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A B S T R A C T 

Stellar feedback-dri ven outflo ws are important regulators of the gas–star formation cycle. Ho we ver, resolving outflo w physics 
requires high-resolution observations that can only be achieved in very nearby galaxies, making suitable targets rare. We present 
the first results from the new VLT/MUSE large programme MAUVE (MUSE and ALMA Unveiling the Virgo Environment), 
which aims to understand the gas–star formation cycle within the context of the Virgo cluster environment. Outflows are a key 

part of this cycle, and we focus on the peculiar galaxy NGC 4383, which hosts a ∼6 kpc bipolar outflow fuelled by one of 
Virgo’s most H I -rich discs. The spectacular MUSE data reveal the clumpy structure and complex kinematics of the ionized 

gas in this M82-like outflow at 100 pc resolution. Using the ionized gas geometry and kinematics, we constrain the opening 

half-angle to θ = 25–35 

◦, while the average outflow velocity is ∼210 km s −1 . The emission line ratios reveal an ionization 

structure where photoionization is the dominant excitation process. The outflowing gas shows a marginally elevated gas-phase 
oxygen abundance compared to the disc but lower than the central starburst, highlighting the contribution of mixing between 

the ejected and entrained gas. Making some assumptions about the outflow geometry, we estimate an integrated mass outflow 

rate of ∼1 . 8 M � yr −1 and a corresponding mass-loading factor in the range of 1.7–2.3. NGC 4383 is a useful addition to the few 

nearby examples of well-resolved outflows, and will provide a useful baseline for quantifying the role of outflows within the 
Virgo cluster. 

K ey words: galaxies: indi vidual: NGC 4383 – galaxies: ISM – galaxies: starburst – galaxies: star formation. 
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 I N T RO D U C T I O N  

tar formation in galaxies proceeds under a self-regulated balance
f accretion, consumption, and ejection of gas between the in-
erstellar medium (ISM) and the circumgalactic medium (CGM)
nd intergalactic medium (Sancisi et al. 2008 ; Lilly et al. 2013 ;
raternali 2017 ; Tumlinson, Peeples & Werk 2017 ; Wright et al.
021 ; Saintonge & Catinella 2022 ). Feedback from star formation
s a key physical mechanism for this self-regulation (e.g. Krumholz
t al. 2018 ; McLeod et al. 2021 ; Ostriker & Kim 2022 ; Egorov
t al. 2023 ), and the signatures of star formation-driven outflows are
biquitous in star-forming galaxies (e.g. Chen et al. 2010 ; Arribas
 E-mail: adam.w atts@uw a.edu.au (ABW); luca.cortese@uw a.edu.au (LC) 

 

g  

w  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
t al. 2014 ; Rubin et al. 2014 ). Driven by the winds of high-mass
tars and supernovae explosions, stellar feedback is responsible for
issociating molecular clouds and halting star formation locally
Che v ance et al. 2020 ; Jef freson et al. 2021 ; Barnes et al. 2023 ), and
istrib uting hea vy elements throughout galaxies. In more extreme
ases of galaxies with intense central bursts of star formation, the
esulting feedback can drive large outflows of metal-enriched gas
rom the centres of galaxies far into their CGM (e.g. Heckman
t al. 2000 ; Tremonti et al. 2004 ; Borthakur et al. 2013 ; Chisholm,
remonti & Leitherer 2018 ; P ́eroux et al. 2020 ). Understanding

he physics of stellar feedback-driven outflows, thus, is essential
o completing our picture of galaxy evolution. 

Stellar feedback-dri ven outflo ws are commonly thought to be
enerated by the spatial and temporal clustering of supernovae,
hich each injects several M � of material with E ∼ 10 51 erg into
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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he surrounding ISM (e.g. Che v alier & Clegg 1985 ; Nguyen et al.
023 ). These supernovae drive expanding bubbles of hot gas, which 
reak out from the disc vertically due to the stratified structure of
he ISM in disc galaxies (e.g. Cooper et al. 2008 ; Fielding et al.
017 ; Fielding, Quataert & Martizzi 2018 ; Orr et al. 2022 ). During
ts expansion, this hot gas sweeps up and entrains the cooler phases
f the ISM, increasing the mass of ejected gas (mass loading) and
arrying it into the CGM (e.g. Thompson et al. 2016 ; Gronke & Oh
018 , 2020 ; Schneider et al. 2020 ). Thus, outflows are inherently
ultiphase (see the re vie ws by Rupke 2018 ; Veilleux et al. 2020 ),
here the majority of the outflow energy is contained within a hot ( T
 10 6 K) volume-filling phase, while the mass is carried by colder ( T
 10 4 K) neutral atomic and molecular gas entrained in the outflow

Leroy et al. 2015 ; Mart ́ın-Fern ́andez et al. 2016 ; Kim & Ostriker
018 ; Yuan, Krumholz & Martin 2023 ). Subsequently, outflows are 
bserved in emission in X-rays (e.g. Lehnert, Heckman & Weaver 
999 ; Hodges-Kluck et al. 2020 ) and cold gas tracers like CO, neutral
tomic hydrogen (H I ), and dust (e.g. Seaquist & Clark 2001 ; Leroy
t al. 2015 ; Mel ́endez et al. 2015 ; Martini et al. 2018 ; Stuber et al.
021 ), while the mixing and cooling of these phases gives rise to
ebular emission lines through the ultraviolet (UV), optical, and 
nfrared (IR; e.g. Veilleux et al. 1994 ; Fogarty et al. 2012 ; Ho et al.
016 ; Cicone et al. 2018 ; Davies et al. 2019 ; Rupke et al. 2023 ).
as ejected by outflows is also detected in absorption against bright 
ackground UV and optical sources (e.g. Hota & Saikia 2005 ; Weiner 
t al. 2009 ; Erb et al. 2012 ; Avery et al. 2022 ), enabling their easier
tudy to higher redshift and galactocentric radii. 

Despite their multiwavelength signatures, the physics of outflows 
as remained hard to constrain. Absorption line studies have been 
ssential for establishing and testing the dependence (or lack thereof) 
f the gas velocity and mass-loading factor (the rate of outflowing 
as mass normalized by the current star formation rate, SFR: ηM 

= 

˙
 out / SFR ) on host galaxy properties such as stellar mass, SFR, and

ircular velocity (e.g. Martin 2005 ; Kornei et al. 2012 ; Chisholm
t al. 2015 ; Heckman & Borthakur 2016 ; Xu et al. 2022 ). Ho we ver,
hey contain little to no spatially resolved information, which carries 
he signatures of the details of outflow physics. The morphology 
nd multiphase structure of the gas within outflows are sensitive 
o the ISM conditions around their launching sites (e.g. Creasey, 
heuns & Bower 2013 ; Girichidis et al. 2016 ; Fielding et al. 2018 ),

he details of mixing and ISM entrainment (e.g. Hu 2019 ; Ji, Oh &
asterson 2019 ; Schneider et al. 2020 ; Fielding & Bryan 2022 ),

nd the influence of magnetic fields and cosmic rays (e.g. Sparre, 
frommer & Ehlert 2020 ; Lopez-Rodriguez et al. 2021 ; Armillotta, 
striker & Jiang 2022 ; Peschken et al. 2023 ; Rathjen et al. 2023 ). 
Spatially resolving outflo ws, ho we ver, presents its o wn challenges.

heir diffuse nature means that they are much fainter than their host
alaxies, requiring many hours on the most sensitive telescopes to 
etect and characterize. Further, observing sufficiently small scales to 
tudy the interactions between their multiphase components requires 
igh-resolution observations of nearby objects, making suitable 
ystems rare. For these reasons, our observational understanding 
f the spatially resolved nature of outflows has been limited to a few
earby systems. M 82 is the archetypal example of a central starburst-
ri ven outflo w, and subsequently has been the subject of numerous
ultiwavelength studies (e.g. Shopbell & Bland-Hawthorn 1998 ; 
 alter, W eiss & Scoville 2002b ; Veilleux, Rupke & Swaters 2009 ;

eroy et al. 2015 ; Martini et al. 2018 ; Yuan et al. 2023 ). Other nearby
ystems include the narrow outflow from NGC 253 (e.g. Ulrich 
978 ; Bolatto et al. 2013 ; Walter et al. 2017 ; Krieger et al. 2019 ;
opez et al. 2023 ), the hourglass-shaped and collisionally excited 
ind in the early-type starburst NGC 1482 (e.g. Veilleux & Rupke 
002 ; Hota & Saikia 2005 ; Vagshette et al. 2012 ; Salak et al. 2020 ),
nd several nearby dwarf galaxies (e.g. Meurer et al. 1992 ; Walter
t al. 2002a ; McQuinn, van Zee & Skillman 2019 ; Egorov et al.
021 ; Marasco et al. 2023 ), while slightly more distant examples are
eginning to be resolved (e.g. Rich et al. 2010 ; Cameron et al. 2021 ;
eichardt Chu et al. 2022a , b ; McPherson et al. 2023 ). Regardless,
 very ne w spatially resolved outflo w added to the list adds significant
ew information for improving our understanding of outflow physics. 
In this paper, we present the first results of the MAUVE (MUSE

nd ALMA Unveiling the Virgo Environment) surv e y, a new Euro-
ean Southern Observatory (ESO) large programme targeting Virgo 
luster galaxies with the Multi Unit Spectroscopic Explorer (MUSE; 
acon et al. 2010 ) on the VLT. Combined with H I data from

he VIVA. 1 surv e y (Chung et al. 2009 ), molecular gas from the
ERTICO 

2 surv e y (Brown et al. 2021 ), and the rich multiwavelength
o v erage afforded by Virgo being our nearest galaxy cluster (e.g.
ork et al. 2000 ; Davies et al. 2010 ; Boselli et al. 2011 , 2018b ;
rban et al. 2011 ), MAUVE will provide a comprehensive view of

he physical nature of star formation quenching in galaxy clusters. 
ur analysis focuses on the MUSE observations of a pilot programme

arget, NGC 4383, which hosts a massive bipolar outflow of ionized
as. We describe our target in Section 1.1 , and our observations,
ata reduction, and measurement of the data products in Section 2 .
n Section 3 , we present the outflow geometry and kinematics, and
stimate the metallicity of the outflow and the mass of outflowing
as, before placing NGC 4383 in context with the literature and
oncluding in Section 4 . Throughout this work, we assume that
GC 4383 is at the distance of Virgo, 16.5 Mpc (Mei et al. 2007 ),
hich corresponds to a spatial resolution of 80 pc arcsec −1 . 

.1 NGC 4383 

GC 4383 is an intermediate-mass galaxy (log( M � /M �) = 9.44;
eroy et al. 2019 ) in the Virgo cluster, located ∼1.25 Mpc (4.3 ◦

n projection; Yoon et al. 2017 ) north-east of M87, just inside the
 200 radius of Virgo (1.55 Mpc; McLaughlin 1999 ; Ferrarese et al.
012 ). Its position on the phase-space diagram suggests that the
alaxy is on its first infall into the cluster (Boselli et al. 2023 ). At
rst glance it is an unremarkable object, and in Fig. 1 (a), we show
 Digitized Sk y Surv e y r -band image, which reveals a relatively
mooth and featureless galaxy. Morphological classifications have 
een uncertain, varying between an Sa galaxy with peculiar features 
de Vaucouleurs et al. 1991 ) and an S0 (Trentham & Hodgkin 2002 ),
hile Balzano ( 1983 ) first identified the central starburst. The SFR

rom the z = 0 Multiwavelength Galaxy Synthesis catalogue (Leroy 
t al. 2019 ) estimated from UV + IR emission is 1 . 02 M � yr −1 ,
lacing it 0 . 56 dex or ∼1.6 σ above the locus of the star-forming
ain sequence defined in that paper (see their equation 19). This

alaxy does not host an active galactic nucleus (see also Section
.3 ). 
More recent imaging surv e ys be gan to rev eal the intriguing nature

f NGC 4383. In Fig. 1 (b), we show a grz colour image from the
ESI. 3 Le gac y Surv e y data base (De y et al. 2019 ), which reveals a

lear dust lane and a very bright central component. To the north of
he stellar body, there is an extension of blue knots that are much
righter in the near-UV (NUV; Fig. 1 c) and are clear evidence of
tar formation occurring outside the main body of the galaxy (e.g.
MNRAS 530, 1968–1983 (2024) 
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M

Figure 1. A historical and multiwavelength view of NGC 4383. (a) Digitized Sky Survey r -band optical image (Palomar 103aE filter centred on 6400 Å). North 
is up, and east is left. (b) DESI grz three-colour image from the Le gac y Sk y Surv e y. The outline of our MUSE pointings is shown with thin white lines. (c) 
GALEX (Martin et al. 2005 ) NUV image. (d) H I contours from the VLA/VIVA (Chung et al. 2009 ) surv e y o v erlaid on a DESI colour image (note the larger 
field of view of this image compared to the pre vious ones). Le vels are log ( � H I / M � pc −2 ) = 0.1, 0.25, 0.5, 0.75, and 1. A seemingly unremarkable object at 
first glance, NGC 4383 hosts a central starburst and a prominent dust lane, a tail of H II regions, and a massive, extended H I disc. 
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hilker et al. 2007 ). Given NGC 4383’s infalling status into Virgo,
hese knots are reminiscent of star formation occasionally seen in
he ram-pressure-stripped tails of cluster galaxies (e.g. Cortese et al.
007 ; Yamagami & Fujita 2011 ; Vulcani et al. 2018 ; Poggianti et al.
019 ; Cortese, Catinella & Smith 2021 ; Boselli, Fossati & Sun 2022 ;
eorge et al. 2022 ). 
Ho we ver, the picture becomes even more complex once the neutral

as is considered. In Fig. 1 (d), we sho w H I observ ations from the
IVA surv e y, which rev ealed that NGC 4383 hosts one of the most

xtended H I discs in Virgo, reaching over four times the optical size
 R H I /R 25 th ,B = 4 . 2) with a total mass of log ( M H I / M �) = 9 . 46. The
orphology of the H I disc does not support a ram-pressure origin for
NRAS 530, 1968–1983 (2024) 

4

he northern star-forming knots. Instead, the star formation regions
lign with the extended higher column density H I (the second-highest
ontour, log ( � H I / M � pc −2 ) = 0 . 75, in Fig. 1 d), suggesting that they
ay just be H II regions forming in the high-density parts of the spiral

rms of the cold gas disc. Ho we ver, at this stage, a recent interaction
annot be ruled out. 

Koopmann & Kenney ( 2004 ) were perhaps the first to suggest that
GC 4383 might host an outflow, as they noted bipolar filamentary

tructures in their H α narrow-band image, and the H α image from
he VESTIGE 

4 (Boselli et al. 2018a ) surv e y shows the bipolar
 A Virgo Environmental Surv e y Tracing Ionised Gas Emission. 
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utflow morphology clearly (see VCC 801 in fig. B.1 of Boselli
t al. 2023 ). Rubin, Waterman & Kenney ( 1999 ) found evidence
or non-circular motions in the central regions from H α long-slit 
pectroscopy, while Chung et al. ( 2009 ) noted distinct variation in
he position angle of the H I disc between the gas inside the stellar
omponent and the outer parts. Further, the eastern side shows some 
 I kinematic anomalies and an H I cloud outside the disc, suggesting
 possible interaction or accretion event. The dwarf galaxy 2.5 arcmin 
outh-west (SW) of NGC 4383 that can be seen in Fig. 1 , UGC 7504
VCC 794), is the most likely candidate for a gravitational interaction. 

hile Koopmann & Kenney ( 2004 ) and Chung et al. ( 2009 ) rejected
his hypothesis due to a claimed line-of-sight velocity offset of 
00 km s −1 from NGC 4383, more recent spectroscopic observations 
Abazajian et al. 2009 ; Toloba et al. 2014 ) indicate a line-of-sight
elocity offset smaller than 100 km s −1 . Thus, at this stage, it remains
nclear if, and to what degree, NGC 4383 has experienced a recent
nteraction with a companion. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

e carried out our observations with the MUSE integral field 
pectrograph, mounted at the Unit Telescope 4 of the Very Large 
elescope at the ESO Paranal Observatory in Chile. MUSE was 
onfigured with the Wide Field Mode and nominal wavelength range 
et up, which ensure a field of view of ∼60 arcsec 2 , a spatial scale
f 0.2 arcsec pixel −1 , a spectral sampling of 1.25 Å pixel −1 , and a
ominal spectral resolution (full width at half-maximum; FWHM) of 
.5 Å at 7000 Å. We observed NGC 4383 with three MUSE pointings,
wo abo v e and below the stellar disc targeting the e xtra-planar H α

mission and one targeting the northern star-forming knots. These 
ointings are o v erlaid on a DESI optical image in Fig. 1 (b). The
orth-west (NW) and south-east (SE) extra-planar pointings were 
bserved during 2021 in a partially completed pilot programme (PI 
ortese, ID: 105.208Y), while the third tail pointing was observed 
s part of the MAUVE large programme (PIs Catinella & Cortese,
D: 110.244E). 

The total MUSE data collected constitute 2.7 h on-source time, 
 × 750 s exposures in the NW, 6 × 750 s exposures in the SE
two observing blocks; OBs), and 4 × 750 s exposures in the 
ail. The maximum seeing measured at VLT4 during the nights 
f our observations was an FWHM of 1.3 arcsec. At the assumed
irgo distance, the MUSE spaxels subtend 16 pc spaxel −1 , while the

eeing corresponds to a spatial resolution of 100 pc. Data reduction 
as performed with ESOREX version 3.13.6 using the MUSE data 

eduction scripts (DRS) version 2.8.7 (Weilbacher et al. 2020 ). We 
sed the data reduction approach presented in Emsellem et al. ( 2022 ),
aking use of version 2.24.7 of the PYMUSEPIPE 5 PYTHON wrapper 

or ESOREX , which includes additional procedures for exposure 
lignment and background flux calibration. We describe our adopted 
orkflo w belo w. 
First, PYMUSEPIPE runs the MUSE DRS recipes up to and including 

use scibasic to remo v e the instrumental signature from the science
nd sk y e xposures and construct the sky spectrum. We constructed
he sky continuum spectrum and identified the location of sky 
mission lines using the 60 per cent darkest spaxels in the dedicated
k y e xposures for each OB, but al w ays refitted the sk y line flux es
n each individual exposure ( −skymethod = model). Additionally, 
YMUSEPIPE uses muse scipost along with optical filter curves to 
reate non-sky-subtracted flattened images. These images are used 
 https:// pypi.org/ project/ pymusepipe/ 

6

7

longside background imaging to compute exposure alignment 
olutions and flux calibration adjustments. Background images were 
reated using Sloan Digital Sky Survey (SDSS) r -band and DESI r -
and filters as we split our workflow’s alignment and flux adjustment
teps. In particular, we used SDSS imaging for flux calibration, but
esting indicated that better alignment solutions were achieved with 
he more recent and higher resolution DESI imaging. The SDSS 

ackground image was sourced using the SDSS DR9 mosaic tool, 
nd the DESI image using a Le gac y surv e y download URL. 6 

Alignment is the workflow’s next step, and PYMUSEPIPE uses 
n optical flow algorithm to compute the pix el-by-pix el difference
etween flattened MUSE images and background reference imaging. 
hese differences are used to compute the positional and rotational 
hifts required to align the MUSE exposures with the background 
maging. We inspected the output diagnostic plots and found that the
lignment solution almost al w ays needed manual adjustment. There 
s a stable (proper motion 0.42 mas yr −1 ) Gaia star 7 in the o v erlap of
ll three pointings, so we manually adjusted the frames to match this
tar in the background imaging. Most additional adjustments were 
ithin 4 pixels, or 0.8 arcsec. Although we aligned on this single point

ource, we also noted good agreement between the stellar continuum 

nd the locations of the northern H II regions between the MUSE and
ackground imaging. 
After computing the alignment solution, PYMUSEPIPE estimates 

he residual sky background and a flux calibration correction by 
omparing the flux in the MUSE flattened images with the reference
ackground imaging. As described in Emsellem et al. ( 2022 ), this
ethod assumes that the difference between the signal-free MUSE 

paxels and the sky-subtracted reference image is due to residual sky
mission in the MUSE cube, while flux differences are due to flux
alibration uncertainties. 

The third step runs muse scipost to subtract the sky background
fter applying the normalization and flux calibration derived in step 2
o the spectra in a w avelength-independent w ay. PYMUSEPIPE defines
 global World Coordinate System (WCS) grid that encapsulates all 
Bs in the data set, and datacubes are constructed from each exposure
sing this WCS. Last, the individual exposure cubes are mosaiced 
nto a datacube on this common WCS grid. The spaxels are first
igma clipped using a five-iteration median absolute deviation and 
hen combined with an exposure-weighted mean. 

.1 Spatial binning and spectral fitting 

e characterized the stellar continuum emission using the PPXF 

 penalized pixel fitting; Cappellari 2017 , 2023 ) full spectral fitting
outine. The spectra were de-redshifted, and the continuum signal- 
o-noise ratio computed as S/N cont = med ( f λ) / med ( f err ,λ) in the 
avelength range 5300–5500 Å, where f λ is the observed spectrum 

nd f err, λ is the square root of the MUSE variance spectrum. Before
patially binning the spectra, we created a spatial mask to encapsulate
he main stellar component of the galaxy. In this way, we a v oided
enerating large spatial bins from spaxels with a weak or absent
nderlying continuum that would instead be dominated by sky 
mission. We smoothed a map of S / N cont with a 3-arcsec (15 spaxels)
ox filter and selected the contour corresponding to S / N cont = 1.5
s the mask. All spaxels within this mask were binned to S / N cont =
0 using the Voronoi adaptive spatial binning method (Cappellari & 

opin 2003 ), and we logarithmically rebinned the spectra using the
MNRAS 530, 1968–1983 (2024) 

 https://www.le gac ysurv e y.org/ dr9/ description/ 
 Gaia DR3 object 3946001070056318592. 

https://pypi.org/project/pymusepipe/
https://www.legacysurvey.org/dr9/description/
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pxf utils.log rebin () function, which resulted in a velocity scale of
7 km s −1 . 
We masked 400 km s −1 regions around the expected positions of

esidual sky emission lines and all bright nebular emission lines.
e tested that this approach is more reliable and robust than fitting

imultaneously gas emission and stellar continuum. We also masked
he λ = 5890, 5896 Å sodium absorption doublet feature as it can be
ontaminated by ISM absorption, especially in galaxies containing
ool outflows. We used 72 MILES 

8 (Vazdekis et al. 2015 ) simple
tellar population templates with ages = (0.05, 0.08, 0.15, 0.25,
.40, 0.60, 1.0, 1.75, 3.0, 5.0, 8.5, 13.5) Gyr and metallicities [M/H]
 ( −1.49, −0.96, −0.35, 0.06, 0.26, 0.4), selected to best com-

romise between low metallicity co v erage and young populations
ithin the MILES ’safe’ ranges. The templates were convolved with

he wavelength-dependent line spread function (LSF) of the MUSE
ata using the parametrization given in equation (8) of Bacon et al.
 2017 ) before being logarithmically binned to the same wavelength
hannels as the observed spectra. 

We fit the binned spectra with PPXF o v er the wavelength range of
800–7000 Å including multiplicative polynomials (since we focus
n emission lines only) of order 12 and 4 stellar kinematic moments
 V stellar , σ stellar , h 3,stellar , and h 4,stellar ), and input the MUSE f err, λ spectra
s the noise estimate. We used these fits to create an emission-
ine-only datacube, which we used to derive emission line data
roducts with higher spatial resolution. Spaxels within Voronoi
ins had their continuum subtracted by rescaling the best-fitting
inned spectrum by the ratio of the integrated emission in the 5300–
500 Å wavelength range, and unbinned spectra were left unaltered. 

.2 Emission line measurements 

onized gas originating from different physical components with
ifferent line-of-sight velocity distributions is often modelled with
ultiple Gaussian components. Ho we ver, the coarse channel width

1.25 Å or ∼57 km s −1 at H α) and spectral resolution (FWHM ∼
.54 Å or 116 km s −1 at H α from the LSF) of MUSE means that many
f these components will be blended, and while individual emission
ines show evidence of non-Gaussian structure, separating them and
ssigning them physical meanings becomes difficult. Instead, using
he datacubes with the stellar contribution already subtracted, we
onstructed source masks to create line-only subcubes for the H β,
O III ] 4959 , [O III ] 5007 , H α, [N II ] 6548 , [N II ] 6583 , [S II ] 6716 , and [S II ] 6731 

mission lines, which we then analysed individually. 
First, to remo v e an y residual continuum emission, we fit a second-

rder polynomial baseline within a 1500 km s −1 region around the
xpected rest-frame wavelength of each emission line after sigma
lipping the spectrum using a 2 σ threshold. We then created emission
ine masks using a method similar to Leroy et al. ( 2021 ). A primary

ask was defined as channels with signal S / N λ > 3.5, which isolates
right emission, while the secondary mask is defined as regions of at
east three channels with S / N λ > 1.5 and selects fainter emission. The
nal emission line mask was defined as all secondary mask regions,
ro vided the y also contain a primary mask re gion. 
The integrated flux and flux uncertainty of each emission line were
easured by integrating the observed and noise spectra within the
nal mask region. We also measured the line-of-sight velocity and
elocity dispersion by computing the flux-weighted first and second
oments of each emission line. Unless otherwise stated, we do not

orrect the velocity dispersion for LSF broadening. 
NRAS 530, 1968–1983 (2024) 

 Medium resolution INT Library of Empirical Spectra. 

i  

c  

(  
 PHYSI CAL  A N D  C H E M I C A L  PROPERTIES  

F  T H E  OUTFLOW  

.1 The NGC 4383 outflow 

n Fig. 2 , we present the integrated H α emission line map of
GC 4383 with no binning, showing that emission is detected nearly

verywhere in the datacube, especially outside the optical extent
f the galaxy (black contour, r -band 25 mag arcsec −2 ). This image
eveals the clumpy structures in the warm ionized gas, such as
himneys and shell-like features, seen also in previous narrow-band
maging (Koopmann & Kenney 2004 ; Boselli et al. 2023 ), which
uggested the presence of a bipolar outflow. 

In Fig. 3 , we show channel maps of H α emission highlighting the
omple x v elocity structure of the outflo w e ven with the ∼57 km s −1 

hannel width sizes. Blueshifted emission appears first on the SW
ide of the datacube, just abo v e the receding major axis of the galaxy.
he outflow emission then creeps northerly, while the bright H II

egions on the approaching side of the disc begin to appear. Emission
egins to fill the datacube as we cross the centre of the H α line, and
he chimneys and shells become visible both above and below the
tellar component. The H II regions fade as the receding side of the
isc dominates the redshifted channels, plus the brightest shell of
he outflow in the NW and the chimneys in the SE. These structures
emain until the last of the redshifted emission traces the outflow to
he east of the galaxy centre, opposite to the first channel. 

The o v erlap of these different velocity structures results in the
omplex V H α map in the bottom left of Fig. 2 . The signature of the
ifferential rotating disc is evident in the ∼200 km s −1 transition
rom approaching (blue) to receding (red) emission roughly N to S
n the datacube, which traces the optical major axis. Off the major
xis, ho we ver, the presence of a coherent rotational velocity structure
reaks down. Instead, the gas exhibits nearly ∼200 km s −1 transitions
ithin just a few spaxels, and these off-axis velocity structures agree
ell with the locations of chimneys and shells in the F H α map. 
The complex outflow kinematics are also apparent in the σ H α

ap (bottom right). In the central regions along the major axis and
he northern H II regions, the (uncorrected) velocity dispersion is
lose to our instrumental limit (LSF σ ∼ 50 km s −1 at H α). Outside
hese regions, the velocity dispersion rises sharply and in excess of
30 km s −1 in some spaxels, a clear indication of more complex
inematics and potentially the presence of multiple line-of-sight
elocity components in each spaxel. 

We note that the complex velocity structure is clearer in both the
 H α map and the σ H α map on NW side of the galaxy . Additionally ,
e note that computing the Balmer decrement (not shown here)

ev eals that e xtinction values are larger on the eastern side of the
alaxy. These observations suggest that the less-obscured NW half
s tilted towards us. In contrast, the SE half is directed away and
artly obscured by the galaxy’s disc, making its velocity structure
ess clear and the emission more extincted. This geometry is also
upported by the dust lanes in the main body of the galaxy, which
re shifted to the SE (Fig. 1 b) We assume this orientation for the
emainder of the paper. 

.2 Outflow geometry and velocity 

etermining the geometry and kinematics of the outflow is useful
or constraining how the outflow is being launched and the nature of
ts interaction with the CGM, or even the intracluster medium in this
ase if the hot halo has already been swept away. NGC 4383 is not a
nearly) edge-on system like other examples of well-resolved ionized
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Figure 2. Derived H α emission line properties. The main panel shows our integrated H α flux map in units of 10 −20 erg s −1 cm 

−2 , with the DESI r -band 
25 mag arcsec −2 isophote o v erlaid in black. The bottom two panels show the H α flux-weighted first moment (line-of-sight velocity, left) and second moment 
(velocity dispersion, right). All panels highlight the complex and clumpy distribution and motions of the H α gas in the galaxy. The top panel shows chimneys 
and shells associated with the bipolar outflow, while the bottom two panels show the multiple line-of-sight velocity components within outflow-dominated 
spaxels outside the galaxy’s major axis. 
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Figure 3. H α channel maps. The first panel shows a DESI three-colour image (with thin white lines indicating the outlines of the MUSE pointings), and the 
remaining 10 show spaxel maps from the continuum-subtracted datacube, increasing in wavelength across the H α line. The thick white/black contour shows 
the DESI r -band 25 mag arcsec −2 isophote. The central wavelength and corresponding line-of-sight velocity of each spaxel map are given in the top right of 
each panel. 
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Figure 4. Definition of outflow-dominated re gions. P anels show the Voronoi- 
binned H α emission line map (top), V H α (middle), and σH α (bottom). The 
cyan contour in all panels corresponds to σH α = 77.5 km s −1 , which we use 
to separate the regions dominated by outflow emission. The cyan contour 
encloses the shells and clumpy structures associated with the outflow in the 
F H α map, and the associated regions of anomalous V H α and ele v ated σH α . 
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as outflows, but the galaxy’s stellar component is inclined 56 ◦ on 
he sky 9 (Brown et al. 2021 ). Subsequently, each spaxel contains a

ixture of disc and outflow emissions that are difficult to separate 
ith the limited MUSE velocity resolution. This blending of emission 

ines also means that we cannot reliably determine the outflow 

pening angle using the line-splitting approach (except in isolated 
ases, which we describe below) commonly used in other works (e.g. 
estmoquette, Smith & Gallagher 2008 ; Leroy et al. 2015 ; Martini

t al. 2018 ). Instead, we determine the opening half-angle using a
ariation of the geometric method introduced by McPherson et al. 
 2023 ). 

First, we binned the datacube to increase the S / N H α abo v e the
ative-resolution data products. We applied the Voronoi binning 
ethod with a target of S / N H α = 10, assuming that non-detected

paxels had F H α = 0.5 F err,H α (i.e. a maximum of 20 spaxels per bin).
pectra from the continuum-subtracted cube were combined using 

hese new Voronoi bins, and the properties of the emission lines
ere re-measured in each bin using the same procedure described 

bo v e in Section 2.2 . We used ele v ated σ H α regions to identify
paxels dominated by outflow emission. We overlaid contours of σ H α

moothed with a 3-arcsec square kernel (15 pixels) on the binned σ H α

ap. Contours enclosing the outflow regions were visually selected 
n NW and SE regions using the conditions that (1) they reasonably
nclosed the off-plane regions of elevated velocity dispersion and (2) 
hey did not cross through the disc. 

This process is demonstrated in Fig. 4 , with outflow-enclosing 
ontours shown in cyan, corresponding to a velocity dispersion of 
H α = 77 . 5 km s −1 . We note that due to the increased size of the
patial bins, some of the σ H α values can be artificially ele v ated.
egardless, our choice of contours is supported by their enclosing 

he clumpy, off-plane flux distribution and the regions of anomalous 
 H α . Our metallicity analysis in Section 3.3 also supports our choice.
The outflow-dominated emission extends to the corners of the 

atacube, allowing us to place a lower limit on the extent of the
utflow abo v e the plane of the disc. The most distant spaxel in the NW
utflow is 4.91 projected kpc (61.4 arcsec) abo v e the galaxy’s major
xis. Correcting by 1/sin( i ) assuming that the outflow is perpendicular
o the disc, the detected outflow emission extends at least 5.94 kpc
bo v e the galaxy. 

To measure the outflow opening half-angle, we fit straight lines 
 y = mx + c ) to the edges of the NW and SE outflows after rotating
he galaxy by its stellar position angle (PA) = 107.5 ◦, which we show
n the left panel of Fig. 5 . We do not fit the NE contour due to being
oorly constrained at the cube’s edge. Assuming that the outflow is
aunched perpendicular to the plane of the stellar disc, the opening 
alf-angle of the outflow is then given by θ = 90 − arctan ( m/ sin ( i)).
e find a range of θ = 32–39 ◦ and report the estimate for each

t in the bottom right corner of Fig. 5 , with the superscripts and
ubscripts corresponding to the uncertainty originating from a ±5 ◦

ariation around the assumed inclination of i = 56 ◦, and note the
ood agreement between all estimates. 
As an independent check on this estimate, we searched the 

ontinuum-subtracted cube at native resolution for individual cases 
f line splitting. We found some isolated cases of line splitting,
ypically in regions where the average line-of-sight kinematics 
Fig. 2 ) transitions between approaching and receding, and selected 
xamples close to the minor axis to remove influence of any residual
 Estimated from r -band isophote fitting, which can have large uncertainties. 
ithin 0.5–3 × R 50, r , the isophote ellipticity varies between 0.4 and 0.5, 

orresponding to inclinations of 54–62 ◦. 

m  

c  

F  

i  

G

otational velocity carried by the ejected gas (visible parallel to the
inor axis; e.g. Leroy et al. 2015 ; McPherson et al. 2023 ) on the

entroids of lines. These cases are shown in the right panels of
ig. 5 , with the colours showing their spatial extraction locations

n the left panel. To determine more accurate centroids, we fit two
aussian components to the spectra, and using the simple geometric 
MNRAS 530, 1968–1983 (2024) 
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Figure 5. Outflow opening half-angle ( θ ) measurements. Left: Contours defining the outflow-dominated emission o v erlaid on the binned H α flux map. Red, 
blue, and orange lines show the linear fits used to estimate θ . The inclination-corrected estimates for θ are given in the bottom right corner in their corresponding 
colour, all of which agree well. Right: Spectra that exhibit line splitting, extracted from the like-coloured apertures (enlarged by 3 ×) in the NW region of the 
outflow in the left panel. Dashed lines represent the two Gaussian fits to each spectrum, and the derived outflow velocity and opening half-angle are quoted in 
the top left corner of each panel. In both panels, variations in θ and v out due to a change in inclination of ±5 ◦ are given as superscripts and subscripts. Across 
all methods, θ is constrained to 22–39 ◦, with outflow velocities in the range of 184 −246 km s −1 . 

a  

i  

t  

w  

c  

e  

d  

t  

 

(  

v  

w  

o  

o  

σ  

t  

o  

o
 

o  

o  

t  

v  

v  

(  

l  

w  

C  

d  

f  

t  

b  

v  

t  

2  

s  

h
 

w  

a  

V  

r  

v  

w  

i  

o
 

o  

w  

g  

r  

d  

e  

t  

1  

b

3

U  

c  

o  

i  

t  

v  

f  

c  

o  

[  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/2/1968/7642869 by guest on 10 O
ctober 2024
rguments presented in Appendix A , the outflow opening half-angle
s estimated as θ = 22–28 ◦. On average, these values are smaller
han calculated from straight line fits presented earlier but consistent
ithin the reported uncertainties, giving us confidence that in these

ases of line splitting, there must be a minimal contribution from disc
mission and the spatial mask defined abo v e is reliably separating
isc and outflow-dominated regions. Taking the average value from
he two methods, the opening half-angle of the outflow is θ = 25–35 ◦.

Using the kinematics of the line splitting, we estimated an intrinsic
i.e. corrected for inclination) outflow velocity in the range of
 out = 184 −246 km s −1 (average 210 km s −1 ), with no clear trend
ith increasing height abo v e the disc. These values apply to the bulk
f the gas in a given line of sight, so we also estimate the maximum
utflow velocity in a given sightline as v max = v out + 2 σ , where

is the LSF broadening-corrected standard deviation of the fit to
he blueshifted component. Using this approach, we find maximum
utflow velocities in the range of v max = 250 −340 km s −1 (average
f 300 km s −1 ). 
These values can also provide some insights into whether the

utflowing gas is primarily energy- or momentum-driven. Using
ur extinction-corrected F H α emission line map, we computed
he SFR surface densities within R 50, r , and found a range of
alues of log � SFR [M � yr −1 kpc −2 ] = [ −1 . 5 , 0 . 9] with an integrated
alue of log � SFR = −0.27. Simply assuming that our maximum
340 km s −1 ) and minimum (250 km s −1 ) v max are driven by the
argest and smallest � SFR , respectively, the NGC 4383 outflow agrees
ith the average trend of the data points in fig. 4 of Reichardt
hu et al. ( 2022a ), making it more consistent with an energy-
ri ven outflo w accelerated by supernov ae feedback. For example,
or log � SFR [M � yr −1 kpc −2 ] ∼ 0 . 9, maximum velocities expected
he radiation pressure-driven outflows exceed our observed values
y a factor of a fe w. Ho we ver, as the average � SFR and outflow
elocities measured for NGC 4383 lie in the region of parame-
er space where the momentum- (Murray, M ́enard & Thompson
011 ) and energy-driven (Chen et al. 2010 ) models o v erlap, at this
NRAS 530, 1968–1983 (2024) 

1  
tage we cannot exclude that radiation pressure is playing a role
ere. 
To test if any of the outflowing gas will escape the galaxy,

e adopted the simple, spherically symmetric isothermal sphere
pproximation to estimate the escape velocity, v esc ≈ 3 v circ (e.g.
eilleux et al. 2020 ). The integrated H I spectrum of NGC 4383 is

egular and shows no signs of disturbance, so we use the circular
elocity v circ = 140 km s −1 calculated using half spectral profile
idth measured at 20 per cent of the peak flux, and corrected for

nclination. Considering our v out estimates, the bulk of the gas in the
utflow likely will not escape the galaxy’s potential. 
Last, we note that solving for y = 0 from our linear fits to the NW

utflo w, we deri ve an outflow base width of 1.70 kpc (21.2 arcsec),
hich suggests a wide-based outflow better described with a frustum
eometry than a cone. Interestingly, the three brightest central H II

egions span a major axis length of 1.96 kpc (24.5 arcsec), close to the
eri ved outflo w base. Both these values are close to twice the r -band
f fecti ve radius, 2 × R 50 ,r = 1 . 77 kpc (22.2 arcsec). Comparatively,
he central starburst in M82 has diameter of ∼1 kpc (Kennicutt
998 ), while H I kinematic modelling of M82 suggests an outflow
ase diameter of ∼2 kpc (Martini et al. 2018 ). 

.3 Ionization and metallicity of the disc and outflow 

sing the outflow masks defined in the previous section, we can
ompare the physical conditions in the ISM between the disc- and
utflow-dominated regions. To ensure sufficient signal-to-noise ratio
n all rele v ant lines, we Voronoi-binned the datacube again, this
ime to a minimum S / N H β = 10, and re-measured the emission line
alues in each bin. Additionally, we corrected the emission lines
or extinction using a Cardelli, Clayton & Mathis ( 1989 ) extinction
urve with R V = 3.1 and assuming an intrinsic Balmer line ratio
f F H α/ F H β = 2.83. In Fig. 6 , we show [O III ] 5007 /H β versus
N II ] 6583 /H α and [S II ] /H α BPT (Baldwin, Phillips & Terlevich
981 ) diagrams, highlighting the bright star-forming regions in the
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Figure 6. Spatially resolved BPT diagrams. The left column shows the spatial distribution of spaxels in the galaxy centre (within 1 R 50 ,r , top row), and the entire 
galaxy (bottom row). The middle and right columns show [N II ] 6583 /H α and [S II ] /H α versus [O III ] 5007 /H β BPT diagrams for the spaxels in each selection, 
respectively. In the top row, spaxels are coloured by their [O III ] 5007 /H β ratio, while the bottom row is coloured by their [S II ] /H α distance from the K e wley 
et al. ( 2001 ) demarcation line. The galaxy’s centre shows a clear contrast between high-ionization H II regions and the more diffuse emission. The core of the 
outflow in NGC 4383 is ionized by star formation, while the contribution from shocked gas becomes more important outside the core as the spaxel colours 
transition from blue through to white. 
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entre (within 1 R 50 ,r ) in the top row, and the entire galaxy in
he bottom row. Spaxels in the top row are colour-coded by their
O III ] 5007 / H β ratio, while in the bottom row they are coloured by
heir [S II ] /H α distance from the K e wley et al. ( 2001 ) demarcation
ine. 

The BPT diagrams of the central region show structure suggesting 
hat the most SW H II region has a larger ionization parameter
K e wley, Nicholls & Sutherland 2019 ) than the core and northern
e gions. Spax els across the galaxy also show an interesting [S II ] /H α

tructure. The core of the outflow in the NW and SE regions is ionized
y star formation as their [S II ] /H α and [O III ] 5007 /H β ratios are bluer 
nd sit to the left of, and below, the Kewley et al. ( 2001 ) demarcation
ine. Further from these star formation-dominated regions of the 
utflow the [S II ] /H α increases, but still generally consistent with 
hotoionization with only the edges of the outflow hinting towards a 
ossible ionization via shocks. 
We use emission line ratios of the star formation-dominated 

egions to estimate the gas-phase oxygen abundance of the ISM 

nd quantify the enrichment due to the outflow. We adopt two 
ifferent metallicity calibrations to ensure the robustness of our 
esults. The first is the calibration of Dopita et al. ( 2016 ), which
ses the [N II ] 6583 , H α, and [S II ] lines. The second is the ‘Scal’
alibration from Pilyugin & Grebel ( 2016 ), which uses the [O III ] ,
 β, [N II ] , and [S II ] lines, and we use [O III ] = 1 . 33 [O III ] 5007 and

N II ] = 1 . 34 [N II ] 6583 . To highlight the spatial variation in log(O/H),
e compute the difference from the maximum value inside a 2-

rcsec square at the galaxy’s centre for each calibration, which is 12
 log(O/H) = 8.65 and 8.44, respectively. 
In the left panels of Fig. 7 , we show a spatial map of 
 log(O/H)
ith the outflow contours o v erlaid, for all spaxels regardless of their

onization. Clearly, the metallicity of the gas decreases with increas- 
ng distance from the central starburst. This decrease, ho we ver, is
maller in the direction of the outflow-dominated regions compared 
o the plane of the disc (aside from a few bright H II regions),
ighlighting the metal-enriched nature of the outflowing gas, and 
his trend is apparent in both metallicity calibrations. Note that our
ontours defining the outflow-dominated regions derived from the 
 α kinematics agree well with the regions of ele v ated log(O/H),

urther supporting the robustness of our spatial definition of the 
utflow. 
To quantify these differences, we computed radial profiles using 

-arcsec wide pseudo-slits in different directions on the sky. The 
isc-plane metallicity is traced with a slit along the major axis, and
o quantify the outflow regions, we use slits parallel to the minor
xis with major axis offsets of 0 and ±10 arcsec. Computing these
rofiles, we only use the star formation-dominated spaxels, defined 
s those to the left of the K e wley et al. ( 2001 ) demarcation line in the
S II ] /H α BPT diagram. In the right panels of Fig. 7 , we show profiles
f 
 log(O/H) in 1-arcsec bins of circular, sky-plane radii expressed
n kpc and R 50, r . Confirming what is visually apparent in the left
anels of Fig. 7 , 
 log(O/H) remains larger in the outflow-dominated
egions, while it drops sharply with radius within the disc. In both
anels, we show the average metallicity gradient for a galaxy with
 similar stellar mass to NGC 4383 from Poetrodjojo et al. ( 2021 )
ith a grey line, and the disc-slit radial profile agrees with these

verage gradients for both prescriptions. At 3 R 50, r , the difference in
MNRAS 530, 1968–1983 (2024) 
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M

Figure 7. Metallicity gradients in the disc and outflow. The top two panels use the Dopita et al. ( 2016 ) metallicity calibration, while the bottom two use the 
Pilyugin & Grebel ( 2016 ) ‘Scal’ calibration. Left: Spatially resolved 12 + log(O/H) map of NGC 4383, normalized to the central metallicity, quoted in each 
panel’s top right. Cyan contours highlight the outflow-dominated regions. Right: Radial metallicity gradients aligned with the major axis (black line, grey slit in 
left panel), the minor axis (blue) tracing the outflow centre, and ±10 arcsec offsets from the outflow centre (red and orange lines and slits). All radial profiles are 
normalized to the central metallicity, and we show the typical radial gradient for a log( M � /M �) ≈ 9.5 galaxy from Poetrodjojo et al. ( 2021 ) for each calibration 
with a grey line. The main result of this figure is that the metallicity in the outflow remains ele v ated compared to the disc but is not more metal rich than the 
galaxy’s centre. 
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etallicity is ∼0.15 dex between the disc- and outflow-dominated
egions for the Dopita et al. ( 2016 ) calibration, while the Pilyugin &
rebel ( 2016 ) ‘Scal’ calibration has a smaller difference of ∼0.09
ex. This difference is roughly consistent with the factor of 0.53
n relati ve v ariation between the two calibrations (Poetrodjojo et al.
021 ). Interestingly, in no location do we see that the metallicity of
he outflow region is larger than the centre of the disc. Beyond 3 R 50, r ,
he metallicity in the disc shows evidence of flattening with radius,
hich could be a signature of gas inflow (Bresolin, Kennicutt &
yan-Weber 2012 ) that could be feeding the central starburst. 
Last, we used the electron density-dependent [S II ] doublet to

onstrain the effect of the outflow on the density of ISM. We adopt the
arametrization from K e wley et al. ( 2019 ) assuming a metallicity of
2 + log(O/H) = 8.53, which is roughly consistent with the value in
he galaxy’s centre. The electron density n e is only measurable in the
entral, brightest region of the galaxy, and the maximum line ratio
f [S II ] 6716 / [S II ] 6731 = 1 . 67 implies a maximum density of n e ∼
82 cm 

−3 . Ho we ver, within 280 pc (2.5 arcsec), the line ratio drops
elo w the lo w-density limit of 42 cm 

−3 ( [S II ] 6716 / [S II ] 6731 < 1 . 4)
nd remains below this value throughout the rest of the datacube. 

These results paint the picture of an outflow that is strongly star
ormation-driven, is only moderately enriched compared to the disc,
NRAS 530, 1968–1983 (2024) 
nd causes a rapid decrease in ISM density outside the central,
utflow-launching starburst. 

.4 Mass outflow rate and mass-loading factor 

ass outflow rates are difficult quantities to estimate, particularly
hen using ionized gas tracers, as we need to make several as-

umptions about the gas temperature and density and the spatial
istribution of the gas within the assumed emitting volume. Further,
he ionized gas phase does not carry the majority of the mass in
he outflow, which is instead carried by the cooler phases (H I and
olecular gas; e.g. Mart ́ın-Fern ́andez et al. 2016 ; Kim et al. 2020a ,
 ; Rey et al. 2024 ). Ho we ver, the current H I and molecular gas data
re too low spatial resolution to add additional constraints to the
utflowing gas mass. Thus, while we calculate ionized gas masses
nd outflow rates for comparison with previous works, we preface
his section with the caveat that the derived numbers can have order-
f-magnitude uncertainties. 
The mass of ionized gas within the outflow-dominated regions can

e calculated as 

 = μm H n p δ V , (1) 
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here m H is the hydrogen mass and μ = 1.4 accounts for the helium
bundance, n p is the number density of ionized hydrogen atoms, δ
s the assumed volume filling factor of the gas, and V is the volume
eing considered. In the following, we assume n p = n e , meaning that
he free parameters are n e , δ, and V . 

As our spatial co v erage of the outflow is not uniform, we make
he simplifying assumption that the volume V is given by the area of
 pixel or Voronoi bin multiplied by a line-of-sight emission path, 
 = A × l . Although the path length through a cone varies as a

unction of its location and inclination, as we are averaging all the
utflow emissions, we assume an effective l equal to the diameter of
 cylinder with the same volume as a biconical frustum. The base
f the outflow estimated in Section 3.2 has a radius of 0.85 kpc, and
he maximum height of the frustum abo v e the disc traced by the NW
utflow region is 5.94 kpc. With this geometry (see Appendix A ),
he radius of the frustum at this height is 4.28 kpc. The diameter of
he cylinder with a volume equal to this frustum is 5.5 kpc and the
otal area of our outflow-dominated regions is 24 . 4 kpc 2 , giving an
f fecti ve volume of V = 134 kpc 3 . 

Estimating the filling factor is more challenging. Milky Way 
bservations suggest that the diffuse ISM has a volume filling factor 
f ∼0.2 (Reynolds 1991 ), while H II regions in local galaxies have
.01–0.1 (Kennicutt 1984 ). Studies of the M82 outflow report filling 
actors in the range of 10 −3 –0.1 (Yuan et al. 2023 ) and 10 −4 –10 −3 (Xu
t al. 2023b ). Simulations by Kado-Fong et al. ( 2020 ) and Rathjen
t al. ( 2023 ) find that the warm ionized gas consistently has a volume
lling factor of 0.04–0.1. As the H α emission in outflows arises
rom the mixing and cooling of the hot, volume-filling phase with 
ntrained, cooler ISM, we expect the observed H α emission to arise
rom more diffuse gas on the boundaries of cold clouds and in their
ixed tails (e.g. Sparre, Pfrommer & Vogelsberger 2019 ; Fielding & 

ryan 2022 ; Gronke et al. 2022 ). Thus, here we assume a somewhat
ntermediate volume filling factor of δ = 0.01, i.e. H α emitting 
as makes up 1 per cent of the considered volume. Ho we ver, we
cknowledge that this is a large uncertainty in our mass estimate. 

With assumptions on the outflow volume and gas filling factor set,
ne of the most common approaches used to measure mass outflow 

s to take advantage of the fact that the H α emission measure of the
utflowing gas is linked to both the average electron density along 
he line of sight and the H α surface brightness of the gas outflow: 

M 

[
cm 

−6 pc 
] = 

∫ 

n 2 e d l = 〈 n 2 e 〉 L = 4 π
� H α

α23 hνH α
, (2) 

here 〈 n 2 e 〉 is the average square electron density along the line-of-
ight emission path ( L ) of the outflow, � H α is the typical H α surface
rightness of the outflow, and α23 is the effective recombination 
oefficient, assuming an electron temperature of 10 000 K and case 
 recombination (1.17 × 10 −13 cm 

3 s −1 ; Osterbrock 1989 ). We can
hus use equation ( 2 ) to estimate the average square electron density
f the outflow: 

 n 2 e 〉 
[
cm 

−6 
] = 4 π

� H α

α23 hνH αL 

= 4 . 87 × 10 17 � H α

L 

, (3) 

here L is in parsec. With an average � H α of the outflow as
.37 × 10 −16 erg cm 

−2 s −1 arcsec −2 and L = 5.5 kpc, we find
 n 2 e 〉 = 1.2 × 10 −2 cm 

−6 . It is interesting to note that 〈 n 2 e 〉 is linked
o n e of the medium (assumed to be constant) via the filling factor:
= 〈 n 2 e 〉 / n 2 e = 〈 n e 〉 / n e . As such, the value of δ here assumed would

mply an electron volume density ∼1.1 cm 

−3 . This value is consistent
ith the extrapolation to low SFR surface densities of the relation 
btained by Xu et al. ( 2023a ) linking � SFR to n e (i.e. ∼2 cm 

−3 ). 
We now have all the elements to calculate the outflow mass, and
e can rewrite equation ( 1 ) in terms of 〈 n 2 e 〉 , where the main free
arameter is the filling factor: 

 [ M �] = μm H V 

√ 

〈 n 2 e 〉 δ = 5 . 1 × 10 7 
( V 

134 kpc 3 

)( δ

0 . 01 

)0 . 5 
. 

(4) 

e note that, when the gas electron density is known (e.g. using
he [S II ] 6716 / [S II ] 6731 line ratio technique), equation ( 4 ) is usually
ewritten in terms of just the H α surface brightness and the electron
ensity, as the filling factor can be fully derived from the observations
e.g. Xu et al. 2023b ). In our case, the upper limit in electron density
42 cm 

−3 makes this approach not stringent enough to give useful 
onstraints on the filling factor ( δ > 7 × 10 −6 ) and the outflow mass
 M > 0.13 × 10 7 M �). 

Assuming a constant outflow velocity and using the maximum 

bserved height above the disc, the integrated mass outflow rate is 

˙
 out 

[
M � yr −1 

] = 1 . 76 
( M 

5 . 1 × 10 7 M �

) ( h 

5 . 94 kpc 

)

×
( v out 

200 km s −1 

)
. (5) 

nce combined with the integrated UV + IR SFR = 1 . 02 M � yr −1 of
GC 4383, the mass-loading factor is ηM 

= 1.7. If we use instead the
FR within the ef fecti v e radius ( R 50, r ) measured from our e xtinction-
orrected H α map, SFR = 0 . 76 M � yr −1 , we obtain ηM 

= 2.3.
onsidering the uncertainties involved, these values are comparable 

o recent estimates of the ionized gas mass loading in nearby galaxies,
nd consistent with literature scaling relations. For instance, for M 82,
uan et al. ( 2023 ) find ηM ,M 82 = 1.2, while Xu et al. ( 2023b ) report
M ,M 82 ∼ 0.5, Heckman et al. ( 2015 ) find an average ηM 

= 2 in their
ample of local galaxies, and the SFR-based scaling relation of Xu
t al. ( 2022 ) predicts a value of ηM 

= 4.2 for NGC 4383, although
hey are more sensitive to neutral gas. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

n this paper, we have presented the first results from the MAUVE
urv e y, a new VLT/MUSE large programme targeting Virgo cluster
alaxies to understand the impact of environmental mechanisms 
n galaxy evolution. We have not used the ALMA data from the
ERTICO surv e y (Brown et al. 2021 ) in this work; instead, we
emonstrated the excellent MUSE data quality and focused our 
nalysis on NGC 4383, a gas-rich peculiar galaxy that hosts a massive
utflow. Our main results are as follows: 

(i) NGC 4383 hosts a starburst-dri ven outflo w. The ionized gas
utflow has an opening half-angle of θ = 25–35 ◦ and extends at least
o the spatial limit of our data, i.e. at least 5.9 kpc abo v e the disc. 

(ii) The outflow emission has an average velocity of v out ∼
10 km s −1 , with a maximum outflow velocity of v max ∼ 300 km s −1 ,
hich agrees with expectations from empirical relations based on the 
alaxy’s integrated stellar mass and SFR (see below). 

(iii) The outflo w sho ws an interesting ionization structure, where 
he base and core of the cone are clearly consistent with photoioniza-
ion, but the line ratios gradually get closer to a shock-ionized origin
owards the edge of the cone. 

(iv) Using strong line metallicity calibrations, we find that the 
utflow is metal-enriched compared to the disc but has lower 
etallicity than the central starburst region. 
MNRAS 530, 1968–1983 (2024) 
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(v) The mass outflow rate of the ionized gas integrated over
he outflow-dominated regions is estimated to be 1 . 9 M � yr −1 ,
orresponding to a mass-loading factor of ηM 

∼ 1.7–2.3. 

While NGC 4383 shares some similarities with the archetypal
utflo w M82, it dif fers in other ways, making it a useful addition
o the list of kno wn outflo ws. Perhaps the property that sets it most
part from other systems is its massiv e, re gular H I disc that extends
 v er four times its B -band optical extent (Chung et al. 2009 ). This
 I disc does not show signs of strong interaction, unlike the known

nteracting systems M82 and NGC 839, making it hard to discern
hat triggered the central burst of star formation that is driving the
utflow. Chung et al. ( 2009 , see fig. 21) note the presence of kinematic
nomalies on the eastern side of the H I disc and suggest that perhaps
GC 4383 has recently undergone gas accretion. In this way, it would
e similar to Mrk 1486, which Cameron et al. ( 2021 ) suggested has
one under a recent accretion e vent. Ho we ver, only higher resolution
 I data may allow us to characterize the full dynamical state of the
as disc and unveil its origin. 

NGC 4383 shows a biconical frustum geometry similar to most
ther galaxies. The estimated opening half-angle (25–35 ◦) is con-
istent with other galaxies hosting central starburst-driven outflows
cross a range of stellar masses and SFRs, such as Mrk 1468
 ∼30 ◦; McPherson et al. 2023 ), M82 ( ∼25–30 ◦; Shopbell & Bland-
awthorn 1998 ; Yuan et al. 2023 ), and NGC 839 ( < 30 ◦; Rich et al.
010 ). 
Considering the physical conditions within the outflow-dominated

as, NGC 4383 shows a similar ionization structure to M 82 (Shop-
ell & Bland-Hawthorn 1998 ) and NGC 839 (Rich et al. 2010 ).
amely, the base and the core of the outflow are consistent with being
hotoionized by recent, massive star formation, while emission line
atios get closer to the limit between photoionization and ionization
y shocks towards the edges of the cone. Deriving the gas-phase
etallicity from the strong emission lines, we find that the outflow is
etal-enriched but not more so than the central star-forming region or

he disc. This metallicity trend is an interesting contrast to Cameron
t al. ( 2021 ), who find the outflow from Mrk 1486 to be metal-
nriched by ∼0 . 2 dex compared to the disc average. We note the
mportant caveat that we use strong line calibrations compared to
he T e -based method used by Cameron et al. ( 2021 ), which can lead
o different absolute scalings. Furthermore, most of the metals in
utflows are carried by the hot ( T > 10 6 K) gas phase. The ionized
as traced by these nebular lines in outflows arises from this hot phase
ixing with the lower temperature and metallicity ISM entrained in

he outflow. Thus, our metallicities are a lower limit on the true
etallicity of the hot phase. Ho we ver, we cannot say by how much,

s this is strongly dependent on the complex interplay of mixing on
he mass loading and launching conditions of outflows (e.g. Gronke &
h 2018 ; Fielding & Bryan 2022 ). 
Our deri ved outflo w velocities are broadly consistent with ex-

ected values from literature scaling relations based on NGC 4383’s
tellar mass (log( M � /M �) = 9.44) and integrated (UV + IR)
FR ( log SFR [M � yr −1 ] = 0 . 01; Leroy et al. 2019 ). Equation (14)
rom Chisholm et al. ( 2015 ) gives v out values in the range of
3 −101 km s −1 , lower than the observed values, while the calibrations
rom Xu et al. ( 2022 , from their fig. 9) giv e e xpected outflow
elocities of v out = 130 −260 km s −1 , consistent with our observed
alues. Heckman & Borthakur ( 2016 ) calibrate their scaling relations
sing v max , and for NGC 4383 the expected v max = 230 −386 km s −1 ,
imilarly consistent with our observed values. 

Finally, our mass outflow rate and loading factor are within the
anges expected from literature scaling relations. Ho we ver, these are
NRAS 530, 1968–1983 (2024) 
efinitely lower limits on the true mass outflow rate as the ionized
as phase does not trace a significant fraction of the outflowing
ass. Instead, the colder, neutral gas phases entrained by the outflow

arry most of the mass, for which H I is a powerful tracer. Further
ork combining our MAUVE cubes with CO(2–1) data from the
ERTICO surv e y and new MeerKAT H I observations will enable us

o obtain a more complete picture of NGC 4383 and better constrain
he geometry and mass-loading factors of its outflow (e.g. Yuan et al.
023 ). 
There are clearly several challenges that remain in our un-

erstanding of outflow physics. Spatially resolving outflows with
ultiwavelength observations is key to make progress in this field,

nd this is becoming increasingly possible with MUSE, MeerKAT,
nd ALMA as we increase our sample size of galaxies with outflows
n the local Universe. 
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PPENDI X:  ASSUMED  OUTFLOW  G E O M E T RY  

ere, we show the equations used when constraining the geometry
f the outflow. In Fig. A1 , we show a diagram of our assumed
eometry, a symmetric biconical frustum centred on the axis normal
o the stellar disc plane with opening half-angle θ , observed at an
nclination of i . Using this geometry, the blueshifted and redshifted
omponents of the velocity along the line of sight are 

 b = −v out cos φb , (A1) 

 r = v out cos φr , (A2) 

here φb = i − θ and φr = i + θ . Rearranging equation ( A1 ) for
 out , substituting into equation ( A2 ), and renaming R = v r /( −v b ), we
an write 

 cos φb = cos φr . (A3) 

xpanding the cosine terms using angle summation/difference,
ollecting like terms, and simplifying 

, we have 
1 + R) sin i sin θ = (1 − R) cos i cos θ, (A4) 

tan i tan θ = 

1 −R 
1 + R 

. (A5) 

ssuming an inclination for the galaxy enables us to solve for the
pening half-angle: 

= arctan 
(

1 −R 
1 + R 

1 
tan i 

)
, (A6) 

nd v out can then be calculated from equation ( A1 ) or equation ( A2 ).
It is useful to note that the relationship between radius and height

or a cone also holds for the frustum, once the height of the excluded
top’ (the smaller cone that would sit below the galaxy plane in this
eometry) is accounted for: 

tan θ = 

r T 

h T 
= 

r B 

h B + h T 
. (A7) 

nowing the radius where the outflow launches from the disc ( r T )
ets us calculate the height of the remo v ed ‘top’. Adding this to
he (inclination-corrected) observed maximum vertical extent of the
utflow ( h B ) lets us calculate the radius at this height r B . The volume
f the frustum is then given by 

 = 

1 

3 
πh B 

(
r 2 B + r B r T + r 2 T 

)3 
. (A8) 
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Figure A1. Adopted geometry for the NGC 4383 outflo w. Lo wer case subscripts (r and b) denote redshifted and blueshifted velocity components. Upper case 
subscripts are used to refer to the spatial geometry, with ‘B’ and ‘T’ indicating the base and the remo v ed top of the frustum, respectively. 
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