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A B S T R A C T 

Galactic outflows are known to consist of several gas phases; however, the connection between these phases has been investigated 

little and only in a few objects. In this paper, we analyse Multi Unit Spectroscopic Explorer (MUSE)/Very Large Telescope (VLT) 
data of 26 local (U)LIRGs and study their ionized and neutral atomic phases. We also include objects from the literature to obtain 

a sample of 31 galaxies with spatially resolved multiphase outflow information. We find that the ionized phase of the outflows 
has on average an electron density three times higher than the disc ( n e,disc ∼ 145 cm 

−3 versus n e,outflow 

∼ 500 cm 

−3 ), suggesting 

that cloud compression in the outflow is more important than cloud dissipation. We find that the difference in extinction between 

outflow and disc correlates with the outflow gas mass. Together with the analysis of the outflow velocities, this suggests that 
at least some of the outflows are associated with the ejection of dusty clouds from the disc. This may support models where 
radiation pressure on dust contributes to driving galactic outflows. The presence of dust in outflows is rele v ant for potential 
formation of molecules inside them. We combine our data with millimetre data to investigate the molecular phase. We find that 
the molecular phase accounts for more than 60 per cent of the total mass outflow rate in most objects and this fraction is higher 
in active galactic nuclei (AGN)-dominated systems. The neutral atomic phase contributes of the order of 10 per cent , while the 
ionized phase is negligible. The ionized-to-molecular mass outflow rate declines slightly with AGN luminosity, although with a 
large scatter. 

K ey words: ISM: e volution – galaxies: active – galaxies: evolution – galaxies: ISM. 

1

M  

(
t
g
i
2  

t

�

h  

o  

M  

n
i  

V  

f  

t  

S

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/505/4/5753/6298251 by Luisa Ferrini user on 12 M
arch 2024
 I N T RO D U C T I O N  

assi ve outflo ws of gas, dri ven either by acti ve galactic nuclei
AGNs) or star formation, can inject energy and momentum into 
he interstellar medium (ISM) and thereby affect the evolution of 
alaxies. These feedback effects are potentially capable of suppress- 
ng or even shutting down star formation in galaxies (e.g. Fabian 
012 ; Zubovas & King 2012 ). AGN feedback can also explain the
ight correlation between the mass of the central supermassive black 
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ole (SMBH) and the velocity dispersion σ , the mass or luminosity
f the host galaxy (e.g. Kormendy & Ho 2013 ; McConnell &
a 2013 ). In simulations of galaxy evolution, AGN feedback is

eeded to reproduce the lack of massive star-forming galaxies 
n the local Universe (e.g. Dav ́e, Oppenheimer & Finlator 2011 ;
ogelsberger et al. 2014 ; Beckmann et al. 2017 ), whereas feedback

rom supernovae and stellar winds is invoked to explain the shape of
he stellar mass function at the low-stellar mass end (e.g. Puchwein &
pringel 2013 ). 
In recent years, galactic winds and outflows have been observed 

n several different gas phases, including in the hot highly ionized
using X-ray spectroscopy, Tombesi et al. 2013 ; Nardini et al. 2015 )
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he warm ionized (e.g. Bellocchi et al. 2013 ; Cazzoli et al. 2018 ),
he neutral atomic phase through absorption in the sodium doublet
e.g. Perna et al. 2017 ; Roberts-Borsani & Saintonge 2019 ), [C II ]
mission (e.g Maiolino et al. 2012 ; Bischetti et al. 2019b ) or in H I

bsorption (Morganti et al. 2016 ) and the molecular gas phase (e.g.
turm et al. 2011 ; Cicone et al. 2014 ; Fluetsch et al. 2019 ). These
easurements trace outflows at different spatial scales (from sub-

c in the X-ray up to 10–20 kpc in the cold molecular and ionized
hases) and in different physical conditions (e.g. they are sensitive
o different temperatures and densities). The aim of most of these
 orks w as to study the physical mechanisms that drive outflows and

o quantify whether some of them can indeed quench star formation
n galaxies as suggested by models of galaxy evolution (see e.g. Dav ́e
t al. 2011 ; Somerville, Popping & Trager 2015 ). 

The vast majority of these studies, however, focus on one single
utflow phase. Only a small number of works have studied several
hases in a single galaxy and found that galactic outflows are
ultiphase and can be as complex as the normal ISM. For instance,

n the Seyfert galaxy IC 5063, a remarkable kinematic similarity
etween the ionized, neutral atomic, and the molecular phase was
ound (Morganti et al. 2015 ; Oosterloo et al. 2017 ), suggesting a link
etween the different phases. Similarly, HE 1353 −1917 (Husemann
t al. 2019 ) and IRAS F08572 + 3915 (Herrera-Camus et al. 2020 )
lso display co-spatiallity between the molecular and the ionized
utflow phase. In other galaxies, such as Mrk 231 (Feruglio et al.
015 ), the interplay between gas phases appears to be much more
omplex and there might have been several feedback episodes. In a
ample of Seyfert I galaxies, it was found that the spatial correlation
etween neutral atomic outflows traced by the sodium doublet and the
onized outflo w v aries greatly from galaxy to galaxy, but o v erall, the
ifferent phases seem to be unrelated (Rupke, G ̈ultekin & Veilleux
017 ). In addition, some works also complemented such multiphase
tudies with measurements of the hot, highly ionized phased probed
y X-ray observations (Veilleux et al. 2017 ; Sirressi et al. 2019 ;
ischetti et al. 2019a ). 
Despite these efforts to detect multiphase outflows, the connection

if there is any) between the different outflow phases and therefore the
hysical mechanism driving them remains mostly unknown (Cicone
t al. 2018 ). One major open question is the relative contribution of
ifferent phases to the total mass or energy budget of the outflow.
t is crucial to know the total outflow mass and energy as only this
ill enable a thorough comparison to simulations of AGN or star

ormation-driven feedback (e.g. Biernacki & Teyssier 2018 ; Nelson
t al. 2019 ) and allow us to distinguish between different driving
echanisms (i.e. energy-dri ven, momentum-dri ven, or radiation-

ressure driven) (see e.g. Fabian 2012 ; Costa, Sijacki & Haehnelt
014 ). 
Se veral observ ational studies have suggested that the molecular

hase is dominant with a mass that is a factor of 10–100 larger
han that in the ionized phase (Carniani et al. 2015 ; Fluetsch et al.
019 ; Ramos Almeida et al. 2019 ), although the uncertainties in both
hases are significant. Fiore et al. ( 2017 ) confirmed with disjoint
amples that the molecular outflow mass rate is significantly higher
han the ionized outflow mass rate, but suggested that at high AGN
uminosity, the ionized phase becomes more prominent and almost
omparable in outflow rate at luminosities abo v e ∼10 47 erg s −1 . By
nly selecting objects with measurements of both gas phases instead
f disjoint samples, Fluetsch et al. ( 2019 ) were unable to reproduce
he increasing contribution of the ionized outflow phase at high
GN luminosities. Ho we ver, most galaxies in Fluetsch et al. ( 2019 )
ave AGN luminosities below 10 46 erg s −1 and might therefore not
roperly test the regime discussed in Fiore et al. ( 2017 ). 
NRAS 505, 5753–5783 (2021) 
In this work, we investigate multiphase outflows in a sample of
6 local ( z < 0.2) (ultra)luminous infrared galaxies ((U)LIRGs).
LIRGs, formally defined as a class of galaxies with an infrared lu-
inosity > 10 12 L � (ULIRGs) (or > 10 11 L � for LIRGs), are galaxies
ith a strong AGN, starburst activity or a combination of the two.
sually, (U)LIRGs are (advanced) mergers and have large amounts of
as and dust (Lonsdale, Farrah & Smith 2006 ; Kartaltepe et al. 2010 ).
his makes them suitable laboratories to study feedback as they are

ikely to exhibit fast and massive outflows (see e.g. Rodr ́ıguez-Zaur ́ın
t al. 2013 ; Rose et al. 2017 ) and resemble massive active galaxies at
igher redshift, where we expect feedback processes to be enhanced.
ndeed, (U)LIRGs have shown the clearest examples of outflows
n the ionized (e.g. Rupke & Veilleux 2013 ; Arribas et al. 2014 ),
eutral atomic (e.g. Cazzoli et al. 2016 ), and molecular phase (e.g.
icone et al. 2014 ; Pereira-Santaella et al. 2018 ; Fluetsch et al.
019 ). These studies have found that outflow velocities in ULIRGs
re high in all three phases, usually between several hundred to a
ew 1000 km s −1 (Westmoquette et al. 2012 ; Gonz ́alez-Alfonso et al.
017 ; Perna et al. 2020a , b ). The momentum flux es (sev eral L / c ) and
inetic power especially in the molecular phase indicate that outflows
n these objects could significantly affect their hosts (Cicone et al.
014 ; Gonz ́alez-Alfonso et al. 2017 ). Furthermore, we supplement
ur sample with multiphase outflows from the literature, increasing
ur total sample size to 31 galaxies with multiphase outflows. This
akes our work the largest spatially resolved multiphase outflow

tudy to date. 
The goal of this study is twofold. First, we aim to characterize

he multiphase outflows in our sample of local (U)LIRGs in terms
f morphology, kinematics, and outflow properties (e.g. electron
ensity). Secondly, we shed light on the connection between the
ifferent gas phases as well as their relative contribution, both on
 spatially resolved basis and in terms of global properties such as
ass outflow rate or kinetic power of the outflow. 
Throughout this work, a H 0 = 70 km s −1 Mpc −1 , �M 

= 0.27, and
� 

= 0.73 cosmology is adopted. 

 M E T H O D S  

.1 Sample and obser v ations 

ur sample consists of 26 local ( z < 0.2) (U)LIRGs. These galaxies
ost a strong AGN, significant star formation or a combination of the
wo. According to their BPT diagrams, 14 galaxies are star forming,
 AGN-dominated (2 of which are type I AGN) and 4 are classified
s composite. The objects span several order of magnitude in AGN
uminosity, from � 10 42 to ∼10 46 erg s −1 . Out of the 26 galaxies,
 galaxies (Mrk463 and IRAS 23389 + 0300) have a radio excess
ccording to Drake et al. ( 2003 ), which is defined as log( S ν(60
m)/( S ν(4.8 GHz)) < 1.8. Unfortunately, as discussed later on, both

hese galaxies only sho w e vidence of ionized outflows, so they cannot
e used for the multiphase analysis. 
These galaxies were observed as part of several different ESO
ulti Unit Spectroscopic Explorer (MUSE) observing programmes

t the Very Large Telescope (VLT). 11 galaxies were observed
nder programme 101.B.0368 (PI: Maiolino). Four galaxies are from
he programme 102.B.0617 (PI: Fluetsch). These two programmes
argeted (U)LIRGs for which the presence of an outflow, either
onized or neutral atomic has been established by previous studies
Bellocchi et al. 2013 ; Arribas et al. 2014 ; Cazzoli et al. 2016 ). The
emaining targets are taken from a variety of different programmes:
hree targets from 095.B-0049, two targets from each 094.B-0733
nd 096.B-0230, and one target from each of the following observing
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rogrammes 60.A.9315, 097.B.0165, 097.B-0313, and 094.B-0733. 
hese targets were selected among (U)LIRGs for which there is 
lready a molecular outflow detected (Fluetsch et al. 2019 ) and by
earching MUSE data in the ESO archive. Due to these heterogeneous 
election criteria our sample is not necessarily representative of the 
hole (U)LIRG population. Therefore, it should not be used, for 

nstance, to infer statistics about the occurence of outflows among 
he (U)LIRG population. 

.2 Data analysis 

he MUSE data cubes are used in their reduced form after running
he MUSE pipeline. This produces a data cube of about 300 × 300
paxels with a spatial sampling of 0.2 × 0.2 arcsec 2 . The wavelength
o v erage of MUSE cubes ranges from 4650 to 9300 Å and, at the
edshift of the targets, co v ers all the main optical emission lines of
nterest (from H β to [S II ] λλ6716,6731). It achieves a resolution
etween 1750 (at 4650 Å) and 3750 (at 9300 Å). The field of view (1
rcmin × 1 arcmin) co v ers between ∼10 and ∼170 kpc of the galaxy
epending on its redshift. The average seeing for the observations 
s about 1 arcsec. The typical observation time for the targets is
pproximately 40 min. The details of the observations are listed in 
able C1 in the Appendix. 
In a first step, the data cubes are binned using Voronoi tessellation

o achieve an average signal-to-noise ratio (SNR) of 30–40 (this 
aries from galaxy to galaxy) per wavelength channel in each bin in
he r band (5405–6982 Å). In this step, all spaxels with an SNR <

 in the r band are discarded to a v oid noisy spectra in the Voronoi
ins. 
The stellar continuum is modelled using the MILES stellar library 

emplates, which include about 1000 stars, which range across a large 
umber of atmospheric parameters (such as ages and metallicities) 
S ́anchez-Bl ́azquez et al. 2006 ). These templates co v er the wave-
ength range from 3525–7500 Å, which includes all nebular lines 
hich are of interest for our analysis. The fitting is performed using

n adapted Penalized Pixel-Fitting (pPXF) routine (Cappellari & 

msellem 2004 ; Cappellari 2017 ) and allowing an additive Legendre 
olynomial to correct the shape of the template continuum. The main 
mission lines (H β, [O III ] λλ4959,5007, [O I ] λλ6300,6366, H α,
N II ] λλ6548,6584 and [S II ] λλ6717,6732) are fitted simultaneously
ith the stellar continuum to allow optimal reco v ery of the total
ux of emission lines, in particular the Balmer lines (see e.g. Sarzi
t al. 2006 ). We fit with one, two, or three Gaussian emission line
omponents. During this step, we mask five strong sky emission 
ines (5577.4, 5889.9, 6157.7, 6300.3, and 6363.7 Å) as well as
he Na ID absorption lines (at 5889.9 and 5895.9 Å) at the target’s
edshift since this might not e xclusiv ely originate from stars in these
alaxies, but also from absorption by neutral atomic gas in the ISM
see Section 2.4). As the best fit we select the model with the lowest

2 
red . Next we subtract the stellar continuum from the total spectra in
ach spaxel, scaling the fit from bin to each spaxel according to their
 -band flux. We performed visual checks of the fits for a sub-sample
f spaxels to verify that the stellar continuum subtraction works well. 

.3 Ionized gas 

he resulting continuum-subtracted data cube is fitted on a spaxel- 
y-spaxel basis using the PYTHON library lmfit (Newville et al. 2014 ).
mfit provides non-linear optimization and is built on the Levenberg–
arquardt algorithm (Levenberg 1944 ; Marquardt 1963 ). We fit the 

ame emission lines as in the simultaneous fitting with one or two
aussian components. For Seyfert 1 galaxies (two in our sample: 
RAS 00509 + 1225 and IRAS 23389 + 0300), we allow a third, very
road component for the Balmer lines to account for emission from
he AGN broad line region (BLR). Ho we ver, the deblending of the
ery broad component (from the BLR) and the outflow component 
esults in significant uncertainties in the characterization of the latter. 
hus, we have decided to discard the information obtained from the
utflow of these two Seyfert 1 galaxies. For galaxies with just two
omponents, the width ( σ ) of the narrow component has to be smaller
han 200 km s −1 and the broad component has to have a width of
t least 125 km s −1 and has to be larger than the narrow component.
or each component (narrow, broad and very broad if needed), we tie
elocity centroid and dispersion, while the amplitudes are allowed 
o vary freely. Exceptions are the amplitudes of [O III ] λλ4959,5007;
O I ] λλ6300,6366; and [N II ] λλ6548,6584, for which the ratio of
he doublets is given by the Einstein coefficients. The ratio of the two
mission lines of the [S II ] doublet is allowed to vary between 0.44
nd 1.5 (Osterbrock & Ferland 2006 ). For each spaxel we employ
he reduced χ2 (Andrae, Schulze-Hartung & Melchior 2010 ), χ2 

red , 
o determine whether a model with one, two, or three components
s preferred. We then select the model with the lowest χ2 

red value.
f based on the χ2 

red metric, we find two or more components, we
lassify the broad component as a signature of an ionized outflow
nly if it is kinematically clearly distinct from the narrow component.
n addition, we require the broad component to be strong enough to
ppear in the inte grated spectrum. F or some of the galaxies in our
ample additional higher spectral resolution and higher sensitivity 
ata were obtained with X-shooter (programmes 0103.B-0478(A) 
nd 097.B-0918(A)). This data confirm the decomposition of the 
arious components, although limited to the central region (an 
 xtensiv e description of the X-shooter data will be part of a separate
aper). Finally, to get the intrinsic fluxes for all emission lines, we
se the Balmer decrement and we apply a Calzetti et al. ( 2000 )
ttenuation curve for a galactic diffuse ISM ( R V = 4.05) to correct
or dust reddening. This should account for the mixing between dust
nd gas emitting regions in star-forming galaxies. 

.4 Neutral atomic gas 

o study the neutral atomic gas, we analyse the Na I doublet (at
889.9 and 5895.9 Å) profile in the data cube obtained by dividing
he original data cube by the continuum fit (for details see Rupke,
eilleux & Sanders 2005a ). The Na ID line probes neutral gas

i.e. H I ), thanks to the low-ionization potential of the associated
ransition, which is 5.14 eV. One caveat of the sodium absorption
echnique is that the detection of outflowing gas requires a strong
ackground of stellar continuum light and hence outflows outside 
he projected stellar disc or far from the galaxy’s bright centre might
e missed. Residual stellar contribution (even after running pPXF) 
o the Na I D as well as contamination from Na ID emission and
rom the nearby He I λ5876 emission line may further complicate the
easurement. 
As the sodium absorption feature is rather weak, we apply Voronoi

inning to this data cube. We require a typical SNR of > 10–15 for
ll targets on the sodium absorption feature in the stellar-continuum 

ubtracted cube. We then fit the sodium absorption profile in each
oronoi bin. 
Our fitting approach is based on a model of partially o v erlapping

a atoms (see Rupke et al. 2005a ) with the analytical form: 

 ( λ) = 1 − C f + C f × e −τB ( λ) −τR ( λ) (1) 

ith C f being the co v ering fraction and τB and τR being the optical
epths of the blue and the red Na I lines (5889.9 and 5895.9 Å). The
MNRAS 505, 5753–5783 (2021) 
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ptical depth of a line, τ ( λ) is given by a Gaussian: 

( λ) = τ0 e 
−( λ−λ0 + �λoffset ) 2 / (( λ0 + �λoffset ) b D /c) 2 , (2) 

here τ 0 and λ0 are the central optical depth and wavelength of
ach line component and b D is the Doppler linewidth. �λoffset , the
avelength offset, is linked to the velocity offset: �λoffset = � v λ0 / c
ith c being the speed of light. The doublet is fit with one, two,
r three absorption components and up to one sodium emission
omponent. We allow for simultaneous fitting of the emission
nd absorption components. This simultaneous fitting can lead to
e generac y. In order to minimize that, we tie the width of the
a I D emission component to the He I emission line width. The

atio of the central optical depths of the sodium doublet is fixed to
0, B / τ 0, R = 2 for all absorption components which is given by the ratio
f the Einstein parameters for the two transitions (Morton 1991 ). We
equire the co v ering fractions to be between 0 and 1. Simultaneously,
e also fit the He I emission line (5876 Å). This is important as the

odium absorption profile sometimes extends bluewards and its true
mplitude might be underestimated if He λ5876 is not considered. To
t several components, we multiply the different I i ( λ)’s, e.g. for two
omponents I ( λ) = I 1 ( λ) I 2 ( λ), where I 1 ( λ) and I 2 ( λ) are of the form
iven in equation (1) with different co v ering fractions and optical
epths for each component. 
As in the emission line fitting, we use the lmfit library (Newville

t al. 2014 ). The best fit is determined using the Bayesian information
riterion (BIC). The BIC selects the best fit while taking into account
he complexity of the model (i.e. models with more parameters are
enalized, Liddle 2007 ). 
We use the 50th percentile, v 50 , of the whole sodium absorption

rofile, as a measure of outflow velocity. Similar to Rupke et al.
 2005a ), we classify a component as outflowing if it has a velocity
hift of �v < –50 km s −1 relative to the systemic velocity. We
dopt this conserv ati ve assumption to account for possible errors
n the fitting. Redshifted sodium emission may also be additional
 vidence of receding, outflo wing gas (see e.g. Rupke & Veilleux
015 ; Roberts-Borsani & Saintonge 2019 ). 
The advantage of this model is that the optical depth can be related

o the sodium column density, N (Na I), via: 

( Na I ) = 

τ0 b D 

1 . 497 × 10 −15 λ0 f 
. (3) 

0 = 5897.55 Å and f = 0.318 are the vacuum wavelength and the
scillator strength, respectively. b D is the Doppler parameter, which
s related to the velocity dispersion via b D = 

√ 

2 σ . 
The hydrogen column density, N (H), is then given by 

(H) = N ( Na I )(1 − y) −1 10 −( a+ b) , (4) 

here y is the ionization fraction, a the galaxy’s Na abundance,
nd b the depletion on to dust. We assume the following values:
 = 0.9, a = –5.69, and b = –0.95 (Savage & Sembach 1996 ;
upke et al. 2005a ). The hydrogen column density can then be used

o calculate the outflow mass (see Section 2.6). Typical errors for
he co v ering fraction and the v elocity are around 20 per cent and
0 km s −1 , respectively (Rupke, Veilleux & Sanders 2005b ), and we
herefore conserv ati vely assume an error of 0.5 dex on the neutral
tomic mass outflow rate. 

.5 Ancillary properties 

n this paper, we compare the neutral atomic, the ionized, and
he molecular outflow phases. The properties of the molecular
utflows (velocity, radius, and mass of the outflo w as well as deri ved
NRAS 505, 5753–5783 (2021) 
roperties) are taken from Fluetsch et al. ( 2019 ). This paper uses the
ame cosmology, the same definition of mass outflow rate and the
ame convention for the measurement of outflow radius and velocity
s we do here and hence allows direct comparison. 

The AGN luminosity, L AGN , is provided in Fluetsch et al. ( 2019 ),
ho used the absorption-corrected X-ray luminosity in the range

rom 2–10 keV and the bolometric correction by Marconi et al. ( 2004 )
o determine the AGN bolometric luminosity, L AGN , in most cases.
f no X-ray data are available, then the AGN bolometric luminosity
s inferred from the extinction-corrected [O III ] luminosity using the
elation given in Heckman et al. ( 2004 ). 

We calculate the AGN contribution, αbol = L AGN / L bol , where L bol is
he bolometric luminosity of the galaxy, which for ULIRGs is given
y L bol ≈ 1.15 L IR (Veilleux et al. 2009 ). 
The star formation rates (SFRs) from Fluetsch et al. ( 2019 ) are used

f possible. The calculation is based on the total infrared luminosity
8–1000 μm), taking into account the AGN fraction ( αbol ) (Sturm
t al. 2011 ). Otherwise, we calculate the SFR ourselves using the
ame prescription. There are a few exceptions: for HE 1351–1917,
C400528, 3C 298 we use the SFRs provided in the respective papers
see Table C2 ) based on spectral energy density (SED) fitting due to
he lack of reliable IR data. 

The optical classification in star forming, LI(N)ER, and Seyfert
alaxies is based on the galaxy’s BPT diagrams, which will be
resented in a forthcoming paper. An o v erview of the sample
ncluding ancillary data of the galaxies can be found in Table C2 . 

.6 Calculation of outflow properties 

n order to perform a comparison to pre vious outflo w studies,
e calculate the outflow properties in the integrated spectrum. To

alculate the integrated spectrum we sum all spaxels with an r -band
NR > 3. In our analysis, we use the broad H α component to
alculate outflow properties. Some studies have used [O III ] instead,
hich gives lower outflow rate values (Carniani et al. 2015 ), likely
ecause it does not properly account for the lower ionization phases
f the outflow. The ionized outflow mass can be inferred from the
 α luminosity in the outflow (i.e. broad component), L H α,OF , and

he electron density, n e , as follows (Carniani et al. 2016 ): 

 OF , ion [M �] = 6 . 1 × 10 8 
(

L H α, OF 

10 44 ergs −1 

)( n e 

500 cm 

−3 

)−1 
. (5) 

e then obtain the mass outflow rate at radius r OF,ion by dividing the
utflowing gas mass by the dynamical time-scale, τOF : 

˙
 OF , ion = 

M OF , ion 

τOF , ion 
= 

M OF , ion v OF , ion 

r OF , ion 
, (6) 

here v OF,ion and r OF,ion are the velocity and extent of the
onized outflo w, respecti vely. We define the outflow velocity
 OF = �v + FWHM broad /2 to be consistent with previous works
e.g. Rupke et al. 2005a ; Fluetsch et al. 2019 ). 

The radius of the ionized outflow is defined as the radius which
ncompasses 50 per cent of the total flux of the broad H α component
s observed in the data. This definition is used to have a comparable
efinition as to the one we used for the molecular outflow phase
Fluetsch et al. 2019 ). By directly determining the electron density
n the outflow (see Section 3.2.1), we can drastically reduce the main
ncertainty of this computation. Hence, the typical uncertainty on the
onized mass outflow rate is estimated to be ∼0.3 dex, mainly due to
rojection effects which affect the velocity and radius measurements
s well as uncertainties in determining the electron density. The
inetic power of the outflow is given by 0.5 v 2 OF Ṁ OF . The properties
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mass, radius, and velocity) of the ionized outflows in our sample 
nd the extended sample can be found in Table C3 . 

The mass outflow rate of the neutral atomic outflow can be 
omputed using equation (6) and using the neutral outflow velocity 
nd radius and mass. Using the hydrogen column density obtained 
n Section 2.4, the neutral mass outflow rate is given by 

˙
 OF , neu [M �/ yr ] = 11 . 5 

N ∑ 

i= 1 

(
C �

0 . 4 
C f 

)(
r 

10 kpc 

)

×
(

N (H) 

10 20 cm 

−2 

)(
�v 

200 km s −1 

)
, (7) 

here we sum o v er all outflowing components, from i = 1 to N. C f 

nd C � are the local (see equation 1) and large-scale co v ering factor,
espectiv ely. F ollowing Rupke et al. ( 2005a ), we assume C � = 0.4
or LIRGs and C � = 0.8 for ULIRGs. The local co v ering factor is
etermined through the fitting of the sodium doublet. N (H) is the
ydrogen column density along the line of sight and r is the radius.
he parameters for the fitting of the Na I D profile are shown in
able C4 . 
Similar to the ionized outflow, we also calculate the properties of

he neutral atomic outflow in the integrated spectrum. The spatial 
xtent of the neutral outflow, r OF,neu , is calculated as the radius that
ncompasses 50 per cent of the total flux of all outflowing sodium 

omponents similar to what was done for the ionized outflow radius.
 or the Se yfert 1 galaxies (2 objects) we do not fit the sodium
bsorption doublet because of the de generac y caused by the strong
uasar continuum (see Section D). 

.7 Extended sample 

o study the relation between different outflow phases, we include 
alaxies studied in the literature with outflows detected in several 
hases. We refer to these galaxies combined with our galaxies with 
ultiphase outflows as the extended sample . In total, the extended 

ample consists of 31 galaxies with outflows studied in multiple 
hases. Our extended sample includes the multiphase outflows 
tudied by Rupke & Veilleux ( 2013 ), Rupke et al. ( 2017 ), Fluetsch
t al. ( 2019 ), and Husemann et al. ( 2019 ). We also add three targets
ith redshifts z > 1, which all have measurements of outflows in

everal phases: zC400528 (Herrera-Camus et al. 2019 ), XID2028 
Cresci et al. 2015 ; Brusa et al. 2018 ), and 3C 298 (Vayner et al.
017 ). 
The outflow measurements in these galaxies are homogenised to 

llow a fair comparison to our MUSE sample. In particular, to re-
alculate the properties of the ionized outflows, we use the same 

(i) formula to calculate mass outflow rate (equation 6), i.e. without 
he factor of 3 as used in some other works, 

(ii) electron density ( n e = 500 cm 

−3 , average electron density of
utflows, see below), 
(iii) definition of outflow velocity if possible 

 v OF = �v + FWHM/2), 
(iv) attenuation curve to correct for extinction (Calzetti et al. 2000 ) 

ith R V = 4.05, 
(v) tracer of outflowing gas, i.e. H α instead of [O III ] (see

ection 2.6), 
(vi) conversion from H α luminosity into outflow mass, i.e. equa- 

ion (5). 

For the calculation of neutral atomic outflow properties, we adopt 
he same 
(i) formula to calculate mass outflow rate (equation 6), i.e. without 
he factor of 3 to be consistent with the calculation of mass outflow
ates in other phases, 

(ii) values for the ionization fraction, galaxy’s sodium abundance, 
nd the depletion on to dust (see Section 2.4). 

Finally, to ensure that molecular outflow rates and energetics are 
alculated consistently across the sample, we assume the same 

(i) formula to calculate mass outflow rate (equation 6), i.e. without 
he factor of 3 as used in some other works, 

(ii) same conversion factor ( αCO = 0.8 M �/(K km s −1 pc 2 ) −1 , 
(iii) definition of outflow velocity if possible 

 v OF = �v + FWHM/2). 

 RESULTS  

.1 Prevalence of outflows 

ut of the 26 galaxies analysed in our MUSE sample, 13 galaxies
how clear signs of an ionized outflow and 10 show evidence 
f neutral atomic outflowing g as, 8 g alaxies have outflows in
oth phases. The number of neutral outflows may be larger than
his number as any sodium absorption in Seyfert I galaxies (see
ection 2.6) might be o v ershadowed by broad He I lines. Ho we ver,
e found in other objects a more extended Na ID outflow could
artially absorb the He I emission line (see e.g. Fig. D3 ). 
In our study, we find that most galaxies with outflows have outflow

ignatures in both phases, but there are a few e xceptions. F or instance,
RAS 23128 −5919 (also studied in Maiolino et al. 2017 ) has a
lear ionized outflow, but no detectable neutral atomic gas at high
elocity. Ho we ver, one should be aware, that the discrepancy might
e due to sensitivity in the different phases rather than due to the
hysical properties of the outflow. For each galaxy we present maps
f the ionized and neutral atomic phases and the integrated spectra
n Appendix D. 

.2 Characterization of outflows 

.2.1 Electron density 

e compare the electron density of the outflowing gas and the disc.
his not only informs our understanding of the physical conditions 
f the ionized ISM, but it is also important to calculate the mass
nd kinetic energy of the ionized outflow (which are both inversely
roportional to the electron density n e , see Section 2.6). Indeed,
he electron density has been one of the main uncertainties in these
alculations (Harrison et al. 2018 ). 

We estimate the electron density based on the [S II ] λ6717/[S II ]
6731 ratio, assuming a temperature of T e = 10 4 K (Osterbrock &
erland 2006 ). The density is calculated for each spaxel in a galaxy
sing the prescription in Sanders et al. ( 2015 ): 

 e = 

cR − ab 

a − R 

, (8) 

here R = [S II ] λ6717/[S II ] λ6731 and a = 0.4315, b = 2107, c
 627.1. The [S II ] ratio is sensitive to density in the range 50 < n e 
 5000 cm 

−3 (Osterbrock & Ferland 2006 ). Below and abo v e these
imits, the [S II ] ratio varies little and is not suitable to accurately
etermine densities. 
In Fig. 1 , we show the electron density distribution of all spaxels

f the narrow and broad components which trace dynamically 
uiescent gas in the disc and gas in the outflo w, respecti vely.
MNRAS 505, 5753–5783 (2021) 
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Figure 1. In blue and red, the distribution of the electron densities ( n e ) of the 
narrow (disc) and broad (outflow) components of all galaxies with ionized 
outflows are shown, respectively. The dashed lines are the Gaussian fit to 
the distributions. Densities outside the interval 50–5000 cm 

−3 (outside the 
grey dashed lines) should be considered as lower/upper limits since the [S II ] 
doublet ratio is little sensitive to the electron density outside this range. 
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he blue and red distribution show the electron density values
or the narrow and broad components, respectiv ely. F or each [S II ]
omponent we require an SNR of at least 2 for both sulphur lines.
e observed very little change in these relative distributions even

f we increase the S/N threshold to 3 (or even 5) for each of the
ulphur lines [although the statistics becomes (much) poorer]. As
entioned abo v e, densities outside the interval 50–5000 cm 

−3 should
e considered as lower/upper limits at the corresponding boundaries,
s the [S II ] doublet ratio is little sensitive to the electron density
utside this interval. To account for the fact that for nearby galaxies
e have more spaxels and therefore the distribution might be biased

owards them, we weigh spaxels of each galaxy differently. We do
hat in such a manner that each galaxy contributes equally to the
nal histogram regardless of the number of spaxels in the broad
nd narrow components. This is done by weighing each spaxel by
he inverse of the total number of spaxels in the galaxy to which
his spaxel belongs. The distributions in Fig. 1 are wide because
e add up several galaxies with different densities, but there is also
 considerable range of densities in each individual galaxy as well
s the uncertainty associated to individual measurements. We fit
hese distributions with Gaussians (shown as black dashed lines in
ig. 1 ) and obtain the following centroids: n e,broad = 490 cm 

−3 and
 e,narrow = 145 cm 

−3 , and dispersions σ broad = 0.41 dex and σ narrow 

 0.52 dex. If the values outside of the range 50–5000 cm 

−3 are
gnored, the density of the outflow remains the same and the density
f the narrow component is n e,narrow = 190 cm 

−3 . The density of the
utflowing gas is on average a factor of 3 higher than the density of the
isc. This trend remains even if we do not weigh spaxels differently
s described abo v e. The trend is also robust if we consider spaxels
here both components are present (i.e. we include only parts of

he disc where we also have an outflowing component). The density
f the broad component also does not change if we apply more
tringent criteria for the identification of the outflowing gas, such
s we require a minimum blueshift of –100 km s −1 and a width
f σ broad > 150 km s −1 for the broad component to ensure we only
race outflowing gas with the broad component. The finding is equally
lear both in galaxies with higher AGN fraction ( αbol > 0.5) and with
ower AGN fraction ( αbol < 0.5). The galaxies with stronger AGN
how slightly higher densities ( ∼0.1–0.2 dex higher) for both the
NRAS 505, 5753–5783 (2021) 
arrow and the broad components. In Appendix A1 , we show that
GN host galaxies have on average a higher disc electron density

han star-forming galaxies. In a forthcoming paper, we will show the
lectron densities in several individual galaxies. 

We note that recent studies, based on the investigation of auroral
ines have shown that the [S II ] doublet tends to underestimate the
as density in galactic outflows even by 1–2 orders of magnitude
Holt et al. 2011 ; Rose et al. 2017 ; Davies et al. 2020 ). Ho we ver, this
 ould mak e our result that outflows are denser than their galactic
iscs even stronger. 
In addition, we observe the trend that outflows are denser than

he disc in all individual galaxies apart from IRAS 21453 −3511
discussed below) and IRAS 15115 + 0208 (although in this galaxy
he number of spaxels with sufficient SNR (i.e. > 3) is not high
nough to definitely confirm this). 

This result qualitatively agrees with several previous studies (Holt
t al. 2011 ; Arribas et al. 2014 ; Villar-Mart ́ın et al. 2014 ; Perna et al.
017 ; Rose et al. 2017 ; Mingozzi et al. 2019 ; Davies et al. 2020 ), who
ll found outflowing gas to be denser than gas in the disc. The simplest
xplanation for dense gas in the outflow is that the expelled gas is
ompressed (e.g. Bourne, Zubovas & Nayakshin 2015 ; Decataldo
t al. 2019 ). Our average values are similar to the ones found by
rribas et al. ( 2014 ), who found densities of n e,broad = 460 ± 70 cm 

−3 

nd n e,narrow = 300 ± 30 cm 

−3 also in a sample of (U)LIRGs. Villar-
art ́ın et al. ( 2014 ) and Perna et al. ( 2017 ) find a higher electron

ensity than this work of � 1000 cm 

−3 in the outflowing gas, likely
ecause they focus on more extreme objects, considering only AGN
osts or higher redshift targets. 
As mentioned abo v e, although this trend seems robust o v er a

ange of galaxy properties, there are few rare individual objects,
here the density in the disc is similar or higher than in the outflow.
or instance, in IRAS 21453 −3511, the density of the disc and
utflow is very similar. In this galaxy, the electron densities for the
wo components are n e,broad = 275 cm 

−3 and n e,narrow = 288 cm 

−3 .
nother isolated case is NGC 6810, where some parts of the outflow

re less dense than the disc (see Venturi et al., in preparation). We
annot yet explain why some galaxies show this trend, but it seems
o be unique to sources that are classified as star-forming galaxies
ccording to their [S II ]-BPT diagrams. We can only speculate that
ossibly some star formation driven outflows do not lead to enhanced
ensities in the outflowing gas due to a different mechanism at play.

.2.2 Dust extinction 

e compare the dust extinction, A V , of the narrow and broad
omponents. We estimate the extinction using the Balmer decrement
 α/H β and assuming the Calzetti et al. ( 2000 ) attenuation law with
 V = 4.05. The intrinsic flux ratio of H α/H β is little dependent on
ensity and temperature and any significant deviation in the observed
atio can thus by attributed to interstellar dust extinction. We assume
n intrinsic H α/H β = 2.86 for T = 10 4 K (Osterbrock & Ferland
006 ). Furthermore, we require the SNR on H β to be > 3. As in any
xternal galaxy, the observed Balmer decrement (or colour excess)
oes not trace a dusty screen but dust in the ISM mixed with the
onized regions emitting H α and H β. 

The resulting extinction distributions are shown in Fig. 2 with the
arro w component sho wn in blue and the broad component in red.
he narrow component has a visual extinction more than twice as

arge as the broad component. The centres of the Gaussian fit to the
istributions are A V,broad = 0.68 mag and A V,narrow = 1.67 mag. The
edian extinction values for different galaxies range from ∼1 to

art/stab1666_f1.eps
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Figure 2. Distribution of the values of visual extinction of the narrow (disc, 
in blue) and broad components (outflow, in red). The centroids of the Gaussian 
to these distributions are A V = 1.67 and A V = 0.68 mag for the narrow and 
broad components, respectively. 
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Figure 3. Difference in extinction between the narrow and broad compo- 
nents, � A V = A V,broad − A V, narrow , as a function of ionized mass outflow rate 
(left) and ionized outflowing gas mass (right). The typical error is given by 
the black cross. 

Figure 4. Extinction of the broad component, A V,broad , as a function of 
ionized mass outflow rate (left) and ionized gas mass (right). The typical 
error is given by the black cross. 
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4 mag in the narrow component and from ∼0.4 to ∼2.7 mag in the
road component. The difference in extinction between narrow and 
road components, � A V , varies considerably across the sample and 
his will be discussed in more detail below. Some works (Rose et al.
017 ; Mingozzi et al. 2019 ) confirm the finding that outflows are less
ffected by extinction than the disc, others find the opposite result
Holt et al. 2011 ; Villar-Mart ́ın et al. 2014 ). It should be noted that
he studies have used different samples. Villar-Mart ́ın et al. ( 2014 )
tudies type II quasars (with various levels of radio luminosities), 
hile Holt et al. ( 2011 ) investigate a type I radio-loud quasar. Also
ingozzi et al. ( 2019 ) focusses on Seyfert 2 galaxies and Rose

t al. ( 2017 ) studies ULIRGs with a mix of type I and type II AGN.
hese different results regarding the relative dust extinction can be 
xplained by a combination of two effects. First, the near side of the
utflow is generally less obscured than the disc, while the far side
ay be extinct by the disc to such a degree that it cannot be detected

t optical wavelengths in many galaxies. This seems to be the main
xplanation for galaxies with lower extinction in the outflow than in 
he disc. Secondly, as there are a large number of objects with lower
xtinction in the disc as e.g. in Villar-Mart ́ın et al. ( 2014 ), it seems
ikely that at least some outflows are very dusty, and dustier than
he disc. This has indeed been proposed to explain very high UV
uminosities as a consequence of dust scattering in the outflows of
he starburst galaxies NGC 253 and M82 (e.g. Hoopes et al. 2005 ).
adiation pressure-driven models of feedback also predict that dusty 
as should preferentially be expelled by powerful outflows (Murray, 
uataert & Thompson 2005 ; Ishibashi & Fabian 2016 ). Unequivocal 
bserv ational e vidence of dust in most or all outflows would also help
s greatly to understand molecular outflows. The presence of dust 
n the outflow is a requisite in many models to explain molecule
ormation in the outflow (Richings & Faucher-Gigu ̀ere 2018 ). To 
uantify these effects, one would determine the extinction for the 
pproaching and receding outflow part separately. This could be 
chieved by separate fitting of the red and blue components of the
almer emission lines (see Venturi et al. 2018 ). Such an analysis

uffers from additional fitting de generac y and will therefore not be
iscussed in more detail in this paper. 
To e v aluate the dri ver of dif ferent extinction v alues in the broad

nd narrow components, we look at how the galaxy’s median 
 A V = A V,broad − A V,narrow scales with integrated outflow or galaxy 
roperties. There is no clear correlation between � A V and αbol ,
FR, the neutral atomic or the molecular outflow mass or mass
ate. Ho we ver, the ionized mass outflow rate ( Ṁ OF , ion ) correlates
ith � A V (with a Pearson correlation coefficient of ρ = 0.84) as

hown in Fig. 3 on the left. This correlation appears to be driven by
he mass of the ionized outflow (right-hand side of Fig. 3 ), as this
eads to an even tighter correlation with � A V (correlation coefficient

= 0.93). Intuitively one might assume that this trend is mainly
riven by A V,broad , which is proportional to the outflow mass. Higher
 V,broad gives a higher intrinsic H α luminosity for the same observed
 α flux. This H α luminosity in turn is proportional to the outflow
ass (see equation 5). In order to test this hypothesis, we plot the

xtinction of the broad component ( A V,broad ) as a function of the
onized mass outflow rate and ionized outflow mass in Fig. 4 . The
rends in 4 are much weaker than in Fig. 3 , hence indicating that
he latter are not purely driven by a potential co-variance between
he two axes through H αbroad . Part of this might be explained by
rrors in measuring both the visual extinction and the outflow mass
rate). To quantify the effect of errors leading to a spuriously higher
orrelation, we run a Monte Carlo simulation, assuming errors of 
.3 dex on outflow mass (rate) and 0.3 dex on A V and there is only
 2 per cent chance that the tighter correlation as seen here with
 A V than with A V,broad is due to errors. Hence, it seems unlikely,

hat errors are solely responsible for the tighter correlation in Fig. 3 .
nstead, it seems the ionized outflow mass does drive the difference
n extinction between broad and narrow components. In other words, 
he most massive ionized outflows have comparatively more dust 
MNRAS 505, 5753–5783 (2021) 
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Figure 5. Relative contribution of the molecular (blue), ionized (green), 
and neutral atomic (red) phases to the total mass outflow rate. The galaxies 
whose names are in red are star-forming galaxies. The galaxies are sorted by 
increasing AGN luminosity from left to right. 
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Figure 6. Relative contribution of the molecular (blue), ionized (green), and 
neutral atomic (red) phases to the total kinetic power of the outflow. The 
galaxies whose names are in red are star-forming galaxies. 
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n the outflow than in the disc. In these outflows, mainly dusty gas
ight be expelled, enhancing the extinction in the outflow while

imultaneously lowering the extinction in the disc. This could be
urther indication that dust plays an important role in outflows,
specially for the most massive of them. In particular this finding
ould support models according to which galactic outflows may be
ue to radiation pressure on dusty clouds (Fabian 2012 ; Ishibashi,
abian & Maiolino 2018 ). 

.3 Comparison of outflow phases 

n this subsection, we compare the ionized and neutral atomic
utflows to the molecular outflow properties. 
For the following analysis, we also add the extended sample

escribed in Section 2.7. which includes 31 galaxies with at least
wo outflow phases and 13 galaxies with all three outflow phases
excluding galaxies that have only an upper limit in at least one
hase). 
We first test how much each phase (molecular, ionized, and

eutral atomic) contributes to the total outflow rate for galaxies
ith measurements of all outflow phases. This is important to allow

or a fair comparison to predictions of models and simulations of
alaxy evolution, which look at the total impact of the outflow,
hile most observations focus on one single phase instead and thus
ight underestimate outflow properties. The outflow masses were

omogenized according to the procedure outlined in Section 2.7. The
elative contributions of different phases to the total outflow rate are
hown in Fig. 5 , where the molecular contribution is shown in blue,
he neutral atomic and the ionized in red and green, respectively. The
alaxies are sorted by AGN luminosity which increases from left to
ight. The molecular mass outflow rate amounts to more than half the
otal mass outflow rate in 11 out of the 13 galaxies. The two galaxies
here this is not the case are both classified as star-forming galaxies.
ome star-forming galaxies, whose names are shown in crimson in
ig. 5 , display larger mass outflow rate contributions from the ionized
nd the neutral atomic phase than AGN and LI(N)ER galaxies. The
onized phase is negligible ( < 5 per cent of the total outflow rate)
n AGN and LI(N)ER galaxies and is only larger than that in two
tar-forming objects (NGC 1614 and IRAS 20100 −4156). If the
as densities in the ionized outflow are even larger than estimated
hrough the [S II ] doublet, as suggested by the results based on the
uroral lines discussed in Section 3.2.1, then this w ould mak e our
NRAS 505, 5753–5783 (2021) 
esults even stronger. In other words, the fraction of the outflow rate
ssociated with the ionized component would be even lower. 

A similar picture emerges if we study the relative contribution
f different phases to the total kinetic power. The kinetic power is
iven by P OF = Ṁ OF v 

2 
OF /2. The associated distribution is shown

n Fig. 6 , where the relative contribution of the molecular (blue),
eutral atomic (red), and ionized phases (green) are displayed. Star-
orming galaxies have significant contributions from the ionized and
eutral atomic phases, ranging from ∼40 to > 95 per cent of the
otal kinetic power. In AGN and LI(N)ER galaxies, the molecular
omponent is more dominant than in star-forming galaxies. There is,
o we ver, significant v ariation from galaxy to galaxy. Studying the
elative contribution of different phases to the outflow rate and the
inetic power as a function of SFR or αbol revealed no clear trends
see e.g. Section B1 ). 

Next we investigate the mass outflow rate of the three different
hases, ionized, neutral atomic, and molecular for galaxies which
ave measurements (or upper limits) for at least two phases. This
omparison can be seen in Fig. 7 , where we plot the different mass
utflow rates against each other. The samples in the three plots are
lightly different. To increase the statistics, in each plot we show
he galaxies with measurements in both of the phases plotted. We
istinguish between high-redshift sources ( z > 1, green) and low-
edshift sources ( z < 0.2, black). The data points with a red edge
ave no reliable extinction correction for the ionized phase and thus
hould be treated as lower limits. These figures clearly show that
he ionized mass outflow rate is much smaller (up to 2–3 orders
f magnitude smaller) than the neutral atomic or molecular mass
utflow rate. A major caveat is that some ionized outflow rates might
e underestimated because of an uncertain extinction correction.
ut even if these points are ignored, the ionized outflow rates are

ignificantly lower (cf. Fig. 5 , which only includes galaxies with
roper extinction correction). This confirms previous findings which
stimate the ionized phase to contribute only minimally (Rupke &
eilleux 2013 ; Carniani et al. 2015 ; Ramos Almeida et al. 2019 ). The
gure on the top right highlights that outflow rates in the molecular
nd neutral atomic phase are similar (usually within 1 dex). This
icture might be slightly ske wed, ho we ver, as we include upper
imits in the molecular and ionized, but not in the atomic neutral
utflo w phase. Ho we ver, the relati ve contribution of the ionized
utflow rate to the total outflow rate varies from galaxy to galaxy
from ≤ 1 per cent to 10’s of per cent ) and a simple prescription as
n Fluetsch et al. ( 2019 ) might not be fully appropriate to determine
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Figure 7. Comparison between the outflow rates in the ionized, molecular, and neutral gas phases. The black symbols represent the low-redshift ( z < 0.2) 
sources while the green symbols are the high-redshift ( z > 1) targets. The dashed black line in all plots shows the 1:1 correlation. Typical errors are given by the 
black crosses. The data points with red edges have an uncertain or no extinction correction in the ionized outflow phase and should be treated as lower limits. 
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he total outflow budget. If electron densities from auroral or trans-
uroral lines are a better estimate than the densities based on the
S II ] doublet (as suggested by Davies et al. 2020 , see Section 3.2.1),
hen the contribution of the ionized phase would drop even further
y additional 1–2 orders of magnitude and hence it would become 
egligible also in star-forming galaxies. 
Another open question is also how the relative contribution of 

onized and molecular gas to the total outflow rate changes with 
ncreasing AGN luminosity. Previous studies suggested that the 
onized gas contribution to the total mass outflow rate becomes 
ncreasingly important with higher AGN luminosity and is similar to 
he molecular outflow rate abo v e AGN luminosities of 10 46 erg s −1 

Fiore et al. 2017 ; Bischetti et al. 2019a ). Ho we ver, these studies
 ork ed with disjoint samples, with a limited number of sources or
y restricting the AGN luminosity range. We study this trend in Fig. 8 ,
here we plot the ratio Ṁ OF , ion / Ṁ OF , mol as a function of the AGN

uminosity, L AGN . The green data points represent galaxies abo v e
edshift 1, whereas low-redshift objects are shown as black data 
oints. Contrary to some previous studies, we do not find that the
onized phase becomes more prominent at higher AGN luminosities. 
nstead, there is no clear trend. The contribution of the ionized mass
utflow rate might actually decrease at higher L AGN as initially found 
y Fluetsch et al. ( 2019 ). The three high-redshift sources all seem
o have large ionized outflow rates, which are only slightly smaller 
o their molecular ones. They are also the only objects with L AGN >

0 46 erg s −1 and are consistent with the results by Fiore et al. ( 2017 ).
o we ver, gi ven the small sample, it is impossible to establish whether
igher redshifts targets indeed have a fundamentally different outflow 

omposition or whether objects with higher AGN luminosities have 
omparatively higher ionized outflow rates. An additional factor 
ossibly contributing to the deviation of high- z galaxies is that they
MNRAS 505, 5753–5783 (2021) 
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uf fer from observ ational limitations, such as reduced sensiti vity to
ow-surface brightness and high-velocity gas. 

.4 Spatial and velocity comparison of outflow phases 

USE has the capability to resolve the gas kinematics with excellent
patial resolution and we therefore also attempt to compare the
if ferent outflo w phases on a spatially resolved basis. The maps
f all 13 galaxies (with outflows) are presented in Section D. What is
triking is that galaxies with outflows in the ionized and in the neutral
tomic phase display similar morphology and kinematic structures.
or instance, in IRAS 13120 −5453, the velocity gradient across the
eld of view is very similar for the two phases. In addition, the

wo phases are co-spatial for large parts of the galaxy, displaying
imilar blueshifts. This seems to be contradicting an earlier study by
ae & Woo ( 2018 ), who finds almost no correlation between the two
hases. Ho we ver, their work is based on SDSS single fibre (3 arcsec)
bservations that, depending on the distance of the galaxy, provide
ntegrated emission of most of the galaxy. This can blend different
elocity components. In other cases, only the central regions are
ampled (hence providing only a partial view of large-scale outflows).
oncas et al. ( 2019 ) also find no multiphase outflows in SF galaxies,
ut does detect multiphase winds in AGN hosts. They also use SDSS
ingle fibre information [hence affected by the same issues as Bae &
oo ( 2018 )]. In addition, they use the stacking technique which
ay wash away differences in individual galaxies. However, apart

rom the technical issues associated with the two works abo v e, a
ossible explanation is that neutral outflows are mostly driven by
tar formation feedback while black hole accretion gives rise to
onized outflows, as suggested by Concas et al. ( 2019 ). The study by
upke et al. ( 2017 ) supports this explanation to some degree as in

ome of their type-I AGN with large star formations rates (e.g. IRAS
5189 −2524) they also find a correlation between different phases.
imilarly, also in the local type-II AGN IRAS 08572 + 3915 (with
n SFR ∼ 70 M � yr −1 ) spatial coincidence between different phases
ionized, neutral atomic, and even the cold and warm molecular
hases) is found (Herrera-Camus et al. 2020 ). Hence, in many
U)LIRGs where we find an active AGN as well as star formation,
he properties of the atomic neutral and ionized outflows appear to be
inked. This is possibly because the AGN and SF driving mechanisms
eam up to drive (stronger) multiphase outflows, as suggested by
ome models (Koudmani et al. 2019 ). In order to quantify this better,
n Fig. 9 we compare the outflow velocity of the neutral phase with
hat of the ionized phase for each spaxel, for which we find outflows
n both phases. The dashed black line indicates the 1:1 relation and
he dashed green line is the best fit to the data points. We note that
he properties of the neutral atomic phase are inferred from binned
ata, whereas the ionized lines can be fit in the individual spaxel.
n order to account for that, we took the average of all ionized
utflow velocities for each bin of neutral outflow velocity. Each grey
ata point represents one spaxels in one galaxy with outflows in
oth phases. In general, most data points lie below the black lines,
.e. the neutral outflows seem to have a larger blueshift than in the
onized gas. We remind the reader that the outflow velocity of the
eutral phase is measured using v 50 , the 50th percentile of the whole
odium absorption profile, whereas for the ionized outflow phase, the
elocity is the blueshift of the broad component (see Section 2.6).
t is not possible to use the same definition for the outflow velocity
ue to the different spectral properties of the two tracers. Thus, we
o not expect to see a perfect 1:1 correlation in this plot, but the
orrelation (although with large scatter) suggests that the two phases
re somehow connected. 
NRAS 505, 5753–5783 (2021) 
While the ionized and the neutral atomic phases are often co-
paitial, there is no clear trend regarding their relative sizes. In some
alaxies, the neutral atomic outflow has a larger radius than the
onized one (e.g. IRAS 14378 −3641) while in other galaxies we see
he opposite trend (e.g. IRAS 13229 −2934). Especially because of
he Voronoi binning, which is necessary to characterize the Na ID
utflow, the need to have a strong stellar continuum for Na ID
etection, different SNRs in both phases, different tracers and also
ecause of the faintness of outflow features, we are unable to draw
nbiased conclusions about the relative sizes of outflows in different
hases. 

 SUMMARY  A N D  C O N C L U S I O N S  

his study investigates the properties of multiphase outflows in local
U)LIRGs. We used MUSE observations of 26 (U)LIRGs, which
nclude both AGN hosts and starburst-dominated objects, to study
he ionized gas phase including estimates of the electron density
nd visual extinction of the ionized gas. In addition, we investigate
he neutral atomic gas phase traced by the Na I doublet. To study
he connection between dif ferent outflo w phases, we supplemented
ur sample with outflow studies from the literature. This brings our
ample of galaxies with outflows detected in at least two phases to 31
bjects, out of which 13 galaxies have outflows in all three phases,
olecular, neutral atomic, and ionized. This makes it the largest

esolved study of multiphase outflows to date. Our main findings
re: 

(i) Out of the 26 galaxies observed with MUSE/VLT, 12 galaxies
how clear signs of ionized outflows, 10 galaxies have neutral atomic
utflows and 8 galaxies have outflow in both phases simultaneously.
(ii) Outflowing ionized gas has on average an electron density

 factor of three higher than the disc ( < n e,disc > = 145 cm 

−3 and
 n e,outflow > = 490 cm 

−3 ) (see Fig. 1 ). This is also the case
ndividually for nearly all galaxies. This finding could indicate that
loud compression is more important than cloud dissipation in the
utflo w. Ho we ver, some star-forming galaxies show similar densities
n the disc and the outflow (e.g. IRAS 21453 −3511). 

(iii) The average visual extinction is twice as high in the narrow
omponent than in the broad component (see Fig. 2 ). This is
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nterpreted as the approaching side of the outflow (the one most easily
etected) being less obscured than the disc. The most massive ionized 
utflo ws, ho we ver, sho w higher visual extinction in the outflow,
ossibly because of their high dust content (inside the outflow). 
(iv) The difference in extinction between the broad and narrow 

omponents increases with higher ionized outflow mass, which could 
e explained by mainly dusty material being swept up by the outflow.
hese findings may support scenarios according to which galactic 
utflows are also driven by radiation pressure on dusty clouds. 
(v) The molecular mass outflow rate accounts for the majority of 

he total outflow rate, amounting from 60 to 95 per cent in 11 out
f 13 objects. The atomic phase contributes less than the molecular 
hase, while the ionized phase is negligible in most objects studied 
ere. Star -forming galaxies ha ve less molecular gas in the outflow
nd the molecular phase is not al w ays the dominant phase in these
alaxies. 

(vi) In many galaxies, the ionized and neutral atomic phases are 
o-spatial and show a similar kinematic structure (e.g. correlated 
elocities), hinting at the possibility that the two phases are linked. 
his is contrary to some earlier studies which found no link between
if ferent outflo w phases. 
(vii) The relative contribution of the ionized and molecular phase 

aries little with increasing AGN luminosity, but if anything, the 
atio of ionized to molecular mass outflow rate declines slightly with 
igher AGN luminosity (with a large scatter). 
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PPENDI X  A :  E L E C T RO N  DENSI TY  

1 Density of AGN and star-forming hosts 

ig. A1 shows the electron density in the disc for star-forming (teal)
nd AGN host galaxies (light red). The centroids for the two distri-
utions are n e,narrow,SF = 85.6 cm 

−3 and n e,narrow,AGN = 207.4 cm 

−3 . 

igure A1. In teal and light red, the distributions of the electron densities
 n e ) of the narrow components for star-forming and AGN host galaxies are
ho wn, respecti vely. The dashed lines are the Gaussian fit to the distributions.
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PPENDIX  B:  RELATIVE  I M P O RTA N C E  O F  

ONIZED  A N D  M O L E C U L A R  PHASE  A S  

U N C T I O N  O F  STAR  F O R M AT I O N  

he ratio of ionized to molecular mass outflow rate does not show a
rend with increasing SFR as shown in Fig. B1 . 

igure B1. Ratio of ionized to molecular mass outflow rate as a function
f SFR. The green data points represent high-redshift galaxies and the black
ata points low-redshift galaxies. 
PPENDI X  C :  TA R G E T  LIST  

able C1. Details of the observations. 

alaxy Exposure time Seeing Phyiscal FOV 

(min) (arcsec) (kpc) 
1) (2) (3) (4) 

USE sample 
RAS 00509 + 1225 25 1.08 71 × 71 
RAS 01159 −4443 53 0.89 28 × 28 
RAS 01341 −3735 53 1.50 21 × 21 
RAS 06259 −4708N 80 1.05 46 × 46 
RAS 10257 −4339 60 0.63 12 × 12 
RAS 10409 −4556 53 1.13 26 × 26 
RAS 12043 −3140 53 0.82 28 × 28 
RAS 13120 −5453 33 0.82 37 × 37 
RAS 13156 + 0435N 25 1.20 124 × 125 
RAS 13156 + 0435S 25 1.20 124 × 124 
RAS 13229 −2934 25 1.08 17 × 17 

rk 463 ∗ 25 1.02 59 × 59 
RAS 14378 −3651 30 0.72 78 × 78 
RAS 14544 −4255 25 0.72 19 × 19 
RAS 15115 + 0208 33 0.60 107 × 107 
RAS 17207 −0014 25 0.57 51 × 51 
RAS 18093 −5744 13 0.97 21 × 21 
RAS 19542 + 1110 25 0.99 75 × 75 
RAS 20100 −4156 53 0.55 140 × 140 
RAS 20551 −4250 41 0.63 51 × 51 
RAS 21130 −4446 25 0.71 104 × 104 
RAS 21453 −3511 53 1.21 20 × 20 
RAS 22491 −1808 25 0.54 87 × 87 
RAS 23060 + 0505 33 0.93 178 × 178 
RAS 23128 −5919 53 2.03 53 × 53 
RAS 23389 + 0300 ∗ 25 1.11 154 × 154 

ote. Columns (1): Galaxy name, (2) exposure time in minutes, (3): seeing
n arcsec and (4): physical field of view in kpc, ∗: these galaxies have a radio
xcess (see text). 
MNRAS 505, 5753–5783 (2021) 
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Table C2. Galaxy properties of the sample. 

Galaxy z D L class log( L AGN ) αbol = L AGN / L bol SFR io no mo References 
(Mpc) (erg s −1 ) (M � yr −1 ) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 

MUSE sample 
IRAS 00509 + 1225 0 .0608 272 AGN (type I) 45.37 0.59 36 � � 

∗∗∗ ( � ) (a) 
IRAS 01159 −4443 0 .022 903 100 SF 27 
IRAS 01341 −3735 0 .017 31 75 SF ≤42.11 ≤0.0025 11 (b) 
IRAS 06259 −4708N 0 .038 790 171 comp. ≤42.10 ≤0.00037 147 (c) 
IRAS 10257 −4339 0 .009 354 40 SF ≤41.88 ≤0.00038 36 � � (d) 
IRAS 10409 −4556 0 .021 011 91 SF 17 
IRAS 12043 −3140 0 .023 203 101 comp. 22 
IRAS 13120 −5453 0 .030 761 139 AGN 44.35 0.028 157 � � � (e) 
IRAS 13156 + 0435N 0 .1130 525 SF 129 ∗∗
IRAS 13156 + 0435S 0 .1130 525 AGN 45.5 129 ∗∗ (f) 
IRAS 13229 −2934 0 .013 69 59 AGN 44.65 0.54 8.5 � (g) 
Mrk 463 0 .050 382 190 AGN 44.74 0.19 53 � (h) 
IRAS 14378 −3651 0 .067 637 314 comp. 45.12 0.21 112 � � � (e) 
IRAS 14544 −4255 0 .015 728 68 SF ≤41.94 ≤0.0017 12 (b) 
IRAS 15115 + 0208 0 .095 482 452 SF ≤43.49 ≤0.014 50.9 � � � (e) 
IRAS 17207 −0014 0 .042 81 189 SF ≤43.67 ≤0.0042 200 � � (i) 
IRAS 18093 −5744 0 .017 345 75 SF ≤41.66 ≤0.00038 27 (d) 
IRAS 19542 + 1110 0 .064 955 292 SF ≤43.76 ≤0.0093 138 � � (j) 
IRAS 20100 −4156 0 .129 58 608 SF ≤42.93 ≤0.00038 330 � � � (e) 
IRAS 20551 −4250 0 .0430 190 comp. 43.39 0.0047 43 � � � (i) 
IRAS 21130-4446 0 .092 554 424 SF ≤44.54 ≤0.057 129 (k) 
IRAS 21453 −3511 0 .016 151 70 AGN 44.25 0.16 20 � � (b) 
IRAS 22491 −1808 0 .0760 344 SF ≤41.83 ≤0.00010 160 � (l) 
IRAS 23060 + 0505 0 .17301 861 AGN 46.06 0.35 75 � ( � ) (e) 
IRAS 23128 −5919 0 .0448 198 SF ≤42.93 ≤0.0019 112 � (l) 
IRAS 23389 + 0300 0 .145 687 AGN (type I) 45.63 0.49 100 � (m) 

Extended sample 

NGC 253 0 .00081 3.47 SF ≤40.66 ≤0.0004 3 � � (e) 
NGC 1433 0 .00359 15.4 AGN 42.24 0.20 0.23 � � (e) 
NGC 1614 0 .01594 69.1 SF ≤42.07 ≤0.0006 45 � � � (e) 
IRAS 05189 −2524 0 .04256 188 AGN (type I) 44.47 0.05 189 � � � (e) 
IRAS 07599 + 5506 0 .1483 704 AGN (type I) 95 � � 

IRAS 08572 + 3915 0 .05835 261 AGN 45.72 0.86 20 � � � (e) 
zC400528 2 .387 19282 AGN 46.31 ∗ 148 � � (n) 
XID 2028 1 .5930 11750 AGN 47.21 ∗ 270 � � (o) 
IRAS 10565 + 2448 0 .0431 191 AGN 44.81 0.170 95 � � � (e) 
ESO 320 −G030 0 .01078 46.6 SF ≤41.09 ≤0.0001 20 � � � (e) 
Mrk 231 0 .04217 186 AGN (type 1) 45.72 0.340 234 � � � (e) 
IRAS 13218 + 0552 0 .2051 1008 AGN (type I) 80 � � 

IRAS F13342 + 3932 0 .179 31 868 AGN (type I) 95 � � 

Mrk 273 0 .037 78 167 AGN 44.16 0.080 139 � � � (e) 
HE 1353 −1917 0 .035 02 154 AGN 44.23 ∗ 2.3 � � (p) 
SDSS J1356 + 1026 0 .122 97 575 AGN 46 0.43 20 � � (e) 
3C 298 1 .438 12 10357 AGN (type I) 46.99 0.276 930 � � (q) 
VV 705: NW 0 .040 19 177 comp. 120 � � 

Mrk 876 0 .129 605 AGN (type I) 45.84 0.93 6.5 � ( � ) (e) 
IC 5063 0 .011 35 49 AGN 44.30 0.9 0.6 � � (e) 

Notes . Columns: (1): Galaxy name, (2): redshift, (3): luminosity distance, (4): optical class, star forming (SF), A GN-dominated (A GN) or composite 
(comp.), (5): AGN luminosity, ∗: no estimate of total bolometric luminosity, some galaxies ha ve no a vailable X-ray, IR or [O III ] data to calculate L AGN , 
(6): AGN contribution, (7): star formation rate, ∗∗: SFR of both galaxies, (8)–(10): evidence of outflow in the ionized (io), neutral atomic (no) and 
molecular (mo) phase, ∗∗∗: neutral outflow estimate from Rupke et al. ( 2017 ), ( � ) means there exist an estimate for the upper limit of the outflow mass 
rate (11): references for AGN luminosity: (a): Veilleux et al. ( 2009 ), (b): Alonso-Herrero et al. ( 2011 ), (c): Iw asaw a et al. ( 2011 ), (d): Pereira-Santaella 
et al. ( 2011 ), (e): Fluetsch et al. ( 2019 ) and references therein, (f): this work, derived from [O III ] luminosity, (g): Burtscher et al. ( 2015 ), (h): Yamada 
et al. ( 2018 ), (i): Nardini et al. ( 2010 ), (j): Laha et al. ( 2018 ), (k): Farrah et al. ( 2003 ), (l): Franceschini et al. ( 2003 ), (m): Imanishi & Saito ( 2014 ), (n): 
Alonso-Herrero et al. ( 2011 ), (o): Brusa et al. ( 2015 ), (p): Husemann et al. ( 2019 ), (q): Runnoe, Brotherton & Shang ( 2012 ) 
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Table C3. Ionized outflow properties. 

Galaxy M OF,ion r OF,ion v OF,ion n e log( L H α /(erg s −1 ) 
(M �) (kpc) (km s −1 ) (cm 

−3 ) 
(1) (2) (3) (4) (5) (6) 

MUSE sample 
IRAS 13120 −5453 6.47 0.3 780 500 41.30 
IRAS 13229 −2934 6.19 0.43 410 520 41.01 
Mrk 463 ∗ 6.32 1.2 790 540 41.14 
IRAS 14378 −3651 6.65 1.1 740 500 41.48 
IRAS 15115 + 0208 5.95 1.2 300 250 40.77 
IRAS 17207 −0014 5.76 1.1 610 250 41.89 
IRAS 19542 + 1110 6.67 0.87 670 1030 41.49 
IRAS 20100 −4156 9.06 3.2 900 470 43.87 
IRAS 20551 −4250 6.82 1.8 440 170 41.64 
IRAS 21453 −3511 6.29 1.2 300 270 41.11 
IRAS 23060 + 0505 8.08 2.1 1090 720 42.90 
IRAS 23128 −5919 7.30 2.6 520 500 42.13 

Extended sample 

NGC 253 6.60 0.66 200 700–2000 n/a 
NGC 1433 4.50 0.11 370 n/a 39.33 
NGC 1614 7.98 1.7 350 n/a n/a 
IRAS 05189 −2524 6.60 3 300 ∗∗ 41.42 
IRAS 07599 + 5506 5.72 8 160 ∗∗ 40.54 
IRAS 08572 + 3915 5.62 2 760 n/a n/a 
zC400528 8.48 3 800 n/a 43.30 
XID 2028 8.11 13 1500 1000-3000 42.93 a 

IRAS 10565 + 2448 6.58 5 240 n/a n/a 
ESO 320 −G030 6.70 0.31 100 n/a n/a 
Mrk 231 5.67 3 260 n/a 39.91 
IRAS 13218 + 0552 7.50 12 320 ∗∗ 42.32 
IRAS F13342 + 3932 7.98 10.7 200 ∗∗ 42.81 
Mrk 273 6.77 4 370 n/a n/a 
HE 1353 −1917 6.14 0.2 480 214/1500 ∗∗∗ 40.97 
SDSS J1356 + 1026 7.53 12 230 � 850 42.35 
3C 298 ∗ 8.73 4 1550 270 43.55 
VV 705: NW 6.36 3 230 n/a n/a 
Mrk 876 6.71 8 200 ∗∗ 41.53 
IC 5063 ∗ 5.70 0.5 800 770 ∗∗∗∗ 40.50 

Notes . Columns: (1): Galaxy name, (2) ionized gas mass of the outflow, (3): radius of the ionized 
outflow in kpc, (4): ionized outflow velocity, (5): electron density from our work or the rele v ant paper 
(see caption of Table C5 ) and (6) H α luminosity of the broad (outflowing) component. ∗: these galaxies 
have a radio excess (see text). ∗∗: no numerical values provided in Rupke et al. ( 2017 ), but density 
maps are shown in the paper. ∗∗∗: for north-east and south-west regions, see Husemann et al. ( 2019 ) 
for details ∗∗∗∗: value at the centre a : converted from H β luminosity. 
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Table C4. Neutral outflow properties. 

Galaxy �v b D τ C f r OF,neu 

(km s −1 ) (km s −1 ) (kpc) 
(1) (2) (3) (4) (5) (6) 

MUSE sample 
IRAS 10257 −4339 −72 97 2.8 0.093 1.5 

−378 153 4.0 0.091 
IRAS 13120 −5453 −51 222 0.40 0.642 3.1 

−477 520 0.15 1.000 
IRAS 14378 −3651 −119 291 0.50 0.478 2.5 

−861 352 0.19 0.216 

IRAS 15115 + 0208 −179 156 0.10 0.999 5.1 
IRAS 17207 −0014 −276 296 0.55 0.690 3.0 
IRAS 19542 + 1110 −473 263 0.53 0.417 0.6 
IRAS 20100 −4156 −123 121 4.2 0.091 1.6 

−379 168 2.2 0.624 
IRAS 20551 −4250 −92 30 0.02 0.903 2.9 

−524 139 1.8 0.043 
IRAS 21453 −3511 −109 100 0.18 0.278 3.0 

−307 219 0.04 0.988 

Notes . Parameters of the outflowing components in the Na I D fitting. If there are 
se veral outflo wing components, the parameters for each component are on dif ferent 
rows. Columns: (1): Galaxy name, (2) velocity offset in km s −1 (3): Doppler linewidth 
(4): optical depth, (5): local co v ering factor, and (6) neutral atomic outflow radius. 
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Table C5. Outflow properties of the sample. 

Galaxy Ṁ OF , ion Ṁ OF , neu Ṁ OF , mol References 
(M � yr −1 ) (M � yr −1 ) (M � yr −1 ) 

MUSE sample 
IRAS 10257 −4339 15.8 11.27 ( α), (1) 
IRAS 13120 −5453 3.1 108 1134 (a), ( α), (1) 
IRAS 13229 −2934 0.60 (a), 
Mrk 463 1.43 (a) 
IRAS 14378 −3651 1.23 45.2 204 (a), ( α), (1) 
IRAS 15115 + 0208 0.09 6.59 54.6 (a), ( α), (1) 
IRAS 17207 −0014 0.13 82.9 176 (a), (1) 
IRAS 19542 + 1110 2.9 13.8 (a), ( α) 
IRAS 20100 −4156 130 61.1 1435 (a), ( α), (1) 
IRAS 20551 −4250 0.66 14.8 263 (a), ( α), (1) 
IRAS 21453 −3511 0.95 4.22 (a), ( α) 
IRAS 23060 + 0505 26 ≤504 (a), (1) 
IRAS 23128 −5919 1.62 (a), 

Extended sample 
NGC 253 0.49 3.34 (b), (1) 
NGC 1433 0.05 0.63 (a), (1) 
NGC 1614 8.42 62.9 20.9 (c), ( β), (1) 
IRAS 05189 −2524 0.16 40.4 216 (d), ( γ ), (1) 
IRAS 07599 + 5506 0.004 32.3 (d), ( γ ) 
IRAS 08572 + 3915 0.07 11.3 365 (e), ( δ), (1) 
zC400528 32 323 (f), (2) 
XID 2028 6.1 110 (g), (3) 
IRAS 10565 + 2448 0.07 37.7 92.1 (e), ( δ), (1) 
ESO 320 −G030 0.68 37.0 1.0 (c), ( β), (1) 
Mrk 231 0.017 38.8 323 (e), ( γ , δ). (1) 
IRAS 13218 + 0552 0.35 3.85 (d), ( γ ) 
IRAS F13342 + 3932 0.71 4.86 (d), ( γ ) 
Mrk 273 0.22 9.5 187 (e), ( δ), (1) 
HE 1353 −1917 1.36 29.2 (h), (4) 
SDSS J1356 + 1026 0.26 117 (i), (1) 
3C 298 84 636 (j), (5) 
VV 705: NW 0.07 27.8 (e), ( δ) 
Mrk 876 0.05 ≤609 (d), (1) 
IC 5063 0.30 21.2 (k), (1) 

Notes . Columns: (1): Galaxy name, (2): ionized mass outflow rate, (3): molecular mass 
outflow rate, (4): neutral outflow rate, (5) references: ionised outflow: (a): this work, 
(b): Westmoquette, Smith & Gallagher ( 2011 ), (c): Arribas et al. ( 2014 ), (d): Rupke 
et al. ( 2017 ), (e): Rupke & Veilleux ( 2013 ), (f): Herrera-Camus et al. ( 2019 ), (g): Cresci 
et al. ( 2015 ), (h): Husemann et al. ( 2019 ), (i): Greene, Zakamska & Smith ( 2012 ), (j): 
Vayner et al. ( 2017 ), (k): Morganti et al. ( 2007 ); neutral outflow: ( α): this work, ( β): 
Cazzoli et al. ( 2016 ), ( γ ): Rupke et al. ( 2017 ), ( δ): Rupke & Veilleux ( 2013 ); molecular 
outflow: (1): Fluetsch et al. ( 2019 ) and references therein, (2): Herrera-Camus et al. 
( 2019 ), (3): Brusa et al. ( 2018 ), (4): Husemann et al. ( 2019 ) (5): Vayner et al. ( 2017 ) 
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PPENDIX  D :  KINEMATIC  MAPS  

n this section, we show the maps of all galaxies in our sample with an
utflow in at least one phase. In panel (a), we show the flux of H α,
O III ], the gas velocity and gas velocity dispersion of the narrow
top) and broad (bottom) component. Some galaxies do have two 
omponents, but we still do not classify the broad component as an
utflow, because the components are not kinematically distinct and/or 
he broad component is not strong enough to be larger than 3 σ in the
ntegrated spectrum (panel d). In panel (b), the sodium absorption 
rofile as well as the He I emission line is shown. Panel (c) depicts
he velocity ( v 50 ) and the gas velocity dispersion of the different
omponents. Finally, panel (d) shows the integrated spectrum of the 
alaxy co v ering all main emission lines. 
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5770 A. Fluetsch et al. 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D1. IRAS 20100 −4156. 
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Multiphase outflows in (U)LIRGs 5771 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D2. IRAS 23128 −5919. 
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5772 A. Fluetsch et al. 

(a)

(b)

(d)

(c)

Figure D3. IRAS 14378 −3651. 
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Multiphase outflows in (U)LIRGs 5773 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D4. IRAS 15115 + 0208. 
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5774 A. Fluetsch et al. 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Integrated spectrum: The spectrum is shown in light blue, the three component fit in red, the narrow, broad and very broad
components of H and H in blue, cyan and green, respectively.

Figure D5. IRAS 23060 + 0505. 
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Multiphase outflows in (U)LIRGs 5775 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D6. IRAS 17207 −0014. 
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5776 A. Fluetsch et al. 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D7. IRAS 13229 −2934. 
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Multiphase outflows in (U)LIRGs 5777 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D8. Mrk 463. 
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5778 A. Fluetsch et al. 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D9. IRAS 19542 + 1110. 
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Multiphase outflows in (U)LIRGs 5779 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D10. IRAS 20551 −4250. 
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5780 A. Fluetsch et al. 

(a) Maps of the ionized gas. Although two components are shown, they are not kinematically distinct and we therefore do not classify the broad component as
an outflow

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue and the one component fit in dark blue.

Figure D11. IRAS 10257 −4339. 
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Multiphase outflows in (U)LIRGs 5781 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D12. IRAS 21453 −3511. 
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5782 A. Fluetsch et al. 

(a) Maps of the ionized gas

(b) Integrated spectrum of the He I emission and the sodium absorption feature
(blue) with fit (red)

(c) Maps of the neutral atomic gas

(d) Integrated spectrum: The spectrum is shown in light blue, the two-component fit in green, the one component fit in dark
blue and for the broad components of H and H in cyan.

Figure D13. IRAS 13120 −5453. 

MNRAS 505, 5753–5783 (2021) 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/505/4/5753/6298251 by Luisa Ferrini user on 12 M
arch 2024

art/stab1666_fd13.eps


Multiphase outflows in (U)LIRGs 5783 

(a) Maps of the ionized gas

(b) Integrated spectrum: The spectrum is shown in light blue, the three component fit in red, the narrow, broad and very broad
components of H and H in blue, cyan and green, respectively.

Figure D14. IRAS 00509 + 1225. 
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