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ABSTRACT

We map the extraplanar gas, with ~50-200 pc resolution, in nine star-forming galaxies using Multi-Unit Spectroscopic
Explorer (MUSE) observations from the GECKOS VLT Large Programme targeting edge-on galaxies with similar stellar
mass as the Milky Way. The narrow range in stellar mass (£0.35 dex) of the GECKOS sample makes it ideal for studying
trends with star formation rate (SFR). We find strong extraplanar emission reaching ~2-8 kpc from the disc mid-plane
in all targets with SFR >1 Mg, yr—1. Targets with SFR > 5Mg, yr~! have brighter, more extended Ha emission compared
to lower SFR targets. In high-SFR systems, the gas velocity dispersion (oy,) shows a biconical morphology, consistent
with the expectation of outflows. This agrees with previous works suggesting high velocity dispersion in a biconical shape
is a good means to identify outflows. We find mixed results using line diagnostics ([O 111]5007/H B-[N11]/H @ and ops—
[S11]/H &) to spatially resolve ionization mechanisms across the extraplanar gas. The highest [N 11]/H « are found in the
extraplanar gas of the highest SFR systems, yet main-sequence galaxies have the highest [O 111]/H 8. While the morphology
of [N11]/H o may be useful to identify outflows, the absolute value of the line ratio alone may not distinguish strong
outflows from extraplanar gas of main-sequence galaxies. The ubiquitous extraplanar emission can be interpreted as the
result of feedback, in the form of large-scale winds for starbursts or smaller-scale galactic fountains for main-sequence
galaxies. Moreover, shock-heating may ionise gas at the interface of the disc and the circumgalactic medium, independent
of the source of the gas.

Key words: galaxies: ISM - galaxies: spiral — galaxies: starburst.

1 INTRODUCTION

Extraplanar diffuse interstellar gas (eDIG) is commonly seen
around star-forming galaxies (e.g. R. J. Dettmar 1990; R. J. Rand
1996; J. Rossa & R. J. Dettmar 2003). Many mechanisms are
invoked to explain its origin, including stellar feedback-driven
galactic fountains (P. R. Shapiro & G. B. Field 1976), relic gas from
galactic outflows (C. Lopez-Coba et al. 2019), leaky H1I regions
(L. M. Haffner et al. 2009) and post-asymptotic giant branch stars
in the thick stellar disc (N. Flores-Fajardo et al. 2011). Recent
work on the EDGE-CALIFA survey (R. C. Levy et al. 2019) argues
that the vertical gas kinematics tend to favor an internal driving
mechanism from the disc, i.e. stellar feedback, as the main source
of eDIG. R. Gonzilez-Diaz, F. F. Rosales-Ortega & L. Galbany
(2024) also find connections between the distribution of young
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massive star feedback and minor axis-parallel ionization profiles
in a sample with modest SFR.

Neither the observational differences between eDIG and galac-
tic winds nor the strength of these differences is well established
in main-sequence galaxies. The high velocity and turbulent inter-
nal motions of winds create a plausible environment for shocks,
which may be diagnosed using optical emission line ratios (M. A.
Dopita & R. S. Sutherland 1996). Shock-excited gas typically ex-
hibits elevated velocity dispersion and characteristic elevated op-
tical emission line ratios. These signatures are used by studies to
separate shock-ionized gas from star-formation-ionized gas. (J. A.
Rich et al. 2010; J. A. Rich, L. J. Kewley & M. A. Dopita 2011,
2015; 1. T. Ho et al. 2014, 2016; L. J. Kewley, D. C. Nicholls & R. S.
Sutherland 2019a).

Galactic winds (i.e. outflows) are a specific type of extraplanar
gas that play a key role in galaxy evolution. They are large-scale
galaxy mass ejecta that have suppressive effects on star forma-
tion in the host galaxy. These ejecta are driven by supernovae
explosions (SNe), radiation from young stars, and Active Galactic
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Table 1. Physical properties and MUSE observation parameters of the GECKOS galaxies analysed in this paper. Galaxies are ordered
by decreasing SFR. Columns are as follows: galaxy names; distance measurements from G. Theureau (2023) for ESO 079-003, and from
R. B. Tully et al. (2023) for all others; log(M, ) is stellar mass from van de Sande (in preparation); SFR, derived from WISE Band-4 (M. E.
Cluver et al. 2017); Zspr is SFR surface density, where Zspr = SFR/ (rng); spaxel size is the resolution of the MUSE data for 0.6 arcsec
resolution data; and where R, is the effective radius (in arcsec) derived using Multi-Gaussian Expansion (MGE) models from T. H.
Rutherford et al. (2025) in DECaLS r-band imaging (R. D. Blum et al. 2016).

Galaxy Distance log(M,) SFR 2SFR Spaxel size Re
(Mpc) Mo) Moyr™) (1072 Mo yr~" kpe™?) (pc) (kpe)
ESO 484-036 69 10.5 8 10 200 5.1
ESO 079-003 36 10.6 5 4 105 6.5
NGC 4666 16 10.7 5 8 45 4.2
NGC 5775 19 10.6 5 4 55 5.8
UGC 00903 38 10.5 4 6 110 4.5
ESO 120-016 50 10.6 3 1 146 8.7
NGC 3279 30 10.3 1 1 87 5.5
IC 1711 45 10.7 1 2 131 3.8
NGC 3957 25 10.5 0.3 0.6 72 3.8

Nuclei (AGNs). Outflows can carry interstellar medium (ISM)
material far beyond the disc of the host galaxy (reviews S. Veilleux
et al. 2020a; T. A. Thompson & T. M. Heckman 2024). Cosmo-
logical simulations find that mass-loss via outflows is a required
component of the simulations, to match observed stellar masses
and star formation rates (SFR) (R. S. Somerville & R. Davé 2015;
T. Naab & J. P. Ostriker 2017; T. A. Thompson & T. M. Heckman
2024). There is, however, currently no theoretical consensus to
describe the energetics of outflows (for example, see review by
T. A. Thompson & T. M. Heckman 2024). Moreover, resolved
surveys of galaxies with outflows are rare (see discussion in S.
Veilleux et al. 2020b). Recent work with optical IFU instruments
is changing this (e.g. B. Reichardt Chu et al. 2025).

The last 15 yr have seen a significant number of resolved obser-
vations of optical emission lines in extraplanar gas of both out-
flows and super-main-sequence systems (R. G. Sharp & J. Bland-
Hawthorn 2010; A. Bik et al. 2018; B. Reichardt Chu et al. 2022,
2024; C. Lopez-Coba et al. 2020; D. K. McPherson et al. 2023; A. B.
Watts et al. 2024). Whilst these observations provide the oppor-
tunity to detect and study wind-shocks using line ratios, there
is no clear consensus on the presence of shocks in the existing
observations. I. T. Ho et al. (2014) argue that, based on observed
line ratios, shock-ionized gas is very common in their sample of
star-forming galaxies. Conversely, A. Bik et al. (2018) found, using
MUSE imaging, that the gas above the centre of the outflowing
galaxy ESO338-1G04 has emission line ratios more consistent
with photoionization than shock-ionization. J. Chisholm et al.
(2017) make a similar finding from using absorption lines to study
asample of outflowing galaxies. We note that moderately elevated
emission line ratios in extraplanar gas do not a priori require
shocks to exist: weak dust-shielding above galactic planes allow
for harder radiation fields, resulting in elevated extraplanar line
ratios (L. J. Kewley et al. 2019a).

This article uses GECKOS survey (Generalising Edge-on galax-
ies and their Chemical bimodalities, Kinematics, and Outflows
out to Solar environments, J. de Sande et al. 2023) IFS data of
nine edge-on galaxies (Table 1 + Fig. 1). The galaxies have masses
within £0.3 dex of the Milky Way mass, ~ 5 x 101° M, (J. Bland-
Hawthorn & O. Gerhard 2016), and SFRs varying over an order of
magnitude (SFR~0.2-8 My, yr~1). We exploit deep MUSE obser-
vations from GECKOS to make resolved (~ 50 — 200 pc) studies
of the kinematics and line-ratios of extraplanar gas across diverse
star-forming environments.
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Sections 2.1-2.2 outline details of the GECKOS survey observa-
tions. Section 2.3 describes the GECKOS data reduction process,
and Section 2.4 describes the post-processing we performed on
our reduced data. Sections 3.1-3.3 present maps made from the
reduced GECKOS data, highlighting kinematic and morpholog-
ical differences between galaxies in our sample. Section 3.4 out-
lines how these maps can be systematically broken into differ-
ent regions for analysis. Section 3.5 compares surface brightness
profiles from these regions in each galaxy, and Section 4 offers
an emission line ratio analysis of our galaxy sample. 5 offers
a detailed discussion of the paper’s results. Note that we have
assumed a standard ACDM cosmology for this study (i.e. Hy =
68kms~! Mpc ", Q,, = 0.3).

2 METHODS

2.1 GECKOS targets in this work

The galaxies studied in this paper are part of the GECKOS survey
(J. de Sande et al. 2023). The GECKOS survey is a 317h Large
Program (PI: J. van de Sande) using the Multi-Unit Spectroscopic
Explorer (hereafter MUSE) instrument on Unit Telescope 4 of
the Very Large Telescope (VLT). The full GECKOS sample is 36
galaxies that are selected to have stellar mass within £0.3 dex of
the Milky Way mass (~ 5 x 101 M), are close to edge-on, and
are at a distance of 10-70 Mpc. GECKOS targets are chosen to
span a wide range in SFR, (~ 2dex), making the sample ideal
to search for mass-controlled correlations with SFR. The MUSE
observations began in 2022 and concluded in 2025. This work
studies the first nine star-forming galaxies, reduced and analysed
as part of the GECKOS internal data release 1, as listed in Table
1.

The galaxy sample in this paper includes three galaxies that
have previously been found to host galactic winds: NGC 4666 (M.
Dahlem et al. 1997), NGC 5775 (G. H. Heald et al. 2006), and
ESO 484-036 (S. Veilleux, G. Cecil & J. Bland-Hawthorn 2005).
G. H. Heald et al. (2006) trace an outflow in NGC 5775 via a
rotational lag between the disc and extraplanar regions. This lag is
interpreted as a signature of outflowing material conserving mo-
mentum as it gradually expands into the halo. G. H. Heald et al.
(2022) also reveal a mass outflow rate that is ~40-80 per cent of
the SFR by modeling the galaxy’s extended radio halo. M. Dahlem
et al. (1997) trace the NGC 4666 outflow by observing alignment
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Figure 1. A collection of DESI Legacy Imaging Surveys (DR9) and Pan-STARRS-1 (DR2) color images of the GECKOS galaxies covered in this paper.
The images were produced using the g, r, and z bands with the ASTROPY package MAKE_LUPTON_RGB (R. Lupton et al. 2004) and an asinh stretch. The
galaxies were rotated to have the photometric major axis and the dust lane (and photometric major axis) oriented horizontally, and such that the dust

lane (if offset) is to the lower side of the image.

between optical filaments, radio filaments, X-ray emission, and
magnetic fields above the galaxy mid-plane. B. Mazzilli Ciraulo
et al. (2025) carry out a detailed analysis of HI, CO and ionized
gas for the NGC 4666 outflow using the same MUSE data used in
this paper. They identify minor axis-parallel velocity profiles that
are consistent with outflows. M. Dahlem et al. (1997) identify an
outflow in ESO 484—036 via a characteristic X-shaped [N 11]/H «
emission line ratio enhancement emerging from the extraplanar
emission in narrow-band imaging.

NGC 4666 and NGC 5775 are much closer than our other
targets (around 15-20 Mpc compared to 25-70 Mpc). Therefore,
MUSE tiles cover a smaller fraction of their extended emission,
albeit with higher spatial resolution. We consider this difference
when analysing the morphology of the extended emission.

2.2 Observations

Between 2022/12/21 and 2023/8/21, multiple observations were
made for the nine galaxies in Table 1. The exposure times were
set to achieve a continuum signal-to-noise (S/N) above 40 at yg
= 23.5mag arcsec™? , which is representative of the Solar envi-
ronment of the Milky Way (A.-L. Melchior & F. Combes 2007).

Most galaxies were observed using 1-3 pointings with a 1 x
1arcmin? field-of-view, each covering different regions of the
galaxy. We implemented tiling on nearby targets to reach a major-
axis position with p, = 23.5 mag arcsec™2. Each observation con-
tained four ~9-10 min object (O) observations and two ~2-3 min
offset sky observations (S), executed in an OSOOSO sequence.
For targets with an SFR exceeding twice the main-sequence value
at fixed stellar mass, we required MUSE tiles to cover a distance
of at least 10 kpc from the galaxy mid-plane to identify extended
winds.

2.3 Data reduction

The data reduction process for GECKOS survey observations is
described in A. Fraser-McKelvie et al. (2025). A full description
of the GECKOS data reduction workflow will be presented in
van de Sande et al. (in preparation). We use the PYTHON package
PYMUSEPIPE! (E. Emsellem et al. 2022) for data reduction, which
is a wrapper for the MUSE Data Reduction Pipeline (DRP; P.
M. Weilbacher et al. 2020). PYMUSEPIPE coordinated the multi-
step data reduction process for each observing block (OB), where
each step is completed using the ESOREX package? (ESO CPL
Development Team 2015).

The steps completed by ESOREX carry out bias and flat field
corrections, and calibrate both wavelength and the line-spread
function (LSF) for each raw pointing exposure. ESOREX then
creates a geometry table to map the relative positions of each
raw exposure pixel in the observed field of view. This mapping is
followed by illumination corrections for each exposure, based on
the twilight flat exposures associated with the current OB, as well
as the flatfield corrections made earlier. ESOREX performs sky
subtraction using offset sky exposures for the corresponding OB.
The sky exposures are used to make a sky model, which is then
fitted to each science frame. Three pointings of NGC 4666 are
archival data without sky frames. The sky subtraction procedure
for NGC 4666 involves using spaxels in object frames without
strong emission lines. The above steps executed by ESOREX result
in a datacube for each exposure. This data reduction process is
described in more detail by B. Mazzilli Ciraulo et al. (2025).

We use PYMUSEPIPE and SPACEPYLOT to align the world co-
ordinate system (WCS) of each exposure. Following an auto-
mated alignment routine, we corrected remaining spatial offsets

Lhttps://github.com/emsellem/pymusepipe
2https://www.eso.org/sci/software/cpl/esorex.html
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between galaxy exposures by aligning a corresponding r band
image from either the DESI Legacy image survey (A. Dey et al.
2019) or the Pan-STARRS survey (K. C. Chambers et al. 2016).
After alignment, we stack each exposure data cube using MPDAF
(R. Bacon et al. 2016) to make a complete datacube for each OB.
We then mosaic these complete OB cubes together to make a
complete datacube for one galaxy.

2.4 Emission line measurement

Emission line measurement and continuum subtraction follows
the same procedure as used in B. Mazzilli Ciraulo et al. (2025).
Continuum subtraction was performed for each galaxy datacube
using the NGIST pipeline (A. Fraser-McKelvie et al. 2025), which
is an extension of the original GIST pipeline (A. Bittner et al.
2019). NGIST builds on a number of works, which build processes
compiled into the software (M. Cappellari & Y. Copin 2003; M.
Cappellari & E. Emsellem 2004; H. Kuntschner et al. 2006; A.
Vazdekis et al. 2010; M. Cappellari 2017, 2023). NGIST is a modu-
lar pipeline for the analysis of integral field spectroscopic galaxy
data. In this work, we employ the Continuum module, which
creates continuum-only and line-only cubes after fitting the spec-
trum with a set of SSPs and masking emission lines. We use the
C. J. Walcher et al. (2009) model for continuum fitting and sub-
traction, as this produces the smallest residuals in H 8 absorption
compared to other models we tested (A. Vazdekis & N. Arimoto
1999; G. Bruzual & S. Charlot 2003). Following testing in previous
work on resolved outflows (B. Reichardt Chu et al. 2022; D. K.
McPherson et al. 2023), we Voronoi bin to continuum S/N = 7,
and fit the rest-frame wavelength range 4750-7100 A. The Milky
Way extinction is removed using the J. A. Cardelli, G. C. Clayton
& J. S. Mathis (1989) extinction law. The continuum model fitted
to each Voronoi bin is then subtracted from the corresponding
spaxels at the native MUSE resolution of 0.2 arcsec. In all targets
there is only sufficient continuum S/N to use this method near to
the galaxy z < £1.5-2 kpc. Beyond this minor axis height there is
no discernible shape to the continuum. In the Gaussian fitting
of the emission lines, described below, we include a constant
flux offset for all fits. This handles imperfections in continuum
removal, and those spaxels in which the S/N is too low to estimate
the continuum using PPXF.

Continuum removal at wavelengths near and above ~6700 A
is complicated by several sky features. These features become
increasingly common for larger wavelength. This then means
that sky subtraction generates increasingly large residuals and
imperfections redward of ~6700 A. These sky features alter the
continuum from the stellar population modeling. Visual inspec-
tion of the PPXF model compared to the observed continuum
shows poor representation of the PPXF fit to the continuum.
This is likely more noticeable in the GECKOS programme, as we
target low surface brightness emission lines at larger scale-height,
where sky lines may have greater impact. We therefore follow
a different continuum removal approach for different emission
lines. For H 8 and H o we must use the PPXF models to remove
absorption. Moreover, the sky subtraction is well behaved in these
wavelengths and does not have an impact that we measure on the
continuum model. Using the same PPXF model to remove con-
tinuum below [S 11] AA6716,31 introduces a significant systematic
uncertainty. We therefore apply a local correction for continuum
under the [S11] A16716,31 emission lines.

As described in B. Mazzilli Ciraulo et al. (2025), we identify a
bandpass of ~50 A around the [S11] AA6716,31 emission lines in

MNRAS 548, 1-24 (2026)

which to estimate a local continuum correction. The bandpass
of ~50 A is chosen to be small enough such that the emission
line is well approximated by a simple function (linear or con-
stant). We find that in all targets the slope of the spectrum across
this area is small compared to the noise in the spectrum, and is
thus consistent with negligible gradient. We remove the contin-
uum locally by a simple linear fit to the continuum. This results
in a flat continuum, with no measurable gradient, around the
[S11] A16716,31 emission lines. We tested using a constant value
instead of a straight line, and in our tests these return similar
fluxes as the linear continuum removal. We test the impact of
this method by measuring the change in continuum over level
in a 200 A region surrounding [S11] in spaxels both in the galaxy
and in the outflow. We then compare this to the noise from the
same region. We find that in the disc the continuum varies by
~20 per cent of the scatter in the continuum, and in the outflow
regions this reduces to ~10 per cent. This small difference reflects
the fact that the continuum near to [S 11] AA6716,31 emission lines
does not vary significantly across the small wavelength range
surrounding these emission lines. Removing the continuum with
this method, therefore, does not introduce measurable sources of
uncertainty, and generates fewer systematic uncertainties than
using PPXF for the [SiI] continuum. Target ESO 484-036, the
most distant in this sample, contains a strong sky-line that heavily
contaminates the [S 11] doublet, preventing [S 11] analysis for this
target.

We also reiterate that for all emission lines at larger distance
from the galaxy, z 2 +1.5-2 kpc, there is insufficient continuum
S/N to use any formalized fitting technique. This difference is,
therefore, moot for most of the extraplanar emission. The Gaus-
sian fits include a constant offset in the fit, which is sufficient to
correct continuum in these more distant regions.

After the continuum removal, each galaxy data cube is rotated
such that the galaxy major axis is horizontal in the data cube. In
addition, cubes are spatially rebinned by combining pixels in 3x3
squares. This rebinning yields a 0.6 arcsec resolution, which is a
typical seeing value at the VLT.

We performed single Gaussian fits to emission lines in the
3x3 rebinned datacubes using the PYTHON package THREAD-
COUNT,? described in previous work (D. K. McPherson et al. 2023;
M. J. Hamel-Bravo et al. 2024; B. Mazzilli Ciraulo et al. 2025;
B. Reichardt Chu et al. 2025). We take several steps to optimise
for speed. The software uses a bespoke version of the nelder
minimization algorithm, and a bespoke* version of the PYTHON
package lmfit .

We run 10 iterations in which the spectrum is varied and refit.
We make these variations according to a normal distribution,
whose standard deviation is set by the observed variance. We,
however, only employ MC iterations on low S/N regions of the
galaxy. For spaxels with S/N > 30, we find that there is no advan-
tage to MC iterations. At high S/N, fits with MC iterations return
very similar parameters and uncertainty estimates as fits that do
not employ the MC iteration (as single minimization runs). For
those spaxels with S/N < 30, the fit parameters and uncertainty
are then taken as the mean and standard deviation of those fits.

We fitted the Ho, H 8, [O III]A5007, [N 11]16548, [N II]A6583,
[S11]A6716, and [S11]A6731 lines for each data cube. For the re-

3https://threadcount.readthedocs.io
4This version of THREADCOUNT remains in development, but is available
on request from D.B. Fisher: dfisher@swin.edu.au
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sults presented in this paper, we only considered emission lines
in which the flux is 3 x greater than the fit uncertainty. We applied
the same fitting procedure to versions of the data cubes that were
binned to a spatial resolution of 500 pc. Both the 3 x 3 bin and
the 500 pc bin resolution cubes will be used in this paper.

We apply extinction corrections to each fitted spaxel, by creat-
ing Ay maps from spaxel-by-spaxel Balmer decrement measure-
ments and J. A. Cardelli et al. (1989) extinction curves. We only
used spaxels with fitted Ho and H 8 fluxes greater than 5x the
flux uncertainty to create Ay maps. Spaxels with insufficient S/N
for an extinction estimate were interpolated from nearby values.
The interpolation may reduce the true variation of line fluxes in
the data. These Ay maps were then used to correct emission line
fluxes in each spaxel.

Velocity dispersions in all figures are shown with the instru-
mental dispersion subtracted in quadrature from the fitted dis-
persion to each spaxel, where o,; ~ 49 km s™1.

3 EMISSION LINE MAPS

Fig. 2 shows the 4 colour maps of targets in this work. The
white, diffuse light represents the ~800 nm continuum emission
generated from the MUSE. Emission lines are O 111 5007 (blue),
Ho (red) and [N 11] 6583 (yellow). For display purposes only, we
use a very low S/N cut of 20 in Fig. 2, to err on showing all
emission. For all targets, filaments of gas extend upward away
from the mid-plane of the ~800 nm continuum image, typically
this goes beyond 3 kpc from the galaxy. Similar to previous works,
this figure makes it clear that extraplanar ionized gas emission
is a common property of all star forming galaxies in our sample
(e.g. J. Rossa & R. J. Dettmar 2003; R. C. Levy et al. 2019). The
panels of the figure are arranged by SFR, highest at the top-left
and lowest at the bottom-right. This makes a clear correlation of
the extension of the extraplanar gas with galaxy SFR easy to see.

The morphology of NGC 4666 is particularly interesting (for a
more in depth description, see B. Mazzilli Ciraulo et al. 2025). It is
the nearest galaxy in the sample, which allows for its detailed fila-
ments to be resolved. Individual streams of gas with width similar
to the resolution limit (~45 pc) are visible, which extend roughly
6 kpc from the galaxy. This may be similar to the plume mor-
phologies seen in PAH emission from James Webb Space Telescope
(JWST) observations (D. B. Fisher et al. 2025). Similar plume-like
structures are visible in ESO 079-003 and even ESO 120-016, the
latter of which has a relatively low SFR (~3 Mg yr—1).

We note that NGC 5775 is a similar distance to NGC 4666 and
has a more smooth distribution of extraplanar emission. This
galaxy has a well-studied outflow (e.g. G. H. Heald et al. 2006). It
has been shown to have a radio continuum consistent with emis-
sion from a significant population of cosmic rays (G. H. Heald
et al. 2022), which could act to smooth outflow substructure. Y.
Stein et al. (2019) argues for the presence of cosmic rays in the
halo of NGC 4666, but the relative impact of cosmic rays between
NGC 4666 compared to NGC 5775 is uncertain. It remains un-
clear what sets the differences in substructure of outflows. Recent
work on cloud-scale structures made with JWST, has been shown
to directly test outflow theories (D. B. Fisher et al. 2025). More
work, with higher spatial resolution than this data, would be
informative.

Fig. 3 displays 0.6 arcsec resolution maps of H « flux, H « veloc-
ity dispersion, [N 11]/H ¢, and H « line-of-sight velocity for each
galaxy in our sample. Fig. 4 displays alternative velocity disper-
sion maps (og,), in which the MUSE data for each galaxy has
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been binned to ~500 pc per spaxel and then refit with THREAD-
COUNT. The first binning scheme, 3x3, simply restructures the
cubes to match seeing, while the coarser binning, to 500 pc, is
intended to increase S/N of line measurements and probe the
lowest surface brightness more robustly. In all maps, we observe
H « flux decreasing with height from the mid-plane, whilst H«
velocity dispersion and [N 11]/H « generally increase.

3.1 Ha morphology

Fig. 3 shows we observe Ha emission at heights greater than
+4 kpcin all but one target, NGC 3957. This galaxy possesses both
the lowest SFR and lowest extraplanar H « surface brightness in
our sample. All targets with SFR>1 M, yr~! have extended H«
emission. We will discuss correlations of the extended emission
with galaxy SFR in later sections of this paper.

Many galaxies in our sample show filamentary substructures in
the H o flux, which extend at near-to perpendicular angles from
the disc mid-plane outward into the extraplanar regions. We see
these features in ESO 484-036, NGC 4666, NGC 5775, ESO 079-
003, IC 1711, UGC 00903, ESO 120-016. Comparable features in
NGC 3279 do not extend as far. Such substructure has likewise
been discussed in M 82 using JWST (D. B. Fisher et al. 2025) and
Hubble Space Telescope (HST) H « imaging (S. Lopez et al. 2025).
This suggests similarity of GECKOS outflows to M 82.

NGC 4666 is described in B. Mazzilli Ciraulo et al. (2025) to
show the traditional biconical structure, which the MUSE FOV
here shows part. Similarly, NGC 5775 has been shown to have a
biconical wind (G. H. Heald et al. 2006, 2022), of which a portion
is covered. ESO 484-036 is shown in S. Veilleux & D. S. Rupke
(2002) to likewise show biconical structure, which is visible in the
figure. We report that ESO 079-003 shows biconical filaments in
He flux that are consistent with the traditional bicone morphol-
ogy.

NGC 3957, the lowest SFR galaxy in our sample (0.3 Mg yr~1),
has an off-centre filament of gas extending over ~2kpc from
the disc. This is dissimilar to the extraplanar emission in other
GECKOS targets, and that observed in low SFR systems with
MUSE (e.g. R. Gonzélez-Diaz et al. 2024). Like all other targets
in this sample, the Ha surface brightness of NGC 3957 peaks
at the galactic centre. We check that WISE W3 shows a similar
central peak, which gives an SFR indicator that is more robust to
extinction. The off-centre filament in NGC 3957 is not connecting
to the strongest star formation in the galaxy, but instead to a
relatively lower SFR region of the disc. Moreover, the kinematics
of this filament are irregular. As shown in the rightmost panel of
Fig. 3, the gas at —1 kpc below the mid-plane is counter-rotating
with respect to the disc at the same major-axis position. This
feature sets this off-centre plume apart from other filaments in
our sample.

3.2 Velocity dispersion maps

In all targets, the velocity dispersion increases at greater verti-
cal distance from the mid-plane. In several galaxies (e.g. ESO
484—036 and ESO 079—003) the elevated velocity dispersion has
a biconical shape over the centre of the galaxy. For this analysis,
we include discussion of the 500 pc resolution dispersion maps
in Fig. 4. The 500 pc maps allow us to probe further from the
galaxy centre, albeit at a ~ 2.5-10x coarser resolution than the
0.6 arcsec resolution maps in Fig. 3. We remind the reader that
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ESO 079-003

NGC 3957

ESO 120-016
NGC 3279

IC 1711

Figure 2. Four colour emission line plus continuum images of GECKOS targets studied in this paper.In all figures, H« emission is shown in red,
[N11] 6583 in yellow, [O 111] 5007 in blue, and R band continuum in white. The white line in each panel represents a ~3 kpc scale. Extraplanar emission is
visible in all targets, often forming multi-kiloparsec filaments extending out from the disc. Note that the map for NGC4666 is reproduced from B. Mazzilli
Ciraulo et al. (2025).
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Figure 3. Maps of log (H «) flux (left), Ha velocity dispersion that has been corrected for instrumental dispersion (middle-left), log ([N 11]/H o) flux
ratio (middle-right) and velocity (right) made for each galaxy in our sample. Note that the galaxies in this figure are ordered by decreasing SFR. Spatial
axes are in units of kpc. The points where the vertical and horizontal axes equal 0 kpc mark the approximate location of the galactic mid-plane and
rotational centre, respectively. We mark the 1.5 and 3.5 kpc points on the major axis with vertical grey dashed and dotted lines, respectively.

the instrumental dispersion is subtracted in quadrature from the
fitted dispersion.

We also note for physical interpretation of oy, that in extrapla-
nar gas the velocity dispersion may not indicate turbulence, espe-
cially at MUSE spectral resolution. D. K. McPherson et al. (2023)
describe how the line-of-sight expansion of a bicone when con-
volved with relatively low spectral resolution (R < 3000) could
appear as a broadened line rather than line-splitting. We will
consider this in the text when appropriate.

We first consider galaxies with SFR > 5 Mg, yr~!. Galaxies ESO
484—036, NGC 5775, and ESO 079-003 show extensive extrapla-
nar regions with oy, > 100kms~! that is above z >1kpc and
within 1 kpc of the major-axis centre. In ESO 079-003, the high
dispersion regions form a triangular structure that extends up
to ~10 kpc from the galaxy mid-plane. This structure is visi-

ble in both the 0.6 arcsec resolution maps (Fig. 3) and 500 pc
resolution maps (Fig. 4). At a constant height of z ~1kpc, the
velocity dispersion drops to values of ~40-60 km s~! outside this
triangular region. A similar triangular region may be present in
ESO 484—036, as can be seen most clearly in the 500 pc maps (Fig.
4). We cannot fully describe the morphology for NGC 5775; this is
because the extraplanar MUSE pointings do not cover the entire
outflow, and only extend ~5 kpc from the galaxy centre (on the
major-axis). We do, however, identify high dispersion gas (oy, >
100 km s™!) above the galactic centre of NGC 5775, which de-
clines near the edge of the field-of-view at ~4 kpc from the major
axis centre. NGC 4666 shows a strong rise in oy, on the lower side
of the 500 pc map, but limited spatial coverage obscures the shape
of this oy, enhancement. Likewise on the top side of NGC 4666,
the coverage barely includes the centre of the major-axis in the
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Figure 3. continued

wind region, which means that detecting a centrally located rise
in oy, is difficult. Overall, in the high SFR super-main-sequence
systems with sufficient spatial coverage, there is evidence of a bi-
conical high dispersion structure in the 500 pc resolution velocity
maps.

We now consider the lower SFR galaxies. UGC 00903 and
ESO 120—016 also have elevated dispersions in extraplanar gas
above the disc centre (on the major-axis), which have peak val-
ues of oy, ~70kms~!. Higher SFR systems commonly reach
OHe ~100-150kms~!, which can be twice the highest values
in most of the low SFR systems. Fig. 4 also displays opy >
100 km s™! regions above the planes of NGC 3957 and NGC 3279,
but these do not share the triangular shapes seen in galaxies like
ESO 079—003 and ESO 484—036.

IC 1711 displays a high dispersion triangular region. Unlike
other galaxies with this feature, IC 1711 has a modest SFR (~
1Mg yr1) and little Ha emission beyond a minor axis height
~4kpc. One interpretation is that IC 1711 could contain historic

MNRAS 548, 1-24 (2026)

wind activity. Simulations show this could leave a mark on the
extraplanar gas (see A. Pillepich et al. 2021). This activity could be
from alternate possibilities, such as a weak AGN that is currently
driving a low mass outflow. We discuss the case of IC 1711 in more
detail later.

D. K. McPherson et al. (2023) discuss the use of velocity disper-
sion in extraplanar emission as a diagnostic for galactic winds,
separating it from extraplanar emission not associated with the
wind. Similar conclusions can be drawn from inspection of out-
flows discussed in A. Bik et al. (2018) and A. B. Watts et al.
(2024). D. K. McPherson et al. (2023) argue that high disper-
sion signatures are generated by the expansion of a biconical
structure in ionized gas, which, when observed with modest
spectral resolution (R~ 2000-3000), appears as a broad Gaussian
emission line. Turbulence generated within the outflow would
further increase this velocity dispersion. Our velocity dispersion
results are consistent with this, albeit with some caveats. ESO
484—036, NGC 4666, NGC 5775, and ESO 079—003 all have SFR>
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Figure 3. continued

5Mg yr—, and the first 3 of these galaxies have known outflows
(S. Veilleux et al. 2005; G. H. Heald et al. 2006). NGC 5775 and
NGC 4666 have limited MUSE coverage of the wind, making it
difficult to identify any biconical dispersion structures. However,
the 500 pc image does show high dispersion values on the lower
side of NGC 4666, as well as increased dispersion around z ~
5-7 kpc on the top side. We see likewise for z < —4 kpc in NGC
5775. These high dispersion values may trace some triangular
dispersion structures, but we cannot be certain without a wider
field-of-view.

These first results from GECKOS galactic winds, especially in
Fig. 4, allow us to create more formalized criteria for outflows.
We rely on the assumption that at the same stellar mass, galaxies
with higher SFR are expected to be more likely to have strong
outflows (e.g. J. Chisholm et al. 2015; T. M. Heckman et al. 2015;
S. Veilleux et al. 2020b; T. A. Thompson & T. M. Heckman 2024).
More specifically in our sample, the literature has described our
high SFR systems as having outflows (see references above). We

then interpret that our galaxies with SFR>5M, yr~! are outflow
systems. Under this assumption we find the following:

(1) Elevated velocity dispersion as an outflow identifier:
We find that when the velocity dispersion of the outflow is above
~ 100km ™! this system is most likely a stronger, biconical out-
flow. We note that, as seen in other works, we observe at least
some increase in velocity dispersion with increasing distance
from the mid-plane for all galaxies in our sample, but the outflow
systems have a larger increase.

(2) Velocity dispersion morphology as an outflow iden-
tifier: We find that there is a triangular/biconical morphology
in op, above most high-SFR galaxies. Our results are therefore
consistent with previous arguments that biconical morphology
in a velocity dispersion map appears to be a good indicator that
this gas is associated to a strong biconical outflow (e.g. D. K.
McPherson et al. 2023). We add the caveat that some galaxies with
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Figure 4. H« velocity dispersion maps made from 500 pc resolution data for each galaxy. The points where the vertical and horizontal axes = 0 mark
the approximate location of the galactic mid-plane and rotational axis, respectively.

such morphology, as found in IC 1711, are not fully understood
and may have an alternative origin.

3.3 Ionization morphology

The [N 11]/H o maps, shown in the 3" column of Fig. 3, of each
galaxy allow us to visualise the morphology of the ionization in
the extraplanar gas. The classic ‘X-shape’ structure in this emis-
sion line ratio, where arms of the X extend outward from the
galaxy centre, has been described as indicative of outflows for
many years (e.g. S. Veilleux et al. 2005). This is most clear in ESO
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079—003, which shows higher levels of [N 11]/H « in the limbs of
the outflow. Though we note that in this target the bright He knot
located at roughly ~6-7 kpc on the major-axis has alow [N 11]/He,
and is not part of the high-ionization X-shape. In ESO 484-036,
ESO 079-003, IC 1711, UGC 00903 and ESO 120—016, [N 11]/H «
peaks above the galaxy centre (seen within major axis cuts of
1-2kpc). As with velocity dispersion, it is difficult to interpret
[N1]/He in NGC 4666 and NGC 5775 due to the limited field-
of-view coverage. We note that the morphologies of [N 11]/H « of
two of the lower SFR targets (NGC 3279 and NGC 3957) differ
strongly from higher SFR galaxies like ESO 079—003.
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Figure 5. Illustration of the regions defined for each galaxy in this paper.
Brown highlights the disc region, blue highlights the ‘major axis: £0-
1.5kpc’ region, green highlights the ‘major axis: £1.5-3 kpc’ region, and
the grey area outside of these highlights is the ‘major axis: > +3kpc’
region. When we project these regions onto an observation of an edge-
on galaxy, the ‘disc’ region aligns with the galactic mid-plane, and the ‘0
kpc’ mark aligns with the galactic centre.

We note again the difference of IC 1711 to other low-SFR
systems. IC 1711 has the second lowest SFR in our target list,
yet the morphology of the [N11]/H & ratio more suggests a high
ionization cone above the galaxy centre. This again suggests the
possibility of an alternate source of the extraplanar emission, as
discussed above and will be discussed below in the Discussion.

3.4 Regions of extraplanar and disc emission

For our analysis of the ionized gas emission line ratios, we di-
vide each galaxy into four empirically selected regions. These re-
gions are motivated by previous observations of outflows, where
hotter, more ionized gas is expected over the galaxy centre and
cooler/lower ionization gas is found at further distances along the
major axis (P. L. Shopbell & J. Bland-Hawthorn 1998a; S. Veilleux
et al. 2005; C. Lépez-Coba et al. 2020; S. Veilleux et al. 2020b).
Our sample, which includes a range in SFR and likely a range in
galactic wind strength, can empirically determine if this structure
is connected to the presence of stronger winds. We illustrate the
regional separations, described below, in Figure 5. The disc region
is designed to align with the mid-plane of the galaxy, and cap-
ture ionization in the disc. It is not meant to include extraplanar
emission. We define a 1kpc thick region that extends along the
full major-axis of the galaxy. This thickness is similar to the size
of regions described as disc in previous outflow studies (e.g. D. K.
McPherson et al. 2023). The extraplanar emission is divided into 3
regions based on the distance to the major-axis galaxy centre. The
boundaries for these separations based on ad hoc inspection of
Fig. 3, with special emphasis on the velocity dispersion. Based on
what we have already discussed, we therefore expect a decrease
in [N11]/He and oy, moving from the regions above the galaxy
centre towards those horizontally offset from the prior region.
These definitions are intended to help us better quantify this
decrease.

GECKOS extraplanar emission 11

3.5 Vertical H « surface brightness profiles

Fig. 6 shows vertical profiles of H « surface brightness, Xy, for
each galaxy. We make profiles using 0.6 arcsec resolution data
(top row) and 500 pc resolution data (bottom row). Profiles are
generated with the average of Xy, in each row, within each sub-
region, and restricting the averages to only include S/N > 5 on
the emission line in individual spaxels. In all profiles the central
4500 pc, the disc region discussed above, is omitted. The profiles
therefore concentrate on extraplanar emission only.

In Fig. 6, there is a trend that the highest SFR galaxies have
high surface brightness Xy, profiles, and the lowest SFR galaxies
have the lowest surface brightness profiles. This is most clear
for the left and centre panels, which represent emission closer
to the galaxy centre (on the major-axis). In the left-hand panels,
galaxies ESO 484-036, NGC 4666, NGC 5775, ESO 079-003, ESO
120-016, and UGC 00903 exhibit emission extending up to ~5 kpc
from their mid-planes. In contrast, the lowest SFR galaxies (NGC
3957, NGC 3279, and IC 1711) only reach ~2-3kpc above the
mid-plane. Assuming that H« flux is a mass tracer, and that gas
generating extraplanar emission originates in the galaxy, there are
many reasons why we would expect the low SFR systems to have
less extended profiles of Ho emission.

It is interesting to note that IC 1711 has low Xy, values that
do not extend as far as the high SFR galaxies. We have discussed
how the kinematics and emission line ratios of IC 1711 were
more similar to high-SFR galaxies, yet this similarity does not
extend to the Ho brightness. If one assumes that the biconical
shape in the oy, on this galaxy suggests an outflow, then the He
surface brightness would suggest a very low mass in the outflow
of IC 1711.

4 EMISSION LINE RATIO DIAGNOSTICS OF
IONIZATION MECHANISMS

The Baldwin-Phillips-Terlevich (BPT) diagram (J. A. Baldwin,
M. M. Phillips & R. Terlevich 1981) is a widely used tool to in-
vestigate the ionization mechanism driving emission line fluxes
(reviewed in L. J. Kewley et al. 2019b). IFU studies have further
applied BPTs to prove spatial variation in ionization across vari-
ous star-forming galaxies (e.g. R. G. Sharp & J. Bland-Hawthorn
2010; R. L. Davies et al. 2014; I. T. Ho et al. 2014; S. F. Sinchez
2020).

In this section, we create BPT diagrams to study the ioniza-
tion properties of extraplanar gas in our sample. We will use
these diagrams to compare galaxies and galaxy regions (defined
in Section 3.4) in our sample. We will also use these diagrams to
check differences between galaxies that are higher SFR galaxies
compared to lower. In resolved studies of face-on galaxies, B.
Reichardt Chu et al. (2025) finds that outflows are more com-
mon for specific star formation rate SFR/M,, > 0.1 Gyr~!. For
a galaxy with M, ~ 5 x 10'° M, (median GECKOS stellar mass),
SFR /Mg ~ 0.1 Gyr~! corresponds to SFR~ 5 Mg yr—t.

In this study, we construct two types of emission line ra-
tio diagrams for each galaxy: [N 11]/H « against [O u1]/H 8; and
[Su]/Ha against op,. As a test, we created BPT diagrams of
[S11]/H « against [O 111]/H 8 to identify AGN activity signatures
in our line-ratio data. Though these extra BPT diagrams are not
shown in this paper, we did not find clear AGN signatures using
[S11] in place of [N11]. In each diagram, we only include pixels
with S/N > 5 detections for [N 11], He, [O 11], and H 8.
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Figure 6. Vertical H o surface brightness profiles. Row 1 shows profiles made from 0.6 arcsec resolution data (i.e. the same resolution shown in Fig.
3), and row 2 shows profiles made from 500 pc resolution data. Each column displays profiles made from the 3 extraplanar regions defined in Section
3.4 (see Fig. 5). For NGC 4666 and NGC 5775, only one side of their minor axis profile is displayed, due to the vertically limited field of view for these
galaxies. Galaxies in the legend are listed in the order of decreasing SFR. Galaxy centres +500 pc are omitted to better emphasize the extraplanar gas.

Traditionally, BPT diagrams use theoretical classification
curves (e.g. L. J. Kewley et al. 2001; G. Kauffmann et al. 2003)
that define regions of the parameter space dominated by different
ionization mechanisms. However, the shape and position of these
curves depend on the hardness of the local ionizing radiation
field (L. J. Kewley et al. 2019a). We must consider this effect for
our galaxy sample, as we expect harder radiation fields to occur
naturally in lower attenuated extraplanar regions. To account for
varying ionizing field strengths, we use the variable classification
curve defined by equation (5) of L. J. Kewley et al. (2013) in our
[N11]/H o against [O111]/H 8 BPT diagrams. We, therefore, plot
two curves, that with smaller line ratios represents the standard
star forming sequence from L. J. Kewley et al. (2013); the solid
curve with larger line ratios represents a harder field.

Fig. 7 shows 2D contours of the [N 11]/H o -[O 111]/H 8 diagram
for our targets. The contours represent kernel density estimates
of the distribution of pixels from corresponding galaxies. We
show levels that include 66 percent and 99 percent of the
probability mass for each contour set. We separate the galaxies
into the following three subsets: SFR> 5 M, yr~! galaxies (blue
contours), SFR< 5M, yr~! galaxies (red contours) and IC 1711
(green contours). We have separated IC 1711 due to the differ-
ences in morphology of both oy, and ionization maps described
in the previous sections. Each subplot displays a shock model
grid (black dashed line) and two thermal ionization models (solid
lines). The shock models are taken from tables 6 and 8 of MAP-
PINGSIII (M. G. Allen et al. 2008). Thermal emission models
are generated using equation (5) in L. J. Kewley et al. (2013).
The region between these shocks and thermal emission is often
described as the ‘mixing sequence’, where the relative contribu-
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tions of thermal and non-thermal ionization are ambiguous. We
show [N 11]/H a—[O 111]/H B diagrams for all individual targets in
the appendix. Figures in the appendix show individual spaxels,
which are colored by distance to the galaxy mid-plane.

4.1 Line ratios for extraplanar gas of high SFR galaxies

We now examine emission line diagnostics for galaxies with
SFR> 5M,, yr~}, indicated as the blue lines in F igs 7 and 8. This
group consists of ESO 484—036, NGC 4666, NGC 5775, and ESO
079—003, each shown independently in appendix Figs A1, A2,
A3, and A4. The first three of these targets have known outflows
(M. Dahlem et al. 1997; G. H. Heald et al. 2006; S. Veilleux et al.
2005). ESO 079—003 exhibits a pronounced X-shape structure
in [N1]/Hew (Fig. 3), a high velocity dispersion cone structure
(Figs 3 and 4), and very extended H« emission (Fig. 6). ESO
079—003 is therefore consistent with several indicators of having
a strong galactic wind. Therefore, we interpret this group as a
sample of outflow-dominated systems.

The blue contours in the top two panels of Fig. 7 both show
emission line ratios for the SFR> 5M, yr~! galaxies that extend
beyond the thermally excited regime and into the non-thermal
regime, consistent with shocks (Vgneek ~ 200-300 km s~1). This
includes both the region designed to cover the central part of
the outflow (+0-1.5 kpc) and the region that covers the edge of
the outflow (£1.5-3.0 kpc). The plots in the Appendix show that
there is a correlation of larger values of emission line ratios (es-
pecially [N 11]/He) with distance from the galaxy mid-plane. We
note that the majority of spaxels fall outside the region occupied
by the M. G. Allen et al. (2008) shock models.
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Figure 7. A set of [N11]/H« against [O111]/H 8 BPT 2D histograms, combining all pixels with S/N > 7 in each line from our sample. We divide the
sample into galaxies with SFR>5 Mg, yr~! (blue contours), IC 1711 (green contours) and those with SFR below this (red contours). Contours represent
the top 66 per centand 99 per cent of pixels in each category. Separate BPT diagrams are shown for the 4 galaxy regions defined in Section 3.4 (see Fig. 5).
The spacing of the two solid lines reflect an increasing radiation-field, with the line for larger line ratios representing the harder field (L. J. Kewley et al.
2013). The black dashed line represents a shock model grid from MAPPINGSIII simulations (M. G. Allen et al. 2008), covering shock velocities between
200 km s~! and 1000 kms~!, which represent the boundaries of available models.

For the positions more distant from the galaxy centre (major-
axis position > 3 kpc) the majority of spaxels are consistent
with thermal emission. There is only a small spur of gas
that extends along the mixing sequence, albeit with lower
[Ou1]/HB than observed in the central regions of the extra-
planar gas. These results are consistent with differences in
ionization near to (above) the galaxy centre, with decreased
strength in ionization for gas more distant from the centre of the

galaxy.

Fig. 8 compares [S1I]/H « to the H « line velocity dispersion for
our SFR> 5 M, yr~! galaxies (blue contours). We do not include
ESO 484-036 in this figure, due to a skyline overlaping with [S11].
The highest velocity dispersions are found in the regions above
the galaxy centres (+0-1.5kpc), reaching oy, ~150kms~!. In
all extraplanar regions, oy, positively correlates with [S1I]/H &
for oy, < 60-70km s, This corresponds to [S11]/Ha ~ 1 . For
larger velocity dispersions (o, ~ 80-150 km s~!) there is not a
significant increase in [S11]/H «.
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Figure 8. Similar galaxy groups as shown in Fig. 7, here plotting 0w, against [S11]/H . These diagrams follow the same general structure as Fig. 7.

L. J. Kewley et al. (2019b) argue that shocks are probable
drivers of emission lines if (1) shock-sensitive line ratios, such
as [S11]/H «, correlate with dispersion, and (2) the velocity dis-
persion is larger than ~80 km s~1. We find a mixture of evidence
for shocks in gas above the plane in the GECKOS high SFR tar-
gets. We, likewise, point out that only a small fraction of spaxels
show both high oy, and a positive correlation between oy, and
[S1]/H « . Additionally, Fig. 7 shows that the most elevated line
ratios remain near to the lower end of the M. G. Allen et al. (2008)
shock model grid. This may be due to the models being designed
for ISM conditions, rather than outflows. Alternatively, shock
fronts likely occur on much smaller scales than our spatial res-
olution (50-200 pc). Recent work finds that clouds are typically
on the order of 10 pc in width (D. B. Fisher et al. 2025). If shocks
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occur on these scales, and are embedded in a non-shocked gas,
then our observations would blend the two together. This could
modify the measured emission line ratio.

J. Chisholm et al. (2017) finds negligible contribution of shocks
from UV absorption lines in outflows, though it is important to
note that absorption lines and emission lines do not trace gas in
the same way. Nevertheless, the lack of difference in the nature
of the [S11]/H a-oy, relationship, and relatively few spaxels that
overlap with shock models, may simply reflect a minimal role of
shocks in the ionization of wind gas.

D. K. McPherson et al. (2023) discusses the observational effect
for observing outflows with relatively low spectral resolution in-
struments (R ~ 1000-3000), like MUSE. Observations of nearby
outflows with higher spectral resolution observe split emission

920z Jaquialdaeg G| uo Jesn ueq yeles Aq /£6£598/2/90e1S/€/81S/a]011Ie/SBIUW/WO02 dNO"DILUSPEIE WOl PAPEROJUMO(]



lines in outflows (M. S. Westmoquette, L. J. Smith & J. S. Gal-
lagher 2008; M. S. Westmoquette, L. J. Smith & I. Gallagher 2011).
The line-splitting is understood to result from the two sides of
an expanding cone of gas. If an expanding cone is observed with
lower spectral resolution, this would appear as higher velocity
dispersion for a single Gaussian component. An interpretation
of the shape of the [S1]/Ha-oy, relationship could be that at
low dispersion there is a physical link between the ionization
and gas kinematics, but at higher velocity dispersion the velocity
dispersion reflects the expanding cone, which is unrelated to the
ionization mechanism.

4.2 Line ratios for extraplanar gas of main-sequence
galaxies

In Fig. 7, we also show the 66 percent and 99 percent con-
tours of the [N 11]/H «—[O 111]/H B values for galaxies with SFR<
5Mg yr (i.e. ESO 120—016, NGC 3279, NGC 3957, UGC 00903),
excluding IC 1711. The lower SFR systems are shown as red con-
tours. These galaxies lie within +0.3 dex of the main-sequence
SFR for their given mass, with lower SFR/M, than is expected
for strong outflows (see Table 1). We therefore interpret these
galaxies as typical main-sequence star-forming galaxies in the
local Universe, that are not typically associated with large-scale
outflows.

The first thing we notice is that, in general, the contours for
extraplanar gas of the low- and high-SFR galaxies occupy similar
regions of [N1I]/H «-[O 111]/H B parameter space. The majority
of spaxels, indicated by the inner 66th percentile contours, of
both subsets of galaxies overlap well. While the distributions are
similar, there are subtle differences between the distribution of
extraplanar gas in the [N1I]/Ha-[O111]/H 8 diagram for high
and low SFR galaxies. The high SFR systems reach ratios of
[Nu]/Ha ~ 3, while the main-sequence systems are rarely far
above [N 11]/H « 2 1. Conversely, the extraplanar emission of the
main-sequence targets reach higher values of [O 111]/HB (upper
left panel) and a more substantial fraction of the spaxels fall in
the shock model region.

In all 4 regions of the main-sequence galaxies (red contours),
we find emission line ratios that extend from the thermal ioniza-
tion region of the BPT diagram, along the mixing sequence and
into the region of the M. G. Allen et al. (2008) shock models. This
is similar to the results of R. Gonzalez-Diaz et al. (2024), who
studies the extraplanar emission of 9 edge-on galaxies with SFR
similar to the main-sequence targets of our sample. They find
emission line ratios consistent with significant contribution from
shocks.

The red contours in Fig. 8 show velocity dispersion-[S11]/H «
distributions from galaxies with SFR< 5 M, yr~!. Here, the bulk
of the low-SFR systems (all except IC 1711) have a very differ-
ent relationship between [S11]/H « and oy, as compared to the
high SFR systems. The low SFR systems cover a similar range of
[S11]/He but do not show the high velocity dispersion tail over the
galaxy centre that is present in the systems that are known to host
strong outflows. This suggests that the differences in increased
SFR do not impact the ionization mechanism heavily, but do in
fact lead to differences in the kinematics. This makes sense under
the assumption that extraplanar gas is driven by feedback and
that higher SFR have a larger mechanical energy in their launch
mechanism. This larger energy generates a coherent biconical
outflow. Conversely, feedback may drive gas above the plane in
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the main-sequence systems, but this does not form an expanding
bicone.

The elevated values of [N 11]/H o and [O 111]/H B values in the
disc region subplot of Fig. 7 correspond to NGC 3957 (see the
Fig. A7). This galaxy is different from the rest of the sample in
many ways. First, it has the least bright extraplanar gas. Secondly,
the extraplanar gas that is present is located in an off-centre
plume that is counter-rotating with respect to the disc, and has
elevated dispersion (see 2nd and 3rd column in Fig. 3, respec-
tively). This counter-rotating plume is not typical for outflows,
as outflowing material has often been shown to align closely
with the galactic minor axis, and to co-rotate with the galactic
disc (e.g. P. L. Shopbell & J. Bland-Hawthorn 1998b; G. H. Heald
et al. 2006). An accretion or merger of a smaller galaxy could be
consistent with counter-rotating, elevated gas. The merging gas
does not need to have the same line ratios of the host, which could
lead to this difference. Alternatively, Fig. 3 shows that the highest
[N 11]/H o values in NGC 3957 are associated to the galaxy centre,
possibly reflecting a contribution from AGN.

4.3 Emission line ratios for extraplanar gas in IC 1711

We have previously discussed the unique case, within our sample,
of IC 1711. This galaxy has a low SFR, ~ 1 Mg yr~%, but the
extraplanar gas shows a high dispersion cone-shape, which is
more commonly found at high SFR. The He surface brightness of
the extraplanar gas is, however, not high and is more appropriate
for the low-SFR. Figs 7 and 8 show observations of IC 1711 as
green contours.

Above the galaxy centre (major-axis 0-1.5 kpc) and in the adja-
cent region (1.5-3 kpc) the [N 11]/H «—[O 11]/H B values are cen-
tred on the M. G. Allen et al. (2008) shock models (see green
contours in Fig. 7). Similarly, these regions have high oy, and ex-
clusively higher [S11]/H «. The only other galaxy with exclusively
high line ratios above the disc plane is ESO 484-036, which is the
strongest SFR target in the sample and hosts a very strong bicon-
ical outflow. ESO 484-036 has the brightest Ha surface bright-
ness above the mid-plane. While IC 1711 has relatively weak
extraplanar emission, the gas that is present above the plane has
very similar ionization and dynamical properties as the galaxies
we understand to be stronger outflows. The emission line ratios
are likewise similar to strong outflows. These reason for these
similarities, in absence of strong H« flux above the mid-plane,
remain unclear.

4.4 Galaxy averages for extraplanar emission

In Fig. 9, we show the dependence of integrated extraplanar emis-
sion (Ly,) and median extraplanar [N11]/H« on the total SFR
of each galaxy. The extraplanar gas is measured only at z-axis
heights that are greater than £2 kpc from the galaxy mid-plane.
Also, we restrict the measurements to the central region of the
extraplanar gas, which means the inner +1.5kpc on the major-
axis. We tested use of a wider major-axis range, but it does not
significantly change Fig. 9. We find a strong correlation of galaxy
SFR with total extraplanar H o luminosity, with a Spearman cor-
relation coefficient of 0.7 and a fitted power law of log (Ly,) =
2.3 log(SFR) + 37.6. This result is similar to L.-Y. Lu et al. (2023),
who found more extended H « emission in higher SFR galaxies.
Several authors conclude that the extraplanar Ho emission
around star forming galaxies is consistent with being driven by
feedback (e.g. R. C. Levy et al. 2019; L.-Y. Lu et al. 2023; R.
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Figure 9. Measurements of SFR against extraplanar Ho luminosity (Lyy) and SFR against [N 11]/H « for the extraplanar regions across our galaxy
sample. The extraplanar gas measurements are made for gas at larger distance from the galaxy mid-plane than +2kpc, and only in the central region
of the extraplanar emission (+0-1.5kpc). This represents the brightest part of the extraplanar gas in all targets, except for NGC 3957 (discussed above).
We display measurements made above (black points) and below (orange points) the mid-plane of each galaxy. A Spearman rank correlation coefficient

is indicated in the top left corner of each plot.

Gonzélez-Diaz et al. 2024). Energy injected from supernovae,
cosmic rays, and radiation pressure all increase with SFR (re-
viewed in T. A. Thompson & T. M. Heckman 2024), which would
therefore generate brighter gas emission above higher SFR sys-
tems. Our observed correlation between H « luminosity and SFR
is consistent with this. For supernova-driven winds the energy
injection into the outflow scales linearly with the SFR (e.g. T. A.
Thompson & T. M. Heckman 2024). If we make a somewhat sim-
plistic assumption that outflow energy scales primarily with mass
in the outflow, then we, likewise, expect a linear relationship of
outflow mass with SFR (similar to results in B. Reichardt Chu
et al. 2025). The mass of ionized gas depends on Ly, /1., Where n,
is the electron density. If n. of the outflow increases with SFR of
the galaxy, then a power-law that is near to ~2 for the relationship
between SFR and Ly, is needed for mass in the outflow to scale
linearly with SFR. This would be consistent with the power law
in Fig. 9, which implies that our power-law is consistent with
extraplanar emission, in these galaxies, being driven by stellar
feedback.

Recently, B. Mazzilli Ciraulo et al. (2025) reports the first well
resolved n, profile that extends deep into an outflow (z ~ 6 kpc),
using GECKOS observations of NGC 4666 (included in our sam-
ple). At the least, these works show that high electron density is
found in winds, which would be consistent with a linear relation-
ship of outflow mass with SFR in GECKOS targets.

The relationship between [N11]/Ha and SFR does not show
a simple power-law behaviour. Only two galaxies with strong
evidence for outflows, ESO 079—003 and ESO 484—036, have
elevated extraplanar [N 11]/H « line ratios. NGC 3957, which we
have previously discussed as having several differences, also has
an elevated extraplanar [N 11]/He value. The majority of the sam-
ple, however, has low [N 11]/H « values that are below unity. The
differences in the extremes of the distribution of the emission line
diagnostics found in Figs 7 and 8, do not represent the bulk of
the gas. This can be seen in the individual plots available in the
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appendix, which colour points based on distance to the galaxy.
These show that the highest line ratios, where these differences
emerge, occur in a fainter gas found at a larger distance to the
galaxy.

Fig. 9 also suggests that changes in H « flux do not necessarily
drive changes in [N11]/H «. While the total flux of Ha above
the plane appears explainable, the line ratios of extraplanar gas
are not so easily described. This may simply reflect that no one
phenomenon cleanly explains all ionization mechanisms in the
extraplanar gas around galaxies.

5 DISCUSSION AND CONCLUSIONS

In this paper, we use observations from the GECKOS survey
to analyse the properties of emission lines from ionized gas in
galaxies. We use the first nine star forming galaxies observed.
We compared extraplanar gas properties above the mid-plane of
starburst galaxies to those of main-sequence galaxies. We find
that extraplanar emission is ubiquitous in our sample and often
extends well beyond +2kpc from the disc mid-plane. We find
that the surface brightness and luminosity of extraplanar gas in
galaxies correlate strongly with SFR of the galaxy, consistent with
previous studies on the extraplanar emission in galaxies (e.g. J.
Rossa & R. J. Dettmar 2003; R. C. Levy et al. 2019; L.-Y. Lu et al.
2023).

5.1 Velocity dispersion maps are good indicators of large
biconical winds

Our sample includes 3 galaxies that have previously been iden-
tified as hosting outflows (ESO 484—036, NGC 5775, and NGC
4666). Additionally, ESO 079-003 shows extended extraplanar
emission with a centralized high velocity dispersion structure
and an X-shaped [N 11]/Ho morphology (shown in Fig. 3). These
features are all characteristic of an outflow. These outflow galax-
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ies have SFR/Mg,, > 0.1 Gyr~!, which previous samples show is
more probable to have outflows (B. Reichardt Chu et al. 2025).

D. K. McPherson et al. (2023) argue that elevated velocity
dispersion in extraplanar gas is a good indicator of outflows.
They also suggest that the conical shape in velocity dispersion
maps from integral field spectroscopy observations can distin-
guish emission associated with an outflow from ambient extra-
planar gas. In our 500 pc resolution velocity dispersion maps
(Fig. 4), we find velocity dispersions exceeding 150 km s~! for our
SFR < 5 Mg yr! outflowing galaxies. Similar dispersions are
observed in other edge-on outflowing galaxies, such as Mrk148
(D. K. McPherson et al. 2023), ESO338—04 (A. Bik et al. 2018),
and NGC4383 (A. B. Watts et al. 2024). Moreover, when the
outflow is fully covered in the MUSE mosaic we find a similar
biconical shape. By contrast, high dispersions are rare in main-
sequence galaxies.

Our results suggest that ionized gas velocity dispersion is an
effective diagnostic for identifying candidate outflows for edge-
on galaxies with IFS observations. In this case, elevated velocity
dispersion with a biconical shape, when seen above a strong star-
burst (or AGN) in the disc, can trace outflow gas. Inside the con-
ical outflows, the measured ionized-gas velocity dispersion is ex-
pected to be a product of both internal bulk motion of gas and the
expansion of the bicone. A sufficiently high spectral resolution
(R 2 7,000) would resolve the multipeaked emission line profiles
needed to characterise this expansion (e.g. D. K. McPherson et al.
2023; M. S. Westmoquette et al. 2008).

5.2 Ionization of extraplanar gas does not vary heavily
across a large range of SFR

Many studies have explored the ionization of extraplanar gas
in various galaxy samples (e.g. J. A. Collins & R. J. Rand 2001;
R. G. Sharp & J. Bland-Hawthorn 2010; I. T. Ho et al. 2016; E.
Boettcher, J. S. Gallagher & E. G. Zweibel 2019; C. Lopez-Coba
et al. 2019). These studies generally find increased ionization at
larger distances from the galaxy mid-plane. This trend may reflect
the growing contribution of shocks as an ionization mechanism
away from the mid-plane (e.g. J. A. Collins & R. J. Rand 2001),
or it could reflect radiation field hardening at larger minor axis
heights due to reduced shielding (see discussion in L. J. Kewley
et al. 2019b). A mixture of both of these effects is also plausible.
Due to the larger energy and momentum associated with bi-
conical outflows, one might expect that the ionization proper-
ties in strong galactic winds above starburst galaxies to differ
from that of the extraplanar gas above main-sequence galax-
ies. X-shaped [N 11]/H @ morphologies have long been an ion-
ization signature associated with outflows (review S. Veilleux
et al. 2005). We see this feature most clearly in ESO 079—003
for our sample (see Fig. 3). In our sample, the largest [N 11]/H o
and [S1]/Ha values are found in the centralized extraplanar
gas above ESO 484—036 and ESO 079—003. Both of these galax-
ies have strong velocity dispersion cones, which may suggest a
stronger presence of shocks. Overall, we see ESO 484—036 and
ESO 079—003, which are both super-main-sequence galaxies,
having the strongest shock-ionization evidence in our sample.
Conversely, NGC 4666 and NGC 5775, both outflow galaxies,
only sparsely populate the shock region of the BPT parameter
space. As seen in Fig. 9, only 2 of our SFR > 5M,, yr~! galaxies
have elevated [N 11]/H « in the outflow. We find a similar outcome
for [S11]/H . Moreover, A. Bik et al. (2018) find low extrapla-
nar [S1]/H« and low [N11]/H« in outflowing starburst galaxy
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ES0O338—1G04. Despite these ratios, they do identify shocks with
the [O1] line at large distances from the galaxy. We will consider
GECKOS observations of [O1] in a future work.

We also find that our main sequence (SFR < 5 Mg yr') galax-
ies show extraplanar line ratios high enough ([N11]/Ha >1) to
be consistent with shock models by (e.g. M. G. Allen et al. 2008)
(see Figs 7 and 8). Above the galaxy centre the majority of spaxels
for high and low SFR are in similar regions of the [N11]/Ha-
[O111]/H B sequence, and main-sequence galaxies span a similar
range of [S1]/He« to that of starbursts. Although some minor
differences in line ratio distributions are observable between the
high and low SFR galaxies in Fig. 7, our analysis has not revealed
any physical significance in these differences. Our findings echo
results from I. T. Ho et al. (2016), who find that emission-line ra-
tios like [N 11]/H « are not sufficient alone for separating galaxies
with and without strong winds. The key difference appears to be
in kinematics rather than ionization, which Fig. 8 illustrates.

R. C. Levy et al. (2019) argue, based on the kinematics of
edge-on galaxies, that feedback drives the majority of extrapla-
nar emission in star forming galaxies, even in main-sequence
galaxies. The correlation of extraplanar Ho luminosity (Fig. 9),
H « surface brightness (Fig. 6) and H « scale-height (J.-T. Li et al.
2016) all with SFR are consistent with a picture in which feedback
drives extraplanar emission in all star forming galaxies. Obser-
vations suggest that there is a shallow-slope relating Xspg to the
outflowing velocity of gas launched in winds (e.g. B. Reichardt
Chu et al. 2025). Even modest levels of star formation (Xspr ~
0.1 Mg yr—! kpc=2) are observed to have ionized gas velocities of
~100-200 km s~! (e.g. B. Reichardt Chu et al. 2025), which would
potentially drive gas upward and could create a shock against the
inner CGM.

Aside from the explanation, from a purely observational view,
our results suggest that ionized gas line ratios alone are in-
sufficient to identify the presence of outflows. Using elevated
[N11]/Hea or [S11]/H « to indicate outflows would likely under-
estimate the number of systems that show outflows. A combined
analysis of velocity dispersion and line-ratios would improve
results, but resolved imaging that indicates a conical shape in
[N1]/H « and/or oy, provides a more complete selection.

5.3 IC1711: A possible relic outflow

IC 1711 shows high velocity dispersion above the galaxy centre
and enhanced emission line ratios in the central part of the ex-
traplanar gas, but lacks bright extraplanar emission. IC 1711 has
the second lowest SFR in our sample, with SFR ~ 1.1 Mg yr~1,
and low specific star formation rate, SFR/Mg, ~0.02 Gyr~—!. It
would be very different from previous observations for this low
star formation to drive an outflow (e.g. N. M. Forster Schreiber
et al. 2019; B. Reichardt Chu et al. 2025). Moreover, there is no
evidence of a presently luminous AGN (see BPT in Appendix).
Unless there is a high central X SFR in this galaxy that our XSFR
measurements are insensitive to, the morphology of the velocity
dispersion and line-ratio of IC 1711 contrasts with the patterns
seen for the high SFR galaxies, such as ESO 484—036.

If our SFR measurement is not a significant underestimate,
one possible explanation for the behavior of IC 1711 could be
that some extraplanar emission may trace relic gas from stronger
outflows in the past. A. Pillepich et al. (2021) show, in TNG simu-
lations, that over pressurized, high ionization cones in Milky Way
mass systems persist after the feeding of the galactic wind turns
off. In these simulations the outflow is driven by an AGN, and
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after it turns off a high ionization cone remains for 10-100 Myr.
A. Pillepich et al. (2021) argue that these are similar to the large
X-ray and y-ray bubbles that extend out from the centre of the
Milky Way, called ‘Fermi Bubbles’ (M. Su, T. R. Slatyer & D. P.
Finkbeiner 2010). Such bubbles could generate changes to both
internal gas kinematics and emission line ratios. R. Gonzélez-
Diaz et al. (2024) studies emission line ratios of 9 edge-on galaxies
with similar SFR to IC 1711. They likewise show at least one
target has a similar line-ratio morphology. Deep IFS observations
of edge-on low-SFR systems may therefore reveal evidence of
past outflow activity. This opens an opportunity to study the time
evolution of outflows. More work studying these systems would
be helpful to understand their nature.

Above, we discuss that the combined use of gas velocity disper-
sion and [N 11]/H « line ratios is a useful tool to identify outflows.
Such a selection would include a galaxy like IC 1711. The addi-
tional information from the H « flux, would likely conclude that
the mass-outflow rate derived for this target would be very low. It
would, therefore, not necessarily be problematic to select targets
like IC 1711 with stronger outflow systems, as long as authors
considered a mass tracer, like H o flux.

The total GECKOS sample includes 36 galaxies, ~24 of which
are star forming systems. This work represents an initial anal-
ysis. Whilst clear kinetic signatures of galactic winds appear
in this sample, caveats remain. Future work with the complete
GECKOS survey will improve statistics and enable analysis of
mass-loading, energy-loading, and the detailed physics of galactic
winds.
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APPENDIX A:

Al BPT line diagnostics for individual galaxies

The following section lists our [O 111]/H g BPT diagrams made for
each of our individual galaxies. Compared to Figs 7 and 8, these
plots display scatter points for individual pixels. The colour of
each point represents the corresponding pixel’s projected minor
axis separation from its galaxy’s mid-plane. We note that there
is generally a positive correlation between line ratios, dispersion,
and minor axis height in these diagrams.
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Figure Al. A setof [N11]/H « against [O 111]/H g BPT diagrams for ESO 484—036. Similar to what is shown in Fig. 7, BPT diagrams are given for pixels
in the galaxy’s major axis position: 0—1.5kpc, major axis position: 1.5—3 kpc, major axis position: >+3 kpc, and disc regions. Individual pixels are
represented by separate scatter points, where the color of each point represents the pixel’s minor axis height. Note that the displayed trend lines and grid
are the same as the ones shown in Fig. 7. This figure is discussed in Section 4.1.
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Figure A2. A set of [N11]/H « against [O 111]/H g BPT diagrams made for NGC 4666. The format is the same as the one used in Fig. Al. This figure is

discussed in Section 4.1.
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Figure Ad. A setof [N1I]/H« against [O 111]/H 8 BPT diagrams made for ESO 079—003. The format is the same as the one used in Fig. A1 This figure is
discussed in Section 4.1.

4.0
3.5
@
<
S 3.0 5
5 <
1l 2.5 %
major axis: major axis: :‘3—
} .5 kpc 1l 5 —3 kpc 20 E
\ ) ,' I
\\ | e
Y ] ! Y =
- ¢ [}
= i s 158
L ' g
= ] o
§, _ 1.0
ko)
o
) 0.5
major axis: T
\ > =3 kpc disk oo
~0.50 —0.25 0.00 0.25 —-0.50 -0.25 0.00 0.25 '
log([NII]/Ha) log([NIl]/Ha)
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discussed in Section 4.2.
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Figure A6. A setof [N11]/H« against [O 111]/H g BPT diagrams made for UGC 00903. The format is the same as the one used in Fig. A1. This figure is
discussed in Section 4.2.

— 4.0
1 \ 1
I N
/’ \\ i
!/ J
;) 3.5
— /
(a0} / 1
= R LALL /
S 3.0 5
5 ' <
Il 1 2.5 %
major axis: 1 m :‘3—
0I %5kpc_ 1.5 3kpc 20 E
N L €
] \ ] o
/ Y T Y b
) 30 1.5 %
Y / 1 & c
=SANAY I R iR / g
= ] o
é _ 1.0
ko)
o
i 0.5
major axis: T
\ > %3 kpc disk 00
~0.50 —0.25 0.00 0.25 —0.50 —-0.25 0.00 0.25 '
log([NIl]/Ha) log([NIl]/Ha)

Figure A7. A set of [N11]/H « against [O 111]/H g BPT diagrams made for NGC 3957. The format is the same as the one used in Fig. Al. This figure is
discussed in Section 4.2.
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Figure A8. A set of [N11]/H« against [O 111]/H B BPT diagrams made for IC 1711. The Format is the same as the one used in Fig. Al. This figure is

discussed in Section 4.1.
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discussed in Section 4.2.
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