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A B S T R A C T 

We measure resolved (kiloparsec-scale) outflow properties in a sample of 10 starburst galaxies from the Deep near-UV 

observations of Entrained gas in Turbulent (DUVET) galaxies sample, using K eck/KCWI observ ations of H β and [O III ] 
λ5007. We measure ∼ 460 lines of sight that contain outflows, and use these to study scaling relationships of outflow velocity 

( v out ), mass-loading factor ( η; mass outflow rate per star formation rate) and mass flux ( ̇� out ; mass outflow rate per area) with 

co-located star formation rate surface density ( � SFR 

) and stellar mass surface density ( � ∗). We find strong, positive correlations 
of �̇ out ∝ � 

1 . 2 
SFR 

and �̇ out ∝ � 

1 . 5 
∗ . We also find shallow correlations between v out and both � SFR 

and � ∗. Our resolved observations 
do not suggest a threshold in outflows with � SFR 

, but rather we find that the local specific star formation rate ( � SFR 

/� ∗) is a 
better predictor of where outflows are detected. We find that outflows are very common above � SFR 

/� ∗ � 0 . 1 Gyr −1 and rare 
below this value. We argue that our results are consistent with a picture in which outflows are driven by supernovae, and require 
more significant injected energy in higher mass surface density environments to o v ercome local gravity. The correlations we 
present here provide a statistically robust, direct comparison for simulations and higher redshift results from JWST. 

K ey words: galaxies: e volution – galaxies: ISM – galaxies: starburst – galaxies: star formation. 
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 I N T RO D U C T I O N  

he evolution of galaxies is shaped by the baryon cycle. Cold gas is
ccreted on to galaxies, used as fuel in star formation which in turn
nriches the gas, and is then ejected from the galaxy to enrich the
urrounding environment (Somerville & Dav ́e 2015 ). Star formation- 
ri ven outflo ws are a necessary component of this cycle, contributing
o the enrichment of the circumgalactic medium (CGM; Tumlinson, 
eeples & Werk 2017 ; Cameron et al. 2021 ), and suppressing star
ormation through the removal of gas (Veilleux, Cecil & Bland- 
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awthorn 2005 ; Bolatto et al. 2013 ; Reichardt Chu et al. 2022b ).
alaxy-wide outflows are required for simulations to reproduce basic 
alaxy properties including the galaxy mass function, typical galaxy 
izes, and the Kennicutt–Schmidt Law (e.g Springel & Hernquist 
003 ; Oppenheimer & Dav ́e 2006 ; Hopkins, Quataert & Murray
012 ; Hopkins et al. 2014 ). To constrain the implementation of
alaxy-wide outflows in simulations, the simulations need to be 
ompared to empirical measurements of outflow quantities. It is, 
herefore, necessary that we understand the observational properties 
f outflows and their driving mechanisms. 
Star formation-dri ven outflo ws hav e been observ ed across cosmic

ime (e.g. Heckman et al. 2000 ; Chen et al. 2010 ; Rubin et al. 2010 ;
avies et al. 2019 ). Outflo ws are an observ ational tracer of the feed-
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ack process that regulates star formation, preventing runaway star
ormation in multiple ways. First, it is expected that the gravitational
eight of the disc creates pressure in the interstellar medium (ISM)
hich is balanced by the energy and momentum injected into the

SM by young massive stars and supernovae. This injected energy
nd momentum creates turbulence, suppressing the star formation
ccurring within the galaxy disc (e.g. Ostriker, McKee & Leroy
010 ; Faucher-Gigu ̀ere, Quataert & Hopkins 2013 ; Hayward &
opkins 2017 ; Krumholz et al. 2018 ; Ostriker & Kim 2022 ). Recent
bservations that compare velocity dispersion to the star formation
roperties find correlations that are consistent with feedback-based
egulation of star formation in discs (Fisher et al. 2019 ; Girard et al.
021 ). Pre-supernova feedback from young massive stars affects
he density of the ISM gas that the supernovae then explode into,
egulating the impact of the supernova feedback (McLeod et al.
021 ; Che v ance et al. 2022 ). In more extreme starburst environments,
lustered supernovae create expanding ‘superbubbles’ which drive
alactic winds when they break out of the disc (Fielding, Quataert &
artizzi 2018 ; Kim & Ostriker 2018 ; Vijayan et al. 2020 ; Orr et al.

022 ). Once these expanding gas bubbles break out of the disc, the gas
he y driv e out of the galaxy is no longer available for star formation.
caling relations are useful for identifying where this occurs, and

n which local regions the outflow dominates o v er turbulence as the
ain method of star formation re gulation. Moreo v er, establishing

bservational scaling relations provides direct tests for simulations
e.g. Kim et al. 2020 ; Rathjen et al. 2023 ). 

Simulations provide outflow properties such as the outflow veloc-
ty v out , the outflow mass flux �̇ out , and the mass loading factor

as a function of the star formation rate surface density � SFR 

hat are heavily dependent on their underlying assumptions of how
tellar feedback is implemented in their (often subgrid) models
e.g. Nelson et al. 2019 ; Kim et al. 2020 ; Pandya et al. 2021 ).
haracterizing these scaling relationships provides constraints on
ur understanding of the physical drivers of outflows. For example,
he relationship between the star formation rate surface density and
he outflow velocity provides constraints on the primary driving

echanism of the outflo ws. Outflo ws primarily driven by mechanical
nergy from supernovae are expected to have a shallow relationship
s v out ∝ � 

0 . 1 
SFR (Chen et al. 2010 ; Li, Bryan & Ostriker 2017 ;

im et al. 2020 ). Ho we ver, if the outflo ws are primarily dri ven
y momentum given to the gas by radiation from young massive
tars, then the expected relationship has a steeper dependence as
 out ∝ � 

2 
SFR (Murray, Quataert & Thompson 2005 ; Hopkins et al.

012 ; Kornei et al. 2012 ). Outflows are almost certainly driven by
 combination of both of these mechanisms. Spatial and temporal
ifferences in the pre-processing of the ISM material that supernovae
xplode into and entrain will contribute to the observed v out − � SFR 

elationship. In addition, supernovae generate cosmic rays which
re also expected to play a role in driving outflows (e.g. Girichidis
t al. 2016 , 2024 ). The extent to which this is important is unclear
ue to uncertainties in the parameters of cosmic ray transport (e.g.
aab & Ostriker 2017 ; Crocker, Krumholz & Thompson 2021 ; Kim

t al. 2023 ). To dri ve realistic galaxy-wide outflo ws, simulations
eed to include empirically moti v ated prescriptions that include the
ffects from all of the relevant feedback processes. As an initial
onstraint, these very different power laws make observational tests
f the primary contributor of the two models possible. 
Observations of outflows have historically been limited by their

ow-surface brightness to studies of either integrated galaxy samples,
r stacked galaxy samples. Trends between the outflow velocity and
lobal galaxy measurements of stellar mass, star formation rate (SFR)
nd � SFR of galaxies have been reported by many studies (e.g. Martin
NRAS 536, 1799–1821 (2025) 
005 ; Rupke, Veilleux & Sanders 2005 ; Chen et al. 2010 ; Steidel
t al. 2010 ; Kornei et al. 2012 ; Newman et al. 2012 ; Arribas et al.
014 ; Bordoloi et al. 2014 ; Rubin et al. 2014 ; Chisholm et al. 2015 ;
hisholm et al. 2017 ; F ̈orster Schreiber et al. 2019 ). Ho we ver, galaxy-
ide observations have an underlying dependence on the stellar mass
f the galaxy (Newman et al. 2012 ; Chisholm et al. 2015 ; Nelson
t al. 2019 ), making it difficult to test the predicted local correlations.
oreo v er, it has not been established how the resolved measurements
ay alter empirical correlations between outflow and the galaxy

rom which they launched. For example, if outflows are launched
rom small-scale regions in a galaxy, then global averages may wash
ut an y e xisting local relationships. Alternativ ely, it may be that
ggregate effects of the wind dominate the outflow energetics, and
hus global averages are more important. 

Resolved observations of face-on galaxies allow the comparison
f outflow properties to co-located galaxy properties. Using resolved
bservations, we can trace the outflowing kinematics back to the
ocal energy and momentum injected by star formation to test
n which scales the star formation drives galaxy-scale outflows.
ecently de veloped sensiti ve integral field units (IFUs), such as
eck II /KCWI, VLT /MUSE, and JWST /NIRSpec, have made this
ossible. In Reichardt Chu et al. ( 2022a ) (hereafter RC22a ) we
tudied resolved ionized outflows in the pilot target for the Deep near-
V observations of Entrained gas in Turbulent galaxies (DUVET)

ample, IRAS 08339 + 6517. We found a shallow correlation between
he local co-located � SFR and v out , consistent with trends expected
rom supernovae being the primary outflow driving mechanism. In
ur follow-up paper, Reichardt Chu et al. ( 2022b ) (hereafter RC22b ),
e found a relationship between the star formation rate surface
ensity and outflow mass flux of �̇ out ∝ � 

1 . 06 ±0 . 1 
SFR . In this paper,

e extend this analysis to a sample of ten face-on galaxies from the
UVET surv e y. 
The paper is organized as follows: We describe our galaxy sample

n Section 2.1 , and our observations and data reduction of the sample
n Sections 2.2 and 3.1 . We describe our method to fit for outflows
n Section 3.2 . The resulting relationships of the maximum outflow
elocity, mass outflow flux, and mass loading factor with SFR surface
ensity and stellar mass surface density are explored in Section 4 .
onclusions are presented in Section 5 . Throughout the paper, we
ssume a flat � cold dark matter ( � CDM) cosmology with H 0 = 69 . 3
m Mpc −1 s −1 and �0 = 0 . 3 (Hinshaw et al. 2013 ). 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

.1 DUVET sample 

UVET is a sample of starbursting disc galaxies at z ∼ 0 . 02 − 0 . 04.
he sample contains both face-on and edge-on galaxies so that
e can build a three-dimensional understanding of the impact of

tellar feedback and star formation-driven outflows on galaxies
ith high-star formation rate surface densities, � SFR , and their

nvironments (e.g. face-on: RC22a , RC22b ; edge-on: Cameron et al.
021 ; McPherson et al. 2023 , McPherson et al. in prep). The galaxies
re chosen to have total SFRs at minimum 5 × the main sequence
alue for their total stellar mass. The galaxies are also required to
ave the morphology and kinematics of a disc so that we can remo v e
he underlying velocity field. The total sample has 27 galaxies and a
tellar mass range of 10 9 − 10 11 M �. 

This work uses 10 targets from the DUVET sample that have low
nclinations. Inclination is estimated photometrically using the ratio
f the major-to-minor axis in near-IR broad-band images from Two
icron All Sky Survey (2MASS) H band (1.7 μm) and Spitzer /IRAC



DUVET: outflow scaling relations 1801 

Table 1. Columns are: (1) Galaxy name. (2) Redshift. (3) Stellar mass from literature, references given in Column 10. (4) Star formation rate from ionized 
gas using the H β line. (5) Star formation rate from WISE Band 4 data, following Cluver et al. ( 2017 , their equation 7). (6) Average extinction in the disc gas 
based on the H γ /H β flux ratio within r 90 . (7) Galactic extinction in the band WFC3 F390W from Schlafly & Finkbeiner ( 2011 ). (8) and (9) Ef fecti ve radius 
and 90 per cent radius in arcseconds from g -band PanSTARRS data respectively. (10) Median log 10 ([O III ] λ5007 / H β) flux ratio. (11) References: (1)–Fisher 
et al. ( 2022 ), (2)–Bik et al. ( 2022 ), (3)–Cook et al. ( 2019 ) (4)–Fern ́andez Lorenzo et al. ( 2013 ), (5)–Howell et al. ( 2010 ), (6)–Kouroumpatzakis et al. ( 2021 ), 
and (7)–Shangguan et al. ( 2019 ). 

Name z M ∗ SFR 

∗
IFU , H β SFR total , IR A v A λ r 50 r 90 log [O III ]/H β References 

(10 10 M �) (M � yr −1 ) (M � yr −1 ) (mag) (mag) ( ′′ ) ( ′′ ) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

IRAS 08339 + 6517 0.019 1 .10 7 . 59 ± 0 . 05 12 . 8 ± 0 . 1 0 . 27 + 0 . 32 
−0 . 27 0.365 2.6 5 .90 0 . 12 ± 0 . 03 1 

IRAS 15229 + 0511 0.036 3 .02 4 . 65 ± 0 . 05 14 . 4 ± 0 . 1 0 . 57 + 1 . 01 
−0 . 57 0.183 3.7 9 .10 −0 . 35 ± 0 . 01 2 

KISSR 1084 0.032 3 .05 2 . 62 ± 0 . 02 ∗ 3 . 69 ± 0 . 06 0 . 75 ± 0 . 59 0.188 4.8 8 .20 −0 . 35 ± 0 . 02 3 

NGC 7316 0.019 4 .17 2 . 23 ± 0 . 01 ∗ 3 . 25 ± 0 . 04 0 . 49 ± 0 . 40 0.186 6.8 12 .3 −0 . 22 ± 0 . 02 4 

UGC 01385 0.019 4 .74 5 . 68 ± 0 . 06 12 . 8 ± 0 . 1 0 . 32 + 0 . 67 
−0 . 32 0.316 2.8 7 .60 −0 . 37 ± 0 . 03 5 

UGC 10099 0.035 5 .73 4 . 84 ± 0 . 03 8 . 17 ± 0 . 06 0 . 37 ± 0 . 32 0.069 2.5 6 .20 −0 . 04 ± 0 . 03 6 

CGCG 453-062 0.025 8 .99 15 . 3 ± 0 . 1 ∗ 10 . 9 ± 0 . 08 0 . 10 ± 0 . 80 0.395 7.2 13 .2 −0 . 47 ± 0 . 01 5 

UGC 12150 0.021 11 .0 3 . 43 ± 0 . 03 ∗ 14 . 7 ± 0 . 08 0 . 86 + 1 . 20 
−0 . 86 0.271 5.3 11 .1 −0 . 35 ± 0 . 01 5 

IRAS 20351 + 2521 0.034 11 .2 16 . 3 ± 0 . 1 ∗ 28 . 9 ± 0 . 2 0 . 88 ± 0 . 65 0.751 7.3 12 .1 −0 . 18 ± 0 . 02 7 

NGC 0695 0.032 20 .1 33 . 4 ± 0 . 3 ∗ 29 . 9 ± 0 . 2 1 . 66 ± 0 . 72 0.351 5.9 11 .2 −0 . 26 ± 0 . 01 5 

Note. ∗ We use the total flux measured in H β to calculate SFR IFU , H β , ho we ver, some galaxies in our sample extend beyond the field of view (FOV) of our 
observations and so this is a lower limit of the total SFR for the galaxy. The affected SFR values are indicated using an asterisk. 
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h1 (3.6 μm). Nine of these targets have inclinations of i < 15 ◦, and
ne target is moderately inclined (CGCG 453 −062: i = 54 ◦). The
nclined target was observed due to a range in local sidereal time
LST) at the time of observation that did not have sufficient targets
vailable that meet the DUVET sample selection criterion. We will 
ighlight CGCG 453 −062 in our discussion of results and in the
ain results plots. 
The ten galaxies chosen for this work span four orders-of- 
agnitude in � SFR ( ∼ 0 . 001 − 10 M � yr −1 kpc −2 ) in ∼ 500 pc scale

egions, while keeping the total galaxy stellar mass 10 − 20 ×
0 10 M �. Properties for all 10 galaxies examined here are given in
able 1 , in order of increasing total stellar mass. We have calculated

he infrared SFR (Column 5) using Band 4 (22 μm) photometry from
he Wide-field Infrared Surv e y Explorer telescope (WISE; Wright 
t al. 2010 ) given in the AllWISE Source Catalog (Cutri et al.
013 ), following the relationship from Cluver et al. ( 2017 , their
quation 7). We have used the magnitudes given in column w4gmag
f the Catalog, which cross-matches the WISE source positions with 
he 2MASS Extended Source Catalog (Skrutskie et al. 2006 ) and fits
n elliptical aperture based on the 2MASS data, scaled for the larger

ISE Band-4 point spread function. This allows for the extended, 
on-circular profiles of our galaxies. 

.2 Obser v ations 

he galaxies were observed with Keck II /KCWI (Morrissey et al. 
018 ) o v er a range of nights giv en in Table 2 , with sub-arcsecond
eeing conditions. We used the Blue Medium (BM) grating ( R ∼
500) in the large IFU slicer mode, giving a field of view (FOV)
f 20 . 4 arcsec × 33 arcsec with spatial sampling of 0 . 29 arcsec ×
 . 35 arcsec , which is seeing limited in the short spaxel side direction.
he galaxies were observed using a half-slice dither pattern in the 
irection of the long side of the spaxel to allow for better spatial
ampling. The exposure time and number of exposures for each 
alaxy are given in Column 3 of Table 2 . All galaxies are observed
 ‘blue’ and ‘red’ grating setting. In this paper, we only use the
ed setting. The central wavelength set for the BM grating of the
ed setting is given in Column 4 of Table 2 for each galaxy and
as chosen to include all wavelengths from H γ to [O III ] λ5007.
he galaxies were also observed with a ‘blue’ configuration, to 
 xtend the wav elength co v erage from H γ to below the [O II ] doublet.
he observations using the ‘blue’ configuration are described in 
cPherson et al. in prep . A separate sky field was observed beyond

he virial radius for each galaxy either directly before or after the
cience exposures. The observations and data reduction for the pilot 
arget, IRAS 08339 + 6517 were discussed in detail in RC22a and
isher et al. ( 2022 ). The observations and data reduction for the
emaining nine galaxies follow a similar method. 

The data were reduced using the standard IDL KCWI Data Ex-
raction and Reduction Pipeline (Version 1.1.0). 1 Before combining 
he images, small-scale imperfections in the WCS were accounted 
or by a re-alignment based on the H γ emission line, which is
etected in all images and allows for alignment with bluer wavelength 
ettings taken on each galaxy not used in this work. The H γ flux
as compared in each pixel using an iterative minimization method, 

nd the WCS of the images was adjusted to result in the minimum
verage residual across each galaxy. The python package MONTAGE 2 

as then used to reproject the images to produce square spaxels
f 0 . 29 arcsec × 0 . 29 arcsec , based on the shorter side length of
he original rectangular spaxels. The resulting reprojected images 
f each galaxy were co-added in MONTAGE using the adjusted 
CS coordinates. The variance cubes were similarly reprojected 

nd coadded. The number of images and their exposure times are
iven in Column 3 of Table 2 for each galaxy. The reduction process
or DUVET galaxies is described in more detail in McPherson et al.
 2023 ). 

To account for the (on average) 0 . 7 arcsec seeing conditions, the re-
ulting realigned, reprojected and coadded cubes were binned 3 × 3 
o obtain cubes with a final spaxel size of 0 . 87 arcsec × 0 . 87 arcsec ,
hich is comparable to the typical seeing full width at half-
aximum. The dither pattern of the observations in the direction of
MNRAS 536, 1799–1821 (2025) 
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M

Table 2. Columns are: (1) Galaxy name. (2) and (3) RA and Dec from NED ∗. (4) The date the galaxy was observed with KCWI/Keck II. (5) Number and 
length of exposure times in seconds. (6) is the set central wavelength of the BM grating. 

Name RA Dec Obs date Exp times Central wavelength 
(J2000) (J2000) (s) ( Å) 

(1) (2) (3) (4) (5) (6) 

IRAS 08339 + 6517 08:38:23.18s + 65:07:15.2s 2018 Feb 15 1200, 600, 300, 100 4800 
CGCG 453 −062 23:04:56.53s + 19:33:08.0s 2019 Oct 20 6 × 300 4800 
UGC 01385 01:54:53.79s + 36:55:04.6s 2019 Oct 20 6 × 300 4800 
UGC 12150 22:41:12.26s + 34:14:57.0s 2019 Oct 21 6 × 300 4800 
NGC 0695 01:51:14.24s + 22:34:56.5s 2019 Oct 21 4 × 300 4800 
NGC 7316 22:35:56.34s + 20:19:20.1s 2019 Oct 20 & 21 1 × 200 , 6 × 300 , 3 × 500 4800 
IRAS 15229 + 0511 15:25:27.49s + 05:00:29.9s 2020 March 22 6 × 300 4850 
UGC 10099 15:56:36.40s + 41:52:50.5s 2020 March 22 6 × 300 4850 
IRAS 20351 + 2521 20:37:17.72s + 25:31:37.7s 2020 May 16 6 × 300 4820 
KISSR 1084 16:49:05.27s + 29:45:31.6s 2020 May 16 6 × 300 4820 

Note. ∗The NASA/IPAC Extragalactic Database (NED) is funded by the National Aeronautics and Space Administration and operated by the California Institute 
of Technology. 
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he long side of the original spaxels allows for the reconstructed im-
ges to better sample the seeing. RC22a found stronger correlations
etween outflow and co-located galaxy parameters abo v e a re-binned
paxel size of ∼ 0 . 5 kpc, and discussed possible geometric and
emporal causes (see RC22a for a discussion). The reprojected spaxel
ize for the galaxies in this work is equi v alent to 0.34 kpc × 0 . 34 kpc
t z = 0 . 019 for our closest galaxies and 0.63 kpc × 0 . 63 kpc at
 = 0 . 036 for our furthest galaxy. Our pilot target IRAS 08339 + 6517
s the exception to this, retaining its original data reduction from
C22a resulting in rectangular spaxels of 0 . 3 arcsec × 1 . 35 arcsec

0.1 kpc × 0 . 5 kpc at z = 0 . 019). 

 M E T H O D S  

.1 Continuum subtraction 

efore each cube was continuum subtracted, foreground extinction
ue to the Milky Way was corrected in each spaxel using the Cardelli,
layton & Mathis ( 1989 ) law and Galactic extinction values from

he Schlafly & Finkbeiner ( 2011 ) recalibration of the Schlegel,
inkbeiner & Davis ( 1998 ) extinction map. The value used for each
alaxy is given in Table 1 . 

The full spectrum fitting code pPXF (Cappellari 2017 ) was used
o fit the stellar continuum. For this fitting to occur, the continuum
as required to have a signal-to-noise greater than 3 in a continuum
and (4600 Å< λ < 4800 Å) for each galaxy data cube. For nine
f the ten galaxies in this work, the continuum fitting used semi-
mpirical templates from Walcher et al. ( 2009 ). IRAS 08339 + 6517
as found to have a lower gas-phase metallicity than the rest of the

ample based on a comparison of its emission line ratios (e.g. L ́opez-
 ́anchez, Esteban & Garc ́ıa-Rojas 2006 ). Due to this difference,
nd to keep consistency with the results from RC22a and RC22b ,
he continuum subtraction for IRAS 08339 + 6517 used the Binary
opulation and Spectral Synthesis (BPASS) templates (Version 2.2.1,
tanway & Eldridge 2018 ), including binary systems with a broken
ower-law initial mass function with a slope of −1.3 between 0 . 1 M �
nd 1 . 0 M �, a slope of −2.35 abo v e 1 . 0 M �, and an upper limit of
00 M �. The BPASS templates were built to co v er younger ages and
ower metallicities than the Walcher et al. ( 2009 ) templates. 

Post continuum subtraction, we identified some spaxels where
 wide residual absorption feature near H β is not fully remo v ed
hrough the continuum subtraction process. This does not occur
n all spaxels, and appears to be more common in more heavily
NRAS 536, 1799–1821 (2025) 
xtincted systems. The continuum subtraction of starburst galaxies
s unreliable, due to well-known issues in creating stellar population
ibraries to model the continuum in these environments (Conroy
013 ). We therefore address an y re gions that were poorly fit by
tting any remaining residuals. Using short wavelength bands on
ither side of the emission lines, we fit a linear function across [O III ]
5007 and a quadratic across H β such that the corrected spectrum
as a flat baseline. The wavelengths of the bands on either side of
he emission lines are carefully chosen for each galaxy to exclude
ny broad emission from the emission line, and the correction is
nterpolated across the baseline. We use a quadratic function across
 β as it is more likely to be affected by residual hydrogen absorption

n stellar photospheres. The resulting baselines are visually inspected
or a subset of spaxels in each galaxy. Examples for H β and [O III ]
5007 are given in Appendix A . Including the baseline increased

he total number of spaxels containing evidence of outflows found
cross all 10 galaxies from 458 to 465, resulting in an increase in
he median co v ering fraction within r 50 of only ∼0.01 de x. We tested
ur results with and without this additional baseline correction and
ound the change fell within the error bars for the difference in both
edian outflow velocity and median outflow mass flux. Including

he baseline correction decreased the median mass loading factor by
2 per cent . 
Finally, an internal extinction correction was calculated on a

pax el-by-spax el basis for all galaxies using the emission line ratio
 β/H γ and the Calzetti ( 2001 ) extinction curve. Across our sample,
e have a median signal-to-noise ratio of 29 in H β and 8.5 in H γ .
his extinction correction was applied when calculating the star

ormation rate and the mass outflow rate. The impacts of including
n extinction correction within the outflow mass calculation are
iscussed further in Section 4.2 . 

.2 Emission-line fitting method 

o identify outflows we follow the method developed in previous
UVET papers (Reichardt Chu et al. 2022a ; McPherson et al. 2023 ).
e implement multicomponent Gaussian fitting using the Python

ackage THREADCOUNT 3 , which uses the Python fitting package LM-
IT (Newville et al. 2019 ) with a Nelder–Mead simplex minimization
lgorithm. We fit both a single and a double Gaussian to the H β

https://github.com/astrodee/threadcount
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Figure 1. Example fits from DUVET target UGC 01385. Left panel: an RGB image of UGC 01385 (R: Pan-STARRS z band, G: Pan-STARRS r band, B: 
Pan-STARRS g band). Large green rectangle shows the footprint of our KCWI observations. Blue, purple, and orange small squares show highlighted KCWI 
spaxels, for which the H β emission line fits are shown in the right-hand panels. Right-hand panels: for each panel, data is in blue, purple or orange corresponding 
to the squares in the left panel. The variance is shown as a grey band. Dashed black lines show the two-component Gaussian fits. Dotted red line shows the 
complete fitted model. The signal-to-noise and δBIC are given for each spaxel (see Section 3.2 for more discussion of the δBIC ). 
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nd [O III ] λ5007 emission lines independently in spaxels where we
easure a signal-to-noise greater than 10 in the emission line. To 

etermine whether the extra Gaussian component is necessary, we 
se the Bayesian information criterion (BIC). The form of the BIC we
se here is the Aikake information criterion, the special case where 
ach model is fit to the same number of data points, defined as 

IC = χ2 + 2 N variables , (1) 

here χ2 = 

∑ 

( f data − f model ) 2 /σ 2 , and σ is the data uncertainty.
 variables is the number of variables included in the fit, which is 4 for

ingle Gaussian fits and 7 for double Gaussian fits, where for each
t three variables describe each Gaussian component and the extra 
ariable is for an additional linear component. Some example fits 
re shown for one of our targets, UGC 01385, in Fig. 1 . 

The double Gaussian model is only chosen where it gives a 
o wer BIC v alue than the single Gaussian model minus a threshold
alue such that BIC doubleGaussian < BIC singleGaussian − δBIC . The typical 
iterature value used for the BIC threshold is δBIC = −10 (Kass &
aftery 1995 ; Swinbank et al. 2019 ; Avery et al. 2021 ). Ho we ver,

his threshold is based on the assumption that the model errors
re independent and distributed according to a normal distribution. 
mission lines in typical spiral galaxies have been shown to be better
t by multiple Gaussian components (Ho et al. 2014 ). Observations 
f singular H II regions also find emission lines require multiple 
aussian components (Rozas et al. 2007 ) or a Voigt profile (Keto,
hang & Kurtz 2008 ; Galv ́an-Madrid, Goddi & Rodr ́ıguez 2012 ).
ur data has extremely high signal-to-noise. We select only spaxels 

hat have a median signal-to-noise per wavelength channel of � 10, 
mplying a peak signal-to-noise of 100–200 across many of the 
mission lines. This is sufficiently high to identify any fluctuations 
way from a Gaussian shape in the galaxy emission, even with the
imited spectral resolution. In addition, the models available for con- 
inuum subtraction are imperfect representations of young, starburst 
opulations, and residuals from this process may be mistaken for a
ow-flux broad component if a lenient δBIC is used. In RC22a, we
ound that using the typically adopted threshold value of δBIC results 
n all spaxels requiring multiple Gaussian component models, even 
hose spaxels in which a by-eye examination fa v ours only a single
aussian component. We, therefore, choose a stricter value for δBIC 

sing the following method. 
To find the optimum threshold value to use with our data, we first

an THREADCOUNT with a lenient threshold of δBIC = −10 for all
alaxies in our sample. We then compared the reduced χ2 ( χ2 

red =
2 /ν, where ν is the degrees of freedom) value from fits to the
mission lines using both a simple 1 Gaussian model and a 2 Gaussian
odel to the δBIC returned comparing the two models. There is some

egree of circularity in this reasoning for any individual emission 
ine fit, as the χ2 value is calculated as part of the BIC. Ho we ver,
e are using the comparati ve dif ference in χ2 

red v alue in order to
nderstand the BIC values. Fig 2 shows the χ2 

red value plotted against
he δBIC for all galaxies, with fits to H β represented in the left, and
O III ] λ5007 in the right panels, respectively. 

For each galaxy, we determined the threshold to be the maximum
BIC where the running median of the χ2 

red for the 1 Gaussian models
ecomes one standard deviation away from the running median of the
2 
red for the 2 Gaussian models. We then took the average across all
alaxies, finding an average H β threshold of −161, and an average
O III ] λ5007 threshold of −132. We make a conserv ati ve choice to
ound to δBIC = −200 for our threshold value across the sample, and
his is plotted as a black vertical line in Fig. 2 . This conserv ati ve
hoice may bias results by removing fits to low signal-to-noise 
pectra, as well as fits suggesting low-velocity winds. 

We restrict the double Gaussian fits such that the bluer component
ust have a smaller amplitude and larger velocity dispersion than the
MNRAS 536, 1799–1821 (2025) 
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Figure 2. The reduced χ2 value plotted against the difference in BIC for fits to H β (left) and [O III ] 5007 (right) emission lines. Dark blue points represent fits 
using a simple 1 Gaussian model. Light orange points represent fits to the same data using a 2 Gaussian model. Solid lines of the same colour show the rolling 
median of the points. The vertical black line is the threshold value used for the whole sample, δBIC = −200. At this threshold, the two populations of fits are 
statistically different. 

Figure 3. Maps of the location of the outflows for all 10 galaxies in our sample. RGB images are from Pan-STARRS (R: z band, G: r band, B: g band), using 
42 . 5 arcsec × 42 . 5 arcsec cutouts. Galaxies are organized by increasing stellar mass, from left to right, top line before bottom line (galaxy masses given in 
Table 1 ). Large green rectangle shows the footprint of our KCWI observations (20 . 4 arcsec × 33 arcsec ). Light purple dashed circle shows r 90 (given for each 
galaxy in Table 1 ). Orange contours show where outflows have been detected in each galaxy. A 1 kpc scale bar is in white in the bottom right of each panel. 
Bright foreground objects have been masked for NGC 7316, CGCG 453-062, and IRAS 20351 + 2521. 
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edder component. When a double Gaussian model is the statistically
referred fit, we assume the broad, blue-shifted component mea-
ures flux from outflowing gas and the narrower, higher amplitude
omponent measures flux from gas within the galaxy disc (see
C22a , RC22b , and McPherson et al. 2023 for more detail). A visual

nspection of the data did not find any redshifted secondary peaks.
he software prompts the user to confirm fits with marginal BIC
alues or those in which the central velocity shift of the second
omponent is small. Likewise, we visually inspect a large fraction of
esulting fits, and generally find good fits. 

To calculate the uncertainties on the fits, threadcount runs a
onte Carlo simulation. The spectral pixels of each input emission

ine are adjusted using a normal distribution with a standard deviation
rom the observed variance in our data. The resulting simulated
mission line is then re-fit, and the uncertainty in the fit for that
NRAS 536, 1799–1821 (2025) 
paxel is calculated as the standard deviation of all simulated spectra
ts. In this paper, we perform 100 simulations of each emission line
H β and [O III ] λ5007) for each spaxel. 

We restrict the spaxels in our results to those within r 90 of
ach galaxy (given in Table 1 ) to e xclude an y spax els on the
dge of the galaxy that may have more complicated kinematics
ue to inflowing gas. We restrict the velocity dispersion of both
omponents to be greater than the instrument dispersion of KCWI,
inst = 41 . 9 km s −1 , such that all outflows have resolved dispersions,
nd the outflow velocity dispersion is greater than the galaxy
ispersion. We additionally exclude 12 spaxels in the centre of CGCG
53-062 which are double-peaked, making decomposing the outflow
omponent unreliable. Maps of the final results for the location of
paxels with evidence of outflows for each galaxy are given in 
ig. 3 . 
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Table 3. Power-law fits to the given parameters for spatially resolved data from all 10 galaxies in our sample, of the form log 10 ( y) = α + β log 10 ( x), 
using the method of orthogonal distance regression. R P is the Pearson correlation coefficient, with its p-value in the next column to the right. R S is the 
Spearman’s Rank correlation coefficient for the given correlation, with its p-value in the next column to the right. The subscripts ‘extcorr’ and ‘nocorr’ 
indicate where the outflow has been extinction corrected the same as the disc gas, or not extinction corrected, respectively. 

x y α β R P p-value R S p-value 

� SFR v out, H β 2.48 ± 0.01 0.20 ± 0.01 0.44 2 × 10 −23 0 .48 2 × 10 −28 

� SFR v out, [OIII] 2.52 ± 0.01 0.12 ± 0.01 0.27 4 × 10 −7 0 .37 4 × 10 −12 

� SFR �̇ out, extcorr 0.53 ± 0.03 1.21 ± 0.03 0.84 8 × 10 −128 0 .82 2 × 10 −117 

� SFR �̇ out, nocorr 0.10 ± 0.04 1.08 ± 0.04 0.75 1 × 10 −86 0 .71 1 × 10 −74 

� SFR η 0.03 ± 0.04 −0.03 ± 0.04 −0.04 0.33 −0 .02 0.72 
� ∗ v out, H β 1.66 ± 0.05 0.22 ± 0.02 0.49 4 × 10 −31 0 .53 1 × 10 −37 

� ∗ v out, [OIII] 2.15 ± 0.07 0.09 ± 0.02 0.19 4 × 10 −4 0 .28 2 × 10 −7 

� ∗ �̇ out, nocorr −4 . 62 ± 0.14 1.30 ± 0.04 0.79 3 × 10 −101 0 .83 3 × 10 −120 

� ∗ η −1 . 44 ± 0.13 0.49 ± 0.04 0.44 2 × 10 −23 0 .51 5 × 10 −33 
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 RESULTS:  STAR  F O R M AT I O N  D R I V E N  

UTFLOW  SC A LING  R E L AT I O N S  

n this section, we compare results from fitting for outflows in each
paxel to the co-located galaxy properties. We derive scaling rela- 
ionships for the maximum outflow velocity, the outflow mass flux 
nd the mass loading factor with star formation rate surface density 
nd stellar mass surface density. A summary of these correlations is
iven in T able 3 . W e also discuss the relationship of the fraction of
paxels containing outflows with total galaxy stellar mass and global 
tar formation rate surface density, and compare our summed galaxy 
esults to total galaxy measurements from the literature. 

.1 SFR surface density and maximum outflow velocity 

he kinematics of the outflow and their relationship to the SFR
urface density can be used to distinguish between subgrid physical 
odels describing the primary launching mechanism of the outflow. 
C22a found a shallow relationship between the SFR surface den- 

ity and the maximum outflow velocity, v out ∝ � 

0 . 1 −0 . 2 
SFR , consistent 

ith outflows driven by the energy from supernovae for IRAS 

8339 + 6517. In this paper, we extend this analysis to nine more
ace-on galaxies from the DUVET sample. 

We measure the star formation rate, SFR, in each spaxel using the
arrow line flux from fits to the extinction corrected H β emission
ine. In the optical, star formation rates are typically inferred from
 α luminosities (e.g. Kennicutt Jr & Evans 2012 ). Given that our
bservations do not include the H α emission line, we scale our obser-
ations of H β by the lab value for the F H α/F H β flux ratio such that 

FR = C H α

(
F H α

F H β

)
10 0 . 4 A H β F H β, (2) 

here C H α = 5 . 5335 × 10 −42 M � yr −1 (erg s −1 ) −1 is the scale
arameter assuming a Kroupa & Weidner ( 2003 ) initial mass
unction (IMF; Hao et al. 2011 ). F H α/F H β = 2 . 87 is the flux ratio
 T e = 10 4 K and Case B recombination, Osterbrock & Ferland
006 ). A H β is the extinction derived from the observed H β/H γ

atio and a Calzetti ( 2001 ) attenuation curve (see Section 3.1 ). F H β

s the observed H β flux, using flux from the narrow component of
he fits. This assumes that emission from the broad component is
ue to outflowing gas, and is not caused by star formation. RC22a
ound that including flux associated with outflowing gas causes an 
verage increase in the measured � SFR of ∼ 25 per cent . 

We report the total SFR for each galaxy from the H β emission
ine in Column 4 of Table 1 . We note that for six of the galaxies in
ur sample (CGCG 453 −062, UGC 12150, NGC 0695, NGC 7316, 
RAS 20351 + 2521, and KISSR 1084) the galaxy e xtends be yond the
OV of our KCWI pointing. The SFR that we measure is therefore
 lower limit for the total SFR of these galaxies. 

Star formation rate surface density, � SFR , is calculated using 
he spaxel size for each measurement. We find that the average
paxel within r 90 across all galaxies in the sample has a median
og ( � SFR [M � yr −1 kpc −2 ]) of −1.3 with a 1 σ span of ±0 . 9 dex.
paxels across all galaxies where we find evidence for outflows in
oth [O III ] λ5007 and H β have a median log ( � SFR [M � yr −1 kpc −2 ])
f −0.9 with a 1 σ span of ±0 . 8 dex. The typical sub-kpc region
osting outflows has, therefore, roughly half an order of magnitude 
igher � SFR than the median across all 10 galaxies. 
Following RC22a, we define the maximum outflow velocity as 

 out = | v narrow − v broad | + 2 σbroad , (3) 

here v narrow and v broad are the fitted Gaussian centres in velocity
pace for narrow and broad Gaussians, respectively. σbroad is the 
tandard deviation of the broad Gaussian. The instrumental velocity 
ispersion of 0.7 Å (41.9 km s −1 ) is remo v ed in quadrature. The
edian v out error is of order ∼ 30 and ∼ 40 km s −1 for H β and

O III ] λ5007, respectively. We note that by construction of how we
t the data, the outflow velocity should implicitly be assumed to have
 ne gativ e sign, as it is the blue-shifted outflow component of the
mission lines. 

All of the galaxies in our sample except for IRAS 08339 + 6517
re brighter in H β than in [O III ] λ5007, with the median log 10 ([O III ]
5007 / H β) ratio for the galaxy emission (excluding outflows) given

n Table 1 . 
We note that CGCG 453 −062 has a high-inclination angle 

 i ≈ 54 ◦), and therefore the measured outflow velocities require
orrection. We deproject the velocities by dividing by cos i. For 
ore detail on the velocity deprojection, see Appendix B . We use

he deprojected velocity in the remainder of this work for CGCG
53 −062. The difference in velocities after correction for galaxies 
ith inclinations < 15 ◦ is of order ∼ 5 km s −1 , which is negligible.
e, therefore, do not deproject the velocities of the rest of the galaxies

s their inclination angles are below 15 ◦. 
In Fig. 4 we show the results from our full sample for both the H β

nd [O III ] λ5007 emission lines, which were fit independently. For
gures for individual galaxies, see Appendix B (Figs B1 and B2 ).
n both H β and [O III ] λ5007, we measure the outflow velocity
 out across almost three orders of magnitude in � SFR . We find
edian outflow velocities of 229 km s −1 with a 1 σ scatter of 120 and

74 km s −1 with a 1 σ scatter of 218 km s −1 for the H β and [O III ]
5007 v elocities, respectiv ely. We find a Pearson correlation coeffi-
ient of R P = 0 . 43 ( p−value 	 10 −3 ) for the relationship between
MNRAS 536, 1799–1821 (2025) 
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Figure 4. The maximum outflow velocity, v out , plotted against the star formation rate surface density, � SFR , for spaxels of sub-kpc resolution in 10 local 
starbursting disc galaxies which required a double Gaussian fit for H β (447 spaxels, left panel) and [O III ] λ5007 (324 spaxels, right panel) emission lines. For 
relations for individual galaxies, see Appendix B . The fit to the data is given in the top left corner and shown as a solid red line in each panel. The dashed line 
represents a model where outflows are primarily driven by momentum injected from young massive stars ( v out ∝ � 

2 
SFR ; Murray, M ́enard & Thompson 2011 ). 

The dotted line represents a model where outflows are primarily driven by energy injected from supernovae ( v out ∝ � 

0 . 1 
SFR ; Chen et al. 2010 ). For observations 

of both H β and [O III ] λ5007, the fitted correlation is not consistent with the momentum-driven model. 
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og ( � SFR ) and log ( v out ) for H β, and R P = 0 . 27 ( p−value 	 10 −3 )
or [O III ] λ5007. 

Using the method of orthogonal distance regression, 4 we fit a
elationship between � SFR and v out for the results from H β and
O III ] λ5007 separately, and find 

 out, H β = 10 2 . 48 ±0 . 01 � 

0 . 20 ±0 . 01 
SFR (4) 

or velocities found from fitting the H β emission lines, and 

 out, OIII = 10 2 . 52 ±0 . 01 � 

0 . 12 ±0 . 01 
SFR (5) 

or velocities found from fitting the [O III ] λ5007 emission lines.
hese fits are shown in Fig. 4 as solid red lines. We compare these

o two models commonly used for the relationship between v out and
 SFR in simulations. The dashed line shows the expected correlation

f the outflows are primarily driven by the radiation pressure giving
omentum to the gas surrounding young massive stars ( v out ∝ � 

2 
SFR ;

urray et al. 2011 ). The dotted line shows the expected correlation
f the outflows are primarily driven by the energy injected from
upernovae ( v out ∝ � 

0 . 1 
SFR ; Chen et al. 2010 ). We recover shallow

elationships for both [O III ] λ5007 and H β maximum outflow
elocities, which are not consistent with the model for a purely
momentum-dri ven’ outflo w. 

Avery et al. ( 2021 ) fitted for ionized gas outflows using kine-
atically tied fits to H β, H α, and the [O III ] λλ4959 , 5007, [N II ]
λ6548 , 6583, and [S II ] λλ6716 , 6731 doublets in radially binned
tar-forming galaxies with disc morphologies from the MaNGA
urv e y. Excluding galaxies with AGN-driven outflows, they found
 shallow ne gativ e relationship of v out ∝ � 

−0 . 07 ±0 . 02 
SFR . On the other

and, using fits to the H α and [N II ] λλ6548 , 6583 emission lines,
NRAS 536, 1799–1821 (2025) 

 SCIPY ’s ODR fitter, see https:// docs.scipy.org/ doc/ scipy/ reference/ odr.html 

v  

(  

t

avies et al. ( 2019 ) found a steeper relationship of v out ∝ � 

0 . 34 ±0 . 10 
SFR 

or z ∼ 2 . 3 galaxies from the SINS/zC-SINF AO Surv e y () stacked
y � SFR . Our results lie between these two studies. We, ho we v er, hav e
llowed H β and [O III ] λ5007 to be fit with kinematically independent
ts. We note that the MaNGA galaxies co v er a wide range of � SFR ,
ut are not chosen to be starbursting as our sample of galaxies is. The
ample of SINS galaxies in Davies et al. ( 2019 ) has a median offset
f 2 × the main sequence SFR at z = 2 − 2 . 5, and co v ers a similar
ange of � SFR as the sample of galaxies studied here. 

Zheng et al. ( 2024 ) made resolved observations of the Large Mag-
llanic Cloud (LMC) measuring outflowing ionized gas in absorption
sing stars from the Hubble Space T elescope ULLYSES dataset.
ombining their resolved data with galaxy-integrated observations
f outflows in local starburst galaxies from the CLASSY sample
Xu et al. 2022 ), Zheng et al. ( 2024 ) found a shallow relationship
f v out ∝ � 

0 . 23 ±0 . 03 
SFR . This is consistent with our results, and is in

lose agreement with our v out − � SFR relationship for the outflows
easured with H β. 
The galaxies in our sample do not have the same signal-to-noise

n H β as in [O III ] λ5007 and are on average brighter in H β. The
igher signal-to-noise (S/N) enables us to fit the outflow component
ore reliably in H β. The outflow component is unresolved in

O III ] λ5007 for the galaxies IRAS 15229 + 0511, NGC 7316, and
GC 12150. Note that excluding spaxels where we observe an
utflow in only one emission line restricts the results to spaxels
ith � SFR > 10 −2 M � yr −1 kpc −2 , only 0.3 dex higher than the
inimum � SFR when all outflow detections are included. The fits for
 out − � SFR are consistent regardless of whether we restrict our data.
e do find that the Pearson correlation coefficient for the outflow

elocities measured in H β increases from R p = 0 . 43 to R p = 0 . 47
 p−value 	 10 −3 ), and for the [O III ] λ5007 results from R p = 0 . 27
o R p = 0 . 32 ( p−value 	 10 −3 ). 

https://docs.scipy.org/doc/scipy/reference/odr.html
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F or those spax els with both H β and [O III ] broad components,
he outflow velocities measured for [O III ] λ5007 are on average

20 km s −1 higher than those measured for H β. The velocity is
easured to be 256 km s −1 with a 1 σ scatter of 104 km s −1 in H β

nd 275 km s −1 with a 1 σ scatter of 214 km s −1 in [O III ] λ5007. This
elocity difference is more apparent at lower � SFR . This difference 
ould be due to systematics introduced by the absorption line around 
 β. Alternatively, it is plausible that [O III ] λ5007 is associated
ith a higher ionization state than H β, and this gas is intrinsically
oving faster. 

.2 SFR surface density and outflow mass flux 

t is expected that regions of galaxies with a higher SFR surface
ensity will drive a higher mass outflow rate, Ṁ out , which has been
bserv ed in resolv ed observations of one target ( RC22b ). The mass
utflow rate is defined as 

˙
 out = 

1 . 36 m H 

γH βn e 

(
v out 

R out 

)
L H β, broad 10 0 . 4 A H β , (6) 

here m H is the atomic mass of hydrogen. γH β is the H β emis-
ivity for case B recombination with assumed electron temperature 
 e = 10 4 K ( γH β = 1 . 24 × 10 −25 erg cm 

3 s −1 ; Osterbrock & Ferland
006 ). n e is the local electron density in the outflow, where we assume
 e = 100 cm 

−3 ( RC22b ). v out is the maximum outflow velocity found
rom fitting the emission lines, here we use the v out from H β. R out 

s the radial extent of the outflow, where we assume R out = 0 . 5 kpc.
 H β is the H β luminosity from the fitted broad Gaussian component. 
inally, A H β is the extinction derived from the observed H β/H γ

atio for the narrow line component and a Calzetti ( 2001 ) attenuation
urve (see Section 3.1 ), which is discussed further below. 

Any calculation of Ṁ out heavily depends on the assumption made 
or the geometry and electron density of the outflow. We have 
ssumed R out = 0 . 5 kpc and n e = 100 cm 

−3 for direct comparison
o our previous results RC22a , RC22b . In addition, 0.5 kpc is similar
o the resolution of our KCWI spaxels when averaged across our 
ample of 10 galaxies. The true value of R out may be anywhere from
 90 for gas that has travelled far from its launching site, to only a
ew hundred parsecs for gas that has only just been driven out of
he galaxy disc. For a full discussion of the moti v ation and likely
ystematic uncertainty on R out see RC22a ; for a discussion of the
hoices for γH β and n e see RC22b . The impact of the assumptions
or these values on is explored more fully in Section 4.3 below. 

We do not have sufficient S/N on H γ to resolve the outflow
omponent, and then determine an extinction correction for the 
utflow. We note that it is often an implicit assumption that Ṁ out 

ncludes the same extinction as the ISM, for example in calculating 
∝ F broad /F narrow . While dust certainly exists in outflows (e.g. 
ngelbracht et al. 2006 ; Roussel et al. 2010 ), the actual value of
xtinction and how that corresponds with extinction in the midplane 
f the galaxy is unclear. Xu et al. ( 2022 ) approximated the total dust
xtinction using absorption-line outflows of CLASSY galaxies and 
ound that most of the dust responsible for extinction resides within 
he static ISM. Conv ersely, Av ery et al. ( 2021 ) found a Balmer
ecrement for the majority of their outflows consistent within the 
rrors with the ISM gas, with a skew towards significantly enhanced 
xtinction in the outflowing gas. We, therefore, compare our results 
ssuming the same extinction correction that we applied for the disc 
o the outflow, to our results when assuming no extinction in the
utflow. The actual value of extinction may lie in between these two
xtremes, and may vary from galaxy to galaxy. 
The outflow mass flux is the mass outflow rate divided by the
urface area of the measurement �̇ out = Ṁ out / Area . The outflow 

ass flux is a more useful measurement in resolved outflow studies
han the outflow mass rate, and can be compared to results from
imulations, especially high-resolution box simulations (e.g. Kim & 

striker 2017 ; Rathjen et al. 2023 ). 
In the right-hand panel of Fig. 5 , we plot the extinction-

orrected outflow mass flux against the SFR surface density 
or all galaxies in our sample. We measure �̇ out ∼ 0 . 01 to ∼
00 M � yr −1 kpc −2 o v er three orders of magnitude in � SFR . The
edian log ( ̇� out [ M � yr −1 kpc −2 ]) for our sample was −0.34 with
 1 σ range of ±1 . 0 dex. We find a Pearson correlation coefficient
f R p = 0 . 84 ( p−value 	 10 −3 ) for log �̇ out − log � SFR . Due to the
arge range of error bars in outflow mass flux, fitting the data would
e biased towards the high S/N points at high SFR surface density.
e, therefore, constrain the error bars to have a minimum uncertainty

f 0.15 dex in �̇ out for the fit. Fitting the data using the method of
rthogonal distance regression, we find a superlinear relationship for 
he extinction-corrected outflows of 

˙
 out = 10 0 . 53 ± 0 . 03 � 

1 . 21 ± 0 . 03 
SFR . (7) 

e show this fit as a red line in the right-hand panel of Fig. 5 .
his is slightly steeper than the relationship found in RC22b ( ̇� out ∝
 

1 . 06 ±0 . 10 
SFR ). When the errorbars are used without modification, we 
nd a steeper correlation �̇ out ∝ � 

1 . 29 ± 0 . 03 
SFR , which is consistent with

he relationship found with unconstrained errorbars in RC22b . We 
bserve values of �̇ out an order of magnitude lower than found in
C22b , and these low S/N results may weight the fit to wards lo w

˙
 out values when the error bars are unconstrained. 
In the left panel of Fig. 5 , we show the same relationship if we

ssume no extinction in the outflow. With no extinction correction, 
e find a median log ( ̇� out [ M � yr −1 kpc −2 ]) of −0.78 with a 1 σ range
f ±1 dex. We also find a slightly shallower relationship between the
ass outflow flux and the SFR surface density, such that �̇ out ∝
 

1 . 08 ± 0 . 04 
SFR . This is consistent with the relationship found in RC22b
ithin uncertainties. If we do not apply an extinction correction to

he outflows in the same manner as we do to the SFR, we find mass
oading factors a factor of ∼3 lower, with a median mass loading
actor, η, of 1.04 with a 1 σ range of ±0 . 48 dex. We use the non-
xtinction corrected values of �̇ out for the remainder of the paper. 

In Appendix B we show the same relationship as Fig. 5 , but plotting
ach galaxy in our sample individually. We find that each galaxy has
 trend of increasing outflow mass flux with increasing SFR surface
ensity. We interpret this to suggest that the important change from
alaxy to galaxy is the o v erall de gree of star formation, yet roughly
he same local relationship between �̇ out and � SFR remains. 

There is a wide range of results in the literature for the observed
elationship between the total outflow mass rate and SFR using 
alaxy-integrated and stacked resolved measurements. Fluetsch et al. 
 2019 ) found Ṁ out ∝ SFR 

1 . 19 ±0 . 06 for molecular gas outflows in
ocal star-forming galaxies. Avery et al. ( 2021 ) found a shallower
elationship, Ṁ out ∝ � SFR 

0 . 25 ± 0 . 09 , or Ṁ out ∝ SFR 

0 . 84 ± 0 . 08 , for ion- 
zed gas outflows using radially binned star-forming galaxies from 

aNGA, excluding AGN from their sample. In a follow-up paper 
f the same galaxies, Avery et al. ( 2022 ) found a relationship of
˙
 out ∝ SFR 

0 . 74 ± 0 . 2 for the neutral gas outflows. For a sample of 
warf starbursting galaxies from the DWALIN surv e y, Marasco et al.
 2023 ) found an even shallower result, Ṁ out ∝ SFR 

0 . 4 . However, we
aution that these galaxy-averaged measurements almost certainly 
nclude regions that do not drive an outflow but do contribute to the
otal SFR. 
MNRAS 536, 1799–1821 (2025) 
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Figure 5. The ionized gas outflow mass flux, �̇ out , compared to the SFR surface density, � SFR , for sub-kpc resolution spaxels in local starbursting disc galaxies 
with evidence for outflow components. We fit a relationship between the two quantities using the method of orthogonal distance regression, which returns a 
nonlinear correlation, given with the Pearson correlation coefficient in the top left corner and plotted as a red solid line. Dashed black lines show constant mass 
loading factors. The left panel shows no extinction correction on the outflow. The right panel shows �̇ out with the same extinction correction applied as for gas 
in the disc. 
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Using magnetohydrodynamic box simulations of the ISM and
tar formation-dri ven outflo ws with the Simulating the Life-Cycle
f molecular Clouds (SILCC) framework, Rathjen et al. ( 2023 )
ound �̇ out ∝ � 

0 . 81 ±0 . 12 
SFR for the total gas outflow mass flux. They

uggested that more massive galaxies with higher � SFR have more
if ficulty dri ving outflo ws from their larger potential wells, leading
o a sublinear correlation. Considering only the warm ionized gas,
athjen et al. ( 2023 ) found a steeper relationship of �̇ out ∝ � 

1 . 40 ±0 . 24 
SFR .

his is steeper than the slope which we fit in Fig. 5 (see also equation
 ). Ho we v er, our galaxies co v er a range of SFR surface densities that
xtends at least an order of magnitude beyond the maximum SFR
urface density ( � SFR ∼ 0 . 2 M � yr −1 kpc −2 ) modelled by Rathjen
t al. ( 2023 ), and so a complete comparison is difficult. It is possible
hat the less dense ionized gas can be accelerated more efficiently
han the cold phases of gas, leading to a steeper correlation. This
ifference could explain the shallower slope which Avery et al. ( 2022 )
bserved for their molecular gas outflows than we find for ionized
as outflows, although Avery et al. ( 2022 ) found agreement at the 1 σ
evel between their observations of ionized and neutral gas outflows.

.3 Mass loading factor 

he mass loading factor describes the efficiency of a galaxy in
ri ving outflo ws. The resolved mass loading factor is the ratio
etween the mass outflow flux and the star formation rate surface
ensity 

= 

�̇ out 

� SFR 
. (8) 

he mass loading factor relates the rate of gas leaving a region of the
alaxy to the underlying star formation driving the outflow. Regions
f a galaxy with a mass loading factor greater than 1 are driving more
as out of the galaxy than they are turning into stars. 
NRAS 536, 1799–1821 (2025) 
In Fig. 5 , we show lines of constant mass loading factor as diagonal
ashed black lines. When we consider all galaxies in our sample, we
nd that for the majority of spaxels we measure an ionized gas mass

oading factor between 0.1 and 10. We find a median mass loading
actor of 1.04 with a 1 σ scatter of ±0 . 48 dex. We did not find a
tatistically significant correlation between the mass loading factor
nd the SFR surface density, with a Pearson correlation value of
 p = −0 . 04 ( p-value = 0 . 35) between log ( η) and log ( � SFR ). This is

xpected due to the almost linear correlation we find between the
ass outflow flux and the SFR surface density. Our results suggest

hat in the majority of the regions where we observe an outflow, the
tar formation is efficiently coupled to the gas to drive the outflow. 

Outflows are by nature multiphase. When calculating the mass
oading factor we, therefore, need to take into account the total

ass budget of the outflow. Fluetsch et al. ( 2019 ) found roughly
omparable mass outflow rates from ionized and molecular gas
bserv ations of outflo ws in four galaxies with a similar specific star
ormation rates, sSFR = SFR/ M ∗, to the galaxies in our sample. This
ould imply a total mass loading factor for our galaxies of order
∼ 2 − 20. In contrast to this, Fluetsch et al. ( 2021 ) found that for

ocal ULIRGs, the mass of ionized gas in the galaxy wind is a very
mall fraction ( < 5 per cent ) of the total mass outflow, with neutral
as making up ∼ 10 per cent and molecular gas up to ∼ 95 per cent of
he outflowing mass. Similarly, Roberts-Borsani et al. ( 2020 ) found
hat ions contribute < 1 per cent of the mass to the total outflowing
as mass. Following these studies, the total mass loading factor for
he galaxies we observe here could be anywhere from η ∼ 10 − 100
r even greater. 
Avery et al. ( 2022 ) compared the analysis of ionized gas outflows

n the MaNGA galaxies from Avery et al. ( 2021 ) to observations
f neutral gas outflows studied using the Na I D absorption feature.
very et al. ( 2022 ) accounted for the dust extinction in the outflow

eparately from that within the ISM of the galaxy and found that this
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ncreased the fraction of the total gas mass measured in ionized gas.
ven with this correction, the ionized gas phase mass they measured 

emained ∼ 1 . 2 dex lower than the neutral gas phase mass. They
ound an average neutral gas mass loading factor of order unity 
or non-AGN MaNGA galaxies within a similar mass range to our 
alaxies. If our galaxies follow a similar trend, then we could expect
o observe neutral gas mass loading factors of ∼ 10 − 100, which is
ar higher than the neutral gas mass loading factors that Avery et al.
 2022 ) found. Alternatively, if we expect the galaxies in our sample
o have similar neutral gas mass loading factors to those found by
very et al. ( 2022 ), then it is possible that neutral gas observations
f the galaxies in our sample would find roughly comparable ionized 
nd neutral gas mass loading factors. This would then be similar to
he results from Fluetsch et al. ( 2019 ). 

Ho we ver, we urge caution when comparing observational results 
etween resolved studies such as this one and studies utilising stacked
pectra or total galaxy measurements such as Avery et al. ( 2022 ) and
luetsch et al. ( 2019 ). Normalizing the mass outflow rate by the star
ormation rate may include star formation from regions of the galaxy 
hat do not drive an outflow in non-resolved studies. This can result
n an artificially low mass loading factor for some observations. 

Moreo v er, observations of the mass loading factor inherently in-
lude a large number of assumptions about the geometry and electron 
ensity of the outflow. These assumptions can vary dramatically be- 
ween studies and can have a large impact on the results. For example,
ollowing from equations ( 6 ) and ( 8 ), increasing the assumed electron
ensity from n e = 100 to n e = 300 cm 

−1 decreases the mass loading
actor by ∼ 0 . 5 dex. The electron density within the disc has been
bserved to depend on the local SFR surface density (e.g. Kaasinen 
t al. 2017 ; Davies et al. 2021 ). If the electron density of the outflow
lso depends on the SFR surface density such that the electron density 
ecreases for brighter outflows, this would steepen the correlation 
etween the mass loading factor and SFR surface density, bringing 
ur result closer to predictions from simulations (e.g. Kim et al. 2020 ;
 andya et al. 2021 ). Alternativ ely, again following from equations
 6 ) and ( 8 ), increasing the assumed outflow radius from R out = 0 . 5
o R out = 20 kpc decreases the mass loading factor by ∼ 1 . 5 dex. If
he R out increases for outflows driven by stronger star formation, this

ight offset a change in the electron density. It is therefore difficult
o definitively say how our assumptions impact our results. High- 
esolution studies of outflows from edge-on galaxies such as the 
LT /MUSE GECKOS Large Program are lik ely to mak e progress on
nderstanding these systematics (Elliot et al., in preparation). 
In addition, while we expect that there should be an order of
agnitude more molecular gas than ionized gas in the total outflow 

ass budget, regions of the galaxy with higher SFR surface densities
ay well be ionizing more gas, increasing the fraction of ionized 

as in the outflow. Simply assuming the same ratio of ionized- 
o-molecular gas in the outflow for all SFR surface densities may 
herefore lead us to o v erestimate the total mass loading factor.
 or e xample, in the magnetoh ydrodynamic stratified g alaxy patch
imulation SILCC, Rathjen et al. ( 2023 ) found a steeper relationship
etween the warm and ionized outflow mass rate and the SFR surface
ensity than between the total outflow mass rate and the SFR surface
ensity. This suggests that for regions with higher SFR surface 
ensities, ionized gas may make up a larger fraction of the total
utflowing mass. 
Simulations use the relationship between the mass loading factor 

nd the SFR surface density to test the driving mechanisms of
utflows. A number of simulations predict a ne gativ e relationship 
f ηion with SFR surface density (Fielding et al. 2017 ; Li et al. 2017 ;
im et al. 2020 ; Pandya et al. 2021 ). With our sample of galaxies,
o we ver, we find a very shallow positive relationship between the
ass loading factor and the SFR surface density. We now compare the
ass loading factor values from the simulations to those measured 

n our observations. Using the FIRE suite of cosmological zoom- 
n simulations, Angl ́es-Alc ́azar et al. ( 2017 ) found total gas mass
oading factors of η ∼ 2 for galaxies in a similar galaxy mass range
o our sample. From the updated FIRE-2 simulations, Pandya et al.
 2021 ) found that the warm (10 3 K < T < 10 5 K) gas represents less
han 10 per cent of the total mass loading for galaxies with a similar
tellar mass to our sample. For � SFR ∼ 0 . 1 − 10 M � yr −1 kpc −2 they
nd warm gas mass loading factors ranging from η ∼ 0 . 04 − 10.
hese values are within the range of the mass loading factors we
nd for the ionized gas phase observations in our galaxies. Using the
MAUG-TIGRESS simulations, Kim et al. ( 2020 ) similarly found 
ass loading factors for the cool ( T ∼ 10 4 K) gas of η ∼ 0 . 2 − 10

or � SFR ∼ 0 . 1 − 1 M � yr −1 kpc −2 . These values are consistent with
he values we observe in our galaxies at a similar SFR surface density.

We note that we are not comparing apples with apples. Kim
t al. ( 2020 ) simulate solar neighbourhood-like conditions and do
ot reach the high � SFR environments of some regions of our targets.
n addition, Pandya et al. ( 2021 ) calculate total values of η and SFR
urface density for entire galaxy haloes, while we calculate these 
alues for resolved regions. While our extended sample covers a 
arger range of SFR surface densities than RC22b , our results are
o we ver still within the scatter of results returned for the warm
onized gas by Pandya et al. ( 2021 ). 

.4 Stellar mass surface density 

n Fig. 6 , we show the so-called resolved main-sequence relationship
etween � SFR and � ∗ for DUVET targets in this work. We derive stel-
ar masses using 2MASS H -band observations, which are available 
or all of our sources. The 2MASS data is convolved and resampled
o match the DUVET KCWI images. Our galaxies are selected to be
tarbursts, so to convert to stellar mass we assume an LMC mass-to-
ight ( M/L ) ratio (Eskew, Zaritsky & Meidt 2012 ) of M/L H = 0 . 11
y scaling the 3.6 μm M/L to H band, and the Salpeter ( 1955 ) IMF
o a Kroupa & Weidner ( 2003 ) IMF. We note that we tested the

eidt et al. ( 2012 ) method using Spitzer 3.6 and 4.5 μm images, and
etermined that Spitzer 3.6 μm images in our sample are likely to be
ery strongly affected by 3.3 μm polycyclic aromatic hydrocarbon 
PAH) emission, which varied significantly across our targets. We, 
herefore, opted not to use methods like Meidt et al. ( 2012 ) as the PAH
eature introduced extra systematics to the conversion to stellar mass. 
n Fig. 6 , we compare our � SFR and � ∗ to those of the PHANGS
Physics at High Angular resolution in Nearby GalaxieS) sample 
Sun et al. 2023 ), measured with comparable resolution, and find
hat for regions of DUVET galaxies with � SFR that is similar to
alues of PHANGS targets the � ∗ is likewise comparable. 

The DUVET sample is selected to have global SFR and M ∗ that
s nominally at least 5 × higher than the star-forming main sequence,
nd this is reflected in Fig. 6 . In the left panel of the figure, we show
ll lines of sight, the majority of which have higher � SFR /� ∗ than
HANGS galaxies, which are more representative of the resolved 
tar-forming main sequence. Overall, the DUVET targets have a 
pread in � SFR /� ∗ that begins at the resolved main sequence and
k ews upw ards. 

In the right panel of Fig. 6 , we show only those lines of sight in
hich our automatic detection method identifies outflows. Nearly 
00 per cent of the lines of sight containing outflows are abo v e the
ain sequence. We also plot a line corresponding to � SFR /� ∗ =
 . 1 Gyr −1 . Outflows are very rare below this specific star formation
MNRAS 536, 1799–1821 (2025) 
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Figure 6. The so-called resolved main-sequence for DUVET galaxies. The left panel shows all spaxels within r 90 . The right panel shows the same region, but 
only for those spaxels with outflows. Grey points are kiloparsec-scale measurements from the PHANGS sample. The line is an ad hoc seperation showing that 
outflows become more common for � SFR /� ∗ > 0 . 1 Gyr −1 . Outflow points are coloured by outflow mass flux. 
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ate, at any value of � ∗. We find that below � SFR /� ∗ = 0 . 1 Gyr −1 

nly 12 per cent of all spaxels within r 90 are determined to have
utflows, and abo v e this value 20 per cent do hav e outflows. Out of
ll the spaxels with outflows, 72 per cent have � SFR /� ∗ > 0 . 1 Gyr −1 .

A large number of studies conclude that outflows are more
ommon at higher specific SFR (e.g. Chen et al. 2010 ; Rubin et al.
014 ; F ̈orster Schreiber et al. 2019 ; Roberts-Borsani et al. 2020 ;
eilleux et al. 2020 ; Avery et al. 2021 ). Our result in Fig. 6 shows

hat this extends down to sub-kpc scales. More specifically, F ̈orster
chreiber et al. ( 2019 ) showed that z ≈ 2 KMOS3D galaxies that
re abo v e the main sequence are much more likely to host outflows,
imilar to our result. There are both theoretical and observational
rguments (Heckman, Mulchaey & Stocke 2002 ; Murray et al.
011 ) that a minimum � SFR � 0 . 1 M � yr −1 kpc −2 is needed to drive
bserv able outflo ws. While we do find outflo ws become less common
elow this threshold, it is clear from Figs 5 and 6 that they are still
resent and seem to extend the correlations of higher � SFR winds. We
nd that 33 per cent of the spaxels we observe to contain outflows fall
elow this threshold. It is possible that any threshold value in � SFR 

s likely to increase at higher � ∗. This can be understood by a simple
rgument in which the higher � ∗ e x erts a greater gravitational force
n the outflow gas. The gas may require more energy, from higher
 SFR , to escape the local potential. This would be consistent with
here we find outflows in the DUVET targets. 
In Fig. 7 , we compare � ∗ for individual spaxels to the outflow

roperties ( ̇� out , η, and v out ). All three sho w positi ve correlations. The
orrelation of �̇ out − � ∗ is similarly strong as that of �̇ out − � SFR ,
ith a Pearson correlation coefficient R p = 0 . 84 ( p−value 	 10 −3 ).
e find, ho we ver, that the power law of this relationship is steeper,

uch that �̇ out ∝ � 

1 . 45 ±0 . 04 
∗ , where the power-law index scaling with

 SFR is closer to ∼ 1 . 2. Similarly, the correlation of η − � ∗ is steeper
han η − � SFR , such that η ∝ � 

0 . 55 ±0 . 05 
∗ , with a Pearson correlation

oefficient of R p = 0 . 45 ( p−value 	 10 −3 ). The power-law index
caling for η − � SFR is closer to zero. The correlation of v out with
 ∗ is shallow and similar to that with � SFR . 
We do not know why the correlation of �̇ out with � ∗ should be

o steep. For spaxels with outflows the correlation of � SFR with
 ∗ is roughly consistent with linear. Therefore, if we assume that
NRAS 536, 1799–1821 (2025) 
˙
 out − � ∗ is a secondary correlation between �̇ out and � SFR then we
ould expect the same power law. 
We note that the steep powerlaw of �̇ out ∝ � 

1 . 45 
∗ may be a relic

f systematic uncertainties. We assumed a constant M/L across our
ample. Ho we ver, if this changes due to the local stellar populations
r position in the galaxy, then this could impact the powerlaw. In this
ase, ho we ver, the most likely scenario would be that higher � SFR 

ould have younger stellar populations and thus lower M/L . This
ould steepen the relationship. 
There are also physical arguments for a steeper relationship with
 ∗. F or e xample, higher � ∗ implies a stronger local gravitational

otential. In principle, this requires outflows to be stronger for them to
 v ercome the local gravity, and be observed in our sample. Secondly,
s the highest � ∗ spaxels are preferentially in the galaxy centre, it
ay be that gas is preferentially built up in these regions and thus

ble to drive stronger winds. 

.5 Outflo w co v ering fraction 

he co v ering fraction of outflows is defined by the total fraction of
tarlight that is co v ered by outflowing gas. This quantity is necessary
hen calculating the mass-outflow rate for entire galaxy outflow
easurements (e.g. at higher redshift; Rubin et al. 2014 ; Davies et al.

019 ) or for edge-on galaxy outflow measurements. In absorption
ine measurements it is typically inferred from the depth of the
bsorption line. Our resolved outflow measurements allow us to
easure this directly via geometry. See McPherson et al. ( 2023 ) for
 similar calculation in an edge-on outflow galaxy. 

Here, we calculate the co v ering fraction as f cov ≡ N outflow /N total ,
here N outflow and N total are, respectively, the number of spaxels with

n outflow and the total number of spaxels. We calculate this for
ach galaxy within the 90 per cent starlight radius ( r 90 ) and half-light
adius ( r 50 ). In Fig. 8 , we compare f cov within r 50 and r 90 to the total
alaxy stellar mass, and the median SFR surface density within r 50 

nd r 90 for outflows detected in H β. 
Across our galaxy sample, we find a possible trend of decreasing

o v ering fraction with increasing stellar mass, shown in the left
anel of Fig. 8 . The correlation between the co v ering fraction and
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Figure 7. The relationship between the resolved stellar mass surface density and the outflow mass flux (left), the mass loading factor (middle), and the outflow 

velocity (right). We fit a relationship between the two quantities for each panel using the method of orthogonal distance regression. The resulting nonlinear 
correlations are given with the Pearson correlation coefficient in the top left corner of each panel, and are plotted as solid red lines. In the left panel, the dashed 
black line shows �̇ out ∝ � 

1 . 2 ∗ , which would be the case if the �̇ out − � ∗ relation followed the �̇ out − � SFR relation. 

Figure 8. The fraction of spaxels with outflows detected in H β within r 50 (coloured points) and r 90 (open points) for each galaxy is plotted against the total 
stellar mass (left panel), and the median SFR surface density (right panel) of the galaxies. We find the strongest correlation is a dependence of the co v ering 
fraction on the median SFR surface density. 
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he total galaxy stellar mass has a Pearson correlation coefficient 
f R p = −0 . 37 ( p−value = 0 . 11) for the relationship log ( f cov ) −
og ( M ∗). For galaxies with log M ∗[ M �] = 10 . 7 − 11 . 5, we find a

edian co v ering fraction of 49 per cent within r 90 . F or the lower
ass galaxies in the sample ( log M ∗[ M �] = 10 − 10 . 7), we find the

o v ering fraction increases to 30 per cent. The decrease in the fraction
f outflow spaxels with increasing stellar mass seems connected to 
ur result in Fig. 6 , where individual spaxels with higher � ∗ require
igher � SFR to be observed with an outflow . Similarly , this can be
nderstood given that galaxies with a higher stellar mass have a larger
ravitational potential well, making it harder to accelerate outflows 
o the velocities necessary to leave the disc. 

The right panel of Fig. 8 shows the relationship between the 
o v ering fraction and the median value of the SFR surface density.
his is calculated within r 50 to compare to the co v ering fraction
ithin r 50 , and similarly within r 90 to compare to the co v ering

raction within r 90 . We find an o v erall trend of increasing co v ering
raction with increasing median SFR surface density. This trend has a
igher statistical significance, with a Pearson correlation coefficient 
f R p = 0 . 62 ( p−value = 0 . 004) for log ( f cov ) − log ( � SFR , median ).
iven the local correlations between outflow properties and � SFR , 

his trend seems straightforward to understand. If the typical � SFR 

n a galaxy is larger then this galaxy will have a larger area in which
utflows are present. 
We also test the correlation of the co v ering fraction with stellar
ass and median SFR surface density for our results using [O III ]
5007. We find a weaker ne gativ e correlation with stellar mass
Pearson correlation coefficent R p = −0 . 28, p−value = 0 . 23), and
 similar correlation with median SFR surface density (Pearson cor- 
elation coef ficent R p = 0 . 65, p−v alue = 0 . 001). Ho we v er, o v erall
ewer spaxels contain outflows. 

Additionally, we also test the change in co v ering fraction from
 50 out to r 90 . We find that the fraction of spaxels with out-
ows decreases between r 50 and r 90 by a median of 0.24 dex for
MNRAS 536, 1799–1821 (2025) 
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 β and 0.25 dex for [O III ] λ5007, suggesting that the majority
f outflows are centrally located, although not all outflows are
aunched from the centre of the galaxies. This is similar to results
rom Avery et al. ( 2022 ) for the MaNGA galaxies, who found
hat most neutral gas outflows are concentrated centrally within

0 . 25 R e . 
Using absorption line measurements for 105 galaxies at 0 . 3 <

 < 1 . 4, Rubin et al. ( 2014 ) found a median co v ering fraction of
0 . 65 for both the Mg II and Fe II absorption lines. This is far

igher than what we find using emission lines to trace the ionized
as. Ho we ver, absorption line measurements are sensitive to gas
louds at any distance along the line-of-sight to the host galaxy. It
s likely that they are able to probe outflowing gas that has reached
urther from the galaxy than our emission line measurements, which
robe the base of the outflow. Their higher co v ering fractions could,
herefore, be caused by outflowing gas which has either been driven
y underlying star formation which is no longer observable, or has
xpanded further across the face of the galaxy due to the outflow
pening angle. 
In addition, Rubin et al. ( 2014 ) found co v ering fractions � 0 . 5

n 75 per cent of the absorption lines where they also measured
qui v alent widths for the outflow component EW 

16 per cent 
flow > 0 . 2 Å.

hey found a dependence of the outflow equivalent width on the cov-
ring fraction. They also found that the outflow equivalent width was
orrelated with the SFR, such that galaxies with a higher SFR launch
ore material with a larger range of velocities. Prusinski, Erb &
artin ( 2021 ) also found a relationship between the equi v alent width

nd the co v ering fraction such that galaxies with more intense star
ormation drive outflows with a higher co v ering fraction and a wider
ange of velocities. These studies are in agreement with our result that
alaxies with a higher SFR surface density have a higher co v ering 
raction. 

.6 Comparison to total galaxy measurements 

n Fig. 9 , we compare our summed total galaxy results to literature
alues for total galaxy measurements of mass outflow rate, mass
oading factor, total stellar mass, and star formation rate. Here, we
se the total IR star formation rates computed in Section 2.1 using
ISE photometry for our 10 galaxies (see Column 5 in Table 1 ).
e compare our local starbursting disc galaxies to three samples of

earby dwarf galaxies (McQuinn et al. 2019 ; Marasco et al. 2023 ;
omano et al. 2023 ), a sample of nearby star-forming galaxies
xtending from dwarfs to Milky-Way mass galaxies (Chisholm
t al. 2017 ), two samples of star-forming galaxies at cosmic noon
Concas et al. 2022 ; Weldon et al. 2024 ), and the well-studied local
tarbursting system M 82 (e.g. Greco et al. 2012 ; Xu et al. 2023 ).
e have also included results from 5 DUVET edge-on outflow

ystems (McPherson et al. in prep. ). We note that a variety of
ifferent methods were used within the literature to obtain these
alues, causing scatter. For example, McQuinn et al. ( 2019 ), Marasco
t al. ( 2023 ), Concas et al. ( 2022 ), and Weldon et al. ( 2024 ) all used
mission lines to trace the ionized gas outflows where Chisholm
t al. ( 2017 ) used absorption line measurements; and Romano
t al. ( 2023 ) used emission lines to trace atomic gas outflows.
evertheless, our DUVET targets fall within the range co v ered
y the literature values for entire g alaxies. Total g alaxy outflow
easurements for our 10 face-on DUVET galaxies can be found in
able B1 . 
NRAS 536, 1799–1821 (2025) 
 C O N C L U S I O N S  

n this paper, we present sub-kpc spatially resolved scaling relations
or star formation-driven outflows and properties of their host galax-
es on 10 galaxies from the DUVET sample. We fit multicomponent
aussians to the H β and [O III ] λ5007 emission lines in 10 near-to-

ace-on galaxies. We find the following main results. 

(i) We find shallow relationships of the maximum outflow velocity
ith the SFR surface density for both H β ( v out, H β ∝ � 

0 . 20 ±0 . 01 
SFR )

nd [O III ] λ5007 ( v out, OIII ∝ � 

0 . 12 ±0 . 01 
SFR ). These fitted relationships

re not consistent with models of outflows that are dominated by
omentum-driven winds ( v out ∝ � 

2 
SFR ; Murray et al. 2011 ), and

uggests supernovae as the dominant energy source driving the wind
e.g. Kim et al. 2020 ). 

(ii) We fit a nonlinear relationship between the mass outflow flux
nd the SFR surface density such that �̇ out ∝ � 

1 . 21 ±0 . 03 
SFR . 

(iii) We find ionized gas mass loading factors between ∼ 0 . 1
nd ∼ 10, and approximate a total median mass loading factor of

2 − 100. We fit an almost flat relationship between the mass
oading factor and the SFR surface density which has no significant
orrelation. 

(iv) We make a direct comparison of outflow properties to the
tellar mass surface density and specific star formation rate. Outflows
re much more common for � SFR /� ∗ � 0 . 1 Gyr −1 . We note that
utflows are observed to lower � SFR than previous threshold values.
e also find strong, positive correlations between outflow properties

nd co-located � ∗. In particular, we find that outflow mass flux
orrelates with the stellar mass surface density such that �̇ out ∝
 

1 . 45 ±0 . 04 
∗ . 
(v) We compare the fraction of spaxels where we find evidence for

utflows within r 50 and r 90 to the total galaxy stellar mass, and the
edian galaxy SFR surface density within r 50 and within r 90 . We find
 ne gativ e correlation with stellar mass and a positive relationship
ith median SFR surface density. This is consistent with the picture
here galaxies of higher mass have a larger gravitational potential
ell, and require more concentrated star formation to drive gas out
f the disc. 

The observed scaling relations of outflow properties with the SFR
urface density suggest that outflows are primarily driven by energy
rom supernovae. If supernovae are primarily driving the outflows,
hen the winds linearly correlate to the SFR surface density. We
hould therefore expect that if you change the spatial distribution of
he starburst then the outflow distribution will follow. Our co v ering
raction results are consistent with this picture. 

This has multiple implications. First, galaxies at higher redshift
ay have a different outflow structure than local starburst galaxies

e.g. M 82 and NGC 253). While local starbursts are typically
oncentrated in the central kiloparsec of the g alaxy, g alaxies at higher
edshift have clumpier morphologies, which may affect the structure
f the outflowing gas. Secondly, simulations suggest that outflows
hat have greater covering fractions may have different energetics.
chneider, Robertson & Thompson ( 2018 ) found that altering the
eometry of the simulated galaxy wind enables more gas cooling
ithin the outflow. 
Our observation that outflows are more common in higher specific

FR regions of galaxies seems straightforward to understand. Higher
 SFR provides more energy to the wind, and higher � ∗ creates more

ravity reducing the outflow’s ability to break out of the disc. There-
ore as we increase the � ∗ the � SFR required to drive an outflow must
lso increase. We note that this boundary, � SFR /� ∗ ∼ 0 . 1 Gyr −1 

s only a factor of ∼ 2 × abo v e the resolv ed main sequence for
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Figure 9. Summed total galaxy quantities for our 10 face-on DUVET galaxies (blue circles) and 5 DUVET edge-on galaxies (blue squares, McPherson et. 
al. in prep ) compared with entire galaxy measurements from nearby dwarf galaxies measured in emission (down triangles, up triangles: McQuinn, van Zee & 

Skillman 2019 ; Marasco et al. 2023 , respectively), atomic gas outflows in nearby dwarf galaxies measured in [C II ] 158 μm emission (pentagons: Romano et al. 
2023 ), nearby star-forming galaxies measured in absorption (crosses: Chisholm et al. 2017 ), main-sequence star-forming galaxies at cosmic noon measured in 
emission (diamonds, open circles: Concas et al. 2022 ; Weldon et al. 2024 , respectively), and nearby starburst M 82 (red star: Greco, Martini & Thompson 2012 ; 
Xu et al. 2023 ). The panels show total galaxy measurements for mass outflow rate Ṁ out against total stellar mass M ∗ (top left), and total star formation rate (top 
right); and the mass loading factor η against total stellar mass M ∗ (bottom left), and total star formation rate (bottom right). Dashed lines in the top right panel 
show lines of constant mass loading factor. For clarity, only the 10 face-on DUVET targets studied in this paper are shown with error bars. Our DUVET targets 
fall within the expected scatter for total galaxy measurements. The outlier from the DUVET face-on galaxy sample is UGC 12150, which we found had a very 
weak outflowing ionized gas signal. 
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imilar regions (S ́anchez et al. 2021 ). It may be that a combination
f thresholds in both SFR surface density and specific SFR is needed
o predict the location of outflows. 

We do not have a direct theoretical prediction for the steep scaling
elationship of �̇ out ∝ � 

1 . 45 ±0 . 04 
∗ . We know that � SFR correlates with 

oth outflow properties and stellar mass surface density. This may 
enerate a secondary correlation between the outflow and the stellar 
ass surface density, and the steep scaling could simply be a result

f uncertainties. Alternatively, it may be that the higher stellar mass
emands stronger outflows for gas to break out of the plane of the
isc and be observed as an outflow. More work relating the resolved
tellar mass properties, both stellar populations and kinematics, with 
he feedback and gas properties is clearly warranted to understand 

his correlation. o  
There are a number of limitations to our analysis. We must make
any assumptions about the outflow geometry and the electron 

ensity to calculate some of these properties, particularly the mass 
utflow flux and the mass loading factor. Future work obtaining re-
olved observations of outflows capable of testing these assumptions 
s underway (Elliot et al. in prep ) with the GECKOS MUSE LP (van
e Sande et al. 2023 ). It is also unclear whether the constant mass
oading we observe in our sample here persists in lower SFR surface
ensity environments. The mass that the star formation is able to
ift out of the galaxy may begin to decline more rapidly as the star
ormation activity decreases. 

More work adding observational constraints to the total mass load- 
ng considering the multiphase nature of outflows and its dependence 
n SFR surface density and geometry is needed. In the future, with
MNRAS 536, 1799–1821 (2025) 
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ew facilities such as the Extremely Large Telescope ( ELT ), we
ill be able to test the contribution of underlying stellar population
arameters on star formation-driven feedback in starbursting galaxies
n the scale of stellar clusters. 
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PPENDI X  A :  BA SELINE  C O R R E C T I O N S  

RO U N D  H  β

 general continuum subtraction was applied by fitting the stellar 
ontinuum in each spaxel with the full spectrum fitting code pPXF
Cappellari 2017 ) and then subtracting this from the spectrum. For
ore detail, see Section 3.1 . Although we include multiplicative 

olynomials with high orders (20–25), we identify some spaxels 
here the wide absorption feature near the H β emission line is not

ully remo v ed. We, therefore, apply an extra baseline correction.
e fit a quadratic polynomial to two short bandpass regions on

ither side of the H β emission, carefully chosen for each galaxy to
 v oid the emission line itself. We additionally fit a linear polynomial
o two short bandpass regions on either side of the [O III ] λ5007
mission line, carefully chosen to a v oid the both the [O III ] λ5007
nd Fe II λ5018 emission lines. The resulting baseline fit is then
ubtracted from the spectrum. Applying the quadratic baseline 
orrection impro v es the residuals of the double Gaussian fit for
 β, but does not make a significant difference for [O III ] λ5007.
n example of this fitting process is given in Fig. A1 for H β and in
ig. A2 for [O III ] λ5007. 
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M

Figure A1. An example of the baseline fitting routine we follow for H β. Top left panel : original normalized emission line (black line) with variance (shaded 
grey). Bottom left panel : original emission line (black solid line) is fit with a quadratic baseline (dashed line) using the points in the shaded regions to either side 
of the H β emission line. The baseline is subtracted, and the resulting emission line is shown in yellow. The remaining panels show the fits using a simple one 
Gaussian + constant model (middle panels); and a two Gaussian + constant model (right panels) for the original and baseline-corrected emission lines (top 
row and bottom row, respectively). Components of the fit (Gaussians and constant) are shown as yellow and orange dashed lines; the best-fitting model is solid 
magenta. Residuals from the best-fitting model before normalization are shown in the bottom section of each panel. Applying the quadratic baseline correction 
impro v es the residuals of the double Gaussian fit for H β. 

Figure A2. As described for Fig. A1 , using results for [O III ] λ5007 from the same spaxel with a linear fit across the baseline in the bottom row. Applying the 
linear baseline correction does not make a significant impact on the resulting outflow fit for [O III ] λ5007. 
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PPENDIX  B:  I N D I V I D UA L  G A L A X Y  

O R R E L AT I O N S  

n this appendix, we show the correlations between the SFR surface
ensity and the maximum outflow velocity from fits to the H β and
O III ] λ5007 emission lines, and the mass outflow flux for each
ndividual galaxy in our sample. In each figure, the panels are
rganized from left to right and then top to bottom, such that the
NRAS 536, 1799–1821 (2025) 
owest total galaxy mass is in the top left panel and the highest total
alaxy mass in the bottom right panel. Total galaxy masses for the
alaxies are taken from literature values, and are given in Table 1 .
he median and 1 σ scatter values for the outflow velocities and mass
utflow flux, and the total, median, and 1 σ scatter values for the non-
xtinction corrected mass outflow rate and mass loading factor within
 90 for each galaxy are given in Table B1 . All values for spaxels with
 vidence of outflo ws in either [O III ] λ5007 or H β across all 10
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Table B1. The median and 1 σ scatter for the maximum outflow velocity v out measured from the [O III ] λ5007 and H β emission lines; the total, median, and 
1 σ scatter for the mass outflow rate Ṁ out ; the median and 1 σ scatter for the mass outflow flux �̇ out ; and the total, median and 1 σ scatter for the mass loading 
factor η within r 90 for 10 face-on galaxies in the DUVET sample. 

Galaxy name v out, [O III] v out, H β Ṁ out �̇ out η

(km s −1 ) (km s −1 ) ( M � yr −1 ) ( M � yr −1 kpc −2 ) 
Median σ Median σ Total Median σ Median σ Total Median σ

IRAS 08339 + 6517 286 82.6 285 75.3 12.8 0.04 0.09 0.65 1.58 1.88 2.49 2.66 
IRAS 15229 + 0511 – – 235 58.1 0.50 0.02 0.02 0.06 0.05 0.11 0.48 0.46 
KISSR 1084 325 93.1 277 28.1 0.19 0.01 0.01 0.03 0.03 0.07 0.36 0.18 
NGC 7316 136 – 86.6 41.8 0.13 0.01 0.01 0.03 0.04 0.09 0.60 0.63 
UGC 01385 424 113 294 76.3 9.91 0.08 0.38 0.76 0.13 1.74 2.37 2.57 
UGC 10099 240 98.9 198 55.5 2.43 0.02 0.03 0.04 0.09 0.52 0.73 0.78 
CGCG 453-062 502 633 251 232 1.64 0.03 0.03 0.15 0.13 0.11 0.56 0.74 
UGC 12150 – – 305 143 0.17 0.01 0.01 0.06 0.08 0.05 1.28 1.17 
IRAS 20351 + 2521 202 187 160 95.4 1.52 0.04 0.04 0.12 0.11 0.10 0.32 0.63 
NGC 0695 194 60.8 168 120 2.04 0.03 0.03 0.09 0.10 0.06 0.44 0.56 
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alaxies in our sample are given in Table B2 , with both extinction
orrected and non-extinction corrected values for the mass outflow 

ate, mass outflow flux, and mass loading factors included. For the 
ull version of the table, see the online Supporting Information. 

In Figs B1 and B2 , we compare the maximum outflow velocity to
he SFR surface density for H β and [O III ] λ5007, respectively for
ach galaxy in our sample. All of the galaxies in our sample except
or IRAS 08339 + 6517 are brighter in H β than in [O III ] λ5007. Two
f our galaxies (UGC 12150 and IRAS 15229 + 0511) do not have
he signal-to-noise necessary to fit an outflow component in [O III ]
5007. In addition, we find only one spaxel in NGC 7316 where
O III ] λ5007 is fit with an outflow component. 

CGCG 453 −062’s high-inclination angle ( i ≈ 54 ◦) required that 
he velocities be deprojected by dividing by cos i. The originally 
bserv ed v elocities are shown in the CGCG 453 −062 panels of
igs B1 and B2 as transparent orange circles. The deprojected veloci-

ies are shown as blue points. The median H β outflow velocity before
orrection is 132 km s −1 , and the inclination correction increases this
o 251 km s −1 . 

In Fig. 14 , we compare the ionized gas mass outflow flux to the
FR surface density for each galaxy in our sample. We show here

he results for the outflow flux with no extinction correction applied
see Section 4.2 for more information on the extinction correction). 

e find that the majority of galaxies in our sample follow a trend
f increasing outflow mass flux with increasing SFR surface density. 
his suggests that the important global change between galaxies is 

he degree of star formation driving the outflows, but on smaller
cales the same local relationship remains. 
MNRAS 536, 1799–1821 (2025) 
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Figure B1. The maximum outflow velocity, v out , calculated using the H β line plotted against the star formation rate surface density, � SFR for individual 
galaxies in our sample, given in order of increasing total stellar mass from left to right, top to bottom. Light orange points show the velocities we observe 
before reprojection. The dashed lines represent a model where outflows are primarily driven by momentum injected into the gas from young massive stars 
( v out ∝ � 

2 
SFR ; Murray et al. 2011 ). The dotted lines represent a model where outflows are primarily driven by energy injected from supernovae ( v out ∝ � 

0 . 1 
SFR ; 

Chen et al. 2010 ). 
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Figure B2. As for Fig. B1 , but using results from fits to the [O III ] λ5007 emission line. 
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Figure B3. The ionized gas outflow mass flux, �̇ out , compared to the SFR surface density, � SFR , for spaxels of sub-kpc resolution pixels in local starbursting 
disc galaxies with evidence for outflow components. Each panel gives results for a different galaxy in our sample, given in order of increasing total stellar mass 
from left to right, top to bottom. Dashed lines show constant mass loading factors. 
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