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ABSTRACT

Baryonic feedback is expected to play a key role in regulating the star formation of low-mass galaxies by producing galaxy-scale
winds associated with mass-loading factors of 8 ~ 1-50. We test this prediction using a sample of 19 nearby systems with stellar
masses of 107 < M, /M, < 10'°, mostly lying above the main sequence of star-forming galaxies. We used MUSE at VLT optical
integral field spectroscopy to study the warm ionised gas kinematics of these galaxies via a detailed modelling of their Ha emission
line. The ionised gas is characterised by irregular velocity fields, indicating the presence of non-circular motions of a few tens of
kms™! within galaxy discs, but with intrinsic velocity dispersion of 40—60kms™' that are only marginally larger than those measured
in main-sequence galaxies. Galactic winds, defined as gas at velocities larger than the galaxy escape speed, encompass only a few
percent of the observed fluxes. Mass outflow rates and loading factors are strongly dependent on M,, the star formation rate (SFR),
SFR surface density, and specific SFR (sSFR). For M, of 10% M, we find 8 ~ 0.02, which is more than two orders of magnitude
smaller than the values predicted by theoretical models of galaxy evolution. In our galaxy sample, baryonic feedback stimulates a

gentle gas cycle rather than causing a large-scale blow-out.
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1. Introduction

Feedback from star formation and active galactic nuclei (AGNSs)
is expected to profoundly affect the evolution of low-mass galax-
ies by launching large-scale winds that can easily escape the
shallow gravitation potential of these systems. While this idea
goes back to almost half a century ago (Larson 1974; Saito
1979), in the last decade, feedback has been systematically
invoked as the main physical mechanism capable of resolv-
ing a number of tensions between theoretical models of galaxy
evolution in the A cold dark matter (ACDM) framework and
the observed properties of low-mass galaxies (for a review see
Bullock & Boylan-Kolchin 2017, and references therein). On
global scales, feedback offers a natural explanation to the rel-
atively small number density of dwarf galaxies compared to
that of low-mass dark matter halos (the so-called ‘missing-
satellite problem’ Klypin et al. 1999; Moore et al. 1999) via the
suppression of star formation in the low-mass regime (e.g.,
Sawala et al. 2016), in turn, shaping the mass-metallicity rela-
tion (e.g., Maiolino & Mannucci 2019; Tortora et al. 2022) by

efficiently ejecting metal-enriched gas out of low-mass galaxy
discs (e.g., Brooks et al. 2007). On local scales, violent and
recurring feedback episodes are expected to produce a flatten-
ing of the dark matter profile in the central regions of galaxies
(e.g., Governato et al. 2012), leading to slowly rising rotation
curves that are similar to those seen in observations (de Blok
2010). In addition, centrally concentrated feedback episodes can
selectively remove low-angular momentum material from the
galaxy innermost region, leading to the formation of bulge-less,
low-mass discs (e.g., Governato et al. 2010; Brook et al. 2012).
While these effects had traditionally been attributed to feed-
back from star formation, recent theoretical studies (Silk 2017,
Koudmani et al. 2021), supported by observations in the X-ray,
optical, and near-infrared bands (e.g., Baldassare et al. 2017,
2018; Kaviraj et al. 2019; Birchall et al. 2020), have highlighted
the importance of feedback from AGN in the evolution of dwarf
galaxies, especially in the early Universe. Hereafter, we gener-
ally refer to stellar and AGN feedback as ‘baryonic’ feedback.
In spite of its importance in shaping galaxy evolution,
a comprehensive and quantitative understanding of baryonic
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feedback physics is still missing from both the observa-
tional and the theoretical sides. Theoretical models of stellar
feedback-driven winds must deal with the impracticability of
modelling all the affected physical scales at the same time, rang-
ing from a few pc and necessary for following the evolution
of single supernova blast waves, up to the several tens of kpc
required to track the wind propagation throughout the galaxy
halos. Large-scale cosmological hydrodynamical suites such as
EAGLE (Schaye et al. 2015) or Illustris TNG (Pillepich et al.
2018) do not resolve single supernovae and make use of sub-
grid recipes to describe star formation and stellar feedback pro-
cesses. In these models, feedback energy from single ‘star’ ele-
ments is deposited onto the surrounding gas in thermal or kinetic
forms, driving galactic winds. These models are optimal to fol-
low the long-term gas cycle in galaxies produced by feedback,
but the detailed physical properties of the outflowing gas (e.g.,
its temperature and density distribution) depend on the feedback
implementation, which varies from one simulation to another.
On the other hand, detailed hydrodynamical models of stellar
feedback such as that of Kim & Ostriker (2018) can accurately
track the interaction between single supernova explosions and
the multi-phase, magnetised interstellar medium (ISM), lead-
ing to realistic predictions for the wind launching conditions,
but with the drawback that the long-term evolution of the gas in
the outflow remains unknown. Similar considerations, but with
even larger uncertainties, are applicable to feedback from super-
massive black holes, for which the impossibility to model sub-
pc scale accretion discs in large-scale simulations is combined
with severe theoretical uncertainties on the AGN-driven wind
propagation mechanism (e.g., King 2010; King & Pounds 2015;
Richings & Faucher-Giguere 2018; Costa et al. 2020).

While observations are potentially key to constrain feed-
back and wind propagation models (e.g., Collins & Read 2022),
they are limited by two factors. The first is that measurements
of wind properties rely on assumptions on the ionisation state,
3D geometry, chemical composition, and kinematics of the gas.
It is no surprise that reported mass-loading factors (defined as
the ratio between the mass outflow rate and the star forma-
tion rate) range widely from 0.01 to 10 (Veilleux et al. 2005),
and can vary up to a factor of 10 in the same galaxy depend-
ing on the assumed conditions (Chisholm et al. 2016, 2017).
The second is that feedback-driven outflows have low surface
brightness and are multi-phase, thus the study of each phase
requires deep observations with a dedicated instrument. The hot
(T ~ 10°K) wind phase, caused by gas shock-heated by super-
nova blast waves, has been observed in the X-ray only in a
small number of low-mass systems in the nearby Universe (e.g.,
Heckman et al. 1995; Summers et al. 2003; Ottetal. 2005).
Atomic and molecular outflows, originating either from cold
ISM entrained in the wind or from the cooling of the hot out-
flowing gas, can be traced by the HI (atomic) or CO (molecular)
emission lines (e.g., Walter et al. 2002; Kobulnicky & Skillman
2008; Bolatto et al. 2013; Lelli et al. 2014a; Di Teodoro et al.
2019; Fluetsch et al. 2019, 2021), as well as the NaTI absorption
doublet (Schwartz & Martin 2004; Concas et al. 2019). Warm
ionised winds can be traced by optical emission lines and are
thought to have an origin similar to the colder phase. How-
ever, until recently (McQuinn et al. 2019, see below), only a
few observational constraints on ionised winds in dwarf galax-
ies existed, mostly coming from the characterisation of expand-
ing superbubbles (e.g., Marlowe et al. 1995; Martin 1996, 1998;
van Eymeren et al. 2009b; Heckman et al. 2015).

Crucially, there is no consensus on which phase should dom-
inate the outflow mass and energy budget. Models such as those
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of Kim & Ostriker (2018) have predicted that gas at tempera-
tures of 0.5-2 x 10*K — thus visible in HI or He, depending
on the ionisation conditions — dominates the wind mass-loading,
whereas most of the wind energy is in the hot phase. Instead,
the observations tend to find winds that are dominated in mass
and kinetic power by the molecular phase (Fluetsch et al. 2019,
2021). This is the case for both for galaxies with and without
an AGN; however, warm ionised gas may dominate the outflow
mass budget in the most luminous quasars (Fiore et al. 2017).

Starburst dwarf galaxies, generally intended as low-mass
(M, < 10' M,) systems which lie above the main-sequence
of star formation (Noeske et al. 2007; Popesso et al. 2019), rep-
resent an ideal laboratory to study baryonic feedback in the dwarf
regime, as they combine large SFRs with shallow gravitational
potential wells. The conditions that trigger the starburst in these
systems have continued to be highly debated, with both external
and internal mechanisms proposed, such as direct accretion from
extra-galactic cold flows (Dekel & Birnboim 2006), tidal per-
turbations from nearby companions (Noguchi 1988; Lelli et al.
2014b), wet mergers (Bekki 2008; Lelli et al. 2012), torques due
to star-forming clumps (Elmegreen et al. 2012), or radial flows
produced by triaxial dark matter halos (Bekki & Freeman 2002;
Marasco et al. 2018). Interestingly, HI observations of starburst
dwarfs have revealed a balanced mixture of regularly rotating and
kinematically disturbed discs, sometimes featuring strong radial
motions, although unsettled H1 distributions are rare. These sys-
tems have both baryonic and gas fractions similar to those of typ-
ical dwarf irregulars, indicating that they did not eject a large
amount of gas out of their potential wells (Lelli et al. 2014b).
A similar conclusion was recently reached by McQuinn et al.
(2019), who studied the properties of ionised winds in a sample of
12 nearby starburst dwarfs using deep Ha imaging. Their results
show a very modest spatial extent of all detected ionised material,
suggesting that the majority of gas expelled from dwarfs does not
escape into the intergalactic medium, but remains in the galaxy
halo instead. However, we note that the study of McQuinn et al.
(2019) relies on narrow and broad-band imaging alone, thus, it
lacks detailed information on ionised gas kinematics that only
optical spectroscopy can provide.

In this study, we make use of the excellent combination of
spatial and spectral resolution offered by MUSE to study the
kinematics of the ionised gas in a sample of 19 nearby starburst
dwarfs. These galaxies are part of a larger sample of 40 star-
burst systems with publicly available archival MUSE observa-
tions, which make up the ‘DWarf galaxies Archival Local survey
for Interstellar medium investigatioN’ (DWALIN, Cresci et al.,
in prep.) sample. Our goals are to infer ionised mass outflow
rates and loading factors and to study how these are related to
a number of galaxy properties such as stellar masses (M, ), star
formation rates (SFRs), and mean SFR densities.

This paper is structured as follows. In Sect. 2, we provide
a brief description of the DWALIN sample and present our mea-
surements for M, and the SFRs. The MUSE data analysis, which
consists of the extraction and modelling of He velocity profiles
aimed at inferring the main properties of the ionised winds, is
presented in Sects. 3 and 4. Our results are discussed in light of
other observational and theoretical studies in Sect. 5. Our con-
clusions are drawn in Sect. 6.

2. The DwaLin sample

DWALIN is a sample of 40 nearby galaxies that is specifically
designed to study the gas properties in low-mass, highly star-
forming systems. All galaxies in DWALIN have archival MUSE



A. Marasco et al.: Ionised winds in starburst galaxies

Table 1. Main properties of the DWALIN galaxy sample.

SFR

Galaxy RA (J2000) Dec (J2000) D log %—@ log 7 = Rg‘gR (M,SFR)
hms ern Mpc kpc method

(1) (2) (3) “) &) (6) @) (®)
CGCGO007-025 0944 01.9 —-00 38 32 23 + 5™ 8.07+024 -0.64+0.13 0.85+0.03 1
ESO 154-G023 02 56 50.4 -543417 6.0+05°F  8.18+022 -139+0.10 3.19+0.08 1
ESO 320-G014 113753.2 -391313  6.0+05F 698+0.20 -2.92+0.14 0.24+0.02 4
ESO321-G014 12 13 49.6 -381353  33+02°F  698+020 -3.00+0.10 0.30+0.01 4
ESO 349-G031 0008 13.4 -343442  32+03°F  655+020 -334+0.10 0.27+0.01 4
ESO 379-G007 1154435 -333336 5.4 +05F - - - -
ESO 379-G024 12 04 56.7 -354435 55+025TP  6.71+0.22 -290+0.11 0.38+0.04 5
ESO 489-G56 0626 17.6 -261556 63+0.67 747+0.15 -3.11+0.17 0.63+0.04 3
HIPASSJ1133-32 1133 10.9 -325745 5.6+05F  6.69+021 -3.09+0.11 0.27+0.03 5
HIPASS J1337-39  133725.3 -395348 5.1+05°F  599+027 -273+0.09 0.25+0.02 1
Haro 11 0036 52.7 -333317 86+ 17™ 1024 +025 1.78+0.16 223+0.15 1
Henize 2-10 08 36 15.1 -262434 82+08°" 905+0.32 022+0.17 0.69+0.01 3
1C 2828 112711.2 +08 43 53 13 +2™M 8.05+022 -149+0.11 0.52+0.02 1
1C3077 12 1556.3 +14 2559 5+ 2TFR 7.78 £0.20 -3.94+0.38 0.51+0.01 4
1C 4870 193737.6 -654843 85+08°F  853+0.20 -128+0.09 0.64+0.03 1
11Zw40 055542.6 +03 23 32 14 + 3tM 9.03 £0.25 0.37+0.25 1.31+0.11 1
J0405-3648 04 0520.3 -3649 01 9 +2fM 7.03+020 -231+0.10 0.29+0.01 4
J0921+0721 0921272 +07 2153 21 + 4™ 8.03+022 -1.64+0.10 1.47+0.03 4
J1044+0353 1044 58.0 +03 5313 52 + 10tM 7.83+024 -0.76+0.11 0.80 +0.08 1
J1418+2102 14 1849.9 +21 02 26 29 + 6™ 6.59+036 -1.32+0.17 595+0.14 3
KK182 1305 02.8 -400459 59+05°F  650+024 -247+0.10 0.49+0.03 1
KK195 1321 08.0 -313148 5.6+0.35P - -3.33+£0.70 0.63 +0.02 4
KKH046 09 08 36.5 +05 17 27 12 +2f™M 7.09+020 -237+0.10 0.74+0.02 4
LeoP 102145.1 +1805 17 1.6+£0.1* 575+030° -4.40+0.38 0.07+0.01 5
NGC 0337 0059 50.1 -0734 41 19 + 3CF3 9.75 +0.21 0.12+0.12 3.05+0.03 1
NGC 0625 013504.6 -412610 4.0+04°F  8.60+0.19 -120+0.14 0.61+0.03 1
NGC 1487 03 55 46.1 —4222 05 9 +2fM 9.00+0.21 -0.68+0.10 1.16+0.04 1
NGC1705 0454 13.5 -532140 55+04°F  813+024 -131+£0.09 0.21+0.01 1
NGC 1741 0501 38.3 -04 1525 56 + 11t 9.80 = 0.25 0.85+0.14 3.39+0.23 1
NGC2915 092611.5 -763735 43+04°F  821+020 -1.47+0.09 0.44+0.01 1
NGC 3125 10 06 33.4 -2956 05 15 + 3tM 891+024 -0.15+0.14 0.68+0.04 1
NGC 5253 1339 56.0 -313824 35+02°F  864+024 -026+0.15 0.32+0.01 1
SBS 0335-052 033744.1 —-0502 40 59 + 12fM 832+024 0.07+0.13 0.86+0.01 1
Tol 1214-277 1217 17.1 -280233 100 £ 20°M 7824030 -0.45+0.10 1.46+0.03 1
Tol 1924-416 1927 58.2 —4134 32 33+ 6™ 8.87+024  031+0.11 0.96+0.05 1
Tol 65 12 25 46.5 -36 14 01 33+ 6™ 741+024 -1.04+0.11 0.54 +0.08 1
UGC 07983 1249 47.0 +03 50 32 6+ 1M 7.08+0.20 -3.02+0.11 042+0.01 4
UM 228 002101.0 +005248 423 +84™  10.60+0.29 137+0.12 6.58+0.97 1
UM 461 1151333 -022222 19 + 4tM 7.56+024 -121+0.12 0.53+0.03 1
UM 462 1152372 -0228 10 19 + 4™ 836+0.25 -0.60+0.10 0.64+0.01 1
VCC2037 1246153 +101220 9.6+095°  7.66+0.16 -229+0.09 0.57+0.05 1

Notes. (1) Galaxy name. Systems studied in this work are highlighted in boldface. (2)—(3) Celestial coordinates in J2000 from NED; (4) Galaxy
distance from the Extragalactic Distance Database, based on: CF3 — Cosmicflow-3 catalogue (Tully et al. 2016); FM — flow model (Kourkchi et al.
2020); STD - stellar distances from Jacobs et al. (2009) and Anand et al. (2021); TFR — Tully—Fisher relation distance from Kourkchi et al. (2022);
(5)—(6) M, and SFR as determined in this work; (7) Half-light radius in the GALEX NUV band or, when this is not available, in the WISE W4
band; (8) Method used to determine M, and SFR, following the notation of Table 2. The ¢ distance and M, for Leo P are taken from McQuinn et al.

(2015).

data and have been selected either: (1) from the Herschel Dwarf
Galaxy Survey (DGS; Madden et al. 2013; Cormier et al. 2015),
asurvey of nearby (D < 200 Mpc) low-metallicity galaxies using
far-infrared (FIR) and sub-millimetre data from the Herschel
Space Observatory; or (2) from the Karachentsev et al. (2013)
catalogue of galaxies in the local Volume (distance < 11 Mpc)

and log(M/M,) < 9.0. A detailed description of the DWALIN
sample will be provided from Cresci et al. (in prep.).

The main properties of our sample are listed in Table 1,
along with our new measurements of M, and SFRs deter-
mined as described in Sect. 2. Most DWALIN galaxies have
M, < 2 x 10°M,, but the sample spans more than five
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Fig. 1. Optical DSS or SDSS images (2’ on a side) of the DWALIN sample of starburst galaxies, with the MUSE field of view overlaid (squared
overlays). Green overlays show the MUSE data that have been re-reduced and analysed and are discussed in the current study. Red overlays are
used for the MUSE data that will be analysed in a future study. Galaxies are ordered by their M, , with lowest-mass galaxies at the top left.

dex in M, and SFR. Distances in DWALIN are taken from
the Extragalactic Distance Database' (EDD; Tully et al. 2009),
which collects and homogenises distance measurements from
a variety of sources. Specifically, for 16 galaxies, we used
the Cosmicflows-3 distance catalogue (CF3, Tully et al. 2016),
which provides weighted distances for about 18000 nearby
galaxies using multiple velocity-independent methods, such as
Cepheids, tip of red giant branch (TRGB), type Ia supernovae,
Tully—Fisher relation (TFR, Tully & Fisher 1977), and others.
Some DWALIN galaxies have velocity-independent distances but
do not appear in the CF3: for these objects, we used stellar dis-
tances from Jacobs et al. (2009) and Anand et al. (2021), or TFR
distances from Kourkchi et al. (2022). For Leo P, we adopted
the estimate of McQuinn et al. (2015) based on the Iuminos-
ity of horizontal branch stars and ten RR Lyrae candidates.
Finally, for the 20 galaxies that have no velocity-independent
distances, we adopted estimates based on local 3D flow mod-
els (Kourkchi et al. 2020). Distance uncertainties are taken from
the EDD, with the exception of those determined from the flow

I http://edd.ifa.hawaii.edu/
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models, for which we have assumed an error of 20% (about twice
the typical uncertainty of the CF3 measurements).

An atlas of the DWALIN sample from the Sloan Digital Sky
Survey (SDSS; York et al. 2000) and the Digital Sky Survey
(DSS) is shown in Fig. 1, with the field of view of the archival
MUSE pointings overlaid. As a preliminary step, we planned
to re-reduce the archival MUSE data for all 40 DWALIN galax-
ies, with the goal of providing a uniform analysis of the ionised
gas kinematics and wind properties across the sample. This step
requires considerable computational and human resources and,
at the time of this writing, it is still in progress. So far we have
re-reduced the MUSE data for 19 galaxies (green frames in
Fig. 1), randomly selected from DWALIN: these systems com-
prise the DWALIN-19 sub-sample. As the midway point of the
analysis of the complete sample, in this study we focus on the
ionised gas properties of this sub-sample. The analysis of the
21 remaining DWALIN galaxies will be presented in a later paper.

The MUSE data reduction was carried out with the MUSE
pipeline (Weilbacher et al. 2020) v2.8.1, using the ESO Recipe
flexible execution workbench (Reflex, Freudling et al. 2013),
which offers a graphical and automated way to execute with
EsoRex the Common Pipeline Library (CPL) reduction recipes,
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within the Kepler workflow engine (Altintas et al. 2006). Details
on the MUSE data reduction of individual galaxies will be pro-
vided by Cresci et al. (in prep.), while the data analysis is pre-
sented in Sect. 3.

Stellar masses and star formation rates

In order to determine homogeneous and reliable estimates of M,
and SFRs for all galaxies in the DWALIN sample, we employed
the approach outlined by Leroy et al. (2019, see their appendix)
based on the combined use of infrared and ultraviolet data. We
made use of archival, publicly available near- and mid- infrared
(NIR and MIR) images from the Wide-field Infrared Survey
Explorer (WISE; Wright et al. 2010) in bands W1 (3.4 um) and
W4 (22 um), from the IRAC 3.6 um and MIPS 24 um camera
on board of the Spitzer Space Telescope (Werner et al. 2004),
and of near- and far- ultraviolet (NUV and FUV) images from
the Galaxy Evolution Explorer (GALEX; Gil de Paz et al. 2007).
The photometric analysis of these images was performed using
our own routines, described in detail in Appendix A.

Leroy et al. (2019) outlined a series of methods to determine
the integrated M, and SFR in nearby galaxies using only WISE
and/or GALEX data. All these methods are calibrated on mea-
surements from the GALEX-SDSS-WISE Legacy Catalogue
(GSWLC; Salim et al. 2016, 2018), which combine GALEX and
WISE photometry with SDSS observations to infer M, and SFR
for about 600000 galaxies via population synthesis modelling
with the CIGALE code (Boquien et al. 2019). The impressive
size of this sample and the refined spectral modelling, which
accounts for energy balance and contamination by emission
lines to the broad-band photometry, make GSWLC an excel-
lent benchmark for assessing how global galaxy parameters are
recovered when only a subset of the full photometric data is
available.

Following Leroy et al. (2019), we used five methods to com-
pute M, and SFR depending on the data available. These are
described in Table 2. We stress that each of these methods have
been calibrated separately by Leroy et al. (2019), thus the coef-
ficients adopted in the calculation of M, and SFR vary between
one method and another. In addition to this procedure, we used
IRAC 3.6 um (MIPS 24 um) luminosities as a replacement for
W1 (W4) luminosities when the latter were not available, after
having assessed the excellent agreement between our Spitzer and
WISE photometry in similar bands. In fact, we have verified that
Spitzer and WISE data are practically interchangeable, both pro-
viding M, and SFR measurements that are compatible within
their uncertainties (computed as described in Appendix A).
However, Spitzer data are less-than-optimal to use for our M,
and SFR estimates, given that the procedures of Leroy et al.
(2019) are specifically calibrated on WISE data. Our NUV and
FUV measurements are corrected for Galactic extinction using
the reddening map of Schlegel et al. (1998). We make a sin-
gle exception to our procedure: we take the M, of LeoP from
McQuinn et al. (2015), given that this very faint system is only
barely detectable in our NIR images.

The resulting M, and SFRs for the DWALIN sample are
listed in Table 1. In Fig. 2, we compare our measurements with
those of Leroy et al. (2019) for a sample of =15750 nearby
galaxies, and with the main-sequence trends at z ~ O from the
Sloan Digital Sky Survey (SDSS; Chang et al. 2015), from the
Low-Mass Local Volume Legacy (LMLVL) sample (Berg et al.
2012), and from McGaugh et al. (2017) for a sample of late-type,
low-surface-brightness galaxies. The majority of the DWALIN
galaxies are located above the main sequence of star formation.

One possible exception is given by the faintest systems (M, <
108 M), for which, however, information on the obscured com-
ponent of the SF is missing because W4 or MIPS data are
unavailable (purple circles in Fig. 2). We stress that most of
these faint galaxies may still lie in the starburst region given their
low M,, assuming a steepening in the main-sequence relation
at M, < 10° M, as suggested by McGaugh et al. (2017). We
also notice that the DWALIN-19 sub-sample (numbered systems
in Fig. 2) spans the same dynamical range of its parent sample.

Various studies have suggested that free-free radiation and
hot dust emission can contribute to the 3—5 um luminosity in
dwarf galaxies (e.g., Smith & Hancock 2009). In this study we
have assumed that such a contribution is negligible. Correcting
for these effects would lead to slightly lower estimates for M.,
shifting the DWALIN sample even further away from the main
sequence of star formation.

We adopted the method of Leroyetal. (2019), so that
the DWALIN sample and GSWLC sample could be com-
pared directly. We point out, however, that M, calibra-
tions from different population synthesis models (Meidt et al.
2014; McGaugh & Schombert 2014; Herrmann et al. 2016;
Norris et al. 2016; Hunt et al. 2019; Schombert et al. 2019),
color-magnitude diagrams of resolved stellar populations
(Eskew et al. 2012; Zhang et al. 2017), and dynamical argu-
ments (McGaugh & Schombert 2015; Lelli et al. 2016a,b) give
systematically higher values of M, by a factor of ~1.5-2.0.

3. lonised gas kinematics in DwaLIN

Here, we describe in detail the steps taken to infer the global
kinematic properties of the ionised gas in the DWALIN-19 sam-
ple. We illustrate our procedure on the MUSE data of He2-10
(previously studied by Cresci et al. 2017), but we proceed in the
same way for all the DWALIN-19 galaxies.

3.1. Continuum subtraction and velocity cube creation

The first step of our procedure consists in the subtraction of
the continuum from the MUSE spectra. This operation must be
highly accurate, since even an error of few percentage points can
artificially enhance or suppress the faint wings in the line profiles
that may be associated with the outflow component.

Stellar absorption features are quite weak in the DWALIN-19
sample, but they are nonetheless visible, especially around the
Hp line in the most massive systems. The stellar continuum
is subtracted following a procedure similar to that outlined by
Cresci et al. (2017), which consists of first enhancing the stel-
lar signal via a Voronoi tessellation (Cappellari & Copin 2003)
of the MUSE data (we imposed S/N > 20 on the continuum at
5100 < /A < 5500, on average, per 1.25 A spectral channel)
and then fitting the resulting binned cube via a multi-component
model using the pPXF software (Cappellari 2017). The model
adopted is built of a combination of E-MILES stellar popula-
tion model templates (Sdnchez-Blazquez et al. 2006; Rock et al.
2016), which cover the entire MUSE wavelength range,
Gaussian features to model the main optical emission lines, and
an additive third-order polynomial to account for any additional
‘smooth’ stellar feature extended over the whole A range. A
multi-Gaussian fitting could be employed in order to achieve a
finer modelling of the emission lines but, at this stage, we are
primarily interested in removing the stellar continuum, thus we
used a single Gaussian component per line. The outcome of this
process is a model cube for the stellar continuum matched to
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e Fig. 2. SFR vs. M, plot for the DWALIN
v galaxy sample. Green squares, brown trian-
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6{ SFR measurements come from the combina-
o tion of UV and MIR data, MIR data alone,
- or UV data alone, respectively (see text for
. etails). ID numbers are shown for the DWALIN-
3 15' ./ﬁ' Leroy+1a details). ID numb hown for the D
7 SDSS 19 sample studied with MUSE in this work.
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—4 4 DWALIN (IR+UV) galaxies studied by Leroy et al. (2019). We also
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@ DWALIN (UV) SDSS (Chang et al. 2015, dashed line), from the
T T T T T T LMLVL sample (Berg et al. 2012, dotted line),
and the relation derive cGaugh et al.
7 1 11 d th lation derived by McGaugh et al

logi1o (Stellar Mass [Mo])

(2017) for a sample of low-surface brightness
galaxies (dot-dashed line).

Table 2. Methods used to determine M, and SFR in this work, in descending order of preference.

Method Description

1 SFR from a combination of FUV and W4 luminosities, thus accounting for both the obscured and the unobscured
SF components. Then, M, is derived from W1 luminosities using a mass-to-light ratio (¥, ) that depends on the
specific SFR (see Eq. (24) in Leroy et al. 2019).

2 Same as method (1) but using NUV when FUV data are not available.

3 Same as method (1) but using only WISE W4 luminosities when NUV and FUV data are not available, thus
accounting only for the obscured component of the SF.

4 SFR from FUV luminosities only, if W4 data are not available, thus accounting only for the unobscured component
of the SF. Then M, is derived from W1 data using a constant value for ¥, =0.35.

5 Same as method (4) but using NUV luminosities when FUV data are not available.

the binned data. This cube is then subtracted from the origi-
nal (unbinned) data by re-scaling the model spectrum of each
Voronoi cell to match the intensity level of the individual spax-
els within that cell.

This procedure is generally robust, however, it is still sub-
ject to small flaws since the additional polynomial term included
in our model may not be adequate to describe the residual con-
tinuum flux with sufficient accuracy. This may produce spuri-
ous, extended wings in the line profile, mimicking the presence
of broad components that could be interpreted as outflows. We
deal with this problem by means of a ‘local’ refinement of our
continuum subtraction, using an approach that is tailored around
the emission lines of interest. Specifically, we fit third-order
polynomials to the continuum-subtracted spectra only around
small (120 A-wide) spectral windows, centred around each emis-
sion line of interest, after a careful masking of all the princi-
pal lines. A visual inspection of the spectra confirms that this
local approach considerably improved the continuum subtrac-
tion where we needed it the most; thus, we employed it on the
four emission lines that are used in the rest of the analysis: He,
Hp, [S11]16716, and [S11]A6731.
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After this additional correction, velocity cubes for the indi-
vidual lines were extracted and studied separately using the
multi-Gaussian decomposition method discussed below. The Ha
and HB cubes span a velocity range of +600kms™!, while we
build a unique cube for the [SII] doublet, centred around the
doublet centre and encompassing +900kms~!. These velocity
ranges are adequate to capture virtually all the emission com-
ing from these bright lines, while minimising the contamination
from the nearby fainter lines.

3.2. Emission-line modelling

We modeled the velocity profiles in our cubes using a com-
bination of Gaussian components, which we then analysed a
posteriori to assess the presence of outflows in our data. This
approach is preferred for the DWALIN-19 galaxies which (as
we show below) do not possess the highly-regular velocity
fields that are typical of more massive spirals and would per-
mit a geometric modelling of the data, for instance, via tilted
ring methods (e.g., Rogstad et al. 1974; Di Teodoro & Fraternali
2015; Bouché et al. 2015; Concas et al. 2022). We proceed by
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distinguishing between a reference line (He), which is mod-
elled first using a complete multi-Gaussian decomposition, fol-
lowed by the ‘secondary’ lines (all the others) for which only
the amplitudes of the Gaussian components are fitted, while the
mean velocities and widths of the various components are fixed
to the values determined for the reference line. Adopting this
separation has two advantages. The first is that it improves the
modelling of fainter lines like the [S1I] doublet, for which an
unconstrained fit may give unpredictable results, especially in
the lowest S/N regions. The second (and more relevant advan-
tage) is that it allows us to use the same components for very
different lines, which is useful in the calculation of line ratios.

In each spaxel, the He line is modelled with a variable num-

ber of Gaussian components ranging from one to four. For each
component we fit the amplitude, the mean velocity, and the
‘intrinsic’ velocity dispersion oy, defined as:
Tops = T + Trause (Vs (D
where o ops 1s the observed velocity dispersion of the Ha line
in our velocity cube and omysg is the A-dependent instru-
mental broadening, which is equal to ~50kms~! (FWHM of
116kms_1) around the Ha line (see Eq. (8) of Bacon et al.
2017). Following Marasco et al. (2020), the optimal number
of components is decided spaxel-by-spaxel on the basis of a
Kolgomorov—Smirnov (KS) test on the residuals of the fits deter-
mined for n and n + 1 (with 1 < n < 3) components: if the two
residual distributions are statistically different’, then the n + 1
component model is preferred. Thus this method is sensitive to
the relative improvements in the data fitting due to the use of
increasingly complex models, but it is independent of the ‘good-
ness’ of the fit in absolute terms.

As the emission from the [N II] doublet can potentially con-
taminate the He line (arrows in Fig. 3), we did not model the
[N11] a posteriori — as we did for all the other secondary lines.
Instead, we included a single extra parameter in the He fit to each
spaxel in order to account for the amplitude of the [N 11]16583
line, under the assumption that it can be modelled as a re-scaled
version of the Ha. Assuming a [N II]J16583/[N I1]16548 ratio of
3 also works to fully constrain the fainter line of the doublet.

To illustrate the outcome of this procedure, Fig. 3 shows a
series of position-velocity plots taken along different slices for
the Ha data (left column), model (middle column), and resid-
ual (data-model, right column) velocity cubes of He 2-10. The
model provides an excellent description of the data over the
whole Ha intensity range which, in this particular case, spans
about four orders of magnitude.

The treatment of the instrumental broadening oyusg in
Eq. (1) requires a separate discussion. A caveat associated with
the implementation of oyysg is that the MUSE line spread func-
tion (LSF) is not actually Gaussian, but instead more squared in
shape. However, as we need to model a few millions velocity pro-
files with multiple components, fitting complex numerical LSF
profiles is highly unpractical and the use of simpler Gaussian
shapes becomes mandatory. Although Baconetal. (2017)
stated that a Gaussian approximation of the MUSE LSF is per-
fectly valid for most applications, in practice we found that some
of the emission lines at the longest wavelength in our spectra
were narrower than what the instrumental broadening alone
would allow (that is, oops < o-Mysg 1n Eq. (1)). We bypassed this
issue by multiplying the omusg predicted by Bacon et al. (2017)

2 This is decided using a p-value threshold, 0 < p < 1 where 0 (1)
minimises (maximises) the number of components required. Here we
request an accurate modelling of the fainter line details and set p = 0.95.
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Fig. 3. Multi-Gaussian modelling of the He line in He 2-10. Top panel
shows the total Ha intensity map and the six representative slices (blue-
dashed segments) used to extract the position-velocity plots. These are
shown in the panels below (left column: data, middle column: model,
right column: residual), using a width of three spaxels. Iso-intensity
contours are at 2, 5, 10, 20, 10%, 10°, 10* times the rms noise o
An additional contour at —2¢ is shown in grey. Arrows mark the
regions where emission from the [N1I] doublet leaks into the Ha
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Fig. 4. He velocity fields of the DWALIN-19 galaxies, as derived from our multi-Gaussian modelling of the MUSE data.

by a factor K = 0.8, which we found to be the approximate
value for which spectral lines at different A have similar oy
when modelled separately with a single Gaussian component
defined with Eq. (1). Different values of K would imply that oy
smoothly varies across the wavelength range, which is hardly
justifiable, given that the various lines probe the same phase
of the ISM (warm ionised gas) with similar temperature and
excitation conditions.

3.3. lonised gas kinematics

The multi-Gaussian decomposition allows us to describe the
position-velocity distribution of the ionised gas with a virtually
infinite velocity resolution. We use these convenient analytical
proxies for the actual velocity profiles to build Ha intensity
maps, velocity fields (moment-1 maps, Fig. 4), and velocity dis-
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persion fields (moment-2 maps, Fig. 5) for all DWALIN-19 galax-
ies.

As shown in Fig. 4, in the DWALIN-19 sample, the ionised
gas is characterised by complex velocity fields that cannot be
ascribed to pure regularly rotating discs (Fig. 4). Velocity gradi-
ents are visible in many galaxies but are often very irregular, indi-
cating the presence of strong, localised non-circular motions that
are likely induced by baryonic feedback and/or past interaction
events. This kinematic complexity makes a modelling approach
based on simple geometry and large-scale motions (such as in a
tilted-ring model) unsuitable, which is why we opted for a differ-
ent methodology. However, in spite of this complexity, the typical
line-of-sight velocities of the ionised gas are on the order of some
tens of kms~! in the DWALIN-19 sample, suggesting the absence
of large-scale bulk flows that are sufficiently powerful to expel a
vast amount of material out of these galaxies, at least on the spatial
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Fig. 5. Ha velocity dispersion fields of the DWALIN-19 galaxies, as derived from our multi-Gaussian modelling of the MUSE data. Only the

intrinsic line broadening is shown (see Sect. 3.2).

scales probed by MUSE. Figure 5 shows that the typical veloc-
ity dispersion for the ionised gas is in the range 40-60 kms™,
with the exceptions of He 2-10 and Haro 11, both reaching values
slightly above ~100 km s~!. Thus, the ionised gas in these systems
is slightly more turbulent than that of typical star-forming galax-
ieswhere o ~ 30+10km s~! (e.g., Epinat et al. 2010; Green et al.
2014); this is not surprising given their higher-than-average SFR
(e.g., Bacchini et al. 2020). Clearly, gas turbulence can also be
increased by recent mergers and interactions events, which may
trigger the starburst episode in the first place. In fact, Haro 11 is
thought to be a merger system (Ostlin et al. 2015), and He 2-10
shows signatures of a recent accretion event (Vanzi et al. 2009).
However, the DWALIN-19 sample also features systems that are
highly isolated and whose He velocity dispersion is above aver-
age, such as KKH046 and NGC 2915.

The kinematic complexity shown by the DWALIN-19 galax-
ies is likely to stem from a combination of internal and environ-
mental mechanisms. However, even assuming a scenario where
baryonic feedback is the only driver of the observed kinemat-
ics, we would conclude that its impact on the ISM is limited
to promoting non-circular motions of a few tens of kms™! over
scales of some hundred parsecs as well as to producing only
a marginal enhancement of the gas velocity dispersion. The
impression is that most of the gas is ‘shaken’ within the ISM,
rather than being violently expelled from the galaxy as a result
of feedback processes. Similar results are found for the HI kine-
matics on larger spatial scales, which show complex velocity
fields in ~50% of starburst dwarfs but with typical line-of-sight
velocities of just tens of kms™! (Lelli et al. 2014a). Quantify-
ing the amount of gas that is actually outflowing requires a
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more careful investigation of the line profiles, which we present
below.

4. lonised winds in DwaLIN

The above results indicate that the DWALIN-19 galaxies are
not simple rotating discs; they also lack unambiguous, spatially
resolved evidence for a large-scale bulk motion in their ionised
gas. In these conditions, the signature of a galactic wind can
be identified through the presence of wings and/or secondary
(broad) components in the line profiles.

However, even after the identification of such features, two
key decisions must be made: what the wind speed and what
the fraction of flux associated with the wind should be. These
choices largely affect the wind properties, but they are often
determined arbitrarily. With the purpose of providing a more
physically motivated definition of a galaxy wind, we adopted
basic prescriptions to define the flux and velocity associated with
the wind component based on simple dynamical and geometrical
considerations.

4.1. Towards a more physically motivated selection of the
wind

We define ‘wind’ as the material whose velocity, measured with
respect to the systemic velocity of the galaxy, exceeds the local
escape velocity, Ve, defined as the minimum speed required to
bring a test particle from its original location out to the halo’s
virial radius®. This choice is motivated by the idea that mate-
rial ejected with a speed higher than v, leaves the galaxy’s viri-
alised region and is not longer bound to that system. Clearly, this
is a strong simplification of the process of gas cycling induced by
feedback, as it ignores hydrodynamical effects that can alter the
purely ‘ballistic’ dynamics of the cycle. On the one hand, since
drag from the pre-existing CGM slows down the cloud speed, an
initial velocity higher than ves. is needed to expel clouds from
the virialised region. On the other hand, even for low outflow
speeds, the development of hydrodynamical instabilities due to
the cloud-CGM interaction can fragment the outflowing cloud
into small cloudlets that, via thermal conduction, can evaporate
into the CGM (e.g., Armillotta et al. 2017). As the outcome of
these processes depends on the physical condition of the out-
flowing gas and on the detailed properties of the CGM, we prefer
to neglect them in favour of a simpler and easy-to-model ballistic
interpretation of the gas flow.

The vy radial profile of each galaxy is determined using a
mass model consisting of a dark matter (DM) halo, a stellar disc
and a gaseous disc. For the DM halo, we assume a Navarro—
Frenk—White (NFW, Navarro et al. 1997) profile, with a virial
mass of M,y determined from M, via the stellar-to-halo mass
relation (SHMR) of Moster et al. (2013), and a concentration, c,
set by the Mjgo—c relation of Dutton & Maccio (2014), which
is therefore consistent with a ACDM Universe. The stellar disc
is modelled with a double-exponential profile, with scale-length
Ry determined either from the IRAC 3.6 pum data or (when these
are unavailable) from the W1 data* and scale-height given by
R4/5 (e.g., van der Kruit & Freeman 2011). Given the lack of
a complete database of atomic and molecular gas observations
for DWALIN, we used a M,-based proxy for the cold gas mass

3 This gives a slightly lower velocity than using the traditional defini-
tion of v that requires the particle to reach infinite distance.

4 We take Ry equal to the half-light radius divided by 1.68, which is
correct for a purely exponential disc.
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(Eqg. (7) in Chae et al. 2021) and assumed a size of the gaseous
disc equal to twice that of the stars. This formulation is overall
consistent (to within 0.2-0.5 dex), with the gas content in low-
mass galaxies that would be inferred from the M, +SFR empir-
ical approach by Hunt et al. (2020). Both of these approaches
are only rough approximations, and in the calculation of ve,
the baryon distribution plays a very marginal role as the escape
speed is primarily affected by the overall depth of the gravita-
tional potential rather than by the potential gradient (unlike the
case of the circular velocity, for instance). In practice, the key
ingredient is the assumed SHMR, which we have used the model
of Moster et al. (2013) to calculate; this value is compatible with
dynamical estimates for M, and M»q in the mass range spanned
by our sample (e.g., Katz et al. 2017; Posti et al. 2019). While
gas-rich dwarfs may feature cores in their central mass distribu-
tion (e.g., de Blok 2010), we verified that the use of a cored DM
profile such as that of Burkert (1995) makes little difference in
the resulting v profile.

The vesc curve can be compared with the position-velocity
distribution of the ionised gas using a phase-space plot. Panel
a in Fig. 6 shows an example of such a plot for the Her line of
He 2-10, where we have populated the position-velocity space
using the various components of our multi-Gaussian modelling
considering only the intrinsic broadening in the line profiles.
From this diagram, it is clear that some fraction of the ionised
gas is located in regions beyond the escape speed curves, iden-
tified by white-dashed lines in the panel. However, as we dis-
cuss below, the selection of a wind component from this diagram
depends on the 3D geometry and kinematics of the wind itself,
which must be assumed.

4.2. Feedback-driven turbulence and expansion

We propose two different approaches to select the wind compo-
nent from the analysis of the phase-space plots. The first is more
conservative in terms of wind mass, while the second is more
generous, corresponding to diverse modes by which the energy
and momentum injected by feedback is imparted to the ISM. The
use of both approaches allows us to better assess the uncertain-
ties in the outflow rate estimates. These two idealised feedback
scenarios, along with their implications in terms of wind compo-
nent selection, are illustrated in panels b and c of Fig. 6.

The first approach is based on a scenario where baryonic
feedback augments the turbulence of the surrounding gas with-
out affecting its bulk motion. In this ‘turbulence’ scenario,
sketched in panel bl of Fig. 6, the wind will be made solely by
those cloudlets that are randomly scattered at sufficiently large
(>|vesel) velocities (panel cl in Fig. 6). This scenario can be
applied to our data by selecting only the portion of the emission
at [v| > |vesc| in the phase space (panel d1 in Fig. 6). The resulting
wind flux is multiplied by a factor V3 to take into account that
we only see projected velocities.

A completely converse model is the one where feedback does
not affect the gas turbulence — but solely its bulk motion. We start
by considering a spherical expanding shell of gas with a con-
stant velocity, vying, slightly larger than ves.. We can demonstrate
that in the absence of extinction, the line-of-sight (LOS) velocity
profile produced by a (spatially unresolved) expanding, homo-
geneous shell of non-turbulent gas is a perfectly flat distribu-
tion confined within +vy;,q. This occurs because we observe the
intrinsic +vyinq only along two opposite shell elements aligned
with the line of sight, whereas we see a fraction of +vyi,q for
all the other shell elements due to projection effects. Trivially,
the fact that flat velocity profiles are never observed suggests
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that this model is not realistic and that some amount of turbu-
lence is always injected within the expanding gas, producing a
smoother profile. In this ‘turbulent expanding shell’ (hereafter,
TES) scenario, selecting only the flux at [v| > |ves| would largely
underestimate the wind mass, since we know that — by construc-
tion — the whole shell moves faster than v (panels b2 and c2 in
Fig. 6). We apply these considerations to our data by inspecting
(one by one) the components of the multi-Gaussian fit and assign
them to the wind component if they have at least a fraction fe
of their flux beyond the ves.. We use foic = 0.05 as our fiducial
value, but in Sect. 4.3, we explore values uniformly distributed
between 0.01 and 0.1 to assess the uncertainty of this method.
Figure 6 illustrates the application of these two feedback sce-
narios to the Ha data of He 2-10, showing the phase-space plots
(panels d1 and d2) and the integrated Ha intensity maps (pan-
els el and e2) associated with the wind component alone. As
expected, the two scenarios predict a different flux for the wind,
equal to 2% of the total for the turbulence case and 8% of the
total for the TES case. With respect to the turbulence case, the
TES scenario outputs a more defined wind structure, which fea-
tures a spiral-like wind morphology. Even though the Ha flux of
the wind component is small, its half-light radius is about twice
that determined for the total He distribution. Typically, we find
that Ho winds in the DWALIN-19 sample have half-light radii
that are 50-80% larger than those of the total Ha distribution.
This suggests a radial expansion of the material ejected from the
galaxy by baryonic feedback, in agreement with expectations
from ballistic models of the galactic fountain (e.g., Fraternali

2017). Plots similar to those presented in Fig. 6 are shown for all
DWALIN-19 galaxies in Appendix B.

Our wind selection was performed on the reference line
(Ha), but we applied it to the secondary lines too, using the fol-
lowing criteria: for the turbulent scenario we simply selected the
emission at v > Ves, as we had already done for the He line,
while for the TES case, we relied on our multi-Gaussian mod-
elling (Sect. 3.2) and selected all Gaussian components in the
secondary lines that are associated with the wind in the refer-
ence line. This approach allows us to have a self-consistent wind
definition across different lines, which is important for the com-
putation of the wind properties, as we discuss below.

4.3. Outflow rates and mass-loading factors

Our calculations for the (ionised) gas outflow rates follow those
outlined in a number of previous studies (e.g., Liu et al. 2013;
Cresci et al. 2015, 2017; Marasco et al. 2020; Tozzi et al. 2021).
The main difference is that in this work, we present separate
computations for the two feedback scenarios described above,
which lead to different estimates of the wind rates: a more con-
servative one for the turbulence scenario and a less conservative
one for the TES case. In the calculations that follow, all wind
properties (flow rate, electron density, and extinction) are deter-
mined using integrated fluxes of the wind component.
Assuming that the ionised wind can be described as a collec-
tion of ionised gas clouds all having the same electron density,
ne, and that the ionisation conditions do not vary across the FOV,
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its mass can be computed from the luminosity of the wind com-
ponent of the He line, LI | as:

'wind’
LHe 100 cm™3
Mying = 3.2 % 10° wind M. 2
¢ x ( 1040 ergs™! ne e @

To determine Lfvlﬁl 4> the Ha flux of the wind component must
be corrected for internal dust extinction, A(Ha). We determine
A(He) from the Balmer decrement, assuming an intrinsic Ho/HS
of 2.86 for a temperature 7 = 10*K (Osterbrock & Ferland
2006)°, a Calzetti et al. (2000) extinction law and (importantly)
computing the observed Ha/Hg total flux ratio for the wind com-
ponent alone. This is relevant because (as we discuss below) the
properties of wind material can differ from the average properties
of the galactic ISM. Similarly, we determined 7. in Eq. (2) from
the [S1]A6716/[S11]46731 flux ratio computed for the wind
component, using the prescription from Sanders et al. (2016).

The distributions of the resulting A(Ha) and n. are shown
in Fig. 7, where we compare the values determined for the
wind in each galaxy (red and green histograms) with those
inferred for the entire galaxy (grey-shaded histograms). Clearly,
the ionised wind has on average a higher electron density and
extinction compared to the rest of the galaxy. A higher n, for the
(stellar- or AGN-driven) ionised winds has been found in several
other studies (Arribas et al. 2014; Perna et al. 2017; Rose et al.
2018; Mingozzi et al. 2019; Davies et al. 2020; Fluetsch et al.
2021); it may be driven by the compression of the gas caused
by the expanding superbubbles in the star-forming disc (e.g.,
Keller et al. 2014). In particular, our findings agree well with
prior measurements of local ultra-luminous infrared galaxies
from Fluetsch et al. (2021), where the typical n. is ~150 cm™
in the disc and ~500 cm™ in the outflow.

Measurements for dust extinction in the wind are more
widely debated in the literature, with different groups find-
ing both higher (Holt et al. 2011; Villar Martin et al. 2014) and
lower (Rose etal. 2018; Mingozzi et al. 2019; Fluetsch et al.
2021) values in the outflow than in the rest of the ISM. A
visual inspection of the spaxel-by-spaxel distribution of A(Ha)
for the wind in single DWALIN-19 galaxies often shows a peak
at values closer to (or below) that of the ISM (0.5-1 mag),
followed by a tail that extends towards very large values and
increases the mean A(Ha) for this component. Our findings
of a higher mean extinction agree qualitatively with predic-
tions from radiation pressure-driven models of stellar feedback
(e.g., Ishibashi & Fabian 2016). High density and extinction
are also requirements for the formation of molecules in the
wind (Richings & Faucher-Giguere 2018). We show below that
ionised winds in DWALIN-19 have much lower mass-loading
factors than what cosmological models would predict, thus the
presence of a significant molecular component in the outflow
can potentially mitigate this tension. Our measurements for the
wind extinction and electron density in each galaxy are listed in
Table 3.

The mass outflow rate, Mying, at a given radius rying iS
derived using the simplified assumptions of spherical (or multi-
conical) geometry and a constant outflow speed vying. Following
Lutz et al. (2020), we have

VWindl ) (Mwind) ( kpc )(]_{ Mo yr, 3)

kms~ Mq ]\ rwing

Myina = 1.03 % 10-9(

5 We verified that our results do not change if we assume a wind tem-
perature of 2 x 10* K, which gives an intrinsic Ha/Hg of ~2.75
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Fig. 7. Extinction A(Ha) (top panel) and electron density n. (bottom
panel) distribution in our sample. The grey-shaded histograms show
mean values representative for the whole galaxy. The solid green and
red lines refer to the wind component computed in the turbulence and
TES scenarios, respectively. Winds are characterised by higher A(Ha)
and 7, than in the rest of the galaxy.

where H is a multiplicative factor that depends on the adopted
outflow history. We take H = 1, adequate for a temporally con-
stant Mying during the flow time 7ying/Vwing, Which is typically
~6 Myr in our sample. For simplicity, we consider rying to be
equal to the half-light radius of the wind component, which can
be easily determined from our phase-space diagrams, and Vying
to be equal to the escape speed computed at r = rying. Thus in our
approach the wind speed is not directly measured from the data
but is assumed from our mass model, for consistency with the
wind selection method (Sect. 4.1). Wind speeds, radii, and out-
flow rates are listed in Table 3 for each galaxy in the DWALIN-19
sample.

The uncertainties quoted in Table 3 come from multiple
sources. For the turbulence scenario, uncertainties on A(Ha) and
n. originate from statistical errors on the multi-Gaussian models
of the Balmer and [S 1] lines used to infer such quantities. These
are propagated to Mg and 8 estimates, although the errors on
the latter are dominated by uncertainties in the SFRs. For the
TES scenario, rather, we also account for f.,, which we take
free to vary between 0.01 and 0.1. f is the dominant source of
uncertainty for all quantities in the TES case.

Figure 8 summarises the properties of the ionised winds
in the DWALIN-19 sample, showing mass outflow rates, Moyings
(left-hand column) and mass-loading factors, 8 = Myinq/SFR,
(right-hand column), derived as mean values of the two meth-
ods discussed above, as a function of galaxy M, (top row), SFR
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Table 3. Properties of the warm ionised wind in the DWALIN-19 sample. Results for the two feedback scenarios discussed in Sect. 4.2 are shown

separately.
Scenario 1 — turbulence Scenario 2 — turbulent expanding shell (TES)
Galaxy A(He)  log (C‘:—"_a) Fwind  Vwind 1080 ( ”A’;“éi;f ) log,y 8 A(Ha)  log ( C;‘f_z ) Twind Vwind  logo ( A}(’l\g"y? ) log, B
[kpc] [kms™'] [kpc]  [kms™]
@ @) 3 (G ®) © (@) (¥ (&) (10) an (12)
CGCG007-025 0.52+0.01 2.59+0.01 1.04 163 —2.98 +0.01 —2.34+0.13 0.00+0.08 2.53+0.05 052+0.13 168+1 -259+0.22 -1.95+0.26
ESO489-G56  4.02+0.03 246+0.05 0.61 138 —-1.89 £ 0.05 1.21+£0.18 416+0.05 245+0.05 051+004 1401 -1.76+0.07 1.35+0.18
Haro 11 0.92+£0.01 2.57+0.01 2.01 453 -1.22+£0.01 -3.00 £ 0.16 092+0.08 251+055 2.09+1.13 45033 -1.01+1.16 -2.79+1.17
Henize 2-10 239+0.01 255+0.01 046 288 —-1.08 +£0.01 -1.30+£0.17 250+0.05 249+0.02 0.22+020 309+16 -028+0.65 -0.50=+0.67
Zw40 253+0.01 2.64+0.01 032 233 -1.71 £ 0.01 —2.08 £ 0.24 271+£0.28 2.64+0.07 021+002 234+1 -1.14+0.04 -1.51x0.25
J0921+0721 291+0.02 2.71+£0.02 2.04 150 —2.46 +0.01 —0.82+0.10 298+0.03 264+005 194+0.03 150+1 -232+0.09 -0.68+0.13
KKH 046 233+0.02 261+0.02 1.15 115 -3.11+0.02 —0.74 £ 0.10 228+040 247+022 1.06+008 1161 -294+0.22 -0.57+0.24
LeoP 296+0.02 277+0.02 0.17 87 —4.34 £0.02 0.06 £ 0.38 1.76 £+ 0.88 2.68£0.06 0.06+0.05 95+3 —-4.17+0.05 024+0.38
NGC 0625 0.18 £0.01 2.32+0.01 0.56 202 -3.20+0.01 —2.00 £ 0.14 0.00+0.01 1.79+0.17 0.57+001 202+1 -256+0.23 -1.36+0.27
NGC 1705 0.56 £0.01 2.56+0.01 0.64 176 -3.06 +0.01 -1.75+£0.09 049+0.10 245+0.10 0.56+0.04 177+1 -279+0.12 -148+0.15
NGC2915 0.00 £0.01 229+0.01 0.23 188 -3.43+£0.01 —-1.97 +£0.09 029+0.04 2.13+0.05 0.16+001 1891 -283+0.12 -1.37x0.15
NGC3125 1.11+£0.01 2.63+0.01 0.93 233 —2.41+0.01 -2.25+0.14 1.30+£0.18 2.57+0.07 0.79+0.02 236+1 -190+0.11 -1.75+0.17
NGC 5253 0.78 £0.01 2.76+0.01 0.34 225 -2.52+0.01 -2.26 £0.15 076 £0.12 2.77+0.03 0.18+0.05 229+1 -2.00+0.19 -1.74+0.25
SBS0335-052 227+0.01 3.94+0.03 131 178 -2.97 +0.03 -3.04+0.13 217+0.16 442+0.11 0.69+0.01 1871 -3.07+0.08 -3.14+0.15
Tol 65 1.86 £0.01 2.55+0.02 1.50 126 -2.43+0.02 -1.39+0.11 085+0.15 257+0.03 051+001 136+1 -227+0.04 -123+0.11
Tol 1214-277 1.23+0.01 3.09+0.01 212 139 -2.28 £0.01 -1.83+0.10 0.61+0.25 298+0.10 1.58+008 143+1 -195+0.20 -1.50+0.22
Tol 1924-416 1.82+0.01 2.61+0.01 1.79 213 —1.60 £ 0.01 -1.92+0.11 1.65+045 253+0.09 0.71+0.14 230+3 -0.81+0.16 -1.12+0.20
UM461 026+0.01 2.78+0.01 1.09 135 -3.50+0.01 -2.30+0.12 0.00+0.01 2.77+0.05 0.58+004 140+1 -327+0.13 -2.06+0.18
UM 462 094 £0.01 2.63+0.01 124 180 —2.79 £ 0.01 -2.20+0.11 0.03+£0.20 247+0.09 0.79+0.08 18+1 -255+0.16 -1.96=x0.19

Notes. (1) Internal extinction, from Balmer decrement; (2) electron density, from [SII] line ratio; (3) wind half-light radius; (4) wind speed,

assumed to be equal to the escape speed at r = ry;yq; (5) wind outflow rate,

but for the TES feedback scenario.

(second row), mean SFR density (Zspr®, third row), and SFR-
to-M, ratio (or specifc SFR, sSFR, bottom row). Error-bars on
the Myinq measurements come from the quadratic sum of two
uncertainties: the first is given by half the difference between the
values determined in the turbulence and TES scenarios and the
second is the largest error-bar of the two scenarios, provided by
Table 3. The former uncertainty is typically dominant since, as
expected, the TES scenario outputs outflow rates that are larger
on average by a factor of 2 (and up to a factor of 6) than the
turbulence case (see Table 3).

We find that galaxies in the DWALIN-19 sample have ionised
gas outflow rates ranging from 10™* to 107! My yr~!, corre-
sponding to loading factors of 1073~10', with a median g of
0.02. These values are remarkably small compared to those pre-
dicted by galaxy evolutionary models (see Sect. 5.2 for further
discussion). Also, Fig. 8 clearly shows that the properties of
the ionised wind are tightly related to those of the host galaxy.
Ming (B) correlate (anti-correlate) with M., SFR, and Zggr, with
Spearman (S) and Pearson (P) correlation coefficients typically
in the range 0.4-0.7 (in modulus). Specific SFRs show instead
a somewhat weaker correlation with My;nq, but remain highly
anti-correlated with 8. We point out that these correlations are
at least partially driven by the fact that the quantities compared
are not fully independent, as Mying ¢ Vwina = f(My), and
B o (SFR)™! by construction. On the other hand, similar trends
have been reported in other studies that make use of absorp-
tion line techniques to measure outflow rates (Chisholm et al.
2017; Xu et al. 2022a). We used the LTSFIT Python package
from Cappellari et al. (2013) to make a linear fit to these rela-
tions in the logarithmic space, finding an intrinsic perpendicu-
lar scatter ranging from 0.28 dex (for the S—sSFR relation) to
0.68 dex (for the Mynq—sSFR relation). We stress that most of
the observed scatter is driven by two galaxies, ESO 489-G56
and He 2-10 (ID number 2 and 4, respectively), for which SFRs

% Defined as SFR/7R2

ser» Where Rgpp is taken from Table 1.

computed via Eq. (3); (6) mass-loading factor; (7)—(12) as in Cols. 1-6,

have been determined without UV information (Table 1). More
accurate measurements for their SFRs may bring these two sys-
tems in better agreement with the general trends, with possible
further reduction of the scatter.

5. Discussion
5.1. Comparison with previous studies

Previous studies based on HI, Ha, or NaI D data have found
that gas in dwarf galaxies exhibits outflow velocities that are
too small to escape the gravitational potential well of their
host (Martin 1996; Schwartz & Martin 2004; van Eymeren et al.
2009b, 2010, 2009a; Lelli et al. 2014b). Our work confirms this
result: we find that the fraction of gas that can potentially escape
the virial radius is < a few percent.

However, more recent estimates for mass outflow rates and
loading factors of warm ionised gas in star forming galaxies
are quite controversial; this can be appreciated by comparing
the various observational studies shown in Fig. 9. Works that
make use of UV absorption lines from the Cosmic Origins Spec-
trograph on board of the Hubble Space Telescope tend to find
values for §8 in the range 1-10 for M, ~ 108 M, systems (e.g.
Chisholm et al. 2017, brown circles in Fig. 9), which are factors
of 100—1000 larger than those reported in this study. An extreme
case is that of the galaxy Haro 11, for which Chisholm et al.
(2017) reported logB = 0.08 + 0.15, whereas our estimate is
log8 ~ —3.4, namely, about 2 x 10* times smaller. Compara-
tively large outflow rates were also found by Xu et al. (2022a),
who inferred ~3.3 M, yr~! for CGCG007-025 and ~1.8 Mg yr~!
for Haro 11, which are factors of ~70 and ~2600 larger than our
measurements, respectively. On the other hand, the kinematic
modelling results of stacked optical emission lines in gravitation-
ally lensed star-forming galaxies at 1.2 < z < 2.6 have shown
that objects with 8.0 < log(M,/My) < 9.6 have velocity pro-
files consistent with those expected from regularly rotating discs,
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1 CGCGO07-025 5 11IZw40 9NGC0625 13 NGC5253 17 Tol1924-416
2 ES0489-G56  6J0921+0721 10 NGC1705 14 SBS0335-052 18 UM461
3 Haro11 7 KKH046 11 NGC2915 15 Tol65 19 UM462
4 He2-10 8 LeoP 12NGC3125 16 Tol1214-277
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Fig. 8. Summary of the wind properties in the DWALIN-19 sample. Ionised gas outflow rate, Mg, (left-hand panels) and mass-loading factors 8
(right-hand panels) as a function of galaxy M, (first row), SFR (second row), mean SFR surface density (third row), and sSFR (fourth row). Each
galaxy is labelled with an ID number (see legend on top). Data points are based on the average of values from the turbulence and TES scenarios;
error-bars account both for the difference between the two scenarios and for the uncertainties associated with each of them (see text). Spearman
(S) and Pearson (P) correlation coefficients are reported on top of each panel. Blue-dashed lines show the best-fit linear relations determined with
the LTSFIT Python package (Cappellari et al. 2013), with the blue-shaded region showing the resulting intrinsic scatter o,,. Values for the line
slope, m, intercept, ¢, and oy are reported in each panel.
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suggesting a typical log(8) < —1.6 for these systems
(Concas et al. 2022, purple stars in Fig. 9), which is in excel-
lent agreement with our local analysis. Also, spatially resolved
gas kinematics in the small (M, ~ 10° M) starburst dwarf
Pox 186 indicates a mass-loading factors of 0.5 (Eggen et al.
2021), which is compatible with the trends shown in Fig. 8 for
galaxies at such low M,,.

Pinpointing the dominant source of these discrepancies is not
trivial, since the quoted studies largely differ in terms of method-
ology, sample selection and atomic species considered. By con-
struction, absorption line studies infer flow rates from a small
number of pencil-beam observations along sparse sight-lines,
thus lack any spatial information and rely on strong assumptions
on the geometry, kinematics and filling factor of the wind. Even
when hundreds of sight-lines are available, as in the case of the
Milky Way, the interpretation of the gas flow outside the disc
varies depending on such assumptions (e.g., Clark et al. 2022;
Marasco et al. 2022). Overall, the impression is that low values
of B are found when gas kinematics are modelled in some detail,
as in the current study as well as in that of Concas et al. (2022).

The study conducted by McQuinn et al. (2019) provided one
of the first systematic investigations of ionised galactic winds
in nearby, low-mass (M, ~ 107-103 M) starburst galaxies
from Ha narrow-band imaging. The main results of that work
are that winds are spatially confined within the innermost 10%
of galaxy virial radii, indicating that most of material expelled
from dwarf galaxies remains in the halo and can be eventually
re-accreted onto their discs. These findings align with our own
and support a scenario where baryonic feedback in dwarfs stimu-
lates a gentle gas cycle rather than producing a massive blowout.
However, in McQuinn et al. (2019), typical values quoted for
mass-loading factors S are in the range 0.5-3 (grey diamonds
in Fig. 9), approximately a factor 100 larger than those inferred
in our study.

A key difference between our work and that of
McQuinn et al. (2019) is the selection of the wind compo-
nent. Both studies rely on the He line to characterise the wind,
but while our approach focuses on the Ha kinematics in relation
to the galaxy escape speed (Sect. 4.1), the criterion used by
McQuinn et al. (2019) is based on the He morphology, and
specifically on the Ha radial extent compared to that of the HT
component: ionised gas located beyond an HT surface density
contour-level of 5 x 1029 cm2 is selected as the wind, to which
an expansion velocity of 25-50kms™" (typical for the Ha
velocity dispersion in the ISM of these systems) is assigned.
Such an approach has the advantage of relying on a visual
identification of the wind component, intended as ionised gas
beyond some scale radius. Related shortcomings include the
fact that the definition of such radius is arbitrary and that the gas
expansion speed must be assumed. Velocities of 25-50km s~
are typically insufficient to gravitationally unbind the wind
material (see our vyi,g estimates based on v, in Table 3),
which will eventually fall back onto the galaxy in a galactic
fountain cycle or join the CGM. Hence, § values estimated
with this approach likely refer to gas that participates to the
disc-halo cycle, rather than to baryons that get permanently
expelled from galaxy halos. Models of the galactic fountain
(e.g., Fraternali & Binney 2006; Marasco et al. 2019a) require
B greater than unity in order to reproduce the properties of
extra-planar gas in nearby galaxies.

We stress that some of the galaxies in the DWALIN-19
sample have been studied individually in separate works.
Thuan & Izotov (1997) found P-Cygni profiles in the stel-
lar UV absorption lines of SBS0335-052 and Tol 1214-277,

3
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Fig. 9. Wind mass-loading factor S as a function of galaxy
M, from different studies. Markers show observational results
from Chisholm et al. (2017, brown circles), McQuinn et al. (2019,
grey diamonds), Concas et al. (2022, purple stars), and the present
study (yellow squares). Lines show theoretical predictions from the
EAGLE (Mitchell et al. 2020, blue-dashed) and the Illustris TNG 50
(Nelson et al. 2019, orange-solid) cosmological simulations, and from
the evolutionary model of Marasco et al. (2021, black-dotted).

suggesting the presence of a stellar wind from massive stars
in these two systems. The terminal velocities measured for the
stellar winds in SBS 0335-052 and Tol 1214-277 were ~500 and
~2000kms~!, respectively. Interestingly, while we do not infer
terminal velocities in our study, our estimates for mass outflow
rates and loading factors in Tol 1214-277 are about one order
of magnitude larger than for SBS 0335-052. Cresci et al. (2017)
carried out a detailed investigation of the ionised gas proper-
ties in He 2-10 using the same MUSE data analysed here. These
authors estimated a mass outflow rate of 0.3 M yr~! that is con-
sistent with our measurement, although our uncertainties are par-
ticularly large for this system.

Cohen et al. (2018) studied the kinematics of the Brackett
a emission line towards a supernebula in NGC 5253 to quan-
tify the effects of feedback from its embedded super star clus-
ter. Based on the absence of a massive outflow, these authors
concluded that feedback is ineffective at dispersing gas around
the cluster, in line with our findings. Using MUSE data and a
dynamical approach that is conceptually similar to that adopted
here, Menacho et al. (2019) inferred the ionised gas fraction that
could escape the gravitational potential in Haro 11, finding val-
ues between 0.1 and 0.3. In our study, the flux fraction of the
wind component in Haro 11 is, instead, only 0.01. This discrep-
ancy is largely driven by the different dark matter halo mass
assumed for this galaxy: we used 4 x 10'! M, from the SHMR
of Moster et al. (2013), while Menacho et al. (2019) adopt 7—
9 x 10'% My, from the estimate of Ostlin et al. (2015) based on
the rotational speed of the ionised gas in the galaxy outskirts. As
discussed in Sect. 3, the DWALIN-19 galaxies are characterised
by irregular velocity fields. This complicates any possible esti-
mate for their circular velocity (and, hence, for their dynamical

A92, page 15 of 25



A&A 670, A92 (2023)

mass) from the ionised gas kinematics, which pushed us opt for
a different approach.

Galaxy winds in J1044+0353 and J1418+2102, two galaxies
in the DWALIN sample (but not in the DWALIN-19 sub-sample),
have recently been detected using deep optical slit-spectroscopy
by Xu et al. (2022b), who inferred mass loading factors of 0.44
and 0.36 for the two systems, respectively. These values are in
excellent agreement with the S—SFR and S-M, relations found
in our study (Fig. 8), given the M, and SFRs of these two galax-
ies listed in Table 1.

5.2. Comparison with theoretical expectations

A scenario where the outflow mass-loading anti-correlates with
the galaxy stellar (or dynamical) mass, as we find here (see Fig. 8),
is supported by arguments based on energy- and momentum-
driven winds as well as, in general, by theoretical models of
galaxy evolution in the ACDM framework (e.g., Somerville et al.
2008; Somerville & Davé 2015; Bower et al. 2017; Zhang 2018).
This scenario is based on the simple expectation that more mas-
sive galaxies prevent gas from escaping due to the depth of
their gravitational potential well. Unfortunately, the comparison
between theoretical predictions and observational measurements
of outflow rates is not trivial: observations are limited by pro-
jection effects and can provide only an instantaneous measure-
ment of the outflow rate for a given gas phase (which is, in this
study, the warm-ionised phase traced by optical emission lines),
whereas theoretical predictions are robust only for time-averaged
wind properties and seldom distinguish between the different gas
phases. It is therefore very likely that the theory will provide
higher outflow rates than observational determinations.

Figure 9 shows the predictions for 8 as a function of M,
from the EAGLE (Schaye etal. 2015) and Illustris TNGS50
(Pillepich et al. 2018) suites of cosmological hydrodynamical
simulations (dashed-blue and solid-orange lines, respectively),
and that of the analytical model of galaxy evolution from
Marasco et al. (2021). These predictions make use of very dif-
ferent prescriptions for determining My;inq. Mitchell et al. (2020)
derived Mying in EAGLE using all gas particles whose time-
averaged radial speeds exceed a given fraction of the halo max-
imum circular velocity. Nelson et al. (2019) computed outflow
rates in TNGS50 at a fixed galactocentric radius (r = 10kpc)
by considering all gas particles with radial velocity above 5x
the halo virial velocity (see their Appendix A7). In the analyt-
ical evolutionary model of Marasco et al. (2021), 8 is parame-
terised as (My/M.i)~%, where My, is the galaxy halo virial mass
and M. and « are free parameters that control the efficiency of
stellar feedback in driving winds. These parameters, along with
others controlling feedback from supermassive black holes, are
adjusted to reproduce the relation between black hole masses,
M, and M, observed in nearby galaxies (M = 2.5 X 10! and
a = 1.7 in their fiducial model). However, in spite of these diver-
sities, all predictions must be re-scaled by at least two orders of
magnitude in order to match the DWALIN-19 data points. A sim-
ilar result seems to hold even at a higher redshift, as found by
Concas et al. (2022) via the modelling of stacked optical emis-
sion lines from lensed KMOS data at 1.2 < z < 2.6. Taken
at face value, this result suggests that either theory drastically
over-predicts outflow rates in star-forming galaxies by more than
two orders of magnitudes or, otherwise, that warm ionised gas

7 Amongst the various prescriptions adopted by Nelson et al. (2019)
this is the one that comes closer to our approach, as in our mass models
Vese = 4=5X the halo virial velocity.

A92, page 16 of 25

accounts for less than 1% of the wind mass — as seems to be
the case in local ultra-luminous infrared galaxies (Fluetsch et al.
2021). We remark, however, that the tension between theory and
observations is alleviated when the higher values of 5 determined
by Chisholm et al. (2017) and McQuinn et al. (2019) are con-
sidered. On the other hand, recent high-resolution simulations
of isolated galaxy formation indicate that a feedback efficiency
lower than often employed in cosmological models is required
in order to correctly reproduce the chemical and morphologi-
cal properties of stellar discs in Milky Way-like systems (e.g.,
Clarke et al. 2019; Beraldo e Silva et al. 2020).

6. Conclusions

Feedback from star formation and/or AGN (‘baryonic’ feed-
back) is expected to strongly affect the evolution of low-mass
galaxies by launching multi-phase, galaxy-scale winds charac-
terised by large (1-50) mass-loading factors (Somerville et al.
2008; Muratov et al. 2015; Nelson et al. 2019; Mitchell et al.
2020). Feedback models predict that most of the wind mass is
expected to be found in the warm (7" ~ 10* K) phase (Kim et al.
2017; Kim & Ostriker 2018), thus, spatially resolved optical
spectroscopy of local starburst dwarfs has the potential to put
key constraints on the wind properties (and therefore on the role
of baryonic feedback) in galaxies at the low-mass end of the M,
function.

In this paper, we study the properties of the warm ionised
winds in a sample of 19 nearby starburst galaxies, namely, the
DWALIN-19 sample, using archival MUSE at VLT data. Our
results can be summarised as follows.

1. We determined M, and SFRs for all the galaxies in the
DWALIN sample (Fig. 1) in a homogeneous way, using
the method outlined by Leroy etal. (2019). This makes
use of photometric measurements in various bands, rang-
ing from the FUV to the MIR, which we obtained by pro-
cessing GALEX, WISE, and Spitzer images with an ad-hoc
pipeline based on the extraction of cumulative light profiles
(Fig. A.1). We find that as expected, the vast majority of our
galaxies lie above the star-forming main-sequence, so they
may be considered low-mass starbursts.

2. Detailed modelling of the Ha velocity profiles from the
MUSE data shows that starburst galaxies feature complex
velocity fields characterised by irregular velocity gradients
(Fig. 4), indicating the presence of non-circular motions with
speeds of a few tens kms™!, which are well below the galaxy
escape speed. The typical velocity dispersion for the ionised
gas is 40-60kms™" (Fig. 5), slightly larger than that of typ-
ical star forming galaxies (30 + 10kms™'), in line with the
idea of feedback injecting turbulence into the ISM.

3. A wind component for the ionised gas is determined spaxel-
by-spaxel from the Ha velocity profiles, by comparing the
gas distribution in the phase-space with simple models for
the escape speed radial profile. To better assess the uncer-
tainties in our measurements we adopt two approaches to
extract the wind component based on two different feedback
scenarios (Fig. 6). We find ionised gas outflow rates in the
range of 107™*~107! M, yr™!, corresponding to mass-loading
factors of 1073—10", with a typical value of 0.02.

4. Outflow rates (loading factors) are tightly correlated (anti-
correlated) with M, SFRs, SFR densities, and specific SFRs
(Fig. 8). While these trends are in qualitative agreement with
expectations from hydrodynamical and analytical models of
galaxy evolution, model predictions exceed the observed val-
ues by at least two orders of magnitude.
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Our findings suggest that baryonic feedback in starburst
dwarfs stimulates a gentle gas cycle, rather than producing a
large-scale blow-out, in line with previous results based on
interferometric HI observations (Lelli et al. 2014b) and deep
Ha imaging (McQuinn et al. 2019). An open question remains
regarding whether most of the wind mass in these systems is
confined to the colder, denser molecular phase. Deep observa-
tions with radio or sub-mm interferometers like ALMA are avail-
able for some of the DWALIN galaxies. However, studies that
used such data (e.g., Hunt et al. 2014, 2015; Amorin et al. 2016;
Cormier et al. 2017; Gao et al. 2022) have mostly focused on
determining molecular gas fractions, gas depletion time-scales,
and dust properties, while little attention has been dedicated to
quantify the properties of molecular outflows. A homogeneous
study of the molecular gas kinematics in DWALIN, analogous to
that presented in this work, will be mandatory to definitively
infer whether the coldest gas phase plays a dominant role in
starburst-driven galactic winds.
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Appendix A: Photometric analysis

The method employed for our photometric analysis is an
upgraded version of that used by Marasco et al. (2019b) and
is based on the extraction of the cumulative light profile from
sky-subtracted images after the removal of contamination from
point-like sources such as foreground stars and background
galaxies. This approach is more refined than measurements
based on traditional aperture photometry, which (as we show
below) may lead to significantly different results,

We describe our procedure below, and show an illustrative
application to the IRAC 3.6 um data of NGC 2915 in Fig. A.1.
We anticipate that several of the parameters that regulate our
method are set by eye, image-by-image, on the basis of the cred-
ibility of the resulting mask and of the final light profile. How-
ever, as we discuss below, variations in our choices are accounted
for in the estimates of the uncertainties on our M, and SFR
measurements.

We first defined a region of the image where the contribu-
tion of the galaxy is sufficiently small that it can be assumed to
be largely dominated by the sky. This region is defined via an
ellipse, centred at the coordinates given in Table 1, and with an
axial ratio and orientation that are defined by eye from either the
IRAC 3.6 um image or (when these data are not available) the
W1 images (first panel in Fig. A.1). Ideally, the ellipse should
define the overall galaxy radial extent, inclination, and position
angle. Once set, the ellipse parameters are maintained also for
the images of the same system in the other bands, while the
radial extent of the ellipse is manually adjusted depending on
the spatial extent and quality of the data.

Pixels external to the ellipse are used to characterise the ‘sky’
region of the image. This is composed by a combination of a
smooth background, point-like sources (i.e. unresolved back-
ground stars and galaxies) and, in some rare cases, resolved
nearby systems. Point-like sources are very rare in UV images
but strongly contaminate W1 and IRAC 3.6 um images. As we
are mainly interested in determining the sky background b and
rms-noise o, we employ an automatic approach that allows
us to filter out the contamination from the other components.
We model the pixel intensity (/) distribution in the sky region,
ngky(1), with a two component model made by the sum of a
Gaussian and a Schechter function:

nsky(x) = {

where x = (I — b), and ng, ng, Is and « are free parameters of
the fit along with b and o. This approach allows us to account
for the positive tail in the intensity distribution introduced by
point-like sources: a Schechter function is the optimal choice for
pure stellar contamination and, in general, is flexible enough to
describe complex tails. The second panel of Fig. A.1 shows that
the observed distribution (black histogram) is well fitted by our
two-component model (red curve). The determined background
intensity b is subtracted from the image before the next analysis
step.

We stress that the fit of our model to the sky intensity distri-
bution does not always converge. In these occurrences we deter-
mine b and o as the mean and standard deviation of the ngy (/)
after filtering the original distribution with a sigma-rejection
method. Finally, in some cases, we are forced to adjust the back-
ground value manually until the cumulative intensity profile con-
verges (see below). This mainly occurs in the W4 band, where

ngG exp (—2)‘—;2), ifx <0,
nGexp(—Zf%)+ns (é)a exp(—i), ifx > 0.
(A.1)

sky fluctuations across the image can be severe and difficult to
deal with our automatic approach.

We now move to the analysis of the region within the ini-
tial ellipse (‘galaxy’ region). Here, the galactic emission (ideally
smooth and axi-symmetric) is also contaminated by point-like
sources that, if not filtered out correctly, can significantly affect
the radial profile especially in the outermost regions where the
galaxy surface brightness is low. To tackle this, we first divide
the galaxy region into a series of concentric ellipses, all with
the same centre, orientation and axial ratios of the initial ellipse,
and with inter-ellipse separation given by the image resolution.
The intensity distribution in each ring is filtered with a sigma-
rejection technique (with a clip imposed at 3 or 4 rms, depend-
ing on the image), which allows us to mask pixels that are too
bright or too dim with respect to the typical intensity value of
that annulus. To further clean the image, the mask obtained is
then broadened by a few pixels. The resulting ‘cleaned’ image
obtained for NGC 2915 is shown in the third panel of Fig. A.1.
Using this map, we extract the radial profile by computing the
mean intensity of all the non-masked pixels in each ring. The
outermost ring considered is defined by the initial ellipse, but
we stop tracking the profile when the signal-to-noise ratio® falls
below unity.

Using the derived intensity profile, we built the cumulative
radial profile (or ‘growth curve’), for which the masked pixels
in a given ring are replaced with the mean intensity computed in
that ring. The progressive flattening of the growth curve (shown
as a solid red curve in the rightmost panel of Fig. A.1) is a key
check for the goodness of our photometry, as it indicates both
that the sky background has been correctly determined and that
no additional flux from the galaxy can be measured in regions
beyond the outermost annulus considered. This is only an a pos-
teriori check that is done by visual inspection, and we stress that
we have not tuned our approach to output a flat cuamulative pro-
file a priori to avoid introducing bias into our analysis. The out-
ermost value of the growth curve gives the galaxy flux in image
units, which is then converted to physical units using conversion
factors that depend on the instrument and, finally, to a luminosity
using distances reported in Table 1.

The lack of flattening in the growth curve can be caused by
different factors, the most crucial of which is the poor masking
of point-like sources. To appreciate this effect, in Fig. A.2 we
compare the growth curves obtained with and without masking.
The two curves are similar only for R < 1 kpc, beyond which
the one derived without masking, rather than flattening, grows
linearly with R due to the contribution of the many point-like
sources that simulate the effect of an additional background.
The final flux determined with this approach is ~ 50% larger
than that computed with the mask, and can reach up to a fac-
tor of 2 in some galaxies. This exemplifies the importance of
a correct treatment for the contamination of point sources very
well.

Further complications are induced by small errors in the sky
background estimate, which produce a flattening (if the back-
ground is underestimated) or a steepening (if the background
is overestimated) of the outer data points in the radial profile.
While we cannot exclude a change of slope in the outer region
of the galaxy surface brightness profile, a perfectly flat or an
abruptly truncated profile indicate a mistake in the background
calculation. In these rare occurrences, we manually adjust the

8 computed as max (o, I,/ Vn), where I, is the standard deviation of

the pixel intensity within that ring and » is the number of unmasked
pixels considered
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Fig. A.1. Example of our photometric analysis on the IRAC 3.6 um data of NGC 2915. First panel: IRAC image, with the ellipse marking the
division between galaxy and sky regions. Second panel: Pixel intensity distribution within the sky region (black histogram). The red curve shows
the best-fit model made by the sum of a Gaussian and a Schechter component (individually shown by light-blue dashed curves). The vertical
dotted line shows the mean of the Gaussian component, corresponding to the sky background value. Third panel: IRAC image filtered with our
point-source masking technique (see text). The division in concentric annuli is also shown. Fourth panel: Final radial intensity profile in image
units (black circles with error-bars) and normalised growth curve (red solid curve).

Table A.1. Parameters that are varied in the computation of €., type of
distribution adopted, and range considered.

Parameter adopted standard deviation
distribution or width
inclination normal 5°
position angle normal 5°
ellipse size normal  10% of the initial size
sigma-clipping threshold  uniform +1 rms
mask broadening uniform +2 pixels
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Fig. A.2. Flux growth curves for NGC 2915 in the IRAC 3.6 um band.
The solid red (dashed black) curve shows the growth determined with
(without) masking of the point-like sources. The approach without
masking outputs a growth curve that does not flatten and an overesti-
mation of the total flux.

background value (typically by a few percent only), so that
the profile slope does not show strong discontinuities at large
radii.

A risk associated with the masking of point-like sources
within the galaxy region is the removal of bright star clus-
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ters that belongs to the galaxy itself. To minimise this risk,
we have selected the parameter of our masking method so that
the fractions of masked pixels in the sky region and in galaxy
region are similar to each other. This ensures that in a statis-
tical sense, we are not filtering out genuine galaxy features.
Clearly, less features are masked close to the galaxy centre,
where the galaxy surface brightness is larger than that of possible
contaminants.

A.1. Estimate of the uncertainties

We compute the uncertainty associated with our flux measure-
ments (equx) as the quadratic sum of two errors, the first being
due to the image noise (€,) and the second being due to the
method (€pet)-

To determine (&, ), we produced a series of N stochastic real-
isation of the cleaned, background-subtracted image by replac-
ing each pixel intensity / in the galaxy region with a value ran-
domly extracted from a normal distribution with a mean equal
to I and variance given by o>(I + b)/b, where b and o are the
sky background and rms-noise determined as discussed above.
The formulation adopted for the variance ensures that the image
noise scales as the square root of the signal, being equal to o at
the background level, as expected. For each of these N images
we determine a value for the galaxy flux as described above,
and set €, equal to the standard deviation of the resulting flux
distribution.

To determine ey, we repeated M times the whole photomet-
ric analysis procedure using each time different values for the
main parameters that regulate our method. The parameters are
randomly extracted from either normal or uniform distributions,
centred around the values adopted in the initial photometric cal-
culation. Table A.1 lists the parameters subject of this procedure
and their variation range. Also in this case we get M flux mea-
surements and set ey equal to the standard deviation of these
estimates.

We use N = 250 and M = 100, which we found to be a
good compromise between sampling accuracy and computation
speed. As expected, €ne; iS the dominant source of uncertainty
in most images, while €, is relevant only in images with very
low signal-to-noise ratio, typical of FUV and W4 images of the
faintest galaxies.
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Appendix B: Phase-space distribution and wind ies of the DWALIN-19 sample. For each system, we show the
maps same panels (a), (d1), (d2), (el), and (e2) shown in Fig.6 for
He 2-10. We refer to the caption of Fig. 6 for detailed informa-

In Fig. B.1, we present the phase-space analysis used to extract tion on each panel.

the wind component from the Ha velocity cubes in the 19 galax-
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Fig. B.1. Extraction of the wind component from the Ha line in four galaxies of the DWALIN-19 sample. The individual panels are analogous to
those shown in Fig. 6, with the galaxy name indicated on top of panel (a). To improve their visualisation, the intensity maps have been smoothed
to a resolution (FWHM) of ~ 1.5”. Iso-intensity contours in panels (el) and (e2) are spaced by a factor of three, with the outermost being at an
intensity level indicated in the bottom-left corner of panel (el) (in units of ergs™' cm™2, corresponding to 407is.), both for the whole emission
(grey contours) and for the wind component alone (black contours). No contours are shown when fluxes are below such value.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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Fig. B.1. continued.
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