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ABSTRACT

We examine the behaviour of the infrared-radio correlation (IRRC) over the range 0< z . 6 using new, highly sensitive 3 GHz
observations with theKarl G. JanskyVery Large Array (VLA) and infrared data from theHerschelSpace Observatory in the 2 deg2

COSMOS �eld. We distinguish between objects where emission is believed to arise solely from star-formation, and those where an
active galactic nucleus (AGN) is thought to be present. We account for non-detections in the radio or in the infrared using a doubly-
censored survival analysis. We �nd that the IRRC of star-forming galaxies, quanti�ed by the infrared-to-1.4 GHz radio luminosity
ratio (qTIR), decreases with increasing redshift:qTIR(z) = (2:88 � 0:03)(1+ z)� 0:19� 0:01. This is consistent with several previous results
from the literature. Moderate-to-high radiative luminosity AGN do not follow the sameqTIR(z) trend as star-forming galaxies, having
a lower normalisation and steeper decrease with redshift. We cannot rule out the possibility that unidenti�ed AGN contributions only
to the radio regime may be steepening the observedqTIR(z) trend of the star-forming galaxy population. We demonstrate that the
choice of the average radio spectral index directly a� ects the normalisation, as well as the derived trend with redshift of the IRRC.
An increasing fractional contribution to the observed 3 GHz �ux by free-free emission of star-forming galaxies may also a� ect the
derived evolution. However, we �nd that the standard (M82-based) assumption of the typical radio spectral energy distribution (SED)
for star-forming galaxies is inconsistent with our results. This suggests a more complex shape of the typical radio SED for star-forming
galaxies, and that imperfectK corrections in the radio may govern the derived trend of decreasingqTIR with increasing redshift. A
more detailed understanding of the radio spectrum is therefore required for robustK corrections in the radio and to fully understand
the cosmic evolution of the IRRC. Lastly, we present a redshift-dependent relation between rest-frame 1.4 GHz radio luminosity and
star formation rate taking the derived redshift trend into account.
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1. Introduction

A tight correlation between the total infrared luminosity of a
galaxy and its total 1.4 GHz radio luminosity, extending over
at least three orders of magnitude, has been known to exist

? Visiting scientist.

for some time (e.g. van der Kruit 1971, 1973; de Jong et al.
1985; Helou et al. 1985; Condon 1992; Yun et al. 2001). This
correlation exists for star-forming late-type galaxies, early-type
galaxies with low levels of star formation and even for some
merging systems (e.g. Dickey & Salpeter 1984; Helou et al.
1985; Wrobel & Heeschen 1988; Domingue et al. 2005).
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The so-called infrared-radio correlation (IRRC) has been
used to identify and study radio-loud active galactic nuclei
(AGN; e.g. Donley et al. 2005; Norris et al. 2006; Park et al.
2008; Del Moro et al. 2013) and to estimate the distances
and temperatures of high-redshift submillimetre galaxies
(e.g. Carilli & Yun 1999; Chapman et al. 2005). Another impor-
tant application of the IRRC is to calibrate radio luminosities for
use as indirect, dust-unbiased star formation rate (SFR) tracers
(e.g. Condon 1992; Bell 2003; Murphy et al. 2011, 2012). This
is particularly relevant considering the powerful new capabilities
of the recently upgraded radio astronomy facilities (such as the
Karl G. JanskyVery Large Array; VLA) and the next genera-
tion of radio telescopes coming online in the near future (such as
MeerKAT, the Australian SKA Path�nder and the Square Kilo-
metre Array). Sensitive radio continuum surveys with these in-
struments will have simultaneously good sky coverage and ex-
cellent angular resolution and will thus have the potential to act
as powerful SFR tracers at high redshifts. However, this relies on
a proper understanding of whether, and how, the IRRC evolves
with redshift.

Star-formation in galaxies is thought to be responsible for
the existence of the IRRC, although the exact mechanisms and
processes at play remain unclear. Young, massive stars emit
ultraviolet (UV) photons, which are absorbed by dust grains
and re-emitted in the infrared (IR), assuming the interstellar
medium is optically-thick at UV wavelengths. After a few Myr,
these massive stars die in supernovae explosions which pro-
duce the relativistic electrons that, di� using in the galaxy, are
responsible for synchrotron radiation traceable at radio wave-
lengths (e.g. Condon 1992). Several theoretical models attempt
to explain the IRRC on global scales, such as the Calorime-
try model proposed by Voelk (1989), the conspiracy model
(e.g. Bell 2003; Lacki et al. 2010) and the optically-thin sce-
nario (Helou & Bicay 1993). Models such as the small-scale dy-
namo e� ect (Schleicher & Beck 2013; Niklas & Beck 1997) at-
tempt to explain the correlation on more local scales. However,
none of these models successfully reproduce all observational
constraints.

As to whether the IRRC evolves with redshift, several dif-
ferent theoretical predictions exist. Murphy (2009) predict a
gradual increase in the infrared-to-radio luminosity ratio with
increasing redshift due to inverse Compton scattering o� the
cosmic microwave background resulting in reduced synchrotron
cooling, although this is dependent on the magnetic �eld prop-
erties of galaxy populations. Schober et al. (2016) model the
evolving synchrotron emission of galaxies and also �nd a de-
creasing IRRC towards higher redshifts. On the other hand,
Lacki & Thompson (2010) predict a slight decrease in the
infrared-to-radio luminosity ratio with redshift (of the order of
0.3 dex) byz � 2 due to changing cosmic ray scale heights of
galaxies.

Observationally, a lack of sensitive infrared and/or radio data
has, until recently, restricted the redshift range of studies of the
cosmic evolution of the IRRC. Several observation-based stud-
ies have concluded that the IRRC does not appear to vary over
at least the past 10–12 Gyr of cosmic history, in that it is lin-
ear over luminosity (e.g. Sajina et al. 2008; Murphy et al. 2009).
Sargent et al. (2010) found no signi�cant evolution in the IRRC
out toz � 1:5 using VLA imaging of the Cosmic Evolution Sur-
vey (COSMOS; Scoville et al. 2007) �eld at 1.4 GHz with rms
� 15� Jy (Schinnerer et al. 2007, 2010). Using a careful survival
analysis, Sargent et al. (2010) demonstrate that selecting sources
only in the radio or in the infrared for �ux-limited surveys can
introduce a selection bias that can arti�cially indicate evolution.

Several other studies (e.g. Garrett 2002; Appleton et al. 2004;
Garn et al. 2009; Jarvis et al. 2010; Mao et al. 2011; Smith et al.
2014) have similarly found no signi�cant evidence for evolution
of the IRRC out toz � 2, and out toz � 3:5 by Ibar et al. (2008).

More recently, studies of the IRRC evolution towards higher
redshifts have been facilitated by the revolutionary data prod-
ucts provided by theHerschelSpace Observatory (Pilbratt et al.
2010) at far-infrared wavelengths. For example, Magnelli et al.
(2015) performed a stacking analysis ofHerschel, VLA and
Giant Metre-wave Radio Telescope radio continuum data to
study the variation of the IRRC over 0< z < 2:3. They �nd a
slight, but statistically-signi�cant (� 3� ) evolution of the IRRC.
Similarly, Ivison et al. (2010) �nd some evidence for moderate
evolution of the IRRC toz � 2 usingHerscheland VLA data,
however their sample selection in the mid-infrared may intro-
duce some bias.

In this paper, we conduct a careful analysis of thousands of
galaxies to examine the IRRC out toz � 6 using deepHer-
schelobservations of the COSMOS �eld in combination with the
VLA-COSMOS 3 GHz Large Project (Smol�cić et al. 2017b) – a
new, highly sensitive, high-angular resolution radio continuum
survey with the VLA. These are the most sensitive data currently
available over a cosmologically-signi�cant volume and are thus
ideal for such studies. With the wealth of deep, multiwavelength
data (from X-ray to radio) available in the COSMOS �eld, we
can conduct a sophisticated separation of galaxy populations into
AGN and non-active star-forming galaxies. This allows us to ex-
amine the behaviour of the IRRC for each population separately.

In Sect. 2 of this paper we describe our data, the con-
struction of the jointly-selected source sample and the iden-
ti�cation of AGN. In Sect. 3 we present our analysis of the
IRRC as a function of redshift. In Sect. 4 we discuss our re-
sults with respect to the literature and examine the various bi-
ases involved. We present our conclusions in Sect. 5. We as-
sumeH0 = 70 km s� 1 Mpc� 1, 
 M = 0:3 and
 � = 0:7 and a
Chabrier (2003) initial mass function (IMF), unless otherwise
stated. Magnitudes and colours are expressed in the AB system.

2. Data

2.1. Radio- and infrared-selected samples

It has been shown in Sargent et al. (2010) that studies using
solely radio-selected or solely IR-selected samples are biased to-
wards low and high average measurements of the IRRC, respec-
tively, with the di� erence (in the ratio of infrared to radio lumi-
nosities) being roughly 0:3 dex. Therefore, an unbiased study of
the IRRC requires a sample jointly selected in the radio and in-
frared. This section details the construction of the radio-selected
and infrared-selected samples and the union of the two, consti-
tuting the jointly-selected sample.

2.1.1. Radio-selected sample

The 3 GHz COSMOS Large Project survey was conducted over
384 h with the VLA between November 2012 and May 2014
in A and C con�gurations. The observations, data reduction and
source catalogue are fully described in Smol�cić et al. (2017b).
The data cover the entire 2 deg2 COSMOS �eld to an aver-
age sensitivity of 2.3� Jy beam� 1 and an average beamwidth of
0.7500. In total, 10 830 individual radio components withS=N �
5 have been identi�ed in the �eld.

We have searched for optical and/or near-IR (hereafter op-
tical) counterparts to the 8696 radio sources in regions of
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