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ABSTRACT

In this work, we investigate the strength and impact of ionised gas outflows within I ∼ 0.04
MaNGA galaxies. We find evidence for outflows in 322 galaxies (12% of the analysed line-
emitting sample), 185 of which show evidence for AGN activity. Most outflows are centrally
concentrated with a spatial extent that scales sublinearly with 'e. The incidence of outflows
is enhanced at higher masses, central surface densities and deeper gravitational potentials, as
well as at higher SFR and AGN luminosity. We quantify strong correlations between mass
outflow rates and the mechanical drivers of the outflow of the form ¤"out ∝ SFR0.97 and
¤"out ∝ !0.55

AGN. We derive a master scaling relation describing the mass outflow rate of ionised
gas as a function of "★, SFR, 'e and !AGN. Most of the observed winds are anticipated
to act as galactic fountains, with the fraction of galaxies with escaping winds increasing
with decreasing potential well depth. We further investigate the physical properties of the
outflowing gas finding evidence for enhanced attenuation in the outflow, possibly due to
metal-enriched winds, and higher excitation compared to the gas in the galactic disk. Given
that the majority of previous studies have focused on more extreme systems with higher
SFRs and/or more luminous AGN, our study provides a unique view of the non-gravitational
gaseous motions within ‘typical’ galaxies in the low-redshift Universe, where low-luminosity
AGN and star formation contribute jointly to the observed outflow phenomenology.

Key words: galaxies: active – galaxies: evolution – galaxies: ISM – galaxies: starburst

1 INTRODUCTION

The efficiency of galaxy formation is low given the amount
of available baryons in the Universe. This is evident from studies
matching the abundances of galaxies and their dark matter halos
which reveal peak stellar-to-halo mass ratios of only ∼ 20% of the
cosmic baryon fraction at halo masses of log(Mh/M⊙) ∼ 12. Below
and above this mass the efficiency drops steeply (e.g., Moster et al.
2013; Behroozi et al. 2013). At low stellar masses, this inefficiency
has been widely attributed to feedback induced by the energetic
processes associated with massive star evolution, most notably su-
pernova explosions (Dekel & Silk 1986; Efstathiou 2000), although
stellar winds and radiation effects are also found to be important
(Murray et al. 2005; Hopkins et al. 2014; Tollet et al. 2019). At high

★ E-mail: c.r.avery@bath.ac.uk

masses, feedback from accreting central supermassive black holes
is thought to be required to drive gas out of the deep potential wells
and/or to sustain heating of the halo (see, e.g., the review by Fabian
2012 and references therein). The energy and momentum injected
by star formation and nuclear accretion into the surrounding in-
terstellar medium (ISM) gives rise to galactic-scale winds. These
can lead to fountains that re-accrete or they can expel gas from the
gravitational potential altogether.

Although major advances in numerical modelling have allowed
studying such outflow phenomena within the context of cosmologi-
cal hydrodynamical simulations (Nelson et al. 2019; Mitchell et al.
2020), the detailed physics describing their driving and coupling
to the multi-phase ISM requires sub-grid processes that cannot yet
be implemented from first principles. Higher resolution simula-
tions (e.g., Hopkins et al. 2014; Tanner et al. 2017) provide com-
plementary insights, but lack the cosmological context or statistics
to evaluate the impact of large-scale winds across the galaxy popula-
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tion. Observational guidance on how outflow properties and outflow
strength scale with star formation and/or AGN activity, or with prop-
erties of the host galaxy more generally, thus remain invaluable to
inform galaxy formation models.

Quantifying the impact of winds on galaxy evolution based
on observational data has been an active area of research for over a
decade. At low redshift, studies of star-forming galaxies (SFGs) have
found the outflow velocity to correlate with stellar mass ("★), SFR
and circular velocity in the cool neutral (Rupke et al. 2005), low-
ionisation (Chisholm et al. 2015; Heckman & Borthakur 2016) and
warm ionised gas phases (Arribas et al. 2014; Cicone et al. 2016,
see also recent reviews by Rupke 2018 and Veilleux et al. 2020 for
overviews of results on these, and other wind components such as
those traced by molecular gas and dust). By and large, these pio-
neering efforts have focussed on more ‘extreme’ objects, such as
starbursting outliers above the main sequence of SFGs or luminous
AGNs (e.g., Rupke & Veilleux 2011; Harrison et al. 2018), or relied
on stacking of large numbers of (single-fibre) galaxy spectra. Fur-
ther examples of how extreme a feedback can be induced by lumi-
nous AGNs are provided by, e.g., Farrah et al. (2012), Cicone et al.
(2012) and Borguet et al. (2013).

Outflow studies have also been pushed to higher red-
shifts, around 1 . I . 3 when the cosmic star-formation
history peaked (Madau & Dickinson 2014) and both star for-
mation and AGN activity were elevated by over an order
of magnitude compared to typical nearby galaxies. Here, out-
flows are found to be ubiquitous among SFGs, especially
where star formation or star formation surface densities are
enhanced (Shapley et al. 2003; Weiner et al. 2009; Rubin et al.
2010; Genzel et al. 2011; Kornei et al. 2012; Newman et al.
2012; Rubin et al. 2014; Davies et al. 2019; Förster Schreiber et al.
2019; Swinbank et al. 2019). In active galaxies, correlations be-
tween AGN-driven winds and stellar mass, central concentration
(Genzel et al. 2014; Förster Schreiber et al. 2019) and AGN lumi-
nosity have further been recorded (Harrison et al. 2016; Leung et al.
2019; also at low redshift in Cicone et al. 2014 and Lutz et al.
2020). For recent reviews on outflow phenomenology at high red-
shift, we refer the reader to Förster Schreiber & Wuyts (2020) and
Veilleux et al. (2020).

For galaxies in the nearby Universe, a new generation of
highly multiplexed fibre bundle spectrographs, most notably SAMI
(Croom et al. 2012) and MaNGA (Bundy et al. 2015), are now en-
abling a more systematic assessment of wind scaling relations with
a robust understanding of the relation to the underlying galaxy pop-
ulation. The samples covered by the SAMI and MaNGA surveys
span over two orders of magnitude in stellar mass and amass several
thousands of objects (Green et al. 2018; Wake et al. 2017). Other
than sheer number statistics, these integral-field unit (IFU) surveys
introduce several key advantages to study the physics of outflows
by merit of their combined spatially and spectrally resolved infor-
mation. These include a better ability to measure outflow properties
by measuring the spatial extent of outflows (Roberts-Borsani et al.
2020), and by removing the large-scale rotational velocity field
of gas in the disk, which may otherwise contribute to broaden-
ing of line profiles and thus inhibit the detection of weak outflow
signatures in galaxy-integrated spectroscopy. Furthermore, IFU ca-
pabilities allow the localisation of the launching sites of outflows
(Rodríguez Del Pino et al. 2019) and identification of the presence
of low-luminosity AGN activity. This can be achieved by extract-
ing nuclear line diagnostics that may otherwise be diluted by line
emission excited by star formation in galaxy-integrated spectra. The
relative contributions of star formation and AGN to the driving of

galactic-scale outflows and their impact on galaxy evolution re-
mains heavily debated. The ability to detect weak AGN activity and
identify launching sites is important to understand the relative wind
driving contributions.

Among other applications, these unique strengths have been
exploited to assess the low coupling efficiencies (measured as the
kinetic power of the outflow divided by AGN luminosity) of ionised
gas outflows driven by low-luminosity AGN (Wylezalek et al.
2020), the geometry of galactic-scale winds (Bizyaev et al. 2019),
their ionisation state (Ho et al. 2014), and even the presence of star
formation occurring in the outflowing gas (Gallagher et al. 2019).

Here, we exploit the exquisite MaNGA data set to systemati-
cally investigate the incidence and scaling relations of ionised gas
outflows among typical local galaxies via the broad velocity com-
ponents seen in their strong optical emission lines. We critically
make use of the resolved information to remove the large-scale
velocity field, to measure the extent of galactic winds, and to iden-
tify low-luminosity AGN which are only dominant in light over
star formation (SF) in the very central region of galaxies. We con-
sider the combined effects of both SF and AGN, and investigate
outflow strength as well as physical conditions inferred from broad-
component line ratio information. We provide fitting formulae de-
scribing the relation between outflow properties and the internal
properties of their host galaxies.

The paper is organised as follows. After laying out the method-
ology and sample definition in Section 2, we present results on the
incidence of outflows across the MaNGA sample in Section 3.1,
quantify outflow scaling relations with internal galaxy properties in
Section 3.2, and address the outflow geometry and physical condi-
tions in Sections 3.3 and 3.4, respectively. We discuss the results
obtained in Section 4 and summarize our key findings in Section 5.
Throughout the paper, we adopt a Chabrier (2003) IMF and a
flat ΛCDM cosmology with ΩΛ = 0.7, Ω< = 0.3 and �0 =

70 km s−1 Mpc−1.

2 METHOD AND SAMPLE SELECTION

2.1 Parent sample

We use the data cubes from the SDSS-IV MaNGA galaxy sur-
vey (Bundy et al. 2015; Blanton et al. 2017) which is part of the
fifteenth data release of SDSS (Aguado et al. 2019). The IFU ca-
pabilities of MaNGA provide spectra over the 2D field of view of
hexagonally bundled arrangements of 19-127 fibres (corresponding
to 27′′−36′′ in diameter) which are fed into the BOSS spectrographs
(Drory et al. 2015). The MaNGA fibre bundles cover galaxies out
to a radius of 1.5 − 2.5'e for the primary and secondary samples
(Wake et al. 2017), respectively. MaNGA galaxy data have a typi-
cal spatial resolution of 2.′′5 FWHM, corresponding to 1.8 kpc at
the median redshift I ∼ 0.04. This work makes use of the objects
in the primary, secondary and ancillary target samples. We make
use of the outputs from the MaNGA Data Analysis Pipeline (DAP;
Westfall et al. 2019), which provides 2D maps of the stellar and
gaseous kinematics, and emission-line properties extracted from
the data cubes reduced by the data reduction pipeline (Law et al.
2016).

The spectral resolution is wavelength dependent with a typical
value of R∼ 2000 (increasing to R ∼ 2300 at 8500Å). The large
wavelength coverage of 3,600Å- 10,000Å provides data on the neb-
ular emission lines HV, [OIII]_4959, 5007, [NII]_6548, 6583, HU

and [SII]_6717, 6731 which can be used to investigate gas excita-
tion mechanisms using the BPT diagnostic diagrams (Baldwin et al.

MNRAS 000, 1–?? (2020)
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1981). The BPT diagnostic uses specific line ratios to determine
whether gas is predominantly photoionised by star-forming regions
or some other form of excitation, such as the central AGN, shocks
or evolved stellar populations. The [SII] doublet further allows us
to place constraints on the local electron density (Osterbrock 1989).

We cross-match the MaNGA DR15 sample to the MPA-
JHU database (Kauffmann et al. 2003; Brinchmann et al. 2004;
Salim et al. 2007), from which we extract total galaxy stellar masses
and star formation rates and their associated error estimates. There
are a total of 4239 MaNGA objects successfully analysed by the
MaNGA DAP with corresponding MPA-JHU data.

2.2 Methodology

We take advantage of the IFU capabilities of MaNGA to distinguish
outflowing gas and disk gas. Outflows are typically identified by
their kinematic signature, in particular through telltale high velocity
wings on emission lines (e.g., Veilleux et al. 2005).

2.2.1 Spectral stacking

High signal-to-noise ratio (S/N) spectral data are required to sep-
arate outflows from the (typically dominant) galaxy disk. This is
achieved by the following careful stacking analysis.

We stack spaxels within elliptical apertures with major axes
equal to 0.5'e, 'e, and 1.5'e for individual objects.1 The large-
scale velocity gradient, which would otherwise contribute to the
broadening of line profiles during stacking, is removed from each
data cube using the emission line velocity fields provided by the
DAP. The resulting velocity shifted spaxels are interpolated over a
common velocity grid. Poor quality pixels and spaxels with poorly
defined velocity measurements were excluded from the stacking
process using the mask flags provided. The remaining spaxels were
combined to create an average spectrum for each of the three aper-
ture sizes, while keeping note of the normalisation factor to later
determine total line fluxes. Errors were combined following Equa-
tion 9 of Law et al. (2016) in order to account for covariance between
spatially adjacent pixels.

To reliably retrieve underlying broad components to nebu-
lar emission lines, the following methodology steps are taken on
the 2744 stacked spectra with S/N > 10 in the HV, [OIII]_5007,
[NII]_6583 and HU emission lines. We will refer to these 2744 ob-
jects as the ‘analysed MaNGA sample’ throughout this paper. The
majority of MaNGA DR15 objects weeded out by this S/N criterion
on line emission belong to the class of quiescent galaxies. We find
that our stacking procedure is successful in producing high quality
data, with typical S/N∼ 65, 38, 208, 94, in the HV, [OIII]_5007, HU

and [NII]_6583 lines respectively for objects within the analysed
sample.

The stellar continuum is subtracted from each individual
stacked spectrum using ppxf (Cappellari 2017) with the follow-
ing set-up. Two Gaussian components were used to fit the emission
lines, each with two kinematic moments which were tied between

1 The motivation to consider differently sized apertures, rather than a single
aperture size in units of 'e, stems from the fact that outflows may in principle
span a range in spatial extents depending on nature and location of their
drivers, and serves to optimise the robustness of outflow detection, which
depends on a balance between S/N of the data and minimising the addition
of spaxels at large radii that may dilute the relative broad-component signal
in some of the stacks.

spectral lines. The MILES library of stellar spectra was used to fit the
stellar continuum with 4 moments in the line-of-sight velocity dis-
tribution. The line ratios [OIII]_5007/4959 and [NII]_6583/6548
were fixed to their theoretical values, Balmer line ratios were tied to
their intrinsic values whilst the gas reddening was left as a free pa-
rameter in the fit and [SII] doublets were limited to their physically
allowed range. In this step, the act of simultaneously fitting the gas
emission and stellar continuum was to simply achieve a good con-
tinuum fit to the stacked spectra. From the ppxf results, we adopt the
best-fit stellar continuum model to generate continuum-subtracted
emission line spectra. The resulting gaseous emission line profiles
are next fed into our custom-made line profile analysis scripts.

The error on the resulting gas spectrum is given by the sum in
quadrature of the error on the stacked spectrum and the error on the
continuum fit. The continuum fit error is estimated by masking the
emission lines and taking the RMS of the residuals of the ppxf fit
in the continuum regions.

2.2.2 Line profile fitting

We extract the following four line-emitting regions: the HV line, the
[OIII]_4959, 5007 doublet, the [NII]_6548, 6583/HU complex, and
the [SII]_6716, 6731 doublet from the continuum subtracted stack
using a ∼ 2000-4000 km s−1 window for each emitting region as
appropriate. We normalise each spectral window to its strongest line
while keeping note of the normalisation factor to allow for further
analysis of line ratios and absolute flux values. We fit a first-order
polynomial to the continuum about the emission features to account
for any poorly subtracted stellar continuum in the ppxf subtraction.

We use mpfit (More et al. 1980, updated for Python by Sergey
Koposov) to perform a single Gaussian and double Gaussian decom-
position of the nebular emission lines. We find that in a number of
cases the stacked spectra are significantly better fit when, in addition
to a narrow Gaussian component (N) with velocity dispersion fN, a
broad Gaussian component (B) is added with a velocity offset (from
the N component) ΔVB and a velocity dispersion fB. All kinematic
moments are tied between the different emission lines during the
fitting. We require fB > fN + 50 km s−1 to ensure a significantly
broader B component. [OIII]_5007/4959 and [NII]_6583/6548
line ratios are fixed to 3; their values set by atomic physics, and the
[SII]_6731/6716 flux ratio is limited to [0.2, 2], encompassing the
physically allowed range. An example line profile decomposition is
illustrated in Figure 1.

Intrinsic gas kinematics are recovered from the stacked spectra
by fitting a Gaussian model of width fobserved = (f2 + f2

LSF)
1/2;

i.e. the sum in quadrature of the intrinsic f and the instrumental
broadening fLSF. The wavelength-dependent spectral line-spread
function (LSF) is provided for each spaxel in the cube as part of
the MaNGA data reduction pipeline. Here, fLSF refers to the total
stack fLSF which is obtained by combining the individual spaxel
LSF measurements following Equation 3 of Westfall et al. (2019).
Measurement errors in the LSF are on the order of a few percent
(Westfall et al. 2019).

2.2.3 Outflow sample definition

After processing the 0.5'e, 'e, and 1.5'e stacks of all 2744 ob-
jects in the MaNGA analysed sample through the line profile fitting
scripts outlined in Section 2.2.2, we investigate for the presence of
outflows. We take the following conservative selection criteria on
the fitted line profiles as robust evidence for outflows.

MNRAS 000, 1–?? (2020)
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Figure 1. Double-Gaussian decomposition of the strong optical emission lines for one of the galaxies in our outflow sample. Constraints on which parameters
are fixed and/or tied are detailed in Section 2.2.2. The observed gas spectrum is constructed by stacking spaxels within the outflow radius as described in
Section 2.2.6.

(i) The double Gaussian decomposition must provide an im-
proved fit compared to the single Gaussian fit according to the
Bayesian Information Criterion (BIC) statistic, where we take
ΔBIC > 10 as evidence for an additional broad component required
in the fitting. This approach is the same as taken by Swinbank et al.
(2019).

(ii) fN + 50 km s−1 < fB < 500 km s−1, where the upper limit
is imposed to avoid the broad component fitting any stellar contin-
uum residuals that may not be subtracted properly.

(iii) |ΔVB | < 500 km s−1 to avoid fitting of noise.
(iv) The amplitude of the HU broad component must be greater

than 3 times the RMS of the continuum around the HU line.
(v) The broad-to-narrow flux ratios (BNR) in all BPT lines must

be greater than zero and the BNR > 0.05 in HU and [OIII]_5007.

For a galaxy to enter our ‘outflow sample’, the above criteria need to
be met within at least one of the apertures considered. The number
of objects from our original sample of 2744 line-emitting galaxies
remaining after application of the cumulative criteria (i) to (v) is
1315, 872, 835, 603 and eventually 376. We point out to the reader
that in Section 2.2.7 we further reduce this ‘outflow sample’ to 322
objects in order to mitigate the contribution of diffuse ionised gas
(DIG) to the broad component emission.

2.2.4 SF & AGN subsamples

The outflow sample is subdivided into galaxies with evidence
for nuclear activity (AGN) and those without (SF) based on the

Kauffmann et al. (2003) separation curve on the [NII]-BPT diag-
nostic diagram. Here we leverage the spatially resolved nature of
the MaNGA dataset by evaluating the narrow-component line ratios
within the central 0.25'e stack, hence minimising the diluting effect
of line emitting gas excited by HII regions which are located further
away from the galaxy centre. For the few objects where the signal-
to-noise ratio was too low to allow for a BPT diagnostic within
0.25'e a larger aperture size was adopted. We present the BPT po-
sitions of the nuclear spectra in Figure 2. We highlight to the reader
that a significant fraction of our AGN outflow sample falls within
the composite and LIER regions of the BPT diagram. We expect
the nuclear regions of objects that fall in the composite region to
have a mixture of star formation, AGN and shock ionisation whereas
LIERs are more difficult to interpret. Nevertheless, we assign these
objects to the ‘AGN’ subsample given their emission line ratios are
higher than the theoretical limit for ionisation from star-forming
regions indicating some contribution from an alternative excitation
mechanism to star formation. The SF and AGN outflow subsamples
count 139 and 237 objects, respectively. The two types are labelled
separately in all of our analysis, and distinctions in their outflow
phenomenology are commented on where relevant. The subsets of
our AGN subsample (i.e. composites, LIERs and ‘true’ AGN) are
indicated in figures presenting relationships between outflow and
host galaxy properties.

MNRAS 000, 1–?? (2020)
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Figure 2. BPT positions of the outflow sample determined within the central
0.25'e apertures. The nuclear BPT line ratios of all line-emitting MaNGA
objects are shown in greyshades.

2.2.5 AGN luminosity

In order to understand relationships between outflow properties and
their physical drivers, we estimate the AGN luminosity (!AGN) for
galaxies within the AGN subsample as follows. We use the MaNGA
DAP line flux maps, produced through single Gaussian fitting, to
identify BPT-AGN spaxels (Kauffmann et al. 2003), taking only
spaxels with S/N > 5 in all BPT lines to ensure reliable BPT line
ratios. Using these BPT-AGN spaxels, we calculate the total lu-
minosity of AGN-photoionised [OIII] emitting gas in each object.
We then correct the [OIII] luminosity for extinction using Eq. 1 of
Lamastra et al. (2009) before applying an interpolated version of
the Lamastra et al. (2009) bolometric correction to convert ! [OIII]
to a measure of the bolometric !AGN. Eddington ratios were com-
puted by dividing !AGN by the black hole mass as inferred from the
"BH − f relation by Kormendy & Ho (2013).

We note that one issue with this method is that we assume all
spaxels with line ratios too strong for pure HII photoionisation are
considered BPT-AGN leading to a potential overestimation of the
luminosity of AGN-photoionised [OIII] emitting gas. We therefore
also derive an estimation of !AGN using mixing models described
in Davies et al. (2014). We adapt this method assuming that for
each object the spaxels with lowest and highest [OIII]/HV have an
associated AGN fraction of 0% and 100% respectively, again taking
only spaxels with S/N > 5 in all BPT lines. We then calculate
the total [OIII] luminosity using an AGN fraction weighting. For
objects where the [OIII]/HV spaxel extremes do not fall below the
SF-composite boundary or above the composite-AGN boundary,
we extrapolate the mixing sequence such that the 0% or 100%
fall at the relevant boundary. Despite the numerous assumptions
used in both models, we find that the derived !AGN values are in
good agreement with each other with no systematic offset and a
scatter of 0.5 dex. Furthermore, we re-run our analysis using the
!AGN derived using the Davies et al. (2014) mixing model and find
no significant changes in the finding of this paper. For simplicity
and reproducibility, we use the former derivation of !AGN in the
work presented in this paper. We further note that Lamastra et al.
(2009) did also not apply a mixing sequence approach to the [OIII]
luminosity measurements that served as basis for their bolometric
correction recipe.
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Figure 3. Spatial extent of the ionised gas outflows, defined by the radius
containing 90% of the broad HU flux ('out,90), plotted as a function of
the effective radius of galaxies in the outflow sample. Diamonds denote
galaxies hosting an active nucleus (AGN), whereas objects for which only
star formation has been identified as a possible driver of outflow activity are
shown as circles (SF). Subdivisions of the AGN outflow sample (LIERs/‘true
AGN’/Composites) are marked using different colours in line with Figure
2. The median error bar of the data points is shown in the bottom right. The
black dashed line and grey-shaded region mark the best-fit linear regression
to the outflow sample as a whole and the associated central 68th percentile
on the posterior distribution, respectively. The Spearman’s rank correlation
coefficient and associated p-value are indicated. For reference, the one-to-
one line is shown in green.

2.2.6 Spatial Extent of the Outflows

To determine the spatial extent of the outflow in each object, the
data cubes of galaxies in the outflow sample were binned in ellipti-
cal annuli 2 of width 0.25'e from the galactic centre out to 1.5'e,
with a final outer bin containing spaxels beyond 1.5'e. The spax-
els within each annular bin were stacked, and the resulting stack
continuum subtracted, according to the method outlined in Section
2.2.1. The continuum subtracted annular bins were then fit with
double Gaussian components (Section 2.2.2), and non-zero broad
component fluxes were assigned to the annuli provided criteria (i) -
(iii) from Section 2.2.3 were met.3

From this, we construct the radial curve of growth of the broad-
component HU flux FB (HU) for each object by interpolating be-
tween annuli. We quantify 'out,90 as the radius enclosing 90% of
the galaxy-integrated FB (HU). Figure 3 shows that for the majority
of objects the bulk of broad-component emission is contained within
the galaxy’s effective radius 'e , quantified on the optical broad-band
NASA-Sloan Atlas (NSA; Blanton M. http://www.nsatlas.org) im-
age. A positive correlation between 'out,90 and 'e is evident, with
a sub-unity slope such that outflow signatures within larger galaxies
are more centrally concentrated. The best-fit linear regression to the
outflow sample in Figure 3 is adopted to define the ‘outflow radius’
'out as a measure of the spatial extent of the outflow within an

2 Petrosian ellipticities and position angles are provided as part of the
MaNGA DAP products.
3 Given the lower S/N of stacked spectra constructed from annuli, relative to
the 0.5/1/1.5 'e elliptical apertures, we drop the more conservative criteria
on broad component detection to construct a ‘more complete’ curve of
growth of FB (HU) .
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object of effective radius 'e:

log('out) = (0.65 ± 0.11) log('e) + (0.17 ± 0.08). (1)

The formal uncertainties on the best-fit coefficients of the linear
relation of Eq. 1 (obtained using linmix; Kelly 2007) may be re-
garded as lower limits given potential surface brightness limitations
at large radii and resolution limitations at small radii in constructing
the broad-component curve of growths. We note that a substantial
scatter is present around the relation, estimated by linmix to be in-
trinsically at the level of∼ 0.2 dex once accounting for measurement
uncertainties.

In order to include as much of the outflow emission as possible
whilst minimising the addition of noise within the stack, we re-
stack the individual objects making up our outflow sample within
elliptical apertures of radius 'out. We repeat the methods outlined in
Sections 2.2.1 and 2.2.2, and check that our multi-component fitting
are reliably tracing the outflow features within each 'out stack using
the criteria outlined in Section 2.2.3. For a minority of objects, the
broad Gaussian component extracted within this aperture did not
satisfy all the criteria outlined in Section 2.2.3. For these objects we
adjust 'out to the closest aperture size for which a broad component
is required in the fit such that all criteria in Section 2.2.3 were
satisfied (considering apertures of either 0.25, 0.5, 0.75, 1, 1.25 or
1.5 'e, or the galaxy-integrated spectrum). We base the inferences
of outflow strength and properties presented in the remainder of this
paper on the resulting 'out stacks.

2.2.7 Removing DIG from the Outflow Sample

We are wary of Diffuse Ionised Gas (DIG) emission components
within galaxies which may be kinematically offset from the large-
scale galaxy disk component (e.g., Bizyaev et al. 2017), and could
plausibly contribute to broad component emission or even be mistak-
enly identified as outflowing gas. Given that the outflow properties
estimated in this work are based on spectra constructed from spaxels
within the 'out aperture, we remove any objects from our outflow
sample where DIG dominates the emission within 'out. We iden-
tify such objects using the HU equivalent width (EW) MAP output
from the MaNGA DAP, where we recognise DIG dominated objects
as having HU EW < 3 (Lacerda et al. 2017) in more than half the
spaxels within 'out. These amount to 54 objects, 40 of which fall in
the LIER region in Figure 2. This cut reduces our outflow sample
to 322, of which 137 and 185 fall in the SF and AGN subsamples,
respectively.

2.2.8 Definition of outflow properties

To quantify the physical characteristics of outflows across the galaxy
population, we consider the parameters defined in this Section.
The following definitions assume that the narrow emission line
component is associated with gas in the disk, predominantly coming
from star-forming HII region gas, whereas the broad component
traces gas in the outflow exhibiting non-gravitational motions.

We follow Genzel et al. (2011) and Davies et al. (2019) in
defining the outflow velocity as:

Eout = |Δ+B − 2fB |. (2)

Eout represents one of the ingredients to compute the mass
outflow rate ¤"out, which is an important parameter quantifying the
amount of gas driven away from its launch site by winds. We follow

the approach of Newman et al. (2012) and quantify the mass outflow
rate as:

¤"out ["⊙ yr−1] = 1.586 × 10−26 1.36 mH

WHU ne

vout

Rout
LHU,B (3)

where WHU = 3.56 × 10−25 erg cm3 s−1 is the HU emissivity
at ) = 104 K, and =e is the electron density of the outflowing gas in
cm−3 assuming the same temperature. 'out is the maximum radial
extent of the outflow in km and is estimated as described in Section
2.2.6. !HU,B is the HU broad component luminosity in erg s−1. The
first term converts the units of ¤"out from g s−1 to "⊙ yr−1. This
equation assumes that the outflow velocity and mass outflow rate
are constant with radius. As discussed further in Section 3.4.2, we
adopt a constant value of =e = 192 cm−3 for the broad-component
gas as inferred from double-Gaussian decompositions of the [SII]
line doublet. The parameters Eout, 'out and !HU,B are measured for
each galaxy individually, where Eout and !HU,B are extracted from
the Gaussian decomposition of the 'out stacked spectra.

The mass loading factor [ is defined as the outflow rate nor-
malised by the star formation rate:

[ ≡
¤"out

SFR
. (4)

An estimate of the SFR can be obtained from the narrow Gaussian
component of HU tracing the ongoing star formation activity in the
galaxy disk:

SFR [M⊙ yr−1] = 2.1 × 10−41 LHU,N [erg s−1], (5)

which through combination with Eq. 3 boils down to the following
dependency on the HU BNR:

[ = 2.1 × 1041 1.36<H

WHU =e

Eout

'out
BNRHU . (6)

This parameter quantifies the relative rate at which gas is expelled
versus consumed by star formation, and in the case of star-formation
driven outflows can be thought of as a diagnostic of outflow effi-
ciency. Here we add the caveat that ¤"out in our analysis captures
specifically the warm ionised gas component, and that the observed
winds do not necessarily escape from the gravitational potential of
the galaxy altogether. Both aspects complicate the comparison to
galaxy formation models, and we return to these points in Section
4.

We further note that, whereas by default we assume any dust
correction factors to be divided out in Eq. 6, a dust correction factor
based on single-component Gaussian fits of the Balmer decrement
(�U/�V) is applied in computing !HU,B in Eq. 3. Possible adjust-
ments to this approach and its impact on the results obtained are
discussed in Section 3.4.3.

3 RESULTS

With the results of the emission line decomposition and inferred
physical properties of outflows based thereupon in hand, we now
transition to presenting our key findings. We do this in a three-
pronged approach: considering first the incidence of outflows among
the entire sample of line-emitting MaNGA galaxies analysed (Sec-
tion 3.1), focussing next on the outflow sample itself to address how
outflow properties scale with internal galaxy properties (Section
3.2), and finally evaluating more closely the geometry and physi-
cal conditions of the broad-component gas (Sections 3.3 and 3.4).
Further considerations of outflow detectability, driving mechanisms
and ultimate fate are discussed in Section 4.
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3.1 Incidence of outflows among the MaNGA sample

3.1.1 Most MaNGA outflows are centrally concentrated

Figure 3 demonstrates that the spatial extent of broad-component
line emission, interpreted to be relatively high-velocity ionised
gas associated with a large-scale galactic wind, shows a positive
trend with galaxy size, yet one with a slope that is shallower
than unity. Moreover, for a galaxy of typical size, the bulk of the
broad-component line emission, 90% as quantified by the parameter
'out,90, emerges from within the galaxy’s effective radius (see also
Eq 1). Spatially within MaNGA galaxies, outflows are centrally
concentrated with ∼ 67% of outflow galaxies showing the bulk
of their broad-component wind signature encompassed within 'e.
Roberts-Borsani et al. (2020) find neutral gas outflows in MaNGA
galaxies also to be centrally concentrated within∼ 1'e. This finding
is further in line, at least at a qualitative level, with galaxy formation
models which invoke feedback to expel low angular momentum gas
from galaxy centres in order to produce galactic disks of realistic
size (e.g., Dutton & van den Bosch 2009).

3.1.2 Which galaxies show outflow signatures?

As outlined in Section 2, MaNGA DR15 counts 4239 galaxies with
counterparts in the MPA-JHU database, of which 2744 objects fea-
ture line emission at a level significant enough that they entered our
‘analysed MaNGA sample’ to which single- and double-Gaussian
line profile fitting was applied. Of these, just 322 objects feature
significant evidence for broad-component line emission that can be
interpreted as a signature of large-scale winds being driven from
the galaxy (see criteria in Section 2.2.3) whilst ruling out a sig-
nificant DIG contribution (Section 2.2.7). At 12% of the analysed
sample of line-emitting MaNGA galaxies (and 8% of the full un-
derlying MaNGA sample), outflows are thus only detectable within
a small portion of the nearby galaxy sample considered here, even
with the high-S/N resolved information offered by MaNGA. For
reference, outflow fractions reported for higher redshift samples
are typically higher by factors of several, with exact numbers vary-
ing from ∼ 20 − 30% to ≫ 50% depending on tracer and sample
definition, despite the overall lower S/N and resolution of typical
high-z observations complicating the detection of faint outflow sig-
natures. Outflow incidence is directly related to outflow strength (as
stronger outflows are more easily identified), and the higher inci-
dence at higher redshift is in line with the stronger star-formation
and AGN activity around the epoch of cosmic noon (1 . I . 3).

In Figure 4, we show for the analysed MaNGA sample and for
the sample of galaxies with significant evidence for outflow activity,
the logarithmic distributions of a set of key internal properties of the
host galaxies. In blue and red histograms, we further highlight the
distribution of galaxy properties for the SF and AGN subsets of our
fiducial outflow sample separately. Specifically, we consider their
stellar mass ("★), star formation rate (SFR), specific star formation
rate (sSFR ≡ SFR/M★), star formation rate surface density (ΣSFR ≡

SFR/2c'2
e ), size ('e), stellar surface density within the central 1

kpc (Σ★1) or within 1'e (Σ★e ≡ "★/2c'2
e ), the stellar velocity

dispersion within 1'e (f★Re), the rotational velocity taken from
the HU velocity field and corrected for inclination on the basis
of the galaxy’s axial ratio (+rot), and a kinematic measure which
adds the gaseous velocity dispersion in quadrature, which we dub

(0.5 =

√

0.5+2
rot + f2

HU,Re
.4

4 The (0.5 parameter is calculated using the DAP entries

To test for the significance of differences between galaxy prop-
erties in the analysed MaNGA sample compared to the outflow
sample and SF/AGN subsamples, we perform a two-sample Kol-
mogorov–Smirnov (K–S) test and an Anderson–Darling (A–D) test
on each pair of histograms. Relative to the K-S test, the A-D test
assigns more weight to the tails of the distribution. Values of both
statistics are shown in each panel, and highlighted in yellow if the
corresponding p-value is less than 0.05 indicating that the null hy-
pothesis that the two samples are drawn from the same distribution
is firmly rejected.

In all galaxy properties, except for sSFR, we find that the ob-
jects with evidence for outflow activity exhibit significantly different
host galaxy properties when compared to the underlying MaNGA
sample.

Of notable interest is the enhanced incidence of outflows at the
massive (high "★) end, and in the regime of high (central) stellar
surface densities (Σ★1, Σ★e) and/or deep gravitational potentials
("★/'e, f★Re). All these trends of incidence are more pronounced
for AGN outflows. The increased incidence of AGN outflows at
high mass and high central mass concentrations echoes findings at
higher redshifts (Förster Schreiber et al. 2019).

We find that outflows are detected relatively uniformly across a
wide range in sSFR, and the offset in the sSFR distribution between
the AGN and SF outflow subsamples is primarily reflecting the
distribution of the underlying SFG and AGN-hosting populations
across the SFR-M★ diagram. This is evident by comparing the SFR-
M★ distribution of AGN and SF outflows in MaNGA (Section 3.2.2)
to Figure 1 in Leslie et al. (2016).

Unsurprisingly, the incidence of SF outflows is strongly tied
to signatures of elevated star formation activity (SFR, sSFR and
ΣSFR). This connection is anticipated (see, e.g., Ho et al. 2016), as
by lack of detectable nuclear activity the energy and momentum
injection associated with the late stages of massive stellar evo-
lution counts as the most plausible physical driver of large-scale
winds. Analysing the Na D _5889, 5895 neutral gas absorption
profiles of a set of 405 inactive star-forming galaxies in MaNGA,
Roberts-Borsani et al. (2020) likewise find an enhanced outflow in-
cidence (and strength) at higher ΣSFR (and Σ★). We do note that
SF outflows are observed at galaxy-averaged star formation surface
densities well below ΣSFR ∼ 0.1 M⊙ yr−1, proposed by Heckman
(2002) as an empirical threshold for so-called ‘superwinds’ and
interpreted by Ostriker & Shetty (2011) as the point where the en-
ergy from supernovae and galactic winds can overcome the gravity
of the galaxy disk. This may either be because surface densities
local to the star-forming regions which act as the wind launch-
ing sites are higher than the total galaxy ΣSFR referred to here,
or simply because the MaNGA spectra allow probing more sensi-
tively into galaxies of more moderate star formation surface den-
sity, with associated weaker levels of feedback (see also Ho et al.
2016; Roberts-Borsani & Saintonge 2019; Davies et al. 2019 and
Roberts-Borsani et al. 2020). We characterise dependencies on star
formation activity among the outflow sample more quantitatively
in Section 3.2. Finally, it is noteworthy that in absolute SFR, the
sample of AGN outflows is also skewed to higher values than the un-
derlying population (yet the opposite is seen for specific SFRs). One

HA_GVEL_HI_CLIP and HA_GVEL_LO_CLIP (with additional inclina-
tion correction) and HA_GSIGMA_1RE, which is different from the local
disk velocity dispersion. Although adopting its name from Weiner et al.
(2006) because of its similarity in functional form, the quantity may not be
directly comparable to the values reported by these authors due to different
definitions of the velocity dispersions used.
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Figure 4. Distribution of internal galaxy properties for galaxies exhibiting signatures of outflow activity (black open histograms) and the subpopulations with
(red) and without (blue) AGN. The underlying full MaNGA sample is shown as the grey-dashed distribution, and the MaNGA analysed (i.e., line-emitting)
sample for which line profile fitting was carried out is indicated as the grey-shaded distribution. Inset numbers denote the Kolmogorov-Smirnov and Anderson-
Darling test values comparing outflow galaxies to the underlying sample. Highlighted values indicate tests with p-values < 0.05. More detail on the internal
galaxy properties considered is provided in the text. AGN luminosities (!AGN) and Eddington ratios (_Edd) are shown only for those galaxies with identified
AGN. Likewise, the comparison of inclinations (cos(8)) is restricted to a secure morphological disk sample for which axial ratios provide a sound measure of
inclination. Note that the black, red and blue distributions are normalised to the black open distribution, and that both grey distributions are normalised to the
grey-shaded histogram.

MNRAS 000, 1–?? (2020)



Outflow scaling relations 9

possible reason for this is that a correlation between SFR and stellar
mass (the so-called main sequence of SFGs) introduces an indirect
imprint of the aforementioned trend of AGN outflow incidence with
mass. One should further keep in mind that our AGN outflow sam-
ple spans a significant range in AGN luminosity (!AGN), down to
low !AGN where the energetics contributed by star formation and
nuclear activity are on a par. We therefore refrain from labelling
the AGN outflow sample as a whole as AGN-driven outflows, and
merely adopt the term AGN outflow to indicate the presence of
an active nucleus. For similar reasons, Section 3.2.4 establishes a
master scaling relation for SF and AGN outflows jointly.

Turning to the bottom row of Figure 4, the first two panels
present for galaxies with evidence for AGN activity (Section 2.2.4)
the logarithmic distributions of the AGN luminosity !AGN and the
Eddington ratio _Edd.

We find evidence for outflows to be more prevalent among
those AGN that have higher Eddington ratios and especially higher
AGN luminosities. A closer look at the distribution of AGN lumi-
nosities and accretion rates, as well as the relation between outflow
rate and each of these AGN characteristics within the outflow sam-
ple is presented in Section 3.2.3.

Lastly, our analysis reveals only a minor hint of an inclination
dependence of outflow signatures. Here, the comparison is compiled
for a subsample of star-forming galaxies (log(sSFR) > -11) with disk
morphologies5 drawn from the outflow and underlying MaNGA
samples, such that an estimate of inclination can reliably be derived
from the axial ratio:

cos(8) =

√

(1/0)2 − thickness2

1 − thickness2
, (7)

where 1/0 represents the galaxy’s semi-minor to semi-major axis
ratio. A characteristic disk thickness (i.e., ratio of scale height over
scale length) of 0.15 is assumed, appropriate for thin nearby disk
galaxies. We return to the absence of strong inclination dependen-
cies in Section 3.3 when discussing the physical conditions of winds
with an eye on outflow geometry.

3.2 Outflow scaling relations

The presence of outflow activity should not be considered as a
binary flag, since a continuum of outflow strength and physical
conditions exists, with a detectability threshold cutting through it.
To this end, we focus in the remainder of this Section on the outflow
sample of 322 objects featuring broad-component line emission,
and address their broad-component characteristics in light of the
internal physical properties of the galaxies themselves.

3.2.1 How outflow strength scales with internal galaxy properties

In Figure 5 we present the Spearman’s rank correlation coefficients
quantifying the strength of correlations between outflow properties
and host galaxy properties. Statistically significant correlations with
p-values < 0.05 are denoted by a black-edged square.6 Table 1 lists
the corresponding best-fit parameters of a linear regression to the
relationships between host galaxy properties and the mass-loading

5 Disk morphologies are defined as Sérsic indices < 2 and visual morpholo-
gies which are not classified as “odd looking” according to the Galaxy Zoo
2 classification by Willett et al. (2013).
6 The vast majority (90%) of correlations with ? < 0.05 remain significant
if adopting a more stringent threshold for significance of ? < 0.01.

factor, mass outflow rate and outflow velocity, respectively. Fits are
performed using linmix (Kelly 2007) which takes into account
errors on both x and y values. Appendix A summarises the results
from a linear regression applied to the SF and AGN outflow samples
separately.

A first observation from Figure 5 is that strong trends are
present between mass outflow rate and a number of galaxy prop-
erties, most notably and importantly, with SFR and !AGN, i.e., the
strength of the physical wind drivers. With the functional form for
¤"out given by Eq. 3, we note that these relations stem predominantly

from a strong tie between the strength of the physical driver and the
observed broad-component luminosity !HU,B, more so than from
a relation to the observed outflow velocity (which is insignificant in
the case of SFR).

When normalising the mass outflow rate by the SFR, i.e., con-
sidering the fiducial mass loading factor [ as computed using Eq.
6, the strong trend with SFR vanishes and even reverses sign, and
the trend with !AGN weakens. For AGN-hosting galaxies it should
further be noted that a portion of the (centrally emitted) narrow-
component HU flux within the 'out aperture will not trace star
formation but be excited by the AGN, hence rendering the values of
[ as a lower limit to the actual mass loading. Other effects that could
lead to [ values that are underestimates of the true mass loading
include outflow contributions in other phases than the warm ionised
gas, and the possibility that dust attenuation factors do not divide out
in Eq. 6. The latter is hard to pin down observationally, but a moti-
vation to account for additional attenuation to the broad-component
gas, using the broad-component Balmer decrement (�U/�V)� , is
discussed in Section 3.4.3 and implemented in the alternative mass
loading estimate labelled [dust corr.

A second observation from Figure 5 is that most outflow-
related observables or physical parameters based thereupon show
significant positive correlations with galaxy stellar mass, or equally
the central stellar velocity dispersion.

We find that these observations hold when considering just
the SF or AGN subsets separately as shown in Figures A1 and A2
(Appendix A). In particular, the strong correlation between SFR
and ¤"out holds also for galaxies with AGN, which emphasises the
idea that the energetic processes associated with star-formation and
nuclear activity can both contribute significantly to the galactic
outflow (see also Talia et al. 2017).

In the next sections, we examine a few of the relevant single-
parameter dependencies more closely, before formulating a master
scaling relation in Section 3.2.4 which captures the joint dependence
of outflow strength on a few of the most critical host properties.

3.2.2 Scaling with stellar mass and SFR

Stellar mass is arguably one of the most fundamental parameters
defining a galaxy. Importantly, it also represents the most robustly
measurable product of stellar population modelling, available for
many reference samples (with total "★ in our case taken from the
MPA-JHU database) and to outflow studies spanning wide ranges
in lookback time. We therefore consider it first, despite not being
the best predictor of outflow strength revealed by our analysis. As
illustrated in Figures 4 and 6, the dynamic range in stellar mass
sampled by our outflow sample covers over two orders of magnitude,
with SF objects probing further down below log("★) < 10 whereas
AGN objects are more prevalent at log("★) & 10.5.

The strongest correlation of outflow properties with "★ is
found for the [OIII] BNR. Whereas this observable does not enter
directly into any of the equations detailed in Section 2.2.8, the
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Figure 5. Spearman’s rank correlation coefficients quantifying the strength of correlations between outflow and host galaxy properties. Black outlined boxes
indicate a statistically significant correlation, i.e., p-value < 0.05. The dependence on inclination is only investigated for the subsample of morphological disks,
and the dependence on !AGN and _Edd only for the outflow galaxies with AGN. Strong correlations are identified, most notably between the observed outflow
rate ( ¤"out) and the intensity of its potential drivers: the star formation rate and AGN luminosity.

relative strength of the broad-component feature to [OIII] relative
to that seen in the Balmer lines helps characterise the outflowing
gas component as the kinematic moments of the different optical
emission lines are tied in the fitting procedure. Assessed over the
full outflow sample, we find BNR[OIII] to be on average ∼ 3 times
higher than BNRHU, with object-to-object variations varying from
BNR[OIII]/BNRHU near unity to a factor ∼ 10.

Linear regression of the ¤"out − "★ relation returns a posi-
tive trend with power-law slope of 0.37 ± 0.06 (Table 1), but with
substantial scatter (∼ 0.51 dex). Evaluating the variation in mass
outflow rate across the SFR - "★ plane, Figure 6 furthermore re-
veals that the mass dependence of ¤"out largely reflects an indirect
imprint of a much stronger relation between ¤"out and SFR, where
the latter is broadly related to stellar mass for galaxies in the outflow
sample. That is, at fixed SFR little evidence for variations in outflow
rate with galaxy mass is found. All outflow properties displayed in
Figure 6 are adaptively smoothed using the two-dimensional locally
weighted regression (LOESS) method (Cleveland & Devlin 1988;
Cappellari et al. 2013). The projection of the SFR - "★ diagram
along stellar mass, showing mass outflow rate as a function of SFR
is presented in Figure 7, featuring a power-law slope of 0.97 ± 0.07
and scatter of ∼ 0.48 dex. Slopes of linear relations fit to the SF and
AGN subsamples individually are both consistent with unity (when
accounting for the slope error at the 2f level), with the AGN ex-
tending to lower SFR values and in the regime of low star-formation
activity counting more outliers above the linear relation, reflected
in a larger scatter (0.33 dex for SF outflows versus 0.60 dex for
AGN outflows; see tables A1 and A2). Arribas et al. (2014) find
a similar yet slightly steeper slope of ¤"out ∝ SFR1.11 for a sam-
ple of low-redshift luminous and ultra-luminous infrared galaxies
without AGN activity. Using HU-based SFR estimates they find
a somewhat higher zero point of the relation, possibly associated
with their (U)LIRGs being significantly more compact at fixed SFR,

and the adopted 'out (0.7 kpc) being smaller. We further note that
a higher =e,B (315 cm−3) is found for their compact (U)LIRGs.
Additionally, as illustrated in their paper, the HU-based SFRs they
adopt do not recover the full amount of star formation revealed
bolometrically via far-infrared measurements, an effect commonly
expected from saturation of dust attenuation probes in the regime of
large column densities (see, e.g., Wuyts et al. 2011). When adopting
the SFR(!IR) they provide instead, their sample shifts to lie closely
along our inferred ¤"out - SFR relation, extending the dynamic range
to the higher SFR regime. A comparison to the more luminous sam-
ples presented by Arribas et al. (2014) and Fluetsch et al. (2019) is
presented in Appendix B.

In terms of mass loading of the winds, the LOESS regression
on our fiducial estimates of [ reveal systematic variations in the
5 - 30% range across the SFR - "★ plane with moderate mass
galaxies occupying the upper half of the star-forming main sequence
featuring the lowest mass-loading factors, and AGN outflows located
below the main sequence the highest ones.7 The dependence of [
on SFR is negative, with a power-law slope of −0.12 ± 0.08. Of
particular interest to theory (e.g., Lilly et al. 2013; Davé et al. 2017)
is the dependence of [ on "★ in star formation feedback. We find
no significant correlation, but discuss in Section 4.4 why the mass
loading factor quantified here may not be directly related to the
effective mass loading which enters these gas regulator models.

Finally, we note that when dropping the default assumption

7 We remind the reader that the mass-loading factor [ is derived entirely
based on the MaNGA spectrum extracted within an aperture of size 'out

whereas the galaxy-integrated SFR throughout this paper is adopted from
the MPA-JHU database. The latter include a multi-band photometry-based
aperture correction to account for star formation happening outside the SDSS
fibre, and for galaxies with AGN signatures in the SDSS spectra adopt the
D4000 break rather than Balmer emission lines as SFR diagnostic.
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(a) Variation of [OIII] (left) and HU (right) BNR across the SFR-M★ plane assuming the same dust correction for disk/outflow.
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(b) Variation of mass outflow rate across the SFR-M★ plane assuming the same (left) and separate (right) dust correction for disk/outflow.
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(c) Variation of mass loading across the SFR-M★ plane assuming the same (left) and separate (right) dust correction for disk/outflow.

Figure 6. Variation in outflow properties across the SFR - "★ diagram. Galaxies from the outflow sample are colour-coded using an LOESS-smoothing on
the outflow properties indicated in subcaptions. Where we drop the default assumption that disk and the outflowing gas are attenuated by the same amount
(middle right & bottom right panels), we compute the mass outflow rate and mass loading using a dust correction to the broad HU component based on the
Balmer decrement of the broad component. This is as opposed to the default approach of adopting the Balmer decrement quantified from a single-Gaussian fit
to the HU and HV line profiles (middle left & bottom left panels). Outflow galaxies with AGN are marked with a diamond symbol and extend further below the
star-forming main sequence (dashed line; Renzini & Peng 2015). The underlying MaNGA sample for which a line profile analysis was carried out is depicted
in grey shades.
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Figure 7. Mass outflow rate versus star formation rate where our SF and
AGN outflow subsamples are shown using circular and diamond shaped
markers, respectively (Plot style as in Figure 3).

that gas belonging to the disk and wind components are attenuated
by the same amount, a significantly different pattern of and range
in mass loading factors as well an overall increase in the mass
outflow rate is observed. As discussed in Section 3.4.3, broad-
component gas in some of the galaxies may suffer enhanced levels
of attenuation, raising the estimated [dust corr accordingly, although
the effect is challenging to quantify on an individual object basis.
This difficulty is primarily due to the uncertainly in quantifying
the broad component Balmer ratio for individual objects, where the
weakness of the HV line can make the broad component difficult to
detect.

3.2.3 Scaling with nuclear activity

We measure the (normalised) strength of nuclear activity and the
energy injection rate associated with it via the Eddington ratio and
AGN luminosity, respectively. The top panel in Figure 8 illustrates
the incidence of outflows among active galaxies in a diagram of_Edd
versus !AGN. As hinted already in Figure 4, we find that outflows
are more prevalent at higher AGN luminosities, and, more subtly,
at higher _Edd.

In the middle and bottom panels of Figure 8, we show mass
outflow rates contrasted to the [OIII]-based AGN luminosity and
Eddington ratio. Linear regression of the ¤"out − !AGN relation
gives a positive trend with a power-law slope of 0.55 ± 0.04, with
an intrinsic scatter of ∼ 0.43 dex (Table 1). The relation with _Edd
has a power-law index of 0.64 ± 0.14, and features a larger scatter
(∼ 0.58 dex). We again emphasise that our sample extends down to
low luminosity AGN, some of which would not be identifiable as
such from their galaxy-integrated spectrum, and varying contribu-
tions of other, star formation related drivers may contribute to the
observed scatter and subunity trendline. We see a hint of this effect
in Figure 8, where we find that composites feature enhanced outflow
rates compared to AGN/LIERs at a given AGN luminosity. This is
most plausibly interpreted by their outflow driving having relatively
more significant contributions from star formation feedback moti-
vating the master scaling approach in Section 3.2.4 which aims to
encompass the different driving mechanisms simultaneously. When
considering the AGN and LIER population solely, the best-fit linear
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Figure 8. Top: Incidence of outflows (coloured diamonds) among MaNGA
AGNs (all diamonds) in the _Edd - !AGN plane. Significant evidence for
outflows is more prevalent at higher AGN luminosities. Middle and bottom:

Mass outflow rates contrasted to the [OIII]-based AGN luminosity and
Eddington ratio (plot style as in Figure 3).

relation between outflow rate and AGN luminosity becomes steeper
with a slope of 0.62 ± 0.04 and a tighter scatter of ∼ 0.37 dex.

Measurements by Fluetsch et al. (2019) of mass outflow rates
in the molecular phase show a slightly steeper dependence on !AGN,
of slope 0.68, which can possibly be attributed to enhanced relative
contributions of the molecular phase to the outflowing gas at high
!AGN, as reported by the same authors. In line with our results,
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Fluetsch et al. (2019) find substantially more scatter in the relation
with _Edd (compared to !AGN), despite the fact that this quantity
is fundamental in the energy-driven and radiation pressure-driven
scenarios often invoked for AGN outflows (King & Pounds 2015;
Ishibashi et al. 2018). Uncertainties in the estimates of black hole
mass, based on the "BH −f relation in our case and entering in the
denominator of _Edd via the Eddington luminosity, may contribute
to the observed scatter.

We also estimate the momentum and energy ratio of the ionised
AGN winds, defined as ¤?out/(!AGN/2) and ¤�out/!AGN, respec-
tively, where the outflow momentum flux ¤?out = ¤"outEout and
!AGN/2 represents the AGN radiative momentum rate. The kinetic
power of the outflow is given by ¤�out ≡

1
2
¤"outE

2
out. We find signifi-

cant correlations between the outflow momentum flux and !AGN/2

and between kinetic power and !AGN. Typical inferred momentum
ratios of the ionised gas winds are of order unity, but objects in our
AGN outflow sample are found to span the full∼ 0.1−20 range. En-
ergy ratios computed based on the ionised gas phase alone typically
fall below ∼ 10−1.5 , and reach two to three orders of magnitude
further down from there, consistent with the low kinetic coupling
efficiencies reported by Wylezalek et al. (2020).

3.2.4 An all-encompassing outflow scaling relation

Figure 5 presents a number of strong correlations between outflow
properties, in particular mass outflow rate, and host galaxy prop-
erties. Given that many internal galaxy properties correlate with
one another, an observed scaling with one parameter does how-
ever not necessarily reveal any form of causation. In this section
we therefore aim to construct an ‘all-encompassing outflow scaling
relation’ where the mass outflow rate of the ionised gas in MaNGA
galaxies is described with the least possible scatter by expressing
its dependence on a number of galaxy properties jointly.

Here we explore three forms of such a master outflow scaling
relation of increasing complexity from Equation 8 to Equation 10.

log( ¤"out) = 0 + 1 log

(

"★

5 × 1010 M⊙

)

+ 2 log

(

SFR
SFRMS

)

(8)
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1 log
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2 log
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)
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(
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5 kpc

)
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)

+

log
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100
(
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+ 104
(
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1 × 1043 erg s−1

) 5
]

(10)

Here, SFRMS refers to the star formation rate of a galaxy re-
siding on the star-forming main sequence relation as parameterised
by Renzini & Peng (2015):

log(SFRMS) = 0.76 log("★/M⊙) − 7.64 (11)

While facilitating a more straightforward reading of the mass de-
pendence of outflow rates for typical (i.e., main sequence) SFGs,
the use of SFRMS as a normalisation factor does imply that mass
implicitly enters in two of the terms in Eqs. 8-10. We therefore also
explore an equivalent to Eq. 10 in which the role of mass and star
formation are fully decoupled:

log( ¤"out) = 1 log

(

"★

5 × 1010 M⊙

)

+

3 log

(

'e

5 kpc

)

+

log

[

100
(
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3 M⊙ yr−1

)2

+ 104
(

!AGN

1 × 1043 erg s−1

) 5
]

(12)

Furthermore, we test for a formulation of ¤"out depending on
the drivers alone:

log( ¤"out) = log

[

100
(

SFR

3 M⊙ yr−1

)2

+ 104
(

!AGN

1 × 1043 erg s−1

) 5
]

(13)

The above equations incorporate between two and four physical
parameters describing the host galaxy: "★, the offset from the star-
forming main sequence SFR/SFRMS (or alternatively the absolute
SFR), 'e, and !AGN. We express ¤"out as having a power-law
dependence on each physical parameter with power-law indices 1,
2, 3 and 5 respectively, leaving two parameters (0 and 4) to set the
normalisation for the SF and AGN drivers. Having the SF and AGN
driving terms appear in additive rather than multiplicative form
makes sense physically, and prevents divergence for objects with SF
outflows where !AGN is taken to be zero. Similar considerations
were followed by Fluetsch et al. (2019), although we point out these
authors do not allow for different power-law indices quantifying the
dependence on SFR and AGN luminosity.

The motivation for Eq. 8 is not so much that it is the pairing
of two input parameters that yields the smallest dispersion (that
would involve the two drivers, star formation and AGN activity, as
captured in Eq. 13), but rather that it may be of use as a reference to
other studies that have less rich datasets to work with, for example
those at high redshift where measurements of !AGN or 'e are more
challenging due to limited depth or spatial resolution.

We use the emcee Monte Carlo Markov Chain implementation
to derive the best-fit parameters in Eqs. 8 - 13 and we compare these
functional forms as descriptors of the observed outflow rate by mea-
suring the scatter between the predicted and the observed ¤"out. The
results are presented in Table 2. We find that the dispersion of residu-
als around the best-fit relation reduces as the additional dependence
on 'e is accounted for. The scatter is ultimately reduced further to
∼ 0.35 dex by including an AGN term, and remains equally small
when formulating the scaling relation using absolute SFR or main
sequence offset in the ‘outflow driver’ term. Figure 9 shows the
posterior distributions from emcee for the six fit parameters of Eq.
12. Figure 10 presents the corresponding ¤"out predicted using Eq.
12 versus the empirically observed mass outflow rate. By removing
the dependence on galaxy mass and size from Eq. 12, we find only a
small increase in the scatter showing that ¤"out is heavily influenced
by the strength of its physical drivers.

Introducing additional galaxy properties such as redshift or
inclination only yielded a marginal further reduction in scatter (0.34
dex) and reduced chi-square statistic (1.5).
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Galaxy property �[ �[ Δ[ � ¤"out � ¤"out Δ ¤"out �Eout �Eout ΔEout G0

Full outflow sample

log("★ [M⊙ ]) 0.01 ± 0.06 −1.04 ± 0.03 0.48 0.37 ± 0.06 −0.75 ± 0.04 0.51 0.05 ± 0.02 2.62 ± 0.01 0.14 11.0
log(SFR [M⊙ yr−1]) −0.12 ± 0.08 −1.00 ± 0.04 0.48 0.97 ± 0.07 −1.28 ± 0.04 0.48 −0.02 ± 0.03 2.61 ± 0.01 0.14 0.0
log(sSFR [yr−1 ]) −0.14 ± 0.09 −1.06 ± 0.03 0.48 0.51 ± 0.10 −0.82 ± 0.03 0.53 −0.09 ± 0.03 2.58 ± 0.01 0.14 −10.0
log(ΣSFR [M⊙ yr−1 kpc−2 ]) 0.03 ± 0.07 −1.05 ± 0.03 0.48 0.26 ± 0.08 −0.97 ± 0.04 0.53 −0.05 ± 0.02 2.61 ± 0.01 0.14 −2.0
log('e [kpc]) −0.20 ± 0.10 −1.11 ± 0.04 0.47 0.80 ± 0.11 −0.63 ± 0.04 0.50 0.06 ± 0.03 2.62 ± 0.01 0.14 1.0
log(Σ★1 [M⊙ kpc−2 ]) 0.20 ± 0.07 −1.07 ± 0.03 0.47 0.26 ± 0.08 −0.94 ± 0.03 0.53 0.07 ± 0.02 2.59 ± 0.01 0.14 9.0
log(Σ★e [M⊙ kpc−2 ]) 0.26 ± 0.08 −0.90 ± 0.05 0.47 −0.21 ± 0.09 −1.00 ± 0.06 0.53 0.02 ± 0.02 2.61 ± 0.01 0.14 9.0
log("★/'e [M⊙ kpc−1 ]) 0.20 ± 0.09 −1.03 ± 0.03 0.47 0.29 ± 0.11 −0.88 ± 0.03 0.53 0.07 ± 0.03 2.60 ± 0.01 0.14 10.0
log(f★Re [km s−1 ]) 1.44 ± 0.30 −1.13 ± 0.03 0.48 2.38 ± 0.31 −1.05 ± 0.04 0.53 0.30 ± 0.09 2.58 ± 0.01 0.15 2.0
log(+rot [km s−1 ]) −0.03 ± 0.06 −1.03 ± 0.04 0.48 0.04 ± 0.07 −0.91 ± 0.04 0.54 −0.00 ± 0.02 2.60 ± 0.01 0.14 2.0
log((0.5 [km s−1 ]) 0.04 ± 0.08 −1.05 ± 0.04 0.48 0.13 ± 0.08 −0.94 ± 0.04 0.54 0.02 ± 0.02 2.59 ± 0.01 0.14 2.0

Disks

cos(i [◦ ]) −0.97 ± 0.22 −1.54 ± 0.11 0.38 −0.05 ± 0.25 −0.92 ± 0.13 0.46 0.27 ± 0.08 2.71 ± 0.04 0.15 2.0

AGN

log(!AGN [erg s−1 ]) 0.19 ± 0.05 −0.88 ± 0.04 0.47 0.55 ± 0.04 −0.78 ± 0.03 0.43 0.05 ± 0.01 2.64 ± 0.01 0.14 43.0
log(_Edd) 0.13 ± 0.12 −0.95 ± 0.04 0.48 0.64 ± 0.14 −0.99 ± 0.05 0.58 0.04 ± 0.04 2.62 ± 0.01 0.15 −3.0

Table 1. Scaling relations between ionised gas outflow properties and internal galaxy properties including mass, star formation activity, structure, orientation
(for star-forming disks only) and AGN luminosity and Eddington ratio (for active galaxies only). With the exception of cosine inclination, linear regression of
the form log(outflow property) = �[log (galaxy property) − G0 ] + � is carried out in log− log space with errors representing the central 68th percentile of the
posterior distribution on slope and intercept. Standard deviations of residuals from the best-fit linear relation are denoted as Δ. Fit parameters are determined
using linmix (Kelly 2007).

Figure 9. Corner plot showing the emcee sampling of the posterior proba-
bility distribution for the parameters in the outflow scaling relation of Eq.
12, describing a mapping from internal galaxy properties to the observed
mass outflow rate.

We thus conclude that the mass outflow rates inferred from
broad components to the ionised gas line emission can be repro-
duced to within a factor ∼ 2 starting from measurements of the
galaxies’ mass, size, star formation rate and AGN luminosity. The
same relation performs equally well for SF and AGN winds within
our total sample of 322 objects whose spectra exhibit outflow fea-
tures.

3.3 Outflow geometry for star-forming disks

In order to investigate the dependence of outflow properties on
galaxy inclination, we extract a Disks subsample comprised of star-
forming disk galaxies with log(sSFR) > -11, Sérsic indices n < 2,
and visual morphologies which are not classified as “odd looking”
according to the Galaxy Zoo 2 classification (Willett et al. 2013).
The latter two criteria are to ensure that the projected axial ratio
can be reliably used as a proxy for galaxy inclination. As shown in
the bottom-right panel of Figure 4, we find a marginal difference
in the cos(8) distribution of Disk galaxies with outflows compared
to the underlying MaNGA Disk population for which line profile
fitting was carried out, at least according to the A-D statistic, which
is more sensitive to the tails of the distribution. We do not find sig-
nificance in the K-S statistic which is primarily based on the peak
of the distributions. The Disk subsample criteria cuts the outflow
sample to only 67 objects. Using a less conservative cut on the Disk
subsample by dropping the Sérsic index criterion, and assuming
that the Petrosian axial ratio still serves as an adequate inclination
indicator for systems that host significant bulge components, we
increase the number of outflows in star-forming disk galaxies (i.e.,
not irregular/disturbed/merger or otherwise odd-looking) to 177 ob-
jects. With this less conservative cut, we find a significant difference
between the cos(8) distributions of the outflow Disks and the parent
Disks samples according to both the K-S and A-D statistics.

The main distinct feature is the lack of outflow objects seen
edge on. To derive a basic inference on what the inclination distri-
bution implies about the outflow geometry, we consider a simple toy
model in which a bi-conical outflow is oriented orthogonally to the
disk plane. In this model, a wind of opening angle \ is only detected
if the galaxy is viewed within an angle of \/2 from face-on. The toy
model is summarised as follows:

(i) We assume the distribution of outflow opening angles among
galaxies to be characterised by an average opening angle \̄ and a
Gaussian dispersion about the average f\ .
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Figure 10. Observed mass outflow rates for galaxies in the MaNGA outflow sample, contrasted to the outflow rate predicted based on the best-fit outflow
scaling relation of Eq. 12, taking galaxy stellar mass ("★), size ('e), star formation rate (SFR) and AGN luminosity (!AGN) as inputs. SF and AGN galaxies
are denoted by circles and diamonds, respectively. The black line indicates the one-to-one relation and a histogram of residuals, with a scatter of 0.35 dex, is
shown in the inset panel.

Fit a b c d e f scatter [dex] j2
red

Eq 8 -0.855 (0.019) 0.572 (0.034) 0.789 (0.044) - - - 0.405 2.145
Eq 9 -0.855 (0.019) 0.361 (0.049) 0.779 (0.044) 0.488 (0.081) - - 0.394 2.037
Eq 10 -0.933 (0.023) 0.276 (0.051) 0.789 (0.046) 0.371 (0.081) -1.215 (0.047) 0.634 (0.048) 0.348 1.567

Eq 12 -0.930 (0.022) -0.235 (0.052) 0.790 (0.046) 0.399 (0.080) -1.166 (0.049) 0.715 (0.050) 0.345 1.540

Eq 13 -0.915 (0.020) - 0.754 (0.041) - -1.197 (0.051) 0.743 (0.050) 0.355 1.618

Table 2. Power-law indices of galaxy stellar mass (b), star formation activity (c), galaxy size (d), AGN luminosity (f) and normalisation factors (a, e) derived
using emcee following the functional forms of outflow scaling relations described by Eqs. 8, 9, 10, 12 and 13. The corresponding scatter and reduced chi-squared
values are listed in the two right-most columns.

(ii) By assuming that the underlying parent sample is viewed
from random angles, we infer a mapping between the projected
axial ratio and the intrinsic inclination (where we use the 1/0 values
of the Disks sample including = > 2 systems). This, unlike Eq. 7,
allows us to take into account the fact that the surface brightness
distribution of galaxies viewed face-on may not be perfectly round,
but consistent results are obtained when adopting Eq. 7 instead.

(iii) Assuming random viewing angles for galaxies that intrin-
sically are driving outflow activity (whether detectable or not), we
infer the fraction of outflow galaxies at each inclination that will
be detectable for a given \̄ and f\ , and by adopting the mapping

derived in (ii) we obtain the predicted normalised cumulative dis-
tribution of projected 1/0 values of galaxies in the outflow sample.

(iv) We derive the values of \̄ and f\ for which the predicted
normalised cumulative distribution of projected 1/0 values best
matches the observed distribution in our Disks outflow sample, by
using a least-squares Levenberg-Markwardt minimisation (mpfit),
and independently by minimising the K-S or A-D statistics.

All three ways of optimisation yield consistent results, namely
that the opening angle is wide, of order 162 ± 10◦, corresponding
to roughly 84% of all outflow galaxies being detectable thanks
to an orientation sufficiently away from an edge-on viewing angle.
Similar results are obtained when using the more conservative Disks
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Figure 11. Top: Width of the broad component and outflow velocity versus inclination. Bottom: HU BNR and mass loading factor [ versus inclination.

sample, albeit suffering from poorer number statistics. Arguably, the
inclination dependence may be consistent with a somewhat smaller
opening angle if a broad base is invoked instead of an outflow origin
from a small region near the centre as assumed in our toy model. The
inclination dependence of outflow detectability for such a geometry
would be non-trivial to determine and is beyond the scope of this
section.

As well as finding a significant difference in the inclination
distribution of the outflow and underlying MaNGA samples, we
find a number of strong correlations between outflow properties
and galaxy inclination (Figure 5) which are consistent with the
results from the toy model. For outflows with some typical opening
angle, at orientations close to edge-on the velocity-extent of the
broad component would be reduced, and would be smallest for
small opening angles. We can imagine this would be the case for
a highly collimated AGN outflow or chimney-like features. This
signature is evident in the top panel of Figure 11 where we see a
positive correlation between fB and cos(8) which follows through
to the relation with +out (Eq. 2).

Furthermore, in the bottom panel of Figure 11 we find a strong
correlation between HU BNR and inclination. We expect two effects
come into play here: (i) the fraction of light from the galaxy disk
captured by the aperture is expected to be lower at orientations close
to edge-on due to intervening dust along the line-of-sight through
the disk (thus increasing the BNR), (ii) the fraction of light from
the outflow captured by the aperture is expected to be higher at
orientations close to edge-on where we are more likely to see both

the red- and blue-shifted outflow components. The strong relation
between inclination and HU BNR carries forward to the strong
correlation with [. We note that the relation with [OIII] BNR is
significantly weaker than with HU BNR although it is observed to
some degree (Figure 5).

We considered the impact of choosing an elliptical aperture
shape on outflow detection using our methodology, given that ellip-
tical apertures may not capture the extraplanar gas as well as, say,
circular apertures if the outflow is expelled along (or close to) the
minor axis of the galaxy in an inclined system. As a sanity check
we re-ran our experiment consistently adopting circular (rather than
elliptical) apertures throughout our analysis, where we used circular
apertures of radius 0.5'e, 'e and 1.5'e to identify galaxy outflows.
By using circular apertures, we do not find a significant increase
in the number of galaxies with detected outflows, in particular a
lack of detection in high inclination systems is common to the two
methods differing in aperture shape. In addition, overall, the results
from our experiment remain largely the same when using circular
apertures. This includes the inclination dependent trends presented
in Figure 11.

3.4 Physical conditions of the outflowing ionised gas

3.4.1 Excitation pattern

The BPT diagnostic diagrams use emission line ratios ([OIII]/HV,
[NII]/HU and [SII]/HU) to determine the ionisation mechanisms
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Figure 12. [NII]-BPT (top) and [SII]-BPT (bottom) diagnostic diagrams displaying the excitation patterns for the broad- and narrow-component gas, as
quantified from spectral extractions within an elliptical aperture of size 'out. Dashed curves delimiting regions with excitation patterns characteristic for star
formation (SF), AGN or low-ionisation emission line regions (LIERs) are taken from Kauffmann et al. (2003) and Kewley et al. (2001) respectively. Left-hand
(right-hand) panels show those objects whose narrow-component line ratios in nuclear spectra, extracted within a 0.25'e aperture, are consistent (inconsistent)
with HII-region-like excitation. In both SF and AGN wind galaxies, the broad-component gas exhibits elevated line ratios compared to the narrow-component
gas, consistent with shock excitation within the outflowing gas.

exciting the gas. Using our Gaussian decomposition, we determine
these ratios for the narrow component tracing the disk gas and the
broad component tracing the outflow separately and present the di-
agnostics for the different components in Figure 12. We show that
the outflowing gas component exhibits harder excitation than the
disk gas in both inactive and active galaxies, where the presence
of AGN activity is determined by the narrow component line ratios
in the 0.25'e stacks as described in Section 2.2.4. We find cases
where the gas excitation is dominated by the harder radiation from
the central AGN within 0.25'e, but by HII regions within 'out
(right panel of Figure 12). We also find a few cases where pho-
toionisation by HII regions was the primary ionisation mechanism
within 0.25'e, but narrow components show up in the composite
region of the BPT diagram within 'out potentially resulting from
narrow-line region relics from the time varying nature of AGN (see
also Wylezalek et al. 2020).

One plausible explanation for the higher excitation of the broad
component gas is an origin from shocks experienced by the outflow-
ing gas, compressing the gas, and causing the elevated line ratios
(see, e.g., Ho et al. 2014). We see further evidence for this in the
velocity widths of the broad components (∼ 120 − 310 km s−1)

found in this work which are consistent with the star-formation
shock sequence in D’Agostino et al. (2019), whereas the narrow
velocity widths (fN ∼ 40 − 100 km s−1) are consistent with the
star-formation-AGN mixing sequence in comparison.

3.4.2 Electron density

We estimate the electron density of the disk and wind gas from the
[SII]_6716/6731 doublet ratio using the relationship in Osterbrock
(1989). Figure 13 presents the [SII] doublet ratio ' as a function
of the S/N of the [SII] doublet for individual objects in the outflow
sample. Due to the small separation of the weak [SII] emission,
the doublet becomes heavily blended especially when there is a
broad component superimposed at the base of the emission pro-
file making the double Gaussian decomposition challenging. We
find a wide range in the S/N of ' down to values < 3 and sub-
stantial uncertainties on individual measurements, particularly in
the broad-component [SII] ratio. We therefore opted not to com-
pute outflow properties based on =e measurements of individual
objects, but calculate characteristic values for the electron den-
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Figure 13. [SII] doublet ratio (R) used to determine electron density versus
the signal-to-noise ratio of the [SII] doublet. [SII] ratios for narrow and broad
components are shown in blue and yellow, respectively. The histogram on
the right shows the distribution of R values which have S/N > 8 for narrow
and broad components in the outflow sample. Horizontal lines indicate the
median of the histograms. Surrounding shading shows the formal error on
the median. Error bars show the median error for individual measurements
of R.

sity of the wind gas (and the disk gas) estimated as the median
[SII]_6716/6731 ratio of the broad (and narrow) components over
objects where S/N of the [SII] doublet > 8 (similar to Ho et al.
2014).8 This mitigates noise inducing effects on our derived out-
flow scaling relations that may otherwise come from ‘poor’ [SII]
emission line fitting. We find median values =e = 192 ± 61 cm−3

for the wind gas and =e = 48 ± 10 cm−3 for the disk gas, the lat-
ter consistent with the ' = 1.4 obtained from a stacking analysis
of nearby SAMI galaxies by Davies et al. (2020a). Similar electron
densities (〈=e〉 ∼ 150 cm−3) were used in deriving the outflow
scaling relations presented by Rupke et al. (2017). Elevated elec-
tron densities for the wind gas compared to the disk gas have been
reported previously for both low- and high-redshift outflow sam-
ples (Perna et al. 2017; Kakkad et al. 2018; Förster Schreiber et al.
2019), albeit quantitatively with substantially larger values, possibly
related to a more extreme nature (in terms of outflow strength, star
formation and/or nuclear accretion, and compactness) of the targets
studied. Complicating the situation further, not only do =e mea-
surements of individual objects in the literature span a wide range,
Kakkad et al. (2018) also show evidence for order-of-magnitude
spatial variations in =e within galaxies, observed for both the disk
gas and the outflowing medium, which places a cautionary note to
the assumption of uniform density on which our and most anal-
yses rely. The validity of the [SII] doublet as a density tracer in
(luminous) AGN outflows has also been questioned (Davies et al.
2020b).

We conclude that electron density measurements remain a
source of significant systematic uncertainty in constraining the
strength of feedback processes via ionised gas tracers. Sensitive
integral-field spectrographs with high spatial resolution and suffi-
cient spectral resolution, such as VLT/MUSE+AO for low-z and
ELT/HARMONI+AO for high-z studies, are required to make
progress in this area.

8 Consistent electron densities are obtained when taking the median statistic
over all objects, irrespective of the S/N of '.

3.4.3 Dust attenuation

As outlined in Section 2.2.8, the fiducial HU attenuation corrections
we applied when computing outflow parameters were based on line
ratio diagnostics inferred from single-Gaussian fits. Specifically, the
Balmer decrement, with an intrinsic ratio of (�U/�V)int = 2.86 for
Case B recombination and) = 104 K (Osterbrock & Ferland 2006),
serves as the diagnostic of nebular attenuation. Here, we explore
the Balmer decrements obtained via double-Gaussian fitting and
consider the relation between observed outflow kinematics and dust
richness of the galaxies in our sample.

The top panel of Figure 14 presents the results from a double-
Gaussian decomposition of the HV and HU emission lines, contrast-
ing the Balmer decrements of the broad- and narrow-component
emission. For a large number of objects, the level of obscuration
inferred for the broad-component gas is consistent within the errors
with the better constrained narrow-component attenuation. How-
ever, a tail of the distribution extends to significantly enhanced
Balmer decrements for the wind gas (and provided similar Case
B conditions and temperatures apply thus elevated attenuation lev-
els). This feature is seen both among SF and among AGN out-
flows. Whereas all objects shown in Figure 14 satisfy the criteria
for significant outflow signatures outlined in Section 2.2.3, one
should bear in mind that at the highest (�U/�V)B, the broad-
component contribution to the �V line profile becomes increas-
ingly small and a precise inference of attenuation therefore be-
comes more sensitive to any residual systematics in the preparatory
step where the stellar continuum with underlying �V absorption is
subtracted. Nevertheless, when taken at face value accounting for
the additional attenuation would sensitively increase the inferred
outflow rates and mass loading factors, by factors of several, and
can even alter patterns across SFR-"★ space as the implied cor-
rection is not uniform across the sample (see Figure 6). Specifi-
cally, the observed (�U/�V)B increases more rapidly with stellar
mass than (�U/�V)N, leading to a stronger mass dependence of
[dust corr ∝ "0.42

★ compared to [ ∝ "0.01
★ . This could potentially

hint at outflows in these more massive galaxies expelling prefer-
entially metal-enriched material from the disk ISM. At the same
time, it should be noted that those systems feature stronger un-
derlying HV stellar absorption, making them more sensitive to the
accuracy of the ppxf spectral decomposition. Detailed individual
object (Perna, M. et al. 2019) and sample studies of AGN outflows
(Villar Martín et al. 2014; Rodríguez Del Pino et al. 2019) have re-
ported evidence for enhanced attenuation of the wind gas relative to
the ambient gas before, although unlike what we observe in Figure
14, Rodríguez Del Pino et al. (2019) do not find a systematic excess
of (�U/�V)B for their SF outflows, merely a broad range.

In the bottom panel of Figure 14, the broad-component veloc-
ity offset relative to the narrow component is shown as a function of
the Balmer decrement measured for the disk gas. A significant nega-
tive correlation betweenΔ+B and (�U/�V)N is present for galaxies
with nuclear activity. This suggests that dust in the disk could be
responsible for the blue-shifted offsets, with thicker dust columns
within the disk’s ISM blocking more of the receding outflowing gas,
thus causing larger blueshifts. This interpretation seems plausible
when also considering the indication of an inclination dependence
of the wind gas as discussed in Section 3.3, implying that outflow
detection is weakly favoured in more face-on objects or at least less
likely for edge-on systems (see also discussion by Veilleux et al.
2005). This effect may contribute to the enhanced attenuation of
the outflowing gas, as shown in the top panel of Figure 14. How-
ever, given that the Δ+B − (�U/�V)N relation is not statistically
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Figure 14. Top: Comparison of Balmer decrement measurements for the
broad- and narrow-component gas. A tail towards larger Balmer decre-
ments for the broad-component gas may imply enhanced attenuation by
dust entrailed in the outflowing gas. Bottom: On average larger systematic
blueshifts of the broad Gaussian component are observed for galaxies with
larger narrow-component Balmer decrements, consistent with a scenario in
which the back side of a bi-conical outflow is attenuated by enhanced levels
of dust within the disk.

significant for star-formation driven outflows, the tail towards high
Balmer decrements for the outflowing gas (seen among both SF and
AGN outflows) may more plausibly be caused by dust entrailed in
the outflowing gas itself. In this context, we note that direct tracers
of dust are also increasingly used to augment multi-phase gaseous
datasets on galactic outflows (see the review by Rupke 2018).

4 DISCUSSION

In this section, we discuss in more depth four aspects of our outflow
analysis and their associated implications: Section 4.1 reflects on
the interpretation of broad velocity components as galactic-scale
winds. Section 4.2 addresses the universality of our derived outflow
scaling relation, Section 4.3 considers the driving mechanisms and
multi-phase perspective, and in Section 4.4 we reflect on the fate
and impact of the observed winds.

4.1 Justifying the outflow interpretation

Given the nature of the outflow detection and characterisation used
in this work, it is important to justify the interpretation of these

broad velocity components as outflowing gas from a quantitative
and qualitative standpoint, and show that this rationale holds when
considering other effects which could plausibly produce broad com-
ponent emission.

From a kinematic standpoint, we find typical f� ∼ 120 −

310 km s−1, with a median at 183 km s−1 (Eout ∼ 240−670 km s−1

with a median of 399 km s−1). This is consistent with broad com-
ponent kinematics measured from studies focusing on star forma-
tion driven outflows at higher redshifts (e.g. Newman et al. 2012;
Davies et al. 2019; Freeman et al. 2019; Swinbank et al. 2019), with
measurements of AGN driven outflows at higher redshift extending
from similar to larger > 1000 km s−1 velocities (e.g. Genzel et al.
2014; Leung et al. 2017; Leung et al. 2019). We also compare our
results to the low redshift outflow studies of Cicone et al. 2016 and
Concas et al. 2019, where we measure the width of the entire emis-
sion line profile using Equation 6 of Cicone et al. 2016. We find total
line-of-sight velocity dispersions of∼ 70−150 (80−250) km s−1 for
our SF (AGN) subsample. This is of the same order as the outflows
found in SFGs and AGN in Cicone et al. 2016 and Concas et al.
2019, respectively. Furthermore, in Figure 14 we see a tail towards
negative Δ+� , with 70% of outflow objects featuring systematic
blueshifts in their broad velocity component. This is evidence for
the preferred detection of blue-shifted emission and is expected
when probing outflows in emission, where emission from the re-
ceding part of a bi-conical outflow is diminished by the dust within
the intervening galaxy disk (at orientations away from edge-on).
Other studies such as Davies et al. 2019 and Newman et al. 2012
find outflow components which are on average blue-shifted relative
to the systematic gas component with offsets consistent with those
found in this work. Arribas et al. 2014 find evidence for stronger
blue-shifted offsets in systems that are more extreme in terms of
their SFR (ULIRGs versus LIRGs), therefore it may be unsurpris-
ing that we find a slightly lower median offset (Δ+� ∼ 27 kms−1) in
our sample. Furthermore, Arribas et al. 2014 find broad component
shifts of Δ+ & −100 kms−1 for a significant fraction of objects,
not too dissimilar from our results. Such consistency with ULIRG
studies in this manner is particularly noteworthy given that there is
extensive evidence for outflows observed in the form of broad emis-
sion lines in well-resolved observations of ULIRG galaxies (e.g.,
Rupke & Veilleux 2013 among many others). We note that we find
Δ+� & 0 km s−1 in a non-negligible fraction (30%) of MaNGA out-
flows also, where we expect a combination of a favourable galaxy
orientation and/or (asymmetric) outflow geometry may be at play,
however further investigation would be required to draw such con-
clusions which is beyond the scope of this paper.

Other clues supporting an outflow interpretation can come
from tracers of different gas phases, such as blue-shifted NaID
absorption as a probe of neutral gas flows, which we will present in
future work.

We considered the possibility of broad components arising as
an artifact from beam smearing of the central gas velocity fields
due to the limited spatial resolution of the IFU observations. We
followed the approach by Gallagher et al. (2019) and compared the
velocity dispersion of the broad-component gas to the stellar ve-
locity dispersion quantified within the same aperture of size 'out,
which is affected by the same beam smearing. We find fB ≫ f★ for
most objects, with ∼ 95(86)% of galaxies featuring fB that exceed
f★ at the 1(3)f level (typical f★ ∼ 60 − 160 km s−1). Moreover,
for star-formation driven winds the two show no significant correla-
tion where we record a correlation coefficient 'B = 0.0 and p-value
? = 0.9. This is unlike what would be expected if broad gas com-
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ponents resulted from beam-smeared gravitational motions of gas
within the disk, rather than outflowing motions.

As additional indications of a genuine outflow nature, in Sec-
tion 3.4 we show that the physical conditions (excitation, ne, dust
attenuation) of the broad component emission are distinctly dif-
ferent to the narrow component emission which probes the galaxy
disk arguing against broad velocity components arising from beam
smearing of disk gas moving at a range of velocities. Furthermore,
we find trends with inclination (Section 3.3) and between blue-shifts
of broad-component velocities and the amount of dust in the disk
(Section 3.4) which are all consistent with the feedback scenario.

An example of an effect which could plausibly contribute to
the broad emission is DIG emission. Specifically, where diffuse ex-
traplanar gas is present in the form of co-rotating (rather than out-
flowing) material, as found in some literature studies (Bizyaev et al.
2017; Jones et al. 2017; Marasco et al. 2019), its lag in rotation
with respect to the disk itself may lead to a modestly broadened and
even skewed velocity component, but of a width that would nor-
mally not be picked up by our imposed minimum criterion on f� .
Furthermore, we remove systems from our outflow sample where
DIG emission dominates within the outflow radius (Section 2.2.7).
We find that most of these systems fall in the LIER region of the
BPT diagram and at the lower end of the SFR distribution (SFR
. 0.3M⊙ yr−1). To determine the impact of this sample cut on our
results, we re-run our analysis whilst including these DIG domi-
nated objects in our outflow sample. We find that the best-fit trends
presented in this paper remain the same within error and the overall
conclusions drawn from this work are unchanged.

Like DIG emission, merging systems could also complicate
our analysis by appearing as kinematically disturbed components
to the emitting gas. We therefore estimate the number of merging
systems in our outflow sample which could potentially disturb the
gas kinematics. We identify potential mergers as objects which have
a greater than 50% probability of being identified as a merger in
the Galaxy Zoo 2 classification scheme. Merger galaxies identified
in this way amount to only 2% of the outflow sample which have
associated Galaxy Zoo 2 classifications.

We note that other than galactic scale winds, the broad compo-
nents observed in this work may probe the feedback that is localised
to star-forming regions in the extended disk (chimneys; see, e.g.,
Ceverino & Klypin 2009). The assumptions involved in calculating
the mass outflow rate and mass loading of the outflow may not be
directly applicable to such localised ‘chimneys’. In particular, these
parameters depend on an estimate for the outflow radius which we
take as radius containing 90% of the broad component emission.
This would be an overestimation for say, localised star formation
feedback being driven from outer regions of the disk. As the 'out
parameter appears in the denominator of Equation 3, this could
consequently lead to an underestimation of the mass outflow rates.

4.2 A universal master scaling relation?

Galaxies with outflow signatures are not drawn randomly from the
underlying MaNGA population (Section 3.1). Among those objects
featuring a galactic wind, its strength relates tightly to physical
characteristics of the host such as the intensity of star formation and
nuclear accretion, as well as its stellar mass and size (Section 3.2). A
dependence on inclination is comparatively weak, albeit present in
the sense expected from bipolar outflows with wide opening angles
(Section 3.3).

We now tie these findings together and ask the question: If the
master scaling relation derived from our outflow sample (Section

3.2.4) were to hold universally, does it explain why we did not detect
significant outflow signatures in ∼ 90% of the analysed MaNGA
sample?

To address this, we apply Eq. 12 to all 2744 objects to which
line profile fitting was applied, and thus infer their anticipated mass
outflow rates ¤"out,expected. The median ¤"out,expected of the 2368
galaxies without identified outflow signatures is ∼ 0.5 dex lower
than that obtained for the outflow sample itself. Objects missing
from the outflow sample are thus also anticipated to feature, on
average, weaker outflow signatures. Since the criteria applied in
constructing the outflow sample (Section 2.2.3) do not correspond
to a simple threshold in ¤"out, extra steps are required to evaluate in
detail whether the wind gas would be detectable. To this end, we es-
timate 'out using Eq. 1 and the wind velocity by randomly sampling
a normal distribution with median and width characterised by the
Eout values found in this work to infer, from ¤"out,expected, the antic-
ipated luminosity of the HU broad component using Eq. 3. Paired
with the object’s observed narrow-line HU luminosity we estimate
the expected HU broad-to-narrow line ratio, and using the broad
component width (estimated from the anticipated Eout) we estimate
the amplitude at the line centroid for the broad HU component. If
the estimated broad-component width does not exceed the width of
the narrow component by 50 km s−1, if the HU broad amplitude at
the broad line centroid does not exceed the RMS continuum noise
surrounding HU by a factor 3, or BNRHU,expected < 0.05, then the
object would fail meeting at least one of selection criteria (ii), (iv)
or (v) of Section 2.2.3 and thus not make it into the sample.

Of the 2368 analysed objects that did not meet the criteria out-
lined in Section 2.2.3, we find that the lack of detection is consistent
with expectations from a universal wind scaling relation following
the above rationale for ∼ 26% of the cases. If additionally account-
ing for viewing angle effects adopting the inferred wide opening
angles from Section 3.3, this percentage rises to ∼ 32%.

As for what to make of the remaining ∼ 68% of objects for
which we would have expected to have sufficiently strong HU broad
components to be detected above the noise, a number of conjectures
may explain why they did not end up in the outflow sample. For ex-
ample, given the weakness of the HV line, the broad component in
HV can be very difficult to detect especially when reddening effects
from dust extinction in the outflowing gas are significant. This lim-
itation may result in the object failing criterion (v) in Section 2.2.3
where we require non-zero flux of the broad component in all BPT
lines in order for the object to be considered as an outflow candidate.
In this context, we point out the importance of the stellar continuum
subtraction for outflow detection since any slight oversubtraction of
the stellar light could prevent the broad component being visible in
the resulting gas spectrum, especially when the width of the broad
component is similar to the width of the stellar absorption features.

More generally, the BIC statistic may not deem a two-
component Gaussian decomposition statistically preferred over a
single-Gaussian fit if the outflow is sufficiently weak. This failing
of criterion (i) may be further exacerbated if the kinematic proper-
ties of the winds, if present, differ from the selection criteria applied
in Section 2.2.3. A broad component that is only marginally broader
than the narrow component would be hard to disentangle, whereas
at very high velocities the amplitude of the broad component is
reduced, rendering detection more difficult in the presence of any
residuals from stellar continuum subtraction.

Finally, for a given ¤"out, the observable signature could be
reduced if the electron density of the outflowing medium were
lower, although we note that the =e,B we adopt is already on the
lower end of values reported in the literature.
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Alternatively, it may of course be that the outflow strength in
those objects is genuinely lower than what we inferred on the basis
of Eq. 12, either because of a hidden dependency on a physical
parameter we did not consider in our analysis, or as a consequence
of bias by fitting the scaling relation to those galaxies with wind
signatures strong enough to make it into the outflow sample.

4.3 Driving mechanisms and multi-phase perspective

To further investigate the wind driving mechanisms, we now con-
sider the energy and momentum properties of the observed out-
flows. The top panel in Figure 15 presents the kinetic power of
the outflow, given by 1

2
¤"outE

2
out, compared to the kinetic power

which is expected to be generated by supernovae; %K,SF [erg s−1] =

7× 1041 SFR [M⊙ yr−1] (Veilleux et al. 2005). From this we show
that the majority of ionised gas outflows in our sample can be ac-
counted for by star formation with coupling efficiencies . 1%.
High-resolution hydrodynamical simulations suggest that, while
large portions of the combined supernova energy is rapidly radi-
ated away, coupling efficiencies to the gas of this order can easily be
achieved (Creasey et al. 2013). Coupling efficiencies of . 1% have
also been reported for nearby SF outflows observed in the molecular
phase (Fluetsch et al. 2019). Based on ionised gas measurements of
SF outflows at higher redshifts, Swinbank et al. (2019) report cou-
pling efficiencies of 0.7 - 3%, and similarly, coupling efficiencies
in the range ∼ 0.4 − 2% are extracted from Förster Schreiber et al.
(2019).

In Figure 15, we colour-code objects by the relative con-
tribution of the AGN to the total bolometric luminosity !bol
which is taken as the combined energy output from star-formation
(!SF ∼ SFR × !⊙/1.09 × 10−10; adjusted from Kennicutt 1998
for a Chabrier 2003 IMF) and AGN (!AGN). In a fraction of sys-
tems, where the AGN contribution is high, we find that coupling
efficiencies up to ∼ 10% and above are required in order for star
formation to drive the winds. It is therefore likely that the cen-
tral AGN is at least partly responsible for the high outflow kinetic
power observed. The bottom panel of Figure 15 shows the rela-
tion between the outflow momentum rate, given by ¤"outEout, and
the total photon momentum output of the galaxy from both star-
formation processes and AGN, estimated as !bol/2. We find a strong
correlation between the outflow momentum rate and the total mo-
mentum output of the galaxy as expected. Given that all objects
in our MaNGA outflow sample lie on or below the 1:1 line, we
conclude that the outflow momentum can be accounted for by the
presently observed energy output from star formation and nuclear
accretion, where for a large fraction of galaxies the outflow momen-
tum rate is . 0.1!bol/2. Consideration of the momentum budget of
the ionised gas phase alone therefore does not prompt us to invoke
so-called fossil outflows resulting from stronger AGN activity in
the past (see Fluetsch et al. 2019 for context). However, we do find
relatively large outflow dynamical times compared to the charac-
teristic timescales probed by our [OIII] AGN luminosity indicator:

CAGN =
'50, [OIII]BPT−AGN

2 , where the numerator corresponds to the
half-light radius of the AGN-excited [OIII] emitting gas which we
take as the radius containing 50% of the total [OIII] emission mea-
sured from the BPT-AGN spaxels (see also Section 2.2.5). We find
values in the range CAGN ≈ 103.3 −104.5 yr (and possibly extending
to ∼ 105 yr when accounting for finite decay times), more than an
order of magnitude shorter than the typical dynamical timescale of
the outflowing wind gas Cdyn,out =

'out
+out

≈ 106.6−107.4 yr. This may
hint at AGN variability being a contributor to the scatter between

observed outflow properties and the presently observed strength of
its potential drivers.9

The kinetic energy and the momentum rate of the outflowing
gas are interesting physical parameters to compare to feedback mod-
els. We emphasise though that a major caveat of our work is that
we only probe one phase of the multi-phase outflowing medium,
namely the ionised gas. This is likely to affect more any conclu-
sions relying on normalisation of outflow strength (such as those
presented in this section) rather than conclusions drawn from in-
cidence and/or the relative scaling with galaxy properties (Section
3). However, the latter may not be free of mono-phase biases ei-
ther. For example, Fluetsch et al. (2019) finds the ratio of molecular
to ionised gas outflow rates to vary systematically with AGN lu-
minosity, from order unity for SF outflows to values 2 orders of
magnitude higher for !AGN ≈ 1045 erg s−1, with possible evi-
dence for a turnover beyond this regime presented by Fiore et al.
(2017). As illustrated in Figure 8, the most extreme objects in our
sample reach !AGN ∼ 1045 erg s−1, but the median AGN lumi-
nosity is substantially lower: 〈!AGN〉 ∼ 1043 erg s−1. The plots
shown in Figure 15 adopt the same style as in Fluetsch et al. (2019)
noting that the outflow energy and momentum rates measured for
our MaNGA sample fall significantly below those found by these
authors. This is likely related to the fact that their work considers
different gas phases and their sample is more biased towards more
extreme objects with higher SFRs and !AGN (see also Appendix
B).

We conclude that multi-phase observations of outflow activity,
for the same set of objects with a sound understanding of how
they relate to the underlying galaxy population, remain critical to
achieve a meaningful interface with feedback models. Conversely,
while major strides forward have been made in incorporating and
analysing stellar and AGN feedback in numerical simulations of
galaxy formation that follow the full cosmological context (see, e.g.,
Nelson et al. 2019; Mitchell et al. 2020), much work is still ahead
in bridging the gap to the observational realm in terms of radiative
transfer and mock observations, and more fundamentally the multi-
phase treatment of the ISM and outflowing medium, presently the
domain of sub-grid modelling for cosmological simulations that
adopt a 104 K cooling floor.

4.4 Fate and impact of observed winds

There is strong evidence from a theoretical perspective that feed-
back plays an extremely important role in the growth and death
of galaxies. On the observational side, the direct impact of galactic
winds is very much debated. In order to gain insight into the effect of
galactic winds in ‘typical’ nearby galaxies, we calculate the fraction
of outflows that have sufficient energy to escape the gravitational
potential well in which they reside.

We calculate the escape velocity of a galaxy using Eq. 3 from
Swinbank et al. (2019):

Eesc = [2E2
rot ln(1 + log(Rvir/Rout)]

1/2 (14)

where the halo virial radius 'vir is computed for each object individ-
ually using the stellar-to-halo mass relation of Moster et al. (2013),
and halo mass - halo size relation given by cosmology. From this,

9 The scatter due to AGN flickering may be further enhanced if adopting
an X-ray AGN luminosity diagnostic as done by Fluetsch et al. (2019),
which probes the immediate vicinity of the black hole and thus shorter
characteristic timescales.
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Figure 15. Top: kinetic power of the outflow versus kinetic power generated
by supernovae. The dashed lines indicate coupling efficiencies of 1, 10 and
100 per cent. Bottom: relation between outflow momentum rate and the total
momentum output from star-formation and AGN. Galaxies with evidence of
AGN activity are shown colour-coded by their AGN luminosity as a fraction
of the bolometric luminosity. These plots are inspired by Fluetsch et al.
(2019).

we find that 86 of the 322 galaxies (∼ 27%) in the MaNGA out-
flow sample host winds that have Eout > Eesc, i.e., outflow velocities
high enough to escape their host halo. It thus seems that the outflows
studied in this work predominantly act as galactic fountains rather
than fully expelling the gas reservoirs entrained in the outflowing
gas (see, e.g., Li & Tonnesen 2020). These winds could potentially
still contribute to heating the circum-galactic medium and hence
reducing the rate at which gas can cool and form stars. Although
outflow activity is often invoked as a mechanism to suppress star
formation, we emphasise that in an instantaneous sense what is ob-
served across our sample is a signal of enhanced star formation
activity promoting outflow activity, not a direct imprint of nega-
tive feedback in the form of an anticorrelation with star formation
activity.

As for the ∼ 27% of galactic winds with Eout > Eesc, roughly
half of the galaxies hosting these winds show evidence for AGN
activity in their central regions. We find that the distribution of
star-formation driven winds which escape the halo peaks at slightly
lower masses "★ ∼ 1010.1 M⊙ compared to "★ ∼ 1010.6 M⊙

for winds which have AGN as their potential driving mechanism.

Splitting the outflow sample into two halves, below and above the
median "★ (f★Re), we find the fraction of outflows that escape to
be higher among those objects with shallower potential wells (20%
for the lower "★ half and 22% for the lower f★Re half) compared
to those objects with deeper potential wells (7% for the upper "★

half and 5% for the upper f★Re half).
We conclude that in the more typical low-redshift galaxies

studied in this paper, star-formation processes are at least equally
important in driving winds out of the host galaxy as central accreting
supermassive black holes. Our analysis further highlights the critical
distinction between on the one hand the effective outflow rates and
mass loading factors implied by gas regulator models on the basis
of metallicity scaling relations (Lilly et al. 2013; Peng & Maiolino
2014; Trussler et al. 2020, quantifying the amount of material lost
from the galaxy system altogether), and on the other hand the outflow
scaling relations directly observed on the basis of broad-component
line emission, as presented in this paper. The latter primarily assess
the amount of warm ionised wind material that is launched. Between
the spatial extent reached by the outflow as observed and its parent
halo’s estimated virial radius lie factors of ∼ 30 to 140, during
which a host of complex interaction processes in the circum-galactic
medium can affect the coasting wind material (e.g., Fraternali 2017).
The inference in this Section on wind fate should thus be taken
with a grain of salt, and serves predominantly to caution the reader
against an interpretation of the observed wind phenomenology as
fully ejective outflows.

5 SUMMARY

In this work, we have taken advantage of the spatially resolved,
high spectral resolution IFS data from the public data release of
the MaNGA galaxy survey (I ∼ 0.04) to determine the incidence,
strength and scaling relations, as well as physical conditions of out-
flows among galaxies spanning a wide range of physical properties.
We find outflows within 322 galaxies evident as non-gravitational
components to the kinematics of the line-emitting gas. The spatially
resolved information allows us to identify nuclear activity, predom-
inantly at a modest level, in 185 of these objects. We consider the
effects of both star formation and AGN activity as wind drivers in
low-redshift galaxies. We summarise our main findings below.

• Only a minor fraction (∼ 10%) of MaNGA galaxies exhibits
evidence of ionised gas outflows, with their incidence becoming
more prevalent among systems of higher star formation activity,
stellar mass and surface density, and AGN luminosity. Within the
outflow objects, the winds are centrally concentrated and detected
over a spatial extent that scales with a sub-unity power-law slope
with galaxy size.
• We find strong correlations between the mass outflow rate and

the strength of the mechanical drivers, namely SFR and !AGN,
where ¤"out ∝ SFR0.97 and ¤"out ∝ !0.55

AGN.
• Given the strong correlations found between the mass outflow

rate and numerous galaxy properties, which themselves correlate
with one another, we narrow down the key ingredients influencing
the strength of the outflow via the derivation of an ‘all encompassing
outflow scaling relation’, applicable to SF and AGN outflows alike.
Here, the mass outflow rate of the ionised gas is described with the
least possible scatter (0.35 dex) by expressing its dependence jointly
on stellar mass ("★), star formation and AGN activity and galaxy
size. Although ∼ 90% of the 2744 MaNGA galaxies considered in
our analysis do not show evidence of outflows, we use this relation
to show that at least ∼ 32% of these objects are consistent with

MNRAS 000, 1–?? (2020)



Outflow scaling relations 23

hosting weak galactic winds with lower mass outflow rates and broad
component intensities too weak to be detected from our method/data
(or happen to be inclined such that the outflows are least perceptible
in kinematic signatures used for outflow identification).

• The physical conditions of the outflowing gas are distinctly
different from the gas within the galactic disks. We show that the
outflowing gas component exhibits elevated line ratios compared
to the disk gas in both inactive and active galaxies. We also find
evidence for higher dust attenuation in the wind gas, possibly due
to an enhanced metal enrichment of the ejected material compared
to the average conditions of the ISM in the disk. Furthermore, the
local electron density of ionised gas entrailed within the outflow
extends to higher values than the disk gas, albeit with large error on
individual measurements of =e determined on an object-by-object
basis. In terms of geometry, the observed inclination dependencies
are consistent with bi-conical outflows featuring wide wind opening
angles.

• The energy and momentum of the ionised outflows are consis-
tent with theoretical models of star-formation driven winds with low
coupling efficiencies (. 1%), except for a few objects which have
high AGN contributions to the bolometric luminosity. For these
systems, additional energy coupling provided by the central AGN
may be required to account for the observed outflow energetics.

• ∼ 27% of outflows may have sufficient velocity to escape the
halo within which they reside. Half of these outflows are purely SF
driven, and half are from systems with central AGN activity. As
expected, we anticipate gas preferentially escaping from systems
with shallower potential wells.

Overall, our results highlight the strong ties between outflow and
internal galaxy properties, and the importance of both star forma-
tion and AGN as physical drivers of galactic winds in galaxies with
evidence of moderate nuclear activity. Feedback in ‘typical’ nearby
galaxies comes mostly in the form of galactic fountains, with es-
caping winds being more common among systems with shallower
potential wells. The main caveat of our work is that it is limited to
the ionised gas phase alone which makes up only a fraction of the
total outflowing gas.
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APPENDIX A: CORRELATION COEFFICIENTS AND

LINEAR REGRESSION FOR SF AND AGN OUTFLOWS

SEPARATELY

In this Appendix, we provide versions of the grid illustrating corre-
lation strength between outflow and internal galaxy properties for
the SF and AGN outflow samples separately (Figures A1 and A2,
respectively). Tables A1 and A2 present the corresponding results
of linear regression applied to the outflow - host galaxy relations for
SF and AGN samples separately.

APPENDIX B: COMPARISON TO LITERATURE

SAMPLES

In Figure B1 we compare the ¤"out − SFR relation derived in our
work with the (U)LIRG sample analysed by Arribas et al. (2014),
and the molecular gas outflows (plus subset with ionised gas mea-
surements) of the on average more luminous galaxies studied by
Fluetsch et al. (2019). The distribution of star formation rates and
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Figure A1. Spearman’s rank correlation coefficients quantifying the strength of correlations between outflow and host galaxy properties for the star-formation
driven outflow sample. Black outlined boxes indicate a statistically significant correlation, i.e., p-value < 0.05. The dependence on inclination is only investigated
for the subsample of morphological disks. Strong correlations are identified, most notably between the observed outflow rate ( ¤"out) and the intensity of its
driver: the rate of star formation (SFR).

Galaxy property �[ �[ Δ[ � ¤"out � ¤"out Δ ¤"out �Eout �Eout ΔEout G0

SF outflow sample

log("★ [M⊙ ]) −0.03 ± 0.07 −1.21 ± 0.05 0.41 0.36 ± 0.08 −0.69 ± 0.06 0.43 0.01 ± 0.02 2.56 ± 0.02 0.12 11.0
log(SFR [M⊙ yr−1]) −0.03 ± 0.10 −1.18 ± 0.06 0.41 0.84 ± 0.08 −1.29 ± 0.05 0.33 −0.05 ± 0.03 2.58 ± 0.02 0.12 0.0
log(sSFR [yr−1 ]) 0.05 ± 0.12 −1.20 ± 0.04 0.41 0.50 ± 0.13 −0.93 ± 0.04 0.45 −0.08 ± 0.03 2.57 ± 0.01 0.12 −10.0
log(ΣSFR [M⊙ yr−1 kpc−2 ]) 0.17 ± 0.08 −1.10 ± 0.05 0.40 0.25 ± 0.09 −0.76 ± 0.06 0.45 −0.07 ± 0.02 2.53 ± 0.02 0.12 −1.0
log('e [kpc]) −0.37 ± 0.13 −1.34 ± 0.06 0.40 0.69 ± 0.15 −0.63 ± 0.07 0.44 0.06 ± 0.04 2.58 ± 0.02 0.12 1.0
log(Σ★1 [M⊙ kpc−2 ]) 0.16 ± 0.09 −1.20 ± 0.04 0.41 0.34 ± 0.10 −0.91 ± 0.04 0.45 −0.01 ± 0.03 2.56 ± 0.01 0.12 9.0
log(Σ★e [M⊙ kpc−2 ]) 0.29 ± 0.09 −1.03 ± 0.06 0.40 −0.00 ± 0.11 −0.89 ± 0.07 0.47 −0.04 ± 0.03 2.54 ± 0.02 0.12 9.0
log("★/'e [M⊙ kpc−1 ]) 0.17 ± 0.11 −1.17 ± 0.04 0.41 0.38 ± 0.12 −0.84 ± 0.04 0.46 −0.02 ± 0.03 2.56 ± 0.01 0.12 10.0
log(f★Re [km s−1 ]) 1.02 ± 0.38 −1.23 ± 0.04 0.42 2.01 ± 0.33 −0.94 ± 0.04 0.42 −0.02 ± 0.12 2.56 ± 0.01 0.12 2.0
log(+rot [km s−1 ]) −0.03 ± 0.07 −1.19 ± 0.04 0.41 0.09 ± 0.08 −0.92 ± 0.05 0.46 −0.02 ± 0.02 2.57 ± 0.01 0.12 2.0
log((0.5 [km s−1 ]) −0.01 ± 0.10 −1.19 ± 0.05 0.41 0.14 ± 0.11 −0.94 ± 0.05 0.46 −0.02 ± 0.03 2.57 ± 0.01 0.12 2.0

SF disks

cos(i [◦ ]) −1.20 ± 0.35 −1.72 ± 0.15 0.34 −0.59 ± 0.35 −1.22 ± 0.16 0.37 0.24 ± 0.13 2.65 ± 0.06 0.13 2.0

Table A1. Scaling relations between star-formation driven ionised gas outflow properties and internal galaxy properties. This table has the same layout as Table
1, except here we exclude objects where we find evidence of AGN activity.

AGN luminosities for the latter are contrasted to our MaNGA out-
flow sample and the AGN subset, respectively, in Figure B2. A
better agreement with Arribas et al. (2014) is found when adopting
the IR-based SFR values for their (U)LIRGs, with the two samples
covering a complementary dynamic range. Alternatively, adopting
their HU-based SFRs, their SFR − ¤"out relation may be offset to
higher outflow strengths because their targets are more compact,
thus featuring higher star formation surface densities at a given SFR.
The ionised gas outflow rates presented by Fluetsch et al. (2019) lie
roughly along the best-fit linear relation obtained on the basis of our
MaNGA outflow sample, with most of them extending the dynamic

range into the higher star formation activity regime, whereas the
scaling relation for molecular gas outflows follows a similar slope
but is offset to higher amplitudes.
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Figure A2. Spearman’s rank correlation coefficients quantifying the strength of correlations between outflow and host galaxy properties for galaxies with AGN
activity. Black outlined boxes indicate a statistically significant correlation, i.e., p-value < 0.05. The dependence on inclination is only investigated for the
subsample of morphological disks. Strong correlations are identified, most notably between the observed outflow rate ( ¤"out) and the intensity of its potential
drivers: the star formation rate and AGN luminosity.

Galaxy property �[ �[ Δ[ � ¤"out � ¤"out Δ ¤"out �Eout �Eout ΔEout G0

AGN outflow sample

log("★ [M⊙ ]) −0.15 ± 0.09 −0.96 ± 0.04 0.48 0.47 ± 0.11 −0.77 ± 0.05 0.56 0.06 ± 0.03 2.64 ± 0.01 0.14 11.0
log(SFR [M⊙ yr−1]) −0.05 ± 0.16 −0.91 ± 0.06 0.49 1.21 ± 0.14 −1.26 ± 0.07 0.60 0.09 ± 0.05 2.60 ± 0.02 0.15 0.0
log(sSFR [yr−1 ]) 0.21 ± 0.21 −1.05 ± 0.14 0.50 0.94 ± 0.20 −1.46 ± 0.14 0.66 −0.00 ± 0.06 2.63 ± 0.04 0.15 −11.0
log(ΣSFR [M⊙ yr−1 kpc−2 ]) 0.15 ± 0.13 −0.94 ± 0.04 0.49 0.37 ± 0.16 −0.93 ± 0.05 0.59 0.04 ± 0.04 2.62 ± 0.01 0.15 −2.0
log('e [kpc]) −0.26 ± 0.14 −1.00 ± 0.05 0.48 0.96 ± 0.17 −0.62 ± 0.06 0.54 0.03 ± 0.04 2.63 ± 0.02 0.15 1.0
log(Σ★1 [M⊙ kpc−2 ]) 0.09 ± 0.11 −0.95 ± 0.04 0.49 0.20 ± 0.13 −0.94 ± 0.05 0.58 0.12 ± 0.03 2.60 ± 0.01 0.14 9.0
log(Σ★e [M⊙ kpc−2 ]) 0.12 ± 0.13 −0.87 ± 0.08 0.49 −0.50 ± 0.15 −1.14 ± 0.09 0.57 0.08 ± 0.04 2.67 ± 0.02 0.14 9.0
log("★/'e [M⊙ kpc−1 ]) −0.05 ± 0.17 −0.92 ± 0.04 0.49 0.28 ± 0.20 −0.91 ± 0.04 0.58 0.17 ± 0.05 2.62 ± 0.01 0.14 10.0
log(f★Re [km s−1 ]) 1.44 ± 0.42 −1.05 ± 0.05 0.50 2.66 ± 0.48 −1.12 ± 0.06 0.59 0.40 ± 0.13 2.59 ± 0.02 0.15 2.0
log(+rot [km s−1 ]) −0.10 ± 0.09 −0.88 ± 0.05 0.49 −0.01 ± 0.10 −0.89 ± 0.06 0.59 −0.00 ± 0.03 2.63 ± 0.02 0.15 2.0
log((0.5 [km s−1 ]) 0.00 ± 0.11 −0.93 ± 0.06 0.49 0.12 ± 0.13 −0.94 ± 0.07 0.58 0.03 ± 0.03 2.62 ± 0.02 0.15 2.0

AGN disks

cos(i [◦ ]) −0.63 ± 0.31 −0.66 ± 0.16 0.38 0.42 ± 0.38 −1.04 ± 0.20 0.50 0.37 ± 0.12 2.43 ± 0.06 0.15 2.0

Table A2. Scaling relations between ionised gas outflow properties and internal galaxy properties for galaxies with AGN activity only. This table has the same
layout as table 1.
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Figure B1. Left: SFR - ¤"out relation from Arribas et al. (2014) overplotted on the MaNGA relation presented in Figure 7. The grey polygon and dashed black
line reproduce the linear regression to the outflow sample analysed in this work. Right: Fluetsch et al. (2019) results of molecular and ionised gas outflows
overplotted on Figure 7.

Figure B2. SFR and !AGN distributions of the full outflow sample (left) and AGN outflow sample (right) presented in this work (purple), contrasted to that
probed in the molecular phase (filled green) and ionised gas phase (open green) by Fluetsch et al. (2019).
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