,
allowing a detailed study of the low-frequency radio luminosityÐstar formation relation in the
nearby Universe. For those objects selected as star-forming galaxies (SFGs) using optical
emission line diagnostics, we Þnd a tight relationship between the 150 MHz radio luminosity
(L150) and SFR. Interestingly, we Þnd that a single power-law relationship betweenL150 and
SFR is not a good description of all SFGs: a broken power-law model provides a better Þt.
This may indicate an additional mechanism for the generation of radio-emitting cosmic rays.
Also, at given SFR, the radio luminosity depends on the stellar mass of the galaxy. Objects that
were not classiÞed as SFGs have higher 150-MHz radio luminosity than would be expected
given their SFR, implying an important role for low-level active galactic nucleus activity.

Key words: galaxies: nuclei Ð infrared: galaxies Ð radio continuum: galaxies.

1 INTRODUCTION

The star formation rate (SFR) of a galaxy is a fundamental parame-
ter of its evolutionary state. Various SFR indicators of galaxies have
been used in the literature over the years: for recent reviews, see
Kennicutt & Evans (2012) and Calzetti (2013). In particular, two
important SFR calibrations have been derived using the infrared
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(IR) and radio continuum emission from galaxies. In the Þrst of
these, optical and ultraviolet emission from young stars (age ranges
0Ð100 Myr with masses up to several solar masses) is partially ab-
sorbed by dust and re-emitted in the far-infrared (FIR). The thermal
FIR emission thus provides a probe of the energy released by star
formation. On the other hand, radio emission from normal galax-
ies (the radio energy source is star formation, not due to accretion
of matter on to a supermassive black hole, e.g. Condon1992) is
a combination of freeÐfree emission from gas ionized by massive
stars and synchrotron emission that arises from cosmic ray electrons
accelerated by supernova explosions, the end products of massive
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stars. Thus, radio emission (from normal galaxies) can be used as
probe of the recent number of massive stars and therefore as a proxy
for the SFR.

Since these processes trace star formation, one would naturally
expect to see a correlation between the radio and FIR emission.
van der Kruit (1971, 1973) showed that such a correlation exists
for nearby spiral galaxies, and since then the FIRÐradio correlation
(FIRC, hereafter) has been the subject of many studies that have
aimed to understand its physical origins and the nature of its cos-
mological evolution (e.g. Harwit & Pacini1975; Rickard & Harvey
1984; de Jong et al.1985; Helou, Soifer & Rowan-Robinson1985;
Hummel et al.1988; Condon1992; Appleton et al.2004; Jarvis et al.
2010; Ivison et al.2010a,b; Bourne et al.2011; Smith et al.2014;
Magnelli et al.2015; Calistro Rivera et al.2017; Delhaize et al.
2017). These studies have suggested that the FIRC holds for galax-
ies ranging from dwarfs (e.g. Wu et al.2008) to ultra-luminous
infrared galaxies (ULIRGs;LIR " 1012.5L# ; e.g. Yun, Reddy &
Condon2001) and is linear across this luminosity range. On the
other hand, a number of studies (e.g. Bell2003; Boyle et al.2007;
Beswick et al.2008) have argued that at low luminosities the FIRC
may deviate from the well-known tight correlation due to the escape
of the cosmic ray electrons [CRe] as a result of the small sizes of
these galaxies. Although there are various factors that affect the
results obtained in these studies, one contributing factor to the con-
tradictory results might be the fact that the samples used are selected
from ßux-limited surveys carried out at different wavelengths (we
discuss this issue in more detail in Section 4.1.2).

The naive explanation of the linearity of the FIRC assumes that
galaxies areelectron calorimeters(all of their energy from CReis
radiated away as radio synchrotron before these electrons escape
the galaxy) andUV calorimeters[galaxies are optically thick in the
UV light from young stars so that the intercepted UV emission is
re-radiated in the FIR: (V¬olk 1989)]. Of these two explanations, the
latter one at least is most likely incorrect, because the observed UV
luminosities and the observed FIR luminosities from star-forming
galaxies (SFGs) are similar to each other (e.g. Bell2003; Martin
et al. 2005); see also Overzier et al.2011; Takeuchi et al.2012;
Casey et al.2014. This particularly breaks for low-mass galaxies
where the obscuration of star formation appears to be lowest (e.g.
Bourne et al.2012a). Furthermore, the electron calorimetry model
might not hold for galaxies of Milky Way mass and below, as
the typical synchrotron cooling time is expected to be longer than
the inferred diffusion escape time of electrons in these galaxies
(e.g. Lisenfeld, Voelk & Xu1996), implying that electrons may
escape before they can radiate. Non-thermal radio emission has
been observed in the haloes of spiral galaxies (e.g. Heesen et al.
2009) that directly shows that the diffusion escape time of electrons
is comparable to the typical energy loss time-scale in some cases.

Non-calorimeter theories have also been proposed (Helou &
Bicay 1993; Niklas & Beck 1997; Lacki, Thompson & Quataert
2010), often invoking a combination of processes (a ÔconspiracyÕ)
to explain the tightness of the FIRC. For example, Lacki et al.
(2010) and Lacki & Thompson (2010) presented a non-calorimeter
model taking into account different parameters (e.g. energy losses,
the strength of the magnetic Þeld, and gas density) as a function of
the gas surface density and argued that the FIRC should break down
for low surface brightness dwarfs due to the escape of CRe. Such
models imply that stellar mass (or galaxy size) has an effect in a
non-calorimeter model, as the diffusion time-scale for CRedepends
on the size of a galaxy.

To date the radio luminosityÐSFR relation and the FIRC have
been studied almost exclusively at GHz bands (e.g. Yun et al.2001;

Davies et al.2017), because sensitive radio surveys have mostly
been carried out at these radio frequencies (e.g. Becker, White &
Helfand 1995; Condon et al.1998). Due to the lack of available
data, in most previous work the radio luminosity of SFGs has been
considered as a function of SFR only. However, there is a well-
known tight relation (the Ômain sequenceÕ of star formation) that
has been observed between SFR and stellar mass of SFGs with a
$ 0.3 dex scatter (e.g. Noeske et al.2007). This relation holds for
SFGs in the local Universe (e.g. Brinchmann et al.2004; Elbaz
et al.2007a) and most likely evolves with redshift (e.g. Karim et al.
2011; Johnston et al.2015). This tight relation gives an additional
argument that the mass or size of the host galaxy should be taken
into account when considering the radio luminosityÐSFR relation.

With new radio interferometer arrays such as the Low Fre-
quency Array (LOFAR; van Haarlem et al.2013), we are able
to move towards lower radio frequencies, where the contribution to
the radio luminosity from thermal freeÐfree emission becomes in-
creasingly negligible, although synchrotron self-absorption might
become more important (e.g. Israel, Mahoney & Howarth1992;
Kapi«nska et al.2017; Schober, Schleicher & Klessen2017). In ad-
dition, with the increasing number of surveys at other wavebands,
it is possible to use multiwavelength data sets to derive galaxy
properties (such as SFR and galaxy mass etc.) using spectral en-
ergy distribution (SED) modelling. Recently, Calistro Rivera et al.
(2017) investigated the IR-radio correlation of radio selected SF
galaxies over the Bo¬otes Þeld (Williams et al.2016) using LOFAR
observations and SED Þtting and were able to show that SFGs show
spectral ßattening towards low radio frequencies [probably due to
environmental effects and interstellar medium (ISM) processes].

The goal of the present paper is to investigate the relationship
between low-frequency radio luminosity, using LOFAR observa-
tions at 150 MHz over the Herschel Astrophysical Terahertz Large
Area Survey (H-ATLAS) North Galactic Pole (NGP) Þeld ($ 142
square degrees), and the physical properties of galaxies such as SFR
and stellar mass, using multiwavelength observations available over
the Þeld. The results obtained in this work will be crucial for the
interpretation of future surveys.

The layout of this paper is as follows. A description of the sample,
classiÞcation, and data are given in Section 2. Our key results are
given in Section 3, where we present the results of our regression
analysis using Markov-Chain Monte Carlo methods (MCMC) and
stacking. In Section 4, we interpret our Þndings and summarize our
work. Our conclusions are given in Section 5.

Throughout the paper, we use a concordance cosmology with
H0 = 70 km s%1 Mpc%1, " m = 0.3, and" # = 0.7. Spectral index$
is deÞned in the senseS& %%$.

2 DATA

2.1 Sample and emission-line classiÞcation

To construct our sample, we selected galaxies from the seventh data
release of the Sloan Digital Sky Survey (SDSS DR7; Abazajian
et al. 2009) catalogue with the value-added spectroscopic mea-
surements produced by the group from the Max Planck Institute
for Astrophysics, and the John Hopkins University (MPA-JHU)1

in the H-ATLAS (Eales et al.2010) NGP Þeld. This provided a
parent sample of 16 943 SDSS galaxies over the HATLAS/NGP
Þeld. Since the radio maps do not fully cover the H-ATLAS/NGP

1 http://www.mpa-garching.mpg.de/SDSS/
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Þeld only, 15,088 sources (out of 16 943 galaxies) have a measured
LOFAR ßux density, spanning the redshift range of 0< z < 0.6.
The sample does not include quasars because they outshine the host
galaxies for these objects that makes it difÞcult to study the host
galaxy properties.

Best & Heckman (2012, BH12 hereafter) have constructed a
radio-loud active galactic nucleus (AGN) sample by combining the
MPA-JHU sample with the National Radio Astronomy Observatory
(NRAO) Very Large Array (VLA) Sky Survey (NVSS; Condon et al.
1998) and the Faint Images of the Radio Sky at Twenty centime-
tres (FIRST) survey (Becker et al.1995) following the methods de-
scribed by Best et al. (2005) and Donoso, Best & Kauffmann (2009).
Here, we brießy summarize their methods: further details are given
by the cited authors. First, each SDSS source was checked to see
whether it has an NVSS counterpart: in the case of multiple-NVSS-
component matches the integrated ßux densities were summed to
obtain the ßux density of a radio source. If there was a single NVSS
match, then the FIRST counterparts of the source were checked. If
a single FIRST component was matched, the source was accepted
or rejected based on the sourceÕs FIRST ßux. If there were multiple
FIRST components the source was accepted or rejected based on
its NVSS ßux.

We Þrst cross-matched the MPA-JHU sample with theBH12cat-
alogue in order to construct our radio AGN sub-sample (with 279
members). Some of these radio sources have emission-line classiÞ-
cations (i.e. they were classiÞed byBH12 as high-excitation radio
galaxies, HERGs, or low-excitation radio galaxies, LERGs). A num-
ber of radio sources have no clear emission-line classiÞcation and
these are shown as HERG/LERG? (with 86 objects) in the corre-
sponding tables and Þgures. The remaining galaxies from the 15,088
sources were classiÞed as SFGs (with 4157 sources), Composite ob-
jects (with 1179 objects), Seyferts (with 328 objects), LINERs (with
117 members), and Ambiguous sources [341 members; these are
objects that are classiÞed as one type in the [NII/H $] diagram and
another type in the [SII/H $] diagram using the modiÞed BPT-type
(Baldwin, Phillips & Terlevich1981) emission-line diagnostics de-
scribed by Kewley et al. (2006)]. This classiÞcation was carried out
only using the following emission lines: [NII] &6584, [SII] &6717,
H ' , OIII &5007, and H$. Composite objects were separated from
star-forming objects using the criterion given by Kauffmann et al.
(2003). It is necessary for objects to have the required optical emis-
sion lines Ð in our case H' , OIII &5007, H$, [N II] &6584, and [SII]
&6717 Ð detected at 3( in order to classify galaxies accurately. This
requirement limits the classiÞcation of SFGs to aroundz ' 0.25:
biases due to this selection are discussed in Section 2.2.1. As we
move to higher redshifts (z" 0.25), we cannot detect strong optical
emission lines from normal star-forming objects. Only a few high-
redshift SFGs (z > 0.25) have optical emission lines detected at
3( and these galaxies are probably starbursts at higher redshifts. A
large number of galaxies, more than half the parent sample, are not
detected in all the required optical emission lines at 3( , and those
are therefore unclassiÞed by these methods (with 8687 members).
In order to make a direct comparison, we include only sources with
z ' 0.25 in Þgures in which we compare the different classes of
galaxies.

2.2 Radio data

2.2.1 Flux densities at 150 MHz

LOFAR observed the H-ATLAS NGP Þeld as one of several well-
studied Þelds observed at the sensitivity and resolution of the

planned LOFAR Two-Metre Sky Survey (Shimwell et al.2017).
The observations and calibration are described by Hardcastle et al.
(2016, hereafterH16), but for this paper we use a new direction-
dependent calibration procedure. This processing of the H-ATLAS
data will be described in more detail elsewhere but, to summarize
brießy, it involves replacing the facet calibration method described
by H16 with a direction-dependent calibration using the methods
of Tasse (2014a,b), implemented in the software packageKILLMS ,
followed by imaging with a newly developed imagerDDFACET(Tasse
et al. 2017) that is capable of applying these direction-dependent
calibrations in the process of imaging. The H-ATLAS data were
processed using the December 2017 version of the pipeline,DDF-
PIPELINE2, that is under development for the processing of the LoTSS
survey (Shimwell et al.2017; Shimwell et al. in preparation). The
main advantage of this reprocessing is that it gives lower noise and
higher image Þdelity than the process described byH16, increasing
the point-source sensitivity and removing artefacts from the data,
but it also allows us to image at a slightly higher resolution Ð the
images used in this paper have a 6-arcsec restoring beam.

Radio ßux densities at 150 MHz for all the SDSS galaxies in
our sample (15,088 sources) were directly measured from the Þnal
full-bandwidth LOFAR maps. We took the ßux extracted from the
image in an aperture of 10 arcsec in radius for all MPA-JHU galaxies
at the SDSS source positions, which was chosen considering the
resolution of the LOFAR maps. With this extraction radius, the
aperture correction is negligible. The noise-based uncertainties on
these ßux densities were estimated using the LOFAR rms maps:
we discuss the ßux scale and the checks we carried out on the
forced-photometry method in Appendix A. To convert the 150-
MHz ßux densities to 150-MHz luminosities (L150 in W Hz%1), we
adopt a spectral index$ = 0.7 [the typical value that was found
by H16]. As mentioned above, the radio maps do not fully cover
the H-ATLAS/NGP Þeld: only 15,088 sources have a measured
LOFAR ßux density of which$ 50 per cent were detected at the
3( level. Counts and detection statistics of the whole sample with
LOFAR ßux measurements are given in Table1. We consider only
those sources with LOFAR ßux density measurements (including
non-detections) from now on.

Fig.1shows the 150-MHz luminosity distribution of the detected
galaxies as a function of redshift.H16 showed that the radio lumi-
nosity function (at 150 MHz) of SFGs selected in the radio shows
an evolution with redshift (within 0.0< z< 0.3) that they suggest is
a result of the known evolution of the SFR density of the Universe
over this redshift range. As can be seen from Fig.1, we include all
SFGs in the sample with a similar redshift range (0.0< z < 0.3),
because this allows us to investigate any variation in the relations
studied here for the star-forming populations with different lumi-
nosities at relatively low redshifts. We take into account possible
degeneracies between redshift and luminosity when we interpret
our results, but a priori we do not expect any particular change in
the physics of individual galaxies over this redshift range, and it is
that which drives the radioÐSFR and radioÐFIR correlations.

2.2.2 Flux densities at 1.4 GHz with FIRST

We obtained the FIRST (Becker et al.1995) images and rms maps of
the H-ATLAS/NGP Þeld and, as for the LOFAR ßux density mea-
surements, we measured the ßux densities at the source positions,
also within an aperture 10 arcsec in radius. Uncertainties on these

2 Seehttp://github.com/mhardcastle/ddf-pipelinefor the code.
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Table 1. The number of sources in the whole sample and in each population after optical emission-line classiÞcation, together with their 3( detection rate in
FIR, radio and both wavebands.

Population type ClassiÞed Herschel 3( LOFAR 3( Detected in both bands MAGPHYS Average stellar mass Average SFR
good Þt counts (M# ) (M# yr%1)

SFGs 4157 3393 2369 2179 3908 1.71e+ 10 2.21
Composites 1179 980 739 677 1133 6.10e+ 10 2.22
Seyferts 328 205 201 148 274 7.74e+ 10 0.91
RL AGN (HERGs/LERGs) 193 26 190 26 172 3.10e+ 11 0.88
HERG/LERG? 86 5 86 5 75 3.61e+ 11 2.19
LINERs 117 59 49 33 109 9.12e+ 10 0.26
UnclassiÞed by BPT 8687 2184 2880 1064 8029 1.54e+ 11 0.54
Ambiguous 341 228 197 163 317 8.81e+ 10 1.44
































