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ABSTRACT
We investigate a sample of 40 local, main-sequence, edge-on disc galaxies using inte-
gral field spectroscopy with the Sydney-AAO Multi-object Integral field spectrograph
(SAMI) Galaxy Survey to understand the link between properties of the extraplanar
gas and their host galaxies. The kinematics properties of the extraplanar gas, includ-
ing velocity asymmetries and increased dispersion, are used to differentiate galaxies
hosting large-scale galactic winds from those dominated by the extended diffuse ion-
ized gas. We find rather that a spectrum of diffuse gas-dominated to wind dominated
galaxies exist. The wind-dominated galaxies span a wide range of star formation rates
(−1 . log(SFR/M�yr−1) . 0.5) across the whole stellar mass range of the sample
(8.5 . log(M∗/M�) . 11). The wind galaxies also span a wide range in SFR surface
densities (10−3–10−1.5 M� yr−1 kpc−2) that is much lower than the canonical thresh-
old of 0.1 M� yr−1 kpc−2. The wind galaxies on average have higher SFR surface
densities and higher HδA values than those without strong wind signatures. The en-
hanced HδA indicates that bursts of star formation in the recent past are necessary for
driving large-scale galactic winds. We demonstrate with Sloan Digital Sky Survey data
that galaxies with high SFR surface density have experienced bursts of star formation
in the recent past. Our results imply that the galactic winds revealed in our study are
indeed driven by bursts of star formation, and thus probing star formation in the time
domain is crucial for finding and understanding galactic winds.
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1 INTRODUCTION

In the standard picture of galaxy formation and evolution,
the feedback related to processes that drive energy and mo-
mentum into the interstellar gas serve to regulate the assem-
bly of baryonic matter in dark matter haloes. Outflows from
galaxies prevent further gas accretion and eject gas, metals,
and energy out to many kpc into their haloes. The overy
of large amounts of gas, metals, and, dust in the circum-
galactic medium (at a few hundred kpc radius) has estab-
lished the important role that this halo matter must play in
galaxy evolution (Ménard et al. 2010; Tumlinson et al. 2011;
Werk et al. 2013, 2014; Peek et al. 2015). The halo gas may
eventually cool down and fall back to the disc to feed sub-
sequent star formation (i.e. the “galactic fountain” picture;
Shapiro & Field 1976; Bregman 1980; de Avillez 2000), or it
may be lost to the system through interactions with other
galaxies. The interplay between the discs and their haloes
can strongly influence the different pathways galaxies evolve
upon over cosmic time.

Star formation and active galactic nuclei (AGN) are the
two major energy sources capable of ejecting baryonic mat-
ter from the disc into the halo. Different energy input rates
and their time-scales dictate the form of interactions be-
tween galaxies and their haloes.

At the very energetic end, powerful AGNs can deposit
energy and momentum from small to large scales, ejecting
multiphase gas at velocities of more than a thousand kilome-
tres per second (e.g. Tremonti et al. 2007; Rupke & Veilleux
2013; Veilleux et al. 2013). At intermediate energy, galactic
winds driven by star formation can typically reach a speed
of a few hundred kilometres per second and are known to
be very common at high redshifts (z > 1) where the cos-
mic star formation rates (SFRs) are high (e.g. Weiner et al.
2009; Steidel et al. 2010). In the local Universe, starburst-
driven winds are ubiquitous in galaxies with high enough
SFR surface densities (Σ > 0.1M� yr−1 kpc−2; Heckman
2002). Although present-day normal galaxies do not have
such high SFR surface densities, the prevalence of galactic
winds is still implied statistically by stacking analysis with
the Nad absorption lines (Chen et al. 2010). At intermedi-
ate redshifts (0.3 < z < 1), the ubiquity of galactic-scale
outflows has also been inferred by absorption line studies
in individual systems using 10-m class telescopes (e.g. Ru-
bin et al. 2014; Schroetter et al. 2015; see also Sato et al.
2009; Martin et al. 2012; Kornei et al. 2012). Finally at low
energy, the extended diffuse ionized gas (eDIG), as part of
the warm ionized medium seen both in our Milky Way (also
known as the Reynolds Layer; Reynolds et al. 1973) and
external galaxies represents the interface between the hot
haloes and the cold discs (see Haffner et al. 2009 for an ex-
tensive review).

The interactions between disc activities and haloes (the
so-called “disc-halo interactions”) can be effectively probed
by study of the extraplanar emissions at the interface where
the interactions occur. Edge-on galaxies provide the best
viewing angle for the investigation of the structure, excita-
tion, and dynamics of the extraplanar gas.

In nearby edge-on galaxies that host well-known star-
burst driven winds, such as M82 (Axon & Taylor 1978; Bland
& Tully 1988; Leroy et al. 2015), NGC253 (Westmoquette
et al. 2011), NGC3079 (Veilleux et al. 1994; Cecil et al. 2001,

2002) and NGC1482 (Veilleux & Rupke 2002), open-ended
bipolar structures can extend several kpc from the central
energy injection zones undergoing concentrated starbursts.
Strong supernova feedback drives multiphase gas consist-
ing of hot 107−8 K X-ray emitting gas, warm 104 K ion-
ized gas, and cold neutral atomic and molecular gas, to a
speed of a few hundred kilometres per second (see Veilleux
et al. 2005 for a review). The optical line-emitting gas usu-
ally presents well-defined conical structures, which are the
limb-brightened parts of the expanding X-ray bubbles that
also entrain the ambient cold gas. As the bubbles expand
supersonically, shock waves excite optical emission lines and
produce the characteristically large [O i], [O ii], [N ii] and
[S ii] to Balmer line ratios. This extraplanar gas in nearby
prototype wind systems represents a very violent form of
interactions between discs and haloes.

In galaxies lacking spectacular large-scale winds, nar-
rowband Hα imaging in nearby late-type edge-on galaxies
reveals that eDIG is very common, with more than half of
the galaxies showing extraplanar diffuse emissions and some-
times filamentary structures (e.g. Rossa & Dettmar 2000,
2003a,b; Miller & Veilleux 2003a; Rossa et al. 2004). The
average distances of the extended emission above the galac-
tic midplane can range from 1–2 to 4 kpc or more. Kine-
matic studies suggest that the eDIG co-rotates with the host
galaxy and usually presents a slight lag in the azimuthal
velocity, which increases with increasing off-plane distance
(Heald et al. 2006b,a, 2007). O-stars in H ii regions are likely
to contribute significantly to the excitation of eDIG (Miller
& Cox 1993; Dove & Shull 1994). Escaping Lyman contin-
uum photons from O-star H ii regions travelling in a low den-
sity, fractal medium or superbubble chimney could reach kpc
scales and excite the extraplanar gas. This picture naturally
explains the observed correlations between the far infrared
luminosity per unit area and extraplanar ionized mass (and
also the presence of extraplanar emission Miller & Veilleux
2003a; Rossa & Dettmar 2003a). This picture also explains
the strong spatial correlation between strong diffuse emis-
sion and H ii regions in the disc (Zurita et al. 2000, 2002).
However, Miller & Veilleux (2003b) modelled the forbidden
line ([O iii] λλ4959,5007, [O i] λ6300, and [S ii] λλ6716,6731)
to Balmer line ratios of the extended filaments which typi-
cally increase with increasing height off the disc plane (e.g.
Otte et al. 2001, 2002). They found that in most cases pho-
toionization is unlikely to be the only excitation mechanism,
with hybrid models combining photoionization and turbu-
lent mixing layers or shocks better explaining the optical
line ratios (see also Reynolds et al. 1999; Collins & Rand
2001; Seon 2009; Barnes et al. 2014).

Understanding the underlying physical processes and
galaxy properties that drive the different types of disc-halo
interactions is critical for building a more comprehensive
picture of the cycle of baryonic matter in galaxy evolution.
Extraplanar gas can shed light on the different strengths
and forms of the interactions. Observing such interactions in
large numbers of galaxies has been made possible recently by
virtue of the growth of integral field spectroscopy. The on-
going integral field spectroscopy (IFS) surveys, such as the
the Calar Alto Legacy Integral Field Area Survey (CALIFA;
Sánchez et al. 2012), the Sydney-AAO Multi-object Inte-
gral field spectrograph (SAMI) Survey (Croom et al. 2012;
Bryant et al. 2015), and the Mapping Nearby Galaxies at
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Apache Point Observatory (MaNGA) Survey (Bundy et al.
2015), are delivering three dimensional datacubes of hun-
dreds to tens of thousands of galaxies and starting to revo-
lutionize the way galaxies are studied. In this work, we will
explore extraplanar emissions in edge-on discs using data
from the SAMI Galaxy Survey and investigate the connec-
tion between properties of the extraplanar gas and physical
properties of the galaxies.

The paper is structured as follows. Section 2 describes
our sample selection. We uss the analysis of our IFS dat-
acubes in Section 3, and introduce in Section 4 a novel ap-
proach of empirically identifying wind-dominated galaxies.
In Section 5, we detail the derivation of host galaxy proper-
ties including star formation rate and star formation history.
In Section 6, we investigate common physical properties of
wind-dominated galaxies. Finally, we uss the implications of
our results in Section 7 and provide a summary and conclu-
sion in Section 8.

Through out this paper, we assume the concordance Λ
cold dark matter cosmology with H0 = 70 km s−1 Mpc−1,
ΩM = 0.3 and ΩΛ = 0.7. We infer cosmological distances
from redshifts that have been corrected for local and large-
scale flows using the flow model by Tonry et al. (2000).

2 SAMPLE SELECTION

We select edge-on star-forming disc galaxies from the SAMI
Galaxy Survey. The on-going SAMI Galaxy Survey observes
low redshift galaxies (z ≈ 0.05) using deployable imaging
fiber bundles (“hexabundles”) to obtain spatially-resolved
optical spectra over a circular field of view (FOV) of 15 arc-
sec in diameter (Croom et al. 2012). The survey is conducted
on the 3.9-m Anglo-Australian Telescope using the flexi-
ble AAOmega dual-beam spectrograph (Smith et al. 2004;
Saunders et al. 2004; Sharp et al. 2006). For a comprehen-
sive ussion of the sample selection, the reader is directed to
the survey sample selection paper by Bryant et al. (2015).
In brief, the SAMI sample is selected from the Galaxy And
Mass Assembly project (GAMA; Driver et al. 2009) using
stellar-mass cut-offs in redshift bins up to z < 0.12. The
GAMA sample covers broad ranges in stellar mass and en-
vironment. SAMI also includes an addition of eight clusters
to probe the higher density environments. Our edge-on discs
are selected from the GAMA sample that contains about 830
galaxies at the present stage of the survey (June 2015).

We impose criteria on the galaxy inclination angles and
effective radii to ensure that the selected galaxies are edge-
on discs well-covered by the SAMI hexabundles. We require
minor-to-major axis ratio (b/a) in the r-band to be less than
0.26, which corresponds to a lower limit on inclination angle
of 80 degrees, assuming the classical Hubble formula1 (Hub-
ble 1926). We also require the r-band effective radii (re; or
half-light radii) to be less than 12 arcsec, such that the SAMI
hexabundles cover more than 50% of the total light for the
majority of the sample. The effective radii were measured on
Sloan Digital Sky Survey (SDSS; York et al. 2000) r-band
images by the GAMA team using galfit (Peng et al. 2010;

1 cos2 i =
(b/a)2−q20

1−q20
, where i is the inclination angle and q0 is a

constant of 0.2 (i = 90◦ for b/a < q0).
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Figure 1. Distributions of our galaxies in stellar mass, r-band ef-

fective radius, minor-to-major axis ratio, and redshift. The circles

and stars are the 82 galaxies that satisfy our geometrical (incli-
nation angle > 80 degrees [b/a < 0.26] and re < 12 arcsec) and

morphological (not major merger) selections. The open circles are

galaxies lacking sufficient Hα detections outside 1re (Ngal = 33)
and the open stars are AGNs (Ngal = 9). These galaxies are ex-

cluded from this work. Our final sample corresponds to the filled
blue circles (Ngal = 40). The blue and black histograms are the

distributions for our final sample and all the 82 galaxies, respec-

tively. Grey scale in the re [kpc] versus stellar mass panel shows
the mass-size relation of galaxies in the GAMA survey with incli-

nation angles > 80 degrees (b/a < 0.26).

Kelvin et al. 2012). We reject major mergers showing clear
tidal features because their complex large-scale winds are
not the subject of this study (e.g. Wild et al. 2014). These ge-
ometrical and morphological selection criteria yield 82 galax-
ies. From this sample, we further reject AGNs as those galax-
ies whose line ratios [N ii] λ6583/Hα and [O iii] λ5007/Hβ at
the central spaxels are below the theoretical maximum star-
burst line by Kewley et al. (2001). Galaxies lacking enough
spaxels outside 1re detected in Hα are also not considered
because their data do not yield strong constraints on the
extraplanar gas properties (see Section 4). These galaxies

MNRAS 000, 1–25 (2015)



4 I.-T. Ho et al.

15 10 5 0 -5 -10 -15

δ R.A. [arcsec]

−15

−10

−5

0

5

10

15

δ
D

ec
.

[a
rc

se
c]

SDSS Hα Vgas σgas

5 0 -5

−5

0

5

log([NII]/Hα) log([SII]/Hα) log([OI]/Hα)

1

2

3

[1
0
−

1
6
/

er
g

s/
s/

cm
2
]

−60

−30

0

30

60

[k
m

/
s]

0

20

40

60

[k
m

/
s]

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1 -0.8

-1.0

-1.2

-1.4

Figure 2. Examples of 2D maps reconstructed from the IFS datacubes of GAMAJ115927.23-010918.4 (CATAID: 31452). The dashed

red circle in the SDSS 3-colour image (right panel) shows approximately the FOV and pointing of SAMI (15 arcsec in diameter). Note
the increase in velocity dispersion and line ratios off the disc plane and the disturbed velocity field are all indicative of galactic winds.

We adopt S/N cuts of 3 in these maps. North is up and east is left.

without good detections on average have lower star forma-
tion rates and lower star formation surface densities than
those with good detections. After imposing these two crite-
ria, we work with 40 galaxies, representing approximately
5% of the current SAMI GAMA sample.

Figure 1 shows the stellar mass, redshift, b/a, and re
distributions of our sample. The filled circles are our final
sample (Ngal = 40). The open symbols (circles and stars) are
those satisfying our geometric and morphological selections
but either have insufficient detections of extraplanar emis-
sions (Ngal = 33) or are AGN hosts (open stars; Ngal = 9).
We adopt the photometrically-derived stellar masses from
the GAMA survey (Taylor et al. 2011). The strong correla-
tion between redshift and stellar mass is a direct result of
the selection function of SAMI (see Bryant et al. 2015 for de-
tails). The lack of correlation between re in arcsec and stellar
mass suggests that our resolution normalized to galaxy size
is on average the same for galaxies of different masses .

3 DATA ANALYSIS

3.1 Data reduction

The integral field spectroscopic data are reduced using the
automatic data reduction pipeline described in Sharp et al.
(2015) and Allen et al. (2015). We first reduce the spectrum
of each fiber following the standard data processing proce-
dures for optical spectroscopy using the 2dfdr2 data reduc-
tion pipeline (Croom et al. 2004), and subsequently resample
the spectra on to a rectangular grid of 0.5 arcsec using the
drizzle technique (Fruchter & Hook 2002; Sharp et al. 2015).
The reduced data products comprise two datacubes for ev-
ery galaxy, one for each of the red and blue arms. The blue
datacube covers ≈ 3750–5800Å with a spectral sampling of
1.04Å and spectral resolution of R ≈ 1750 or full-width at
half-maximum (FWHM) of ≈ 170 km s−1. The red datacube

2 http://www.aao.gov.au/science/software/2dfdr

covers ≈ 6300–7425Å with a spectral sampling of 0.57Å and
spectral resolution of R ≈ 4500 or FWHM ≈ 65 km s−1.
The angular resolution of the data is in the range of 1.4 –
3.0 arcsec, with a median value of 2.1 arcsec. The median
angular resolution corresponds to about 0.8 to 2.8 kpc at
the distances of our sample.

3.2 Emission line fitting

We apply spectral fitting to extract emission line fluxes and
kinematic information from the datacubes. Our emission line
fitting toolkit lzifu (Ho et al. in preparation; see also Ho
et al. 2014) is employed to construct 2-dimensional maps.
lzifu adopts the penalized pixel-fitting routine (ppxf; Cap-
pellari & Emsellem 2004) to model (and subsequently sub-
tract) the stellar continuum and the Levenberg-Marquardt
least-squares method (Markwardt 2009) to fit Gaussian pro-
files to the user-assigned emission lines. For fitting the stellar
continuum, we adopt the theoretical simple stellar popula-
tion (SSP) models assuming Padova isochrones of 24 ages3

and 3 metallicities4 from González Delgado et al. (2005).
We model 11 emission lines simultaneously as simple Gaus-
sians requiring them to share the same velocity and veloc-
ity dispersion. The 11 emission lines are [O ii] λλ3726,3729,
Hβ, [O iii] λλ4959,5007, [O i] λ6300, [N ii] λλ6548,6583, Hα,
and [S ii] λλ6716,6731. We fix the ratios [O iii] λλ4959/5007
and [N ii] λλ6548/6583 to their theoretical values given by
quantum mechanics. Hereafter, we omit the wavelength no-
tation when appropriate, i.e., [O iii]≡ [O iii] λ5007, [N ii]≡
[N ii] λ6583, [O i]≡ [O i] λ6300, and [S ii]≡ [S ii] λλ6716,6731

3 equally spaced on a logarithmic scale between 0.004 and 11.220

Gyr
4 Z = 0.004, 0.008, and 0.019

MNRAS 000, 1–25 (2015)
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Figure 3. Examples of 2D line ratio maps reconstructed from the IFS datacubes of GAMAJ120221.91-012714.1 (CATAID: 185510).
The SAMI FOV and pointing position are shown as the red dashed circle in the SDSS 3-colour image (right panel). We create the

line ratio maps in two different methods: pixel-to-pixel (upper panels) and adaptive |z|-binning (lower panels; see Section 3.2). The
adaptive |z|-binning bins symmetrically on either side of the disc. The |z|-binning maps trace the emission line ratios of the ionized gas

unambiguously out to larger |z| than the pixel-to-pixel maps. We adopt S/N cuts of 5 in these maps.

3.2.1 Pixel-to-pixel maps

Figure 2 shows the emission line flux, line ratio, and kine-
matic maps of GAMA J115927.23-010918.4 (CATAID5:
31452) and demonstrates the immediate products coming
out of our lzifu pipeline. These maps are useful for inves-
tigating the properties of the extraplanar gas, as we will
elaborate on in later sections. In this particular galaxy, sev-
eral features are immediately obvious and imply the pres-
ence of large-scale galactic winds. The [N ii]/Hα, [S ii]/Hα
and [O i]/Hα line ratio maps show that the line ratios in-
crease as a function of height off the disc plane, and sug-
gest that the physical conditions of the ionized gas change
dramatically off the disc plane. The enhanced line ratios
are likely due to shocks embedded in galactic winds. The
gas in partially ionized, post-shock regions emits strong for-
bidden lines from low ionization species and hydrogen re-
combination lines (Allen et al. 2008). The elevated velocity
dispersion seen in the σgas map is also consistent with the
broad kinematic component seen in IFS data of other wind
galaxies (e.g. Rich et al. 2010, 2011; Fogarty et al. 2012; Ho
et al. 2014). Two additional interesting features stand out
from these maps. In the [N ii]/Hα map, an elevated [N ii]/Hα
cone-shaped region pointing south-west could be tracing an
ionization cone emerging from the energy injection zone at
the centre of the galaxy. We do not observe the other side
of the putative bipolar structure presumably due to dust
obscuration or intrinsic asymmetry of the winds. This fea-
ture is very similar to the bipolar structures that have been
observed in the nearby starburst galaxies NGC 253 (West-
moquette et al. 2011) and NGC3079 (Cecil et al. 2001). The
velocity map of the gas, vgas, shows that the overall veloc-
ity gradient is mis-aligned with the galaxy disc, which is
caused by the complex velocity field of the bipolar winds
superimposed on the disc rotation (see Section 4). Although

5 CATAID is the galaxy identifier of GAMA

there are no strong indications of on-going interactions in
GAMA J115927.23-010918.4 (z = 0.0202), the presence of
nearby galaxy GAMA J115923.94-010915.4 (about 50 arc-
sec or 23 kpc away) at a similar redshift (z = 0.0204) im-
plies that the environment might play a role in triggering
the winds (e.g. Rich et al. 2010; Vogt et al. 2013). Higher
spatial resolution and multi-wavelength observations are re-
quired to determine the precise geometry and cause of the
galactic winds in GAMA J115927.23-010918.4; nevertheless,
the pixel-to-pixel maps reconstructed from our IFS data are
sufficient to reveal the existence of strong disc-halo interac-
tions through galactic winds.

3.2.2 Adaptive |z|-binning

GAMA J115927.23-010918.4 in Figure 2 is one of the best
cases in our sample where clear wind signatures are detected.
However, since extraplanar line emission is typically much
fainter than that of the disc, we spatially bin the datacube
parallel to the disc plane (|z|-binning). This improves our
detection limits at the cost of losing some spatial and kine-
matic information of the extraplanar gas.

In the analysis we adopt “adaptive |z|-binning” to en-
sure adequate signal-to-noise ratio (S/N) in the following
way. First, we produce a bin reference map where the SAMI
FOV is divided into 1-arcsec wide slices parallel to the disc
(half the typical spatial resolution). We then bin together
the required number of slices symmetrically until the S/N of
[S ii] λ6716 reaches 5. Close to the plane of the disc, the S/N
may be already sufficient, leading to a bin containing only
the first 1-arcsec-wide slice above and below the disc plane.
As flux drops off at larger distances from the disc plane, we
adopt larger bins to obtain the required S/N (i.e. containing
several matched slices from above and below the disc). This
symmetric binning assumes that the ionized gas above and
below the disc share the same physical properties. Spaxels

MNRAS 000, 1–25 (2015)
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Figure 4. The velocity asymmetry across the major axis of

GAMAJ115927.23-010918.4 (CATAID: 31452 ; Figure 2). The
middle panel (vgas,flipped) is the velocity field (vgas) in the

left panel flipped over the galaxy major axis. The difference be-

tween the left and middle panels is shown in the right panel
(vgas − vgas,flipped, or the velocity residual map). Contours are

equally spaced in 15km s−1 intervals. The dashed black line indi-
cates the major axis of the galaxy. The grey dashed circles indi-

cate concentric ellipses of 1re (inner) and 1r̃e (outer) centered at

the galaxy optical centre. The outer ellipses are approximately 1
arcsec larger than the inner ellipses. The strong residuals outside

1r̃e are clear signs of galactic winds.

inside the final bins are summed and the binned spectra are
re-analysed by lzifu.

As a technical note, we take into account non-zero co-
variance between neighbouring spaxels while binning the
datacubes. The cubing algorithm in our data reduction
pipeline resamples the observed row stacked spectra of mul-
tiple dithers on to a rectangular grid, which results in cor-
related noise between neighbouring spaxels (see Sharp et al.
2015 and Allen et al. 2015). The appropriate way to preserve
the variance when binning the data is to bin the datacubes
and refit the binned spectra, rather than binning the pixel-
to-pixel emission line maps.

In Figure 3, we show examples of some line ratio maps
from fitting the un-binned datacubes and binned datacubes
of GAMA J120221.91-012714.1 (CATAID: 185510). Spaxels
or spatial bins with S/N< 5 on any of the lines associated
with the relevant line ratios are masked out. Figure 3 demon-
strates the advantage of the adaptive |z|-binning approach
over the traditional pixel-to-pixel approach. The |z|-binning
maps can trace the ionized gas unambiguously out to larger
|z| while single spaxels at such large distances may not sur-
vive the S/N cuts and thus provide less of a constraint on
the physical conditions of the gas.

4 GAS KINEMATICS

While optical line ratios shed light on the underlying excita-
tion sources of the extraplanar gas, the velocity and velocity
dispersion of the gas provide additional constraints on the
form and strength of disc-halo interactions.

4.1 Asymmetry of the extraplanar velocity field

We empirically quantify the strength of disc-halo interac-
tions by the regularity and (a)symmetry of the velocity field.
In the cases of weak (or no) disc-halo interactions (e.g. eDIG
with no gas flows), the extraplanar gas co-rotates with the
disc and usually presents a slight lag in the azimuthal ve-
locity. A vertical gradient in azimuthal velocity of approx-
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Figure 5. Same as Figure 4 but for GAMAJ120221.91-012714.1

(CATAID: 185510 ; Figure 3). The small residuals in the right
panel and the line ratio gradients in Figure 3 imply the presence

of eDIG.

imately 10 to 30 km s−1 kpc−1 has been found in nearby
galaxies where high quality optical or H i data are avail-
able (e.g. Fraternali et al. 2005; Heald et al. 2006b,a, 2007;
Zschaechner et al. 2015). There is no strong evidence of
pronounced asymmetry in the vertical gradient, i.e. the gas
above and below the disc slows down equally with |z|; how-
ever, data of high enough quality to constrain the levels of
asymmetry remain scarce. In the case of strong disc-halo in-
teractions through galactic winds, the bipolar outflows com-
monly present opposite velocity fields on either side of the
disc. The flow axis is approximately perpendicular to the
disc plane but even in extreme edge-on systems the outflow
velocity fields are never perfectly symmetric across the ma-
jor axes of the hosts (e.g. Shopbell & Bland-Hawthorn 1998;
Cecil et al. 2001; Sharp & Bland-Hawthorn 2010; Westmo-
quette et al. 2011). The asymmetry of the velocity fields is
presumably due to a combination of the outflow axis not
lying exactly on the plane of the sky, the clumpy, dusty in-
terstellar medium, the highly structural nature of the wind
filaments, and the wide opening angle of the bipolar cones
(typically 40 to 60 degrees).

Thus, to determine whether the extraplanar emissions
trace winds or eDIG, we quantify the velocity asymmetry
across the galaxy major axis on the velocity map. We first
flip the pixel-to-pixel velocity map over the galaxy major
axis, vgas,flipped, and subtract the flipped map from the orig-
inal map (Figures 4 and 5). We define an “asymmetry pa-
rameter”, ξ, that quantifies the flatness of vgas− vgas,flipped
(i.e. the velocity asymmetry map):

ξ =
ξ̃+ + ξ̃−

2
, (1)

where

ξ̃+/− = std
r+/−>r̃e

( vgas − vgas,flipped√
Err(vgas)2 + Err(vgas,flipped)2

)
. (2)

Here, Err(vgas) is the 1σ map from lzifu, and
Err(vgas,flipped) is the corresponding map for vgas,flipped.
The ξ parameter measures the standard deviation of the
S/N of the velocity asymmetry map (i.e. residuals) using
only pixels outside the elliptical aperture of r̃e

6. This char-
acteristic radius r̃e is the r-band effective radius increased by

6 We define the optical centre in our IFS data using the contin-

uum image summed over the red datacube. We fit a Sérsic profile

using galfit to the IFS continuum image while fixing the shape
parameters to those determined from the GAMA team fit to the

SDSS r-band image.
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approximately 1 arcsec to reduce the effect of beam smear-
ing. Only spaxels with S/N(Hα) > 5 are considered, and all
40 of our galaxies have more than 150 spaxels outside r̃e. We
adopt the mean value of the standard deviations on either
side of the disc (i.e. ξ̃+ and ξ̃−) as ξ7. As a technical note,
to obtain the flipped maps, we first reflect the pixel centres
over the galaxy major axis and then linearly interpolate the
vgas and Err(vgas) maps around the reflected positions.

A perfectly symmetric velocity field would yield ξ of
roughly unity as a result of random noise fluctuation in the
velocity asymmetry map. The asymmetry parameter ξ be-
comes much larger than unity when the velocity asymmetry
map is not flat due to asymmetry in the velocity field.

Figure 4 illustrates our methodology applied to the
galaxy in Figure 2, which has the largest ξ in our sam-
ple (ξ = 11.9). The strong residuals outside 1r̃e are clear
evidence of galactic winds, consistent with the line ratio,
structural, and kinematic signatures seen in Figure 2. The
flat residuals inside 1r̃e indicate the good symmetry of the
prominent disc rotation. Figure 5 shows the same applica-
tion on the galaxy in Figure 3. No strong residuals are visible
on the velocity asymmetry map (vgas− vgas,flipped; ξ = 1.3)
despite the clear line ratio gradients seen in Figure 3, im-
plying the presence of eDIG rather than shocked outflowing
gas. These sets of figures demonstrate the importance of us-
ing both kinematics and line ratios to investigate galactic
winds and eDIG .

The parameter ξ can be used to trace winds or eDIG un-
der the assumptions that our edge-on discs are regular and
not heavily warped. Mergers are excluded from our sam-
ple (Section 2), and all our galaxies present regular rotation
on their discs, consistent with not undergoing major inter-
actions (see below Figures 7 and A1). The SDSS images
also suggest that all the galaxies have regular discs without
strong warp signatures. Although warping of stellar discs is
common, the warps are only important at large radii (3–6
times the disc scalelength or 2–4re; Saha et al. 2009), typi-
cally beyond the SAMI FOV for the majority of our sample
(90%). Thus, our velocity asymmetry parameter predomi-
nately reflects how the extraplanar gas is effected by winds.

It is worth pointing out that our approach of quantify-
ing velocity asymmetry does not depend on any kinematic
modeling, which can be non-trivial due to the edge-on view-
ing angle. Future work should develop 3-dimensional models
that include the effects of beam smearing (such as the ap-
proach by Józsa et al. 2007 and Di Teodoro & Fraternali
2015) and radiative transfer to reproduce the emission line
data cubes.

4.2 Elevated extraplanar velocity dispersion

We also make use of the velocity dispersion of the extra-
planar gas to assess the form and strength of disc-halo in-
teractions. In the case of weak (or no) interactions, the ve-
locity dispersion of eDIG arises predominately from line-of-
sight projection of the gas corotation with the disc. Heald

7 We note that ξ̃+ and ξ̃− in principle contain redundant infor-
mation but due to interpolation and finite grid size the two values
are not exactly the same. We take the mean value to minimise

such an artefact.

et al. (2006b,a, 2007) found extraplanar σgas . 50 km s−1 in
NGC 891, NGC 5775, and NGC 4302. These three edge-on
discs have very similar ionized gas rotation velocities (vrot ≈
170–200 km s−1) and stellar masses (log(M∗/M�) ≈ 10.7).
Their findings imply that σgas/vrot . 0.3 for eDIG. In the
case of strong interactions, the velocity dispersion of the
extraplanar gas is broadened by both the turbulent mo-
tion of the outflowing gas and line splitting caused by emis-
sions from the approaching and receding sides of the outflow
cones. The magnitude of the line splitting depends on out-
flow velocities, topology and inclination angle. In classical
wind galaxies, line splitting of about 100 km s−1 is com-
mon (e.g. Heckman et al. 1990; Sharp & Bland-Hawthorn
2010). In the extreme case of M82, line splitting as high as
300 km s−1can be easily resolved by optical spectrographs
(Axon & Taylor 1978; Shopbell & Bland-Hawthorn 1998). A
very broad component (FWHM of 300 km s−1) from the halo
gas has also been observed in M82 (Bland & Tully 1988). In
less extreme winds, the line splitting could be too narrow
for SAMI to resolve, especially if viewing the outflow cones
from the side where the projected velocities are small. In
fact, we do not see clear indications of line splitting in the
majority of our wind candidates given the S/N of our data.
Nevertheless, the increase in velocity dispersion as a result
of unresolved line splitting is still strong evidence of the
presence of outflows.

To quantify the extraplanar velocity dispersion, we in-
voke a simple parameter η50, the “velocity dispersion to ro-
tation ratio” parameter, defined as

η50 = σ50/vrot, (3)

where σ50 is the median velocity dispersion of all spaxels
outside 1r̃e with S/N(Hα) > 5. As before, all 40 of our
galaxies have more than 150 spaxels meeting our S/N crite-
rion outside 1r̃e. The rotation velocity is measured on our
velocity map from the spaxels along the optical major axis
with the maximum velocity. This method is applied only
when our FOV extends to 1.4re (< RSAMI ≈ 7.5 arcsec).
For an exponential disc, this radial distance corresponds to
about 2.4 times the disc scale length at which typical rota-
tion curves already reach their maximum velocities (Sofue
& Rubin 2001; Cecil et al. 2015). For galaxies without suffi-
ciently large spatial coverage, we use the stellar mass Tully-
Fisher relation to infer vrot (Bell & de Jong 2001). We note
that for our purpose vrot should ideally be the maximum ro-
tation velocity of the ionized gas, and we approximate it us-
ing the Tully-Fisher relation. The stellar mass Tully-Fisher
relation unfortunately exhibits a scatter of about 0.5 dex,
which directly translates to a factor of 3 in the systematic
uncertainty of η50.

4.3 An empirical identification of wind-dominated
galaxies

Based on the two different empirical parameters for quan-
tifying the strength of disc-halo interactions, it should be
possible to distinguish galactic winds from eDIG. Galactic
winds are expected to show both high ξ and η50, whereas
eDIG has low ξ and η50. That is, galactic winds both disturb
the symmetry of the extraplanar velocity field and increase
the extraplanar emission line widths, whereas eDIG should
still follow the velocity field of the galaxy. If winds are the
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Figure 6. The asymmetry parameter of the velocity field ξ versus the velocity dispersion to rotation ratio parameter η50 of our sample.

The left panel presents galaxies with vrot measured from the SAMI data, the middle panel presents galaxies with vrot inferred from
the Tully-Fisher relation, and the right panel shows all the galaxies. The three high-ξ low-η50 galaxies marked by the grey crosses are

ussed in Section 4.3. The red cross in the right panel corresponds to the example galaxy shown in Figures 2 and 4; and the blue cross in

Figures 3 and 5. Galaxies falling in the shaded region in the right panel are identified as wind-dominated galaxies (see Figure 7).

only mechanism disrupting the extraplanar gas, then a trend
between ξ and η50 is expected. Figure 6 shows our sample
in the ξ versus η50 parameter space. We present separately
galaxies with vrot measured (left panel) and vrot inferred
from the Tully-Fisher relation (middle panel).

For galaxies with directly measured vrot, it is inconclu-
sive whether there is a trend between ξ and η50. There are
no galaxies in the lower right corner (η50 & 0.4 and ξ . 3),
however, there are three galaxies (marked with crosses) with
larger ξ than the other galaxies of similar η50. The Spear-
man rank correlation test implies no significant correlation
for the galaxies in the left panel (ρ of 0.21 and p-value of
0.46), unless the three high-ξ low-η50 galaxies are excluded
from the test (ρ of 0.80 and p-value of 0.0016). We specu-
late that there might be additional mechanisms responsible
for causing the asymmetry of the extraplanar gas (see Sec-
tion 7.3). A trend between ξ and η50 can not be confirmed
by our medium-sized sample.

For galaxies with vrot inferred from the Tully-Fisher re-
lation, there is also no clear relationship between ξ and η50

and the Spearman rank correlation test suggests no signifi-
cant correlation (ρ of −0.19 and p-value of 0.35). The lack of
correlation is expected given that the scatter of Tully-Fisher
relation (0.5 dex) yields a factor of 3 in the systematic un-
certainty of η50.

We conservatively select galaxies whose extraplanar gas
is affected by galactic winds from the upper right corner of
Figure 6. We select galaxies with η50 > 0.3 and ξ > 1.8, as
defined by the shaded region in the right panel. These crite-
ria yield 15 galaxies. For the purpose of presentation, we will
henceforth refer these galaxies as “wind-dominated galax-
ies”. Figure 7 presents their velocity, velocity asymmetry,
velocity dispersion, and [S ii]/Hα line ratio maps. The re-
maining galaxies are presented in the appendix (Figure A1).
We note that it is, to some extent, unphysical to impose
hard limits to identify wind galaxies. The distribution of
our galaxies in the ξ versus η50 parameter space does not
favour the idea that there exists distinct groups of galaxies

with similar kinematic properties of their extraplanar gas;
instead, the distribution could imply a continuous “strength
sequence” of disc-halo interaction, connecting the very qui-
escent, non-interacting (or weakly interacting) eDIG to the
very violent, strongly interacting classical galactic winds. It
is likely that in galaxies not classified as wind-dominated,
there could still be localized feedback from H ii regions driv-
ing gas away from the discs, disturbing the extraplanar gas
kinematics at small scales, and causing a slight increase in
ξ and/or η50. In fact, some galaxies (e.g. CATAID: 496966,
228066, 348116, 517594, 595027; Figure A1) indeed show in-
dications of localised velocity asymmetry possibly driven by
off-centre starbursts, consistent with the galactic chimney
picture (Norman & Ikeuchi 1989). It is also likely that in
some of the wind-dominated galaxies, a portion of the pre-
existing eDIG remains co-rotating with the discs while the
outflowing gas interacts with the rest of the eDIG. Given our
sample size, it is nonetheless convenient to invoke a binary
classification scheme in order to investigate the underlying
physical processes governing the strength of disc-halo inter-
actions.

The wind-dominated galaxies in Figure 7, by selec-
tion, show strong velocity asymmetry and elevated extra-
planar velocity dispersion. Classical galactic wind signatures
can be easily identified in these maps. Some galaxies (e.g.
CATAID: 228432, 574200) present ionization cone signatures
on their velocity dispersion maps and their velocity asymme-
try maps, with strong velocity residuals tracing the limbs of
the putative bipolar cones. In others (e.g. CATAID: 31452,
239249, 417678, 106389), the velocity asymmetry maps cor-
relate spatially with the velocity dispersion maps and usu-
ally present positive/negative residuals on either sides of
the discs. On the contrary, the remaining galaxies presented
in the appendix do not show these kinematic signatures of
galactic winds as clearly as the wind-dominated galaxies. In
all the wind-dominated galaxies, the [S ii]/Hα line ratio in-
creases with |z|. This is partly due to excitation by shocks
embedded in the outflows (see Section 6.2).
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Figure 7. From left to right: SDSS 3-colour, SAMI 3-colour (red: 6300Å; green: 4800Å; blue: 4000Å), Hα, [S ii]/Hα (pixel-to-pixel and

adaptive |z|-binning), velocity, velocity asymmetry, and velocity dispersion maps of our wind-dominated galaxies (η50 > 0.3 and ξ > 1.8).

The adaptive |z|-binning maps present the average [S ii]/Hα measured in different bins (Section 3.2.2). GAMA CATAIDs and the η50

and ξ values are labelled in the plots. The velocity and velocity dispersion contours are equally spaced in 20km s−1 intervals. The red

dashed circles on the SDSS images indicate approximately the FOV and pointings of the SAMI hexabundles. The dashed lines indicate

the galaxy major axes. The inner and outer concentric ellipses correspond to elliptical apertures of 1re and 1r̃e, respectively. The outer
ellipses are approximately 1 arcsec larger than the inner ellipses.

5 HOST GALAXY PROPERTIES

We compute the host galaxy properties before returning to
investigate the underlying processes driving the different
properties of the extraplanar gas. The host galaxy prop-
erties we investigate are stellar mass, star formation rate,
star formation history, and their associated quantities. As
before, we adopt the photometrically-derived stellar mass
from the GAMA survey (Taylor et al. 2011). The following
two subsections describe how we measure SFRs using spec-
tral energy distribution (SED) fitting and Hα flux, and star
formation histories using the Dn(4000) and HδA indices.

5.1 Star formation rate

To estimate the SFR, we adopt the SED fitting code mag-
phys described in detail in da Cunha et al. (2008). magphys
is a Bayesian-based package that uses observed photometry
to constrain stellar population synthesis models by Bruzual
& Charlot (2003) and dust emission of different tempera-
tures from molecular clouds and the diffuse ISM. The UV-to-
IR SEDs assume exponential star formation histories of dif-
ferent star formation time-scales with random bursts of star
formation superimposed. Physical parameters of the models
(SFR, star formation history, stellar mass, dust temperature,
etc.) and corresponding errors are constrained by compar-
ing synthesized and observed photometry under a Bayesian
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Figure 7 – continued

framework. We utilize photometry from the Galaxy Evo-
lution Explorer (GALEX; FUV, NUV; Martin et al. 2005;
Wyder et al. 2005), SDSS (u,g,r,i,z; Adelman-McCarthy
et al. 2008), UKIRT Infrared Deep Sky Survey (UKIDSS)
Large Area Survey (Y, J, H, K; Lawrence et al. 2007) and
Herschel Space Observatory (Photodetecting Array Camera
and Spectrometer: 100µm and 160µm; Spectral and Pho-
tometric Imaging Receiver or SPIRE: 250µm, 350µm, and
500µm; Pilbratt et al. 2010; Poglitsch et al. 2010; Griffin
et al. 2010). The SDSS and UKIDSS photometry are r-band
aperture-matched by the GAMA team, and are compiled in
their data release 2 (Hill et al. 2011; Liske et al. 2015). The
Herschel photometry comes from the Herschel-ATLAS sur-
vey (Eales et al. 2010) Phase 1 Internal Data Release. The
maps and catalogues will be described in Valiante et al (in
preparation) and have been processed in a similar way to
that described by Ibar et al. (2010), Pascale et al. (2011)
and Rigby et al. (2011). The matching to optical data was
performed in a similar way to that described in Smith et al.
(2011), and will be presented in Bourne et al. (in prepa-
ration). The GALEX, SDSS, and UKIDSS photometry are
available for almost all galaxies: 38/40, 40/40, and 39/40,
respectively. More than half of our sample (28/40) has pho-

tometry from the Herschel-ATLAS survey. Of the 12 galaxies
without Herschel photometry, two of them fall outside the
Herschel-ATLAS SPIRE footprints and the remainder falls
below the detection limits at 250µm.

In addition to the SED-based SFRs, we also calculate
SFRs based on the Hα line measured in our integral field
data. We construct global, one-dimensional spectra by sum-
ming all spaxels in the datacubes, and fit the spectra using
the same method described in Section 3.2. The Hα fluxes are
extinction corrected using the Balmer decrement method as-
suming an intrinsic Hα to Hβ line ratio of 2.86 under case-B
recombination of Te of 10,000 K and ne of 100 cm−3 (Os-
terbrock & Ferland 2006). We adopt the extinction law by
Cardelli et al. (1989) of RV of 3.1. The extinction corrected
Hα line fluxes are then converted to SFRs following Mur-
phy et al. (2012). We note that a Chabrier (2003) initial
mass function (IMF) is assumed in the Bruzual & Charlot
(2003) models used in magphys, and a Kroupa (2001) IMF
is assumed for the Hα SFRs; however the systematic errors
due to slight differences between the IMFs are small (within
10%; Bell et al. 2007).

Figure 8 compares the SED- and Hα-based SFRs. The
presence of a positive correlation without an appreciable off-
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Figure 8. Comparison between SFRs derived from SED fit-

ting using magphys and from global Hα fluxes measured in our

IFS data. Galaxies with Herschel photometry from the Herschel-
ATLAS survey are shown as solid circles and the remainders in
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ported by magphys using Bayesian inference. The Hα SFR errors
are negligible (� 10%) compared to the SFRSED errors and sys-

tematic errors due to star formation calibrations. The dashed line
is the one-to-one line. The inset shows the distribution of the log-

arithmic ratios characterised by median ± standard deviation of

−0.02± 0.30 dex.

set (approximately −0.02 dex) is encouraging since both
SFR diagnostics are subject to different systematic uncer-
tainties and the two SFRs probe star formation of differ-
ent time-scales (Hα: a few Myr; magphys: average over the
past 100 Myr). The Hα-based SFRs are subject to uncer-
tainties in extinction correction, which can be particularly
important in edge-on discs when viewing through promi-
nent dust lanes. Furthermore, correcting for Balmer absorp-
tion relies on accurate stellar population synthesis, which
can be problematic when the Balmer line equivalent widths
are large (i.e. weak emission, strong absorption). Also, the
Hα emission could also come from non-thermal ionization
by shocks. Finally, although the covering fractions are high
(typically & 50%), there could still be missing Hα fluxes
outside the apertures. The SED-based method depends crit-
ically on availability of multi-band photometry (particularly
in far infrared), and accurate stellar population synthesis
models (see the reviews by Walcher et al. 2011; Conroy
2013). With these caveats, we consider the scatter in Fig-
ure 8 as an empirical estimate of the degree of uncertainty
in the SFRs (approximately 0.3 dex). We will make use of
both types of SFRs and draw qualitative conclusions in a
statistical sense.

5.2 Star formation history: Dn(4000) and HδA

To quantify the star formation histories, we make use of
the classical Dn(4000) and HδA indices. Combination of the
two indices has been employed as a simple and robust di-
agnostic to distinguish between continuous and bursty star
formation histories (Kauffmann et al. 2003). The Dn(4000)
index measures the strength of the 4000Å break that mono-
tonically increases with the age of the stellar populations.

The Hδ absorption line index, HδA, is sensitive to bursts of
star formation, and increases monotonically until peaking at
∼ 0.1–1 Gyr after a burst of star formation.

We measure the global Dn(4000) and HδA indices on
one-dimensional global spectra extracted from the datacubes
using elliptical apertures of 1re. The Dn(4000) index follows
the original definition by Bruzual (1983) but with the nar-
rower passbands proposed by Balogh et al. (1999). Where
possible (in 31 out of 40 galaxies), we calibrate our Dn(4000)
to SDSS DR7 values by comparing Dn(4000) measured with
data extracted from the same SDSS apertures with those
from the MPA-JHU value-added catalog8. This empirical
correction is to compensate for potential calibration errors in
the blue end of the SAMI spectrograph. The multiplication
correction factors are typically close to unity (0.9 – 1.1). The
HδA index measures the absorption equivalent width of Hδ
(where positive/negative corresponds absorption/emission)
using the passbands defined in the Lick system (Worthey
& Ottaviani 1997). To remove contamination from the neb-
ular emission, we include the Hδ emission line in our lz-
ifu fit and subtract the flux when the line S/N is greater
than 3. One galaxy (CATAID:184237) is excluded from the
forthcoming comparisons related to star formation history
because its weak weak blue continuum does not yield robust
index measurements.

6 RESULTS

6.1 Correlation with global quantities

6.1.1 SFR, SFR surface density, specific SFR, stellar
mass and size

In Figure 9, we present the logarithmic distributions of SFR,
SFR surface density (Σ ≡ SFR/2πr2

e), specific SFR (sSFR ≡
SFR/M∗), stellar mass, and effective radius. We show both
SFRs derived from fitting the SED (panels (a), (b) and (c))
and Hα (panels (e), (f) and (g)). The stellar mass and size
distributions are shown in panels (d) and (h), respectively.
We colour the identified wind-dominated galaxies in red and
the remaining galaxies in blue. To test if the two groups
of galaxies have similar properties, we perform two-sample
Kolmogorov-Smirnov (K-S) tests and Anderson-Darling (A-
D) tests, and label the p-values in each panel. A smaller
p-value indicates that the two distributions are more likely
drawn from different parent populations. Typically, a p-value
< 0.05 is considered statistically significant and p-value <
0.01 highly significant (e.g. Taylor 1997). The A-D test is
more robust than the K-S test when the differences between
cumulative distribution curves are most prominent near the
beginning or end of the distributions.

Figure 9 shows that the identified wind-dominated
galaxies span wide ranges in SFR, SFR surface density,
sSFR, and stellar mass. The wind-dominated galaxies have
SFRs as low as approximately 0.1 M� yr−1, and SFR surface
densities of approximately 10−3 to 10−1.5 M� yr−1 kpc−2,
much lower than the canonical threshold found in classical
wind galaxies (Σ > 0.1 M� yr−1 kpc−2; Heckman 2002).

8 http://mpa-garching.mpg.de/SDSS/DR7/
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Figure 9. Distributions of the wind-dominated galaxies (red) and the remaining galaxies (blue) in SFR, SFR surface density (Σ), specific

SFR (sSFR), stellar mass (M∗) and effective radius (re). Both histograms (left axes) and cumulative distributions (CDFs; right axes)
are shown. Panels (a), (b) and (c) correspond to SFRs derived from SED fitting, and panels (e), (f) and (g) correspond to those from

Hα. The p-values of two-sample Kolmogorov-Smirnov test and Anderson-Darling test are labelled in each panel.

Comparing the distributions of the two groups of galax-
ies, SFR surface density is the only parameter that presents
significantly different distributions for the two groups of
galaxies. The wind-dominated galaxies on average have
higher SFR surface densities. The same conclusion can be
drawn from both the SED- and Hα-based SFRs. The p-
values are 0.01 for the A-D tests, and 0.05 and 0.07 for the
K-S tests. There is no evidence that the SFR distributions
are drawn from different parent populations, indicating that
global SFRs do not determine wind activities, but rather
that the critical parameter is the spatial concentration of
star formation (Section 7.1). The differences in SFR surface
density may be partially driven by the differences in size
(panel h); the A-D p-value of 0.07 is only marginally higher
than the threshold for significance. The only other p-value
implying a possible significant difference is from the A-D
test of the Hα sSFRs (p-value of 0.06). This may be sugges-
tive of a stronger correlation between winds and more recent
star forming activities (a few Myr, as traced by Hα) than
the star forming activities on longer time-scales (100 Myr,
as traced by magphys).

6.1.2 Galaxy main sequence

We now combine stellar masses and SFRs to investigate
galactic winds on the galaxy main sequence, a log-linear
relationship between stellar mass and SFR (Noeske et al.
2007). Figure 10 shows the two groups of galaxies on the
galaxy main sequence plane. The dashed lines indicate the
galaxy main sequence defined by our sample. We perform an
unweighted linear fit to our data (using SFRHα) while fix-
ing the galaxy main sequence slope to well-defined slope of
0.7 (Zahid et al. 2012; Noeske et al. 2007). For comparison,
we also show edge-on star-forming discs selected from the
SDSS MPA/JHU catalogues (inclination angle > 80 degrees
[b/a < 0.26] and 0.04 < z < 0.1). We note that our main
sequence is offset below that seen in the literature (e.g. El-

baz et al. 2007; Zahid et al. 2012) because the galaxy main
sequence zero point depends on the observed axis ratio. The
dashed-lines in Figure 10 are only for visualization purposes,
and our conclusions are not affected by the zero point of the
galaxy main sequence.

Comparing with the SDSS galaxies, Figure 10 demon-
strates that our edge-on discs are indeed part of the nor-
mal star forming population in the local Universe. Although
these main sequence galaxies have relatively modest SFRs,
many of them are still capable of launching large-scale galac-
tic winds that exhibit kinematic signatures resembling the
bipolar winds observed in classical wind galaxies (Figure 7).
Figure 10 also suggests that the location of a galaxy on the
galaxy main sequence plays little, if any, role in governing
whether the galaxy hosts galactic winds. The insets of Fig-
ure 10 show the distributions of ∆ log SFR, the difference be-
tween measured SFR and that inferred from the galaxy main
sequence (dashed lines). The large p-values (� 0.2) also sug-
gest that the two sets of ∆ log SFRSED and ∆ log SFRHα

distributions are statistically similar. The only exception is
the A-D p-value of 0.06 for the Hα SFRs, which is only
marginally higher than the threshold for significance. In-
terestingly, this may again indicate that galactic winds are
more sensitive to star forming activities on short time-scales,
consistent with the implication from sSFR in Figure 9.

The lack of strong, if any, correlation with the galaxy
main sequence is puzzling. The fact that normal galaxies fol-
low the mass-size relation implies that galaxies lying above
the galaxy main sequence for a given mass have higher
SFRs and higher SFR surface densities than those below
the galaxy main sequence (Wuyts et al. 2011). While Fig-
ure 9 shows that SFR surface density correlates with the
presence of winds, one would expect those high SFR surface
density galaxies to occupy the upper part of the galaxy main
sequence and therefore a correlation between the presence of
winds and the location on the galaxy main sequence. The
possibility of exhibiting such a correlation is suggested at a
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Figure 10. The wind-dominated galaxies (red) and the remaining galaxies (blue) in the star formation versus stellar mass plane. The left

and right panels present the SFRs derived from SED fitting and Hα, respectively. The filled and open circles in the left panel correspond
to galaxies with and without Herschel photometry. The dashed lines indicate the galaxy main sequence defined by our Hα SFRs. For

comparison, the grey scales show distributions of star-forming edge-on discs (inclination angle > 80 degrees or b/a < 0.26) in SDSS

DR7 from the MPA/JHU catalogue. The insets show the distributions of ∆ log(SFR), the difference between the measured SFR and
that inferred from the dashed lines. The p-values of two-sample Kolmogorov-Smirnov test and Anderson-Darling test are labelled in the

insets.
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Figure 11. Star formation history traced by Dn(4000) and HδA
of our galaxies. The wind-dominated galaxies are shown in red,
and the remainder of the sample in blue. The dashed curve indi-

cates the median SDSS relation. We fit a fifth order polynomial
to the binned SDSS data in Figure 15. The inset shows the distri-

butions of ∆HδA, the difference between observed HδAand that
inferred from Dn(4000) given the median SDSS relation. The his-

tograms correspond to the right y-axis, and the CDFs the left
y-axis. The p-values of two-sample Kolmogorov-Smirnov test and
Anderson-Darling test are labelled in the inset.

marginal level by the Hα results. However, our data cannot
place a firm conclusion due to systematic errors in SFRs,
scatter in the mass-size relation and our small sample size.

6.1.3 Star formation history

Figure 11 compares the star formation history traced by
Dn(4000) and HδA of the two groups of galaxies. The
wind-dominated galaxies on average lie above the median
Dn(4000)-HδA locus of SDSS (12 above and 3 below),
whereas the remainder of the sample is distributed evenly
above and below the SDSS median (12 above and 12 be-
low). We further demonstrate this observation by showing in
the inset of Figure 11 the histograms and cumulative distri-
butions of ∆HδA, the difference between observed HδAand
that inferred from Dn(4000) given the median SDSS rela-
tion. The mean ∆HδA for the wind-dominated galaxies and
the remaining galaxies are 0.51Å and 0.06Å, respectively.
The mean ∆HδA values can be compared with 0.23± 0.21Å
and 0.23±0.13Å (mean ± standard deviation), respectively,
if the two populations were distributed randomly, implying
that the difference in the mean ∆HδA is at about 2σ signifi-
cance. These mean and standard deviation values character-
ize the ∆HδA distributions resulting from randomly draw-
ing the same numbers of galaxies (as the two groups) 10,000
times from our sample (i.e. Monte Carlo simulations).

The Monte Carlo simulations also suggest that it is
very unlikely to observe the configuration of the 15 wind-
dominated galaxies, i.e. 12 above and 3 below the SDSS
locus. The probability of having more than or equal to 12
galaxies above the SDSS locus is low (6%) when randomly
selecting 15 galaxies from our sample. Furthermore, the K-
S and A-D tests both yield low probabilities (p-values of
0.04 and 0.05) for the two ∆HδA distributions to be drawn
from the same parent distribution. We therefore conclude
that the wind-dominated galaxies on average show enhanced
HδA indices, which presumably are driven by bursts of star
formation occurring in the recent past. This conclusion is
consistent with the implications in Sections 6.1.1. and 6.1.2

MNRAS 000, 1–25 (2015)



14 I.-T. Ho et al.

0.0

2.5

5.0

7.5

10.0

|z
|[

kp
c]

0.0

2.5

5.0

7.5

10.0

|z
|[

kp
c]

−0.4 0.0 0.4

log([SII]/Hα)

0.0

2.5

5.0

7.5

10.0

|z
|[

kp
c]

−0.4 0.0 0.4

log([SII]/Hα)
−0.4 0.0 0.4

log([SII]/Hα)

8.50

8.75

9.00

9.25

9.50

9.75

10.00

10.25

10.50

lo
g(

M
/

M
�

)

η50 < 0.3 0.3 < η50 < 0.4 0.4 < η50

ξ
<

1
.8

1
.8
<
ξ
<

4
.0

4
.0
<
ξ

Figure 12. [S ii]/Hα line ratio versus off-plane distance |z|. The

40 galaxies are presented in 9 different panels depending on their
η50 and ξ values. The ranges of η50 and ξ each panel cover are

labelled on the outer large axes (see also Figure 6). Each galaxy
corresponds to one set of lines and the colour corresponds to the

stellar mass as indicated in the colour bar. The line fluxes are

measured with the adaptive |z|-binning approach described in
Section 3.2. We apply a S/N cut of 3 on both lines and when

the [S ii] line is not detected we calculate 3σ upper limits assum-

ing 100km s−1 line width. Triangles represent upper limits. The
horizontal error bars are errors of the line ratio, and the vertical

error bars indicate the |z| range covered by each bin.

that the wind activities are more sensitive to star formation
of shorter time-scales (i.e. Hα- versus SED-based SFRs in
panels (c) and (g) in Figure 10, and Figure 11). We will uss
the implications of these results in Section 7.1.

6.2 Optical line ratios

We now examine whether the kinematic properties of the
extraplanar gas correlate with the extraplanar emission line
ratios. In Figures 2 to 5, we have shown that for galax-
ies with very different kinematics in their extraplanar gas
the emission line ratios can have similar values and show
similar increase with increasing |z|. Indeed, increase in the
emission line ratios with increasing |z| is common for both
eDIG and galactic winds. Elevated [N ii]/Hα, [S ii]/Hα and
[O i]/Hα off the disc plane have been observed in the Milky
Way and external galaxies that are not currently hosting
large-scale galactic winds (e.g. Otte et al. 2002; Miller &
Veilleux 2003b; Madsen et al. 2006; Haffner et al. 2009). The
enhanced line ratios are considered to be primarily caused
by leaking photons from H ii regions photoionizing the low
density, high temperature extraplanar gas, although addi-
tional heating sources such as turbulance, shocks, or cosmic
rays could also be important (Collins & Rand 2001; Miller
& Veilleux 2003b; Barnes et al. 2014). In classical wind sys-
tems (e.g. Sharp & Bland-Hawthorn 2010), these line ratios
are also enhanced off the disc plane due to strong forbidden
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Figure 13. Same as Figure 12 but for the [N ii] line.

lines of low ionization species emitted by gas in the warm,
partially ionized zone in the post-shock regions (Dopita &
Sutherland 1995, 1996; Allen et al. 2008). It is of interest
to explore in our sample whether the increase in line ratios
is different between galaxies with and without strong kine-
matic perturbations.

We split our galaxies into 9 cells based on η50 and ξ and
present in Figure 12 their [S ii]/Hα line ratio as a function of
|z|. The line ratios are from the adaptive |z|-binning method.
Here, we apply a S/N cut of 3 on both the [S ii] and Hα lines,
and when [S ii] is below 3σ we estimate upper limits assum-
ing a 100km s−1 line width. The line ratio [S ii]/Hα has the
advantage of having higher S/N than the weak [O i] line and
being less sensitive to the disc abundance and abundance
gradient than the [N ii]/Hα ratio. Figure 12 shows that in
virtually all galaxies the line ratio increases monotonically
with |z|, and the increase shows no clear correlation with the
kinematic properties of the extraplanar gas (i.e. η50 and ξ).
In other words, the wind-dominated galaxies show the same
[S ii]/Hα profiles in |z| as those not dominated by galactic
winds. Similar comparisons for the [N ii]/Hα and [O i]/Hα
line ratios are presented in Figures 13 and 14. These |z| pro-
files also reveal no clear correlations between the line ratio
profiles and the kinematic properties of the extraplanar gas.
These results indicate that it can be misleading to use only
the increase in strong optical line ratios with |z| to infer the
presence of either galactic winds or shocks. Even in galaxies
with winds or shocks, eDIG could exist and may contam-
inate or dominate a correlation of line ratio with distance
from the disc. Kinematic information such as either velocity
asymmetry and/or elevated velocity dispersion must also be
considered.
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Figure 14. Same as Figure 12 but for the [O i] line.

7 USSION

7.1 The roles of SFR surface density and star
formation history in driving galactic winds

The critical role that SFR surface density plays in driv-
ing galactic winds has long been recognized. The fact that
galactic winds are detected ubiquitously in galaxies with
Σ > 0.1M� yr−1 kpc−2 in early studies (see Heckman 2002
for a review) has led to the common notion that there ex-
ists a “threshold” in SFR surface density above which winds
are driven. The physics behind such a threshold is that this
surface density could provide the energy input necessary to
exceed the binding energy for the gas to escape into the
halo (Chevalier & Clegg 1985; Dopita 2008). The input en-
ergy could be thermal energy from supernova or radiation
pressure from massive stars (Murray et al. 2005, 2011). The
empirical threshold value is met by local starbursts, merging
galaxies and high redshift galaxies, but not present-day spi-
rals. The presence of galactic winds in more “normal” galax-
ies is now revealed by our integral field data and other recent
studies (e.g. Chen et al. 2010; Rubin et al. 2014; Ho et al.
2014).

SFR surface density correlates with observed proper-
ties of starburst-driven winds, as revealed by several ab-
sorption studies using resonant lines (e.g. Nad, Mg ii, Fe ii;
Rubin et al. 2011). Chen et al. (2010) performed a stacking
analysis on Nad using SDSS spectra of present-day star-
forming galaxies. They found that the equivalent width of
the blueshifted (outflowing) component correlates strongly
with SFR surface density. At higher redshifts, Bordoloi et al.
(2014) coadded the Mg ii lines in z ∼ 1–1.5 galaxies and also
found a strong correlation between the equivalent width and
SFR surface density. Rubin et al. (2010, 2014) found that
such a correlation may still be present, although much less
pronounced than others have indicated, in their studies of
individual z ∼ 0.5–1.5 star-forming galaxies using Mg ii and
Fe ii lines. The outflow velocity derived from the absorption

line profiles also correlates with SFR surface density (Kornei
et al. 2012; Bordoloi et al. 2014), especially when normal-
ized by the galaxy circular velocity (Heckman et al. 2015).
Our result of wind-dominated galaxies showing higher SFR
surface density further emphasizes the importance of SFR
surface density in driving galactic winds (Figure 9).

While the importance of SFR surface density is well-
established, SFR surface density is difficult to measure accu-
rately, differs from definition to definition, and could depend
on resolution. This makes the comparison of the various fig-
ures given in the literature rather nontrivial. The surface
area over which star formation rate is divided exhibits a fac-
tor of two difference depending on whether one accounts for
one side or both sides of the galaxy disc. In general, a char-
acteristic scale radius is required to quantify the area over
which the star formation activities spread. It is common to
use the effective radius (adopted in this work), isophotal
radius, or Petrosian radius. The characteristic scale radius
should ideally be measured on a well-resolved rest-frame UV
image to better quantify the size of the relevant star-forming
disc. However, UV data can be subject to heavy extinction
or could be simply unavailable; therefore, images taken at
longer wavelengths are sometimes employed instead. In the
latter case (including this work), the computed SFR surface
density is a lower limit because the actively star-forming
disc is typically smaller than the stellar disc that dominates
at longer wavelengths. Furthermore, the clumpy-disc mor-
phology at high redshifts raises a concern of over-estimating
the star-forming area even when diffraction-limited UV im-
ages are available, because much of the area within the scale
radius may have no star formation activity. This has moti-
vated some authors to adopt a more sophisticated approach
of defining a “clump area” that consists of only pixels above
a certain SFR surface density threshold, i.e. counting only
the star-forming area (Kornei et al. 2012). While this idea
is appealing, the defined area will certainly change with the
threshold value and instrumental resolution. Evidently, the
SFR surface density first proposed as a global, average quan-
tity is scale-dependent, and depends critically on the area
over which the measured star formation rate is averaged.

A second factor that could also control the presence of
galactic winds is the star formation history. Our results sug-
gest that large-scale winds trace previous bursts of star for-
mation in the recent past (Section 6.1.3; Figure 11). The po-
tential connection between bursty star formation and galac-
tic winds has already been suggested in a number of stud-
ies. Sato et al. (2009) studied the Nad lines at intermediate
redshifts (0.1 < z < 0.6) with the DEEP2 survey and de-
tected outflows in red-sequence galaxies. They found that
many of these galaxies could have experienced recent star-
bursts as indicated by their enhanced Hβ absorption lines
(i.e. poststarburst signatures). Sharp & Bland-Hawthorn
(2010) studied 10 local wind galaxies with integral field
spectroscopy and found that shock excitation dominates the
extended wind-driven, line-emitting filaments in starburst
galaxies. A simple time-scale argument demonstrates the
need for bursty star formation to excite the filaments. Sharp
& Bland-Hawthorn (2010) compared the time evolution of
ionizing and mechanical luminosities between an instanta-
neous burst model and a continuous star formation model.
For shock excitation to dominate, the mechanical luminos-
ity has to exceed the ionizing luminosity when the wind-
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driven filaments emerge from the disc. For continuous star
formation, the ionizing luminosity dominates at all times,
whereas for an instantaneous burst, the mechanical luminos-
ity exceeds the ionizing luminosity at about 10 Myr after the
burst. This time-scale is comparable to the dynamical time
for the filaments to develop (several Myr). Sharp & Bland-
Hawthorn (2010) concluded that there is a substantial delay
(approximately 10 Myr) after the starburst before the con-
ditions for a large-scale wind are properly established.

The role of bursty star formation is also recognized in
numerical simulations. Muratov et al. (2015) analysed hy-
drodynamic cosmological zoom simulations from the Feed-
back in Realistic Environments (FIRE; Hopkins et al. 2014)
simulations and found that bursts of star formation are fol-
lowed by powerful blasts of galactic outflows that could
sweep gas out to the virial radius. They find that frequent
bursts are the dominant form of star formation in all their
simulated galaxies, particularly at high redshift. Present-day
L∗ galaxies that have developed stable discs switch to a con-
tinuous mode of star formation and no longer drive large-
scale outflows into the haloes, but the bursty form of star
formation still persists in sub-L∗ galaxies.

If the presence of galactic winds is related to both bursty
star formation history and SFR surface density, then one
expects a correlation between the two. This is indeed sup-
ported by existing SDSS data. Figure 15 shows the median
loci of SDSS star-forming galaxies on the Dn(4000) ver-
sus HδA plane binned by their SFR surface densities and
Dn(4000). Figure 15 clearly demonstrates that galaxies of
different SFR surface densities have different star formation
histories. Galaxies of higher SFR surface densities on av-
erage present higher HδA values at a given Dn(4000) than
those with lower SFR surface densities. Excluding the first
bin (red) with the highest SFR surface densities, the rest
of the bins systematically decrease in HδA, especially for
1.1 .Dn(4000). 1.3. The small differences in HδA are not
surprising because 1) the delay time-scale of about 10 Myr
corresponds to HδA of approximately 5 to 7Å, substantially
smaller than the peak value of approximately 12 to 14Å at
a few hundred Myr to one Gyr, and 2) the starburst regions
contribute only a fraction of the integrated light as mea-
sured by SDSS fibre. We will examine the latter with spa-
tially resolved data in a future work. Despite the small differ-
ences in HδA, the very small errors of the median (derived
from bootstrapping) and the systematic trend all suggest
that the SDSS data are entirely consistent with the picture
that galaxies of high SFR surface densities have experienced
bursts of star formation in the recent past. We expect these
galaxies to host large-scale galactic winds. Which of the two
physical characteristics is more important in governing the
presence of large-scale winds remains to be tested in future
works.

7.2 Starburst- or AGN-driven winds?

Determining whether the winds are driven by starburst or
AGN activities is difficult, but we expect few AGNs in our
sample. Only a small fraction (. 10%) of the emission
line galaxies in SDSS contain optical AGNs (Kewley et al.
2001; Trouille & Barger 2010). We also select our sample
against optical AGNs using the nuclear optical line ratios
(i.e. [N ii]/Hα and [O iii]/Hβ; Kewley et al. 2001). Although

Figure 15. Upper panel: Dn(4000) versus HδA for SDSS DR7

star-forming galaxies (0.04 < z < 0.1 with non-AGN like

[N ii]/Hα and [O iii]/Hβ line ratios; Kewley et al. 2001). The
grey lines connect median values of all the star-forming galax-

ies (Ngal ≈ 112, 000) binned by Dn(4000). The (long) grey er-

ror bars contain 68% of the data points in each bin. The colour
lines connect median values of sub samples of galaxies binned

by Σ and Dn(4000). The corresponding (short) error bars are
the bootstrapped 1σ errors of the median. Each colour bin con-

tains approximately 620 galaxies. The inset indicates the distri-

bution of Σ and the different colours correspond to the different
Σ bins. Lower panel: Differences in HδA between the whole sam-

ple and the Σ bins (∆HδA). A fifth order polynomial is fit to the

whole sample (upper panel grey lines) to characterise the over-
all HδA(Dn(4000)). All the values are taken from the MPA/JHU

DR7 value-added catalogs (i.e. Dn(4000)= D4000_N_SUB; HδA=

LICK_HD_A_SUB). We adopt the same definition for SFR surface
density as before, i.e. Σ = SFR/2πr2

e where re is the r-band ef-

fective radius.

the optical diagnostic could misidentify up to 50% of X-ray
AGNs as star-forming galaxies when classified using global
spectra (Trouille & Barger 2010; Pons & Watson 2014),
the small fraction of AGNs in emission line galaxies means
that our sample is unlikely to contain more than four X-ray
AGNs. Furthermore, we measure nuclear line ratios from the
IFS data, and thus our classification is not subject to opti-
cal dilution caused by global emission line fluxes being con-
taminated by star formation activities in the host galaxies
(Moran et al. 2002; Trump et al. 2009). Therefore, we believe
that our winds are predominately starburst-driven. This hy-
pothesis is consistent with the strong dependency between
wind activities and SFR surface density which matches the
theoretical predictions. However, it is impossible to com-
pletely rule out previous AGN activities driving the winds
due to the rapid flickering of AGNs and the long fading time-
scales of the filaments photoionized by the putative AGNs
(Novak et al. 2011; Bland-Hawthorn et al. 2013).
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7.3 Accretion traced by the extraplanar gas

While in this paper we predominately focus on connect-
ing the extraplanar emissions to galactic winds and eDIG,
the extraplanar gas could also be tracing gas accreted onto
galaxies through satellite accretion. The best example is the
Magellanic Stream seen in the Milky Way which extends
more than 100 degrees away from the Magellanic Clouds
and travels at approximately 100 to 200 km s−1 relatively
to the Milky Way (in projection). Kinematic and morpho-
logical studies suggest that the Stream is directly related
to tidal or hydrodynamical interactions between the Large
and Small Magellanic Clouds and the Milky Way, during
what could be the clouds’ first passage around the Milky
Way (Besla et al. 2007). The tip of the leading arm of the
Stream has started to interact with the Milky Way disc
as revealed by high-resolution H i observations (McClure-
Griffiths et al. 2008). Along the Stream, Hα emissions have
also been detected and show fairly low velocity dispersions
(σ < 40 km s−1; Weiner & Williams 1996). The Hα sur-
face brightness ranging from a few tens to a few hundreds of
milli-Rayleigh can be comparable to the other extraplanar
gas off the Milky Way disc plane. Kinematically, the warm
ionized gas is found to be associated with H i gas, sharing the
same velocity centroids (Weiner & Williams 1996; Putman
et al. 2003; Madsen 2012). It has been proposed that the
H i-dominated Stream is disrupted while travelling through
the hot halo, resulting in shock cascade along the Stream
that gives rise to the Hα emission (Bland-Hawthorn et al.
2007; Bland-Hawthorn 2009; Tepper-Garćıa et al. 2015).

Satellite accretion events such as the Magellanic Clouds
and Stream would naturally yield a high degree of velocity
asymmetry (large ξ) but low off-plane velocity dispersion
(small η50). In the case of the Milky Way, a high velocity
asymmetry value is expected because there are no counter-
parts to the Magellanic Stream and Clouds north of the
galactic plane. Although satellites can in principle accrete
on both sides of the discs, it is unlikely that two accretion
events (of similar mass and geometry) would occur at the
same time on either side of the disc, and therefore we expect
in general elevated ξ when a satellite is accreted. The η50 pa-
rameter, on the other hand, should not increase because the
Hα line in the Magellanic Stream shows fairly low velocity
dispersions and such low velocity dispersions are expected in
the shock cascade model (Tepper-Garćıa et al. 2015). Thus,
the net effect of satellite accretion on our kinematic diagnos-
tic diagram, Figure 6, is that galaxies with extraplanar gas
dominated by satellite accretion would move to the upper
left (i.e. high ξ and low η50). The existence of a population
of such galaxies is suggested in Figure 6, under the caveat
that the η50 we measured are subject to the uncertainties
of inferring vrot from the Tully-Fisher relation (see Sections
4.2 and 4.3). Follow-up high resolution, wide spatial cover-
age observations are necessary to study the nature of these
kinds of systems.

8 SUMMARY AND CONCLUSIONS

We have examined extraplanar emissions in 40 edge-on
disc galaxies using integral field spectroscopy data from the
SAMI Galaxy Survey. These galaxies, spanning ranges in

log(M∗/M�) from 8.5 to 11 and log(SFR/M� yr−1) from
−1.5 to 1, are typical star-forming galaxies that fall on the
galaxy main sequence. We have extracted gas velocity maps,
velocity dispersion maps and emission line ratio maps from
the imaging spectroscopy data to investigate physical prop-
erties of the extraplanar gas. Two parameters are invoked
to quantify the kinematic properties of the extraplanar gas.
The asymmetry parameter describes the asymmetry of the
gas motion between the two sides of the disc. The velocity
dispersion to rotation ratio parameter quantifies the level
of increase in the velocity dispersion of the off-plane gas.
These two parameters both increase if the extraplanar gas
is predominately perturbed by strong disc-halo interactions
through galactic winds, but the two parameters remain small
if the disc interacts weakly with the halo, and the extrapla-
nar gas co-rotates with the disc in the form of extended
diffuse ionized gas. Using these two empirical parameters,
we classify our sample into two groups: those with extra-
planar gas dominated by galactic winds (Ngal = 15) and
those not dominated by winds (Ngal = 25). By comparison
of the physical properties of the two groups of galaxies we
find that:

• Galactic winds are preferentially detected in galax-
ies of high SFR surface densities. The wind-dominated
galaxies present globally averaged SFR surface densi-
ties, i.e. SFR/2πr2

e , below the canonical threshold of
0.1 M� yr−1 kpc−2.
• Wind-dominated galaxies have enhanced HδA com-

pared to galaxies not dominated by galactic winds, implying
that the two groups of galaxies have experienced different
star formation histories. Enhanced HδA is consistent with
having experienced bursts of star formation in the recent
past.
• There are no strong trends with stellar mass, SFR, spe-

cific SFR, and locations of galaxies on the galaxy main se-
quence plane. There are indications of some trends with spe-
cific SFR and locations of galaxies on the galaxy main se-
quence such that galaxies with higher SFRs at a given mass
are more likely to drive winds, but we are unable to draw
firm conclusions using our data.
• Emission line ratios ([N ii]/Hα, [S ii]/Hα, and [O i]/Hα)

in general increase with increasing off-plane distance, show-
ing no clear correlations with the kinematic properties of the
extraplanar gas.

Our results demonstrate that high SFR surface den-
sity and bursty star formation history are the two critical
physical characteristics governing whether a galaxy is capa-
ble of developing large-scale galactic winds. The former is
widely recognized in the literature and our results are con-
sistent with a number of studies using other tracers to probe
galactic winds. The latter is typically less constrained obser-
vationally although a simple time-scale argument concern-
ing the excitation mechanism of the observed wind-driven
filaments by Sharp & Bland-Hawthorn (2010) has already
implied that classical winds in nearby galaxies are driven
by bursts of star formation. Recent hydrodynamic cosmo-
logical zoom simulations also suggest that frequent bursts
of star formation dominating the star-forming activities are
responsible for sweeping gas to the halo. This leads to the
prediction that there should exist a correlation between SFR
surface density and star formation history. We show that
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such correlation is indeed supported by existing SDSS data.
SDSS galaxies of high SFR surface densities on average have
enhanced HδA, consistent with the picture that these galax-
ies have experienced bursts of star formation in the recent
past and are likely to host large-scale winds.

The major implications from this work are that 1) the
so-called starburst-driven winds are indeed driven by bursts
of star formation, and 2) probing star formation in the time
domain is important for finding galactic winds and under-
standing how such disc-halo interactions affect the cycle of
baryonic matter as galaxies evolve over cosmic time.
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Schroetter I., Bouché N., Péroux C., Murphy M. T., Contini T.,

Finley H., 2015, ApJ, 804, 83

Seon K.-I., 2009, ApJ, 703, 1159

Shapiro P. R., Field G. B., 1976, ApJ, 205, 762

Sharp R. G., Bland-Hawthorn J., 2010, ApJ, 711, 818

Sharp R., et al., 2006, in Society of Photo-Optical Instrumenta-

tion Engineers (SPIE) Conference Series. p. 0 (arXiv:astro-
ph/0606137), doi:10.1117/12.671022

Sharp R., et al., 2015, MNRAS, 446, 1551

Shopbell P. L., Bland-Hawthorn J., 1998, ApJ, 493, 129

Smith G. A., et al., 2004, in Moorwood A. F. M., Iye M., eds,

Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series Vol. 5492, Ground-based Instrumentation
for Astronomy. pp 410–420, doi:10.1117/12.551013

Smith D. J. B., et al., 2011, MNRAS, 416, 857

Sofue Y., Rubin V., 2001, ARA&A, 39, 137

Steidel C. C., Erb D. K., Shapley A. E., Pettini M., Reddy N.,
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APPENDIX A: ADDITIONAL FIGURES AND
TABLE

Figure A1 presents the 25 galaxies not classified as wind-
dominated, i.e. η50 < 0.3 or ξ < 1.8 (see Section 4.3). The
wind-dominated galaxies are presented in Figure 7. We sum-
marise the basic properties of our sample in Table A1.
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Figure A1. Same as Figure 7 but for galaxies not dominated by galactic winds (i.e. η50 < 0.3 or ξ < 1.8).
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Figure A1 – continued
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Table A1. Sample properties

GAMA R.A. Dec. za Db re log(M∗) SFRSED SFRHα log ΣSED log ΣHα Dn(4000) HδA ξ ηc50

CATAID [◦] [◦] – [Mpc] [′′]/[kpc] [M�] [M� yr−1] [M� yr−1 kpc−2] – [Å] – –

wind-dominated

543769 212.8001 −0.9674 0.0249 113.0 2.8/1.6 8.4 0.12+0.10
−0.10 0.15 −2.111 −2.002 1.12 5.8± 0.5 2.57 0.31∗

93167 219.2504 +0.5647 0.0348 156.4 5.4/4.1 9.0 0.15+0.13
−0.09 0.20 −2.836 −2.725 1.18 5.9± 0.5 2.36 0.44

24433 185.7224 +1.2413 0.0278 126.9 4.0/2.4 9.2 0.27+0.08
−0.08 0.20 −2.135 −2.266 1.28 5.8± 0.4 2.15 0.31∗

567624 212.5595 −0.5785 0.0258 116.6 6.2/3.5 9.3 0.05+0.22
−0.04 0.22 −3.191 −2.544 1.25 6.5± 0.3 4.11 0.32

574200 134.5234 −0.0211 0.0286 129.6 4.7/3.0 9.3 0.73+0.10
−0.10 0.66 −1.883 −1.928 1.22 5.0± 0.4 5.31 0.40∗

228432 217.3857 +1.1174 0.0298 134.0 4.4/2.9 9.4 1.08+0.10
−0.14 1.01 −1.681 −1.710 1.08 5.8± 0.5 4.09 0.43∗

239249 217.0184 +1.6391 0.0290 130.7 3.5/2.2 9.4 0.18+0.04
−0.05 0.17 −2.222 −2.236 1.24 5.1± 0.4 1.96 0.33∗

31452 179.8635 −1.1551 0.0202 95.7 10.0/4.6 9.4 0.91+0.15
−0.20 0.54 −2.174 −2.396 1.04 5.5± 0.2 11.88 0.49

238125 213.3289 +1.6644 0.0259 117.0 8.7/4.9 9.6 0.40+0.10
−0.14 0.34 −2.580 −2.645 1.22 5.7± 0.3 1.88 0.41

106616 216.7211 +0.9629 0.0262 118.0 7.3/4.2 9.6 0.74+0.00
−0.15 1.20 −2.167 −1.960 1.18 5.9± 0.2 4.58 0.35

486834 221.7448 −1.7889 0.0435 195.9 6.0/5.7 9.7 0.48+0.08
−0.11 0.61 −2.630 −2.521 1.33 5.2± 0.4 2.51 0.34

417678 132.7382 +2.3462 0.0394 178.9 4.3/3.7 10.1 0.93+0.01
−0.01 2.55 −1.979 −1.539 1.32 5.2± 0.4 3.48 0.56∗

106389 215.9010 +1.0076 0.0401 180.8 5.9/5.2 10.2 0.77+0.00
−0.01 1.00 −2.344 −2.229 1.46 3.5± 0.4 5.03 0.32

593680 217.4419 −0.1524 0.0300 135.1 11.5/7.5 10.4 0.85+0.15
−0.02 1.52 −2.626 −2.372 1.43 3.9± 0.3 2.67 0.40

618906 217.3594 +0.3976 0.0565 256.3 4.7/5.8 10.6 0.74+0.01
−0.10 1.34 −2.451 −2.196 1.56 1.7± 0.4 2.45 0.31∗

not wind-dominated

31509 179.9708 −1.0899 0.0260 119.4 4.8/2.8 8.4 0.06+0.04
−0.04 0.03 −2.907 −3.219 1.24 5.5± 0.6 1.71 0.30∗

558861 174.2570 −0.5120 0.0194 92.2 5.6/2.5 8.7 0.10+0.11
−0.07 0.02 −2.602 −3.264 1.50 3.8± 0.8 1.04 0.31

302994 140.1432 +1.5511 0.0167 76.4 7.1/2.6 8.8 0.03+0.05
−0.01 0.03 −3.134 −3.115 1.26 4.8± 0.4 1.09 0.34

16294 218.2074 +0.6370 0.0290 130.4 9.0/5.7 8.9 0.31+0.10
−0.11 0.11 −2.812 −3.270 1.19 4.7± 0.6 1.56 0.35

511789 215.9925 −1.1284 0.0344 154.9 7.4/5.6 8.9 0.48+0.78
−0.11 0.22 −2.609 −2.946 1.32 6.4± 0.5 1.13 0.43

517594 132.9978 +2.5434 0.0285 129.3 3.9/2.4 9.0 0.30+0.06
−0.06 0.19 −2.095 −2.291 1.07 6.5± 0.7 2.08 0.30∗

289429 182.3047 +1.8366 0.0194 92.5 5.5/2.5 9.1 0.18+0.05
−0.04 0.24 −2.314 −2.197 1.21 3.2± 0.8 1.64 0.32

204876 139.8844 −0.4101 0.0387 175.7 8.0/6.8 9.2 0.26+0.14
−0.07 0.17 −3.046 −3.232 1.27 5.4± 0.6 1.14 0.33

376379 133.0553 +1.4996 0.0357 161.8 6.4/5.0 9.2 0.21+0.31
−0.09 0.20 −2.863 −2.904 1.22 5.6± 0.5 1.49 0.25

184237 175.7381 −1.5391 0.0434 197.7 4.0/3.8 9.4 0.33+0.17
−0.09 1.13 −2.453 −1.914 – – 1.35 0.27∗

185510 180.5913 −1.4539 0.0205 96.6 8.2/3.8 9.4 0.12+0.01
−0.03 0.13 −2.895 −2.868 1.25 5.8± 0.4 1.34 0.34

595027 223.1331 −0.1664 0.0425 191.1 7.2/6.6 9.9 0.81+0.09
−0.12 0.94 −2.534 −2.466 1.29 5.6± 0.4 4.53 0.29

218681 139.2505 +0.8441 0.0380 172.5 5.2/4.4 9.9 0.86+0.12
−0.17 1.21 −2.140 −1.995 1.28 4.5± 0.3 4.41 0.26∗

85474 182.5694 +0.6266 0.0207 97.4 9.7/4.6 10.0 0.19+0.04
−0.01 0.57 −2.845 −2.369 1.19 3.5± 0.3 1.97 0.29

aRedshift
bLuminosity distance inferred from redshift after correcting for the local and large-scale flows (Tonry et al. 2000).
cThose with asterisk (∗) have vrot measured from the data. The others have vrot inferred from the Tully-Fisher relation (see Section 4.2).

M
N

R
A

S
0
0
0

,
1
–
2
5

(2
0
1
5
)



S
A
M
I:

extraplan
ar

gas
an

d
galactic

w
in
ds

25

Table A1 – continued Sample properties

GAMA R.A. Dec. za Db re log(M∗) SFRSED SFRHα log ΣSED log ΣHα Dn(4000) HδA ξ ηc50

CATAID [◦] [◦] – [Mpc] [′′]/[kpc] [M�] [M� yr−1] [M� yr−1 kpc−2] – [Å] – –

381159 131.6598 +1.7285 0.0505 229.4 4.6/5.1 10.0 0.16+0.04
−0.03 1.21 −2.990 −2.125 1.30 2.3± 0.9 2.05 0.26∗

301201 132.7204 +1.2501 0.0348 157.5 8.6/6.5 10.0 0.57+0.02
−0.10 0.34 −2.673 −2.900 1.42 2.7± 0.7 1.37 0.44

594986 222.8160 −0.1633 0.0428 192.5 5.1/4.7 10.2 0.22+0.16
−0.15 0.36 −2.813 −2.595 1.38 2.3± 0.6 1.13 0.22∗

623679 139.9831 +0.6413 0.0564 257.2 6.1/7.6 10.2 1.44+0.09
−0.40 1.02 −2.399 −2.548 1.41 5.4± 0.4 2.60 0.25

297667 216.7625 +1.3627 0.0558 253.3 7.5/9.2 10.2 0.96+0.18
−0.25 1.66 −2.744 −2.507 1.29 4.5± 0.4 3.47 0.25

228066 215.8674 +1.1021 0.0397 178.9 5.1/4.4 10.3 0.26+0.08
−0.05 0.26 −2.678 −2.669 1.74 1.3± 0.4 4.19 0.18∗

325536 140.9840 +1.8344 0.0507 230.9 6.7/7.4 10.3 2.07+0.36
−0.72 1.79 −2.224 −2.287 1.36 3.4± 0.4 2.33 0.27

496966 212.5919 −1.1150 0.0542 245.8 5.3/6.3 10.4 1.06+0.12
−0.07 1.31 −2.366 −2.276 1.44 2.9± 0.5 3.63 0.22∗

348116 140.2934 +2.2012 0.0504 229.4 7.2/8.0 10.6 0.94+0.39
−0.20 0.64 −2.632 −2.797 1.55 1.2± 0.5 1.29 0.42

376293 132.7976 +1.5017 0.0595 271.0 7.0/9.1 10.6 3.48+0.47
−0.68 2.88 −2.175 −2.257 1.37 3.2± 0.4 1.34 0.44

543859 213.1517 −1.0364 0.0538 244.3 7.4/8.8 10.7 0.86+0.46
−0.02 3.43 −2.747 −2.148 1.47 2.4± 0.3 3.98 0.29
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