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ABSTRACT
We present an extragalactic survey using observations from the Atacama Large Millime-
ter/submillimeter Array (ALMA) to characterize galaxy populations up to z = 0.35: the
Valparaı́so ALMA Line Emission Survey (VALES). We use ALMA Band-3 CO(1–0) obser-
vations to study the molecular gas content in a sample of 67 dusty normal star-forming galaxies
selected from the Herschel Astrophysical Terahertz Large Area Survey (H-ATLAS). We have
spectrally detected 49 galaxies at >5σ significance and 12 others are seen at low significance
in stacked spectra. CO luminosities are in the range of (0.03–1.31) × 1010 K km s−1 pc2,
equivalent to log(Mgas/M�) = 8.9–10.9 assuming an αCO = 4.6 (K km s−1 pc2)−1, which
perfectly complements the parameter space previously explored with local and high-z nor-
mal galaxies. We compute the optical to CO size ratio for 21 galaxies resolved by ALMA at
∼3.5 arcsec resolution (6.5 kpc), finding that the molecular gas is on average ∼ 0.6 times more
compact than the stellar component. We obtain a global Schmidt–Kennicutt relation, given
by log[�SFR/(M� yr−1 kpc−2)] = (1.26 ± 0.02) × log[�MH2/(M� pc−2)] − (3.6 ± 0.2). We
find a significant fraction of galaxies lying at ‘intermediate efficiencies’ between a long-
standing mode of star formation activity and a starburst, specially at LIR = 1011–12 L�. Com-
bining our observations with data taken from the literature, we propose that star formation
efficiencies can be parametrized by log [SFR/MH2 ] = 0.19 × (log LIR − 11.45) − 8.26 −
0.41 × arctan[−4.84 (log LIR − 11.45)]. Within the redshift range we explore (z < 0.35),
we identify a rapid increase of the gas content as a function of redshift.

Key words: ISM: lines and bands – galaxies: high-redshift – galaxies: ISM – infrared:
galaxies – submillimetre: galaxies.

1 IN T RO D U C T I O N

Understanding the way in which galaxies form and evolve through-
out cosmic time is one of the major challenges of extragalactic
astrophysics. Recently, theoretical models adopting a � cold dark
matter (�CDM) cosmology have been successful in probing the
hierarchical gravitational growth of dark matter haloes, which is
then associated to the large-scale structure of the observed baryonic

� E-mail: vicente.villanueva@postgrado.uv.cl

matter (e.g. Spergel et al. 2003, 2007). On smaller scales, however,
the physical processes that control galaxy growth have intricate
non-linear dependencies that make its explanation far from triv-
ial (e.g. Vogelsberger et al. 2014; Crain et al. 2015; Schaye et al.
2015). One of the key observations used to constrain galaxy for-
mation and evolution models is the behaviour of the cosmic star
formation rate (SFR) density. Understanding the cosmic evolution
of the interplay between the observed SFR, molecular gas content
(Mgas), global stellar mass content (M�) and gas-phase metallicity
(Z) is a major goal in this field of research. We therefore require
a detailed knowledge of the origin and the properties of the gas
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reservoir that ignites and sustains the star formation activity in
galaxies at different epochs.

The accretion of gas into the potential wells of galaxies, either
from the inter-galactic medium or via galaxy–galaxy interactions,
provides the gas reservoir for ongoing and future star formation
(Di Matteo et al. 2007; Bournaud, Elmegreen & Martig 2009;
Dekel, Sari & Ceverino 2009). Most stars form in giant molecu-
lar clouds (GMCs), in which the majority of the mass is in the
form of molecular hydrogen (H2). The lack of a permanent dipole
moment in this molecule means that direct measurements of cold
H2 gas are extremely difficult (e.g. Papadopoulos & Seaquist 1999;
Bothwell et al. 2013). Thus, an alternative approach to study the
molecular gas content is through observations of carbon monoxide
(CO) line emission of low-J transitions (e.g. J = 2–1 or J = 1–
0) – the best standard tracer of the total mass in molecular gas
(MH2 = αCOL′

CO(1−0); e.g. Bolatto, Wolfire & Leroy 2013). Even
though this tracer has been historically used as a tracer of the
molecular gas mass, the 12C16O (J = 1–0) [hereafter CO(1–0)]
emission line is optically thick, hence the dynamics of the system be-
comes critical for converting luminosities into masses (Solomon &
Vanden Bout 2005). For instance, in the case of a merger where
dynamical instabilities are large and the system is not virialized,
Doppler-broadening could affect the line profiles and the emitting
regions could be more dispersed throughout the interstellar medium
(ISM), thus enhancing the CO emission compared to that from a
virialized system of the same mass (Downes & Solomon 1998a). In
dense, optically thick virialized GMCs, it is found that αCO ∼ 5 M�
(K km s−1 pc2)−1, whereas αCO ∼ 0.8 M� (K km s−1 pc2)−1 in more
dynamically disrupted systems, such as in ultra luminous infrared
galaxies (ULIRGs; Downes & Solomon 1998b). On the other hand,
αCO may be boosted in low-metallicity environments due to a lack of
shielding dust that enhances photodissociation of the CO molecule
(Wolfire, Hollenbach & McKee 2010; Narayanan et al. 2012). For
instance, Narayanan et al. (2012) find a parametrization of αCO in
terms of gas metallicity, where αCO ∝ Z−0.65 (mixing both low- and
high-z galaxies), similar to that found by Feldmann, Hernandez &
Gnedin (2012). A higher redshifts, a flatter slope has been suggested
(Genzel et al. 2012).

Recent observations taken with the Herschel Space Observatory1

(Pilbratt et al. 2010) of local star-forming galaxies (SFGs) suggest
the existence of at least two different mechanisms triggering the star
formation. Taking into account the LFIR/MH2 ratio (where LFIR is
the far-IR luminosity) as a tracer of the star formation efficiency,
Graciá-Carpio et al. (2011) find an unusual point at ∼ 80 L� M−1�
at which average properties of the neutral and ionized gas change
significantly, this observation is broadly consistent with a scenario
of a highly compressed and more efficient mode of star formation
that creates higher ionization parameters that cause the gas to man-
ifest in low line to continuum ratios. This value is similar to the one
at which Genzel et al. (2010) and Daddi et al. (2010b) claim a tran-
sition to a more efficient star formation mode, above the so-called
‘main-sequence’ for SFGs (e.g. Elbaz et al. 2011). The different
mechanisms controlling the star formation activity are thought to
be the product of dynamical instabilities, where higher efficiencies
are seen in more compact and dynamically disrupted systems, such
as in ultra luminous. Over the last few years, significant efforts have
been made to characterize the star formation activity of normal

1 Herschel is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia with an important partici-
pation from NASA.

and starburst galaxies at low-z (e.g. Howell et al. 2010; Saintonge
et al. 2011; Bauermeister et al. 2013; Bothwell et al. 2014). The
construction of large samples of galaxies with direct molecular gas
detections (via CO emission) has remained a challenge. Beyond
the local Universe, CO detections are limited to the most mas-
sive/luminous yet rare galaxies. For example, Braun et al. (2011)
report detections of the CO(J = 1–0) transition for 11 ULIRGs with
an average redshift of z = 0.38. For these ULIRGs, the molecular
gas mass as a function of look-back time demonstrates a dramatic
rise by almost an order of magnitude from the current epoch out to
5 Gyr ago. In addition, Combes et al. (2011) presented 18 detected
ULIRGs at z ∼ 0.2–0.6 for CO(1–0), CO(2–1) and CO(3–2) with an
average CO luminosity of L′

CO(1−0) = 2 × 1010 K km s−1 pc2, find-
ing that the amount of gas available for a galaxy quickly increases
as a function of redshift. Moreover, Magdis et al. (2014) presented
the properties of 17 Herschel-selected ULIRGs (LIR > 1011.5 L�)
at z = 0.2–0.8, showing that the previously observed evolution of
ULIRGs at those redshifts is already taking place by z ∼ 0.3. Never-
theless, the observation of ‘normal’ galaxies at these redshifts (and
beyond) has so far been, at least, restricted.

The advent of the Atacama Large Millimeter/submillimeter Ar-
ray (ALMA) opens up the possibility to explore the still unre-
vealed nature of the ‘normal’ SFGs at low-/high-z redshift. In this
work, we exploit the Herschel Astrophysical Terahertz Large Area
Survey (H-ATLAS;2 Eales et al. 2010) and the state-of-the-art ca-
pabilities of ALMA to characterize the CO(1–0) line emission
(νrest = 115.271 GHz) of ‘normal’ star-forming and mildly star-
burst galaxies up to z = 0.35. This paper is organized as follows.
Section 2 explains the sample selection, observing strategy and
data reduction. In Section 3, we present the main results and the
implications of these new ALMA observations to the global con-
text of galaxy evolution. Our conclusion is summarized in Section
4. Throughout this work, we assume a �CDM cosmology adopting
the values H0 = 70.0 km s−1 Mpc−1, �M = 0.3 and �� = 0.7 for
the calculation of luminosity distances and physical scales.3

2 O BSERVATI ONS

2.1 H-ATLAS sample

The galaxies presented in this paper have been selected from the
equatorial fields of the H-ATLAS survey (∼160 deg2; Valiante
et al. 2016) and observed during ALMA Cycle-1 and Cycle-2 (pro-
grammes 2012.1.01080.S and 2013.1.00530.S; P.I. E. Ibar). All
galaxies have a >3σ detection with both the photoconductor array
camera and spectrometer (PACS) at 160 μm and the spectral and
photometric imaging receiver (SPIRE) at 250 μm, i.e. they are de-
tected near the peak of the spectral energy distribution (SED) of a
normal and local SFG. All galaxies have been unambiguously iden-
tified in the Sloan Digital Sky Survey (SDSS; Adelman-McCarthy
et al. 2008) presenting a significant probability for association (RE-
LIABILITY R > 0.8; Smith et al. 2011; Bourne et al. 2016). The optical
counterparts to the Herschel-detected galaxies all have high-quality
spectra from the Galaxy and Mass Assembly survey (GAMA;4

Z_QUAL ≥ 3; Liske et al. 2015; Driver et al. 2016).

2 http://www.h-atlas.org/
3 We use Ned Wright’s online calculator http://www.astro.ucla.edu/∼
wright/CosmoCalc.html.
4 http://www.gama-survey.org/
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Figure 1. The figure shows the specific SFR (sSFR, defined as sSFR = SFR/M�), normalized to the one estimated for the ‘main sequence’ (Elbaz et al. 2011;
Whitaker et al. 2012) as a function of redshift for different samples of galaxies detected in CO. We use the parametrization of the ‘main sequence’ made by
Genzel et al. (2015) as log[sSFR(MS, z, M�)] = −1.12 + 1.14z − 0.19z2 − (0.3 + 0.13z) × (log M� − 10.5) Gyr−1, where dashed black lines denote 0.6 dex
off this equation for SFGs. Our data are presented in filled squares with error bars taken from our ALMA Cycle-1 (yellow) and Cycle-2 (royal blue) campaigns.
We estimate the SFR using LIR(8–1000 µm) extracted from the H-ATLAS data, stellar masses using MAGPHYS fits (see Section 2.4.3) – both using the same
IMF, and redshifts taken from the GAMA survey. Dark red crosses are nearby galaxies (Saintonge et al. 2011), red crosses are (U)LIRGs (Howell et al. 2010),
light blue unfilled squares are z = 0.05–0.5 normal galaxies (Bauermeister et al. 2013), pink inverted triangles are ULIRGs at intermediate redshifts (Combes
et al. 2011, 2013), blue dots are ‘main sequence’ galaxies at z = 1–1.5 and 2–2.5 (Tacconi et al. 2010, 2013), black dots are ‘main sequence’ galaxies at
z = 0.5–1 and z ∼ 2 (Combes & the PHIBSS collaboration 2016), light blue triangles are ‘main sequence’ galaxies at high-z (Magnelli et al. 2012), light green
dots are ‘main sequence’ galaxies at z = 0.5–3.2 (Daddi et al. 2010a; Magdis et al. 2012) and red unfilled squares are submilimetre galaxies at z = 1.2–3.4
(Greve et al. 2005; Tacconi et al. 2006, 2008; Bothwell et al. 2013). Figure adapted from Genzel et al. (2015).

Slightly different selection criteria were used in each cycle to
construct the list of ALMA targets. In Cycle-1, we selected a
representative sample of 41 galaxies with the following criteria:
0.15 < z < 0.35 [the upper threshold in redshift corresponds to
the limits at which the CO(1–0) line moves out of frequency range
covered by Band-3 of ALMA]; S160 µm > 100 mJy; SDSS sizes
ISOA < 10.0 arcsec; and a reduced χ2 < 1.5 when fitting the far-
IR/submm SED using a modified blackbody (following a similar
approach as in Ibar et al. 2013). On the other hand, in Cycle-2
we targeted 27 galaxies that have previous Herschel PACS [C II]
spectroscopy as shown by Ibar et al. (2015) and so added the fol-
lowing criteria: 0.02 < z < 0.2 (the threshold is defined by the point
where the [C II] is redshifted to the edge of the PACS spectrometer);
S160 µm > 150 mJy; Petrosian SDSS radii smaller than 15.0 arcsec;
sources do not have >3σ PACS 160 μm detections within 2 arcmin
(to ensure reliable on–off sky subtraction).

Combining Cycle-1 and Cycle-2 observations, we construct
one of the largest samples of CO(1 − 0) detected galaxies at
0.02 < z < 0.35 (see Fig. 1). We highlight that some of the
main advantages of our sample over previous studies of far-IR-
selected galaxies are as follows: (1) we cover fainter L8−1000 µm ≈
1010−12 L� and less massive Mdust ≈ 1.5 × 107 − 8 M� ranges than
IRAS-selected samples, i.e. our samples are not significantly biased
towards powerful ULIRGs that potentially have complex merger
morphologies as those described by Braun et al. (2011) and Combes

et al. (2011); (2) the sample selection dominated by the 160 and
250 μm photometry gives relatively low dust temperature estimates
(25 < Tdust/K < 60) and reduces (but not entirely) the well-known
bias towards high dust temperatures evidenced in 60 μm-selected
IRAS samples (see discussion by Gao & Solomon 2004; Kennicutt
et al. 2009); (3) the wealth of ancillary data already available for
all the sources (Bourne et al. 2016; Driver et al. 2016) and (4) the
redshift range puts galaxies far enough so galaxies can be imaged
with a single ALMA pointing in Band-3 – it does not require large
mosaicking (using the Atacama Compact Array) campaigns as in
more local galaxy samples. These reasons enable us to address our
science goals using a much simpler but wider parameter space for
the diagnostics of interest (see Fig. 1).

2.2 Observational strategy

ALMA Cycle-1 observations were taken in Band-3 between Decem-
ber 2013 and March 2014 (see Table 1), spending approximately
3–9 min on-source in each source. Scheduling blocks (SBs) were
designed to detect the CO(1–0) emission line down to a root mean
square (rms) of 1.5 mJy beam−1 at 50 km s−1 channel width and at
∼3–4 arcsec resolution (the most compact configuration). On the
other hand, Cycle-2 observations were taken in Band-3 on 2015
January and SBs were designed to observe the CO(1–0) emission
line but down to 2 mJy beam−1 at 30 km s−1. Even though ALMA
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VALES I: Molecular gas content of galaxies 3779

Figure 2. The observed CO(1–0) spectra for spectrally detected galaxies centred on spectroscopic redshifts taken from GAMA. The emission is spectrally
binned (δν ) differently in order to maximize the number of channels with signal above a 5.0σ significance. The yellow colour indicates the spectral range we
have used to derive velocity-integrated flux densities. The red lines show best-fitting single Gaussian profiles to the spectra (see Table 2).

is not specifically designed as a ‘survey-like’ telescope, we setup
our experiment to minimize the number of spectral tunings needed
to observe all sources independently. We make use of the fact that
our targets come from three equatorial H-ATLAS/GAMA fields
that are ∼4 × 14 deg2 size, providing large numbers of galaxies
at similar redshifts. We modified the ‘by-default’ approach pro-
vided by the ALMA observing tool by setting source redshifts
to zero, but fixing the spectral windows (SPWs) manually in or-
der to cover the widest possible spectral range, i.e. redshift range.
We optimized the central frequency position of the SPWs (over
∼7.5 GHz) to maximize the number of sources with the CO(1–0)
line redshifted into the ranges covered by our SPWs. This observ-
ing strategy allowed us to spectrally resolve the CO(1–0) emission
in 49 galaxies (see Fig. 2; ∼70 per cent of the whole sample),
while in 12 others we see low signal to noise emission in collapsed
spectra (moment−0).

2.3 Data reduction

A summary of all ALMA observations are shown in Table 1. To
process all observations in a standardized way, we developed a

common pipeline within the on Astronomy Software Applications5

(CASA version 4.4.0). Based on the standard pipeline for data pro-
cessing, we designed our own structured pipeline for calibration,
concatenation and imaging. The structure was designed in mod-
ules, taking into account the vast amount of data and high flexibility
at the time to flag corrupted data. When a science goal has more
than one observation, we re-calibrate the phase calibrator to an av-
erage flux density (usually variations are seen at �15 per cent) and
bootstrap this scaling to the targets before concatenating the obser-
vations. The bandpass, flux and phase calibrators for each data set
can be seen in Table 1.

In the first instance, imaging was performed using the task CLEAN

at different spectral resolutions (from 20 to 100 km s−1 in steps
of 10 km s−1). We sought the resolution that provided the highest
number of non-cleaned point-like detections >5.0σ within the data
cube (R.A.–Dec.–ν) near the expected source position. If the source
was undetected, then we created the cube at 100 km s−1 channel
width. After choosing the best resolution, we ran task CLEAN again
but this time applying a primary beam correction, manually cleaning
the CO line emission down to a threshold of 3.0σ , and choosing an

5 http://casa.nrao.edu/index.shtml
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Figure 2 continued

image size of 256 × 256 pixels with roughly 5 pixels (semimajor
axis) per synthesized beam full width at half-maximum (FWHM).
We used the optically derived spectroscopic redshifts (zspec) of each
source in a barycentric velocity reference frame. The final cubes
were created using natural weighting, resulting in image cubes with
typical synthesized beams of 3–4 arcsec. The physical sizes for each
source, i.e. the deconvolved major-axes (in kpc) are given in Table 2.

2.4 Source properties

2.4.1 CO emission

We get an average rms level of 1.6 mJy beam−1 (at 50 km s−1) for
both Cycle-1 and Cycle-2. We identify 49 galaxies (out of 67) with
a >5σ peak line detection in at least one spectral channel (from 10
to 100 km s−1 in all binned). For the 49 spectrally detected galax-
ies, we determine the central frequency (νobs) of the CO emission
line by using a single Gaussian fit to the spectra. We found that
central frequencies are in agreement and within the scatter of the
expected GAMA’s optical redshifts (see column νobs in Table 2).
The fitted FWHM of the CO line in our sample covers a range of
67–805 km s−1. All the spectra with spectrally resolved CO signal
are displayed in Fig. 2, whereas non-detections are summarized in
Table 2.

The velocity-integrated CO flux densities (SCO�v in units of
Jy km s−1) were obtained by collapsing the data cubes between
±1 × FWHM centred on the line (see yellow range shown in
Fig. 2). The 2D intensity map is then fitted with a 2D Gaussian
for all detected sources using the task GAUSSFIT within CASA.
Errors in these measurements are taken directory from GAUSSFIT’s
outputs. In seven cases the CO emission is not well fitted by a 2D
Gaussian, so we have used an irregular aperture covering the whole
extension of the emission. Errors for those aperture measurements
come from the standard deviation of fluxes measured in random sky
regions around the source. We find measurements in the range of
2.2–20.8 Jy km s−1, with an average value of 6.9 ± 0.2 Jy km s−1.
We get 21 galaxies which are spatially resolved in CO, based on
a fitted semimajor axis

√
2 times larger than the major axis of the

synthesized beam.
For non-detections, we collapsed the cubes (moment 0 maps)

between ±250 km s−1 centred at the expected observed frequency
– a range consistent with the average line width we derive for the
whole sample (251.6 ± 38.3 km s−1). In these stacked spectra,
12 other galaxies show emission (ensuring a corrected optical and
redshift association). We provide these measurements in Table 2.
In these collapsed maps, the rms values range between 0.04 and
5.35 Jy km s−1 (at 100 km s−1 channel width) with an average
of 1.64 Jy km s−1.
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Figure 2 continued

Some spectra show double line profiles providing valuable dy-
namical information. Our kinematic results will be published by
Molina et al. (in preparation). We stress, however, that our single
Gaussian profiles shown in Fig. 2 are to define the spectral range
used to collapse the cubes, from which we obtain the intensity
maps to extract the velocity-integrated flux densities. We look at
how much the velocity-integrated flux densities could change if
we use double Gaussian profiles to fit the emission lines (in 16
spectra). Collapsing the cubes between the lower and the upper
FWHM bound limits (of both Gaussians), and comparing these to
those obtained from a single Gaussian fit, we obtain that fluxes de-
crease by a ∼5 per cent (on average), although with a large scatter
(∼30 per cent). We decide to stick to the single Gaussian fit to
estimate the FWHM to collapse the cubes.

2.4.2 IR emission

For each galaxy, we measure the IR luminosity by fitting the rest-
frame SED constructed with photometry from IRAS, Wide-field

Infrared Survey Explorer (WISE), and Herschel PACS and SPIRE
instruments, using a modified blackbody that is forced to follow
a power law at the high-frequency end of the spectrum. The fit
constraints the dust temperature (Td), the dust emissivity index (β),
the mid-IR slope (αmid-IR) and the normalization. Then we integrate
the flux of the best-fitting SED between 8 and 1000 μm to obtain the
total IR luminosity (Ibar et al. 2013, 2015), i.e.

LIR(8–1000 μm) = 4π D2
L(z)

∫ ν2

ν1

Sν dν. (1)

The uncertainties on the IR luminosity are obtained by randomly
varying the broad-band photometry within the observational uncer-
tainties in a Monte Carlo simulation (100 times). Our results are
listed in Table 2.

We estimate the SFR following SFR (M� yr−1) = 10−10 × LIR

assuming a Chabrier (2003) initial mass function (IMF), where LIR

is in units of L� (Kennicutt 1998), and we assume a 1.72 factor to
convert from a Salpeter to a Chabrier IMF.
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VALES I: Molecular gas content of galaxies 3783
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Figure 3. Comparing the infrared luminosity (left), stellar mass (middle) and SFR (right) derived from empirical methods (see Ibar et al. 2015) with those
obtained from the MAGPHYS UV–submm SED fitting (see Driver et al. 2016).

2.4.3 SED fitting

All of our galaxies are present in the GAMA Panchromatic Data
Release6 (Driver et al. 2016) that provides imaging for over 230 deg2

with photometry in 21 bands extending from the far-ultraviolet to
far-infrared from a range of facilities that currently includes the
GALaxy Evolution eXplorer (GALEX), SDSS, Visible and Infrared
Telescope for Astronomy (VISTA), WISE and Herschel, mean-
ing that the SED between 0.1 and 500 μm is available for each
galaxy. These observed rest-frame SEDs have all been modelled
with the Bayesian SED fitting code, MAGPHYS (da Cunha, Charlot
& Elbaz 2008), which fits the panchromatic SED from a library of
optical and infrared SEDs derived from a generalized multicompo-
nent model of a galaxy, whilst giving special consideration to the
dust–energy balance. Although Driver et al. (in preparation) will
present a complete catalogue and analysis of all the GAMA SEDs
modelled with MAGPHYS and the corresponding best-fitting model
parameters (see also Hughes et al. 2017a), in our present study
we use the derived stellar masses and their uncertainties, which
we calculate from the upper (16th percentile) and lower (84th per-
centile) limits of the probability distribution function associated
with the stellar mass given by the best-fitting model, as presented
in Table 2.

We briefly assess the quality of the fitting by comparing the stellar
masses and IR luminosities derived from MAGPHYS to those estimates
from our previous study presented in Ibar et al. (2015). Both of these
parameters demonstrate satisfactory agreement with a mean scatter
of between 0.15 and 0.2 dex (see Fig. 3). In contrast, our derived
SFRs show a constant systematic offset across the parameter range
(of a factor of 2, where MAGPHYS are lower than those estimates from
Ibar et al. 2015 using LIR), which likely arises from differences
in SFR definition/calibration (see e.g. Kennicutt & Evans 2012).
However, removing this systematic offset yields a mean scatter of
0.2 dex.

2.4.4 Morphological properties

In order to explore the morphological properties of our galaxies,
we use the GAMA Panchromatic Swarp Imager7 to extract multi-

6 http://gama-psi.icrar.org
7 http://gama-psi.icrar.org/psi.php

wavelength imaging from GALEX, SDSS, VISTA and WISE. We
classify each source (based on visual inspection agreed by four
members of our team) into three different categories according to
the prominence of key morphological features: a Bulge (‘B’), Disc
(‘D’) and Merger-Irregular (‘M’). If the source presents more than
one morphology, we mark the first letter as the dominant morphol-
ogy. If the source has multiple neighbouring systems, then we add
‘C’ to denote these ‘companions’. In the following, we refer to our
galaxies as ‘B’, ‘D’ or ‘M’ dominated galaxies. We also note that
this morphological classification is used to define the most suitable
αCO to then compute MH2 (this is discussed in Section 3.2).

3 R ESULTS AND DI SCUSSI ON

3.1 Morphological description

We have made a census for the different optical/near-IR morpholo-
gies present in our sample, according to the morphological clas-
sification scheme explained in Section 2.4.4. From a total of 49
spectrally detected sources, we have identified 18 as B-dominated,
26 as D-dominated and 5 as M-dominated galaxies (see the mor-
phology column in Table 2). By definition, the five M-dominated
galaxies present signs of possible morphological disruption: three
galaxies are clear interacting system (with two or more compan-
ions) and two show traces of the late stages of merger events. In
the case of the spectrally undetected galaxies, we have identified 11
as B-dominated, 4 as D-dominated and 3 as M-dominated galax-
ies. We do not identify any clear morphological difference between
CO-detected and CO-undetected galaxies.

ALMA observations spatially resolve the CO emission in 21
galaxies (see Section 2.4.1). We calculate the deconvolved FWHM
of the semimajor axis (RFWHM) using the task GAUSSFIT (within
CASA), finding CO sizes in the range of 3.4–15.2 arcsec (3.7–35.0 kpc
in physical units), usually resolved at a significance of ∼7σ (median
value). We compare the optical and CO sizes by using the Petrosian
radius in r band (RP,Opt) and the Petrosian radius in CO (RP,CO), using
equation (1) from Shimasaku et al. (2001). We find values for RP,CO

in the range of 1.9–5.3 arcsec (2.8–14.0 kpc), with an average of
3.6 arcsec (6.7 kpc). For our sample, we find that the mean and scat-
ter of the RP,Opt/RP,CO distribution are 1.6 ± 0.5 (i.e. the CO emission
is typically smaller than the stellar; see Fig. 4). Previous studies have
shown a CO-to-optical ratio of unity for ‘main-sequence’ galaxies,
locally (e.g. Young et al. 1995; Regan et al. 2001; Leroy et al. 2008)
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Figure 4. The ratio between the Petrosian radius in r band (RP,Opt) and CO
(RP,CO) for the 21 ALMA-resolved sources. We separate our sample into two
populations based on the relative levels of starburst activity (see Fig. 1). We
find that most of our galaxies are distributed around a size ratio ∼1.3–2.0.

and at high-z (e.g. Tacconi et al. 2013; Bolatto et al. 2015). In a
different luminosity range, Simpson et al. (2015) found that the
sizes of SMGs at z = 2.6–4 in optical HST imaging are around
four times larger than in CO. Taking into account the typical val-
ues of sSFR/sSFR(MS) for our 21 resolved galaxies, we explore if
the optical-to-CO ratio changes as a function of sSFR. We perform
a Kolmogorov–Smirnov for both ‘main sequence’ and ‘starburst’
RP,Opt/RP,CO populations (using sSFR/sSFRMS = 4.0 as a threshold;
see the definition of ‘main-sequence’ in Fig. 1), finding a 90 per cent
probability that both populations come from the same parent distri-
bution (see Fig. 4). This little difference might be a product of the

small deviation seen from the main sequence (‘starburstiness’) or
the six spatially resolved starburst galaxies presented here.

3.2 Correlations between LIR and L ′
CO

We compute the CO luminosity following Solomon & Vanden Bout
(2005),

L′
CO = 3.25 × 107SCO �v ν−2

obs D2
L (1 + z)−3 (K km s−1 pc2), (2)

where SCO �v is the velocity-integrated flux density in units
of Jy km s−1, νobs is the observed frequency of the emission
line in GHz, DL is the luminosity distance in Mpc and z is
the redshift. We find that the values for L′

CO are in the range
of (0.03–1.31) × 1010 K km s−1 pc2, with a median of (0.3 ±
0.1) × 1010 K km s−1 pc2 (see Fig. 5). We note that our survey ex-
pands the parameter space explored before by previous similar stud-
ies, such as: Combes et al. (2011) at (0.3–7) × 1010 K km s−1 pc2;
Braun et al. (2011) at (4–9) × 1010 K km s−1 pc2; Magdis et al.
(2014) at (0.5–2) × 1010 K km s−1 pc2. Based on the IR luminosities
derived from the H-ATLAS photometry (Section 2.4.2), we find that
the ratios between LIR and L′

CO are similar to those found in normal
local SFGs (e.g. COLDGASS; Saintonge et al. 2011). However,
our galaxies have smaller LIR/L′

CO ratio than typical (U)LIRGs in
the same redshift range by a factor of ∼10 (see right-hand panel
of Fig. 5). We compute a linear regression (in log scale) to the LIR

versus L′
CO relation for our spectrally detected B- and D-dominated

galaxies, finding:

log[LIR/ L�] = (0.95 ± 0.04) × log L′
CO/(K km s−1 pc2)

+ (2.0 ± 0.4). (3)

This parametrization is within 1σ of the value previously presented
by Daddi et al. (2010b), and supports the clear linearity between
these two quantities. However, this slope is steeper compared with

Figure 5. Left: Comparison of the CO and IR luminosities for our spectrally detected (blue circles), spectrally undetected but measured with low signal to
noise in collapsed cubes (stars) and undetected (blue arrows) CO galaxies. Blue filled symbols are B- and D-dominated, while blue unfilled symbols are
M-dominated galaxies. Our sample is compared to other studies taken from the literature, including: colour-selected galaxies (BzK; Daddi et al. 2010a; gold
diamonds), submillimetre galaxies (SMGs; Greve et al. 2005, Daddi et al. 2009a,b; red down triangles, Frayer et al. 2008; blue empty square, Ivison et al. 2011;
unfilled cyan hexagons), quasi-stellar objects (QSOs; Solomon & Vanden Bout 2005; Riechers et al. 2006; green empty triangles), local ULIRGs (Solomon
et al. 1997; black crosses), local spirals (Leroy et al. 2008, 2009; black filled squares, Wilson et al. 2009; black filled triangles) and strongly lensed high-redshift
dusty galaxies (Aravena et al. 2016; black unfilled circles). The solid line shows the best-fitting L′

CO versus LIR relation for the detected B- and D-dominated
galaxies presented in this work (see equation 3). Right: LIR/L′

CO as function of redshift. Our galaxies (blue symbols) and other relevant populations classified
as (U)LIRGs (black circles) and non-(U)LIRGs (grey circles) taken from Magdis et al. (2012), including; local spirals (COLDGASS Saintonge et al. 2011);
local ULIRGs (Solomon et al. 1997); z ∼ 0.3 discs (Geach et al. 2011), IRAS-selected z ∼ 0.3 ULIRGs (Combes et al. 2011) and high-z SFGs (Daddi et al.
2010a; Genzel et al. 2010).
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Figure 6. Left: The SFR versus MH2 for our galaxies compared to previous works taken from the literature (assuming a Chabrier’s IMF but considering the
same αCO used in the original works). We show our spectrally detected (blue circles), spectrally undetected but measured with low signal to noise in collapsed
cubes (stars) and undetected (blue arrows) CO galaxies (see Section 2.4 for details). Blue filled symbols are B- and D-dominated galaxies, while blue unfilled
symbols are M-dominated galaxies. Figure contains BzK galaxies (Daddi et al. 2010a; gold diamonds), z ∼ 0.5 disc galaxies (Salmi et al. 2012; red filled
triangles), z = 1–2.3 normal galaxies (Tacconi et al. 2010; brown crosses), SMGs (Greve et al. 2005; Frayer et al. 2008; Daddi et al. 2009a,b; red down triangles,
Ivison et al. 2011; unfilled cyan hexagons), QSOs (Riechers et al. 2006; green triangles), local ULIRGs (Solomon et al. 1997; black crosses), strongly lensed
high-redshift dusty SFGs (Aravena et al. 2016; black unfilled circles) and local spirals (Leroy et al. 2009; black filled squares, Wilson et al. 2009; black filled
triangles). M82 and NGC 253 are also shown (Houghton et al. 1997; Weiß et al. 2001; Kaneda et al. 2009). The solid red line is the best fit for the B- and
D-dominated galaxies presented in this work (see equation 4). Right: The SFR surface density as a function of the gas mass (atomic and molecular) surface
density for the 21 detected sources that can be spatially resolved in CO (blue circles; see Section 3.3), 23 detected B- and D-dominated that are unresolved
in CO but resolved in R band (brown circles), and M-dominated unresolved in CO galaxies (green circles). Filled triangles are (U)LIRGS and spiral galaxies
from the sample of Kennicutt (1998), brown crosses are z = 1–2.3 normal galaxies (Tacconi et al. 2010). The empty blue squares and light green diamonds
are SMGs from Bouché et al. (2007) and Bothwell, Kennicutt & Lee (2009), respectively. The red line is the best linear fit to all of our B- and D-dominated
galaxies (see equation 6). The inset figures at the upper left and bottom right corners are as follows: (1) the relative contribution estimated by MH I (following
equation 5) to the total gas mass (MH2 + MHI) versus �Mgas . This figure demonstrates the decreasing effect that MH I has at �Mgas > 10 M� pc−2; (2) the
redshift distribution of our VALES galaxies (blue, yellow and green circles), clearly showing that most of the spatially unresolved galaxies are the ones that
are more distant.

that found by Ivison et al. (2011) in high-z SMG, local ULIRGs and
LIRGs (∼0.5–0.7). We confirm that most of our detected galax-
ies (blue circles in left-hand panel of Fig. 5) follow the so-called
‘sequence of discs’, associated to a long-standing mode of star for-
mation. We remark, however, that if we include in the statistics
those galaxies that are not spectrally detected in CO (blue stars in
left-hand panel of Fig. 5), although have low signal-to-noise emis-
sion in collapsed (moment 0 maps), the scatter in the correlation
significantly increases. This indicates that deeper observations are
required to provide details for the co-existence of different modes of
star formation. We suggest that within the LIR = 1011 − 12 L� range,
there might be a break (or a significant increment of the scatter) of
the linear relation between the CO and far-IR luminosities (Sargent
et al. 2014).

If we add into the statistics all samples presented in Fig. 5, in ad-
dition to our B- and D-dominated galaxies, we find in equation (3)
a slope and normalization of 0.99 ± 0.02 and 1.7 ± 0.2, respec-
tively. Although these parameters are in agreement with previous
studies (slope ∼1.0–1.3; e.g. Daddi et al. 2010b; Genzel et al. 2010),
we should highlight the growing evidence that the star formation
efficiencies increase with redshift (e.g. Rowlands et al. 2014; San-
tini et al. 2014; Genzel et al. 2015; Scoville et al. 2016), therefore
combining galaxy samples at different epochs might be an oversim-
plification of the analysis (see Fig. 5).

For those spectrally identified CO galaxies, we do not identify
any clear variation of the LIR/L′

CO ratio as a function of redshift
(up to z = 0.35; see right-hand panel of Fig. 5). Our results are
consistent with previous works that have shown a constant average
LIR/L′

CO in ‘main-sequence’ galaxies up to z ∼ 0.5 (e.g. Santini

et al. 2014). The scatter on the LIR/L′
CO ratio, however, increases

if non-spectrally detected galaxies are included, an effect that is
mainly dominated by the 0.15 < z < 0.35 galaxy population.

Using L′
CO, we compute the molecular gas mass (MH2 ) as-

suming an αCO conversion factor dependent on the morpho-
logical classification (see Section 2.4.4). We adopt αCO = 4.6
(K km s−1 pc2)−1 for the B- and D-dominated galaxies (which
includes contribution of He; Solomon & Vanden Bout 2005), while
αCO = 0.8 (K km s−1 pc2)−1 for mergers/interacting galaxies. For
B- and D-dominated galaxies, we find MH2 values in the range
of log(MH2/M�) = 8.9–10.9 with a median of log(MH2/M�) =
10.31 ± 0.1, while for M-dominated galaxies values are in the range
of log(MH2/M�) = 9.3–9.8 with a median of log(MH2/M�) =
9.6 ± 0.2.

Performing a linear regression to the SFR versus MH2 using our
B- and D-dominated galaxies, we obtain

log[SFR/ M� yr−1] = (0.95 ± 0.04) × log(MH2/[M�])

− (8.6 ± 0.5). (4)

In this work, we significantly increase the number of previously
detected galaxies at log[MH2/M�] ∼ 9–11. Our sample comple-
ments the ‘gap’ between local spirals and ‘normal’ high-z colour-
selected galaxies (Fig. 6). We note that our M-dominated galaxies
are shifted towards higher SFRs, and closer to the local ULIRGs
described by Solomon et al. (1997). At lower redshifts almost all
galaxies follow a tight relationship between SFR and MH2, nev-
ertheless we identify that galaxies at the upper side of the red-
shift distribution (0.15 < z < 0.35) tend to show a higher scatter
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in this correlation. The scatter is larger when low signal-to-noise
detections are included (see stars in left-hand panel of Fig. 6). If we
combine our observations with all samples shown in the left-hand
panel of Fig. 6), then in equation (4) we obtain a slope of 1.08 ±
0.02 with a normalization of −9.8 ± 0.2.

In both cases, one of the main factors controlling the scatter of
the correlation is the different αCO conversion factor chosen for
M-dominated galaxies. It is worth pointing out that deeper ALMA
observations to spectrally detect the CO emission for all of our
galaxies would probably confirm a population of optically unre-
solved ULIRGs-like galaxies with high star formation efficiencies
(filling the ‘gap’ between spirals and ULIRGs local galaxies). As
shown in left-hand panel of Fig. 5 (see blue stars), this population
could significantly affect the slope and the scatter of the correlation.

The major uncertainty in our molecular gas mass estimates
originates from the assumption of the αCO conversion factor. In-
deed, assuming a different αCO can change MH2 by over a fac-
tor of six (around 500 times higher than observational errors). On
the other hand, considering the metallicity range of our sample
(12 + log10(O/H) = 8.7–9.2; Ibar et al. 2015) and using the αCO

parametrization for SFGs made by (Genzel et al. 2015, see their
equation 8), we find that the αCO could vary by a factor of four
with a tendency to lower values than 4.6 (K km s−1 pc2)−1. In the
left-hand panel of Fig. 6, galaxies can be shifted in position using
a different αCO, producing an artificial bimodal behaviour for the
star formation activity in these galaxies. This can clearly affect the
reliability for the existence of ‘disc’ and ‘starburst’ sequences. In
Molina et al. (in prep.), we use kinematic arguments to confront the
bimodality of the αCO conversion factor (e.g. Downes & Solomon
1998b; Sandstrom et al. 2013).

3.3 The Schmidt–Kennicutt relation

We introduce Mgas = MH2 + MH I as the total mass content in
molecular and atomic gas. As we do not have direct MH I obser-
vations, we estimate these using equation (4) from Zhang et al.
(2009):

log[MH I/M�] = −1.732 38 (g − r) + 0.215 182 μi

− 4.084 51, (5)

where g and r are the photometric magnitudes in those filters, and μi

is the i-band surface brightness (SDSS filters). This approximation
provides a 0.31 dex scatter for the estimate. For our sample, using
equation (5) we find that the contribution is in general small (al-
though non-negligible) with a mean ratio of MH I/MH2 ∼ 0.2 (see
Fig. 6).

Our 49 spectrally detected CO sources have SFRs in the range
of 1–94 M� yr−1, with a median value of 15 ± 1 M� yr−1. For
those that are spatially resolved in CO (21 in total), we estimate the
SFR and Mgas surface densities by dividing the measured values
by the area of a two-sided disc (2πR2

FWHM), where RFWHM is the
deconvolved FWHM of the semimajor axis measured in ALMA
CO images (see Table 2). In Fig. 6 (right), we show the Schmidt–
Kennicutt relation (Schmidt 1959; Kennicutt 1998) comparing our
samples with previous ones taken from the literature.

For those spectrally detected and spatially resolved CO galaxies,
we obtain values for log[�SFR/( M� yr−1 kpc−2)] in the range of
−2.61 and −1.23 , with a median of −2.18 ± 0.1 . Most of the
spatially resolved ones (16) are D dominated while the rest (5)
are B-dominated galaxies. The B- and D-dominated galaxies have
on average three times higher �SFR than local spiral galaxies, but

around 30–70 times lower values than normal BzK galaxies at high-
z. On the other hand, for the same spectrally detected CO galaxies,
log[�Mgas/(M� pc−2)] values range between 0.55 and 1.71 , with a
median value of 1.04 ± 0.29 . In terms of CO emission, we do not
find any remarkable difference between our B- and D-dominated
galaxies (although they do have different morphological optical
features); the sample has on average two times greater �Mgas than
local spiral galaxies.

According to estimations of the molecular and atomic gas con-
tent in nearby galaxies (Bigiel & Blitz 2012), there is a strong
evidence that the atomic gas saturates in column gas densities
higher than ∼10 M� pc−2. This is attributed to a natural thresh-
old for the atomic to molecular gas transitions (Krumholz, McKee
& Tumlinson 2009; Sternberg et al. 2014). As shown in Fig. 6, our
atomic gas estimates decrease as a function of �Mgas (as expected
by the MH I saturation), although the large scatter dominating equa-
tion (5) still predicts a non-negligible fraction of atomic gas above
�Mgas > 1010 M� pc−2.

Something to highlight is that left-hand and right-hand panels of
Fig. 6 should behave similarly, nevertheless we find that most of
our galaxies (blue circles) that are lying near the BzK population
disappear after considering our spatially resolved CO selection cri-
terion. To explore this further, we compare the median values of
MH2 and RCO using resolved galaxies (in CO) at different redshift
bins (centred at 0.07 and 0.2) in order to identify a possible evolu-
tion in physical size and mass of gas content. Previous studies have
shown that at fixed M� the averaged effective radius vary as Reff ∝
(1 + z)−0.8 (Magdis et al. 2012). If we assume that the stars and the
molecular gas follow the same spatial distribution (which is actu-
ally not the case; see Fig. 4), the measured CO sizes are expected
to decrease by a factor of 1.1 between z = 0.07 and z = 0.2. This
variation is not sufficient to explain what we observe in Fig. 6.

Considering the results coming from Section 3.1 to estimate
�SFR and �Mgas for spatially unresolved CO galaxies, we used the
Petrosian optical radius divided by the mean RP, Opt/RP, CO = 1.6
ratio found for our galaxies (note that RFWHM and RP, CO differ by
only ∼ 2 per cent). Brown and green circles in Fig. 6 correspond
to CO-unresolved B-/D-dominated and M-dominated galaxies, re-
spectively. The inset panel in Fig. 6 shows clearly that most of the
spatially unresolved CO galaxies are those that are more distant (at
0.15 < z < 0.35). This analysis demonstrates that our sample per-
fectly complements the parameter space in the Schmidt–Kennicutt
relation that joins the local spiral galaxies with those ‘normal’ at
high-z.

Using our data, we perform a linear regression in Fig. 6 us-
ing all B-/D-dominated galaxies that are spatially resolved in CO
(21 sources) and unresolved in CO but resolved in the optical
(23 sources). Being aware of the possible biases introduced by
our H I estimates, we provide a parametrization for two cases;
MH2 and Mgas,

�SFR

M� yr−1 kpc−2
=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(1.16 ± 0.05) × log[�Mgas/M� pc−2]

−(3.3 ± 0.1)

(1.27 ± 0.05) × log[�MH2
/M� pc−2].

−(3.6 ± 0.1)

(6)

These results are consistent with previously analyses using en-
sembles of clumps composing galaxies at z = 1–2 (e.g. Freundlich
et al. 2013; Genzel et al. 2013) and star-forming discs with near-solar
metallicities (slope ∼1.0 − 1.3; e.g. Bigiel et al. 2008; Kennicutt
et al. 2008; Leroy et al. 2008; Schruba et al. 2011). Presenting equa-
tion (6) for the molecular and total gas helps to see the way the MHI
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Figure 7. Left: SFE versus IR luminosities following the same symbols and colours shown in the left-hand panel of Fig. 5. Blue solid line is the best-fitting
parametrization considering all the galaxy samples at z < 0.4 presented in the figure (see equation 7) while the light grey area is the region within a 1σ scatter
of 0.5 dex. This parametrization suggests a break on the star formation efficiency at LIR = 1011 − 12 L�. Right: Molecular gas fraction (fMH2

) versus redshift
for different samples of SFGs. The upside down triangles are the average values from COLDGASS survey. The dashed and solid blue curves are the average
behaviour for normal galaxies and the expected location for starburst galaxies by Bauermeister et al. (2013), respectively. The light grey area is the region
of the ‘main-sequence’ for SFGs when adopting an average τMH2

(MS) ∼ 2.2 Gyr (e.g. Bigiel et al. 2008; Leroy et al. 2008). The two black curves show

semi-analytic prescriptions for galaxy formation by Lagos et al. (2011), which correspond to mass halo models of Mh = 1011 and 1012 M� h−1, from thinnest
to thickest, respectively.

could affect our results. In particular we find that the slope is flatter
when Mgas are used. We highlight that given that these galaxies have
been selected in the far-IR, our results are not significantly affected
by the assumptions in geometrical modelling of the dust as previous
in Genzel et al. (2013) and Freundlich et al. (2013) studies.

If we take into account the samples of galaxies belonging to the
sequence of discs shown in right-hand panel of Fig. 6 (including
z = 1.0–2.3 normal galaxies, BzK and z ∼ 0.5 discs, spiral galaxies
and both our spatially resolved and unresolved B-/D-dominated
galaxies) in our linear regression of equation (6), we obtain a slope
of 1.26 ± 0.02 and a normalization of 3.6 ± 0.2. Mentioned before,
this should be taken with caution as there is growing evidence
for a cosmic evolution of the star formation efficiency, effective
radius and gas content (e.g. Magdis et al. 2012), implying that
the combination of samples at different epochs might be mixing
intrinsically different populations.

3.4 Star formation efficiency

We define the star formation efficiency as SFE = SFR/MH2 and
the MH2 consumption time-scale (τMH2

) as SFE−1. In the left-hand
panel of Fig. 7, we show the SFE versus LIR for our galaxies includ-
ing other galaxy samples taken from the literature. Two distinctive
types of galaxies are evident: those galaxies that present a long-
standing mode of star formation with τMH2 ∼ 1.3 Gyr; and those
affected by a much faster starburst processes with τMH2

∼ 0.2 Gyr.
We identify a significant number of sources that are located in the
‘transition zone’ between both the sequence of discs and the se-
quence of starbursts (left-hand panel in Fig. 7), with SFEs in the
range of 4.3–11.7 Gyr−1, and with a median of 8.5 ± 0.1 Gyr−1

(e.g. similar to those SMGs at z = 0.22–0.25 presented by Ivison
et al. 2011). These sources seem to suggest the co-existence of both
modes of star formation at intermediate efficiencies. We note that 39
of our sources are located in the long-lasting mode, with SFEs in the
range of 0.42–4.32 Gyr−1, and with a median of 0.8 ± 0.1 Gyr−1.

We highlight the evidence for galaxies located in the ‘transition
zone’ between ‘normal’ and ‘starburst’ confirming a break in SFE at
LIR ≈ 1011−12 L�, which could indicate the possibility of a single
evolutionary path (with a large scatter) rather than a sharp bimodal
behaviour in evolution (see Section 3.2). This is in agreement with
previous findings by Sargent et al. (2014). We propose an empirical
best-fitting parametrization to describe the dependence of the SFE
on LIR (based in all z < 0.4 samples included in left-hand panel of
Fig. 7):

log[SFR/MH2 (yr−1)] = 0.19 × (log [LIR/L�] − φ) + α

+ β arctan[ρ (log [LIR/L�] − φ)], (7)

where α = −8.26, β = −0.41, ρ = −4.84 and φ = 11.45. This
function has a scatter of σ = 0.5 dex.

In this work, we highlight that our method to compute the molec-
ular gas masses is directly using CO(1–0), not assuming any partic-
ular conversion for high-J transitions, facilitating the interpretation
of the results. Scoville et al. (2016), for example, obtain different
star formation modes for normal and starburst/SMG galaxies, which
are likely affected by the different methods behind the computation
of both gas masses at high redshift (using higher J CO transitions)
and different αCO for each type of galaxy.

In spite of the remaining uncertainties on the assumptions used to
derive MH2 , the detection of galaxies in the ‘transition zone’, includ-
ing spectrally detected/undetected with αCO = 4.6 (K km s−1 pc2)−1

and mergers with a smaller αCO by a factor of six, supports the sce-
nario of a smooth increase of SFE as a function of LIR. This has
been hinted before in galaxies at z = 1.6 by Silverman et al. (2015),
where as they explored sources above the ‘main sequence’ they ten-
tatively concluded a smooth increase of SFE instead of a bimodality
in star formation modes.

3.5 Evolution of the molecular gas fraction

In this section, we explore the evolution of the molecular gas fraction
(fH2 ) as a function of redshift. We introduce the molecular gas mass
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to the stellar mass ratio as:

MH2

M�

= τMH2 × sSFR, (8)

thus, the gas fraction can be calculated as fH2 = MH2/(MH2 + M�).
We find our sample covers a wide range of values fH2 ∼ 0.04–0.71
(for those sources spectrally CO detected above 5σ ), which are
similar to those shown by the Evolution of molecular Gas in Nor-
mal Galaxies (Bauermeister et al. 2013) survey in normal SFGs.
Compared to local ULIRGs, where fH2 ranges at 3–5 per cent (e.g.
Solomon et al. 1997; Gao & Solomon 2004; Chung et al. 2009), our
gas fractions are typically higher than those, although if we only
consider those M-dominated galaxies we find similar values to those
seen in local ULIRGs (lying near the lower fH2 envelope defined
for starburst galaxies by Bauermeister et al. 2013). We identify that
our fH2 values show a tendency to increase as a function of redshift
(see Fig. 7) – probably product of a selection effect induced by the
Herschel detectability (these are dusty galaxies). Béthermin et al.
(2014) suggest a rapid increase of the average fraction of molecular
gas with redshift, similarly to what we find in our analysis. Based
on recent works (e.g. Dunne et al. 2011; Hardcastle et al. 2016;
Wang et al. 2017), there is growing evidence for a rapid galaxy
evolution at low redshifts. Particularly, Dunne et al. (2011) find
evidence for fast evolution of the dust mass content of galaxies up
to z = 0.5, a result that suggest that the molecular gas content also
rapidly evolves in samples of Herschel-selected galaxies. Actually,
using galaxies taken from this same work, Hughes et al. (2017a)
suggests that this rapid evolution goes together with a significant
increment of the gas density (up to z = 0.2), aided by predictions
from photodissociation region modelling.

In the right-hand panel of Fig. 7, the two black curves show
semi-analytic prescriptions for galaxy formation and evolution of
the molecular ISM computed by Lagos et al. (2011), based on an
empirical star formation law to estimate the molecular gas mass.
Black solid lines correspond to mass halo models of Mh = 1011 and
1012 M� h−1, from thinnest to thickest, respectively, that trace our
B- and D-dominated galaxies. These models suggest that molec-
ular gas mass content and SFR densities increase as a function
of redshift, in rough agreement with what we see in our B- and
D-dominated galaxies. On the other hand, the M-dominated galax-
ies are apparently associated to more massive dark matter haloes of
∼1012 M�.

4 C O N C L U S I O N S

In this paper, we present the VALES survey – one of the largest
samples of CO-detected normal SFGs up to z = 0.35. We use the
ALMA telescope to estimate the molecular gas content via CO(1–0)
emission in a sample of 67 dusty SFGs. Sources are bright far-IR
emitters (S160 µm ≥ 100 mJy; LIR ≈ 1010 − 12 M�) selected from the
equatorial fields of the H-ATLAS survey (with SFRs in the range of
1.4–94.2 M� yr−1). We have spectroscopically detected 49 galaxies
(72 per cent of the sample) with a >5σ CO peak line significance
and 12 others are detected in collapsed spectra at low signal to noise.
We find that 21 galaxies are spatially resolved in CO (with physical
sizes in the range of 3.7–35.1 kpc, allowing a multiwavelength
exploration over a wide parameter space. We summarize our main
results as follows:

(i) Based on a visual inspection to the optical/near-IR photometry
of the 49 spectrally CO-detected galaxies, we classify 36 per cent as
being dominated by a (B)ulge morphology, 53 per cent as a (D)isk
morphology and 11 per cent show evidence for a (M)erger event or

interaction. We spatially resolve 21 galaxies that on average show
optical-to-CO size ratios of ∼1.6 ± 0.5; hence, the molecular gas
is more concentrated towards the central regions than the stellar
component.

(ii) Our sample explores the L′
CO luminosity range of

0.3 × 1010 K km s−1 pc2 expanding the parameter space to fainter
values than previous relevant CO surveys at similar redshifts. Aided
by the morphological classification (assuming standard αCO con-
version factors for discs and mergers), we estimate a range of
MH2= 108.9 − 10.9 M� for bulge- and disc-dominated galaxies while
109.3 − 9.8 M� for merger-dominated galaxies.

(iii) We explore the Schmidt–Kennicutt relation using values
for global �SFR and �Mgas derived from a combination of CO
and optical radii. Our sample perfectly complements the pa-
rameter space that joins both, local and high-z ‘normal’ galaxy
samples. We find a best linear fit with a power law slope of
1.16 ± 0.05 and 1.27 ± 0.05 when using MH2 and MH2 + H I,
respectively.

(iv) The median SFE of our sample is 8.5 Gyr−1 (with values
in the range of 0.4–11.7 Gyr−1). Even though most of our galaxies
follow a long-standing mode of star formation activity, we provide
evidence for a population with efficiencies in the ‘intermediate val-
ley’ between normal star formation in discs and more rapid/violent
starburst episodes. Within some galaxies, there may be a mixture of
star formation modes occurring at the same time. We propose the ex-
istence of a continuous transition for the star formation efficiencies
as a function of far-IR luminosities.

(v) We estimate the molecular gas fraction, finding values in the
range of fH2 = 0.06–0.34. Our observations suggest a strong incre-
ment of the gas fraction as a function of redshift (up to z = 0.35),
faster than semi-analytical models predictions. This rapid evolu-
tion might be affected by the selection criteria as we are selecting
Herschel-detected galaxies with preferentially high dust content.

To conclude, we note that one of the main uncertainties in this
work is produced by the different CO conversion factors between
CO luminosity and molecular gas mass, which undoubtedly impact
our estimates. Two of the most evident drivers of these uncertainties
are the dynamical state of the galaxies and the metallicity. We are
putting special emphasis on tackling the uncertainty on the molec-
ular gas mass estimates using dynamical modelling of resolved
galaxies (Molina et al., in preparation), the physical conditions of
the interstellar molecular gas within them (Hughes et al. 2017a) and
the calibration between the dust continuum luminosity and inter-
stellar gas content (Hughes et al. 2017b).
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Graciá-Carpio J. et al., 2011, ApJ, 728, L7
Greve T. R. et al., 2005, MNRAS, 359, 1165
Hardcastle M. J. et al., 2016, MNRAS, 462, 1910
Hildebrand R. H., 1983, QJRAS, 24, 267
Houghton S., Whiteoak J. B., Koribalski B., Booth R., Wiklind T.,

Wielebinski R., 1997, A&A, 325, 923
Howell J. H. et al., 2010, ApJ, 715, 572
Hughes T. M. et al., 2017a, A&A, 602, A49
Hughes T. M. et al., 2017b, MNRAS, preprint (arXiv:1702.07350)
Ibar E. et al., 2013, MNRAS, 434, 3218
Ibar E. et al., 2015, MNRAS, 449, 2498
Ivison R. J., Papadopoulos P. P., Smail I., Greve T. R., Thomson A. P.,

Xilouris E. M., Chapman S. C., 2011, MNRAS, 412, 1913
Kaneda H., Yamagishi M., Suzuki T., Onaka T., 2009, ApJ, 698, L125
Kennicutt R. C., Jr, 1998, ARA&A, 36, 189
Kennicutt R. C., Evans N. J., 2012, ARA&A, 50, 531
Kennicutt R. C., Jr, Lee J. C., Funes J. G. J. S., Sakai S., Akiyama S., 2008,

ApJS, 178, 247
Kennicutt R. C., Jr, et al., 2009, ApJ, 703, 1672
Krumholz M. R., McKee C. F., Tumlinson J., 2009, ApJ, 693, 216
Lagos C. D. P., Lacey C. G., Baugh C. M., Bower R. G., Benson A. J., 2011,

MNRAS, 416, 1566
Leroy A. K., Walter F., Brinks E., Bigiel F., de Blok W. J. G., Madore B.,

Thornley M. D., 2008, AJ, 136, 2782
Leroy A. K. et al., 2009, AJ, 137, 4670
Liske J. et al., 2015, MNRAS, 452, 2087
Magdis G. E. et al., 2012, ApJ, 758, L9
Magdis G. E. et al., 2014, ApJ, 796, 63
Magnelli B. et al., 2012, A&A, 548, A22
Narayanan D., Krumholz M. R., Ostriker E. C., Hernquist L., 2012, MNRAS,

421, 3127
Papadopoulos P. P., Seaquist E. R., 1999, ApJ, 516, 114
Pilbratt G. L. et al., 2010, A&A, 518, L1
Regan M. W., Thornley M. D., Helfer T. T., Sheth K., Wong T., Vogel S. N.,

Blitz L., Bock D. C.-J., 2001, ApJ, 561, 218
Riechers D. A. et al., 2006, ApJ, 650, 604
Rowlands K. et al., 2014, MNRAS, 441, 1017
Saintonge A. et al., 2011, MNRAS, 415, 32
Salmi F., Daddi E., Elbaz D., Sargent M. T., Dickinson M., Renzini A.,

Bethermin M., Le Borgne D., 2012, ApJ, 754, L14
Sandstrom K. M. et al., 2013, ApJ, 777, 5
Santini P. et al., 2014, A&A, 562, A30
Sargent M. T. et al., 2014, ApJ, 793, 19

MNRAS 470, 3775–3805 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/3775/3859615
by Bibliotheek Rechten user
on 10 January 2018

http://www.gama-survey.org/
http://arxiv.org/abs/1702.07350


VALES I: Molecular gas content of galaxies 3791

Schaye J. et al., 2015, MNRAS, 446, 521
Schmidt M., 1959, ApJ, 129, 243
Schruba A. et al., 2011, AJ, 142, 37
Scoville N. et al., 2016, ApJ, 820, 83
Shimasaku K. et al., 2001, AJ, 122, 1238
Silverman J. D. et al., 2015, ApJ, 812, L23
Simpson J. M. et al., 2015, ApJ, 807, 128
Smith D. J. B. et al., 2011, MNRAS, 416, 857
Solomon P. M., Vanden Bout P. A., 2005, ARA&A, 43, 677
Solomon P. M., Downes D., Radford S. J. E., Barrett J. W., 1997, ApJ, 478,

144
Spergel D. N. et al., 2003, ApJS, 148, 175
Spergel D. N. et al., 2007, ApJS, 170, 377
Sternberg A., Le Petit F., Roueff E., Le Bourlot J., 2014, ApJ, 790, 10
Tacconi L. J. et al., 2006, ApJ, 640, 228
Tacconi L. J. et al., 2008, ApJ, 680, 246
Tacconi L. J. et al., 2010, Nature, 463, 781

Tacconi L. J. et al., 2013, ApJ, 768, 74
Valiante E. et al., 2016, MNRAS, 462, 3146
Vogelsberger M. et al., 2014, MNRAS, 444, 1518
Wang T. et al., 2017, A&A, 601, A63
Weiß A., Neininger N., Henkel C., Stutzki J., Klein U., 2001, ApJ, 554,

L143
Whitaker K. E., van Dokkum P. G., Brammer G., Franx M., 2012, ApJ, 754,

L29
Wilson C. D. et al., 2009, ApJ, 693, 1736
Wolfire M. G., Hollenbach D., McKee C. F., 2010, ApJ, 716,

1191
Young J. S. et al., 1995, ApJS, 98, 219
Zhang W., Li C., Kauffmann G., Zou H., Catinella B., Shen S., Guo Q.,

Chang R., 2009, MNRAS, 397, 1243

APPENDI X

MNRAS 470, 3775–3805 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/3775/3859615
by Bibliotheek Rechten user
on 10 January 2018



3792 V. Villanueva et al.

Figure A1. Left: Panels show the observed far-UV to submm SED for detected galaxies, constructed from GAMA/H-ATLAS photometry (black circles). We
model the complete FUV–submm SED using MAGPHYS (da Cunha et al. 2008) to obtain the best-fitting SED (red line) and the unattenuated SED (blue line).
We also model the cold dust SED component between 100 and 500 µm by fitting a Hildebrand (1983) one-component modified blackbody model adopting
either a fixed emissivity index of β = 1.8 (green dashed line) or β varying as a free parameter (green solid line). Panels are the residuals between the observed
and best-fitting SED model template. Each individual plot is labelled with the GAMA ID of the target and the χ2 values corresponding to the best-fitting
SED template. Middle: The collapsed CO cubes. Each panel is 40 arcsec × 40 arcsec in size and centred on the source coordinates. Right: Multiband images
composed by VISTA K-band (red), SDSS r-band (green) and SDSS u-band (blue) with same size as middle panels. Green numbers are the GAMA ID for the
objects present in the field of view.

MNRAS 470, 3775–3805 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/3775/3859615
by Bibliotheek Rechten user
on 10 January 2018



VALES I: Molecular gas content of galaxies 3793
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Figure A1 continued
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Figure A1 continued
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Figure A1 continued
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Figure A1 continued
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Figure A1 continued
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Figure A1 continued
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Figure A2. Same as Fig. A1 but for spectrally undetected sources. In these cases the CO cubes are collapsed blindly, between ±250 km s−1 from expected
observed frequency.
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Figure A2 continued
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Figure A2 continued
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Figure A2 continued
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3, I-35122 Padova, Italy
21Leiden Observatory, Leiden University, PO Box 9513, NL-2300 RA
Leiden, the Netherlands

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 470, 3775–3805 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/470/4/3775/3859615
by Bibliotheek Rechten user
on 10 January 2018


