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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 ionised 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′′

resolution with ALMA in 16 edge-on galaxies, which also have 2′′ 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 ionised gas (“outflow-types”), the rest serve as control galaxies. The dataset is com-
plemented 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 is
largely confined within their inner effective radius (reff), whereas in the control sam-
ple 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 sur-
face density and star-formation.
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1 INTRODUCTION

Theoretical models of galaxy evolution and numerical sim-
ulations rely on intense, galactic-scale outflows in order to
regulate star-formation and produce galaxies that match ob-
servations, for example the sizes of galactic disks and bulges
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and the slope of the mass-metallicity relation (e.g. Guedes
et al. 2011; Davé et al. 2011). In these models, the inten-
sity of stellar feedback is assumed, fine-tuned or left as an
unconstrained parameter. Current simulations, therefore, ei-
ther 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 out-
flows in galaxies of varying masses, star-formation activity
and redshift are a vital ingredient.

Outflows appear to be common at all redshifts stud-
ied so far, and in particular for galaxies with extreme star-
formation activity or powerful active galactic nuclei (AGN,
e.g. Veilleux et al. 2005; Cicone et al. 2014). For galaxies
with more “normal” levels of star-formation activity, there
is growing evidence that outflows of ionised and neutral gas
are common as long as certain conditions are met. In par-
ticular, detailed studies based on Sloan Digital Sky Survey
(SDSS, York et al. 2000; Alam et al. 2015), galaxies sug-
gest a positive correlation between the strength of outflows
and quantities such as stellar mass and star-formation rate
surface density (ΣSFR, Chen et al. 2010). In particular, a
critical threshold of ΣSFR ≈ 0.01 M� yr−1 kpc−2 is often
reported as being necessary for an outflow to be launched
(Heckman 2003). This ΣSFR 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 system-
atic in massive galaxies (M∗ > 1010M�), as long as they
have ΣSFR > 0.01 M� yr−1 kpc−2 and disk 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 ΣSFR
threshold and launch winds while other similar galax-
ies (i.e. matched in key quantities such as inclination,
mass, total SFR) do not?

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

We have designed an observational programme to ad-
dress both of these questions, with the key objectives of tar-
geting normal star-forming galaxies and combining observa-
tions of both ionised 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 selec-
tion 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 ionised 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 ionised gas outflows is effi-
cient enough to regulate star-formation by affecting the cold
ISM and/or driving molecular gas outflows.

Throughout this paper we adopt a standard ΛCDM cos-
mology with H0 = 70 km s−1 Mpc−1, Ωm0 = 0.3, ΩΛ = 0.7
and a Chabrier (2003) IMF.

2 SAMPLE SELECTION AND DATA

The galaxies in this study are selected from the SAMI
Galaxy Survey, an optical integral field spectroscopic survey
comprised of & 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 for the identi-
fication of galaxies with large-scale outflows, chiefly due to
its large sample size, field-of-view of the observations (15′′

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′′ - 1 − 2 kpc - respectively).

For the SAMI Galaxy Survey, Ho et al. (2016) devel-
oped two diagnostics to identify galaxies harbouring large-
scale galactic winds (referred to as “outflow-types” through-
out this paper); these techniques are illustrated in Figure
1. The first diagnostic exploits the shock excitation cre-
ated 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 photoion-
isation, 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 di-
agnostic that unambiguously identifies galaxies with strong
winds: extra-planar emission from gas excited by the out-
flowing material can be detected by gas velocity dispersion
and line ratios that increase with height above the disk
plane (see Figure 1). The ability to identify galaxies har-
bouring galactic-scale outflows allows us to draw a sample of
main-sequence galaxies with this characteristic, and follow-
up with observations with the IRAM-30m telescope and the
ALMA array to obtain information about their molecular
gas content.

2.1 IRAM-30m sample and observations

From the sample of 15 edge-on SAMI Galaxy Survey galax-
ies 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 stel-
lar mass limit the detectability of CO(1→0) emission lines
significantly drops in similar observations. We also selected
a further 4 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-metre 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 polarisations. The observations were conducted in
wobbler-switching mode. At the frequency of the CO(1→0)
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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 ionised
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 disk.

In outflow-type objects, there should be evidence for extra-planar gas with increasing velocity dispersion (σION) and higher[N ii]/Hα ratio
moving away from the plane of the disk. The SAMI data for these two values have been value averaged by distance from the plane of

the disk to better visualise this effect.

line, the telescope has a beam size of 22′′, 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 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) observa-
tions are released here alongside our main sample.

The data reduction was done using the CLASS software
within the GILDAS package1. Individual scans are baseline-
subtracted using a first order polynomial fit and then com-
bined into a single spectrum re-binned to a spectral resolu-
tion of 20 km s−1. The integrated CO(1→0) line flux is ob-
tained 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 mea-
sure a 3σ upper limit on the flux. In Table 1, we give for each
galaxy the integrated flux in units of Jy km s−1 (SCO), as

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

well as the central redshift and width of the CO(1→0) line
(zCO and σCO, 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 lumi-
nosity distance (Mpc) and z is the GAMA spectroscopic red-
shift. 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′′apertures centred on our objects from SAMI
to estimate the metallicity by the Pettini & Pagel (2004) cal-
ibration. These values and the adopted values for αCO are
given in Table 1. The CO(1→0) luminosities and molecular

MNRAS 000, 1–21 (2020)
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Table 1. Galaxy catalogue measurements a

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-metre telescope.

∗ Marked objects are from ALFALFA. For objects without ∗, we have SAMI-H I data.

gas mass fractions (log MH2/M∗) for all the galaxies in the
IRAM sample are 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 9
SAMI edge-on galaxies from our IRAM sample to be ob-
served with the ALMA array. From the SAMI Galaxy Sur-
vey catalogue, we selected 7 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 hours of observation time to
map the CO(1→0) emission in these 16 galaxies.

Observations were conducted in Band 3 with a synthe-
sised beam of 1′′ (≈ 0.5 kpc - 1 kpc) and a spectral resolution
of ≈ 10 km s−1. This observational setup was chosen to pro-
duce data with a resolution comparable to that of the SAMI
observations. The on-source time was between 45 and 53

minutes for each galaxy, to ensure sensitivity to a molecu-
lar gas mass surface density of 0.8 M� pc−2, well into the
atomic-gas dominated regime of the Kennicutt-Schmidt re-
lation (Bigiel et al. 2008).

The ALMA data were reduced using standard CASA
(Common Astronomy Software Applications) pipeline sub-
routines (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 keyword. Each channel was inspected by eye
and cleaning regions selected by hand. To extract the spec-
tra (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 Gaus-
sian kernel with σsmooth = 1.5 spaxels, using the Gaus-

sian2DKernel and convolve sub-routines within the as-

tropy.convolution package (Astropy Collaboration et al.
2013, 2018). We then collapse the smoothed cubes over their
spectral axes and set all spaxels with a values over a stan-

MNRAS 000, 1–21 (2020)
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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 ionised 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.

Table 2. Total CO(1→0) luminosities and H2 molecular gas fractions for ALMA outflow-type objects a

GAMA ID S/NCO
b Flag b σCO [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

a Objects are divided by a horizontal line into outflow-type objects (above line) and control (i.e. non-outflow-type) 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.
? Marked objects may be AGN-contaminated.

MNRAS 000, 1–21 (2020)
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Table 3. Total CO(1→0) luminosities and H2 molecular gas fractions for IRAM positive-detection objects a

GAMA ID S/NCO
b Flag b σCO [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.

dard deviation (1σ) to 1 and those below to 0 to create a
mask which we apply to each trimmed channel in our orig-
inal 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
Figure 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 ex-
tended flux, we compare in Figure 2 the integrated IRAM-
30m and ALMA CO(1→0) spectra for the 8 galaxies that
the samples have in common for which we have positive
CO(1→0)-detection. The spectra are rebinned to the same
spectral resolution using the spectres package (Carnall
2017). There is a good agreement between the emission pro-
files measured with ALMA and IRAM, showing that ALMA
has not resolved out significant amounts of flux. For 3 of the
16 galaxies (1 outflow-type and 2 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 calcu-
lated 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 ob-
jects (see Figure 3). Again, We use MAGPHYS M∗ and SFR
estimates and emission line ratios from 3′′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; Sec-
tion 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 3 viable control objects. We compensate for this
by including additional suitable control objects where pos-
sible in both our integrated and resolved analyses to create
a more robust comparative sample for our outflow-type ob-
jects. In Section 3.1, we use a control sample derived solely
from xCOLD GASS (referred to as the “xCOLD GASS con-
trols”) 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 addi-
tional spatially resolved data to supplement the 3 viable
control objects we have from ALMA. Further CO(1→0)
emission maps are not available for additional control galax-
ies, but we do extract extra controls from the SAMI sample
(which we refer to as the “SAMI controls”) to aid analysis
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Centrally concentrated molecular gas driving galactic-scale ionised gas outflows in star-forming galaxies 7

Figure 3. ALMA outflow-type objects plotted in the SFR -

stellar mass (M∗) plane. Pale turquoise circles indicate an ob-
ject 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 cat-
alogue objects are shaded by their molecular gas mass (MH2 ).

Grey hexagons represent the objects in the xCOLD GASS cata-

logue with no CO(1→0)-detection. The grey contours depict den-
sity levels in the xCOLD GASS catalogue and the black dashed

line is the main-sequence trend as calculated by Saintonge et al.

(2016).

and validate the ALMA control sample. For any examina-
tion 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 supplemen-
tal 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 Fig-
ures 3 - 6. We extract additional global properties for our
objects (e.g. NUV − r) from the Galaxy And Mass Assem-
bly (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 ob-
served ALMA control sample with objects derived from the
xCOLD GASS catalogue. To compile a viable control sam-
ple, 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 Figure 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 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 con-
trols for each ALMA outflow-type galaxy, we extract 80%
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 control object properties and their
uncertainties (where the error on the median is estimated
as 0.67 × 1σ). Given that the outflow-type galaxies identi-
fied by SAMI (and defined by Ho et al. 2016) are exceed-
ingly rare in the redshift range spanned by xCOLD GASS,
the probability of these xCOLD GASS controls also being
“outflow-types” is statistically insignificant. The controls as-
sembled from xCOLD GASS are given as the control sample
alongside the ALMA outflow-types in Figures 4, 5 & 6.

The integrated properties of the outflow-type galaxies
in our ALMA sample are given in Figures 3, 4 & 6 alongside
the xCOLD GASS catalogue. The plots in Figures 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 imply that they do not contain fun-
damentally different galaxy types (see Section 4). We will
analyse this further in Figures 5 & 6.

In Figure 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 visu-
alises the quantity ∆ fMH2

= fMH2,outflow − fMH2,control (i.e.
the difference in molecular gas fraction between outflow-type
fMH2,outflow and xCOLD GASS control fMH2,control galaxies),
where each ring represents one of the 8 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 compared
to their control counterparts. This implies that outflow-type
and our xCOLD GASS control galaxies have roughly equiv-
alent 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 ap-
pears to contradict this conjecture. In order to scrutinise
this behaviour, we derive the star-formation efficiency (SFE)
for each outflow-type galaxy and xCOLD GASS control (see
Figure 6). We define this quantity as SFR/MH2 , which has a
positive correlation with specific star-formation rate (sSFR).
The lower plot in Figure 6 is a “swing” plot for the quantity
∆SFE = SFEoutflow−SFEcontrol. Much as in Figure 5, a positive
value indicates that the outflow-type in the outflow-control
pair has the greater SFE and vice versa. We find no statis-
tically 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
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8 L. M. Hogarth et al.

Figure 4. Molecular hydrogen mass (MH2 ) against both the NUV − r colour index (left panel) and specific SFR (sSFR, right 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

disk representing one of the 8 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.
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Centrally concentrated molecular gas driving galactic-scale ionised gas outflows in star-forming galaxies 9

Figure 6. Top: ALMA outflow-type galaxies (light turquoise cir-
cles) 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 deter-

mined 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 Figure 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.

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 mo-
ment axes). Moment maps are extracted using our own sub-
routines over a tight spatial box (∼ 22′′× 22′′) and trimmed
channel range (∼ 45−50 channels) around the signal to min-
imise noise. We derive the zeroth, first and second moment
maps, representing 2D spatial maps of the intensity, veloc-
ity and velocity dispersion of the gas respectively. In or-
der to adequately cut any extra-planar emission from the
cubes, we initially smooth the datacubes both spectrally
and spatially with a 2D Gaussian kernel using the Gaus-

sian2DKernel and convolve sub-routines within the as-

tropy.convolution package (Astropy Collaboration et al.
2013, 2018). Spectrally, we smooth by a factor of 4 and spa-
tially, we smooth by of 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 inte-
grated 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 Figure 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 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% 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 this procedure in Figure 8, where we show
PVDs of GAMA593680, GAMA106389 and GAMA417678
(using slit widths of 1.6′′, 2.4′′ and 2.0′′ 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 centralised in a thin disk. Furthermore, in the sec-
ond moment maps in Appendix B we observe that the beam-
smeared velocity dispersion does not exceed ≈ 80 km s−1 in
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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.

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 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.

the cases of the outflow-type galaxies, far below that typi-
cally measured along lines of sight towards molecular out-
flows.

Figure 8 also demonstrates the gas disk properties and
kinematics that we observe in our sample. From a simple vi-

sual analysis, we identify three different gas structures from
the PVDs and intensity profiles: GAMA593680 (left panel)
possesses no traits of the classic Sersic/exponential surface
brightness profile and, by eye, would appear to be sugges-
tive of two concentric rings, reminiscent of those caused by
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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 re-

gions 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).

bar resonances. The apparent asymmetry may be due to a
clumpy spiral structure within the galaxy and displays clas-
sic signatures of a central bar; GAMA106389 (centre panel)
is more prosaic, having a structure and surface brightness
profile suggestive of a Sersic/exponential disk at the centre
of the galaxy (there is suggestion of a“hole” towards the cen-
tre of the distribution); GAMA417678 (right 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 disk is not in equilibrium, it may be difficult to
model accurately.

As previously discussed, in addition to the 3 viable
ALMA control galaxies (GAMA496966, GAMA618935 and
GAMA623679), additional control galaxies were selected
from the SAMI Galaxy Survey database to strengthen the
results of our resolved analysis. In Figure 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
Figure 9. The area of both regions in the SFR-M∗ plane are
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 max-
imum 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 se-
lection is given in Figure 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 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 conser-
vative 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 extinc-
tion using the same method described in Bryant et al. (2015);
Green et al. (2018); 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
(σPSF), which corresponds to a physical scale of ≈ 1 kpc.
We conduct 25 re-bins of each map with 5 different offsets
in the re-binning grid in the RA and Dec directions (cor-
responding 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
(θspaxel) to physical scale using GAMA catalogue redshifts
(z) with the astropy.cosmology package (Astropy Collab-
oration et al. 2013, 2018). Spaxel areas Aspaxel are corrected
for inclination (i) using the GAMA survey ellipticity val-
ues from SersicCatAllv07 (Kelvin et al. 2012), such that the
spaxel areas equate to:

Aspaxel =
1

cos i

[
θspaxel

DL

(1 + z) 2

]2

(6)

Figure 10 bins ΣSFR maps for our outflow-type, ALMA
control and SAMI control samples by spaxel values. Given
the diversity of global properties we find in Figure 9, in
Figure 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 ob-
jects in a statistically small sample or the loss of information
by assuming these objects will have similar SFR distribu-
tions. The low-M∗ and high-M∗ outflow-type objects are on
the bottom and top rows of Figure 10 respectively and or-
dered on each row by specific SFR (sSFR) from highest to
lowest from left to right. In each panel, we also plot the av-
eraged histograms for both the ALMA and SAMI controls
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Figure 10. Histograms of SFR density per spaxel (ΣSFR) 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 ΣSFR 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 (σPSF), which corresponds to a physical scale of ≈ 1 kpc.

Figure 11. Histograms of molecular gas density per spaxel (ΣCO) 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 ΣCO distribution of the ALMA control sample
(red step bars) is given in each panel. Using the ΣSFR - ΣCO,H2 relation determined by Leroy et al. (2013), we also give the transformed

ALMA control group and SAMI high-M∗/low-M∗ from the ΣSFR spaxel distribution in Figure 10 (teal step bars). We re-bin our spaxel

areas to the dispersion of the SAMI PSF (σPSF), which corresponds to a physical scale of ≈ 1 kpc.
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Figure 12. Bar plot depicting the average values of ΣSFR spaxels (scaled to the SAMI resolution) binned by their radial distance for each
outflow-type object (turquoise bars) from the centre along the plane of the edge-on disk. In each panel, we also give the averaged radial

profiles derived from our ALMA control group (red step bars) and additional control groups drawn from SAMI (teal step bars, see text).

The radial distances of ΣSFR spaxels are normalised by the individual objects’ effective radii (reff) and the bars are binned at intervals of
1 kpc over the median reff of all objects in the outflow-type and ALMA control samples to approximate the width of SAMI PSF). The

uncertainties represent 3 standard errors (3σ)in the mean spaxel value of each distance bin. The outflow-type objects are separated into

high-M∗ and low-M∗ subgroups in the figure, with the radial distributions of the high-M∗ objects on the top row and the low-M∗ on the
bottom row (presented with the SAMI high-M∗ and SAMI low-M∗ additional control groups respectively). Each row is ordered by the

objects’ specific SFR (sSFR) from highest to lowest from left to right.

(i.e. histograms including spaxels from every object in those
samples), which are scaled by the number of objects in the
respective groups in order to allow visual comparison.

We do not find consistent evidence of higher ΣSFR in
our ALMA outflow-type objects Figure 10 in relation to the
ALMA control sample or additional SAMI controls. In the
instances of GAMA417678 and GAMA228132 (a high-M∗
and a low-M∗ object respectively), there does appear to be
a significant elevation in the dense spaxel tail of their ΣSFR
distribution. However, the majority of the outflow-types do
not appear to possess higher ΣSFR spaxels compared to the
distributions drawn from the ALMA and SAMI control sam-
ples.

In Figure 11, we bin the molecular gas mass density
(ΣCO) for our ALMA outflow-type objects. To construct
these ΣCO histograms, we obtain CO(1→0) intensity maps
by calculating the zeroth moment (Equation 2) from the
ALMA cubes and re-binning to the SAMI resolution by the
same method described for the SAMI ΣSFR maps. In Fig-
ure 11, we also include ΣCO distributions derived from the
ΣSFR histograms in Figure 10 of our ALMA control and ad-
ditional SAMI control samples. These distributions are con-

verted into H2 gas density (ΣCO, H2 ) using the relation de-
termined by Leroy et al. (2013):

ΣCO, H2 = 10 M�pc−2
(ΣSFR, Hα+24µm
−2.35 ± 0.08

)1/0.95±0.13

(7)

using the parameters from Leroy et al. (2013) from their fit
of Hα + 24µm with H2 gas density. The panel structure in
the figure is equivalent to that in Figure 10.

Again, we do not find a consistent elevation of ΣCO
in our ALMA outflow-type objects with regard to the
ALMA control sample or SAMI control samples. How-
ever, as is also the case in Figure 10, we do find evi-
dence of higher ΣCO spaxels compared to the control sam-
ples in a portion of our outflow-type objects. Low-M∗
object GAMA228432 and high-M∗ objects GAMA106389,
GAMA417678 and GAMA593680 possess an enhancement
of ΣCO spaxels with respect to the ALMA control sample
(where both GAMA228432 and GAMA417678 were also
noted in Figure 10 to have elevated ΣSFR spaxels). Only
GAMA593680, however, appears to possess significantly en-
hanced ΣCO relative to the SAMI control sample (trans-
formed via Equation 7). It should be noted that this does
not correspond with either of the objects observed to have
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Figure 13. Bar plot depicting the average values of ΣCO spaxels (scaled to the SAMI resolution) binned by their radial distance for each
outflow-type object (turquoise bars) from the centre along the plane of the edge-on disk. In each panel, we also give the averaged radial

profiles derived from our ALMA control group (red step bars). The radial distances of ΣCO spaxels are normalised by the individual

objects’ effective radii (reff) and the bars are binned at intervals of 1 kpc over the median reff of all objects in the outflow-type and ALMA
control samples to approximate the width of SAMI PSF). The uncertainties represent 3 standard errors (3σ)in the mean spaxel value of

each distance bin. The outflow-type objects are separated into high-M∗ and low-M∗ subgroups in the figure as in Figure 12. Using the

ΣSFR - ΣCO,H2 relation determined by Leroy et al. (2013), we also give the transformed ALMA control group and SAMI high-M∗/low-M∗
from the ΣSFR radial profiles in Figure 12.

ΣSFR enhancement in Figure 10 (i.e. GAMA417678 and
GAMA228432).

In Figure 12, we assess the distribution of ΣSFR with
respect to radius along the plane of the edge-on disk (where
the radial positions of the spaxels are normalised by the
objects’ effective radii, reff). In these bar plots, spaxels are
binned by their distance from the centre of the galaxy (the
centre defined by the RA and Dec coordinates drawn from
the TilingCatv29 catalogue in the GAMA Survey, Driver
et al. 2009; Baldry et al. 2010) in the direction along the
plane (i.e. determined by the position angle given by the Ser-
sicCatAllv07 catalogue in the GAMA Survey, Kelvin et al.
2012). The sizes of the bars in Figure 12 are determined by
the SAMI resolution in kpc (approximated as the dispersion
of a SAMI PSF of σPSF ≈ 2′′ at the most distant galaxy)
divided by the median reff across our ALMA outflow-types
and ALMA controls. The mean spaxel value in each distance
bin is then calculated to give the height of the bars (where
the 3σ errors is taken as the uncertainty). Again, we present
the distribution for each outflow-type individually and aver-
age together the objects in the comparative control groups.
The layout of the panels in the figure is equivalent to those
in Figure 10 & 11.

In the ΣSFR radial distribution, we observe a greater de-
gree of central concentration in our ALMA outflow-type ob-

jects with respect to the ALMA control and additional SAMI
control samples. With the exception of GAMA618906, the
ΣSFR radial distributions of our ALMA outflow-type objects
are confined to their inner . 1.5 reff . However, we do not
see a consistent elevation in mean ΣSFR spaxel values with
radius in the ALMA outflow-types compared to the con-
trol distributions. With regard to the ALMA control and
SAMI low-M∗ and high-M∗ control samples, we observe a
greater similarity between the ALMA control radial distri-
bution with that of the SAMI low-M∗ controls. The ALMA
control sample is comprised of three objects, two of which
are in the SAMI low-M∗ control sample, with the other ly-
ing outside, but between, the SAMI low-M∗ and high-M∗
regions in the SFR-M∗ plane. This may suggest that our
ALMA control sample is more suitable as a control group
for our low-M∗ outflow-type objects. The difference in the
SAMI low-M∗ and high-M∗ radial profiles also supports our
treating of these two groups in our outflow-types in isolation.
In comparison to the SAMI high-M∗ ΣSFR radial profile, all
our high-M∗ outflow-types have a more centralised distribu-
tion.

In Figure 13, we plot the radial distribution of the ΣCO
spaxels in our objects. The bar plot panels have the same
format as Figure 12 (i.e. bar width, panel order etc.). As in
Figure 11, we transform the radial ΣSFR distribution of the
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Figure 14. Bar plot depicting the average values of SFE spaxels (scaled to the SAMI resolution) binned by their radial distance for each
outflow-type object (turquoise bars) from the centre along the plane of the edge-on disk. SFE spaxels are calculated from our ALMA

CO(1→0) maps degraded to the SAMI resolution and SFR maps derived from SAMI Galaxy Survey data products (see text). In each

panel, we also give the averaged radial profiles derived from our ALMA control group (red step bars). The radial distances of SFE spaxels
are normalised by the individual objects’ effective radii (reff) and the bars are binned at intervals of 1 kpc over the median reff of all

objects in the outflow-type and ALMA control samples to approximate the width of SAMI PSF). The uncertainties represent 3 standard

errors (3σ)in the mean spaxel value of each distance bin. The outflow-type objects are separated into high-M∗ and low-M∗ subgroups in
the figure as in Figure 12.

ALMA controls along with the SAMI low-M∗ and high-M∗
controls given in Figure 12 into ΣCO using Equation 7. We do
this in order to validate our ALMA control sample, which as
in the ΣSFR radial distribution, is in good agreement with the
SAMI low-M∗ ΣCO radial profile (the similarity between the
ΣCO distribution derived from our ALMA control maps and
that calculated using Equation 7 from the ΣSFR distribution
also validates our use of the conversion for our additional
SAMI control samples).

Again we find a greater central concentration of ΣCO in
our ALMA outflow-type objects in comparison to our ALMA
and SAMI control samples. If we take the high-M∗ SAMI
control group as the comparative controls for the ALMA
high-M∗ outflow-type objects (i.e. the top row in Figure 13),
this centralisation is particularly clear. For the majority of
our outflow-type objects, the gas distribution lies in the in-
ner ≈ reff of their respective disks, except for GAMA106389
and GAMA618906, which have distributions out to ≈ 2reff .
However, the two aforementioned objects still have gas dis-
tributions that are more centrally distributed with regard
to the SAMI high-M∗ controls. The ΣCO distribution for our
ALMA outflow-type objects, therefore, strongly resembles
that of the ΣSFR profiles given in Figure 12. Similarly, we
do not find higher density gas spaxels with respect to ra-

dius consistently in our objects, which we also infer from
Figure 11.

Our global values for SFE and gas fraction (fMH2
) sug-

gest little difference between our outflow-type objects and
the xCOLD GASS control sample (matched to the outflow-
types in SFR and stellar mass) in terms of their integrated
gas content. In Figure 14 & 15, we analyse the radial distri-
bution of SFE and gas fraction spaxels. As in Figures 12 &
13, spaxels are binned with respect to distance from the ob-
jects’ centre along the plane of the disk. Constructing both
the SFE and fMH2

maps requires the direct combination of

both SAMI and ALMA data (i.e. SFE = SFR/MH2 , fMH2
=

MH2/M∗). In order to directly compare both datasets, the
ALMA zeroth moment maps (created as previously detailed)
are degraded to match the SAMI spatial resolution. The res-
olution is degraded by convolving the ALMA map with a 2D
Gaussian kernel using the Gaussian2DKernel and convolve

sub-routines within the astropy.convolution package (As-
tropy Collaboration et al. 2013, 2018). We define the ALMA
spatial resolution as the beam width across its major and mi-
nor axes (δbeammaj and δbeammin ) rotated with respect to the
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Figure 15. Bar plot depicting the average values of fMH2
spaxels (scaled to the SAMI resolution) binned by their radial distance for each

outflow-type object (turquoise bars) from the centre along the plane of the edge-on disk. fMH2
spaxels are calculated from our ALMA

CO(1→0) maps degraded to the SAMI resolution and stellar mass maps by Taylor et al. (2011). In each panel, we also give the averaged
radial profiles derived from our ALMA control group (red step bars). The radial distances of fMH2

spaxels are normalised by the individual

objects’ effective radii (reff) and the bars are binned at intervals of 1 kpc over the median reff of all objects in the outflow-type and ALMA

control samples to approximate the width of SAMI PSF). The uncertainties represent 3 standard errors (3σ)in the mean spaxel value of
each distance bin. The outflow-type objects are separated into high-M∗ and low-M∗ subgroups in the figure as in Figure 12.

beam angle, so that we degrade the ALMA maps with a 2D
Gaussian kernel of width:

σdegradex,y =

√
σPSF2 − δbeammaj,min

2 , (8)

where σPSF is the SAMI resolution.

To construct the SFE maps, we divide SFR and molec-
ular gas mass map spaxels and produce Figure 14 by the
same method used to create the ΣSFR and ΣCO radial plots
in Figure 12 & 13. The radial limit of the plot only extend to
2reff due to the lack of significant SFE spaxels in the outer
regions of the objects. For our radial SFE profiles in Fig-
ure 14, we use the ALMA controls as the control sample.
We do not observe any consistent enhancement of SFE in
our outflow-type objects with regard to the ALMA controls.
From this, we could infer that we are not observing a more
efficient process of star-formation in the outflow-type objects
compared to that taking place in the ALMA controls.

Our fMH2
maps require maps of stellar mass, which

have been derived from pixel-matched ugriZYJ imaging from
VST-KiDS and VISTA-VIKING. The imaging has been re-
processed by the GAMA survey (Driver & GAMA Team
2016) and re-projected to match the pixel scale of the SAMI
cubes (0.5′′pix−1). Stellar masses are calculated from the
synthetic stellar population modelling of the per-pixel u-J

SEDs, in a similar way to the GAMA stellar mass estimates
(Taylor et al. 2011). We divide the molecular gas mass (again
degraded to the SAMI resolution) and stellar mass spaxels
and bin radially using the same method described for Fig-
ure 14 to produce a radial distribution of fMH2

for the ALMA
outflow-types and ALMA control sample. Similar to the ra-
dial profiles plotted for ΣSFR and ΣCO, we observe a more
centralised radial distribution of fMH2

in the outflow-types
compared to the flatter distribution in the ALMA controls.
We also see higher values of fMH2

, in particular but not exclu-

sively, within the inner ≈ 0.5reff of the outflow-types (again,
with the exception of GAMA618906). This may suggest that
our outflow-types possess higher gas content relative to their
stellar mass inside their innermost regions compared to the
ALMA control group.

4 DISCUSSION

4.1 Equivalent Outflow-Control Global Gas
Content

Following Figure 5, we observe no notable difference in
global molecular gas fraction between our outflow-type sam-
ple and their xCOLD GASS control objects (see Section 3.1).
This would appear to contradict expectations that galaxies
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with intense ionised outflows would be more gas-poor due
to the entrainment of their molecular gas in the outflowing
stellar wind. This result is also at odds with previous stud-
ies that have shown differences in gas content in galaxies
harbouring intense ionised outflows and those that do not.
However, we note the absence in this analysis of H i gas con-
tent in our outflow-types and controls (as we do not have H i
for all our ALMA outflow-type/control sample). It remains
possible, therefore, that the samples contain different to-
tal amount of cold gas (defined as H i+H2). Roberts-Borsani
et al. (2020) find indications of lower H i gas fractions in their
outflow-type sample compared to their corresponding con-
trol group. This may suggest that the total cold gas fraction
in our outflow-type sample may be depleted compared to the
controls, while their molecular gas fractions are equivalent.
Nevertheless, it is clear from this work that the outflow-
type objects do not have a significantly different molecular
fraction (i.e. MH2/M�) compared to non-outflow-type galax-
ies with normal levels of star-formation. However, we must
also consider that the gas potentially being expelled from
our outflow-types may not escape the objects and may in-
stead fall back down to the disk (“galactic fountain model”,
Shapiro & Field 1976). Given the relatively low velocity dis-
persion measurements we find in our ALMA moment maps
(see Appendix B), it is unlikely that the gas possesses out-
flow velocities greater than circular velocity of the objects
(i.e. σCO < vcirc), meaning the gas would have insufficient
energy to escape the gravitational well of the host galaxy
(see Roberts-Borsani & Saintonge 2019). Any outflowing
gas, therefore, may be recycled down as an inflow, meaning
our integrated gas fraction values would not appear depleted
by the presence of outflows in our objects. Differences in in-
tegrated gas fraction between our outflow-types and control
objects may require higher energy outflows than we observe
in our ALMA outflow-type sample. However, it should be
noted that our ALMA objects are highly inclined meaning
the σCO values we measure are largely dominated by mo-
tions into/out of the plane of the disks. Outflows along the
minor axes, therefore, would be difficult to detect in σCO. As
the gas we observe is contained within a thin disk, without
significant CO(1→0) emission outside the plane, it would
seem that these objects are not entraining large quantities
of molecular gas.

In our resolved analysis in Section 3.2, Figure 13 shows
evidence that, despite the similarity in global gas content
between our outflow-type and xCOLD GASS control galax-
ies, the spatial distribution of molecular gas is not equiva-
lent when compared to the resolved ALMA and SAMI con-
trol samples. We find that our outflow-type objects possess
more central gas distributions and a steeper decline of gas
density with radius, with most harbouring their gas within
their inner ≈ reff . This is compared to the ALMA and SAMI
control groups that have less central ΣCO distributions with
a shallower radial decline. This is consistent with the idea
that ΣSFR is the primary driver of outflows and that outflows
are strongest in the central regions of galaxies (see Roberts-
Borsani et al. 2020). However, as shown by Figure 11, we do
not find denser spaxels of ΣCO in our outflow-types, nor a
higher incidence of dense spaxels, with respect to the ALMA
and SAMI control groups. Our radial distribution of molec-
ular gas in Figure 13, therefore, suggests that the densest
regions of gas in our outflow-types are located in the cen-

tral regions of the objects, whereas in the ALMA and SAMI
control samples, the dense regions are less centrally concen-
trated.

4.2 Centralised ΣSFR and ΣCO in Outflow-Type
Galaxies

Figure 12 illustrates the difference in the distribution of ΣSFR
with radius between our ALMA outflow-types and our con-
trol samples. As previously noted, the outflow-type galaxies
appear to possess more centrally distributed star-formation
compared to the ALMA and SAMI controls, which dis-
play a comparatively shallow decline of ΣSFR with radius.
One can infer from our findings that the star-formation in
outflow-type galaxies occurs in a well-defined, central region,
which could induce powerful stellar winds emanating from
that central area. This result is in agreement with Roberts-
Borsani et al. (2020), where ΣSFR is also found to extend
out to ≈ reff in their outflow-type objects. However, we note
that we don’t find evidence of a consistent elevation of ΣSFR
spaxels in the outflow-type objects relative to the control
samples. Currently, star-formation is the main mechanism
theorised to drive supersonic turbulence within the ISM in
low redshift galaxies (Mac Low & Klessen 2004). If this hy-
pothesis holds, cold gas should be entrained by highly turbu-
lent stellar winds within the central regions of our outflow-
type galaxies, potentially expelling it along with large-scale
outflows of ionised gas. Within this work, we do not find evi-
dence of this by either detecting spatially extended emission
in the zeroth moment maps (see Figure 7) or by kinematic
signatures in the PVDs (see Figure 8). However, using stack-
ing in extraplanar regions in future analyses may reveal the
presence of CO gas entrained within the ionised gas ejections
from our outflow-type objects.

Figure 13 also implies a centralisation of ΣCO spaxels
in our outflow-type objects compared to the ALMA and
SAMI controls. This is in agreement with analysis con-
ducted by Schruba et al. (2011) on the CO(2→1) emis-
sion of local spiral galaxies within the IRAM HERACLES
survey. They report a characteristic exponential decline of
CO(2→1) emission in the central region of their galaxy sam-
ple with no sharp cut-off. Furthermore, Roberts-Borsani
et al. (2020) find signatures of outflow activity, using the
Nad λλ5889, 5895 Å neutral gas tracer, to be largely con-
fined to the central ≈ reff of their outflow-type objects from
the MaNGA DR15 survey (Bundy et al. 2015). Outside this
central region, they find a steep decline in mass outflow rates
and loading factors, implying outflow activity occurs almost
exclusively in the centre of galaxies. The centralisation of
molecular gas in our outflow-types, and those in other stud-
ies, suggests the existence of a mechanism driving gas in-
wards toward the inner ≈ reff in these objects.

We also find in our resolved radial distribution a cen-
tralisation of molecular gas fraction spaxels in our outflow-
type objects compared to the ALMA control sample. The
distribution of outflow-type and ALMA control gas fraction
spaxels in Figure 15 suggest that the outflow-types have a
central enhancement (within the inner ≈ 0.5reff) of molecular
gas relative to the stellar mass, unlike the ALMA controls.
In Figure 13 we do not observe a consistent elevation of cen-
tral molecular gas content in the ALMA outflow-types with
respect to the ALMA control sample, but do see a steeper
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decline with radius. The central enhancement of gas frac-
tion must, therefore, be driven by a greater proportion of
gas with respect to the stellar mass in the inner ≈ 0.5reff .
Figure 15 further indicates that the gas distribution is more
regular in the ALMA control group with regard to the stel-
lar population and suggests there is a greater supply of gas
in their outer regions relative to the stellar mass. Further-
more, the similarity of the SFE radial profiles between our
outflow-type and ALMA controls implies that there is not
a more efficient mechanism operating within galaxies har-
bouring large-scale galactic outflows and that SFE is fairly
uniform throughout their disks.

This enhanced central gas fraction, in combination with
the evidence of intense ionised outflows, could be further ev-
idence of a“galactic fountain” scenario, where ejected molec-
ular gas is falling back down to the disk (i.e. it is not escap-
ing the gravitational well of the host galaxy). The molecular
gas fraction in our outflow-type objects would, therefore, not
be depleted by the existence of outflow activity. After falling
back to the disk, a separate mechanism may then act to drive
the gas inwards to the central regions of the outflow-type
object (see Sections 4.2.1 & 4.2.2). In contrast to our find-
ings concerning the molecular gas fraction, Roberts-Borsani
et al. (2020) find evidence that the neutral gas fraction is
depleted in the central regions of their outflow-type sample
(where H i is measured through stacking of H i 21 cm obser-
vations). The combination of these results suggest that while
molecular H2 gas is driven towards the centre of outflow-type
galaxies, H i is simultaneously being propelled towards their
outer regions, perhaps tracing the ionised wind. Equally, H i
that does fall inwards may be converted into H2 in the centre
of the objects due to high pressures in the central regions.

We can infer from our findings that a mechanism oper-
ates in the ALMA outflow-types that is driving gas towards
the centre of the objects and stripping their outer regions of
the surrounding gas.

4.2.1 Bar-Driven Gas Transport

The difference in distributions of ΣSFR and ΣCO between our
outflow-types and their respective control samples is likely
indicative of a different mechanism governing the dynam-
ics of gas within the two galaxy classifications. Jogee et al.
(2005) explore the ability of bars to re-distribute angular-
momentum in a galaxy, efficiently driving molecular gas into
its central regions. Large asymmetric structures, such as
bars, are capable of exerting immense torques on the sur-
rounding gas, causing it to lose angular momentum and,
consequently, fall inwards.

Figure 8 illustrates, with three distinct examples, the
wide variety in the morphology and kinematics of the gas
disks within our ALMA objects. Jogee et al. (2005) also
note this diversity of CO morphologies within their sample
of barred galaxies. In particular, they suggest that an ex-
tended molecular gas distribution is indicative of the early
stages of bar-driven inflows (meaning a large fraction of the
circum-nuclear gas is still along the large-scale stellar bar).
By contrast, bar structures in a later stage of their evolution
are typically found to hold their circum-nuclear gas within
the OILR (outer inner Lindblad resonance) of the bar. This
gas is likely to exhibit principally circular motion as opposed

to gas in a younger bar structures which tends towards non-
circular kinematics.

Unlike Jogee et al. (2005), Sheth et al. (2005) make
the distinction that only early-type Hubble barred spirals
(i.e. CO-bright galaxies) demonstrate the very disparate en-
vironment within the central 1-2 kpc compared to the outer
regions. This difference between early-type and late-type
barred spirals is typically attributed to the higher critical
surface densities required for star-formation in Early-types,
resulting from steeper rotation curves (Ho et al. 1997). Ho
et al. (1997) predict, consequently, that early-type barred
spirals will have higher central gas concentrations. Further-
more, they theorise that in order for these Early-type spirals
to maintain their high density cores, they must have substan-
tially higher mass inflow rates compared to late-type spirals.
Our outflow-type objects may, therefore, be more consistent
with Late-type barred spirals, possessing a central symmetry
sufficient to cause molecular gas to fall inwards but without
the high gas densities and SFR observed in early-type spi-
rals.

Future kinematical modelling should help elucidate the
structure of these galaxies and whether they are consistent
with the definition of Hubble late-type.

4.2.2 Interaction-Driven Gas Transport

Galactic interactions are widely accepted to initialise wide-
spread disk destabilisation. Large-scale disruption of this
kind is also commonly associated with the formation of
asymmetric galactic features. These asymmetries established
within the merging disks exert strong torques on the adja-
cent gas, causing it to fall inwards. This is supported by the
work of Di Matteo et al. (2007), where the gas dynamics
of merging galaxy pairs is modelled in detail. They simu-
late over two hundred merging pairs and observe several key
phases of gas contraction and expansion. The final stage of
the merger involves a violent inflow of between ≈ 50 − 80%
of the total gas mass and is triggered by the rapid fluc-
tuations in the galactic potential. This gas flows into the
central kiloparsec of the merger and can be followed by an
intense starburst (which persists for < 600 Myr). However,
Di Matteo et al. (2007) note that interacting pairs do not
always lead to star-formation enhancement. Moreover, they
find that high star-formation enhancement is an infrequent
result in their simulations (compared to no, low or moderate
enhancement) and is associated with the shortest starburst
duration times. This scenario is consonant with our results
in this study. Furthermore, Di Matteo et al. (2007) also find
relatively small differences between the global SFR values
for interacting and non-interacting galaxies (also reported
by Bloom et al. 2017), which supports the integrated anal-
ysis presented in Figures 4 & 6.

Again, in order to find evidence of interaction, detailed
kinematic analysis is required. From initial observations,
Figure 8 appears to suggest that some of the kinematic pro-
files are indicative of disturbed gas structures. However, our
moment maps and PVDs suggest settled, regular gas struc-
tures in many of our outflow-type objects. It may be, there-
fore, that our outflow-type sample is comprised of objects
undergoing a variety of processes that drive molecular gas
inwards and expel intense ionised winds.
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4.3 Effect of Timescales

Throughout our resolved analysis in Section 3.2, we treat our
ALMA outflow-types individually due to the wide variety of
global (e.g. metallicity and stellar mass) and resolved prop-
erties (i.e. some objects possess enhanced star-formation and
gas density, while others do not) that we observe in the sam-
ple. As discussed previously, we also find a wide variety of
kinematical structures in our outflow-type objects in Fig-
ure 8. The diversity of these properties suggests that these
objects are either a collection of unrelated galaxies, simi-
lar only in their shared proclivity to eject large amounts
of ionised gas, or similar objects at different stages in their
evolution. For example, in relation to the discussion in Sec-
tion 4.2.2, it is possible that our outflow-types are interact-
ing galaxies but at different stages of their evolution. As
detailed by Di Matteo et al. (2007), mergers enter phases
of gas compression with short-lived, central starbursts and
gas expansion with little star-forming activity and diffuse
molecular gas distributions. If interaction is the driver of
the molecular gas compression and large-scale outflows of
ionised gas in our outflow-type objects, it is possible that
our outflow-types are at different stages in the compression-
expansion cycle, but all still experiencing large-scale ionised
outflows. This would be supported by the indications of in-
stability in the PVDs shown in Figure 8. However, as previ-
ously noted, kinematical analysis is required to validate this
possibility and whether the diversity of kinematical struc-
tures we observe (i.e. exponential, barred and unsettled) can
be linked as part of an evolutionary process (different stages
of a merger or other process).

In the context of timescales, it is also important to note
the similarity of integrated gas content between the outflow-
type objects and xCOLD GASS controls matched in stellar
mass and SFR (see Section 3.1). If our outflow-types are
entraining molecular gas in their large-scale ionised outflows,
the objects will eventually become significantly gas-depleted
with respect to galaxies not hosting galactic-scale outflows.
As we do not observe this, we could conclude that molecular
gas is not driven out of the objects by the stellar wind or
that these objects are in a very early stage of their outflow
activity.

4.4 Dense vs. Diffuse Molecular Gas

The traditional picture of the gas distribution in galaxies is
that large amounts exist in Giant Molecular Clouds (GMCs).
Solomon et al. (1979) and Solomon & Sanders (1980) find
a typical range of cloud sizes to be 15 - 90 pc (with an
average size ≈ 40 pc, Pety et al. 2013) and star-formation
occurs almost exclusively in GMCs. Our ALMA CO(1→0)
maps have a spatial resolution of ≈ 1 kpc (once re-binned
to the SAMI resolution), approximately an order of magni-
tude larger than the average size of GMCs. Solomon et al.
(1979) also report a mean 170 M� pc−2 molecular gas sur-
face density in GMCs. In Figure 11, ΣCO spaxels with a
value > 100 M� pc−2 are rare and only occur in two ob-
jects. Further, the radial averages of ΣCO in Figure 13 are
consistently ≈ an order of magnitude lower than the average
value reported by Solomon et al. (1979). Both Pety et al.
(2013) and Caldú-Primo et al. (2015) find that molecular
gas exists in two distinct phases; a clumpy, compact phase

in GMCs and a more diffuse phase. These studies find that
gas is divided equally between these two phases, as traced
by CO(1→0) emission. Moreover, Caldú-Primo et al. (2015)
suggest that this diffuse component is comprised of molecu-
lar gas distributed over spatial scales ≈ 1 kpc with column
densities . 30 times smaller than those in GMCs. This is
more inline with the spatial resolution of our observations
and the gas densities that we observe in Figures 11 & 13.

We can infer from the aforementioned studies that our
CO(1→0) emission maps may trace similar spatial scales to
the diffuse component of the molecular gas content in our
outflow-type and control objects. The contribution of gas
in GMCs will, therefore, be smeared by the ALMA beam,
reducing the ΣCO measurements in our CO(1→0) maps on
small spatial scales. Consequently, there remains a possi-
bility that our ALMA outflow-type objects contain excep-
tionally dense molecular gas within GMCs that power their
galactic-scale outflows of ionised gas. Similarly, the ≈ 1 kpc
physical resolution of the SAMI maps may also limit our
ability to detect intense star-formation pockets.

5 SUMMARY AND CONCLUSIONS

In this paper, we directly compare optical IFU data with
CO(1→0) emission tracing cold molecular gas for 9 galaxies
identified as harbouring galactic-scale outflows of ionised gas
(at z . 0.1). The galaxies were identified using the SAMI
Galaxy Survey with criteria outlined in Section 2 and Ho
et al. (2016) for edge-on objects (i.e. inclination, i ' 70◦). By
combining observations of ionised and molecular gas content
and dynamics, we aim to elucidate their coupling in the case
of galaxies with powerful, ionised outflows. With CO(1→0)
data from both IRAM and ALMA alongside the IFU data
from SAMI, we conduct our analyses on both global and re-
solved scales. Using SAMI, we also identify a further 7 galax-
ies matched to the outflow-type objects in stellar mass, SFR
(with further restrictions on their redshifts and inclinations)
that do not possess these intense outflows to act as a control
sample for our analysis.

In Section 3.1, we examine the differences in global gas
content and star-formation efficiency (SFE) for our outflow-
type objects and a control sample derived from xCOLD
GASS (matched to the outflow-type objects in stellar mass
and SFR). We then analyse the resolved ALMA and SAMI
data in Section 3.2, by directly comparing the SFR density
(ΣSFR) and MH2 density (ΣCO) spaxels on scales / 1 kpc
between the outflow-type objects and the controls. We also
examine the radial distribution of these ΣSFR and ΣCO spax-
els to assess any structural differences between the galaxies
harbouring galactic-scale outflows and those that do not.

The most significant findings of this study are sum-
marised as follows:

• We find no significant difference in the global prop-
erties of our outflow-type galaxies relative to their
matched controls from xCOLD GASS, including their
molecular gas fractions. This implies that outflow-type
galaxies possess the same total amount of molecular gas
as the controls with regard to the stars they have al-
ready created.
• By constructing PVDs as an initial method of kine-
matical analysis in Section 3.2, we observe a diversity of
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structures in our outflow-types (e.g. indications of bars,
settled exponential disks and unsettled structures, see
Figure 8). For this reason, the remainder of our anal-
ysis treats each outflow-type galaxy individually. We
remark, therefore, that galactic-scale outflows in these
objects may be instigated by several different processes.

• Using our resolved maps from ALMA and data from
the SAMI Galaxy Survey, we do not detect consistently
higher density ΣCO and ΣSFR spaxels in the outflow-type
objects compared to those in their controls. However,
we discuss the limitations of our resolution (≈ 1 kpc) in
tracing the compact molecular gas phase which drives
star-formation in Section 4.4.

• Binning spaxels of ΣCO and ΣSFR by radial distance
along the edge-on disk (Figure 13 & 12), we find that
the outflow-type objects have indications of a more cen-
tralised distribution of both cold molecular gas and star-
formation compared to their controls. The gas and SFR
distribution in the outflow-types generally fall within
their inner ≈ reff and decline with radius more steeply
than the controls. The control samples are comprised
of objects with a less centrally structured gas structure
and with, consequently, more evenly distributed star-
formation.

• We observe no obvious difference between the distribu-
tion of SFE between the outflow-type objects and their
controls.

• There is an enhancement of molecular gas fraction in
the outflow-types within their inner 0.5 reff compared to
their controls (see Figure 15). The decline of gas frac-
tion with radius in the outflow-types is again steeper
than that of the control sample. This in contrast to the
ALMA controls that are gas rich in their outer regions
with respect to their stellar population.

• We discuss mechanisms capable of driving large vol-
umes of gas towards the centre of a galaxy in Sec-
tion 4. The processes we consider rely on galactic-scale
asymmetries to transport angular momentum inwards,
such as bar structures and interaction. However, de-
tailed kinematical analysis would be required to iden-
tify which, if any, of these mechanisms operate within
our objects. We also consider the effects of the physical
scale our CO(1→0) emission maps resolves and whether
we can accurately analyse gas in GMCs or if our maps
more effectively trace gas in a diffuse phase that does
not contribute to star-formation.

Our primary conclusion from this work is the apparent
role of centralised molecular gas distributions in powering
galactic-scale outflows of ionised gas. These well-defined nu-
clei of gas and star-formation (with high central gas frac-
tion) may provide hints as to the driving mechanism behind
large-scale outflows. However, we note that we do not detect
elevation in gas or SFR density in our outflow-type objects
(and discuss possible explanations for this in Section 4). The
mechanisms driving molecular gas into the central regions
of these galaxies can not be determined without a detailed
kinematic analysis of our CO(1→0) data. This will form the
basis of future work on this dataset.
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