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ABSTRACT
Historically, GHz radio emission has been used extensively to characterize the star-formation
activity in galaxies. In this work, we look for empirical relationships amongst the radio
luminosity, the infrared luminosity, and the CO-based molecular gas mass. We assemble a
sample of 278 nearby galaxies with measurements of radio continuum and total infrared
emission, and the 12CO J = 1–0 emission line. We find a correlation between the radio
continuum and the CO emission line (with a scatter of 0.36 dex), in a large sample of different
kinds of galaxies. Making use of this correlation, we explore the evolution of the molecular
gas mass function and the cosmological molecular gas mass density in six redshift bins up to z

= 1.5. These results agree with previous semi-analytic predictions and direct measurements:
the cosmic molecular gas density increases up to z = 1.5. In addition, we find a single plane
across five orders of magnitude for the explored luminosities, with a scatter of 0.27 dex. These
correlations are sufficiently robust to be used for samples where no CO measurements exist.

Key words: galaxies: evolution – galaxies: ISM – infrared: galaxies – radio continuum:
galaxies.

1 IN T RO D U C T I O N

Understanding the evolution of galaxies is a key goal in modern
astrophysics. Progress can be made using a wide range of ob-
servational and theoretical prescriptions, which involve complex
physical processes (e.g. Davies et al. 2019). In the cosmological
context, a primary focus in this area is the evolution of the cosmic
star-formation history (CSFH, e.g. Tinsley & Danly 1980; Madau
et al. 1996). Studies based on large galaxy samples reveal that the
cosmic star-formation rate (SFR) density peaks at z ∼ 2–3 and then
declines steadily by ∼ 20× through to the present time (Madau &
Dickinson 2014). The physical processes involved are not yet clear,
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although some of the main predictions are: the growth of dark-
matter haloes (e.g. Behroozi, Wechsler & et 2013), the depletion of
molecular gas reservoirs in galaxies (e.g. Kennicutt & Evans 2012;
Genzel et al. 2015; Tacconi et al. 2018) and changes in the star-
formation efficiency (e.g. Genzel, Tacconi & et 2010; Daddi, Elbaz
& et 2010).

The molecular gas is the reservoir for star-formation (SF) activity,
so its census across cosmic time is fundamental for an understanding
of the CSFH. Historically, the main proxy for tracing the molecular
gas mass has been via the rotational low-J (J = 1–0) transitions of
the carbon monoxide (CO) molecule (Bolatto, Wolfire & et 2013).
Recently, spectroscopic surveys undertaken with the Atacama Large
Millimeter/submillimeter Array (ALMA, e.g. ASPECS; Walter,
Decarli & et 2016; Decarli, Walter & et 2016) have revealed that the
molecular gas mass density changes by a factor of 3–10× across z
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= 0–2. This result is in concordance with predictions from semi-
analytic models (e.g. Popping, Caputi & et 2012; Lagos, Tobar & et
2018). However, when CO-based studies are performed via pencil-
beam surveys, they are: (i) naturally affected by cosmic variance
(Walter et al. 2016); (ii) biased to detect the most intensely star-
forming galaxies (e.g. Bothwell, Smail & et 2013); and (iii) based
on small galaxy samples (e.g. Daddi et al. 2010; Genzel et al. 2010,
2015). These limitations are a consequence of the considerable
amount of observing time needed to measure CO lines in galaxies
beyond the local Universe.

An alternative but less direct method to measure the gas mass,
Mgas, uses the dust that is concomitant with the molecular gas.
Several studies show that optically thin dust emission in the
Rayleigh–Jeans regime (∼350–1000μm) is proportional to the dust
mass (e.g. Dunne et al. 2011; Clemens et al. 2013; Bianchi 2013),
where there is a strong sensitivity on dust temperature (Scoville et al.
2014). Diffuse, cold dust (T ≤ 25 K) dominates the dust mass in
galaxies, while warmer dust (T ≥ 30 K) usually dominates the dust
luminosity (Devereux & Young 1990; Dunne & Eales 2001; Draine
et al. 2007; Clark et al. 2015). According to Scoville et al. (2014),
the molecular gas mass can be obtained from a single measurement
of flux density made in a specific band on the Rayleigh–Jeans
tail, assuming a typical dust temperature between 20 and 45 K.
Adopting a dust-to-gas mass ratio, these authors then determined
the molecular gas mass. Using this method, recent studies (e.g.
Scoville, Sheth & et 2016; Hughes, Ibar & et 2017a) using
small samples of massive, nearby, star-forming, infrared-bright
galaxies (LIR > 1011 L�) found empirical relationships between
the luminosity at 850μm (L850) and the total Mgas. The L850–Mgas

relationship is tight (scatter ∼ 0.3 dex), which makes it possible
to obtain Mgas in an efficient, precise manner for large samples of
galaxies.

Using a sample 10× larger than that of Scoville et al. (2014),
however, Orellana, Nagar & et (2017) found that the relationship
between the submillimetre (submm) emission and the gas mass
determined by Scovile’s method shows a significant dispersion (∼
1 dex), as well as increased scatter towards fainter luminosities.
Moreover, Orellana et al. (2017) found that the dust mass is a more
accurate tracer of the total gas mass (atomic and molecular) than
the molecular gas mass alone, in concordance with recent results
obtained by Casasola et al. (2020) based on 436 nearby galaxies
from the DustPedia Survey (Davies et al. 2017).

In this paper, we construct new scaling relationships using other
tracers of molecular gas that can provide more precise molecular
gas mass estimates with a lower dispersion.

To tackle this problem, we make use of three well-studied rela-
tionships. First, the radio continuum–infrared (RC–IR) correlation
connects the non-thermal radio emission, typically at 1.4 GHz, and
the IR radiation coming from dust grains heated by ultraviolet
photons from young stellar populations, assuming that supernova
remnants related to massive young stars are responsible for the
synchrotron radiation. The RC–IR correlation has been shown to
be valid over a wide range of star-forming galaxies (e.g. Bell 2003;
Ibar et al. 2008; Ivison et al. 2010; Smith et al. 2014; Liu, Gao &
Greve 2015), with little evolution across cosmic time (Ivison et al.
2010; Magnelli et al. 2015).

Second, the global Schmidt–Kennicutt (SK) relationship con-
nects the formation of stars with the fuel needed to produce them,
namely the molecular gas; it can be expressed in terms of the LIR

and L
′
CO luminosities, respectively (e.g. Kennicutt & Evans 2012),

where L
′
CO is the luminosity of the CO molecule, closely related to

the molecular gas mass (see e.g. Bolatto et al. 2013).

Third, the other widely used relationship exploited here connects
the RC and CO emission. The relationship between CO luminosity,
L

′
CO, and radio luminosity, L1.4 GHz, has been known since early CO

observations (e.g. Rickard et al. 1977; Israel & Rowan-Robinson
1984; Murgia et al. 2002) and probed in the local Universe for vari-
ous types of galaxies (e.g. disc-like galaxies, dwarfs, ultraluminous
IR galaxies – ULIRGs) using unresolved observations (global-scale
observations; e.g. Adler, Allen & Lo 1991; Leroy et al. 2005; Liu
et al. 2015) as well as observations in resolved regions down to
∼100 pc (e.g. Murgia et al. 2005; Paladino et al. 2006; Schinnerer
et al. 2013).

This article is the first of a series in which we explore the
connection between the RC and the IR and the molecular gas mass
(MH2 , traced by the CO luminosity) in spatially resolved galaxies
and in galaxies at higher redshifts. We show that the RC can be
used as a relatively precise proxy for the molecular gas mass in
the local Universe and beyond. We also present an empirical plane
among the RC emission, the IR luminosity and the CO luminosity.
We base our work on large samples of galaxies built from wide-area
surveys, resulting in work that is more statistically robust than was
previously possible.

Throughout the text, we assume a �-CDM cosmology with H0

= 70 km s−1 Mpc−1, �M = 0.3 and �� = 0.7.

2 SAMPLE SELECTI ON

Our sample is constructed from seven surveys taken from the
literature, all of which have measurements of IR, RC and low-J
CO lines for galaxies at redshifts z < 0.3.

(i) VALES (Villanueva, Ibar & et 2017; Hughes et al. 2017a, b;
Cheng, Ibar & et 2018; Molina et al. 2019) comprises 91 galaxies
at 0.02 < z < 0.35 taken from H-ATLAS1 (Eales et al. 2010),
with 65 galaxies detected spectroscopically in low-J CO J = 1–0
or J = 2–1 using the Atacama Large Millimetre Array (ALMA) or
the Atacama Pathfinder EXperiment (APEX). In addition, VALES
has rich multiwavelength coverage from UV to far-IR wavelengths
compiled by the Galaxy And Mass Assembly survey (GAMA;
Driver, Wright & et 2016), allowing us to measure LIR by spectral
energy distribution (SED) fitting. In order to homogenize the CO
line measurements to J = 1–0, we assume a luminosity ratio
L′

CO(2−1)/L
′
CO (1−0) = 0.85 (as tabulated by Carilli & Walter 2013).

(ii) The xCOLD GASS survey (Saintonge et al. 2017) is a recent
upgrade of the COLD GASS survey (Saintonge, Kauffmann & et
2011a, b), with the newest sample called COLD GASS-low. In
total, xCOLD GASS contains 532 galaxies, both star-forming and
passive ellipticals, with stellar mass in the range 9.0 < log (M∗/L�)
< 11.5 and redshift in the range 0.01 < z < 0.05, which have been
observed with the Institut de Radioastronomie Milliétrique (IRAM)
30-m telescope in CO J = 1–0 and with APEX in CO J = 2–1.
We use only the CO J = 1–0 data from this survey. The IR data
come from the Infrared Astronomical Satellite (IRAS; Neugebauer,
Habing & et 1984).

(iii) Liu et al. (2015) (hereafter, Liu15) detail 181 local galaxies
with IR luminosities in the range 7.8 < log (LIR/L�) < 12.3, with
115 being normal spiral galaxies and the rest ULIRGs. This sample
contains CO J = 1–0 flux measurements from high-resolution CO
maps published in the literature (Chung et al. 2009; Young, Bureau
& Cappellari 2008; Kuno et al. 2007; Gao & Solomon 2004; Helfer
et al. 2003; Sofue et al. 2003) and IR data from IRAS.

1Herschel Astrophysical Tera-Hertz Large Area Survey.
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