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ABSTRACT
We perform a joint analysis of high spatial resolution molecular gas and star-formation rate (SFR) maps in main-sequence star-
forming galaxies experiencing galactic-scale outflows of ionized gas. Our aim is to understand the mechanism that determines
which galaxies are able to launch these intense winds. We observed CO(1→0) at 1-arcsec resolution with ALMA in 16 edge-on
galaxies, which also have 2-arcsec spatial-resolution optical integral field observations from the SAMI Galaxy Survey. Half the
galaxies in the sample were previously identified as harbouring intense and large-scale outflows of ionized gas (‘outflow types’)
and the rest serve as control galaxies. The data set is complemented by integrated CO(1→0) observations from the IRAM 30-m
telescope to probe the total molecular gas reservoirs. We find that the galaxies powering outflows do not possess significantly
different global gas fractions or star-formation efficiencies when compared with a control sample. However, the ALMA maps
reveal that the molecular gas in the outflow-type galaxies is distributed more centrally than in the control galaxies. For our
outflow-type objects, molecular gas and star-formation are largely confined within their inner effective radius (reff), whereas in
the control sample, the distribution is more diffuse, extending far beyond reff. We infer that outflows in normal star-forming
galaxies may be caused by dynamical mechanisms that drive molecular gas into their central regions, which can result in locally
enhanced gas surface density and star-formation.

Key words: galaxies: kinematics and dynamics – galaxies: star formation – submillimetre: galaxies – galaxies: starburst –
galaxies: ISM – galaxies: evolution.

1 INTRODUCTION

Theoretical models of galaxy evolution and numerical simulations
rely on intense, galactic-scale outflows in order to regulate star-
formation and produce galaxies that match observations, for example
the sizes of galactic discs and bulges and the slope of the mass-
metallicity relation (e.g. Davé, Oppenheimer & Finlator 2011;
Guedes et al. 2011). In these models, the intensity of stellar feedback
is assumed, fine-tuned, or left as an unconstrained parameter. Current

� E-mail: lucy.hogarth.18@ucl.ac.uk (LMH); a.saintonge@ucl.ac.uk (AS)

simulations, therefore, either make very specific predictions as to
how mass outflow rates scale with galaxy properties or require
observational input to assist in the fine-tuning of the parameters.
Either way, strong constraints derived from observations of outflows
in galaxies of varying masses, star-formation activity, and redshift
are a vital ingredient.

Outflows appear to be common at all redshifts studied so far
and, in particular, for galaxies with extreme star-formation activity
or powerful active galactic nuclei (AGNs, e.g. Veilleux, Cecil &
Bland-Hawthorn 2005; Cicone et al. 2014). For galaxies with more
‘normal’ levels of star-formation activity, there is growing evidence
that outflows of ionized and neutral gas are common as long as
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Figure 1. Diagnostic plots used to reveal large-scale outflows in SAMI galaxies. Left: Diagnostic performed on face-on and edge-on galaxies. For galaxies
harbouring galactic-scale outflows, we expect a positive correlation between the velocity dispersion of the ionized gas and diagnostic shock ratios for high-
velocity dispersions. The velocity dispersion map is derived from the simultaneous fitting of the seven strong optical emission lines within the SAMI wavelength
range (see Scott et al. 2018). Spaxels with high-velocity dispersions that correlate with increasing [N II] λ6583/Hα ratio confirm the presence of outflowing
material driving shocks through the ISM. The velocity dispersion and [N II]/Hα ratio is plotted for each spaxel in GAMA593680 (green and grey points represent
the high- and low-velocity dispersion values, respectively). The inset plot illustrates the SAMI footprint on the HSC (Hyper Suprime-Cam Subaru Strategic
Program; Aihara et al. 2019) optical image of the object. Right: Diagnostic performed on edge-on galaxies. For edge-on galaxies, a further diagnostic can be
performed by looking for increasing line ratios and velocity dispersions above and below the plane of the disc. In outflow-type objects, there should be evidence
for extra-planar gas with increasing velocity dispersion (σ ION) and higher[N II]/Hα ratio moving away from the plane of the disc. The SAMI data for these two
values have been value averaged by distance from the plane of the disc to better visualize this effect.

certain conditions are met. In particular, detailed studies based on
Sloan Digital Sky Survey (SDSS, York et al. 2000; Alam et al.
2015) galaxies suggest a positive correlation between the strength of
outflows and quantities such as stellar mass and star-formation rate
surface density (�SFR, Chen et al. 2010). In particular, a critical
threshold of �SFR ≈ 0.01 M� yr−1 kpc−2 is often reported as
being necessary for an outflow to be launched (Heckman 2003).
This �SFR threshold has also been found to hold on resolved scales
(see Newman et al. 2012; Davies et al. 2019; Roberts-Borsani et al.
2020). Using the NaD line as a tracer of cool metal-enriched gas,
Roberts-Borsani & Saintonge (2019) have shown that outflows are
systematic in massive galaxies (M∗ > 1010M�), as long as they have
�SFR > 0.01 M� yr−1 kpc−2 and disc inclinations lower than 50 deg
(the latter for geometric rather than physical reasons).

These results leave us with two important follow-on questions:

(i) Why is it that some galaxies can reach this �SFR threshold
and launch winds while other similar galaxies (i.e. matched in key
quantities such as inclination, mass, total SFR) do not?

(ii) Are these ionized and neutral gas winds energetic enough to
also affect the cold star-forming interstellar medium (ISM) and thus
satisfy the requirements set out by numerical simulations?

We have designed an observational programme to address both
of these questions, with the key objectives of targeting normal star-

forming galaxies and combining observations of both ionized and
molecular gas. This was achieved by following up galaxies from
the SAMI optical integral field survey (Croom et al. 2012; Bryant
et al. 2015) with IRAM 30-m and ALMA observations, using the
CO(1→0) emission line as a molecular gas tracer. The details of
the sample selection and observations are given in Section 2. In
this paper, we focus on the first of the two key questions described
above, namely we use the molecular gas observations to investigate
what leads to some, but not all, star-forming galaxies being able to
launch large-scale ionized gas winds. These results are presented in
Section 3 and discussed in Section 4. In a subsequent paper, we will
address the question of whether the kind of feedback detected via
ionized gas outflows is efficient enough to regulate star-formation by
affecting the cold ISM and/or driving molecular gas outflows.

Throughout this paper, we adopt a standard �CDM cosmology
with H0 = 70 km s−1 Mpc−1, �m0 = 0.3, �� = 0.7, and a Chabrier
(2003) initial mass function (IMF).

2 SAMPLE SELECTION AND DATA

The galaxies in this study are selected from the SAMI Galaxy Survey,
an optical integral field spectroscopic survey comprising �3000
spatially resolved galaxies at z � 0.1 (Croom et al. 2012; Bryant et al.
2015; Green et al. 2018; Scott et al. 2018). The survey is ideal to use
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3804 L. M. Hogarth et al.

Table 1. Galaxy catalogue measurementsa.

GAMA ID RAJ2000 DECJ2000 zGAMA M∗ (log10 M�) SFR (log10 yr−1) αCO
b

106389�† 215.90105 1.00760 0.04009 10.20 ± 0.11 0.11 ± 0.06 3.11 ± 1.18
209807∗† 135.02106 0.07966 0.05386 10.81 ± 0.10 0.52 ± 0.05 2.55 ± 0.97
228432�† 217.38573 1.11739 0.02975 9.36 ± 0.12 0.01 ± 0.07 10.61 ± 4.03
238125�† 213.32891 1.66440 0.02588 9.56 ± 0.13 − 0.45 ± 0.06 6.12 ± 2.32
239249† 217.01837 1.63906 0.02901 9.36 ± 0.11 − 0.89 ± 0.01 5.86 ± 2.22
239376� 217.52015 1.53685 0.02714 9.60 ± 0.12 − 0.61 ± 0.08 5.40 ± 2.05
31452�† 179.86349 − 1.15511 0.02024 9.44 ± 0.12 − 0.09 ± 0.04 5.59 ± 2.13
348116�∗ 140.29345 2.20123 0.05041 10.62 ± 0.10 − 0.22 ± 0.09 4.10 ± 1.56
376121∗† 132.11778 1.39726 0.05149 11.03 ± 0.12 − 0.02 ± 0.06 4.85 ± 1.84
383259∗† 140.67041 2.11154 0.05715 10.74 ± 0.11 0.80 ± 0.10 2.11 ± 0.80
417678�†∗ 132.73822 2.34617 0.03944 10.13 ± 0.12 0.38 ± 0.05 2.78 ± 1.06
486834†∗ 221.74483 − 1.78889 0.04349 9.74 ± 0.12 − 0.40 ± 0.11 4.57 ± 1.74
496966�∗ 212.59187 − 1.11499 0.05417 10.37 ± 0.11 − 0.10 ± 0.07 2.61 ± 0.99
567624�† 212.55950 − 0.57853 0.02578 9.32 ± 0.12 − 0.87 ± 0.31 8.48 ± 3.22
570227�∗ 222.80168 − 0.45688 0.04339 10.67 ± 0.11 − 0.41 ± 0.06 4.52 ± 1.72
574200�† 134.52337 − 0.02115 0.02856 9.34 ± 0.12 − 0.20 ± 0.06 6.38 ± 2.42
593680�† 217.44190 − 0.15239 0.03000 10.41 ± 0.11 0.21 ± 0.08 2.89 ± 1.10
618220†∗ 214.73902 0.36561 0.05331 10.61 ± 0.11 − 0.13 ± 0.08 3.79 ± 1.44
618906�†∗ 217.35942 0.39756 0.05650 10.57 ± 0.10 − 0.19 ± 0.08 1.20 ± 0.45
618935� 217.55202 0.33357 0.03446 9.78 ± 0.12 − 0.39 ± 0.06 6.62 ± 2.52
619098� 218.05118 0.22324 0.03556 9.31 ± 0.12 − 0.49 ± 0.07 7.33 ± 2.78
623679� 139.98309 0.64128 0.05641 10.22 ± 0.11 0.01 ± 0.07 3.55 ± 1.35
209698†∗ 134.61914 0.02347 0.02855 10.32 ± 0.16 − 0.32 ± 0.01 6.20 ± 2.36
209743† 134.67676 0.19143 0.04059 10.16 ± 0.12 0.00 ± 0.04 2.69 ± 1.02
279818† 139.43876 1.05542 0.02727 9.55 ± 0.12 − 0.24 ± 0.10 4.62 ± 1.75
322910† 129.39530 1.57389 0.03094 9.71 ± 0.12 − 0.39 ± 0.09 2.66 ± 1.01
346839†∗ 135.23070 2.22819 0.05856 10.36 ± 0.13 − 1.94 ± 0.37 5.39 ± 2.05
371976†∗ 133.68009 1.09593 0.05796 10.52 ± 0.14 − 1.36 ± 0.33 2.37 ± 0.90
41144† 184.47038 − 0.65722 0.02964 10.36 ± 0.12 0.36 ± 0.08 2.73 ± 1.04
517302† 131.72622 2.56007 0.02871 10.21 ± 0.11 − 0.37 ± 0.14 2.15 ± 0.82
534753† 175.02584 − 0.90141 0.02870 10.36 ± 0.11 0.16 ± 0.06 2.15 ± 0.82
570206†∗ 222.76246 − 0.52709 0.04307 10.51 ± 0.12 − 0.60 ± 0.08 5.04 ± 1.92
618151†∗ 214.51701 0.27382 0.05033 10.50 ± 0.13 − 1.42 ± 0.27 3.51 ± 1.33
620034† 222.94282 0.28982 0.04269 10.23 ± 0.11 − 0.01 ± 0.04 3.07 ± 1.17
91996†∗ 214.47573 0.46141 0.05455 10.48 ± 0.10 − 1.02 ± 0.12 5.61 ± 2.13

a Objects are divided by a horizontal line into outflow-type objects (above line) and miscellaneous peculiar objects (below line).
b Variable CO(1→0) conversion factor, αCO ([M� (K km s−1)−1]), calculated using the method outlined in Accurso et al. (2017).
� Marked objects are observed with ALMA.
† Marked objects are observed with the IRAM 30-m telescope.
∗ Marked objects are from ALFALFA. For objects without ∗, we have SAMI-H I data.

for the identification of galaxies with large-scale outflows, chiefly
due to its large sample size, field of view of the observations (15-
arcsec diameter – roughly 5–10 kpc in our objects), and wavelength
coverage, as well as its high spectral and spatial resolutions (≈
30 km s−1 and 2 arcsec – 1–2 kpc – respectively).

For the SAMI Galaxy Survey, Ho et al. (2016) developed two
diagnostics to identify galaxies harbouring large-scale galactic
winds (referred to as ‘outflow types’ throughout this paper); these
techniques are illustrated in Fig. 1. The first diagnostic exploits
the shock excitation created by fast-moving, outflowing gas. This
results in both high-velocity dispersion and increased emission line
ratios of [N II] λ6583, [S II] λλ6717, 6731, and [O I] λ6300 to Hα.
Taken separately, elevated emission line ratios and high-velocity
dispersion could indicate beam smearing of AGN photoionization,
but only shocks from high-velocity winds can create the positive
correlation between high emission line ratios and velocity dispersion
(Krumholz & Burkhart 2016).

For edge-on galaxies (i.e. i�70◦), there is a second diagnostic that
unambiguously identifies galaxies with strong winds: extra-planar
emission from gas excited by the outflowing material can be detected

by gas velocity dispersion and line ratios that increase with height
above the disc plane (see Fig. 1). The ability to identify galaxies
harbouring galactic-scale outflows allows us to draw a sample of
main-sequence galaxies with this characteristic and follow up with
observations with the IRAM-30-m telescope and the ALMA array
to obtain information about their molecular gas content. A complete
catalogue of the objects observed with ALMA and IRAM is presented
in Table 1, with the integrated molecular gas measurements made
with each instrument given in Tables 2 & 3 respectively.

2.1 IRAM-30-m sample and observations

From the sample of 15 edge-on SAMI Galaxy Survey galaxies
identified by Ho et al. (2016) as having large-scale winds, we
select the 11 objects with log(M∗/M�) > 9.2 in order to avoid low-
metallicity objects, where αCO (i.e. the CO-H2 conversion function)
could be large. The xCOLD GASS survey (Saintonge et al. 2017)
has shown that below this stellar mass limit, the detectability of
CO(1→0) emission lines significantly drops in similar observations.
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Table 2. Total CO(1→0) luminosities and H2 molecular gas fractions for ALMA outflow-type objectsa.

GAMA ID S/NCO
b Flag b σ CO (km s−1) b SCO (Jy km s−1) b zCO

b L′
CO10 (108 K km s−1 pc2) b log (MH2 /M∗) b

106389 33 1 169 8.33 ± 0.73 0.04012 6.13 ± 0.57 −0.92 ± 0.20
228432 15 1 83 2.43 ± 0.46 0.02984 0.98 ± 0.19 −0.34 ± 0.22
238125 14 1 77 2.23 ± 0.44 0.02581 0.68 ± 0.14 −0.94 ± 0.23
31452 19 1 59 2.18 ± 0.35 0.02029 0.40 ± 0.08 −1.08 ± 0.22
417678∗ 53 1 140 12.09 ± 0.70 0.03946 8.63 ± 0.59 −0.75 ± 0.20
567624 <3 2 – – – – –
574200 18 1 69 1.81 ± 0.30 0.02867 0.67 ± 0.12 −0.71 ± 0.22
593680 100 1 165 42.04 ± 1.40 0.03003 17.24 ± 1.16 −0.71 ± 0.20
618906∗ 10 1 184 3.02 ± 0.56 0.05648 4.45 ± 0.83 −1.85 ± 0.21
239376 <3 2 – – – – –
348116∗� 23 1 196 8.85 ± 1.06 0.05036 10.34 ± 1.26 −0.99 ± 0.20
496966∗ 12 1 159 3.82 ± 0.70 0.05413 5.17 ± 0.95 −1.24 ± 0.21
570227∗� 27 1 208 8.45 ± 0.91 0.04332 7.30 ± 0.81 −1.15 ± 0.20
618935 4 1 70 0.57 ± 0.21 0.03436 0.31 ± 0.12 −1.46 ± 0.26
619098 <3 2 – – – – –
623679∗ 10 1 106 2.75 ± 0.62 0.05635 4.04 ± 0.92 −1.07 ± 0.22

aObjects are divided by a horizontal line into outflow-type objects (above line) and control (i.e. non-outflow type) objects (below line).
bIf flag = 2, S/NCO < 3 (with adopted velocity range of 300 km s−1) for the observation and we do not detect CO(1→0).
∗Marked objects are from ALFALFA. For the unmarked galaxies, we have SAMI-H I data.
�Marked objects may be AGN-contaminated.

Table 3. Total CO(1→0) luminosities and H2 molecular gas fractions for IRAM positive-detection objectsa.

GAMA ID S/NCO
b Flag b σ CO (km s−1) b SCO (Jy km s−1) b zCO

b L′
CO10 (108 K km s−1 pc2) b log (MH2 /M∗) b

106389 10 1 169 6.90 ± 0.86 0.04015 5.18 ± 0.61 −0.99 ± 0.17
209807∗ 18 1 140 14.22 ± 1.39 0.05380 19.40 ± 1.81 −1.12 ± 0.17
228432 8 1 37 2.57 ± 0.40 0.02979 1.06 ± 0.15 −0.31 ± 0.18
238125 6 1 90 2.65 ± 0.50 0.02593 0.82 ± 0.14 −0.86 ± 0.18
239249 <3 2 – – – – –
31452 7 1 72 3.02 ± 0.51 0.02026 0.57 ± 0.10 −0.93 ± 0.18
376121∗ 8 1 188 4.28 ± 0.61 0.05148 5.33 ± 0.77 −1.62 ± 0.17
383259∗ 81 1 62 24.06 ± 1.95 0.05709 37.02 ± 3.00 −0.85 ± 0.17
417678∗ 23 1 137 9.12 ± 0.83 0.03950 6.63 ± 0.60 −0.86 ± 0.17
486834∗ <3 2 – – – – –
567624 <3 2 – – – – –
574200 6 1 87 2.09 ± 0.39 0.02834 0.79 ± 0.14 −0.63 ± 0.18
593680 35 1 170 34.26 ± 2.91 0.03007 14.33 ± 1.22 −0.79 ± 0.17
618220∗ 7 1 122 2.60 ± 0.44 0.05335 3.47 ± 0.58 −1.49 ± 0.18
618906∗ 9 1 181 6.24 ± 0.86 0.05653 9.38 ± 1.29 −1.52 ± 0.17
209698∗ 10 1 84 4.88 ± 0.62 0.02828 1.85 ± 0.22 −1.26 ± 0.17
209743 10 1 109 5.05 ± 0.66 0.04056 3.88 ± 0.51 −1.15 ± 0.17
279818 6 1 19 1.14 ± 0.22 0.02720 0.39 ± 0.08 −1.29 ± 0.18
322910 13 1 20 2.51 ± 0.28 0.03093 1.12 ± 0.13 −1.24 ± 0.17
346839∗ <3 2 – – – – –
371976∗ <3 2 – – – – –
41144 22 1 127 20.28 ± 1.87 0.02967 8.28 ± 0.76 −1.00 ± 0.17
log 517302 6 1 53 1.97 ± 0.38 0.02873 0.75 ± 0.15 −2.00 ± 0.18
534753 20 1 96 17.76 ± 1.68 0.02863 6.79 ± 0.64 −1.20 ± 0.17
570206∗ <3 2 – – – – –
618151∗ <3 2 – – – – –
620034 9 1 134 4.90 ± 0.66 0.04277 4.17 ± 0.56 −1.12 ± 0.17
91996∗ <3 2 – – – – –

a Objects are divided by a horizontal line into outflow-type objects (above line) and miscellaneous peculiar objects (below line).
b If flag = 2, S/NCO < 3 (with adopted velocity range of 300 km s−1) for the observation and we do not detect CO(1→0).
∗Marked objects are from ALFALFA. For the unmarked galaxies, we have SAMI-H I data.

We also selected a further four face-on outflow-type candidates from
Ho et al. (2016) identified using the first diagnostic alone.

In 2015, we obtained integrated CO(1→0) fluxes from the IRAM
30-m telescope for all of these galaxies, using the Eight Mixer
Receiver (EMIR; Carter et al. 2012) and the Fast Fourier Transform
Spectrometer (FTS). This set up gives us access to 8 GHz of

bandwidth for each of the two linear polarizations. The observations
were conducted in wobbler-switching mode. At the frequency of
the CO(1→0) line, the telescope has a beam size of 22 arcsec,
encompassing the entire area observed by the SAMI observation.

Due to excellent weather conditions, the telescope time allocation
allowed us to target an additional 13 galaxies from the SAMI Galaxy
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Survey; a range of peculiar galaxies were chosen, such as objects
with counter-rotating or misaligned gas–stellar velocity fields. These
additional galaxies are not analysed in this paper, but their IRAM
CO(1→0) observations are released here alongside our main sample.

The data reduction was done using the CLASS software within the
GILDAS package.1 Individual scans are baseline-subtracted using a
first-order polynomial fit and then combined into a single spectrum
re-binned to a spectral resolution of 20 km s−1. The integrated
CO(1→0) line flux is obtained by adding the signal within a spectral
window set by hand to match the line width. In the case of non-
detections, we adopt a standard spectral width of 300 km s−1 to
measure a 3σ upper limit on the flux. In Table 3, we give for each
galaxy the integrated flux in units of Jy km s−1 (SCO), as well as
the central redshift and width of the CO(1→0) line (zCO and σ CO,
respectively). All these measurements were made using the methods
developed for the xCOLD GASS survey (as described in Saintonge
et al. 2017).

The integrated CO(1→0) fluxes (SCO) in Jy km s−1 are converted
into luminosities (LCO) in K km s−1 pc2 following Solomon et al.
(1997):

LCO = 3.25 × 107 SCO νobs
−2 DL

2 (1 + z)−3 , (1)

where νobs is the observed frequency (GHz), DL is the luminosity
distance (Mpc), and z is the GAMA spectroscopic redshift. The
total molecular gas mass is then MH2 = αCO LCO, where we use the
variable conversion factor (αCO) derived by Accurso et al. (2017).
This conversion factor is dependent on metallicity (12 + log O/H)
and the objects’ distance off the main sequence (
MS), which
requires measurements of our objects’ redshifts, stellar masses (M∗),
and SFRs. We use MAGPHYS M∗ and SFR estimates along with
emission line ratios from 3-arcsec apertures centred on our objects
from SAMI to estimate the metallicity by the Pettini & Pagel (2004)
calibration. These values and the adopted values for αCO are given
in Table 1. The CO(1→0) luminosities and molecular gas mass
fractions (log MH2 /M∗) for all the galaxies in the IRAM sample are
given in Table 3, with the spectra presented in Appendix A.

2.2 ALMA sample and observations

From the original Ho et al. (2016) sample, we selected nine SAMI
edge-on galaxies from our IRAM sample to be observed with the
ALMA array. From the SAMI Galaxy Survey catalogue, we selected
seven control objects, each matched in stellar mass, inclination,
and redshift to the outflow-type sample [i.e. log (M∗/M�) < 10.2,
ellipticity < 0.5 and z < 0.05]. In Cycle 5, we obtained 13.3 h of
observation time to map the CO(1→0) emission in these 16 galaxies.

Observations were conducted in Band 3 with a synthesized beam
of 1 arcsec (≈0.5–1 kpc) and a spectral resolution of ≈ 10 km s−1.
This observational setup was chosen to produce data with a resolution
comparable to that of the SAMI observations. The on-source time
was between 45 and 53 min for each galaxy to ensure sensitivity
to a molecular gas mass surface density of 0.8 M� pc−2, well into
the atomic-gas-dominated regime of the Kennicutt–Schmidt relation
(Bigiel et al. 2008).

The ALMA data were reduced using standard CASA (Common
Astronomy Software Applications) pipeline subroutines (McMullin
et al. 2007). The calibrated dirty cubes were cleaned using the
tclean task over a range of ≈50 channels centred on the peak of
CO(1→0) emission using the interactive key word. Each channel was

1https://www.iram.fr/IRAMFR/GILDAS/

inspected by eye and cleaning regions selected by hand. To extract
the spectra (we note that we do not detect continuum emission in any
of our objects), we define apertures by smoothing our cubes over the
trimmed channel range with a 2D Gaussian kernel with σ smooth =
1.5 spaxels, using the Gaussian2DKernel and convolve sub-
routines within the astropy.convolution package (Astropy
Collaboration 2013, 2018). We then collapse the smoothed cubes
over their spectral axes and set all spaxels with values over a standard
deviation (1σ ) to 1 and those below to 0 to create a mask, which we
apply to each trimmed channel in our original cubes as an aperture
(we also define a trimmed spatial region based on the collapsed
smoothed cube of ≈200 × 200 spaxels outside which all spaxels are
set to 0). We collapse the masked cubes spatially to obtain the spectra
given in Fig. 2. The optical velocity is centred at 0 km s−1 using the
GAMA spectroscopic redshift to determine the systemic velocity of
each galaxy.

To verify that the ALMA maps are not missing any extended
flux, we compare in Fig. 2 the integrated IRAM-30-m and ALMA
CO(1→0) spectra for the eight galaxies that the samples have in
common for which we have positive CO(1→0) detection. The spectra
are re-binned to the same spectral resolution using the spectres
package (Carnall 2017). There is a good agreement between the
emission profiles measured with ALMA and IRAM, showing that
ALMA has not resolved out significant amounts of flux. For 3 of
the 16 galaxies (one outflow type and two controls) observed with
ALMA, we do not detect CO(1→0) emission (i.e. S/N<3).

The total integrated flux is measured by numerically integrating
each global ALMA CO(1→0) emission profile, where we define
channels with signal detection as those with a flux above 3 standard
deviations (3σ ) of the noise in a line-free region. The uncertainty on
this integrated flux is calculated as σerr = 3

√
N σ dv, where N is the

number of channels with signal >3σ and dv is the channel width
in km s−1. The global LCO is calculated as explained in Section 2.1,
with values presented in Table 2. As detailed in Section 2.1, we use
the variable conversion factor derived by Accurso et al. (2017). This
is done to account for the range of stellar mass (M∗) and metallicity
values in our ALMA outflow-type objects (see Fig. 3). Again, we
use MAGPHYS M∗ and SFR estimates and emission line ratios from
3-arcsec apertures centred on our objects from SAMI to estimate
the metallicity by the Pettini & Pagel (2004) calibration. These
measurements and the values of variable αCO for each object are
given in Table 1.

3 RESULTS

The results of this paper are divided into two parts: Section 3.1
for our integrated results and Section 3.2 for our spatially resolved
data. Due to contamination of our ALMA control sample by AGN
and CO(1→0) non-detections, there are only three viable control
objects. We compensate for this by including additional suitable
control objects where possible in both our integrated and resolved
analyses to create a more robust comparative sample for our outflow-
type objects. In Section 3.1, we use a control sample derived solely
from xCOLD GASS (referred to as the ‘xCOLD GASS controls’)
for the interpretation of the global/integrated results (i.e. we do not
include the original, viable ALMA controls).

For the resolved analysis in Section 3.2, we use additional spatially
resolved data to supplement the three viable control objects we have
from ALMA. Further CO(1→0) emission maps are not available
for additional control galaxies, but we do extract extra controls
from the SAMI sample (which we refer to as the ‘SAMI controls’)
to aid analysis and validate the ALMA control sample. For any
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Figure 2. Top: Comparison of IRAM (teal) and ALMA (orange) CO(1→0) spectra for outflow-type galaxies in both observation samples. The IRAM–ALMA
flux difference is shown below each plot. All galaxies in the figure are confirmed by the SAMI Galaxy Survey as harbouring galactic-scale outflows of ionized
gas. The ALMA and IRAM spectra have been re-binned to a common spectral resolution of 20 km s−1. Bottom: Comparison of the integrated CO(1→0) fluxes
in the IRAM and ALMA objects with a linear 1:1 trend.

examination of our resolved CO(1→0) maps, we use only the three
original controls from ALMA (referred to as the ‘ALMA controls’).
The exact procedures for extracting supplemental controls from
xCOLD GASS and SAMI will be detailed further in Sections 3.1
and 3.2.

3.1 Global molecular gas contents

The results of our integrated analysis are reported in Figs 3–6.
We extract additional global properties for our objects (e.g. NUV
− r) from the Galaxy And Mass Assembly (GAMA) DR2/DR3
catalogue (Liske et al. 2015; Baldry et al. 2018) with their respective
uncertainties to supplement the interpretation of our results.

In our integrated analysis, we have replaced our observed ALMA
control sample with objects derived from the xCOLD GASS cata-
logue. To compile a viable control sample, we identify the objects
from xCOLD GASS with SFR and M∗ values within a 0.3 dex box
centred on each galaxy within the ALMA outflow-type sample (see
Fig. 3). We use MAGPHYS SFR and M∗ estimates for our outflow
types, which are a sound comparison with xCOLD GASS estimators
(Saintonge et al. 2018). Furthermore, we discount potential objects
classed as AGN hosting based on the BPT diagnostic (Baldwin,
Phillips & Terlevich 1981) and limit the objects’ inclination to i >

50◦. For xCOLD GASS control objects with undetected CO(1→0),
we use the 3σ upper limit for their molecular gas mass. From all
the xCOLD GASS galaxies identified as prospective controls for
each ALMA outflow-type galaxy, we extract 80 per cent at random
(i.e. 0.8 × n objects, where n is the number of xCOLD GASS
control objects identified for each galaxy). The median values of
M∗, SFR, MH2 , and NUV − r are used for the xCOLD GASS

Figure 3. ALMA outflow-type objects plotted in the SFR – stellar mass (M∗)
plane. Pale turquoise circles indicate an object identified as an outflow-type
by SAMI (for which we have positive CO(1→0) detection). The xCOLD
GASS catalogue is also given for comparison (red hexagons). The observed
and catalogue objects are shaded by their molecular gas mass (MH2 ). Grey
hexagons represent the objects in the xCOLD GASS catalogue with no
CO(1→0) detection. The grey contours depict density levels in the xCOLD
GASS catalogue and the black dashed line is the main-sequence trend as
calculated by Saintonge et al. (2016).

control object properties and their uncertainties (where the error
on the median is estimated as 0.67 × 1σ ). Given that the outflow-
type galaxies identified by SAMI (and defined by Ho et al. 2016) are
exceedingly rare in the redshift range spanned by xCOLD GASS,
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3808 L. M. Hogarth et al.

Figure 4. Molecular hydrogen mass (MH2 ) against both the NUV − r colour index (left-hand panel) and specific SFR (sSFR, right-hand panel) for the ALMA
outflow-type sample with positive CO(1→0)-detection (turquoise) and averaged xCOLD GASS controls (red, see text) plotted alongside the xCOLD GASS
catalogue (grey density contours).

Figure 5. Comparison of molecular gas fractions (fMH2
= MH2 /M∗) in ALMA outflow-type and xCOLD GASS-derived control galaxies (see text). The figure

depicts the ‘swing’ of the difference in molecular gas fractions 
fMH2
= fMH2 ,outflow − fMH2 ,control, with each inset disc representing one of the eight ALMA

outflow-type galaxies [with positive CO(1→0) detection] and its corresponding xCOLD GASS control object. 
fMH2
is given by the position of the interface

between blue and red regions (0.67 × 1σ uncertainties are also illustrated by the grey shaded areas). The ‘swing’ is given by the relative sizes of the blue
(outflow-type) and red (control) regions. The uncertainty on the ‘swing’ is given by the shaded areas. The objects are ordered by their sSFR; the object with the
highest sSFR value is the innermost ring and the object with the lowest is the outermost.

the probability of these xCOLD GASS controls also being ‘outflow
types’ is statistically insignificant. The controls assembled from
xCOLD GASS are given as the control sample alongside the ALMA
outflow types in Figs 4–6.

The integrated properties of the outflow-type galaxies in our
ALMA sample are given in Figs 3, 4, and 6 alongside the xCOLD

GASS catalogue. The plots in Fig. 4 suggest little difference between
the global properties of the ALMA outflow types and xCOLD GASS
controls in terms of their sSFR and gas fractions. The similarity of
both samples in these diagnostic figures implies that they do not
contain fundamentally different galaxy types (see Section 4). We
will analyse this further in Figs 5 and 6.
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Figure 6. Top: ALMA outflow-type galaxies (light turquoise circles) and
xCOLD GASS-derived controls (red diamonds) plotted with star-formation
efficiency (SFR/MH2 ) against specific star-formation rate (sSFR). The
xCOLD GASS catalogue is also depicted for comparison (green hexagons).
The outflow-type, xCOLD GASS control and catalogue objects are shaded
by the value 
MS, which indicates the objects’ vertical displacement
from the main-sequence trend in the SFR – M∗ plane as determined by
Saintonge et al. (2016). The grey contours represent density levels in
the xCOLD GASS catalogue. Bottom: ‘Swing’ plot depicting the quantity

SFE = SFEoutflow − SFEcontrol. The ring structure is equivalent to that used
in Fig. 5 (i.e. ordering by the objects’ sSFR values); the turquoise represents
the outflow types and the red the xCOLD GASS controls. The shaded areas
represent the 0.67 × 1σ uncertainties.

In Fig. 5, we use a novel ‘swing’ plot to assess the difference
in molecular gas fractions between the ALMA outflow types and
xCOLD GASS controls. The plot visualizes the quantity 
fMH2

=
fMH2 ,outflow − fMH2 ,control (i.e. the difference in molecular gas frac-
tion between outflow-type fMH2 ,outflow and xCOLD GASS control
fMH2 ,control galaxies), where each ring represents one of the eight
ALMA outflow-xCOLD GASS control galaxy pairs. A positive
‘swing’ (i.e. the interface between blue and red regions has a positive
angular value) indicates that the outflow type in the pair has the larger
gas fraction compared to its xCOLD GASS control. Otherwise, a
negative ‘swing’ indicates that the xCOLD GASS control possesses
the higher gas fraction. The median ‘swing’ position is 0.05 ± 0.04,
meaning the outflow types are only marginally more gas-rich com-
pared to their control counterparts. This implies that outflow-type
and our xCOLD GASS control galaxies have roughly equivalent
reservoirs of material for further star-formation with respect to the
stars they have already created.

Theory predicts that galaxies launching galactic-scale outflows
possess lower gas fractions than galaxies without such violent
outflows, due to their intense wind driving out reservoirs of cold
molecular gas. However, our sample appears to contradict this

conjecture. In order to scrutinize this behaviour, we derive the star-
formation efficiency (SFE) for each outflow-type galaxy and xCOLD
GASS control (see Fig. 6). We define this quantity as SFR/MH2 ,
which has a positive correlation with specific star-formation rate
(sSFR). The lower plot in Fig. 6 is a ‘swing’ plot for the quantity

SFE = SFEoutflow − SFEcontrol. Much as in Fig. 5, a positive value
indicates that the outflow type in the outflow-control pair has the
greater SFE and vice versa. We find no statistically significant
average ‘swing’ across the galaxy pairs in this analysis (a median
position of (0.006 ± 0.03) × 10−8 yr−1). Our outflow-type galaxies,
therefore, do not appear to have a star-formation process that is
globally more efficient than our xCOLD GASS control sample. We
will consider the physical implications of these findings in Section 4.

We note in our outflow-type sample some anomalies in the
physical appearance of GAMA31452 in the HSC optical images
in Appendix A (visually, the arms are warped and show clear signs
of major disruption). It is included in our sample due to the small
sample size, but it may contribute to some level of contamination.

3.2 Spatially resolved observations

We extract spatially resolved information from our ALMA data
cubes in the first instance by constructing moment maps (i.e. by
collapsing the cubes over the respective moment axes). Moment
maps are extracted using our own subroutines over a tight spatial
box (∼22 arcsec × 22 arcsec) and trimmed channel range (∼45–50
channels) around the signal to minimize noise. We derive the zeroth,
first, and second moment maps, representing 2D spatial maps of the
intensity, velocity, and velocity dispersion of the gas, respectively. In
order to adequately cut any extra-planar emission from the cubes,
we initially smooth the data cubes both spectrally and spatially
with a 2D Gaussian kernel using the Gaussian2DKernel and
convolve sub-routines within the astropy.convolution
package (Astropy Collaboration 2013, 2018). Spectrally, we smooth
by a factor of 4 and spatially, we smooth by a factor of 1.5. From
this smoothed cube, we create a mask by setting all values below
3σ of the noise level in the smoothed cube to zero in the original,
un-smoothed cube. The final maps are presented in their entirety in
Appendix B.

The zeroth (intensity) moment represents the integrated values of
the spectrum per spaxel and is determined by collapsing the cleaned
data cubes over their spectral axes, such that the ith spaxel value in
the map is:

M0,i = 
v
∑

Ii , (2)

where 
v is the width of a spaxel along the spectral axis and Ii is the
intensity of the ith spaxel. We illustrate this moment map for one of
our outflow-type objects in Fig. 7 alongside an HSC optical image.
The unmasked intensity spaxels are transformed into molecular gas
mass using equation (1), again using the variable CO(1→0)-to-H2

conversion factor given by Accurso et al. (2017). The first moment
is defined as the intensity-weighted coordinate and describes the
intensity-weighted mean velocity of the gas in the unmasked regions
of our maps. It is determined by:

M1,i =
∑

Ii · vi

M0,i

, (3)

where vi is the coordinate of the ith spaxel along the spectral axis
and other symbols are as previously defined. The final moment we
calculate is the second moment, interpreted as the intensity weighted
dispersion of the coordinate, typically used to describe the width
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3810 L. M. Hogarth et al.

Figure 7. Zeroth moment map for GAMA593680 illustrated by colour-coded contours, drawn over an optical HSC (Hyper Suprime-Cam Subaru Strategic
Program; Aihara et al. 2019) image (using bands g, r, and i) to allow a visual comparison of the extent of the CO(1→0) gas. The horizontal and vertical axes
represent the RA and Dec directions, respectively.

of the spectral lines (which should be equivalent to the velocity
dispersion of the gas in the absence of beam smearing). We define
this quantity in the unmasked areas of the map as:

M2,i =
√∑

Ii · (vi − M1,i)
2

M0,i

(4)

where all symbols are as previously detailed.
Position-velocity diagrams (PVDs) were also extracted from the

masked cubes to aid analysis of our objects. We produce PVDs by
rotating the CO(1→0) by the position angle of the object (obtained
from SAMI Galaxy Survey catalogues), so the galactic plane is
parallel with the y-axis of the spaxel maps. A slit is then defined
in the spatial plane that extends over the kinematic major axis of the
CO(1→0) emission. The slit width is determined adaptively by the
size of slit required to contain 95 per cent of the CO(1→0) emission
for each object. We then collapse the cubes in the spatial direction
perpendicular to the galactic plane to produce an image in offset –
velocity space. We give examples of the output of this procedure in
Fig. 8, where we show PVDs of GAMA593680, GAMA106389, and
GAMA417678 (using slit widths of 1.6 arcsec, 2.4 arcsec, and 2.0
arcsec, respectively). PVDs for our full ALMA sample are given in
Appendix C.

In every instance, we find the emission of CO(1→0) to be largely
centralized in a thin disc. Furthermore, in the second moment
maps in Appendix B, we observe that the beam-smeared velocity
dispersion does not exceed ≈80 km s−1 in the cases of the outflow-
type galaxies, far below that typically measured along lines of sight
towards molecular outflows.

Fig. 8 also demonstrates the gas disc properties and kinematics
that we observe in our sample. From a simple visual analysis, we
identify three different gas structures from the PVDs and intensity
profiles: GAMA593680 (left-hand panel) possesses no traits of the
classic Sersic/exponential surface brightness profile and, by eye,
would appear to be suggestive of two concentric rings, reminiscent

of those caused by bar resonances. The apparent asymmetry may
be due to a clumpy spiral structure within the galaxy and displays
classic signatures of a central bar; GAMA106389 (centre panel)
is more prosaic, having a structure and surface brightness profile
suggestive of a Sersic/exponential disc at the centre of the galaxy
(there is suggestion of a ‘hole’ towards the centre of the distribution);
GAMA417678 (right-hand panel) appears far more extended on one
side of its kinematic centre than the other, which may be indicative
of a disturbed system. If the gas disc is not in equilibrium, it may be
difficult to model accurately.

As previously discussed, in addition to the three viable ALMA con-
trol galaxies (GAMA496966, GAMA618935, and GAMA623679),
additional control galaxies were selected from the SAMI Galaxy
Survey data base to strengthen the results of our resolved analysis.
In Fig. 9, we demonstrate how our ALMA outflow-type objects
fall into roughly two groups based on their stellar masses; low-M∗
(log M∗ < 10) and high-M∗ (log M∗ > 10). In order to take account
of this apparent dichotomy in our outflow-type objects, we draw two
independent control samples from SAMI based on the location of
the ALMA low-M∗ and high-M∗ outflow types in the SFR-M∗ plane
(again using MAGPHYS estimates). We select the SAMI objects for
our additional control samples based on two regions surrounding the
aforementioned low-M∗ and high-M∗ ALMA outflow-type objects,
as depicted in Fig. 9. The area of both regions in the SFR-M∗ plane
is 0.6 × 0.7 dex centred on the mean position of the low-M∗ and
high-M∗ outflow types, respectively (both regions have the same
area, where the region size approximates the maximum scatter in
M∗ and SFR). The possible redshifts and ellipticities of the SAMI
controls are limited to below the maximum values in the outflow-type
sample (the final selection is given in Fig. 9). We also discount any
AGN-contaminated objects by excluding those with [N II]/Hα and
[O III]/Hβ ratios indicative of AGN excitation in the BPT diagram.

For our resolved analysis, we directly compare resolved CO gas
content with resolved SFR maps for each object. SFR maps are
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Figure 8. From left to right: PVDs of GAMA593680, GAMA106389, and GAMA417678 with offset on the horizontal axis in arcseconds and optical velocity
(km s−1) on the vertical axis with respect to the objects’ redshift velocity. In each instance, the profile plotted above the PVD is the intensity as a function
of offset (i.e. the profile obtained by collapsing over the velocity axis). The uncertainty is assumed as 3 standard deviations of the collapsed data (depicted as
the width of the line in the profile). The bottom plots give the width in the velocity direction of the emission (
). The width is defined as where the emission
is above 2 standard deviations of the noise and the uncertainty is given by the velocity change over a pixel width. Using a simple model, GAMA593680 (far
left) is interpreted as the emission resulting from two, concentric Gaussian rings. GAMA106389 (centre) is best described by a Sersic/exponential profile.
GAMA417678 is not in equilibrium and, therefore, has no simple model.

Figure 9. Selection of additional SAMI control sample in the SFR –
M∗ plane. Turquoise markers indicate ALMA outflow-type objects, which
broadly fall into lower and higher stellar mass regions of the SFR – M∗
plane [i.e. log(M∗) < 10 and log(M∗) > 10]. Two control samples are drawn
from the SAMI Galaxy Survey from the regions shaded in grey (which cover
0.7 × 0.6 dex in the SFR – M∗ plane), centred on the mean position of the low-
M∗ and high-M∗ outflow-type objects, respectively. The objects selected from
SAMI Galaxy Survey are given by the red and dark blue markers in the low-
and high-M∗ regions, respectively. The grey contours depict density levels in
the xCOLD GASS catalogue and the black dashed line is the main-sequence
trend as calculated by Saintonge et al. (2016).

determined from SAMI Hα emission maps. We use the emission line
maps instead of the SFR map data products provided by SAMI in
order to make a less conservative estimate on masked spaxels (see
Bryant et al. 2015; Medling et al. 2018). In our method, we include all
spaxels from the SAMI Hα emission maps that have corresponding
[N II]/Hα and [O III]/Hβ ratios such that they fall within the star-
forming region of the BPT diagnostic diagram [SAMI also require

the [S II]/Hα and [O I]/Hα ratios to fall in the star-forming region].
Spaxels outside this region are masked. We then correct our masked
Hα maps (Hαmask) for extinction using the same method described
in Bryant et al. (2015), Green et al. (2018), and Scott et al. (2018):

Hαcor,mask = 1

1.53

[
Hα

Hβ

]
ex

Hαmask, (5)

where [Hα/Hβ]ex is the extinction map provided in the SAMI
data products. SFR maps are then calculated by SFR = 7.9 ×
10−42 L[Hαcor,mask], where L[Hαcor,mask] is the luminosity from
Hαcor,mask.

Both our ALMA CO(1→0) maps and SAMI SFR maps are re-
binned to match the observational SAMI resolution by scaling the
spaxel sizes to the dispersion of the PSF (σ PSF), which corresponds
to a physical scale of ≈ 1 kpc. We conduct 25 re-bins of each
map with five different offsets in the re-binning grid in the RA
and Dec directions (corresponding to offsets of 0−0.8× bin size).
This is in order to reduce artefacts arising due to the position
of the re-binning grid (a similar method is used in Zabel et al.
2020). The re-binned spaxel areas are converted from angular size
(θ spaxel) to physical scale using GAMA catalogue redshifts (z) with
the astropy.cosmology package (Astropy Collaboration 2013,
2018). Spaxel areas Aspaxel are corrected for inclination (i) using the
GAMA survey ellipticity values from SersicCatAllv07 (Kelvin et al.
2012), such that the spaxel areas equate to:

Aspaxel = 1

cos i

[
θspaxel

DL

(1 + z) 2

]2

. (6)

Fig. 10 bins �SFR maps for our outflow type, ALMA control, and
SAMI control samples by spaxel values. Given the diversity of global
properties we find in Fig. 9, in Fig. 10, we give the spaxel distribution
for each ALMA outflow-type object in separate panels instead an
averaged sample over the group to avoid domination of individual
objects in a statistically small sample or the loss of information by
assuming that these objects will have similar SFR distributions. The
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Figure 10. Histograms of SFR density per spaxel (�SFR) for each ALMA outflow-type object (turquoise bars). The objects are separated into two rows
according to their stellar masses (high-M∗ and low-M∗) as described in the text and ordered on each row by specific SFR (sSFR) from highest to lowest from
left to right. The averaged �SFR distributions of the ALMA control sample (red step bars) and additional SAMI control samples (low- and high-M∗, teal step
bars) are also given in each panel. We re-bin our spaxel areas to the dispersion of the SAMI PSF (σ PSF), which corresponds to a physical scale of ≈ 1 kpc.

Figure 11. Histograms of molecular gas density per spaxel (�CO) for each ALMA outflow-type object (turquoise bars). The objects are separated into two
rows according to their stellar masses (high-M∗ and low-M∗) as described in the text and ordered on each row by specific SFR (sSFR) from highest to lowest
from left to right. For comparison, the averaged �CO distribution of the ALMA control sample (red step bars) is given in each panel. Using the �SFR – �CO,H2

relation determined by Leroy et al. (2013), we also give the transformed ALMA control group and SAMI high-M∗/low-M∗ from the �SFR spaxel distribution
in Fig. 10 (teal step bars). We re-bin our spaxel areas to the dispersion of the SAMI PSF (σ PSF), which corresponds to a physical scale of ≈ 1 kpc.
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