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ABSTRACT

We present a multiphase, resolved study of the galactic wind extending from the nearby starburst galaxy NGC 4666. For this,
we use VLT/MUSE observations from the GECKOS program and HT data from the WALLABY survey. We identify both
ionized and H1 gas in a biconical structure extending to at least z ~ 8 kpc from the galaxy disc, with increasing velocity offsets
above the mid-plane in both phases, consistent with a multiphase wind. The measured electron density, using [S11], differs
significantly from standard expectations of galactic winds. We find electron density declines from the galaxy centre to ~ 2 kpc,
then rises again, remaining high (~ 100 — 300 cm~3) out to ~5 kpc. We find that H1 dominates the mass loading. The total H1
mass outflow rate (above z > 2 kpc) is between 5 — 13 M yr~!, accounting for uncertainties from disc-blurring and group
interactions. The total ionized mass outflow rate (traced by Ha) is between 0.5 and 5 M, yr~', depending on 7,(z) assumptions.
From ALMA/ACA observations, we place an upper limit on CO flux in the outflow which correlates to < 2.9 Mg yr~'. We
also show that the entire outflow is not limited to the bicone, but a secondary starburst at the edge generates a more widespread
outflow, which should be included in simulations. The cool gas in NGC 4666 wind has insufficient velocity to escape the halo
of a galaxy of its mass, especially because most of the mass is present in the slower atomic phase. This strong biconical wind
contributes to gas cycling around the galaxy.

* E-mail: bmazzilliciraulo@swin.edu.au

© The Author(s) 2025.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),which permits unrestricted reuse, distribution, and reproduction in any medium,
provided the original work is properly cited.

920z Asenuer |z uo Jasn AjsiaAiun saioopy uyor j0odiaai] Aq 0 L1 £8/062E/v/yS/8191e/Seluw/wod dno-olwapeoe//:sdny woJj papeojumoq


http://orcid.org/0000-0002-5808-1961
http://orcid.org/0000-0003-0645-5260
http://orcid.org/0000-0001-9557-5648
http://orcid.org/0000-0002-7625-562X
http://orcid.org/0000-0002-7422-9823
http://orcid.org/0000-0003-4932-9379
http://orcid.org/0000-0003-1775-2367
http://orcid.org/0000-0002-4250-2709
http://orcid.org/0000-0002-5655-6054
http://orcid.org/0000-0003-0350-7061
http://orcid.org/0000-0002-7972-9675
mailto:bmazzilliciraulo@swin.edu.au
http://creativecommons.org/licenses/by/4.0/),which

NGC 4666 multiphase galactic-scale wind

3291

Key words: techniques: imaging spectroscopy — ISM: jets and outflows — galaxies: evolution — galaxies: individual: NGC 4666 —

galaxies: ISM — galaxies: starburst.

1 INTRODUCTION

Galaxy-scale winds, also referred to as outflows, are ubiquitous
in high star formation rate (SFR) galaxies at all redshifts (e.g. S.
Veilleux, G. Cecil & J. Bland-Hawthorn 2005; K. H. R. Rubin et al.
2014; S. Carniani et al. 2024; R. L. Davies et al. 2024). Simulations
find that they play a dominant role in regulating galaxy evolution
(e.g. T. Naab & J. P. Ostriker 2017; A. Pillepich et al. 2018; T. A.
Thompson & T. M. Heckman 2024; R. J. Wright et al. 2024). Winds
are needed to reproduce many fundamental observable quantities,
such as the stellar mass function and SFRs of galaxies (e.g. R. S.
Somerville & R. Davé 2015). They contribute significantly to galaxy
evolution by regulating star formation. Even if the gas does not
escape the halo, gas expelled from the mid-plane is unlikely to be
readily available to form stars in the disc. In starburst environments,
observations indicate that more gas is removed in the outflow than
converted to stars (A. D. Bolatto et al. 2013b; A. K. Leroy et al. 2015;
A. Fluetsch et al. 2019; B. Reichardt Chu et al. 2022b), making the
wind the primary regulator of star formation.

Observations of the nearest galaxies hosting star-formation-driven
galactic winds (A. D. Bolatto et al. 2013b; A. K. Leroy et al. 2015;
D. Salak et al. 2020) show that cold gas (molecular and atomic) is
the dominant mass component of galactic winds (see S. Veilleux
et al. 2020, for a review). Recent James Webb Space Telescope
(JWST) observations of the M 82 wind suggest that, at least near
the disc, cold gas may be able to survive disc breakout in the form
of filamentary structures and small-scale clouds (A. D. Bolatto et al.
2024; D. B. Fisher et al. 2025). In this scenario, cold gas lifted from
the disc directly removes the fuel for star formation. Moreover, theory
and simulations argue that the interaction of warm-and-cold gas in
outflows is a critical component to setting the velocities, and hence
the ability of outflows to regulate star formation (D. B. Fielding & G.
L. Bryan 2022; C. Nikolis & M. Gronke 2024; for review, see T. A.
Thompson & T. M. Heckman 2024). Yet, the rarity of observations of
the coldest phases of gas, let alone multiphase observations, in galac-
tic winds hampers the ability of observations to uniquely test theory.

A picture has emerged in which high-velocity, ionized gas typically
forms biconical structures above the plane of starburst galaxies (P.
L. Shopbell & J. Bland-Hawthorn 1998; S. Veilleux & D. S. Rupke
2002; A. Biketal. 2018; D. S. N. Rupke et al. 2019; E. C. Herenz et al.
2023; D. K. McPherson et al. 2023; A. B. Watts et al. 2024). Opening
angles of those winds in these targets typically range between 20° —
30°, which suggests a collimated flow of gas leaving a disc. In most
cases, the gas is detected to distances of 5-15 kpc. However, this
extent is likely limited by observations, such as field of view and
sensitivity. In very high SFR systems, however, winds of ionized
gas extend to ~50 kpc (D. S. N. Rupke et al. 2019). Observations
of face-on galaxies, with similar mass and SFR as edge-on galaxies
with biconical winds, determine gas velocity much more robustly
and find ionized gas outflow velocities of order ~ 100 — 500 km
s7! (S. F. Newman et al. 2012; R. L. Davies et al. 2019; C. R.
Avery et al. 2021; B. Reichardt Chu et al. 2022a, 2025), which is
consistent with gas that is travelling tens of kiloparsecs away from
the galaxy on time-scales of ~ 10 — 100 Myr. The mass-loading
factor of ionized gas (outflow mass rate divided by SFR of galaxy)
is typically # = M,y /SFR ~ 0.1 — 3 across a wide range of nearby
galaxies (A. Concas et al. 2019; R. L. Davies et al. 2019; K. B. W.
McQuinn, L. van Zee & E. D. Skillman 2019; B. Reichardt Chu et al.

2022a; D. K. McPherson et al. 2023; Y. Yuan, M. R. Krumholz & C.
L. Martin 2023; A. B. Watts et al. 2024).

There is a considerable amount of uncertainty in estimating ionized
gas mass loading (discussed in Y. Yuan et al. 2023). This is because
key quantities required for such estimates — electron density, spatial
extent, and covering fraction — are rarely known for individual
galaxies in surveys of galactic winds. Very few resolved observations
of electron density have been made in the literature, largely due to the
observational challenge of detecting the faint emission lines required
for density diagnostics. Yet electron density measurements are both
important for estimating the mass loss in ionized gas (described in
S. Veilleux et al. 2020), but also as the electron density profile is a
direct observable test of simulations and theory describing galactic
winds (R. A. Chevalier & A. W. Clegg 1985; E. E. Schneider et al.
2020; D. B. Fielding & G. L. Bryan 2022). Classic adiabatic wind
models require that the electron density follows a steeply declining
power-law profile; which is observed in metal-poor outflows (A.
Bik et al. 2018; M. J. Hamel-Bravo et al. 2024). Recent work
by X. Xu et al. (2023), however, finds that the electron density
profile in M 82 is more shallow than expectations from adiabatic
winds.

Resolved observations of cold gas in winds are limited to a few
nearby starburst galaxies (F. Walter, A. Weiss & N. Scoville 2002; K.
Sakamoto, P. T. P. Ho & A. B. Peck 2006; A.-L. Tsai et al. 2012; A.
D. Bolatto et al. 2013b, 2021; K. Kreckel et al. 2014; P. Martini et al.
2018; D. Salak et al. 2020), but underline their importance as the
cold phase of gas is often carrying most of the gas mass. Estimation
of the total mass- and energy-loading of galactic winds, therefore,
requires the observation of the cold phase of gas (J. Bland-Hawthorn,
S. Veilleux & G. Cecil 2007). Observations of M 82 suggest that
while the mass loading is dominated by colder phase (molecular and
atomic), the energy rate carried by the ions in the wind is higher
(A. K. Leroy et al. 2015; P. Martini et al. 2018; also see X. Xu
et al. 2023; Y. Yuan et al. 2023). These differences in phases of the
winds can provide a more complete picture to test those theories of
outflow kinematics that are built on interactions of gas in different
phases (D. B. Fielding & G. L. Bryan 2022), and more multiphase
observations are needed. The advent of integral field spectrographs
on 8 m telescopes has allowed for extremely sensitive observations
of faint gas, recovering faint emission features in the optical regime.
Observations using ALMA have provided a view of the nearest winds
over the past decade (see review by S. Veilleux et al. 2020). The
impending commissioning of the Square Kilometer Array (SKA),
toward the end of this decade, presents the opportunity to expand
the sample. Currently, data from SKA-precursors, MeerKAT and
Australian Square Kilometre Array Pathfinder (ASKAP) allow for
some increase in the capacity to observe the cold phase of winds. In
this paper, we will focus on multiphase observations of the galactic
wind in NGC 4666.

NGC 4666 is a highly inclined (~ 70°, HyperLEDA') spiral
galaxy at a distance of 15.5 Mpc (R. B. Tully et al. 2023). NGC 4666
is a Milky Way mass galaxy, M, ~ 7 x 10'© Mg (K. Sheth et al.
2010). The star formation rate is SFR~10 Mg, yr~! (C. J. Vargas
et al. 2019), which is six times higher than the main-sequence value
for its mass (P. Popesso et al. 2023). It is a gas-rich system, with

Thttp://leda.univ-lyon1.fr/
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My/M, ~ 0.05 (B. Lee et al. 2022), which is three times higher than
local Universe galaxies of a similar mass (B. Catinella et al. 2018). B.
Lee et al. (2022) discussed the CO(1—0) distribution of NGC 4666
based on Atacama Compact Array (ACA) observations and derived
a high molecular surface density in the disc. They also detected CN,
a tracer of dense molecular gas, in the central region. Consistent
with expectations of being gas-rich and starbursting, NGC 4666 is
known to host a galactic scale wind, highlighted by an outflow cone
detected in optical imaging and spectroscopy (M. Dahlem et al.
1997) and X-ray observations (R. Tillmann et al. 2006). The diffuse
ionized gas in the halo shows an ‘X-shaped’ structure and most
of the X-ray emitting extraplanar gas appears to be confined in
this filamentary diffuse interstellar gas-structure (R. Tiillmann et al.
2006). L.-Y. Lu et al. (2023) find in a sample of 22 nearby edge-on
galaxies studied with narrow-band imaging that NGC 4666 has the
largest Ha scale height (2.492 £ 0.023 kpc) along the vertical axis,
which is consistent with gas being removed via an outflow. F. Walter,
M. Dahlem & U. Lisenfeld (2004) also analysed high-resolution
CO(1—0) observations and used the position—velocity (PV) diagram
to interpret a kinematic feature as an expanding molecular shell. This
supershell is observed close to the location where the most prominent
Ho filament seems to emerge from.

Recently, Y. Stein et al. (2019) found a point source and bubble
structure in 6 and 1.5 GHz radio continuum imaging. They argue
that this observation suggests an active galactic nucleus (AGN).
B. Lee et al. (2022) detect extended 3 mm continuum emission,
interpreted as a signature of nuclear activity in the galactic centre,
potentially from an obscured AGN. However, in optical imaging
there is no evidence of a strong nuclear point source nor AGN-
like emission line ratios (C. Lopez-Cob4 et al. 2020). Moreover, M.
Persic et al. (2004) do not find a nuclear X-ray source in high-
resolution imaging, which favours the absence of an AGN that
is energetically contributing to the galaxy. If there is some AGN
activity, it does not seem to be currently energetically significant
compared to the star formation. We note that a comparison of the
wind energetics to the energy from star formation will be informative
for assessing whether star formation alone can drive the wind in
NGC 4666.

NGC 4666 is part of a group of galaxies and is interacting with
the less massive NGC 4668 and a dwarf companion, as revealed by
deep H1 observations from the Very Large Array (F. Walter et al.
2004). Recent HI observations as part of the Widefield ASKAP L-
band Legacy All-sky Blind surveY (WALLABY, B. S. Koribalski
et al. 2020) pilot survey support this conclusion by exhibiting a
‘peculiar’ HT distribution, interpreted as the signature of the inter-
action occurring with the neighbouring galaxy NGC 4668 (B. Lee
et al. 2022). This interaction is posited to have triggered the starburst
activity in NGC 4666, which in turn launched the superwind. This
scenario is consistent with our understanding that starbursts in the
local Universe are initiated by galaxy mergers or interactions (e.g.
F. Bournaud 2011; F. Renaud, A. Segovia Otero & O. Agertz 2022).
Table 1 summarizes the properties of this galaxy reported in the
literature.

While previous studies have established the presence of a galactic
wind, many open questions remain about the resolved structure,
kinematics, properties of the extraplanar gas. To address this, we use
observations from the Multi Unit Spectroscopic Explorer (MUSE)
on the Very Large Telescope (VLT), which provide integral-field
spectroscopy with high spatial resolution and full spectral coverage
across the optical range. This allows us to map the wind extent,
analyse the ionized gas kinematics, and study the vertical extent of
the electron density in the wind. These capabilities are essential to
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constrain the driving mechanism of the wind and to understand the
cycling of gas surrounding NGC 4666.

We present VLT/MUSE and the ancillary observations of
NGC 4666 in Section 2. Section 3 describes the superwind structure
as well as the star formation properties in the disc underneath it. We
present the wind kinematic substructure in Section 4. We discuss
the electron density profile inferred from VLT/MUSE observations
and its implications for outflow rate estimates in Section 5. Sec-
tion 6 presents the outflow mass and energy loading determina-
tions. Section 7 focuses on the properties of extraplanar emission
outside of the bicone. We summarize and discuss our findings in
Section 8.

2 OBSERVATIONS, DATA REDUCTION, AND
METHODS

Our analysis is based on deep VLT/MUSE observations of the ionized
gas, as well as archival ALMA/ACA observations and ASKAP
observations. We describe these data and the data reduction methods
in this section.

NGC 4666 is targeted as part of the GECKOS project. GECKOS
(Generalising Edge-on galaxies and their Chemical bimodali-
ties, Kinematics, and Outflows out to Solar environments)?® is a
VLT/MUSE Large Program (317 h, PI: Jesse van de Sande) targeting
36 edge-on galaxies (J. de Sande et al. 2024). These targets are
selected from the S*G survey (66 percent, K. Sheth et al. 2010)
and HYPERLEDA (34 percent, D. Makarov et al. 2014) within a
distance range of 10 < D < 70 Mpc and with a stellar mass within
4+0.3 dex of the Milky Way (5 x 10'° My, J. Bland-Hawthorn &
O. Gerhard 2016). With stellar mass controlled for, the remaining
drivers of galaxy evolution for Milky Way-mass galaxies may
be examined. The GECKOS sample spans a 2dex range in SFR
(~ 0.01-15 Mg, yr~!, based on the WISE W4 band). The deep MUSE
observations commenced in 2022 and aim at studying the outflows,
vertical structure of the interstellar medium (ISM), assembly history
of stellar components, and chemical enrichment of Milky Way mass
galaxies in the nearby Universe.

2.1 MUSE observations and reduction

NGC 4666 was observed with MUSE, an integral field spectrograph
mounted on the Unit Telescope 4 of the VLT. Observations were
performed in wide-field mode and using the nominal wavelength
range, providing a field of view of ~ 1 arcmin x 1 arcmin, a spec-
tral sampling of 1.25 A pixel™" over the 4800-9300 A wavelength
coverage, and a spatial scale of 0.2 arcsec pixel .

In total, our mosaic consists of five MUSE pointings (two from
GECKOS and three archival). The footprint of the MUSE mosaic
is overlaid in the top-right panel of Fig. 1. This coverage enables
us to probe an important part of the galaxy disc, as well as a
region up to 8kpc off the plane in the north-west direction. For
the GECKOS program, the galaxy was observed with two MUSE
pointings, one targeting the upper side right Ho limb (referred
to as ‘outflow pointing’ hereafter) and one targeting the upper
side ‘bubble’ (annotated in the left panel of Fig. 1, referred to as
‘disc pointing’ hereafter), which were placed to have an overlap
of 2arcsec with existing pointings available in the ESO archive
(program ID:096.D-0296, PI: Anderson). Two archival pointings are
closer to the galaxy centre and the third one extends to ~ 5Skpc

Zhttps://geckos-survey.org/
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Table 1. Properties of NGC 4666.

NGC 4666 multiphase galactic-scale wind 3293

Property Value Unit Reference
RA (J2000) 12:45:08.591 hms
Dec. (J2000) —00:27:42.79 dms
Distance 15.5 Mpc R. B. Tully et al. (2023)
Inclination 69.6 deg HYPERLEDA*
Position angle 40.6 deg HYPERLEDA
Stellar mass 10.992 log(M,/Mg) 3.6um + 4.5um, K. Sheth et al. (2010)*
Star formation rate 7.29+1.82 Mg - yr~ 22um, T. Wiegert et al. (2015)
10.54+1.92 Ho + 22pm, C. J. Vargas et al. (2019)
SS]"’O"U*:[mm 0.4318 D. B. Sanders et al. (2003)
Fio 4.20 4+ 0.69 1072 erg s7! cm™2 C.J. Vargas et al. (2019)
Molecular gas mass 9.46 £+ 0.02° log(Mu, /Me) B. Lee et al. (2022)
9.40 £ 0.02¢ B. Lee et al. (2022)
H1 gas mass 9.7 log(Mu1/Mg) T. Westmeier et al. (2022)4

Notes. * The HyperLEDA database is accessible via this link: http://leda.univ-lyon]1.fr/.
 The stellar gas mass estimate is given for D; = 15.5"Mpc instead of their distance measurement. The 60-to—100 pum
colour serves as proxy for dust temperature in regions of active star formation. A galaxy with a value typically exceeding

20.4 is commonly identified as a starburst.

The molecular gas mass estimates are derived from the CO luminosity using a Milky-Way like CO-to-H; conversion
factor (*) and a metallicity-dependent CO-to-H, conversion factor (°).
4 The H1 gas mass estimate is given for D; = 15.5"Mpc instead of their distance measurement.

on the opposite side of the disc compared to the GECKOS outflow
pointing.

Each GECKOS observing block (OB) consists of four object (O)
exposures with an integration time of 512s each, and two sky (S)
exposures with an integration time of 120 s each, executed in the order
OSOO0OSO. There were no offset sky frames taken for the archival
observations and each OB had 4 object exposures of 702s each.
We perform the MUSE data reduction using the dedicated PYTHON
package pymusepipe? (E. Emsellem et al. 2022) (version 2.27.2)
which essentially consists of a wrapper around the different recipes
included in the MUSE data processing pipeline (P. M. Weilbacher,
0. Streicher & R. Palsa 2016; P. M. Weilbacher et al. 2020) and
the ESO Recipe Execution Tool (esorex; ESO CPL Development
Team 2015). First, we combine and use the calibration files to
remove the instrument signature. We apply a flux calibration using
a standard star observed on the same night as the OB. Then, we
check and correct the astrometry solution for each MUSE science
exposure by aligning them using Legacy Survey r-band imaging (A.
Dey et al. 2019). From these aligned object exposures, we create
one data cube per pointing with its associated World Coordinate
System. The final stage of pymusepipe consists of creating a
mosaicked cube by combining these five pointing cubes into one
final data cube. The archival observations do not include any sky
frame; to remove the sky continuum in these frames, we define
sky regions by selecting emission-line free regions in the frames
and passing them as a sky mask to the muse_scipost recipe.
Finally, we account for differences in fluxes between GECKOS and
archival pointings. These differences likely arise from variations in
observing conditions (e.g. atmospheric transparency, and seeing),
instrumental calibration differences between observing runs, or
uncertainties in the flux calibration process itself. The GECKOS
‘disc pointing’ covers the south-west edge of the galaxy disc as well
as the extraplanar region, extending up to ~4 kpc from the mid-
plane (see Fig. 1). We assume that this GECKOS ‘disc pointing’
provides the most reliable flux calibration for two reasons: first,

3https://pypi.org/project/pymusepipe/

as part of our observing program, it includes dedicated offset sky
frames which allow for more accurate sky subtraction compared
to the archival data; second, it targets brighter emission than the
‘outflow pointing’, making the flux calibration more robust during the
data reduction process. To correct for flux differences, we compare
the shape of the continuum in the overlapping region between this
pointing and the adjacent archival pointing. We fit a third-order
polynomial and shift the spectra in all spaxels within the adjacent
archival pointing by the corresponding polynomial values. For ex-
ample, the flux corrections applied range from approximately 2.8 x
1072ergs~' cm™2 A" at4800A t03.9 x 10 Pergs~'cm 2 A" at
7000 A between the GECKOS disc pointing and the adjacent archival
pointing. We reproduce this procedure to scale all pointings of the
mosaic.

2.1.1 Continuum subtraction

We perform stellar continuum subtraction using the NGIST pipeline
(version 5.3.0)* (A. Fraser-McKelvie et al. 2025a, b), an extension
of the Galaxy IFU Spectroscopy Tool (GIST) pipeline (A. Bittner
et al. 2019), comprising significant science improvements and per-
formance updates, including the possibility of creating continuum-
subtracted and line-only cubes. Through its CONT module, NGIST
employs the PPXF full spectral fitting routine (M. Cappellari & E.
Emsellem 2004; M. Cappellari 2017). We bin all spaxels to signal-
to-noise ratio, S/N = 7 using the Voronoi adaptive spatial binning
method and use differential stellar population models from C. J.
Walcher et al. (2009). We fit the binned spectra over the rest-frame
wavelength range 4750 — 7100 A using 13th-order multiplicative
polynomials only. The Milky Way foreground extinction is included
in the pipeline and uses the J. A. Cardelli, G. C. Clayton & J. S. Mathis
(1989) law. The best-fitting continuum spectrum in each Voronoi bin
is rescaled to match the flux level of each individual spaxel and then
subtracted.

“https://geckos-survey.github.io/gist-documentation/
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Upper

NGC4666 Extraplanar Ho %
Lower

Figure 1. Top left: Hox narrow-band image of NGC 4666, rotated such that the disc is horizontal. The image is plotted in log scale to highlight the low surface
brightness components. The biconical superwind is denoted by the red arrows. We identify four filaments, called ‘limbs’, that form an X-shape typical of a
biconical wind. The Ho gas is brighter inside the limbs than outside. We also identify a smaller bubble to the right on the upper side of the galaxy. Top right: same
rotated Hoe narrow-band image, with MUSE pointings overlaid. Archival pointing frames are shown in orange, and GECKOS pointing frames are displayed in
purple. Bottom: a four-colour image of MUSE data that combines He (red), [O 111] 5007 (blue), [N 11] 6583 (orange), and R-band continuum (white) is shown.
We use a different max and min image cut for the disc and extraplanar regions; both are log scale. There are clear filaments of ionized gas that extend over 6 kpc
from the starburst of the galaxy, which connect to a central starburst region (indicated by a dashed box).
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2.1.2 Emission-line fitting

We create an emission-line data cube by removing the continuum
modelled by nGIST from the raw MUSE cube. We then measure
all emission-line properties using this cube. We spatially bin the
mosaicked emission-line cube in 3 x3 spaxels to have a spaxel size
of 0.6 arcsec x 0.6 arcsec, which is a typical seeing value in Paranal.
We then carry out emission line fitting using the specialized emission-
line fitting package THREADCOUNT.> This is an upgraded version of the
one described in D. K. McPherson et al. (2023). The software uses a
bespoke version of the PYTHON package 1mf i £, which is optimized
for speed, and employs the nelder minimization algorithm. We fit
Hg, [O11] 25007, [N11] 16548, Ha, [N 1] A6583, [S1I] 16716, and
[S 1] A6731. GECKOS observations feature an extremely large range
in surface brightness per spaxel (from the bright disc centre to the
extraplanar regions), and therefore THREADCOUNT is designed with
this in mind. A rough S/N for each emission line in each spaxel is
calculated by direct integration of the flux and comparison to the
variance extension of the MUSE cube. We carry out fitting with two
separate settings depending on the estimated emission line S/N, in
order to obtain robust measurements for noisier spaxels: for spaxels
with S/N > 30, we run a single fit to the spectral line. The boundary
of S/N = 30 is chosen based on the runtime of the software. For all
spaxels with S/N < 30, we run 10 separate fits to the spectral line.
The software creates simulated spectra by modifying the observed
flux in each spectral pixel, based on a normal distribution whose
standard deviation is determined by the observed variance in the
data. The fit parameters and uncertainty are then taken as the mean
and standard deviation of those fits. We fit each emission line using
a single Gaussian model.

The internal dust attenuation was then determined for each spaxel
using the Balmer decrement, He/HpB, and corrected using a J. A.
Cardelli et al. (1989) extinction law, with R, = 3.1. We assume an
intrinsic Balmer decrement Ha/HB = 2.87, which is typical for gas
at a temperature of about 10* K (D. E. Osterbrock & G. J. Ferland
2006). For those spaxels without sufficient flux (S/N > 5) in HB,
we interpolate the extinction from the surrounding region. We find
a median extinction Ay ~ 1.4 and Ay, ~ 1.1, which are consistent
with the values reported by P. Voigtldnder et al. (2013) for this galaxy:
Ay = 1.61 and Ay, = 1.15. Within the inner kiloparsec parallel to
the major axis of NGC 4666, the median values we find become
Ay ~ 1.9 and Ay, ~ 1.6.

2.2 Narrow-band imaging data

The Ho image is derived from deep g-, r-, and N662-band images
obtained at the CTIO/DECam (Dark Energy Camera), as part of a
wide-field (30 deg?) observing program of the NGC 4636 group (PI:
E. Peng). The DECam Community Pipeline is exploited to obtain
calibrated images. Then, a customized PYTHON pipeline is used to
build source masks, subtract backgrounds, and stack and co-add
images into science images of the three bands. We combine g- and
r-band images, following the procedure described in A. Boselli et al.
(2015), to derive the image of continuum fluxes underlying the N 662
narrow band. Then, the continuum images are subtracted from the
N662-band images, and the Ho images are obtained. The spatial
sampling is 0.27 arcsec pixel ™.

Shttps://threadcount.readthedocs.io
Shttps://pypi.org/project/Imfit/
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2.3 ALMA/ACA observations

We use CO(1—0) observations performed with the ACA, available in
the ALMA science archive (project ID: 2019.1.01804.S; PI: B. Lee).
The observations were tuned to a sky frequency of 114.70 GHz.
Observations were calibrated and cleaned using the Common As-
tronomy Software Applications package (CASA, version 5.6.1-8).
The maximum recoverable scale is ~ 78 arcsec, which corresponds
to ~ 5.9 kpc. The final data cube, binned into a velocity resolution of
20 km s~!, has a pixel size of 2 arcsec and a synthesized beam size of
~ 13.9 x 9.6 arcsec? (~ 1.05kpc x 722 pc). The rms noise level per
channel is 11.1 mJy beam ™. For further details on the observations
and data reduction, see B. Lee et al. (2022).

2.4 ASKAP observations

NGC 4666 was observed as part of the pilot survey (T. Westmeier
et al. 2022) of WALLABY. WALLABY aims at imaging the atomic
hydrogen (H1) in hundreds of thousands of nearby galaxies by ob-
serving the 21-cm line at 30 arcsec resolution with the ASKAP (A. W.
Hotan et al. 2021). The synthesized beam size is 30.1 x 30.0 arcsec®
(~ 2.27 x 2.26 kpc?) and the pixel size is 6 arcsec in the final data
cube. As with the ALMA data, the ASKAP data were also presented
in B. Lee et al. (2022).

3 PROPERTIES OF THE IONIZED GAS WIND
OF NGC4666 AND THE STAR FORMATION
DRIVING IT

3.1 Extraplanar Ha in NGC 4666

Fig. 1 shows the deep narrow-band Ho imaging of NGC 4666,
obtained using the DECam. In the left panel of the figure we label
several features of the extraplanar emission that suggest feedback-
driven gas expulsion. On the upper and lower sides of the galaxy we
identify four ‘limbs’ of gas that form an X-shape and extend ~5-
8 kpc from the disc mid-plane. These are heuristically consistent
with typical expectations of a biconical outflow, as emission is most
clearly seen along the edges of the bicone, where the line-of-sight
path length is greatest (see description in S. Veilleux et al. 2020).

Using the narrow-band image in Fig. 1 we measure the positions
and widths of the wind components. We make these measurements
using 1 arcsec wide horizontal cuts at 2.5 and 5 kpc above (and below)
the mid-plane of the galaxy. These distances are chosen because the
outflow is completely distinguishable from the disc at 2.5 kpc and
still has sufficient signal-to-noise ratio for robust measurement at
=+5 kpc. For each horizontal cut, we identify the flux peaks on either
side of the wind bicone, with the full width measured as the distance
between these peaks. We find that the full width of the wind is 4.6 and
4.1 kpc on the upper and lower sides at £2.5 kpc off the mid-plane,
respectively. This increases to 6.9 and 5.4 kpc at z ~ %5 kpc. The
star-forming region of NGC 4666 extends to a radius of ~9-10 kpc,
based on the Ho image and Spitzer 24 pm (Fig. 2). This implies that
the base of the bicone covers 20-25 per cent of the star-forming disc,
but this expands to ~60 per cent higher above the disc. This is more
concentrated than D. K. McPherson et al. (2023) found in Mrk 1486,
in which the base of the outflow extended far in the disc. We note,
however, that Mrk 1486 is much further away (redshift ~ 0.03) and
had much lower spatial resolution.

Using the widths of the wind at 2.5 and 5 kpc off the mid-plane,
we estimate an opening angle of ~ 25° on the upper side of the
galaxy and ~ 15° on the lower side of the galaxy. These are similar
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Figure 2. From left to right, the top panels show the resolved SFR surface density, molecular gas surface density, and depletion time. The ACA beam is shown
in the bottom-left corner of the molecular gas surface density panel. We assume «co = 2.5. The bottom panels show the corresponding major axis radial profiles
over the entire minor axis direction. For the o1 and tgep1 profiles, the solid lines correspond to a conversion factor aco = 2.5, while the dashed lines refer to
aco = 4.36. The hatching represents the areas that the limbs cover at £2.5 kpc from the disc mid-plane (dashed box in Fig. 1).

to the opening angle of ionized gas in M 82 (P. L. Shopbell & J.
Bland-Hawthorn 1998), Mrk 1486 (D. K. McPherson et al. 2023),
and the wind in SBS 0335—052E (E. C. Herenz et al. 2023). These
galaxies span multiple orders of magnitude in mass (between 6 x 10°
and 1 x 10'° M) and exhibit a range of visual morphologies. This,
however, does not seem to have large impacts on the opening angle
of the outflow.

Similar to other outflows (M 82: P. Martini et al. 2018, NGC 253:
M. S. Westmoquette, L. J. Smith & 1. Gallagher 2011, Mrk 1486: D.
K. McPherson et al. 2023) the morphology of the gas in NGC 4666
is more similar to a bi-frustrum than a pure bicone. This is because
the limbs do not connect at the galaxy centre, but rather at positions
offset from it, likely tracing the locations of intense star formation
in the disc. This is consistent with the picture in which the wind of
NGC 4666 is driven primarily by star formation. Below we discuss
the star formation properties of the disc. There is indeed a region
of high SFR surface density that covers the inner ~3—4 kpc of the
disc, which is consistent with the region to which the limbs connect.
If we assume the wind originates from the galaxy centre and force
the bicone to converge there, the resulting opening angle increases
to ~ 30°.

We can also measure the thickness of each of the limbs. We
measure this thickness as the distance between the first flux minima
on either side of each limb peak position in our horizontal flux
profiles. The thicknesses range from ~1.7-2.8 kpc, and do not
change significantly from the measurement near the disc or further
away.

We identify an extended region of He emission on the right, upper
side of the galaxy. We label this region as a ‘bubble’. We note that for
the following discussion it is important to recall that due to the 70°
inclination of NGC 4666, the lower side is partially blocked by the
disc and oriented away from the viewer, which may impact analysis
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of the extraplanar morphology. In the case of a potential bubble on
the lower side, this may make it more difficult to identify it.

3.2 Star formation driving the wind

The high inclination of NGC 4666 introduces uncertainty in estimates
of surface densities. Projection effects result in line-of-sight confu-
sion between disc and extraplanar emission, and the deprojected
physical area over which emission arises is difficult to precisely
determine. As such, the surface densities presented here should be
interpreted with this geometric uncertainty in mind. SFR surface
density correlates well with the strength of star-formation-driven
winds (reviewed in S. Veilleux et al. 2005; S. Veilleux et al. 2020; T.
A. Thompson & T. M. Heckman 2024). Recent resolved observations
of both local Universe galaxies (B. Reichardt Chu et al. 2022b, 2025)
and z ~ 2 stacks (R. L. Davies et al. 2019) show that this correlation is
strong within galaxies. This strong connection of Xgpg With outflow
strength is expected, because higher Xggg will generate a larger
number density of supernovae, which provide more energy to launch
the wind. Some authors argue that a minimum threshold of SFR
surface density Zgrr = 0.1 Mg yr~! kpc‘2 is required to launch a
superwind (T. M. Heckman 2003; S. F. Newman et al. 2012), and that
SFR density determines how much material is lifted above the disc
(Y.-M. Chen et al. 2010). The resolved observations of NGC 4666
allow for a comparison of the properties of the disc to the location
of the wind, described in the previous subsection. To measure the
SFR in NGC4666, we use the 24 pum image from Spitzer/MIPS
observations, binned to a spatial resolution of ~ 500 pc. Background
subtraction was performed by subtracting the median value of the
data extracted in an area free of sources. To convert the infrared flux
to SFR, we use the calibration SFR= 1.31 x 1073® L(24um)°3%
where L(24pm) is the infrared luminosity in units of erg s~!, and
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SFR is in units of My yr~! (D. Calzetti et al. 2007). We note
that 24 um emission can include contributions from older stellar
populations, which we do not account for here. However, since
NGC 4666 is a starburst galaxy, we expect this contribution to
be subdominant (P. Temi, F. Brighenti & W. G. Mathews 2009;
T. A. Davis et al. 2014).

To understand the relationship between star formation and the
wind, we also need to characterize the molecular gas reservoir that
fuels star formation. We measure the resolved properties of the
molecular gas using the ALMA/ACA moment 0 map of the data
cube, regridded to match the Spitzer/MIPS data. In this subsection,
we focus exclusively on the gas in the disc of NGC 4666; we will
discuss any extraplanar CO later in this work. Accordingly, the
discussion of the CO-to-H, conversion factor (xco) here pertains
only to the gas in the disc. To convert CO emission to molecular
gas mass, we consider two scenarios: the constant Milky Way
conversion factor aco mw = 4.36 Mg (Kkm s~ pc=2)~! (T. Carleton
et al. 2017); and a variable conversion factor that scales with the
baryonic surface density as aco Eb;?‘yfm following A. D. Bolatto,
M. Wolfire & A. K. Leroy (2013a, also see discussion in D.
Narayanan et al. 2011). Applying the latter to NGC 4666 yields
aco ~ 2. —2.5Mg (K km s~! pc=2)~! within the central £1 kpc of
the disc. In the outer parts of the disc, however, a Milky Way like aco
is more appropriate. This range introduces a systematic uncertainty of
~0.3 dex in our derived gas surface density and depletion time (Z4ep1).
To capture this, we adopt both aco = 2.5 Mg (K km s~! pc2)~!
and aco mw for our analysis of the star formation in the disc. In Fig.
2, we show the SFR and molecular gas surface density, as well as the
depletion time maps. We also display the radially averaged profiles
of Lsr, Lmol» and Zgepi- In the profiles, we highlight the area that the
limbs cover at 2.5 kpc from the disc mid-plane. We can, therefore,
identify differences in the disc from the region driving the wind.
The averaged SFR density within the central 5 kpc, corresponding
to the region where the wind is launched, is slightly greater than
0.1 Mg yr~! kpc~2, which supports a feedback-driven superwind.
The SFR surface density drops to ~ 0.06 M yr~! kpc~2 at a distance
of ~ 3.5 kpc from the centre. There is a small increase at ~ 4.5 kpc
that corresponds to the location of the bubble identified to the right
on the upper side of the galaxy (see Fig. 1). The highest Xsgr values
of NGC 4666 are lower than those from other well-known outflow
galaxies in the local Universe (NGC 253, M 82, and NGC 1482),
which are all less massive than NGC 4666. The molecular gas surface
density is slightly lower than 100 Mg pc~? within the innermost
regions of the galaxy. Outside of the central 5 kpc, it drops below
50 My, pc~2. Based on these two surface densities, we computed the
depletion time Zgepl @S fgepl = Xmot/ Bspr. This ratio corresponds to
the duration required for star formation to deplete the molecular
gas reservoir. We find that in NGC4666 t4p appears constant
throughout the disc. The global, galaxy-averaged, depletion time
is ~ 0.2 Gyr. If we assume a Milky Way conversion factor, X,
reaches 170 Mg pc~2 and goes below 100 My pc~? outside of the
inner 5 kpc. The galaxy-averaged depletion time in that case would be
~ 0.3 Gyr.

The resolved relationship between Xggr and X, in galaxies,
known as the Kennicutt—Schmidt law, has been extensively explored
through observations (F. Bigiel et al. 2008; R. C. Kennicutt & N. J.
Evans 2012; A. K. Leroy et al. 2013), along with the theories that
explain this connection (E. C. Ostriker, C. F. McKee & A. K. Leroy
2010; C. C. Hayward & P. F. Hopkins 2017; M. R. Krumholz et al.
2018). In Fig. 3, we display the relation between the SFR density,
Ysrr, and molecular gas surface density, 2,01, for NGC 4666 at a
sampling scale of ~ 552 pc, corresponding to the spatial resolution
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Figure 3. The resolved Kennicutt—Schmidt relationship. The measurements
of NGC 4666 are shown as blue circles: the filled points are those measured
within the wind launching area (dashed box in Fig. 1), while the empty points
are the other measurements in the disc. The dark golden points correspond
to similar spatial-scale measurements of IRAS 08339 + 6517, presented in
B. Reichardt Chu et al. (2022b). The grey points represent data from local
face-on spirals from the PHANGS sample (J. Sun et al. 2023). M 82 (A. K.
Leroy et al. 2015), NGC 253 (A. D. Bolatto et al. 2013b), and NGC 1482
(S. Veilleux & D. S. Rupke 2002; D. Salak et al. 2020) are represented as a
purple diamond, a red square, and a green hexagon, respectively. The dashed
lines indicate where the depletion time Zgepi would be 1.0 Gyr (bottom line)
and 0.1 Gyr (top line).

of the Spitzer/MIPS observations. The measurements from the region
associated to the launching site of the wind show the highest Xggr
and X, values. They do not quite reach the values from other nearby
well-known starburst-driven outflow galaxies (M 82, NGC 253, and
NGC 1482), but they are comparable to strong outflow measurements
at similar spatial resolution in IRAS 08339 + 6517, a local starburst
galaxy (B. Reichardt Chu et al. 2022b).

4 KINEMATICS SUBSTRUCTURE OF THE
WIND

In Fig. 4, we show the vertical velocity offset profiles of ionized
and atomic gas. The velocity is calculated as the difference from
the velocity at the mid-plane (defined as the average gas velocity
at z = 0 within the wind region). Note that these velocities have
been corrected for the inclination of the galaxy. We adopt the photo-
metrically derived inclination of 69.6° rather than the kinematically
derived value of ~ 78° from P. Voigtldnder et al. (2013), as the former
provides more conservative velocity estimates. This difference in
inclination introduces a systematic uncertainty of 0.23 dex in gas
velocities and all dependent quantities. We note that our analysis
assumes that the wind kinematics is dominated by vertical motions,
justifying our use of cos(i) to deproject the observed velocities. Here,
we focus on the vertical component as the dominant contributor to
the observed velocity offsets. Realistically, however, the observed
velocities likely arise from a combination of both rotation and vertical
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Figure 4. Gas velocity offsets within the upper cone of the NGC 4666
superwind. The dark magenta points denote the Ho velocity measurements
from VLT/MUSE, by considering the whole outflow pointing (lower points)
and the upper right main filament only (upper points). The dashed lines
represent the seventh-order polynomial fits to these velocities. The blue curve
represents the H1 velocity measurements from the WALLABY observations.
The velocity values have been deprojected by dividing the observed velocities
by cos(i) (with i = 69.6° the inclination of NGC 4666).

motions. As we show in Appendix A the velocity map indicates
that the Ho filament extending upward does not rotate with the
disc. This is also clear from the steep rise in Ha velocity from the
disc mid-plane to z ~ 1 kpc. After this rise AV remains relatively
flat until z ~ 2 — 3 kpc, after which it rises again to a velocity of
~250-300 km s~!. These velocities are comparable to typical voy
of ionized gas measurements from B. Reichardt Chu et al. (2025),
who measure scaling relations of resolved outflow properties for 10
starburst galaxies with low inclinations from the DUVET (Deep near-
UV observations of Entrained gas in Turbulent galaxies) sample. For
a Tger ~ 0.3 Mg yr~! kpc™2, which is similar to the central Tgpg
in NGC 4666, B. Reichardt Chu et al. (2025) predict an ionized gas
outflow velocity of 240-260 km s~! based on their scaling relation.
These velocities are similar to the ionized gas in nearby outflows
of NGC 253 (M. S. Westmoquette et al. 2011) and NGC 1482 (S.
Veilleux & D. S. Rupke 2002). The ionized gas velocity of NGC 4666
is, therefore, comparable to other winds of similar star formation
activity.

We note that the exact value of the wind velocity depends on the
spatial region selected for calculation. This is shown as the shaded
region in Fig. 4. When considering the entire GECKOS outflow
pointing region, the derived velocities correspond to the lower purple
points in the figure, with voy pe ~ 200 km s~!' at a distance of
~ 8 kpc. Additionally, we consider just the wind filament region. This
is defined as the area that exhibits continuous He emission, extending
up to the edge of the MUSE coverage, corresponding to a 2.7 kpc-
wide section that reaches 8 kpc above the mid-plane. This region is
indicated by a dashed grey rectangle in the left panel of Fig. Al and
its different gas properties derived from the GECKOS observations
are shown in Fig. A2. The velocity profile for this region is
represented by the upper dark magenta points in Fig. 4, with voy ne ~
300 km s~! at ~ 8 kpc. We decide to use the filament velocity for our
analysis.

In Fig. 4, we also show the velocity offset of the HI gas. We find
that the ionized gas, traced by He, has a velocity that is roughly
twice that of HI. This is similar to observations in M 82 (P. L.
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Shopbell & J. Bland-Hawthorn 1998; P. Martini et al. 2018), where
Vourte ~ 630 km s7! and vgu 1 ~ 200 km s~'. We note that the
shape and locations of rises in the H 1 profile are similar to those in the
Ho, albeit with lower amplitude. The velocity profiles of NGC 4666
also demonstrate that the two phases we are probing share similar
kinematic substructures. Lower outflow velocities in the neutral gas
compared to the ionized components are also frequently observed in
high SFR systems (S. Veilleux & D. S. Rupke 2002; D. S. Rupke, S.
Veilleux & D. B. Sanders 2005). A. Fluetsch et al. (2021) analysed gas
kinematics maps to perform a velocity comparison of outflow phases
(ionized and neutral) in a sample of 31 galaxies. They found similar
structure and gradients across the field of view for the two phases. We
note that the large H 1 beam size (~ 30 arcsec or ~ 2.3 kpc) leads to
spatial averaging that may underestimate the H I outflow velocities in
our observations. Additionally, the brightness-weighted nature of the
measurements means that emission detected at distances beyond the
beam full width half maximum (FWHM) will contain contributions
from both local gas and the bright central region. The effects of the
beam and the galaxy inclination are illustrated in Fig. B1, where we
show a surface brightness profile measured along the major axis
and then reprojected on the minor axis assuming an inclination
of 69.6°. This reprojected profile is well matched by a Gaussian
with FWHM = 3.5 kpc. This suggests that the smearing effects of
the beam on the H1 velocity offset profile are likely negligible by
z>4—5 kpe.

In Fig. 5, we show the map of the Ho velocity dispersion.
Note that in these maps the instrumental dispersion below Ho
has been subtracted in quadrature from the velocity dispersion.
A significant number of spaxels near the centre of the outflow
cone are fainter, and therefore do not pass our S/N criteria in the
0.6 arcsec spaxel data. We, therefore, bin the cube to a uniform
sampling of 500 pc, and also remeasure the velocity dispersion in
this map. This resampled cube shows a region of higher velocity
dispersion toward the left side of the image. We will, therefore, use
both in discussion of the velocity dispersion substructure. We note
that the observed velocity dispersion may be affected by line-of-
sight projection effects in this edge-on disc, as well as by beam
smearing.

Several works (e.g. A. Bik et al. 2018; D. K. McPherson et al.
2023; A. B. Watts et al. 2024) find elevated velocity dispersion gas
in imaging of outflows in edge-on galaxies. The velocity dispersion
in the wind of NGC 4666 is ~50-60 km s~!, this is similar to the
velocity dispersion in the wind gas of ESO 338—1G04 (A. Bik et al.
2018), but less than what is observed in Mrk 1486 (D. K. McPherson
et al. 2023) and NGC 4383 (A. B. Watts et al. 2024). We note that in
both of those targets the velocity dispersion is highest near the centre
of the cone. This region is not covered well in our observations. The
velocity dispersion of the extended Ha gas in the bubble, located to
the right of the biconical outflow, is only mildly elevated above the
disc, with an average value of ~40-45 km s~!. However, this may be
due to the lack of high altitude coverage. The velocity dispersion of
gas at the same distance above the mid-plane over the centre of the
galaxy is similar to that of the bubble. Elliott et al. (in preparation)
will analyse the velocity dispersion of a subset of winds from the
GECKOS sample.

Overall, we find that the velocity dispersion of gas in NGC 4666
is higher in the wind filament than in the main body of the disc, and
is especially elevated in the wind filament above the galaxy centre.
We take these observations as again similar to what is observed
in galactic winds. Moreover, NGC 4666 offers another example in
which high velocity dispersion above the plane of a galaxy disc is a
good indicator of outflows in galaxies.
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Figure 5. Ha velocity dispersion. Top: ~45 pc spatial resolution map
(0.6 arcsec pixel size). Bottom: 500 pc spatial resolution map. The wind
filament targeted by our GECKOS ‘outflow’ pointing shows an enhanced gas
velocity dispersion compared to that of the disc.

5 ELECTRON DENSITY PROFILE AND
IONIZATION STATE OF WIND

The vertical profile of the electron density, n,, is a critical prediction
of galactic wind theories (e.g. R. A. Chevalier & A. W. Clegg 1985;
E. E. Schneider et al. 2020; D. B. Fielding & G. L. Bryan 2022), and
is required for estimation of ionized gas mass.

We estimate the electron density (n,) in NGC 4666 using the [S 1]
AL6716,6731 doublet. To convert this line ratio into n,, we adopt
the approximation from R. L. Sanders et al. (2016), which assumes
an electron temperature of 7, ~ 10* K. The resulting minor axis
n, profile is shown in the top panel of Fig. 6. While GECKOS
deep observations allow us to measure 7., care must be taken in
interpreting the results. At low electron densities (n, < 25-30cm™?),
this line ratio becomes essentially insensitive to n,. This ‘low-density
limit” varies depending on the signal-to-noise ratio of the data (see
discussion in R. L. Sanders et al. 2016). Above this, the relationship
between the line ratio and n, is more informative, although the
slope remains shallow for densities around n, ~ 50cm™ (D. E.
Osterbrock & G. J. Ferland 2006).
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Figure 6. Profiles along the upper right wind filament. Top: electron density
profile derived from the [S11] AL6716,31 doublet. Grey symbols are spaxels
with S/N > 5 and magenta symbols represent S/N > 7 spaxels. The black
points show how the uncertainty on [S11] flux measurements propagates to
the uncertainty in electron density. The dashed and the dotted lines display
electron profile decays as proposed by different outflow models. Bottom:
[N 11]6583/He flux ratio profile. The ratio increases over the same distance
range where the electron density rises.

In Fig. 6, we plot all spaxels where the signal-to-noise ratio of
each of the [S 1] lines is greater than 5 (S/N > 5) as grey points, and
highlight those with a higher ratio (S/N > 7) in magenta. The top
panel of the Fig. 6 is reproduced from Fisher et al. (in preparation),
which studies n, for several outflow galaxies in the GECKOS sample.
The black points in the figure are created to show how the flux error on
the [S 11] emission lines propagates to the uncertainty in n,. For these
black points, we compute the median flux errors on the emission
lines from the spaxels in a Az£0.5 kpc surrounding the position.
We then propagate the uncertainty through the conversion from line
ratio to electron density. Only spaxels with S/N > 7 are included in
the average. The S/N, however, increases systematically toward the
galaxy centre.

The overall shape of the profile is not a smooth monotonic decay
with distance from the galaxy. This is starkly different from expec-
tations based on known theories of outflows (e.g. R. A. Chevalier &
A. W. Clegg 1985; E. E. Schneider et al. 2020; D. B. Fielding &
G. L. Bryan 2022), which generally predict a smooth, monotonic
decline in electron density with distance from the mid-plane. In the
central 0.5 kpc of the galaxy, the average is 1, ~ 100 — 300 cm—>.
There is a significant number of spaxels that reach very high electron
density, 1, ~ 1000 cm~3. We find a decline from the centre values
to ~ 2 kpc. The inner declining slope of NGC 4666 is not very
dissimilar from the slope measured for M 82 by X. Xu et al. (2023),
n, o< z~"1 It is important to state that the values in this region drop
below the typically taken low-density limit for the electron density.
We, therefore, advise a significant level of caution in interpreting

MNRAS 544, 3290-3311 (2025)

920z Asenuer |z uo Jasn AjsiaAiun saioopy uyor j0odiaai] Aq 0 L1 £8/062E/v/yS/8191e/Seluw/wod dno-olwapeoe//:sdny woJj papeojumoq



3300  B. Mazzilli Ciraulo et al.

the value of n, in the region from z ~ 0.5 — 2.5 kpc, due to the the
values of n, approaching the low-density limit. What is robust against
uncertainty (since the lower uncertainty bounds do not fall below the
low-density limit) is the trend: there is high n, in the galaxy centre
(> 100 cm™), decline to low values between z ~ 0.5 — 2.5 kpc, and
a subsequent increase again beyond ~2.5 kpc.

Beyond z ~ 2.5 kpc, the systematic uncertainty in n, is driven by
fewer points having S/N > 7, rather than at z ~ 0.5 — 2 kpc where
the high ratios of the [S 11] doublet generate uncertainty even at very
high S/N. The n, we measure, at z = 2.5 kpc is therefore biased to
brighter [S 1] emitting gas in the region.

Measurements of electron density profiles beyond ~2 kpc in
galactic winds remain absent from the literature. R. Gonzdlez-Diaz,
F. F. Rosales-Ortega & L. Galbany (2024) recently measure n, in
extraplanar emission for z < 2 kpc in main-sequence galaxies. While
most of there n, are low, a few spaxels suggest high electron density.
The exposure times of the GECKOS observations are designed
to achieve sufficiently high signal-to-noise measurements of the
[S1u]6716,31 for measuring electron density at large distance from
the disc. Fisher et al. (submitted) measure similar profiles of n, for six
galaxies with strong outflows from the GECKOS sample, including
NGC 4666. They find that rising profiles of n, are common in the
GECKOS outflows. X. Xu et al. (2023) presented an electron density
profile for M 82 to a distance of 2.5 kpc. They found an electron
density of ~ 200 cm™3 at 0.5 kpc, declining to ~ 40 cm ™3 at 2.5 kpc.
Verna et al. (in preparation) will extend the electron density profile of
M 82 further using a wide area coverage from VIRUS-P, and likewise
find high values of n,. These results will help place our results for
NGC 4666 in context. A. Bik et al. (2018) showed a radial profile of
the electron density for the starburst galaxy ESO 338-1G04 up to a
distance of 3.2 kpc. They found an electron density n, ~ 100 cm™>
in the centre and a drop to n, &~ 10 cm™ at the largest extent of their
measurements. Similarly, M. J. Hamel-Bravo et al. (2024) report low
n. in the outflow of local starburst NGC 1569. R. G. Sharp & J.
Bland-Hawthorn (2010) mapped the [S 11]-based electron density in
a sample of galaxies hosting star-formation- and AGN-driven winds.
In the starburst NGC 1482, they observed a density gradient, with
lower values at the base of the outflow than in the outskirts. We note,
however, that the measurements of R. G. Sharp & J. Bland-Hawthorn
(2010) do not extend far into the wind, and it is difficult to assess the
shape of the profile. The GECKOS results shown here and in Fisher
et al. (submitted) are unique in probing n, far from the galaxy.

While the shape of the electron density profile of NGC 4666 is
different from expectations in theory, it is not inconsistent with
unresolved observations of electron density in outflows of Ultra-
Luminous Infrared Galaxies (ULIRGs) and high-z galaxies. These
so-called down-the-barrel observations collapse the entire outflow
into a single broad component of the spectral line in a less inclined
galaxy. A. Fluetsch et al. (2021) studied 26 (U)LIRGs using MUSE
and found that, on average in their sample, the electron density of
the ionized gas in the outflow — derived from the [S 11] doublet — was
roughly three times higher than in the disc ({7 ouflow) ~ 490 cm™3,
(Me.gisk) ~ 145 cm™3). At higher redshift (0.6 <z <2.7), N. M.
Forster Schreiber et al. (2019) measured a typical electron density
n, ~ 380 cm~3 in star-formation-driven winds and n, ~ 1000 cm™3
in AGN-driven winds. Our observations of NGC 4666 wind filament
exhibit lower values than galaxies at higher redshift. They are also
lower than the electron density derived in the (U)LIRGs sample.

The bottom panel of Fig. 6 presents the vertical profile of
[N1]6583/Ha flux ratio derived from the MUSE data. This ratio
is sensitive to the ionization state and hardness of the radiation field,
and is commonly used to trace changes in excitation conditions.
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All weighted average values are below log([N11J/He) = —0.2 in
the inner 2 kpc, then the ratio increases until it becomes more
constant from ~3 kpc onwards (log([N 11]/Har) ~0). These values
of [N 11]/He are not indicative of strong shocks. An interesting result
is that the increase in the [N II]/Hwa ratio values occurs within the
same distance range as the increase in the electron density. This
correlation strengthens our interpretation that these observations are
driven by underlying physical processes occurring within this region
(z ~2-3 kpc). Beyond this distance, the [N 11]6583/He ratio remains
elevated (~ 1) and shows little variation with height (Fig. A2),
suggesting that the ionization conditions in the extraplanar gas remain
relatively uniform. Similar enhanced line ratios in diffuse extraplanar
gas have been reported by R. Gonzalez-Diaz et al. (2024) along the
minor axis of their studied galaxies, and Elliott et al. (in preparation)
show that strong optical emission line ratios increase in the winds of
nine star-forming GECKOS galaxies.

We summarize our results on the electron density profile in the
outflow of NGC4666. We find that the electron density of gas
decreases from the galaxy centre to the edge of the discatz ~ 1 — 2
kpc. We then find that there is high density gas in the wind. This gas
has n, ~ 100 — 300 cm~ and resides at z > 2 kpc. We cannot say
if this represents all of the gas in the wind, or if it is only a subset
of the brightest gas clouds. Moreover, it is important to state that the
size of gas clouds in the wind is likely smaller than the GECKOS
resolution (~ 45 pc). Gas clouds in M 82 wind have been found to
have typical widths of ~ 5 — 18 pc (D. B. Fisher et al. 2025). The
electron density of those clouds may be higher than the surrounding
medium, which would indicate even higher electron densities than
what we measure in small regions. High-resolution observations of
outflows with JWST are a clear step towards better understanding
this critical parameter.

6 OUTFLOW RATES IN NGC 4666
6.1 MASS OUTFLOW RATES AND MASS
LOADING

In this section, we estimate mass outflow rates for ionized and H1
gas phases in the galactic wind. We use the DECam Ho narrow-band
observations presented in Fig. 1 to define the superwind bicone. We
measure outflow mass rates of the warm ionized gas and of the neutral
atomic gas using He and WALLABY observations, respectively. We
also derive a mass outflow rate upper limit for the molecular gas from
the ALMA/ACA observations; details and calculations are presented
in Section 6.2.

The resolved outflow rate measurement in a cell within the outflow
is defined as:

. Vout,z

Mout,z - Moul,z AZ (1)
where Moy, is the gas mass in the cell, vy , is the velocity of the
outflowing gas in that cell, and Az is the physical size of the cell.
To compare H1 and ionized gas outflow properties, we first convolve
the Ha narrow-band image to match the spatial resolution of the
WALLABY H1 map. We find that the ionized gas mass outflow rate
measurements show good agreement between the full resolution Ho
map and convolved data. For v,,, we adopt the velocity offset of
the wind filament presented in Fig. 4, derived from the GECKOS
observations. We fit a seventh-order polynomial to the Ho profile
and evaluate this polynomial at the H1 resolution.

We define the wind region based on its position and width
measurements discussed in Section 3.1. It is ~ 6.9 kpc wide at
5 kpc above the disc, being robustly detected from —4.8 kpc on
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Figure 7. Mass outflow rates against distance to the mid-plane. The blue
curves show the HI mass outflow rate measurements: the upper thin line
corresponds to measurements before accounting for projection effects, while
the thicker line presents corrected estimates (see Section 6.1.2). The magenta
shaded area displays the Ha mass outflow rate measurements, assuming a
clumping factor C, = 1. The upper magenta dashed line corresponds to the
low-density assumption where 1, decays as z~0%; the dotted line represents
measurements for a constant 7, = 100 cm™3; and the bottom solid line is the
profile for the data-driven profile of n., given by equation (3). The grey dashed
lines indicate SFRs: the bottom line shows the infrared-based SFR integrated
within the region underneath the outflow, while the upper line represents the
total SFR from C. J. Vargas et al. (2019). Values in the bottom-left corner
give total mass-loading factors for each phase, calculated by summing the
measurements beyond 2 kpc.

the left side to 2.1 kpc on the right side. The limbs are completely
distinguishable up to ~ 8 kpc from the mid-plane. The outflow region
we consider for our measurements is then a rectangular region
covering ~ 6.9 x 8 kpc?.

In this wind, we calculate the resolved outflow rate measurements
by summing all pixels in the horizontal direction that are within the
Az region (Az corresponding to the size of a WALLABY pixel,
~ 450 pc).

Estimation of the mass outflow rate of ionised gas and atomic
gas are both subject to different sources of systematic uncertainty.
We will describe each of these estimates, and their caveats in the
subsections below.

6.1.1 Resolved ionised gas mass outflow rate

The ionized gas mass is estimated using the extinction-corrected
luminosity of He, Ly,, with the following (S. Veilleux et al. 2020),
Mion[Mg] = 3.3 x 108ceM )
Ne3
Here, n, 3 is n,/1000 and L4 (Ha) = L(Her)/10*. C, is the electron
density clumping factor, C, = (n2)/n?. If each cloud has uniform
density then C, is of order unity. If the gas clouds are clumpier, with
more significant density variations, the clumping factor would have a
higher value. Some simulations suggest that clumping factors greater
than unity are realistic (e.g. E. E. Schneider & B. E. Robertson 2018).
In the absence of direct observational constraints, assuming C, = 1
is common. For the profiles shown in Fig. 7, we assume C, = 1.
We mask measurements taken at distances smaller than the H1 beam
major axis length (~ 2.26 kpc). We also must adopt a prescription

NGC 4666 multiphase galactic-scale wind 3301

for the electron density, n,. Based on the profiles displayed in Fig. 6,
we choose to make multiple assumptions, which allows us to track
this systematic uncertainty through our main results. The first is a
‘data-driven’ assumption, which assumes a profile that is determined
from the data described in Section 5. We derive the following
equation using the PYTHON package scipy.odr’:

—0.8
195z — 375 2kpe < z <3 kpc &)
210 z > 3 kpe

N, [cm_3] ~

The second assumption for n, is a ‘decaying’ assumption, where
n, decays o< z~*8 across the entire distance range. This assumption
leads to values of order ~ 10 cm™3 for the highest altitudes (z ~
3 — 7 kpc), and is similar to what has been assumed historically
(P. L. Shopbell & J. Bland-Hawthorn 1998). Third, we consider a
constant value of n, = 100 cm~>, which is similar to other works in
the literature (e.g. B. Reichardt Chu et al. 2025).

Based on the electron density profile derived directly from the
data (top panel of Fig. 6, equation 3), we estimate a total ionized
mass outflow rate of ~ 0.5 Mg yr~!. This profile is considered
our preferred solution, as it is directly constrained by observations.
For comparison, adopting a steeper electron density profile that
decays as o< z7%8 up to 8 kpc yields a higher mass outflow rate
of ~4.7 Mg yr~!. We estimate an ionized mass outflow rate of
~ 0.5 Mg yr~! for the data-driven approach. The assumption of
constant n, = 100 cm™ yields a result of ~ 0.5 Mg yr~'. The
largest difference is the decaying profile, which is nearly an order
of magnitude higher at ~ 4.7 Mg yr~!. We also note that the decay
in mass varies based on the assumption of n.(z). We find for the
data-driven that My ions declines by a factor of 50 between 0.5 and
3 kpc. Conversely, the assumption of a decaying profile leads to a 3x
decline across a similar distance.

In M 82, mass outflow rate estimates derived from Ha observations
span values from ~ 6.3 Mg yr~! at 0.7 kpc to ~ 1 Mg yr~! at
2.2 kpe (P. L. Shopbell & J. Bland-Hawthorn 1998; X. Xu et al.
2023). X. Xu et al. (2023) used average electron density values in
radial bins that decline from ~200 cm™> at 0.5 kpc to ~40 cm™3

~1.17
at 2.2 kpc, approximating the power law n, ~ 100 (m) .
If we compare this to the decaying electron density profile in our
results, then the ionized gas mass loading is similar. Our data-driven
electron density profile, however, at larger distances from the disc.
Verna et al. (in preparation) find similar results of high n, at large
radius in M 82 using VIRUS-P observations, this has a similar impact
on the mass profile as in NGC4666. In NGC 1482, the ionized gas
mass outflow rate is ~ 0.6 Mg, yr—'. This value is calculated for an
electron density n, ~10 cm™ (R. G. Sharp & J. Bland-Hawthorn
2010), which is measured on the [S1I] doublet in observations that
do not reach the distances of our measurement in NGC 4666. We,
therefore, cannot say if NGC 1482 has a rise in n, at z > 2 kpc
similar to NGC 4666.

6.1.2 Resolved H1 gas mass outflow rate

The H1 gas mass is calculated from the velocity-integrated intensity
(moment 0 map). While the conversion of mass in H1 is well defined,
the largest systematic arises from our ability to separate the HI
gas in the outflow from that of surrounding gas both in the disc
and extraplanar emission. We have shown above that the ionized

"https://docs.scipy.org/doc/scipy/reference/odr.html
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Figure 8. Top panel shows the HI moment 0 map from B. Lee et al. (2022),
with red contours for H1 gas. The contour levels are chosen to guide the eye
to the similarity of Ho and H 1. The bottom panel shows the Ho narrow-band
image with H1 contours overlaid. In both panels, there is a dashed vertical line
that is set to guide the eye. The bottom panel shows that morphology of the
H 1 contours correlates with the location of the He, which can be interpreted
as the HT gas being impacted by the wind.

gas in NGC4666 has observed morphology and kinematics that
are consistent with galactic winds. Moreover, observations of very
nearby galaxies like M 82 (P. Martini et al. 2018) and NGC 1569 (M.
Johnson et al. 2012) suggest that ionized gas outflows are likely to
contain H1 outflow as well. We, therefore, consider the scenario in
which some fraction of the extraplanar H I near the Ho outflow is also
outflow gas. None the less, B. Lee et al. (2022) show that a significant
amount of gas around NGC 4666 is due to interactions within the
group. In this subsection, we will attempt to place constraints on the
mass of the HI wind, with these uncertainties in mind.

In Fig. 8, we compare the morphology of the extraplanar HI gas
to the Ho gas. In the Ho map, biconical filaments of ionized gas
extend upward from the disc with a minimum in emission that is
above the centre of the galaxy, as described above in this work. This
is consistent with the expectations of a multiphase wind in which the
hot inner cone is surrounded by 10* K ionized gas. (T. M. Heckman
2003; S. Veilleux et al. 2005; A. D. Bolatto et al. 2013b; A. K. Leroy
et al. 2015; S. Veilleux et al. 2020). The contours of HI gas show an
outward bulge that is correlated to the location of the Ha gas outflow
limbs, and likewise a minimum in that bulge that is colocated with
the minimum in He. The dashed lines in the figure are set to guide
the eye and show this bulge. In Fig. 9, we show horizontal surface
brightness profiles of H1 and He for gas at 2.5-5 kpc above the mid-
plane, on the upper side of the galaxy. These further illustrate the
connection between the bicones in Ha with increases in HI surface
brightness. The H1 peaks located near to —3-and 4 kpc correspond
to the bulges in the contours above the disc plane in Fig. 8. The
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Figure 9. Horizontal cuts to the He (red) and H1 (black) images. The cuts
are made at 2.5 kpc above the disc, and extend upward to 5 kpc. Profiles are
normalized such that the maximum surface brightness along the profile is one
and the minimum is zero. For Ha, we show both the full resolution and the
image that has been blurred to match the H1 resolution.

ionized gas is peaked inside of these H I peaks. This nested structure
in which the HI peaks surround the ionized gas is consistent with
the standard expectation of multiphase outflows, illustrated well in
fig. 19 of A. K. Leroy et al. (2015). While we cannot know for
certain what causes multiphase morphological changes, it is, none
the less, straightforward to interpret these morphological correlations
as having a causal connection. In this case, one interpretation of the
changes in the HI morphology over the centre of the galaxy is that
the gas is connected to the outflow observed in Ho.

A significant source of uncertainty is that extraplanar H I emission
may be due to both gas in the outflow and gas that is due to the
interaction (described in B. Lee et al. 2022). Our assumption that
the HI gas that is colocated in the image with Ho bicone is likely
an oversimplification. It is difficult to estimate the difference, as
any interaction will be very asymmetric. Readers should take these
numbers as an upper estimate on the outflow mass-loading in cold
atomic gas.

In NGC 4666, we estimate a total atomic mass of the outflow
of My, =4 x 108 Mg, measured from 2 kpc above the mid-plane,
which is 8 per cent of the total HI mass in the galaxy. We estimate
a mass outflow rate of 13 Mg yr~!. We find that the mass outflow
rate declines by roughly an order of magnitude from the region near
the galaxy compared to those at z = 6 — 7 kpc. This is due to the
decrease in the mass surface density at higher altitude. We find that
for H1 gas above 2 kpc, 90 per cent is contained within the region
from 2-5 kpc.

Another source of systematic uncertainty on the mass of H1 in the
wind is from the large beam of the WALLABY data (FWHM~ 2.2
kpc). Some gas could be projected into the wind from the disc.
To estimate this uncertainty we model the minor-axis profile by
assuming a tilted disc that is completely symmetric. This is likely a
simple description of the galaxy, but sufficient for our purposes. We
measure the surface brightness profile along the major axis and then
reproject that profile on the minor axis, assuming an inclination of
69.6°. We find that the minor axis disc profile can be described by
a Gaussian with FWHM~ 3.5 kpc. We then project such a profile
into the outflow and subtract the emission from the observed H1
brightness in each pixel. This is described in Appendix B, illustrated
in Fig. B1. This correction affects the H I mass estimates in the wind:
when integrating beyond 2 kpc, it introduces a total uncertainty on the
outflow mass of ~0.3 dex. The impact is more significant between 2
and 4 kpc to the mid-plane, where applying this correction decreases
the H1 mass by ~ 61 per cent.
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It is not as straightforward to estimate the impact of extraplanar
emission from the group interactions. We could assume that group
interactions become more important further from the galaxy. If we
further remove all gas beyond 5 kpc from the wind with our disc-
blurring correction, this would decrease the mass outflow rate by an
additional 37 per cent.

Overall the mass outflow rate of HI is not likely larger than 13
Mg yr~!. If we, however, correct both for the blurring of the disc
and the gas from the group the mass outflow rate could be as low as
5.4 Mg yr .

For comparison, in M 82 the mass outflow rate of H1 is of order
~3 Mg, yr~!. There is an order of magnitude decrease in the mass
outflow rate from a distance of ~1 to ~5 kpc. In both of these targets,
the lower velocity of H1 implies that the dominant mass component
may not be travelling as far from the disc.

There are very few examples of outflow rates derived from H1
21 cm emission in the literature. G. W. Roberts-Borsani (2020)
attempted to detect broad emission in H121 cm stacked spectra from
multiple surveys but did not find anything significant. Their upper
limit on the atomic mass outflow rate is My < 26.72 Mg yrfl.
Comparisons can be made with indirect neutral gas tracers such as
NaD and [C11]. However, it is important to note that these tracers
do not probe the same gas phase: NaD traces warmer gas than H1,
and [C 1] is subject to systematic uncertainties that make it difficult
to interpret for outflows. For context, G. W. Roberts-Borsani (2020)
also rederived neutral outflow rates from the fitted parameters of Na D
profiles given by H. B. Krug, D. S. N. Rupke & S. Veilleux (2010) for
a sample of 35 infrared-faint Seyfert galaxies. They found maximum
values of ~ 23 — 56 M, yr~! for galaxies above the main sequence.

6.1.3 Multiphase mass loading of NGC 4666

The lower grey dashed line in Fig. 7 represents the infrared-based
SFR of the region underneath the wind. We compute this SFR epral
from the Spitzer/MIPS 24 um observations and find SFR epia =
3.7 Mg yr~!. The upper grey dashed line shows the total galaxy
SFRpa1 = 10.5 Mg yr*1 (C.J. Vargas et al. 2019). The mass-loading
factor, gy = M,y /SFR, describes the relationship between the rate
of gas expelled from a region of the galaxy and the star formation
activity responsible for driving the outflow. We calculate a total mass-
loading factor ny; in each phase where we sum the mass outflow rate
measurements beyond 2 kpc, using both the central SFR and the
total galaxy SFR. As we have argued previously in this work, the
main biconical wind in NGC 4666 is likely driven by a centrally
located starburst, however, unresolved observations of outflows do
not make this distinction. We will therefore provide both the mass
loading of the central SFR and the global, so that our results can
be directly compared to previous works. We assume that NGC 4666
wind is symmetric and multiply the mass outflow rates derived from
our observations by two to account for the lower side of the wind.

For the atomic gas, we measure a total mass outflow rate
Mo i1 ~ 13 Mg yr~! (see Section 6.1.2). This corresponds to mass-
loading factors of nyu1 ~ 3.5 (using SFReepgal) OF nmur ~ 1.2
(using SFRyu,). As discussed in the previous subsection, beam
correction effects reduce the HI mass outflow rate to 8.5 Mg yr~!,
yielding corrected mass-loading factors of ngy ~ 2.3 (with SFR epgrar)
Or NM,HI ™~ 0.8 (with SFRy).

For the warm ionized phase, we measure MOULHQ between 0.5
and 4.7 Mg yr~! (see Section 6.1.1), depending on our electron
density assumptions. This corresponds to mass-loading factors 7y me
between 0.1-1.3 (using SFRceptral) 01 0.04-0.4 (using SFRota1). Using
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the electron density profile measured from the GECKOS data gives
values at the lower end of these ranges.

Under all estimates of the HI mass loading, even the most
conservative, the atomic phase dominates the mass outflow rate
of the ionized gas by a significant amount, roughly an order of
magnitude. This result is critically dependent on our measurement of
high electron densities in the wind. Some authors have historically
made assumptions of n, ~ 10 cm~>, which would have made the
mass loading of the ionized gas comparable to HI. Similarly, a
decaying n, profile would also have resulted in a larger ionized
mass outflow rate.

Before comparing to other published works, it is important to
discuss systematic differences in measurement techniques. The vast
majority of mass loading factors are determined with so-called down-
the-barrel measurements in which the outflow properties are derived
from decomposition of the emission lines in a mostly face-on target.
A single velocity, which is typically similar to the 90 per cent velocity
of the broad component, is taken to describe all of the gas. Our mea-
surements are likely biased toward lower mass outflow rates for mul-
tiple reasons. First, we cannot distinguish outflow gas from disc gas
forz < 1.5 — 2kpe. The velocity profile of the ionized gas presented
in Fig. 4, however, shows that the velocity increases rapidly to ~
200km ™!, likely indicative that it is already tracing outflow gas. Due
to the edge-on orientation, our measurements may be missing some
fast-moving gas that would be included in down-the-barrel measure-
ments of face-on galaxies. Moreover, the velocity profile rises again
from 200 km s~! further to 300 km s~ If we take the total luminosity
of Ha in the wind of NGC 4666, adopt vey ~ 250 km s™! and ryy ~ 1
kpc we derive an M, that is ~ 2 — 3x our resolved measurement.
We therefore expect that observational biases may lead to mass-
loading factors that are ~0.3 dex lower than for face-on galaxies.

Our total ionized gas mass-loading factor lies within the range,
albeit on the lower side, of those from the DUVET sample (B. Re-
ichardt Chu et al. 2025). They presented sub-kpc, spatially resolved
measurements of mass outflow rates and found 9y jon ~ 0.1 — 10. It
is also consistent with the measurement of D. K. McPherson et al.
(2023), who studied the outflow in the edge-on galaxy Mrk 1486
using optical emission-line observations. They derived an ionized
mass-loading factor ny jon = 0.7 within the outflow along the minor
axis. NGC 4666 has a lower SFR compared to the galaxies from the
DUVET sample analysed by B. Reichardt Chu et al. (2025) and D. K.
McPherson et al. (2023). The galaxies in the DUVET sample were
chosen for having SFRs that exceed the main-sequence value by at
least a factor of five based on their total stellar mass. Given this, the
lower ionized gas mass-loading factor in our galaxy is therefore not
unexpected.

Using FIRE-2 simulations, V. Pandya et al. (2021) determined that
warm gas (10 K < T < 10° K) mass-loading factors are smaller
than unity for galaxies with a stellar mass similar to NGC 4666.
This prediction is consistent with our observed ionized gas mass-
loading factors for NGC4666. Similarly, the SMAUG-TIGRESS
simulations (C.-G. Kim et al. 2020) found mass-loading factors for
cool gas (T ~ 10* K) ranging from ny ~ 0.2 — 10 for Xgggr ~ 0.1 —
1 Mg, yr~! kpc~2. These surface densities are comparable to the Zger
we derive in the disc of NGC 4666, and their predicted mass-loading
factors align with our total 7y y, measurements.

Fig. 10 shows the relationship between mass-loading factor and
galaxy stellar mass, comparing NGC 4666 to other galaxies in the
local Universe. The grey dashed lines represent two different ny; o
M %3 scaling relations with a normalization that differs by one order-
of-magnitude. This scaling is consistent with the general trend of
decreasing mass loading with increasing stellar mass found in many
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Figure 10. Mass-loading factor measurements with respect to galaxy stellar
mass for different samples in the local Universe. Pale symbols represent
previous works: empty symbols show ionized gas measurements, while
filled symbols correspond to total mass-loading factors combining ionized
and molecular gas measurements (when available). Vertical lines connect
measurements from the same galaxy. For M 82, NGC 1569, and NGC 4666, all
shown in indigo, the filled symbols represent mass-loading factors summing
ionized and neutral gas. The dashed grey lines represent theoretical scaling
relations, with a slope similar to that of the FIRE-2 simulations. The lower line
is normalized to pass through the median of the data, while the upper line is
shifted by one order of magnitude.

simulations (e.g. A. L. Muratov et al. 2015; V. Pandya et al. 2021).
The ionized gas mass loading for NGC 4666 is typical for its stellar
mass when compared to other samples. Differences in mass loading
from galaxies like M 82 can be attributed to this trend with stellar
mass.

Similar to CO observations (e.g. A. Fluetsch et al. 2021), the
colder phase gas carries significantly more mass in the outflow but
at lower velocity than the ions, and is unlikely to reach the same
distances into the circumgalactic medium (CGM) as the ionized gas.
Across M 82, NGC 1569, and NGC 4666, resolved H1 observations
consistently show mass-loading factors 5—10 times larger than those
of ionized gas, mirroring the molecular-to-ionized gas mass-loading
ratios found by A. Fluetsch et al. (2021). These observations point
to a picture in which the neutral phase (either molecular or atomic)
exhibits mass-loading factors an order of magnitude larger than for
ionized gas. It is important to note, however, that this enhanced
mass loading refers specifically to gas leaving the disc. The observed
velocities of both HI and CO indicate that this cold material does not
travel far beyond ~10 kpc in star-formation-driven winds, confirming
that while neutral gas dominates the mass budget of galactic outflows,
it remains confined to the inner regions compared to the more
extended ionized component.

6.2 Energy loading factors of NGC 4666 wind

In this section, we consider the energy of the wind, where the
energy rate is defined as E = 0.5Mv?. To estimate the total energy
released by supernovae, we assume that each core-collapse supernova
(SN II) explosion supplies 10°'erg (N. Murray, E. Quataert &
T. A. Thompson 2005) and that the ratio of supernovae rate to
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Figure 11. Energy outflow rates against distance to mid-plane. The blue
curves show the HI mass outflow rate measurements: the upper thin line
corresponds to measurements before accounting for projection effects, while
the thicker line presents corrected estimates (see Section 6.1.2). The magenta
curves display Ha energy outflow rate measurements, assuming a clumping
factor C, = 1. The upper dashed line corresponds to the low-density assump-
tion where n, decays as z~%8; the dotted line represents measurements for a
constant 77, = 100 cm~; and the bottom solid line is the profile for the data-
driven profile of n,, given by equation (3). The grey dashed lines indicate
energy rates injected by supernovae feedback: the bottom line shows value
for the region underneath the outflow, while the upper line represents the total
energy rate injected from the whole galaxy, ~ 1.7 x 10%? erg s~!. Values
in the bottom-left corner give total energy loading factors for each phase,
calculated by summing the measurements beyond 2 kpc.

SFR is 0.01 SNe II/M (for a Kroupa initial mass function, P.
Kroupa 2001). The SFR of the region underneath the wind is 3.7
Mg yr~!, which gives ~0.04 SNe/year. Considering the total SFR
of 10.5 Mg yr~' gives ~0.11 SNe yr~—'. The energy released by star
formation also depends on the efficiency of energy transfer from
SNe to the surrounding environment. This efficiency is not well
constrained because it depends on the properties of the ISM. Models
suggest that the efficiency of energy transfer from supernovae to the
ISM can be as low as 10 percent in the densest cores of nuclear
starburst (e.g. K. Thornton et al. 1998) but more recent observations
of galactic winds suggest greater values (see details in S. Veilleux
et al. 2005). For our calculation of Egr, we consider an efficiency
of 50 per cent. We find a kinetic energy supplied by supernovae of
Esp o = 1.7 x 102 erg s™!. An efficiency of 10 per cent instead
would lead to an injected energy by star formation five times lower,
and thus to energy loading factors five times greater than our values.

Fig. 11 shows the radial profiles of energy outflow rate for both
ionized and HT gas phases. For the atomic gas phase beyond 2 kpc,
we measure Eq, ;= 1.5 x 10*! erg s~! (after inclination/beam cor-
rection), corresponding to an energy loading factor (ng = Eou/Esr)
of ~0.09 when considering the total SFR. The ionized gas shows
EOULHD, =29 x 10* erg s~! assuming our data-driven electron
density profile, yielding an ionized energy loading factor of 0.02.
If we calculate the kinetic energy injected from the centrally
located starburst only, this increases these energy loading factors
by approximately a factor of 2.8, giving a combined H1 + ionized
energy loading of ~0.35.

A complete summary of mass and energy loading factors for
different phases and assumptions is given in Table 2.
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Table 2. Total outflow measurements from different phases in NGC 4666. The values for mass, mass rate, energy rate, mass loading, and energy loading are
calculated based on gas emission beyond 2 kpc from the mid-plane on the upper side of the wind. These values are then multiplied by two to account for the
contribution from the opposite side of the wind. For CO emission, the derived values are limits based on the sensitivity of the observations (see Section 6.2).

Phase Tracer Vout Assumptions Moy Moul Eoul Mout/SFRlolal Eout/ESF,lotal
(kms™h) Mo) Mg yr™h (ergs™")
Warm ionized ~ Ha 210-320 Data-driven n,, C, = 1 4.4 x 10° 0.5 2.9 x 104 0.04 0.05
Decaying n,, C, = 1 4.0 x 107 47 3.9 x 104 0.4 0.7
Constant 1, C, = 1 4.4 x 10° 0.5 3.6 x 104 0.05 0.06
Atomic Hi1 150 Inclination + beam corrected 2.2 x 108 8.5 1.5 x 10*1 0.8 0.09
- 4.1 x 108 13 1.7 x 10*! 1.2 0.10
Cold molecular  CO(1—0) VCo = VHI <4 x 107 <29 <2x10% <03 < 0.04
We note that the energy rate profile of H 1 presents substructure that = T T T T T T T T T
is not observed in the Ha profile. Specifically, the E,y g1 increases £ 75} CO beam |
between 4 and 7 kpc. In contrast, Eqy p, decreases systematically -
across the entire range that we probe. The increase in Egy pn1 is % 501 1
colocated with a rise in the velocity profile of the HI gas shown in ‘_i‘
Fig. 4. Given that energy loading includes v?, this is likely the cause S 257 ]
of this bump. 2 . M

We note that the beam smearing could impact the velocity profile,
which then may impact E,,. The velocities of HT are determined
from the moment-1 decomposition to the H 1 datacube. If the velocity
near the galaxy includes a lower velocity component, from the disc,
this would lower the measured moment-1 velocity. The large beam
of the WALLABY data could extend that low velocity gas further
into the disc, which may create lower velocities at z ~ 1 — 3 kpc. It
would have diminishing impact at larger velocity. The v3 dependence
of the outflow energy profile may increase this effect. Higher spatial
resolution data will be helpful in these cases.

Our combined H1+ ionized energy loading factor of ~0.11 (with
SFRota1) or ~0.35 (with SFRcenra1) can be compared with other
starburst-driven winds.

In M 82, the combined energy rates from ionized and atomic gas
account for ~10-12 per cent of the kinetic energy injected by the
starburst (X. Xu et al. 2023). This is very similar to the energy
loading we report for NGC 4666.

We discuss below that we do not detect extraplanar CO. The
frequency and amount of molecular gas in outflows is not understood
(see A. Vijayan & M. R. Krumholz 2024). We do not know if
significant amounts of molecular gas would survive disc breakout
in NGC 4666. Moreover, the CO in M 82 does not extend far beyond
~2-3 kpc (N. Krieger et al. 2019), which is where we begin
calculating our mass-outflow rate.

6.3 Molecular gas in the wind

At a projected distance of approximately 1.75 kpc, we do not detect
any extraplanar molecular gas in NGC 4666. The top panel of Fig. 12
shows the CO(1-0) velocity-integrated intensity as a function of
distance from the mid-plane. The rms noise level per channel in the
CO(1-0) cube is 11.1 mJy beam™!, with a a channel width of 20 km
s~! (B. Lee et al. 2022). Assuming a line width of 200 km s !,
motivated by the integrated spectrum between 1 and 2 kpc, we can
compute a minimal detectable CO mass per beam in the galaxy. A
circular synthesized beam covers an area of ~ 1.2 kpc?. Based on
this CO mass limit and the area of the upper-side wind, we estimate
an upper limit for the molecular gas mass in the outflow. The derived
CO mass limit is 1.9 x 107 Mg, assuming a CO-to-H, conversion
factor of aco = 1 Mg (K km s™' pc™2)7!, consistent with values
adopted for other starburst-driven winds (e.g. A. D. Bolatto et al.
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Figure 12. Minor-axis profiles of CO emission. The top panel represents the
velocity-integrated flux intensity, computed from the 5o -clipped moment 0
map. The dashed grey line shows the beam profile, the transparent solid line
shows the CO flux profile, and the darker solid line with points shows the flux
profile after subtracting the beam profile.

2013b; A. K. Leroy et al. 2015). To estimate the total molecular
gas outflow rate, we multiply this mass limit by 2 to account for
the lower side of the wind, and assume the molecular gas has the
same velocity as the atomic gas (v = 150 km s~!). This gives an
outflow mass rate limit of Mom.co,lim = 2.9 Mg yrfl, and a limit
of Mom,co.hm/SFRmml = (.3, which is significantly lower than the
mass loading of H1 and falls within the range of the ionized mass
loading (0.04—0.4). This limit is much lower than measured in nearby
starburst like NGC 253 (N. Krieger etal. 2019) and M 82 (A. K. Leroy
et al. 2015). Observations of M 82 indicate an atomic-to-molecular
mass rate ratio of about 0.7 at 2.2 kpc. Assuming a similar atomic-
to-molecular ratio for NGC 4666 would imply a molecular outflow
mass rate of ~ 12 Mg, yr~', comparable to the SFR of NGC 4666.
This is much larger than our limit.

7 PROPERTIES OF THE He BUBBLE

On the far-right side of Fig. 1, we identify a secondary region extend-
ing outward from the disc that sits over a small-scale enhancement in
the ¥gpr. The region appears to be distinct from the biconical wind
in the centre of the galaxy. E. E. Schneider & S. A. Mao (2024) found
in simulations that the spatial distribution of the star formation in a
galaxy may have an impact on the winds. We, therefore, consider the
properties of this ‘bubble’.
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Figure 13. Ionized gas velocity and mass outflow rate profile of the bubble. The velocity He measurements are based on the GECKOS MUSE observations,
which coverage stops at ~4 kpc from the mid-plane. The horizontal dashed grey line in the right panel represents the 24-um-based SFR value of the region
underneath the extraplanar emission. The outflow rate is computed assuming a constant n, = 60 cm™3, which is what we measure in the galactic disc below the

bubble.

We find that the bubble extends to a distance of ~3.7 kpc from
the mid-plane, after which the Ha surface brightness is consistent
with the noise in the narrow-band image. Using the Ho emission, we
determine a width of the bubble along the major axis to be ~2.5 kpc,
and it is located ~7 kpc from the galaxy centre. A. T. Barnes et al.
(2023) study voids in the face-on spiral galaxy NGC 628. They
interpret these voids as the result of star formation feedback. They
find that the ionized gas is brightest in the shells of such structures.
If the bubble we observe is a similar phenomenon that is viewed
edge-on, then its diameter is larger than the biggest void not only
in NGC 628, but in the entire PHANGS (Physics at High Angular
resolution in Nearby GalaxieS) sample (E. J. Watkins et al. 2023).
NGC 4666 has a stronger starburst than those galaxies, and therefore
it makes sense that feedback drives larger structures. That the bubble
extends to higher latitudes above the disc than its width is consistent
with standard expectations for superbubbles (e.g. M.-M. Mac Low &
R. McCray 1988).

While there is significant HI above the disc in this region it is not
clear that it is an enhancement over the surrounding emission, as is
seen in Ha. Although the neighbouring galaxy NGC 4668 is located
on the opposite side of the disc from the region where the bubble is
observed, we cannot rule out the possibility that the HT at the edge
of the disc traces an interaction with this nearby companion. Higher
spatial resolution observations may be required to study HT in these
structures. We will limit our analysis to the ionized gas, in which the
morphology clearly resembles a filamentary structure that connects
to the disc.

The velocity offset of Ho gas is ~80 km s~! at the detected edge
of the bubble (3.7 kpc), as shown in the left panel of Fig. 13. This
translates to a traveltime of t4y, ~ z/v ~ 45 Myr. The SFR in the
disc under the bubble is ~0.3 My, yr~'. If we treat this feature as an
energy-driven bubble (following T. A. Thompson & T. M. Heckman
2024), we derive an expansion time-scale of ~10 Myr, which given
the systematic uncertainties in the calculation is in good agreement.

MNRAS 544, 3290-3311 (2025)

Using the MUSE observations, we find that the ionized gas in the
bubble region is slower than the gas within the biconical wind over
the galaxy centre. At 4 kpc above the mid-plane, the ionized gas
velocity is ~80 km s~ in the bubble. At the same distance above the
mid-plane, the central outflow has a velocity of ~170-280 km s~'.
The ratio of these velocities is consistent with simple expectations of
energy-driven winds (Y.-M. Chen et al. 2010; T. A. Thompson & T.
M. Heckman 2024), and with observed scaling relations of resolved
outflow velocity with Xggg (B. Reichardt Chu et al. 2022a, 2025).

There is insufficient signal-to-noise ratio on the [S 1I] doublet to
estimate the electron density beyond the galaxy mid-plane. In the
galaxy mid-plane, below the bubble, we measure n, ~ 571’53 cm™3,
It is not possible to robustly determine the electron density at any
higher latitude.

We estimate a mass outflow rate of the ionized gas for the bubble
using a similar calculation as before. We make a simple assumption
that the electron density of the bubble gas is similar to the disc
below it, n, ~ 60 cm™3. This yields My, ~ 5 x 1073 Mg yr~!,
which translates to a mass-loading of M,y /SFR ~ 0.02, for all gas
above 2 kpc from the mid-plane. The right panel of Fig. 13 shows
the resulting outflow mass rate profile.

In Fig. 2, we show that the region of the disc that is underneath
the bubble shows an increase in Xgpg from surrounding regions,
and it is higher than the opposite side of the disc, which has no
visible bubble. This region has a peak Xggg that is less than half
that of the centre of the galaxy. If we assume that the bubble is
launched from a region that is symmetric within the disc we can
estimate the associated SFR surface density as Xgpg = SFR/7 R? ~
0.08 M, yr~! kpc=2, where SFR and R are the SFR and half-width
of the bubble. The mass loading of the bubble is significantly lower
than that found in the DUVET sample of resolved outflows in face-
on galaxies. B. Reichardt Chu et al. (2025) find for Xggr ~ 0.1 —
0.01 Mg yr~! kpc~? that mass-loading ranges from 0.1-1. We have
discussed already that edge-on galaxies may be biased towards lower
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My, due to observational effects. For example, if we instead measure
all gas above ~1 kpc this yields a much higher My, ~ 0.04 Mg yr—,
which translates to My /SFR ~ 0.1. This would be within the range
estimated by B. Reichardt Chu et al. (2025). Both observations of
face-on and edge-on outflows have their own advantages: face-on
orientations enable more robust velocity measurements, while edge-
on views better constrain the vertical extent and distance travelled
by the ejected material. Comparison of these different measurements
is therefore highly valuable. Clearly, more work comparing outflow
measurements in face-on and edge-on galaxies would be helpful to
place these, and future, measurements of outflows in context.

8 SUMMARY AND CONCLUSIONS

In this paper, we use observations from VLT/MUSE, narrow-band
Ho imaging, ASKAP H1, and ALMA/ACA CO to study the galactic-
scale wind of the nearby, starbursting galaxy NGC 4666. Our obser-
vations are the first measurements of mass outflow rates in multiple
gas phases in this galaxy. In Fig. 1, we determine the geometry of the
biconical outflow to have an opening angle of ~ 25° — 30° and the
edge of the Ho bifrustrumal cone extends to ~ 8 kpc from the galaxy
mid-plane. Based on H1 and He emission, we measure a multiphase
mass outflow rate of 5 — 13 Mg yr~!. The wind is dominated by
the atomic phase traced by H1, with a mass outflow rate more than
an order-of-magnitude higher than that of the warm ionized phase
traced by Ho.

8.1 Implications of high electron density in the wind of
NGC 4666

Our measured mass outflow rate in NGC 4666 is impacted by our
observations that the electron density profile of NGC 4666 wind gas
does not systematically decay (Fig. 6). We observe that the electron
density first declines up to a scale height of ~2 kpc, then rises again
to values of n, ~ 100 — 300 cm™>. The observed electron density
remains constant from z ~ 3 kpc, until we run out of sufficient
signal-to-noise ratio to estimate n,. As discussed in the text, the
electron density is a difficult quantity to measure, and requires
significant signal-to-noise ratio. While this discovery is enabled by
the deep GECKOS observations, one still must take care to identify
the possible systematic uncertainties. For example, the fraction of gas
that has sufficient [S 11] flux to measure the electron density decreases
rapidly as a function of distance from the galaxy. Therefore, the
high electron densities at large distance from the mid-plane are only
securely measured on the brightest [S 1T] gas, which may be biased to
elevated shock-heating (e.g. M. A. Dopita & R. S. Sutherland 1995).
Additionally, ionized gas emission lines are more sensitive to dense
gas, potentially biasing measurements toward the higher density gas
if dense clouds are embedded in a lower density medium. Observa-
tions that decompose the spectra of face-on outflows into broad and
narrow components have found similar values of the outflow electron
density (e.g. N. M. Forster Schreiber et al. 2019; A. Fluetsch et al.
2021). While those observations do not have spatial information,
they do imply that high values are not unprecedented. Fisher et al.
(submitted) extend this result with spatially resolved measurements
of n, in six GECKOS galaxies and find that rising density profiles
are a common feature of strong outflows. Verna et al. (in preparation)
will likewise show a similar result, indicating high n, in the outflow
with gas located further than 2 kpc from the mid-plane in M 82.

A variety of recent high-resolution simulations of starburst-driven
outflows predict a decay in the density profile in outflows (P.
Girichidis et al. 2016; C.-G. Kim & E. C. Ostriker 2018; E. E.

NGC 4666 multiphase galactic-scale wind ~ 3307

Schneider et al. 2020). Similarly, monotonically decaying profiles are
seen in both classic (R. A. Chevalier & A. W. Clegg 1985) and modern
(D. B. Fielding & G. L. Bryan 2022) theories describing outflows.
The observations shown in Fig. 6, therefore, suggest that some
physical process is missing from those simulations. An interaction
of outflow gas with a highly pressurized CGM could plausibly alter
the density of gas. Those simulations do not, typically, include this.
Alternatively, thermal instabilities within the wind itself may lead to
changes to the density profile (T. A. Thompson et al. 2016; D. D.
Nguyen et al. 2024).

The electron density profile of NGC 4666 also has implications
for estimation of the mass profile in outflows. For ionized gas, the
mass is inversely proportionate to the electron density. The rise
in n, at high latitude then implies that the ionized gas mass is
more concentrated toward the galaxy than one would assume with
a decaying profile of n, o« z~!. Indeed, we measure an order of
magnitude increase in M, for the decaying profile of n, compared
to that motivated by our observations. If this is true, then this ought
to be reproduced in simulations of winds. Moreover, we must take
this into account when comparing with observations that do not have
empirical measurements of 7, that extend beyond ~2 kpc.

The clumpiness of the ionized gas remains a significant source of
uncertainty in the mass calculations. If a physical process is creating
the increase in n, it is plausible to expect this to likewise generate a
change in the clumpiness ((n2)/(n.)?) of that same gas. Y. Yuan et al.
(2023) highlight that uncertainties in this factor can strongly affect
derived outflow masses. If, for example, (n2)/(n.)? increases by a
factor of 10x over the same range where n, rises, it would cancel
out the impact on the difference in masses. Recent observations with
both JWST (D. B. Fisher et al. 2025) and Hubble Space Telescope
(S. Lopez et al. 2025) demonstrate that it is now possible to resolve
cloud-scale properties of outflows. More observations, beyond M 82,
are direly needed to finally estimate accurate masses of galactic
winds.

8.2 H1 and ionized outflow mass loading

For gas beyond 2 kpc in NGC 4666, we find that the neutral gas
dominates the mass loading in the wind. Our measurements yield
Mout,k,n /My 11 ~ 1/17 after correcting the H1 measurements for
inclination and beam effects, and assuming our observed n, profile.
This ratio is sensitive to the assumed electron density profile and
systematic uncertainties in the H 1 measurements. The ratio increases
to ~1/1.8 assuming that the electron density decays as z~!, as is
often done in the literature. Adopting a more conservative approach
for the H 1 measurements to exclude gas beyond 5 kpc from potential
group interaction contamination (while maintaining our observed n,
profile) gives ~1/11. Even with the most conservative approach, the
neutral hydrogen mass outflow rate remains higher than that of the
ionized gas.

Very few galaxies have mass outflow rates measured in both H1and
Ho, making comparisons challenging. In M 82, X. Xu et al. (2023)
measure Moul,ion/Mou[.HI ~ 1 —2, within ~2 kpc from the disc.
None the less, this is not directly comparable to our measurement,
as the inclination and resolution in NGC 4666 prevent us from
distinguishing disc and outflow light.

We find that the velocity of both ionized and H1 gas rises sharply
in the outflow. The velocity of the ionized gas rises to ~200-300 km
s~!, consistent with previous observations of starburst-driven winds.
Although the velocity of the HI gas is roughly 50-75 per cent that
of the ionized gas, both profiles show similar substructures, with
rises occurring at comparable distances. Neither the HI nor the
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Ho gas has sufficient velocity to escape a Milky Way-mass galaxy
halo (~500-600 km s~'). Moreover, the fact that the wind mass
loading is dominated by the HT gas suggests that the majority of
mass leaving the disc in the outflow will not travel far beyond several
kiloparsecs in the halo. This aligns with results from A. Marasco et al.
(2023), who measure the mass of gas in a sample of outflows that
has vy > Vegcape and find this to be far lower than predicted by large
cosmological simulations. Similar conclusions have been drawn from
other observations (J. Chisholm et al. 2015; R. L. Davies et al. 2019;
N. M. Forster Schreiber et al. 2019). Resolved observations like
those presented here for NGC 4666 provide unique constraints on
galaxy simulations, which currently predict a wide range of outflow
behaviours. Such observations are crucial for discriminating between
feedback models that can all reproduce key galaxy scaling relations,
including the stellar mass function and the SFR—stellar mass relation
(e.g. A. Pillepich et al. 2018).

Many questions remain open about the cold gas in outflows. We
do not know whether the electron density and HI mass loading we
observe are typical for galactic winds, or if NGC 4666 is unique.
Given that galactic winds are a critical and necessary component
of essentially all modern galaxy evolution models (T. Naab & J. P.
Ostriker 2017), understanding the full mass loss from winds in all
gas phases is essential. GECKOS is well positioned to explore the
remaining questions. While progress on the ionized gas observations
will continue, observations of HI are necessary. NGC 4666 is one
of the nearest GECKOS targets, and therefore, among the only ones
in which WALLABY resolution is sufficient. The ongoing upgrades
aimed at establishing the early phases of the SKA will be critical to
understanding how much mass is exiting galaxies in winds, and how
far it travels. These are fundamental questions that require answers
to build complete models of galaxy evolution.
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APPENDIX A: IONIZED GAS MAPS OF
NGC4666 AND ITS WIND FILAMENT

In this appendix, we show the spatially resolved properties of the
ionized gas, derived from our GECKOS observations. Fig. Al
displays two different mosaicked maps (Ho flux and velocity) for the

VHa [km s71]
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Figure Al. Ho flux and velocity maps of NGC 4666 from GECKOS VLT/MUSE observations. Ha emission extends up to ~ 8kpc, as well as extraplanar
emission in the upper right region above the disc. The Ha velocity shows rotation pattern, but also some extraplanar gas that does not have the same kinematics
as the disc underneath it. The upper right filament region is depicted with a dotted grey rectangle and its corresponding gas property maps are shown in Fig. A2.
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Figure A2. Ionized gas properties of the upper right wind filament (grey dashed box in left panel of Fig. A1) derived from GECKOS VLT/MUSE observations.

The first and last panels display the Ha and [O 1] flux, in log(10720 erg s~

cm~2), respectively. The second panel shows the Ha velocity dispersion in km s~

corrected for instrumental dispersion. The third panel presents the Ha observed velocity in km s~!. The fourth panel corresponds to the flux ratio log([N 11/Ha).
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entire MUSE coverage of NGC 4666 and Fig. A2 presents zoomed-in
maps on the upper right wind filament.

APPENDIX B: H1 COLUMN DENSITY
PROFILES: MINOR AXIS VERSUS
REPROJECTED MAJOR AXIS

This section compares HI column density profiles extracted along
different axes to assess the systematic effects introduced by galaxy
inclination on the extraplanar H1 gas properties. Fig. B1 shows
two HT1 profiles: the HI column density profile along the minor
axis (solid blue line), i.e. perpendicular to the galactic disc, derived
from the moment 0 map; and the reprojected major axis profile
(dashed black line), which shows the radial distribution along the
disc plane corrected for inclination effects using the major-to-minor
axisratio b/a = cos(i) where i is the inclination angle of NGC 4666.
The WALLABY the beam profile (dotted grey line) illustrates the
instrumental resolution limit. The comparison reveals that, from
about 3 kpc above the disc, the column density drops slower in
the minor axis profile than in the major axis profile. For reference,
the dotted red line shows the Ha profile extracted along the minor
axis. By contrast, the minor axis HI and He profiles show similar
slopes over the range z ~ 2 — 6 kpc, suggesting that both the neutral
and ionized gas phases experience similar physical processes.

We note, however, that this model assumes the H1 disc has zero
intrinsic thickness, which is not the case in reality. Accounting for a
finite thickness may reduce the mass loading by a small amount,
though that thickness is likely marginal compared to the larger
distances we consider.

© The Author(s) 2025.
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Figure B1. Comparison of HI column density profiles as a function of
projected distance perpendicular to the galactic mid-plane. The solid blue
line shows the HI column density profile extracted along the minor axis
(perpendicular to the disc) from the WALLABY moment O map. The dashed
black line shows the reprojected major axis profile, i.e. the radial distribution
along the disc plane corrected for inclination. The dotted grey line indicates
the beam profile, illustrating the instrumental resolution. For comparison, the
dotted red line shows the Hoe flux profile extracted along the minor axis. The
dotted purple line represents a Gaussian beam profile with FWHM = 3.5 kpc
that matches the reprojected major axis profile.
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