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ABSTRACT

Context. Ultraluminous infrared galaxies (ULIRGs) are characterised by extreme starburst (SB) and active galactic nucleus (AGN)
activity, and are therefore ideal laboratories to study the outflow phenomena and their feedback effects. We have recently started the
“Physics of ULIRGs with MUSE and ALMA” (PUMA) project, a survey of 25 nearby (z < 0.165) ULIRGs observed with the integral
field spectrograph MUSE and the interferometer ALMA. This sample includes systems with both AGN and SB nuclear activity in the
pre- and post-coalescence phases of major mergers.

Aims. The main goals of the project are: (i) study the prevalence of (ionised, neutral and molecular) outflows as a function of the
galaxy properties, (ii) constrain the driving mechanisms of the outflows (e.g. discriminate between SB and AGN winds), (iii) identify
and characterise the presence of feedback effects on the host galaxy. In this first paper, we present details on the sample selection,
MUSE observations and data reduction, and the derivation of first high-level data products.

Methods. MUSE data cubes are analysed to study the dynamical status of each of the 21 ULIRGs so far observed, taking into account
the stellar kinematics and the morphological properties inferred from MUSE narrow-band images. We also locate the ULIRG nuclei,
taking advantage of near-infrared (HST) and mm (ALMA) data, and study their optical spectra to infer (i) the ionisation state via
standard optical line ratio diagnostics, and (ii) the presence of outflows in both atomic ionised ([OIII], He) and neutral (NalD) gas.
Results. We show a good consistency between the morphological and stellar kinematic classifications, proving that post-coalescence
systems are more likely associated with ordered motions, while interacting (binary) systems are dominated by non-ordered and
streaming motions. We also find broad and asymmetric [OIII] and NalD profiles in almost all nuclear spectra, with linewidths in the
range [300 —2000] km/s, possibly associated with AGN- and SB-driven winds. This result reinforces previous findings indicating that

outflows are ubiquitous during the pre- and post-coalescence phases of major mergers.
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1. Introduction

Theory and observations suggest that galaxies are open systems
that evolve into a quasi-stationary state, where flows of baryons
determine the growth and evolution of their stellar populations
and the supermassive black hole (BH) at their center (see e.g.
Schaye et al. 2010; Bothwell et al. 2013; Sanchez Almeida et al.
2014; Hopkins et al. 2016; Naab & Ostriker 2017; Dekel et al.
2019). Gas accretion from the cosmic web or from merging in-
teractions trigger star formation (SF) and active galactic nuclei
(AGN) activity; in turn, the energy released by the AGN and the
stars heat and push the surrounding interstellar medium (ISM),
regulating with feedback mechanisms the formation of new stars
and the accretion onto the BH (e.g. Silk 2013; Hopkins 2012;
Hopkins et al. 2016). The role of these outflows is believed to
be crucial, as they not only regulate (and possibly quench) SF,
but also redistribute dust and metals over large distances within
the galaxy, or even expel them into the circumgalactic and inter-
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galactic media (e.g. Veilleux et al. 2005, 2020). In this scenario,
the galaxy mass function (e.g. Somerville & Davé 2015), the
mass-metallicity relation (Maiolino & Mannucci 2019), and the
black hole-spheroid mass correlation (Kormendy & Ho 2013),
are shaped by outflows.

Although this general scenario is relatively well established,
many details of the processes involved remain largely unknown.
An intrinsic difficulty is associated to the fact that the self-
adjusted balance among gas accretion, gas outflow and SF/AGN
activity depends on the coupling between physical processes that
involve multi-phase (ionised, neutral and molecular) gas at very
different physical scales, from cosmic web structures and merg-
ers to molecular clouds (where SF occurs), and the vicinity of
the BH (Sanchez Almeida et al. 2014).

In recent years, the study of outflows at high-z has gained
much interest. Being the Early Universe characterised by
episodes of intense SF and AGN activity (Madau & Dickinson
2014), models predict that the presence of powerful outflows had
a key role in shaping primeval galaxies and their subsequent evo-
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lution (e.g. Ceverino et al. 2018; Pillepich et al. 2018; Davé et al.
2019). Although the observational constraints provided by cur-
rent facilities are limited, they indeed suggest that galactic winds
are highly prevalent at the peak of SF (z ~ 1-3; e.g. Genzel et al.
2014; Brusa et al. 2015; Carniani et al. 2016; Foerster-Schreiber
et al. 2018; Villar Martin et al. 2020; Kakkad et al. 2020), and
may be extremely powerful at very early epochs (e.g. Maiolino
et al. 2012; Bischetti et al. 2019).

Local ultraluminous infrared galaxies (ULIRGs, with rest-
frame [8 — 1000 um] Lz in excess of 10'2L®) are powered
by strong SBs (Genzel et al. 1998) and/or AGN (Nardini et al.
2010), and therefore are ideal laboratories to study the outflow
phenomena. While scarce in the nearby universe, luminous star-
forming galaxies (SFGs) are much more numerous at high-z, be-
ing responsible for ~ 50% of the total star-formation rate (SFR)
density at z ~ 2 when their number density is a factor ~ 800x
higher than locally (e.g., Pérez-Gonzdlez et al. 2005; Magnelli
et al. 2013; Casey et al. 2014). For high-z luminous SFGs, how-
ever, some properties may differ of those of their local counter-
parts. While local ULIRGs are dominated by strong interactions
and major mergers, recent morphological studies have found that
distant luminous SFGs appear to be a mixture of merging, inter-
acting systems and disk galaxies (e.g., Arribas et al. 2012; Kar-
taltepe et al. 2012; Kaviraj et al. 2013; Hung et al. 2014; Alcorn
et al. 2019; Wisnioski et al. 2018), and, therefore, a fraction may
maintain their large observed SFRs by continuous gas accretion
via cold gas flows and minor mergers (Ocvirk et al. 2008; Dekel
et al. 2009). Nevertheless, local ULIRGs offer the opportunity of
investigating the properties of strong outflows and their feedback
effects at similar SFR levels that observed at high-z, but at much
higher spatial resolution and signal-to-noise ratio.

ULIRGs have been in the past the target of numerous stud-
ies, which have demonstrated the presence of ionized (e.g. Heck-
man et al. 1990; Colina et al. 1999; Bedregal et al. 2009; Col-
ina et al. 2012; Westmoquette et al. 2012; Rupke & Veilleux
2013a; Rodriguez Zaurin et al. 2013; Bellocchi et al. 2013; Ar-
ribas et al. 2014; Rich et al. 2011, 2015), neutral (e.g. Martin
2005; Rupke et al. 2005a,b,c; Rupke & Veilleux 2013a; Cazzoli
et al. 2016), and molecular (e.g. Feruglio et al. 2010; Sturm et al.
2011; Spoon et al. 2013; Veilleux et al. 2013; Rupke & Veilleux
2013b; Cicone et al. 2014; Emonts et al. 2018; Pereira-Santaella
et al. 2018; Fluetsch et al. 2019) outflows. Most of these previous
works, however, are limited to the study of a specific gas phase,
or have resolutions unable to trace in detail the outflow structure.

To overcome these limitations, we have recently started a
project aimed at studying the outflow phenomena in a sample of
25 representative ULIRGs, based on integral field spectroscopy
(IFS) with MUSE at the VLT and interferometric ALMA data
(PUMA: “Physics of ULIRGs with MUSE and ALMA”). The
combination of the data provided by these two facilities offers
the possibility to study the multi-phase structure of the outflow at
sub-kpc angular resolutions over a field of view (FOV) that cov-
ers the main body of the system. The key goals of this project
include: i) to study prevalence of outflows as a function of the
galaxy and BH properties, ii) to establish the relative role of the
different gas phases in gas flows, iii) to constrain the driving
mechanisms of the outflow (e.g. discriminate between SB and
AGN driven winds), iv) to identify and characterise the presence
of negative and/or positive feedback, and quantify their effects
on the host galaxy. The first such a detailed study of the multi-
phase, galaxy-scale outflows has been recently presented for the
closest ULIRG in our sample, Arp 220 (Perna et al. 2020).

In this paper, we present the MUSE data for the entire PUMA
sample, required to trace and characterise the ionized and neu-
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tral components of the outflows, while in Pereira-Santaella et
al. (in prep.) we describe the associated ALMA data to study
the molecular phase. The present MUSE data represent a sig-
nificant improvement in quality with respect to previous sur-
veys of ULIRGs based on the use of first generation IFS in-
struments like INTEGRAL (Garcia-Marin et al. 2009a,b) and
VIMOS (Arribas et al. 2008). The MUSE data presented here
will also provide a complementary view of outflow phenomena
with respect to other MUSE surveys, for instance targeting local
Seyfert galaxies (e.g. MAGNUM, Mingozzi et al. 2019; CARS,
Husemann et al. 2019), whose outflows would likely originate
from AGN, or galaxies with prominent nuclear rings and bars
(TIMER, Gadotti et al. 2019), whose outflows would probably
originate from AGN/SB activity triggered by secular processes.

The present manuscript is organized as follows. In Sect. 2
we describe the sample selection. Section 3 presents the MUSE
observations and data reduction. In Sect. 4 we describe the
main morphological properties of our ULIRGs, as inferred from
MUSE optical continuum and line features structure, and from
HST near-infrared (near-IR) images. In Sect. 5 we describe the
dynamical status of each ULIRG, taking into account the mor-
phological properties and the stellar kinematics derived in this
work. Section 6 presents the nuclear gas properties inferred from
the analysis of MUSE spectra, in terms of ionisation conditions
and presence of multi-phase (ionised and neutral) outflows. Fi-
nally, Sect. 7 summarises our conclusions. Throughout this pa-
per, we adopt the cosmological parameters Hy = 70 km/s/Mpc,
Q,, =03 and Q =0.7.

2. Sample selection

The PUMA project is designed to investigate the main properties
of outflows in a representative distance-limited (< 800 Mpc, z <
0.165) sample of ULIRGs. The targets are selected to cover the
widest possible range in host galaxy properties, like: (i) activity
class (i.e., considering systems with both AGN and SB nuclear
activity); (ii) interaction stage (from advanced interacting pairs
to mergers); and (iii) 8 — 1000 um IR luminosity.

The parent sample is assembled from the IRAS 1 Jy Sur-
vey (Kim & Sanders 1998), the IRAS Revised Bright Galaxy
sample (Sanders et al. 2003), and the Duc et al. (1997) cata-
logue. From these surveys, we select ULIRGs with declination
between —65 and +20 degrees, and within the required distance
range (i.e. z < 0.165). We also request the targets to have mid-IR
Spitzer spectroscopy, to reliably estimate the AGN contribution
even if it is completely obscured at optical wavelengths (e.g.,
Veilleux et al. 2009, 2013; Spoon et al. 2013). More than 80%
of the general population of ULIRGS are in close pairs or in al-
ready coalescence systems (Veilleux et al. 2002). Therefore, we
focus our sample on advanced interacting systems with nuclear
projected separations smaller than 10 kpc (i.e., systems classi-
fied as IIIb, IV and V under the Veilleux et al. 2002 scheme).
There are 44 systems fulfilling all these criteria, from which we
select 23 objects which uniformly sample the parameter space
discussed above. In particular, about half (12) of the systems are
pre-mergers of type IIIb (interacting stage hereinafter), while the
rest of targets are in the later type IV and V (merger) stages.

The AGN contribution to the total bolometric luminosity,
a4Gn, has been derived considering the 30 to 15 um flux ratio
(following Veilleux et al. 2013): a median value of 32% is ob-
tained for both the selected sample of 23 targets, as well as for
the parent sample of 44 objects. We will consider targets with
aacy above this median value as significantly affected by the
AGN. We also add to the group of 23 targets the Arp220 system
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Fig. 1. Sample properties. Parent sample formed by the 44 targets that meet the selection criteria (empty and solid blue circles), and the 25 objects
selected for the MUSE-ALMA sample (filled blue circles), including Arp220 (green) and IZw1 (red). See text for selection details. Left: interacting
class classification, according to the Veilleux et al. (2002) scheme, versus contribution of the AGN to the total luminosity, according to method
6 of Veilleux et al. (2009). The vertical green line distinguishes between interacting galaxies and mergers in a more simplified classification; the
horizontal line is used to separate SB and AGN targets. Right: redshift versus IR luminosity. For IZw1 the bolometric luminosity is considered

instead of L.

(despite of having a slightly higher declination) and the IZwl
galaxy (whose infrared luminosity does not meet the ULIRG
criterion, though L, > 10'2 Ly). These two systems are of-
ten considered archetypical of the local luminous SB (Arp220)
and type-1 AGN (IZw1). Their inclusion does not alter either
the AGN/SB, nor the interacting/merger distributions, as each of
these targets belongs to one of these categories.

We finally note that all but three sources obey the well known
radio—far-IR correlation, with a mean g-parameter of 2.37 (Yun
et al. 2001). The only source with an excess in its radio emission
is F13451+1232, with ¢ = —0.34. This object hosts the powerful
radio source 4C 12.50, with its twin-jet morphology (Lister et al.
2003). The systems 20087—-0308 and F22491-1808 are instead
associated with an infrared excess (¢ = 3.009 and 3.025, respec-
tively; Yun et al. 2001), possibly indicating the presence of dust
enshrouded AGN or compact SBs.

The so far presented properties of the final sample of 25 sys-
tems are reported in Table 1. The left panel of Fig. 1 shows the
distribution of the PUMA systems in the @ 4gy— interacting class
(IC) space: the horizontal line separates SB from AGN systems,
while the vertical line separates interacting from merger targets.
Our selected sources uniformly sample this two-dimensional pa-
rameter space. In addition, the selected objects also uniformly
sample the ULIRG luminosity range (right panel of Fig. 1).

3. MUSE observations

MUSE observations were conducted as part of our programme
“Sub-kpc multi-phase gas structure of massive outflows in Ul-
traluminous Infrared Galaxies” (ESO projects 0103.B-0391(A)
and 0104.B-0151(A), PI: Arribas). The observations presented
in this paper were carried out with VLT/MUSE in its adaptive-
optics assisted Wide-Field Mode (AO-WFM; Bacon et al. 2010).

MUSE observations cover a 60" x 60" field of view (FOV)
with a sampling of 0.2 X 0.2”, resulting in a dataset of ~ 90000
individual spectra. We used the nominal instrument setup, with
a spectral coverage from 4750 to 9350 A and a mean resolution
of 2.65 A (FWHM). Because of the use of AO with sodium laser
guide system, the wavelength range 5800 — 5970 A is blocked,
to avoid contamination and saturation of the detector by sodium
light. Note that for our sources the NalD feature is redshifted
outside this wavelength range.

The requested observations were distributed in three 40-
minutes observing blocks (OBs) with a total integration time of
2 hours on source for all ULIRGs systems. We split the expo-
sures in each OB into four (dithered and 90°-rotated) frames of
612 s each. Observations were performed with seeing ~ 1”; the
root mean square of the flux variation was ~ 1%, as measured at
night by the VLT DIMM station.

70 percent of the MUSE targets (i.e. 17 out the 25) have
been observed as part of our programs. A few sources have
not been observed with all requested time: for instance, only
one frame has been obtained for the source F16090-0139. Ad-
ditional frames have been instead obtained for 07251-02448,
F11095-0238 and IZw1, as their first observations were classi-
fied as Grade C. In our analysis, we combined all these addi-
tional frames, after verifying that their inclusion does not affect
negatively the quality of the final data cubes.

MUSE archival data exist for 4 out of the 8 remaining tar-
gets: 13120-5453, F14378-3651, 17208-0014 and F22491-1808
(already presented in Fluetsch et al. 2020"). These sources have
been observed in seeing-limited WFM, and with ~ 30 minutes
exposure times. Because of the good seeing conditions during
their observations, we decided to include the archival data of
these four targets in our analysis.

Therefore, our PUMA Survey so far consists of 21 ULIRGs
observed with MUSE-WFM; information about the MUSE data
used in this work are collected in Table 2. At the mean distance
(~ 400 Mpc) the MUSE spaxel scale, resolution and FoV corre-
spond to 0.34 kpc, 1 kpc and ~ 100 x 100 kpc?, respectively.

3.1. Data reduction and astrometry registration

MUSE observations were reduced using the MUSE EsoReflex
pipeline recipes (muse - 2.6.2), which provide a fully calibrated
and combined MUSE data cube. In the last step of our data re-
duction, we identified and subtracted the residual sky contami-
nation in the final data-cube using the Zurich Atmosphere Purge
(ZAP) software package (Soto et al. 2016; see e.g. Sect. 3 in
Perna et al. 2020).

! Seven of our selected sources are also part of the sample presented in
Fluetsch et al. (2020): IZW1, 20100-1651 and 19542+1110, for which
we present higher quality data, as well as 13120-5453, F14378-3651,
17208-0014 and 22491-1808.
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Table 1. Sources in the PUMA Survey of ULIRGs.

IRAS ID (Other) RA DEC D log Lir q SB/AGN AAGN optical morph  IC NS
om0 (Mpe) (Lo) type (kpc)
1 (2) (3) 4) (5) (6) ) (8) [©)] (10) (11) (12)  (13)
F00091-0738 00:11:43.27 -07:22:07.34 519 12.27£0.03  2.81 AGN 0.46(0.58) HIT - 1 1IIb 2.3
F00188-0856 00:21:26.51 —-08:39:25.99 563 1241 +£0.04 232 AGN 0.50(0.35) LI(N)ER Sy 2 M vV <03
F00509+1225 (IZw1) 00:53:34.93  +12:41:35.94 243  1130+005' 251 AGN 0.92 Sy 1 Sy 1 M IVb <0.2
F01572+0009 (Mrk 1014) 01:59:50.25 +00:23:40.88 717 12.63 £0.03  2.01 AGN 0.65(0.27) Sy 1 Sy 1 M IVb <04
F05189-2524 05:21:01.40 -25:21:45.30 189 12.17£0.01 272 AGN 0.72(0.30) Sy 2 Sy 2 M IVb <0.1
07251-0248 07:27:37.61 —02:54:54.25 390 1241 +£0.04 276 SB 0.30(0.39) - HII 1 1IIb 1.8
09022-3615 09:04:12.71 -36:27:01.93 268 1230 £0.01  2.21 AGN ?  0.54(0.09) HIT HII M Iva <0.1
10190+1322 10:21:42.94 +13:06:53.83 343 12.05+0.03 241 SB 0.17 HIT HIT I b 7.2
F11095-0238 11:12:03.38 —02:54:22.94 477 1228 +0.03  2.15 AGN 0.44(0.60) LI(N)ER ? I 1IIb 1.1
F12072-0444 12:09:45.12 -05:01:13:31 573 1240 £0.03  2.55 AGN 0.75(0.41) Sy 2 Sy 2 1 1IIb 2.3
F12112+0305 12:13:46.06 +02:48:41.53 329 1233 £0.02  2.65 SB 0.17 LI(N)ER - I b 4.18
13120-5453 (WKK 2031) 13:15:06.32 -55:09:22.82 139 12.25+£0.03 291 AGN 0.33(0.01) Sy 2 Sy 2 M IVb <0.1
F13451+1232 13:47:33.36  +12:17:24.24 542 1231 £0.04 -0.34 AGN 0.82(0.60) Sy 2 Sy 2 I b 4.3
F14348-1447 14:37:38.28 —15:00:24.24 370 12.35+0.02 237 SB 0.17(0.04) LI(N)ER ? I b  5.45
F14378-3651 14:40:59.01 -37:04:31.93 302 12.13£0.02 235 AGN 0.21(0.01) Sy2 Sy 2 M Iva <0.1
F15327+2340 (Arp220) 15:34:57.22  +23:30:11.50 82 12.17 £0.01  2.61 SB 0.06(0.17) LI(N)ER LI(N)ER 1 b 0.37
F16090-0139 16:11:40.42 -01:47:06.35 592 1257 £0.02 234 SB 0.41(0.24) LI(N)ER HII M IVa <0.72
F16156+0146 16:18:09.37 +01:39:21.76 585 12.11 £0.06  2.18 AGN 0.70(0.40) Sy 2 - I b 8.26
17208-0014 17:23:21.96  —00:17:00.86 189 1250 £0.02 270 SB 0.00 (0.11) HIT LI(N)ER M IVb <0.1
F19297-0406 19:32:22.30 -04:00:01.80 376 12.40+£0.02 249 SB 0.23(0.01) HII ? 1 mb 1.1
19542+1110 19:56:35.78 +11:19:05.03 284 12.12£0.04 255 SB 0.26(0.04) LI(N)ER LI(N)ER M IVb <0.1
20087-0308 20:11:23.87 —-02:59:50.71 463 1244 £0.03  3.01 SB 0.20(0.03) LI(N)ER LI(N)ER M Iva <09
20100-4156 20:13:29.56 —41:47:35.21 571 12.64 £0.02 249 SB 0.26(0.20) HII LI(N)ER 1 1IIb 6.5
F20414-1651 20:44:18.16 —16:40:16.82 381 1230 £0.08  2.47 SB 0.00 HIT - M IVb <0.2
F22491-1808 22:51:49.24 —17:52:23.66 339 12.19+£0.03  3.03 SB 0.15 HIT HIT I 1IIb 2.7

Note. Column (1): IRAS identification code (alternative name); (2) and (3): RA and DEC coordinates of the ULIRG nuclei, from this work; for
binary systems, we report the coordinates of the near-IR brightest nucleus; (4): Hubble distance (from NED); (5): IR luminosity; (6): q radio-IR
parameter (Condon et al. 1991); (7): simplified AGN/SB classification based on the information provided in columns (8) and (9); (8): fraction of
AGN contribution to Ly, derived from the 30 to 15 um flux ratio (f30/f15). Note that this ratio gives a good first order approach to contribution of
the AGN to L;,;, as it agrees within 10 — 15% to the average value of the six methods considered in Veilleux et al. (2009). In order to homogenise
the various calibrations of this ratio, we have taken as reference the results of Veilleux et al. (2013) and fit a second order polynomial to the
log(f30/f15) function. The flux ratio values are from Veilleux et al. (2009, 2013) and Spoon et al. (2013). In brackets values according Nardini
et al. (2010) method, which is based on the analysis of the 5 — 8 um spectral range; (9-10) optical spectral type according to Veilleux et al. (2009,
2013), in column 9, and according to our classification obtained from nuclear spectra (Sect. 6), in column 10; (11): simplified morphology classes
(I: interacting, M: mergers). See text for details; (12): IC according to the scheme by Veilleux et al. (2002), obtained from Veilleux et al. (2009) or
derived from HST imaging; (13): Nuclear Separation, from Veilleux et al. (2009), Duc et al. (1997), and Kim et al. (2013).

! [40 - 500] um IR luminosity from Petric et al. (2015). Note that this target does not meet the infrared luminosity criterion for being a ULIRG
(though L;,; > 10" L), but it has been included as usually considered an archetypical type-1 AGN.

2 No HST images are available for F16090-0139; therefore, the NS upper limit has been obtained on the basis of our ALMA images (Pereira-
Santaella et al., in prep).

3 F19297-0406, originally associated with a single nucleus (Kim et al. 2013), is here classified as a IIIb system, because of the detection of
two nuclei in near-IR HST and ALMA (Pereira-Santaella et al., in prep) images.

We estimated the spatial resolution from the foreground stars
in the MUSE FOV for all but Arp220 and F11095-0238, for
which no stars are detected. For each bright star in the FOV, we
performed a 2D Gaussian fit, and derived an estimate for the an-
gular resolution from the FWHM of the Gaussian fit. The spatial
resolution in the data cube of F11095—-0238 has been obtained
from a 2D Gaussian fit of the broad line region (BLR) emission
ofaQSOatz ~ 2.2 (CXOGSG J111204.2-025415); Arp220 spa-
tial resolution has been taken from Perna et al. (2020). Overall,
thanks to the MUSE seeing enhancer mode (and the good see-
ing conditions during the acquisition of noAO-WFM data), we
reached an average resolution of ~ 0.7”, corresponding to phys-
ical scales in the range ~ 0.2 — 2 kpc depending on the redshift
of the system (Table 2).

The astrometric registration has been performed using the
Gaia DR2 catalog (Gaia Collaboration 2018). We created contin-
uum maps from the MUSE observations (see Sect. 4 and Fig. 2)
where we measured the position of all the Gaia DR2 stars present
in the MUSE FOV. Then, we shifted the MUSE cube astrometric
solution to minimize the difference between the Gaia sky coor-
dinates of these stars and those derived from the MUSE data.
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We took into account the proper motions of the stars as listed
in the Gaia catalog. For most systems, we used between 2 and
35 Gaia stars to perform this correction. For 5 systems (F05189-
2524, F12071-0444, F13451+1232, F14348-1447 and F11095-
0238), less than 2 Gaia stars were available in the MUSE FOV;,
therefore, we used as reference HST optical images (F814W)
whose astrometry was tied to Gaia DR2 using the method de-
scribed above. Then, we used objects detected in both the HST
and MUSE images to determine the MUSE astrometric solution.
HST near-IR images (F160W) astrometry was similarly tied to
Gaia DR2. We estimate an average uncertainty in the MUSE
astrometric solution of 0.15”7(0.7 MUSE spaxels) based on the
comparison between measured and expected coordinates of the
Gaia stars.

4. Stellar and ionized gas distributions

In order to appreciate the MUSE data quality and its scientific
potential, in this section we present three-colour, continuum and
emission line maps built directly from the MUSE data cubes, and
briefly describe the general properties that can be inferred from
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Fig. 2. IZw1 (top) and F14348-1447 (bottom) MUSE images. Left column: colour composite optical image, showing [OIII] (green), He (red)
and continuum emission (blue). Second column: Ha map obtained collapsing the MUSE data cube on the emission line, after subtracting the
continuum using adjacent regions at shorter and longer wavelengths. Third column: Red continuum (~ 8500A) image from MUSE, with contours
from HST/F160W. Right column: continuum colour map obtained from MUSE, by dividing the red continuum image (= 85004) by the blue image
(~ 4500A); contours from HST/F160W. See Appendix C for further details. The cross markers in the panels show the detected satellites in the

MUSE FOV.

them. A full characterization of the systems, similar to the one
obtained for Arp220 (Perna et al. 2020; Catalan Torrecilla et al.,
in prep.), will be presented in future papers.

In particular, in this section we present the maps for two
representative targets in our sample: IZwl1, the type 1 AGN
archetypical, hosted by an ongoing minor-merger (e.g. Schar-
wichter et al. 2007), and the ULIRG F14348-1447, a SB-
dominated interacting system. Colour and flux images for the
remaining targets in our sample are presented in Appendix C.

4.1. Color composite maps

Colour composites of the two representative targets are shown in
Fig. 2 (left column). These maps are built using three images de-
rived by collapsing the MUSE data cubes along the wavelength
direction. The green and red images cover the [OIII]45007
([OIII] hereinafter) and Ha line transitions® (with underlying
continuum emission), respectively; the blue image is associated
with the continuum emission at bluest wavelengths. The blue,
green and red images have identical colour-bar scales and lim-
its, and are combined to obtain an approximation to the actual
relative contributions (and extensions) of [OIII], Ha and stellar
continuum emission in the ULIRGs.

These composites provide a first-order description of the
ULIRGs morphologies. Compact and regular galactic struc-

%2 For each target, we selected the wavelength ranges covering the
[OIII] lines taking into account the line velocity variations observed
across the MUSE FOV; the Ha maps have been constructed in simi-
lar fashion, but reducing the velocity range to avoid the contamination
from the [NII] doublet. The individual wavelength ranges used to pro-
duce composite images are reported in the figures captions in Appendix
C.

tures are observed only in three targets: IZw1 (Fig. 2, top-left),
F00188-0856 (Fig. C.1) and 19542+1110 (Fig. C.74). The re-
maining ULIRGs present irregular morphologies (e.g. elongated
along the merger axis; e.g. Fig. 2, bottom-left) and bright tidal
tails extended over tens of kpc (e.g. Fig. C.22).

The three-colour images also allow us to compare contin-
uum and ionised gas distribution, providing a hint of the phys-
ical processes in the ULIRGs. Ha emission generally matches
the stellar continuum distributions, both in the innermost nuclear
regions, tracing SB or AGN activity, and in the outer regions,
tracing more diffuse ionised gas. Clumpy Ha emission is also
detected along tidal arms. In a few targets, the [OIII] dominates
over continuum and He emission, possibly indicating AGN ion-
isation conditions (see e.g. [Zw1 nuclear and north-west regions
in Fig. 2, top-left).

Finally, these images provide a first-order identification of
foreground stars, generally associated with bright point-like
sources, and galaxies at different redshifts, showing a hetero-
geneous mix of morphologies, colours and sizes (see also e.g.
Perna et al. 2020). Nine ULIRGs in our sample present between
one and two nearby satellites in the MUSE FOV, at projected
distances from =~ 5 to = 50 kpc (see e.g. cross markers in Fig.
2), and with velocities within a few 100s km/s from the ULIRG
systemics (Table A.1). A more detailed description of ULIRGs
structures and environmental properties is reported in Sect. 5.3,
where we combine optical (MUSE) and near-IR (HST) imaging
information with stellar kinematics results.

4.2. lonised gas and continuum emission maps

In Fig. 2 we also display the Hao maps (second column), the red
continuum emission (third column), and the continuum colour
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Table 2. MUSE observations resolutions and exposure times

IRAS ID resolution  seeing  t,y,
(" / kpc) ) (h)

(1) (2) 3) 4)

F00188-0856 0.70/1.60 0.7 0.68
1Zw1 0.70/0.80 0.8 2.72
F01572+0009 0.70/2.00 0.8 2.04
F05189-2524 0.60/0.50 0.7 2.04
07251-0248 0.55/0.45 0.7 2.55
09022-3615 0.60/0.70 0.9 2.04
10190+1322 0.7/1.00 0.8 2.04
F11095-0238 0.75/1.50 0.9 2.72
F12072-0444 0.80/1.90 0.8 0.68
13120-5453* 0.90/0.60 0.9 0.52
F13451+1232 0.75/1.70 0.9 2.04
F14348-1447 0.70/1.10 1.0 0.68
F14378-3651* 0.90/1.10 1.0 0.47
Arp220 0.55/0.20 1.0 0.65
F16090-0139 0.70/1.70 1.1 0.17
17208-0014* 0.55/0.45 0.4 0.39
F19297-0406 0.65/1.05 1.0 2.04
19542+1110 0.70/0.80 0.7 2.04
20087-0308 0.70/1.40 1.1 2.04
201004156 0.60/1.40 0.8 2.04
F22491-1808*  0.50/0.70 0.4 0.41

Note. Column (1): IRAS identification code. (2): measured angular res-
olution at 7000A, and physical scale at the redshift of the detected tar-
get. (3): mean DIMM seeing during the time of the observation. (4) total
integration time.

*: noAO-MUSE observations, from the programs 0102.B-0617(A)
(13120-5453 and F14378-3651) and 0101.B-0368(B) (17208-0014 and
F22491-1808).

maps (right column) for IZw1 and F14348-1447. In the last two
columns, we show the HST/F160W emission with black con-
tours. The Ha maps are obtained by collapsing the MUSE data
cube on the emission line, after subtracting the continuum using
adjacent regions at shorter and longer wavelengths; the red im-
age is associated with the continuum emission at reddest wave-
lengths - but avoiding the range 9000 —9300A (observer-frame),
sometimes affected by bad background subtraction; the contin-
uum colour maps are instead built by dividing the red image by
a blue one, derived by collapsing the MUSE data cube at wave-
lengths around ~ 4500 A. These maps are centred on the position
of the ULIRGs nuclei, corresponding to the peak emission in
the near-IR HST images (black contours in Fig. 2). For F14348-
1447 (and other systems with double nuclei), the zero-position
corresponds to the brightest nucleus in the HST/F160W image.
Hea and continuum emission maps for the entire sample are re-
ported in Appendix C.

The inspection of these images allows us a first identification
of bright star forming clumps in the outermost regions, associ-
ated with strong Ha and blue continuum emissions (e.g. along
the [Zw1 galactic arms in Fig. 2), or old stellar populations with
faint (or absent) Ha and red spectra (e.g. in the [Zw1 west satel-
lite). Tidal tails in our sample show both red and blue continuum
emission (see e.g. Fig. C.22); blue tails are generally associated
with Ha emission, suggesting the presence of certain sign of re-
cent SF (e.g. Yuan et al. 2018).

The ULIRG innermost regions usually show strong
Ha emission and red continuum, also associated with bright
near-IR emission (black contours) in almost all our targets. This
is reasonably due to the severe channelling of gas and dust dur-
ing the merger process, capable of triggering intense AGN and
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SB activities (responsible of the Ha nuclear emission). A non-
perfect match between the MUSE optical and HST near-IR peak
positions is instead observed for 09022-3615, 17208-0014 and
the W nucleus of F22491-1808: These discrepancies could be
explained considering an even higher nuclear extinction, associ-
ated with cold circumnuclear material (Pereira-Santaella et al., in
prep.) or with the presence of dust lanes across the galaxy cores
(see e.g Fig. C.63). Blue nuclear spectra are observed in I[Zwl
(Fig. 2, top-right) and F01572+0009 (Fig. C.9), the two Seyfert
1 galaxies in our sample.

In Appendix C we also report [OIIl] and [SII]A16716,31
maps for all targets. Ha emission is generally brighter and more
extended than [OIII]: the former is generally detected in plumes,
filaments and extended arcs (e.g. Fig. C.32) as well as in com-
pact clumps (e.g. Fig. C.23), possibly indicating the presence of
shocks (e.g. when bright [SI[]116716, 31 is also detected) or SF
activity.

Overall, ionised gas and continuum emission maps display
a great richness in spatial details at different spatial scales. In
all cases, they reveal the presence of different levels of galaxy
interaction and strong nuclear activity, in line with their ULIRG
nature.

5. Dynamical status
5.1. Stellar features modelling

We used the penalized pixel fitting routines (pPXF; Cappellari &
Emsellem 2004; Cappellari 2017) to extract the stellar kinemat-
ics. We made use of the Indo-U.S. Coudé Feed Spectral Library
(Valdes et al. 2004) as stellar spectral templates to model the stel-
lar continuum emission and absorption line systems. The mod-
els, with a spectral resolution of 1.35A, were broadened to the
(wavelength dependent) spectral resolution of the MUSE data
(~ 2.6 — 2.9A) before the fitting process (see e.g. Husser et
al. 2016). pPXF fits were performed on binned spaxels using
a Voronoi tessellation (Cappellari & Copin 2003) to achieve a
minimum signal-to-noise S/N > 16 per wavelength channel on
the continuum in the vicinity of the Mglb transitions. We note
however that in the innermost nuclear regions, a large fraction
of the original spaxels remains unbinned, because of the high
quality of the MUSE data.

The entire wavelength range covered with MUSE (i.e. 4700-
9300A, observer-frame) was used in our analysis to model the
stellar component and recover the stellar kinematics, after mask-
ing all optical emission lines detected in the data cubes. As the
presence of broad emission lines alter the local continuum and
the stellar absorption profiles causing bad pPXF fits, we used
wider masks in the spatial regions where broad profiles are de-
tected; for the two Sy 1 sources, much broader masks were used
for the BLR lines in the innermost nuclear regions. In addi-
tion, we masked the resonant NalD transitions, as both stellar
and interstellar absorption can be at the origin of these lines.
Finally, we excluded from the analysis a narrow wavelength
region at ~ 7630A (observer frame), associated with strong
sky-subtraction residuals, and the region 5800-5970A which is
blocked by a filter to avoid contamination from the AO lasers
(see Sect. 3).

During the fitting procedure, we used fourth-order multi-
plicative Legendre polynomials to match the overall spectral
shape of the data. These polynomials are generally used instead
of an extinction law, which was found to produce worse fits to
the stellar continuum, and allow to correct for small inaccuracies
in the flux calibration (see e.g. Belfiore et al. 2019).
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5.2. Stellar velocity fields and velocity dispersion maps

pPXF best-fit results have been used to derive the systemic red-
shift of the ULIRGsS. In particular, for the sources with one nu-
cleus, we derived the zero-velocity measuring the stellar kine-
matics at the position of the nucleus; when two nuclei are instead
detected, we set the V. = 0 km/s measuring the stellar kinemat-
ics at the position of the brightest nucleus in the red wavelengths.
The target 09022-3615 does not show well defined nuclear re-
gions in the available HST images (covering the rest-frame UV
and optical regimes); therefore, the nucleus of this target was lo-
cated on the basis of ALMA mm continuum and CO(2-1) emis-
sion line maps (Pereira-Santaella et al., in prep.). Finally, for the
two Sy 1 sources with strong continuum and BLR emission in
the central regions (preventing the detection of stellar features),
the systemic redshifts have been chosen to obtain a symmetric
stellar velocity gradient along their major axis, taking advantage
of their well defined rotational patterns (see below). All spec-
troscopic redshifts are reported in Table A.1, together with the
coordinates of the nuclei; in this table, we also report the posi-
tion and spectroscopic (pPXF) redshifts of the ULIRGs nearby
companions detected in the MUSE data cubes.

Figure 3 shows the IZw1 (top) and F14348-1447 (bottom)
stellar kinematic maps derived from pPxF analysis. In Appendix
C we report the stellar kinematic maps for all ULIRGs in our
sample. An ordered disk-like rotation can be observed in IZwl,
as well as in other ten ULIRGs in our sample (e.g. Figs. C.3 and
C.15). These galaxies show a well defined velocity gradient axis,
with line-of-sight velocity amplitudes of ~ +100 km/s. They also
present regular velocity dispersion configurations, with o, of a
few 100s km/s in the nuclear regions, and o, close to the MUSE
spectral resolution outside. However, signatures of tidal interac-
tions are present in many of them, especially in the outermost
regions (e.g. Figs. C.11 and C.43).

F14348-1447 (Fig. 3, bottom) shows a kinematic axis fol-
lowing the ULIRGs elongated structure, on scales of ~ 30 kpc
and with amplitudes up to ~ +150 km/s. The velocity disper-
sion map is quite irregular, although higher o, (= 120 km/s) can
be found at the location of its nuclei. 20087-0308 (Fig. C.78)
and F22491-1808 (Fig. C.87) show very similar characteristics.
Their kinematics are therefore reasonably strongly affected by
the interaction of the merging galaxies.

Different configurations can be instead observed in 09022-
3615 (Fig. C.24), F12072-0444 (Fig. C.38), F13451+1232 (Fig.
C.47) and 20100-4156 (Fig. C.82): they show clear evidence
of non-rotational motions, without preferential velocity gradi-
ent axes and with high o, (> 100 km/s) over the entire systems.
Also for these ULIRGs, therefore, the stellar kinematics are rea-
sonably dominated by tidal forces.

Finally, F11095-0238 (Fig. C.33) and F16090-0139 (Fig.
C.61) do not show clear kinematic patterns. F11095-0238 pPXF
maps could suggest a nearly face-on orientation, because of the
small velocity amplitudes across the system, and the relatively
higher 0. in the innermost nuclear regions. The unconstrained
kinematics in F16090-0139 are instead probably due to its very
short exposure time (and low S/N).

We stress here that more regular kinematics could be present
on sub-kpc scales in the innermost nuclear regions, and in the
vicinity of the nuclei of binary systems (see e.g. Medling et al.
2014), even when large-scale motions are irregular or are dom-
inated by streams. For instance, Pereira-Santaella et al. (2018)
reported the presence of circumnuclear molecular disks around
the F14348-1447 SW and NE nuclei. More detailed investiga-
tion of sub-kpc motions in individual systems will be presented
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Fig. 3. pPXF stellar line-of-sight velocity (left) and velocity disper-
sion maps (right) for IZw1 (top) and F14348-1447 (bottom); o, are
not corrected for instrumental broadening. Contours from HST/F160W
images, starting from 3o levels, equally spaced in steps of 0.5 dex. The
IZw1 central pixels have been masked, because of the presence of strong
continuum and BLR emission, which prevents the detection of stellar
absorption features.

in a forthcoming paper; here we focus on the main (kpc-scale)
stellar kinematic features.

5.3. Stellar velocity versus Morphological classification

Table 3 summarizes the morphological and stellar kinematics in-
formation so far collected for our ULIRGs. They are based on the
present MUSE colour and flux maps, HST/F160W imaging, and
pPXF stellar kinematic results. For a more immediate visualiza-
tion, we also report in Figs. 4 and 5 the MUSE Ha and stellar
velocity maps already presented in Appendix C, within a simpli-
fied version of the @45y—IC diagram. These properties allow us
to revise the morphological classification (with respect to the one
used for the selection process in Sect. 2), and check consistency
with the derived stellar kinematics.

According to Table 3, the observed 21 ULIRGs can be di-
vided in four different groups, taking into account their IC
and the presence of main stellar kinematic features. Namely,
the first group contains eight sources characterised by or-
dered disk-like rotations and a merger classification, with a
single nucleus and small nearby companions (FO0188-0856,
1Zw1, FO1572+0009, FO5189-2524, 13120-5453, F14378-3651,
17208-0014 and 19542+1110). Almost all of them show addi-
tional detached (non-rotational) velocity structures in the outer-
most regions, possibly due to tidal tails.

The second group contains three systems, characterised
by ordered disk-like motions and an interacting classification:
07251-0248, 10190+1322 and Arp220. 07251-0248 shows a
disk-like rotation pattern with a kinematic centre close to the two
nuclei, separated by 1.82 kpc, and a strong extended tidal tail.
10190+1322 shows two overlapping disks centered at the posi-
tions of the two nuclei, separated by ~ 7 kpc. Finally, Arp220
show a disturbed kpc-scale disc in the innermost nuclear regions
(see also Fig. 3 in Perna et al. 2020).
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The third group contains three ULIRGs, mainly charac-
terised by large-scale streaming motions along the axes con-
necting their nuclei (F14348-1447 and F22491-1808), or along
the strong and extended tails (20087-0308). F14348-1447 and
F22491-1808 are interacting, while 20087-0308 is classified as

a merger system.

Finally, the last group contains seven systems, mainly char-
acterised by non-ordered stellar motions: 09022-3615, F11095-
0238, F12072-0444, F13451+1232, F16090-0139, F19297-
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0406 and 20100-4156. Of them, two have a merger classification
(09022-3615 and F16090-0139), while the remaining are inter-
acting.

Two sources deserve a special mention: 09022-3615 and
F19297-0406. HST/F814W and HST/F225W images of 09022-
3615 show two main regions of intense SF in the central part
of the system, with a few bright compact (< 0.1”, i.e. 150 pc)
clumps at the position of the two peaks in the MUSE continuum
image (Fig. C.22). These findings could suggest the presence of
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Table 3. Morphological and kinematic classification

IRAS ID overall stellar kinematics main morphological features Neomp 1IC
(1) (2) (3) 4) (5)
F00188-0856  ordered motions 1 nucleus 1

1Zw1 ordered motions 1 nucleus, spiral arms, [OIII] clumps at kpc-scales 1
F01572+0009 ordered motions 1 nucleus, tails, extended Ha

F05189-2524  ordered motions 1 nucleus, several tails, extended Ha

07251-0248 ordered motions 2 nuclei, ring-like shape, Ha clumps at kpc-scales

09022-3615 non-ordered motions 1 nucleus, tail, Ha clumps at kpc-scales

10190+1322  ordered motions 2 nuclei and overlapping disks, Ha clumps at kpc-scales

F11095-0238
F12072-0444
13120-5453
F13451+1232
F14348-1447
F14378-3651

non-ordered motions
non-ordered motions

ordered motions

non-ordered motions
large-scale streaming motions
ordered motions

Arp220 ordered motions

F16090-0139 non-ordered motions*

17208—0014  ordered motions

F19297-0406 non-ordered motions 1 nucleus, tails
19542+1110  ordered motions

20087-0308 large-scale streaming motions

20100-4156 non-ordered motions 2 nuclei, tail

F22491-1808 large-scale streaming motions

2 nuclei, tails, extended Ha at kpc-scales

2 nuclei, tails, diffuse Ha at kpc-scales

1 nucleus, extended structures and tails

2 nuclei, tails, Ha clumps at kpc-scales

2 nuclei, Ha clumps at kpc-scales

1 nucleus, tails, and extended Ha shell

2 nuclei, streaming motions, He shells

1 nucleus, plume, He bubble

1 nucleus, complex structures and kpc-scale tails

1 nucleus, He clumps at kpc-scales
1 nucleus, tails, Ha clumps at kpc-scales

2 nuclei, tails, diffuse Ha

O~ OO0 ——OONONOO O~
——ZX=2E=E==Z===ZX~=XZKXKX

Note.
Column (1): IRAS identification code.

Column (2): simplified classification for the stellar motions from the pPXF analysis.

Column (3): main morphological features.

Column (4): number of companions in the MUSE FOV; see Table A.1 for details.

Column (5): IC classification.

two SB regions, separated by ~ 1.5 kpc and with a stellar ve-
locity offset of ~ 60 km/s. On the contrary, its nucleus, located
at ~ 0.5” south from the southern SB based on ALMA data
(Pereira-Santaella et al., in prep.), is extremely obscured and not
associated with strong optical emission. F19297-0406 was origi-
nally classified as a merger (e.g. Kim et al. 2013); the inspection
of near-IR HST (Fig. C.67) and ALMA (Pereira-Santaella et al.,
in prep.) allowed the identification of two nuclei, separated by
~ 1.1 kpc. This source is therefore classified here as interact-
ing (i.e. IIIb). For all remaining sources in our MUSE sample,
instead, we confirm the morphological classification already re-
ported in the literature.

The separation in the four sub-samples highlights that merg-
ing systems are more likely associated with ordered disk-like
motions (8/11, i.e. FO0188-0856, [Zw1, F01572+0009, FO5189-
2524, 13120-5453, F14378-3651, 17208-0014, 19542+1110),
while interacting systems are generally associated with non-
ordered or streaming motions (7/10, i.e. F11095-0238, F12072-
0444, F13451+1232, F14348-1447, F19297-0406, 20100-4156
and F22491-1808; see also e.g. Bellocchi et al. 2016 for sim-
ilar results). Therefore, the morphological class (i.e. interact-
ing/merger) is in general consistent with the stellar kinematic
classification (i.e. dominant non-ordered/ ordered motions); we
note however that even when rotation patterns are observed, tidal
streams are also present, indicating that dynamical relaxation
times depend on galactocentric distances: Indeed, kinematic dis-
turbances from interactions are expected to fade within a few ro-
tation cycles (e.g. Dale et al. 2001; Kronberger et al. 2007) and
therefore, after the coalescence phase, the most external struc-
tures require longer times to follow the rotation pattern preserv-
ing irregular tidal induced velocities.

Indications of ordered motions in merger remnants were al-
ready reported in the literature: for instance, Barrera-Ballersteros

et al. (2015) traced the stellar kinematics in CALIFA merging
galaxies, and found that ~ 90% of merger remnants exhibit disk-
like motions (see their Figs. B.3 and B.4); moreover, K-band ob-
servations reported by Rothberg & Joseph (2004) revealed that
most of the mergers in their sample show disky isophotals. Nu-
merical simulations suggest that the amount of stellar disks that
survives or re-forms after an interaction is a strong function of
the stellar mass ratio and gas content of the interacting galaxies:
For instance, gas-rich mergers can yield disk-dominated rem-
nants, while for modest gas fractions the remnants are likely to
resemble spheroidal-like galaxies (e.g. Hopkins et al. 2009a,b;
Naab & Ostriker 2017).

We finally note that the Ha flux and stellar velocity maps
in the simplified asgy—IC diagram (Fig 4) do not show clear
trends, but are overall consistent with the Sanders et al. (1988)
evolutionary scenario. In particular, more compact and dynami-
cally relaxed systems are more likely to be found in the merger-
AGN class, while interacting galaxies more likely present ex-
tended structures with several extra nuclear clumps and knots of
SF.

6. ISM nuclear properties: Outflows and ionization
conditions

In this section, we report the general ISM properties of the
ULIRG nuclear regions obtained analysing MUSE data. In par-
ticular, we revise the optical classification of the nuclear spectra,
and infer the possible presence of atomic outflows, taking advan-
tage of the unprecedented quality of MUSE data. This informa-
tion is required to understand if the PUMA sample, selected to
characterise multi-phase outflows, actually host gas flows poten-
tially due to SB and AGN winds.
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Fig. 6. Standard diagnostic BPT diagrams showing our flux ratio measurements obtained from the ULIRG nuclear spectra. Each nucleus is

identified with a distinct color, as labeled. Black curves separate HII-,
panels (see text for details).

Thirty-one nuclear spectra are extracted from circular aper-
tures centred at the position of the ULIRGS nuclei, with r < 0.4”
(i.e. considering our average spatial resolution). As a first step,
we used pPXF to model the stellar contribution (Sect. 5) and,
after subtracting it, we used our own suite of python scripts to
fit simultaneously all ISM prominent features. In particular, we
modelled all emission lines with a combination of Gaussian pro-
files, to account for the presence of both narrow and BLR fea-
tures in type 1 AGN or, more in general, of asymmetric profiles
with broad wings, possibly tracing perturbed kinematics and out-
flows. NalD absorption is instead fitted with a model parame-
terised in the optical depth space, as already described in Perna
et al. (2020). In the next section, we describe the modelling pre-
scription for the ISM features of all but [Zw1 and FO1572 nuclei,
the two Sy 1 nuclei, whose prescription is presented in Appendix
B.

6.1. ISM features modelling

We modelled with Gaussian profiles the HB and Ha lines,
the Held5876, the [O 111]A14959,5007, [N 11]116548,83, [S
11]A16716,31 and [O 1]116300, 64 doublets. We constrained the
wavelength separation between emission lines in accordance
with atomic physics; moreover, we fixed the FWHM to be the
same for all the emission lines. Finally, the relative flux of the
two [N II] and [O III] components was fixed to 2.99, the rel-
ative flux of the two [O I] lines was fixed to 3.13, and the
[S O] flux ratio was required to be within the range 0.44 <
f(A6716)/f(16731) < 1.42 (Osterbrock & Ferland 2006).

To account for potential asymmetric line profiles, we per-
formed each spectral fit four times at maximum, with one to
four kinematic components (i.e. Gaussian sets, each centred at
a given velocity and with a given FWHM). The final number of
kinematic components used to model the spectra was derived on
the basis of the Bayesian information criterion (BIC, Schwarz
1978; see e.g. Perna et al. 2019).

We simultaneously modelled the contribution of NalD res-
onant lines. When sodium emission is detected, Gaussian pro-
files are used, requiring a Na ID doublet line ratio between the
optically thick (f(H)/f(K) = 1) and thin (f(H)/f(K) = 2) lim-
its (e.g. Rupke & Veilleux 2015), where H and K indicate the
sodium transitions at 5891 and 5896 A. The NaID absorption
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composite-, AGN- and LI(N)ER-like line ratios, as labeled in the three

contribution is instead fitted with a model parameterised in the
optical depth space, following Sato et al. (2009):

() = L (A) X faps(d)
= Lom() X (1 = Cf X [1 — exp(—rge~ 440 /(Axbfe? _
ZTOe—(/l—/IH)Z/(/IHb/c)z)])’ 1))

where H and K indicate the two sodium transitions, C is the
covering factor, 7 is the optical depth at the line centre Ag, b
is the Doppler parameter (b = FWHM/[2+/In(2)]) and c is the
light velocity. The term [,,,(1) in Eq. 1 represents the intrinsic
(unabsorbed) intensity, defined as . + Iy.;, where I, is the best-
fit model obtained from pPXF analysis and Iy, is the helium
line intensity (Baron et al. 2020). When more than one kine-
matic component is required to fit NaID absorption features, we
assumed the case of partially overlapping atoms on the line of
sight (LOS), so that the total sodium profile can be reproduced
by multiple components and /(1) = L;,(1) X IT7_, f/j; s (1), where
f/i gs (A) 18 the i-th component (as given in Eq. 1) used to model
the sodium features (see also Sect. 3.1 in Rupke et al. 2002).
We stress here that the kinematics of a given Na ID component
(either in absorption or emission) are tied to those of a corre-
sponding Gaussian set used to model the ISM emission lines.

Best-fit models for individual nuclear regions in our ULIRGs
sample are reported in Appendix C. These fit results are used to
investigate the dominant ionisation mechanism(s) for the emit-
ting gas, and to derive the incidence of neutral and ionised out-
flows.

6.2. BPT diagnostics

Figure 6 shows the BPT diagrams with the results from our spec-
troscopic analysis. All line ratios are derived by integrating the
line flux over the entire fitted profiles (i.e. considering all kine-
matic components used to model the lines). For simplicity, here-
inafter the [O 1II]A5007/HB versus [N IJ16583/Ha (left panel),
the [O 11]A5007/HB versus [S 11]416716,31/Ha (centre) and [O
1]A5007/HB versus [O 1]A6300/Ha (right) will be labeled as
[NII]-, [SII]- and [OI]-BPT diagrams, respectively. In the figure,
each coloured dot identify a unique nuclear spectrum, as labeled
in the top.
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Fig. 7. Velocity-velocity diagram (VVD) used to compare the non-parametric velocities of [OIII], Ha and NalD gas, for the 31 nuclei reported in
Table 4. Each nucleus is identified with a distinct colour (see labels in Fig. 6). In the left column, we show the central velocities of [OIII] versus
Ha (top), and of [OIII] versus NaID (bottom); horizontal and vertical dot-dashed lines mark the zero-velocity positions, while the dashed line
display the 1:1 relation. In the central column, we show the v10 velocities, associated with the blue wings of [OIII] and He (top), and of [OIII] and
NalD (bottom); the dashed line indicates the 1:1 relation. In the right column, we show the v90 velocities, associated with the red wings of [OIII]
and He (top), and of [OIII] and NaID (bottom); the dashed line indicates the 1:1 relation.

The curves drawn in the [NII]-BPT diagram correspond to
theoretical boundary for extreme SBs (Kewley et al. 2001) and
the empirical relation (Kauffman et al. 2003) used to separate
purely SF galaxies from composite AGN-SF galaxies and AGN-
/LIIN)ER-dominated systems (e.g. Kewley et al. 2006; Belfiore
et al. 2016); the dot-dashed line is from Cid Fernandes et al.
(2010), and is used to separate LI(N)ERs and AGN. The curves
in the [SII]- and [OI]-BPT diagrams correspond to the optical
classification scheme of Kewley et al. (2006, 2013), and are used
also in this case to separate SF galaxies from AGN and LI(N)ER
systems, as labeled in the figures.

For the sources for which at least two BPT diagnostics in-
dicate the same region, we constrain the dominant ionisation
mechanism responsible of the lines emission: 11/31 nuclei are
associated with SF, 9/31 with AGN and 6/31 with LI(N)ER ioni-
sation. For the remaining 5 spectra, the BPT diagnostics provide
inconsistent results, i.e. the three diagnostics indicate three dif-
ferent ionisation mechanisms.

Our flux ratio measurements are distributed over all the dif-
ferent regions of the BPT diagrams, and the inferred classifica-
tion is overall consistent with that reported in the literature (Ta-
ble 1), although the latter were obtained from long-slit (spatially
integrated) spectra. Our optical classification is also generally
consistent with the a4gy values reported in Table 1. The only
exception, in this case, might be represented by 09022-3615, for
which we observe SF-like line ratios, although the as gy = 0.54
derived with mid-IR diagnostics; our results are instead consis-
tent with the small (near-IR based) AGN fraction inferred by
Nardini et al. (2010, see Table 1). These findings could suggest
the presence of an extremely obscured AGN in this system (see
also Sect. 5.3). We also note that 11/17 nuclei with asgy < 0.32

have LI(N)ER-like ratios, possibly indicating the presence of
shocks induced by SB-driven outflows or gravitational interac-

tions>.

6.3. Multi-phase outflow incidence

Almost all nuclear spectra show asymmetric and broad line pro-
files, possibly indicating strongly perturbed gas kinematics in
both neutral (NaID) and ionised (e.g. [OIll], Ha) atomic com-
ponents. To characterise the overall kinematic properties of the
ISM gas in a homogeneous way (i.e. to avoid any dependence on
the number of distinct kinematic components used to model the
line features in individual spectra), we used the non-parametric
velocities v10, v50 and v90, defined as the 10th-, 50th- and 90th-
percentile velocities of the fitted line profiles, respectively, and
the linewidth w80, i.e. the difference between the 85th- and 15th-
percentile velocities (see e.g. Harrison et al. 2014). All velocities
are derived with respect to the systemic velocity, as inferred from
the stellar velocities measured from pPXF (see Sec. 5). [OIII]
and He line features are used as tracers for the ionised gas kine-
matics; instead, [SM neutral atomic gas kinematics are traced by
the NalD absorption component, detected in almost all nuclear
spectra and showing the broadest profiles if compared with the
NalD emission component (detected only in a few targets).
Figure 7 (first column) shows the velocity-velocity diagrams
(VVD) comparing the central velocities (v50) of [OIIl] and He,

3 In many local galaxies, the LIIN)ER emission is associated with gas
ionised by the hard radiation field of evolved (post-AGB) stars, with
He equivalent widths < 3, as discussed e.g. by Belfiore et al. (2016).
However, this does not apply to our ULIRGs nuclear regions.
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as a function of the IC.

in the top panel, and of [OIII] and NalD, in the bottom panel.
Almost all line centroids are blueshifted with respect to the sys-
temic, indicating the presence of significant contribution from
approaching emitting ([OIII] and He) and absorbing (NalD) ma-
terial. This is confirmed by the fact that, generally, the line pro-
files show very prominent blue wings, and faint and less ex-
tended red wings, as also shown in the central and right columns
of Fig. 7, presenting v10 and v90 VVD respectively.

In general, [OIII] shows more extreme velocities, when com-
pared to those of Ha (see also e.g. Bae & Woo al. 2014, Venturi
et al. 2018, and Cicone et al. 2016 for similar results). The NaID
velocities, in turn, appear slightly higher than those of the [OIII],
although the former are associated with higher uncertainties (due
to the fit degeneracy*): (v10 [OIII] / v10 Ha ) = 1.27 and (v10
NalD /v10 [OIII] ) = 1.16.

In Fig. 8 (panels a and b) we show the w80 VVD. Also in this
case, we observe that, in general, NaID w80 are slightly higher
than [OIII] w80, which, in turn, are higher than Ha linewidths:
(w80 [OIII] / w80 Her ) = 1.15 and (w80 NalD / w80 [OIII]) =
1.10. In order to discriminate between gravitational and outflow
processes possibly responsible of the velocity shifts and the ex-
treme v10 and w80 in the [OIII], Hae and NalD lines, we com-
pare their linewidths with the stellar velocity dispersion at the
position of the nuclei. Following Woo et al. (2016), we assume
that a non-gravitational component dominates over the gravita-

* The higher uncertainties in NaID velocities are due to the fit degener-
acy. In particular, they could originate from a blending between the Hel
(in emission) and the NalD features, when strong sodium absorption is
detected at very high negative velocities (e.g. F05189-2524, F14378-
3651). Alternatively, it can originate from the modelling of NalD P
Cygni profiles (F05189-2524, F11095-0238 NE).
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tional one when n = w80/(2.355 x o.) > 1.4, with the stellar
velocity dispersion o, tracing the gravitational motions. This is
a conservative criterion, as originally proposed for type 2 AGN
and applied here to ULIRG nuclear spectra: In fact, o, may
be enhanced by motions associated to the merging process in
ULIRGs.

In Fig. 8, panel c, we report the histograms of the 7 measure-
ments, as obtained for the three kinematic tracers; in panel d,
instead, we show o, as a function of 7, for Ha, [OIII] and NaID
features. From the latter two tracers, we derived < 1.4 for only
three nuclei: 10190+1322 E, F16090-0139 and F22491-1808 E.
The Ha distribution shows instead nine nuclei with n < 1.4,
again indicating that the Balmer line can be less affected by non-
gravitational motions. For each tracer and nucleus, we indicate
in Table 4 the dominance of gravitational or non-gravitational
motions, according to the chosen criterion.

We note that the 7 criterion can be applied for all nuclei for
which (i) 0. can be derived from pPXF analysis, and (ii) the
specific kinematic tracer for ionised and neutral gas is detected.
[OII] and He lines are detected in all spectra, but no stellar fea-
tures are present in the IZw1 and FO01572+0009 nuclear spec-
tra; therefore, ionised gas  measurements are derived for all
but these two Sy 1 nuclei. On the contrary, NalD absorption is
not detected in 7/31 nuclear spectra: the two Sy 1 targets, IZw1
and FO1572+0009, show strong continuum and very broad line
emission from the Hel at the position of the two NalD transi-
tions; moreover, although NalD emission is detected, the strong
BLR component prevents a robust analysis of a possible neu-
tral outflow traced by the NalD emission. The F13451+1332
W spectrum does not show sodium absorption (Fig. C.49), al-
though a faint (C; = 0.11) and broad (b = 400 km/s) NalD
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profile in absorption has been reported in Rupke et al. (2005¢);
the NaID emission component, used in our analysis to model
the observed spectrum might not be as reliable as pPXF best-
fit results are not robust (no strong stellar absorbing features are
detected over the entire wavelength range covered with MUSE).
Finally, for the remaining four spectra (07251-0248 W, F12072-
0444 S,F13451+1232 E, and 09022-3615), the stellar NaID con-
tribution is responsible for the total absorption, according to our
pPXF analysis results. As a consequence, we can infer the pres-
ence/absence of dominant non-gravitational motions in absorb-
ing neutral gas for 24 nuclei.

Among the sources with < 1.4 from both [OIII] and NaID
kinematics (i.e. 10190+1322 E, F16090-0139 and F22491-1808
E), we note that in at least one sources, F16090-0139, the stellar
velocity dispersion might be overestimated (because of the low
S/N), while the ISM features are extremely broad (e.g. NalD
w80 ~ 840 km/s; see Fig. C.62). Indeed, this nucleus presents
the highest o, among our sample (see Fig. 8, panel d). Hence,
the F16090-0139 nucleus is reasonably associated with an out-
flow. We also note that the two Sy 1 nuclei display extremely
broad features, likely associated with outflows. Taking into ac-
count these arguments, we conclude that non-gravitational mo-
tions dominate the neutral (ionised) gas kinematics in 20/24
(28/31) nuclei.

Finally, Fig. 8, panel ¢, shows the  measurements as
a function of the IC of each target. No clear trend is ob-
served for the three gas kinematic tracers (i.e. NaID, Ho and

[OIII], with Spearman’s coefficients of ~ 0.1). Despite the
poor statistics, this finding suggests that nuclear winds are
ubiquitous during the pre- and post-coalescence phases of
major mergers.

The presence of a dominant non-gravitational component in
almost all ULIRGs nuclei, together with the prevalent prominent
blue wings in [OIII] and NalD, with v10 of several 100s km/s,
indicate the presence of strong multi-phase outflows driven by
either AGN or SB nuclear activity.

6.4. AGN- and SB-driven outflows

In Sect. 5.3, we reported a good consistency between the mor-
phological and stellar kinematic classifications, with merging
systems more likely associated with ordered disk-like motions
(in 8/11 of our ULIRGs) and interacting systems with non-
ordered or streaming motions (in 7/10 ULIRGs). The ubiqui-
tous presence of atomic outflows (Sect. 6.3) suggests that nu-
clear winds are not related to a specific phase, or to more/less
dynamically-relaxed systems, but are actually common in all fi-
nal stages of the merger process (as already reported in the liter-
ature; see e.g. Sect. 10.5 in Perna et al. 2020). In this section, we
therefore investigate the possible connection between AGN/SB
activity and the atomic outflow velocities.

Figure 9 (left) shows the distribution of the [OII] w80
measurements against the [OIII] luminosity. In the same fig-
ure (right), we also report the Ha w80 versus Ly,. Both [OIII]
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Table 4. ISM nuclear properties

IRAS ID (other) optical BPTs dominant motions max w80

class from 7 criterion (km/s)

Ha [OIII] NalD

(1) (2) (3) (4) (5) (6) (7)
F00188—0856 AGN  (L.A,A) non-grav non-grav non-grav 1325777 (NalID)
1Zw1 AGN  (AAA) - - - 21 9028 ([OI11])
F01572+0009 AGN (AAA) - - - 1670fé8 ([O111])
F05189-2524 AGN  (A,A,A) non-grav non-grav non-grav 1 860’::30 ([foftiry
07251-0248 E SB (S,S.,9) grav  non-grav non-grav 880750 (NaID)
07251-0248 W SB (S,S,S) non-grav non-grav - 410 + 5 ([OI11])
09022-3615 SB (C,S,S) non-grav non-grav - 495 + 5 ([OI11])
10190+1322 E SB (C,S,S) grav grav grav 53030 (NaID)
10190+1322 W SB (C,S,S) non-grav non-grav non-grav 555f§ ([O111])
F11095-0238 NE ? (C,S,L) non-grav non-grav non-grav 610’:;8 ([O111])
F11095-0238 SW ? (C,S,L) grav non-grav grav 540 + 5 ([OIII])
F12072-0444 N AGN  (A,A,A) non-grav non-grav non-grav 860 + 5 ([OIII])
F12072-0444 S AGN (A,A,A) non-grav non-grav - 880 + 5 ([OIII])
13120-5453 AGN (L,A,A) non-grav non-grav non-grav 1480ng (NalD)
F13451+1232 E LI(IN)ER (L,L,L) non-grav non-grav - 1 200’:;90 (foftry
F13451+1232 W (4C 12.50) AGN  (A,A,A) non-grav non-grav - 2545 £ 5 (Ha)
F14348-1447 NE ? (C,S,L) non-grav non-grav non-grav 62028 ([o111])
F14348-1447 SW ? (L,S,A) non-grav non-grav non-grav 1060 =5 (NalD)
F14378-3651 AGN (L,A,A) non-grav non-grav non-grav 1120 x5 ([OIII])
Arp220 E LIN)ER (LLL) non-grav non-grav non-grav 81079 (NaID)
Arp220 W LI(N)ER (L,L,L) non-grav non-grav non-grav 810 + 5 ([OIII])
F16090—0139 SB (CS.,S) grav* grav* grav* 84077 (NaID)
17208-0014 LI(IN)ER (C,L,L) grav grav non-grav 435’:25 (NalD)
F19297-0406 S SB (C.S.S) grav  non-grav non-grav  760%].0 (NaID)
F19297-0406 N SB (C.S.S) grav grav  non-grav 6307 (NaID)
19542+1110 ? (L,S,A) non-grav _non-grav _non-grav__1440%7% (NaID)
20087-0308 LI(IN)ER (L,L,L) grav non-grav non-grav 800’:?80 (NaID)
20100-4156 N SB (S,S,S) non-grav non-grav non-grav 400 + 5 ([OIII])
20100-4156 S LI(N)ER (L,S,L) non-grav non-grav non-grav 560j‘3‘g8 (NaID)
F22491-1808 E SB (C.S.S) grav grav grav 355 £ 5 (NaiD)
F22491-1808 W SB (S,S,S) non-grav non-grav non-grav 295’:;8 (NaID)

Notes.
Column (1): IRAS identification code (alternative name).

Column (2): optical classification obtained from the three BPT diagrams shown in Fig. 6. The classification is defined only in case two or three
diagnostic diagrams indicate the same ionisation mechanism; if the three diagnostics indicate three different mechanisms, then a *?’ is placed in

this column.

Column (3): ionisation class from the [NII]-, [SII]- and [OI]-BPT diagostics, respectively (S: HII, C: composite, A: AGN, L: LI(N)ER line ratios).
Columns (4-6): dominant motions from 7 = w80/(2.355 X o), considering the Ha, [OIII] and NalD linewidths; see Sect. 6.4 for details.
Column (7): maximum w80 measured among the Ha and [OIII] emission lines as well as the NalD absorption features.

*: the stellar velocity dispersion in the F16090 nucleus is probably overestimated (o~ = 310 km/s), because of the low S/N.

and He luminosities have been corrected for extinction, con-
sidering the measured Balmer decrement and a Cardelli et al.
(1989) extinction law. The [OIII] measurements show a positive
trend with increasing luminosity (with a Spearman’s coefficient
of 0.6), while the He do not show any significant correlation; we
also note that our ULIRGs cover similar region in the [OIII] dia-
gram as the X-ray/SDSS AGNs analysed in Perna et al. (2017a),
reported in our figure with grey ‘+’ symbols. This could suggest
that (i) the AGN activity, traced by Lo, is responsible for the
outflows in the ULIRG nuclei, or that (ii) AGN and SB-driven
winds are hardly distinguishable in this diagram.

To test these two scenarios, we studied the correlation be-
tween two different estimates for the AGN fraction: (i) gy, the
AGN contribution to the L;,; according to mid-IR fluxes (Sect.
1), and (ii) Lagn/Lpoi, the ratio between the [OIll]-based AGN
luminosity (inferred assuming a bolometric correction of 3x 10°;
Heckman et al. 2004), and the bolometric luminosity L;,;, given
by 1.15 x Ljg (Veilleux et al. 2009). A positive correlation be-
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tween these quantities is expected in the case [OIII] traces the
AGN power. In Fig. 10 (left), we report sy as a function of
Lagn/Lpoi- A significant correlation (with a Spearman’s coeffi-
cient of 0.6) is found, once we exclude the most deviating mea-
surement, namely the red dot associated with F13451+1232 E
(whose AGN fraction is reasonably overestimated; see below).
Therefore, this finding is in principle consistent with the hypoth-
esis that the AGN activity is responsible of the outflows we ob-
serve in almost all ULIRG nuclei.

However, there are a number of caveats concerning the rela-
tion in Fig. 10, left. Both L, and a4y are based on spatially
integrated IR emission measurements, and refer to the entire
ULIRG systems. We can reasonably assume that most of such
IR emission is coming from the nuclei (e.g. Lutz et al. 1999,
Pereira-Santaella et al., in prep.), and that all quantities in the
figure are related to the same spatial regions, at least for the
targets with a single nucleus. For the binary systems, we used
the same L,z and asgy for both nuclei (these systems are con-
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nected with vertical lines in the figure). This is a reasonable as-
sumption, as the [OIII] luminosities associated with the two nu-
clei of individual systems are comparable, within a factor of a
few. The only exception is represented by F13451+1232, with
Lionn = 6.8 % 10*2 erg/s (W) and 7.8 X 10%° erg/s (E). The west-
ern nucleus, associated with AGN activity (Fig. 6), harbors the
powerful radio source 4C 12.50 (Lister et al. 2003), and might
be responsible of the majority of IR emission. If so, the only de-
viating point in Fig. 10 (left), associated with F13451+1232 E,
should have a much smaller asy. However, a detailed investi-
gation is required to confirm all assumptions so far mentioned.
Moreover, BPT diagnostics revealed that AGN dominates over
SB and LI(N)ER ionisation mechanisms only in 9 nuclei (large
symbols in Fig. 10, left); in the remaining nuclei, therefore, the
[OIII] luminosity is not a good tracer for the AGN power. All
these arguments weaken the significance of the trend reported in
Fig. 10, left.

We also considered the correlation between the NalD and
[OII] linewidths and @4y, as broader line profiles are generally
reported in the literature for AGN-driven outflows (e.g. Cazzoli
et al. 2016; Kakkad et al. 2020). These measurements are re-
ported in Fig. 10, right, and do not show a clear trend (Spear-
man’s correlation: 0.4). We therefore conclude that, although a
significant contribution of [OIII] might be due to AGN, a com-
bination of SB- and AGN-driven winds might be responsible of
the observed atomic outflows. More detailed analysis about the
outflow nature will be however presented in future papers, to-
gether with detailed spatially resolved properties of neutral and
ionised outflows (e.g. Perna et al. 2020).

We finally note that most of the nuclei with neutral outflows
have relatively low AGN fractions; instead, at asgy > 0.5, NaID
outflows are present in only one nucleus, F05189-2524 (out of
8, see Fig. 10, right), confirming the difficulties in observing
neutral outflows in systems with strong AGN (e.g. Perna et al.
2017a; Bae & Woo 2018; Nedelchev et al. 2019). A detailed spa-
tially resolved analysis will be however required to exclude the
presence of neutral outflows in the more external regions of these
powerful AGN (e.g. Rupke et al. 2017; Perna et al., in prep.).

7. Conclusions

The “Physics of ULIRGs with MUSE and ALMA” (PUMA)
project is a survey of 25 nearby ULIRGs observed with MUSE
and ALMA. This is a representative sample covering the entire
ULIRG luminosity range, and including a combination of sys-
tems with AGN and SB nuclear activity in (advanced) interacting
and merging stages. This project represents the first such study
intended to characterize the multi-phase structure of the ISM in
local ULIRGs at sub-kpc resolutions. This paper is the first in a
series which will explore the prevalence of ionised, neutral and
molecular outflows as a function of the galaxy and BH proper-
ties, and the nature and the (feedback) effects of such outflows
on the galaxy evolution.

In this work, we presented the first data products obtained
analysing the MUSE data of the 21 ULIRGs so far observed.
We described the stellar kinematics derived with pPXF analysis,
and the properties of stellar and ionised gas emission. Our first
results can be summarised as follows.

— Colour composites, ionised gas and stellar continuum emis-
sion images show a great richness in spatial details at differ-
ent spatial scales. These images reveal the presence of recent
galaxy interactions and strong (dust enshrouded) nuclear ac-
tivity, in line with their ULIRG nature (see e.g. Fig. 2).

— Stellar kinematics revealed that merging systems are more
likely associated with ordered disk-like motions (8/11),
while binary (interacting) systems are dominated by non-
ordered and streaming motions (7/10; see e.g. Fig. 5);

— The sources with stellar rotational patterns are more likely
found in compact mergers hosting AGN (6/11); on the other
hand, more extended structures with non-ordered motions
are found in interacting systems, showing several extra nu-
clear SF clumps and strong tidal tails (Figs. 4 and 5);

— All ULIRGS show distinct velocity structures detached from
the the inner pattern, due to the presence of tidal tails. This
also applies to the post-coalescence mergers with clear inner
rotational patterns, and confirms that the external structures
require longer times to reach a dynamically relaxed configu-
ration.

In the second part of the paper, we analysed the 31 nuclear
spectra extracted from the positions of the ULIRG nuclei, de-
riving the physical and kinematic properties of the nuclear ISM.
Our first results can be summarised as follows.

— We used BPT diagnostics to constrain the dominant ioni-
sation mechanism responsible of the optical emission lines:
11/31 nuclei are associated with SF, 9/31 with AGN and 6/31
with LI(N)ER ionisation. Overall, the inferred classification
is consistent with that reported in the literature (Table 1), al-
though the latter were obtained with long-slit spectra. Our
classification is also consistent with the archival agy esti-
mates, obtained from mid-IR diagnostics. For the remaining
5 nuclei, the three BPT diagnostics indicated three different
ionisation mechanisms, possibly indicating a more complex
mixture between SB, AGN and shocks-induced ionisation
due to the presence of nuclear winds (see Table 4).

— Almost all nuclear spectra show asymmetric and broad line
profiles in both neutral (NaID) and ionised (e.g. [OIII]) tran-
sitions. Nuclear ISM features display velocity dispersions
> 0.15 dex higher than o, in ~ 85% of the nuclear spec-
tra. Following Woo et al. (2016), we considered these en-
hancements with respect to o, as an indication of the pres-
ence of strong non-gravitational motions in the ISM compo-
nent. This, together with the extreme v10 velocities associ-
ated with [OII] and NalID lines (Fig. 7), suggests the ubig-
uitous presence of powerful nuclear winds in our sample.

— Most of the nuclei with neutral outflows have relatively low
AGN fractions; instead, at apgy > 0.5, NaID outflows are
present in one nucleus (out of 8, see Fig. 10, left), confirming
the difficulties in observing neutral outflows in systems with
strong AGN.

While in the this paper we have presented and described the
general properties of the sample and the MUSE data, more de-
tailed studies also involving ALMA data will be presented in
future papers.
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Appendix A: Spectroscopic redshifts

Table A.1 display all spectroscopic redshifts we derived mod-
elling the stellar continuum and line features of nuclear spectra,
as well as of ULIRG nearby companions detected in the MUSE
data cubes. Coordinates, velocity offsets and projected distances
from the bright nucleus of each ULIRG are also reported.

Appendix B: Seyfert 1 fit analysis

For the two Sy 1 nuclear spectra, we proceed in two steps. First,
we modelled the continuum with a power-law, and the iron emis-
sion components with the observational templates of Véron-
Cetty et al. (2004). This initial fit was performed considering
the wavelength ranges 4050 — 7100A (for FO1572+0009) and
4450 — 7100A (for Izw1), but masking all other prominent emis-
sion lines, namely the BLR Balmer and He lines, as well as the
NLR forbidden [OIII], [NII], [SII], [OI] features. We therefore
obtained a template for the continuum and iron emission, to be
used in the second step.

Then, we modelled all remaining emission lines with a com-
bination of Gaussian profiles, as well as broken power law func-
tions (e.g. Cresci et al. 2015) for the BLR emission components,
together with the continuum and iron components (for which we
obtained good initial estimates for the fit parameters from the
previous step). This analysis is very similar to the one presented
in Sect. 6, apart from the following aspects. Additional emis-
sion lines are detected and included in the fit of Sy 1 spectra: the
Balmer Hy and H¢, the Si 11116347,6371, the He II at 4685A
and He I lines at 4387, 4713, 4921, 5875, 6678 and 7065A.. To
model the Balmer emission lines, we used two parameters for
the Ha and HB amplitudes, and derived the Ha /HB flux ratio
to measure the dust extinction, using the Cardelli et al. (1989)
extinction law and assuming a Case B recombination as well as
T, = 10* K. This dust correction is then used to infer the fluxes
of Hy and Ho, considering the Case B recombination flux ratios
Hy/HB = 0.468 and H6/HB = 0.260. Similarly, we consider
the standard He I theoretical intensity ratios from Smits (1996)
to constrain the fluxes of all He I transitions: In particular, we
assumed low-density plasma conditions (with 7, = 10* K and
N, = 10° cm™3) for the NLR component, and high-density con-
ditions (with 7, = 10* K and N, = 10° cm™) for the BLR.
Therefore, we used a unique parameter for the Hel44471 flux
amplitude, and the theoretical intensity ratios to infer the fluxes
of the remaining transitions, correcting for the dust extinction
(from the Balmer decrement). For the BLR components, we as-
sumed that all Balmer and helium lines have the same broken
power-law indices (e.g. Nagao et al. 2006) and kinematics. BLR
emission components have been used for all permitted transi-
tions (see e.g. Véron-Cetty et al. 2004).

Appendix C: Individual ULIRGs

Figures C.1-C.89 display the three-colour composites, stellar
and emission line maps, as well as the nuclear spectra for each
ULIRG presented in this paper.
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Table A.1. ULIRGs nuclei and companions (pPXF spectroscopic) redshifts and positions.

source name RA DEC z AV Projected distance
O I G (kmys) ("/kpe)
¢0) @ ® Q) ® ©)
F00188-0856 0:21:26.52 —-8:39:25.92  0.1284 + 0.0001 - -
F00188-0856: ¢ 0:21:25.43 —8:39:1846  0.1219+0.0001  —60 +25 18.0/41.6
1Zw1 0:53:34.93  +12:41:3594  0.0611 + 0.0001 - -
1Zwl: c 0:53:33.88  +12:41:33.63  0.0613 +£0.0002  +60 + 25 15.5/18.4
F01572+0009 1:59:50.25 +0:23:40.87  0.1632 + 0.0001 - -
F01572+0009: ¢ 1:59:48.76 +0:23:43.49  0.1623 £ 0.0001  —244 + 10 21.7/61.3
F05189-2524 5:21:01.40  -25:21:45.30  0.0428 + 0.0001 - -
07251-0248 E 7:27:37.61 —2:54:54.25  0.0879 + 0.0001 - -
07251-0248 W 7:27:37.54 —2:54:54.39  0.0881 + 0.0001 55+ 10 1.1/1.8
09022-3615 9:04:12.71 -36:27:01.93  0.0596 + 0.0001 - -
10190+1322 W 10:21:42.49  +13:06:53.83  0.0767 + 0.0001 - -
10190+1322 E 10:21:42.75  +13:06:55.61  0.0758 £ 0.0001  —264 + 10 4.9/72
10190+1322: csg 10:21:43.83  +13:06:47.54  0.0760 £ 0.0001  —187 + 11 20.6/30.1
10190+1322: cyw 10:21:41.88  +13:07:06.36  0.0771 + 0.0001 120+ 11 15.8/23.1
F11095-0238 NE 11:12:03.38  —2:54:22.94  0.1064 + 0.0001 - -
F11095-0238 SW 11:12:03.36  —2:54:23.30  0.1065 +0.0002  +30+ 18 0.6/1.1
F12072-0444 N 12:09:45.12  -5:01:13.31  0.1288 + 0.0001 - -
F12072-0444 S 12:09:45.13  -5:01:14.23  0.1288 + 0.0001 -7+10 1.0/2.3
F12072-0444: ¢, 12:09:44.81 —5:00:54.78  0.1302 +£0.0006 360 =+ 30 19.1/44.2
F12072-0444: ¢, 12:09:44.82  -5:00:52.33  0.1302+£0.0006 360 + 30 21.6/49.94
13120-5453 13:15:06.32 —-55:09:22.82  0.0310 + 0.0001 - -
F13451+1232 W 13:47:33.36  +12:17:24.24  0.1218 + 0.0002 - -
F13451+1232 E 13:47:33.49  +12:17:23.76  0.1218 + 0.0002 -5+10 2.0/4.3
F14348-1447 SW 14:37:38.28  —15:00:24.24  0.0824 + 0.0002 - -
F14348-1447 NE 14:37:38.40  —15:00:21.29  0.0822 +0.0002  —49 + 30 3.4/5.3
F14348-1447: ¢ 14:37:38.95  —15:00:25.47  0.0823 + 0.0001 -22+8 10.3/16.1
F14378-3651: n 14:40:58.89  —-37:04:32.08  0.0682 + 0.0001 - -
F14378-3651: ¢ 14:41:01.15  -37:04:43.94  0.0684 + 0.0001 48 +7 29.7/38.9
F15327+2340 (Arp220): nyy ~ 15:34:57.24  +23:30:11.70  0.0181 + 0.0001 - -
F15327+2340 (Arp220): ng ~ 15:34:57.30  +23:30:11.90  0.0182 + 0.0001 30+9 1/0.37
F16090-0139: n 16:11:40.42  —1:47:06.56  0.1337 + 0.0002 - -
17208-0014: n 17:23:21.94  -00:17:00.96  0.0430 + 0.0001 - -
F19297-0406 S 19:32:22.30  —4:00:01.80  0.0854 + 0.0001 - -
F19297-0406 N 19:32:22.31 —4:00:01.03  0.0853 + 0.0001 -25+9 0.7/1.1
19542+1110 19:54:35.78 11:19:05.03 0.0624 + 0.0002 - -
19542+1110: ¢ 19:54:34.91 11:19:20.94  0.0628 + 0.0001 40 £ 15 20.5/24.8
20087-0308 20:11:23.87  —2:59:50.71  0.1052 + 0.0001 - -
20100-4156 SE 20:13:29.56  —41:47:3521  0.1297 + 0.0002 - -
20100-4156 NW 20:13:29.48  -41:47:32.58  0.1297 + 0.0001 -6+ 10 2.8/6.5
20100-4156 ¢ 20:13:28.63  —41:47:38.39  0.1300 + 0.0001 90 + 8 10.5/24.3
F22491-1808 W 22:51:49.24  -17:52:23.66  0.0776 + 0.0001 - -
F22491-1808 E 22:51:49.35  —17:52:24.12  0.0777 + 0.0002 +35+9 1.8/2.7

Note. Column (1): target name; (2) and (3): coordinates (RA and DEC); (4): spectroscopic redshift from pPXF, at the position of the stellar
continuum peak. (5): velocity with respect to the ULIRG systemic. (6): projected distance from the ULIRG (brightest) nucleus.
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Fig. C.1. IRAS F00188-0856 images from MUSE observations with TOT = 0.68 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4990 — 5015A rest-frame), Ha (red, 6555 — 65741&) and stellar continuum (blue, 4400 — 45001&). Centre: red (7390 —
7530A) continuum image, with contours from HST/F160W. Righs: continuum colour map obtained from MUSE, by dividing the red continuum
image (in the central panel) by a blue image obtained collapsing the stellar emission in the range 4400 — 4500A; contours from HST/F160W. In
all panels, we display the IRAS FO00188-0856 companion with a cross marker.
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Fig. C.2. IRAS F00188-0856 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4990 — 5015A rest-frame),
Ha (centre, 6555 — 6574A) and [SII] (right, 6702 — 6742A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics. In all panels, we display the position of companion galaxy with a

cross marker.
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Fig. C.3.IRAS F00188-0856 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one displays the velocity dispersion o,.
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Fig. C.4. Top panel: IRAS FO0188-0856 nuclear spectrum (black curve), extracted from a circular aperture with 7 < 0.4”. The corresponding pPXF
best-fit model profile is shown in orange. The continuum-subtracted spectrum (blue curve) is obtained subtracting the best-fit pPXF model from
the original spectrum. The vertical blue lines mark the wavelengths of the emission lines detected in the spectrum; the vertical green lines mark
the position of stellar absorption systems (i.e. from left to right: Mgl triplet, NaID and KI doublets). The region excluded from the pPXF fit and
corresponding to the most intense sky line residuals are highlighted as orange shaded areas; the portions of the spectra around 5300 A are missing,
because of a filter blocking the laser contamination. The inset in the top panel shows the red stellar continuum emission map in the vicinity of
the nuclear regions, with HST/F160W contours as in Fig. C.1; the nuclear position is shown with a black marker. Bottom insets: Multi-component
best-fit analysis results for the main emission (HB and [OIII], left; Ha, [NII] and [SII], right) and absorption (NalD, centre) line features. NalD
multi-component best-fit curves are superimposed on the observed spectrum (black curve); emission components are not required to reproduce the
total profile of NalD.
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Fig. C.5. IZw1 images from MUSE observations with TOT = 2.72 hr. Left: colour composite optical image, showing [OIII] (green, from the
wavelength range 4959 — 5018A rest-frame), Ha (red, 6552 — 6570A) and stellar continuum (blue, 4570 — 4670A). Centre: red (8010 — 8110A)
continuum image from MUSE , with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red contin-
uum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4570 — 4670A; contours from HST/F160W. In all
panels, we display the [Zw1 companion galaxy with a cross marker.
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Fig. C.6. IZw1 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4985 — 5018A rest-frame), Ha (centre,
6552 — 6570A) and [SII] (right, 6710 — 6741A) images have been obtained subtracting continuum emission using the adjacent regions at shorter
and longer wavelengths with respect to the emission line systemics. In all panels, we display the position of the non-emission line companion
galaxy of IZw1 with cross markers.
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Fig. C.7. Left: 1Zw1 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity V.,
while the right one represents the velocity dispersion .. The central pixels have been masked, because of the presence of strong AGN continuum
and BLR emission, which prevents the detection of stellar continuum and absorption features.
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Fig. C.8. Top: IZw1 nuclear spectrum (black curve), extracted from a circular aperture r < 0.4” but excluding the central pixel (where Ha is
saturated). The blue vertical lines mark the wavelengths of the emission lines detected in the spectrum; the green lines mark the position of stellar
absorption systems (i.e. from left to right: Mgl triplet, NaID and KI doublets, Call triplet). The latter transitions in absorption are not detected,
because of the strong AGN continuum and emission lines. The portions of the spectra around 5500 A are missing, because of a filter blocking
the laser contamination; the portions in the two boxes are reported in the central and bottom panels, with the best-fit curves. Centre: normalized
nuclear spectrum in the vicinity of the H5+[OIIl] complex (blue curve), with total best-fit model (red). Individual kinematic components are shown
with different colours: black, green and grey Gaussians represent systemic and outflow components; blue and orange curves are used to model
the BLR Balmer emission; iron components are not reported. Botfom: normalized nuclear spectrum in the vicinity of the Hel+NalD and Ha+NII
complexes (blue curve), with superimposed best-fit model (red curve). Different kinematic components required to reproduce the spectrum are
shown as in the central panel.
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Fig. C.9. IRAS F01572+0009 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4925 — 4970A rest-frame), Ha (red, 6550 — 65751&) and continuum (blue, 4150 — 422010\). Centre: red (7330 —
7400A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4150 — 4220A; contours from HST/F160W.
In the first panel, we display the FO1572+0009 companion galaxy with a cross marker.
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Fig. C.10. IRAS F01572+0009 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4925 —4970A rest-frame),
Ha (centre, 6550 — 6575A) and [SII] (right, 6700 — 6748A) images have been obtained subtracting continuum emission using the adjacent regions

at shorter and longer wavelengths with respect to the emission line systemics.

10 1

Ay (arcsec)
o

—-10 4

Vs [kmys]

14.2 kpc

-10

0
Ax (arcsec)

10

=50

-100

-150

O« [km/s]

14.2 kpc

-10 0

10

Ax (arcsec)

Fig. C.11. Left: IRAS FO1572+00009 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.12. Top: IRAS F01572+0009 nuclear spectrum (black curve), extracted from a circular aperture r < 0.4”. The blue vertical lines mark
the wavelengths of the emission lines detected in the spectrum; the green lines mark the position of stellar absorption systems (i.e. from left to
right: Mgl triplet, and NaID doublets). The latter transitions in absorption are not detected, because of the strong AGN continuum and emission
lines. The portions of the spectra around 5050 A are missing, because of a filter blocking the laser contamination; the portions in the two boxes
are reported in the central and bottom panels, with the best-fit curves. Centre: normalized nuclear spectrum in the vicinity of the HB+[OIII]
complex (blue curve), with total best-fit model (red). Individual kinematic components are shown with different colours: green and grey Gaussians
represent systemic and outflow components, respectively; blue and orange curves are used to model the BLR Balmer emission; iron components
are not reported. [OIII]A5007 line is mostly within the missing portion of the spectrum; this profile has been reconstructed using the [OIII]14959
transition. Botfom: normalized nuclear spectrum in the vicinity of the Hel+NalD and Ha+NII complexes (blue curve), with superimposed best-fit
model (red curve). Different kinematic components required to reproduce the spectrum are shown as in the central panel.
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Fig. C.13. IRAS F05189-2524 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4962 — 5022A rest-frame), Ha (red, 6554 — 6578;&) and continuum (blue, 4530 — 46601&) emission. Centre: red
(8025 — 8150A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing
the red continuum image (central panel) by a blue image obtained collapsing the emission in the range 4530 — 4660A; contours from HST/F160W.
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Fig. C.14. IRAS F05189-2524 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4962 — 5022A rest-frame),
He (centre, 6554 — 6578A) and [SII] (right, 6694 — 6742A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.15. Left: IRAS F05189-2524 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.16. Top panel: IRAS F05189-2524 nuclear spectrum (black curve), extracted from a circular aperture with » < 0.4”. The corresponding
pPXF best-fit model profile is shown in orange. The continuum-subtracted spectrum (blue curve) is obtained subtracting the best-fit pPXF model
from the original spectrum. The vertical blue lines mark the wavelengths of the emission lines detected in the spectrum; the vertical green lines
mark the position of stellar absorption systems (i.e. from left to right: Mgl triplet, NaID and KI doublets, Call triplet). The region excluded from
the pPXF fit and corresponding to the most intense sky line residuals are highlighted as orange shaded areas; the portions of the spectra around
5700A are missing, because of a filter blocking the laser contamination. The inset in the top panel shows the red stellar continuum emission map
in the vicinity of the nuclear regions, with HST/F160W contours as in Fig. C.13; the nuclear position is shown with a white marker. Bottom insets:
Multi-component best-fit analysis results for the main emission (HB and [OIII], left; He, [NII] and [SII], right) and absorption (NalD, centre)
line features. NaID multi-component best-fit curves required to reproduce the cool, neutral absorption are superimposed on the observed spectrum
(black curve); emission components are shifted downward for the sake of clarity.
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Fig. C.17. IRAS 07251-0248 images from MUSE observations with TOT = 2.55 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4995 — 5020A rest-frame), Ha (red, 6554 — 65751&) and stellar continuum (blue, 4430 — 45401&). Centre: red (7440 —
7550A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) from a blue image obtained collapsing the stellar emission in the range 4430-4540A; contours from HST/F160W.
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Fig. C.18. IRAS 07251-0248 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4995 — 5020A rest-frame),
Ha (centre, 6554 — 6575;\) and [SII] (right, 6704 — 6746&) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.19. IRAS 07251-0248 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one represent the velocity dispersion ..
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Fig. C.20. IRAS 07251-0248 E nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel) and

multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.21. IRAS 07251-0248 W nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel) and

multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.22. IRAS 09022-3615 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4995 — 5020A rest-frame), He (red, 6552 — 6574A) and stellar continuum (blue, 4550 — 4710A). Centre: red (7600 —
7760A) stellar continuum image from MUSE , with contours from HST/F814W. Right: stellar continuum colour map obtained from MUSE, by
dividing the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4550 — 4710A; contours

from HST/F814W.
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Fig. C.23. IRAS 09022-3615 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4995 — 5020A rest-frame),
Ha (centre, 6552 — 6574A) and [SII] (right, 6700 — 6748 A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.24. IRAS 09022-3615 stellar kinematic maps from pPXF analysis, with contours from HST/F814W. The left panel shows the stellar velocity
V., while the right one represents the velocity dispersion o,.
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Fig. C.25. IRAS 09022 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and multi-
component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.26. IRAS 10190+1322 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4988 — 5022A rest-frame), Ha (red, 6556 — 6572A) and stellar continuum (blue, 4460 — 4570A). Centre:
red (7440 — 7560A) stellar continuum image from MUSE , with contours from HST/F160W. Righ: stellar continuum colour map obtained from
MUSE, by dividing the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4460 — 4570A.
In all panels, we display the two companion galaxies of IRAS 1019041322 with cross markers.
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Fig. C.27. IRAS 10190+1322 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4988 — 5022A rest-frame),
He (centre, 6556 — 6572A) and [SII] (right, 6704 — 6747A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.28. IRAS 10190+1322 stellar kinematic maps from pPXF analysis. The left panel shows the stellar velocity V., while the right one
represents the velocity dispersion ..
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Fig. C.29. IRAS 10190+1322 W nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.30. IRAS 10190+1322 E nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.31. IRAS F11095-0238 images from MUSE observations with TOT = 2.72 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4975 — 5032A rest-frame), Ha (red, 6549 — 65761&) and continuum (blue, 4410 — 449010\). Centre: red (7690 —
7760A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4410 — 4490A; contours from HST/F160W.
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Fig. C.32. IRAS F11095-0238 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4975 — 5032A rest-frame),
Ha (centre, 6549 — 6576A) and [SII] (right, 6695 — 6749A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.33. IRAS F11095-0238 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V., while the right one represents the velocity dispersion o..
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Fig. C.34. IRAS F11095-0238 NE nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.35. IRAS F11095-0238 SW nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.36. IRAS F12072-0444 images from MUSE observations with TOT = 0.68 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4980 — 5020A rest-frame), Ha (red, 6553 — 6576A) and continuum (blue, 4550 — 4650A). Centre: red (7540 —
7610A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4550 — 4650A; contours from HST/F160W.
In the first panel, we display the IRAS F12072-0444 companion galaxies with cross markers.
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Fig. C.37. IRAS F12072-0444 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4980 — 5020A rest-frame),
He (centre, 6553 — 6576A) and [SII] (right, 6695 — 6747A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.38. IRAS F12072-0444 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.39. IRAS F12072-0444 NE nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.40. IRAS F12072-0444 SW nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.41. IRAS 13120-5453 images from MUSE observations with TOT = 0.52 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4980 — 5014A rest-frame), He (red, 6555 — 657210\) and continuum (blue, 4600 — 4700A). Centre: red (7500 —
7600A) continuum image from MUSE , with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4600 — 4700A; contours from HST/F160W.
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Fig. C.42. IRAS 13120-5453 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4980 — 5014A rest-frame),
He (centre, 6555 — 6572A) and [SII] (right, 6694 — 6746A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics. In all panels, we display the position of the companion galaxy with

a cross marker.
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Fig. C.43. IRAS 13120-5453 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one represents the velocity dispersion o-,. The inner 3.5 kpc may indicate a low amplitude rotational pattern; in the outside

regions there are more irregular kinematics.
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Fig. C.44. IRAS 13120-5453 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.45. IRAS F13451+1232 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4975 — 5047A rest-frame), Ha (red, 6554 — 6576A) and stellar continuum (blue, 4410 — 4490A). Centre: red
(7590 — 7665A) continuum image from MUSE, with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing
the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4410 — 4490A; contours from
HST/F160W. In all panels, the top part of the ULIRG shows an almost horizontal feature due to the removal of a satellite trail.
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Fig. C.46. IRAS F13451+1232 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4975 —5047A rest-frame),
He (centre, 6554 — 6576A) and [SII] (right, 6662 — 6757A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.47. IRAS F13451+1232 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.48. IRAS F13451+1232 E nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.49. IRAS F13451+1232 W nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.50. IRAS F14348-1447 images from MUSE observations with TOT = 0.68 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4980 — 5020A rest-frame), Ha (red, 6555 — 65751&) and continuum (blue, 4590 — 469010\). Centre: red (7890 —
8000A) continuum image from MUSE , with contours from HST/F160W. Right: continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4590 — 4690A; contours from HST/F160W.
In all panels, we display the IRAS F14348-1447 companion galaxy with a cross marker.
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Fig. C.51. IRAS F14348-1447 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4980 — 5020A rest-frame),
He (centre, 6555 — 6575A) and [SII] (right, 6686 — 6750A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics. In all panels, we display the position of the companion galaxy with
a cross marker; the absence of line emission in the three maps is due to their faintness.
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Fig. C.52. IRAS F14348-1447 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.53. IRAS F14348-1447 NE nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.54. IRAS F14348-1447 SW nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.55. IRAS F14378-3651 images from MUSE-noAO observations with TOT = 0.47 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4980 — 5015A rest-frame), Ha (red, 6556 — 6572A) and stellar continuum (blue, 4590 — 4790A). Centre: red
(7500 — 7600A) continuum image from MUSE, with contours from HST/F160W. Righz: continuum colour map obtained from MUSE, by dividing
the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4590 — 4790A; contours from
HST/F160W. In the left panel, we display the IRAS F14378-3651 companion galaxy with a cross marker.
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Fig. C.56. IRAS F14378-3651 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4980 — 5015A rest-frame),
He (centre, 6556 — 6572A) and [SII] (right, 6695 — 6747A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.57. IRAS F14378-3651 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar

velocity V., while the right one represents the velocity dispersion o..
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Fig. C.58. IRAS F14378-3651 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.59. IRAS F16090-0139 images from MUSE observations with TOT = 0.17 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4983 — 5016A rest-frame), Ha (red, 6556 — 6573A) and stellar continuum (blue, 4420 — 4480A). Centre: red
(7670 — 6730A) continuum image from MUSE, with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by
dividing the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4420 — 4480A.
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Fig. C.60. IRAS F16090-0139 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4983 — 501 6A rest-frame),
He (centre, 6556 — 6573A) and [SII] (right, 6690 — 6747A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.61. IRAS F16090-0139 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V., while the right one represents the velocity dispersion ..
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Fig. C.62. IRAS F16090-0139 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.63. IRAS 17208-0014 images from MUSE observations with TOT = 0.39 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4975 — 5032A rest-frame), He (red, 6549 — 6576A) and stellar continuum (blue, 4520 — 4490A). Centre: red (7690 —
7760A) continuum image from MUSE , with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by dividing
the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4520 — 4490A. In all panels, the
bottom part of the ULIRG shows a satellite trail resulting in three artificial blobs in the continuum emission.
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Fig. C.64. IRAS 17208-0014 emission lines images from MUSE observations. [OII] (left, from the wavelength range 4975 — 5032A rest-frame),
He (centre, 6549 — 6576A) and [SII] (right, 6695 — 6749A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.65.IRAS 17208-0014 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one represents the velocity dispersion o,.
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Fig. C.66. IRAS 17208-0014 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.67. IRAS F19297-0406 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4991 — 5021A rest-frame), He (red, 6557 — 6579A) and stellar continuum (blue, 4550 — 4620A). Centre: red
(7440 — 7590A) continuum image from MUSE , with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by
dividing the red continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4550 — 4620A.
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Fig. C.68. IRAS F19297-0406 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4991 — 5021A rest-frame),
He (centre, 6557 — 6579A) and [SII] (right, 6700 — 6752A) images have been obtained subtracting continuum emission using the adjacent regions

at shorter and longer wavelengths with respect to the emission line systemics.
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and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.72. IRAS 19542+1110 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4985 — 5016A rest-frame), Ha (red, 6552 — 6573;\) and stellar continuum (blue, 4630 — 47401&). Centre: red
(7650 — 7750A) continuum image from MUSE , with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by
dividing the red continuum image (central panel) by a blue image obtained collapsing the continuum emission in the range 4630—4740A; contours
from HST/F160W. In all panels, we display the companion galaxy of IRAS 19542+1110 with a cross marker.
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Fig. C.73. IRAS 19542+1110 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4985 — 5016A rest-frame),
Ha (centre, 6552 — 6573A) and [SII] (right, 6700 — 6744A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.74. IRAS 19542+1110 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar
velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.75. IRAS 1954241110 nuclear spectrum, extracted from a circular aperture with < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.76. IRAS 20087-0308 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4986 — 5020A rest-frame), Ha (red, 6555 — 6574A) and continuum (blue, 4600 — 4700A). Centre: red (7780 — 7880A)
continuum image from MUSE , with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4600 — 4700A; contours from HST/F160W.
In all panels, the bottom part of the FOV shows a satellite trail.
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Fig. C.77. IRAS 20087-0308 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4986 — 5020A rest-frame),
Hea (centre, 6555 — 6574A) and [SII] (right, 6700 — 6747A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.78. IRAS 20087-0308 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one represent the velocity dispersion ..
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Fig. C.79. IRAS 20087-0308 nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.80. IRAS 20100-4156 images from MUSE observations with TOT = 2.04 hr. Left: colour composite optical image, showing [OIII] (green,
from the wavelength range 4985 — 5022A rest-frame), Ha (red, 6554 — 6579A) and continuum (blue, 4450 — 4600A). Centre: red (7500 — 7700A)
continuum image from MUSE , with contours from HST/F160W. Right: stellar continuum colour map obtained from MUSE, by dividing the red
continuum image (central panel) by a blue image obtained collapsing the stellar emission in the range 4450 — 4600A; contours from HST/F160W.
In all panels, we display the IRAS 20100-4156 companion with a cross marker.
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Fig. C.81. IRAS 20100-4156 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4985 — 5022A rest-frame),
He (centre, 6554 — 6579A) and [SII] (right, 6691 — 6743A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics. In all panels, we display the 20100-4156 companion with a cross
marker.
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Fig. C.82.IRAS 20100-4156 stellar kinematic maps from pPXF analysis, with contours from HST/F160W. The left panel shows the stellar velocity
V., while the right one represent the velocity dispersion ..

Article number, page 56 of 59



M. Perna et al.: Physics of ULIRGs with MUSE and ALMA: The PUMA Project

Hy+[Olll] Hell _HB [Olll]

[NI]

Hel

[OI] Ha+[NIl]

Hel+[Sll]

[Arlll] _[Oll]

4000

3500 A

3000 -

2500 A

2000 -

1500

1000 1

Flux (x1072° erg /s /cm?/A)

500 A

nuclear spectrum (NW)

4000

3000 A

2000 -

1000 -

Flux (x10720 erg /s /cm?/A)

0

HB+[OI\l]

A

1500 A

1000 A

500

25000
20000

A PAAGA ]
w 15000 4

Hel+NalD

10000 4

5000 -

Ha+[NIl]

'

0

4800 4850 4900 4950 5000

5050

57

50 5800

5850 5900
Rest wavelength (4)

5950

6000

6500

6550 6600 6650 6700 6750

Fig. C.83. IRAS 20100-4156 NW nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel)
and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.84. IRAS 20100-4156 SE nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel) and
multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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Fig. C.85. IRAS F22491-1808 images from MUSE observations with TOT = 0.41 hr. Left: colour composite optical image, showing [OIII]
(green, from the wavelength range 4998 — 5017A rest-frame), Ha (red, 6556 — 6575A) and stellar continuum (blue, 4460 — 4740A). Centre:
red (8020 — 8120A) stellar continuum image from MUSE, with contours from HST/F160W. Right: stellar continuum colour map obtained from
MUSE, by dividing the red continuum image (central panle) by a blue image obtained collapsing the stellar emission in the range 4460 — 47404,
contours from HST/F160W.
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Fig. C.86. IRAS F22491-1808 emission lines images from MUSE observations. [OIII] (left, from the wavelength range 4998 — 5017A rest-frame),
He (centre, 6556 — 6575A) and [SII] (right, 6707 — 6739A) images have been obtained subtracting continuum emission using the adjacent regions
at shorter and longer wavelengths with respect to the emission line systemics.
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Fig. C.87. IRAS F22491-1808 stellar kinematic maps from pPXF analysis,

velocity V,, while the right one represents the velocity dispersion o,.
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Fig. C.88. IRAS F22491-1808 E nuclear spectrum, extracted from a circular aperture with » < 0.4”, with the corresponding pPXF (top panel) and
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multi-component (bottom insets) best-fit models. See Fig. C.4 for details.

Fig. C.89. IRAS F22491-1808 W nuclear spectrum, extracted from a circular aperture with r < 0.4”, with the corresponding pPXF (top panel)

Rest wavelength (4)

and multi-component (bottom insets) best-fit models. See Fig. C.4 for details.
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