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ABSTRACT

Context. A classical scenario suggests that ultra-luminous infrared galaxies (ULIRGs) transform colliding spiral galaxies into a
spheroid-dominated early-type galaxy. Recent high-resolution simulations have instead shown that, under some circumstances, ro-
tation disks can be preserved during the merging process or rapidly regrown after coalescence. Our goal is to analyse in detail the
ionised gas kinematics in a sample of ULIRGs to infer the incidence of gas rotational dynamics in late-stage interacting galaxies and
merger remnants.

Aims. We analysed integral field spectrograph MUSE data of a sample of 20 nearby (z < 0.165) ULIRGs (with 29 individual nuclei)
as part of the Physics of ULIRGs with MUSE and ALMA (PUMA) project. We used multi-Gaussian fitting techniques to identify
gaseous disk motions and the 3D-Barolo tool to model them.

Methods. We found that 27% (8 out of 29) individual nuclei are associated with kiloparsec-scale disk-like gas motions. The rest of the
sample displays a plethora of gas kinematics, dominated by winds and merger-induced flows, which makes the detection of rotation
signatures difficult. On the other hand, the incidence of stellar disk-like motions is ~2 times larger than gaseous disks, as the former
are probably less affected by winds and streams. The eight galaxies with a gaseous disk present relatively high intrinsic gas velocity
dispersion (o € [30—85] km s7h), rotationally supported motions (with gas rotation velocity over velocity dispersion v, /09 ~ 1-8),
and dynamical masses in the range (2-7) x 10'° M. By combining our results with those of local and high-z disk galaxies (up to
z ~ 2) from the literature, we found a significant correlation between o7y and the offset from the main sequence (6MS), after correcting
for their evolutionary trends.

Results. Our results confirm the presence of kiloparsec-scale rotating disks in interacting galaxies and merger remnants in the PUMA
sample, with an incidence going from 27% (gas) to $<50% (stars). Their gas o7 is up to a factor of ~4 higher than in local normal
main sequence galaxies, similar to high-z starbursts as presented in the literature; this suggests that interactions and mergers enhance
the star formation rate while simultaneously increasing the velocity dispersion in the interstellar medium.

Key words. galaxies: starburst — galaxies: interactions — galaxies: active — galaxies: ISM — galaxies: kinematics and dynamics

1. Introduction

Local ultra-luminous infrared galaxies (ULIRGs; with rest-
frame [8—1000 um] luminosity, Lir, in excess of 10! Ly) are an
important class of objects for understanding the formation and
evolution of massive galaxies. A classic evolutionary scenario
(Sanders et al. 1988; Springel et al. 2005) suggests that ULIRGs
evolve into elliptical galaxies through a merger-induced dissipa-
tive collapse. In this scenario, the gas of colliding galaxies loses
angular momentum and energy, falling into the coalescing cen-

tre of the system. Here it serves as fuel for the starburst (SB) and
the growth of a supermassive black hole in a dust-enshrouded
environment. Then, the system evolves into an optically bright
quasar once it either consumes or removes shells of gas and dust
through powerful winds. Finally, the merger remnant becomes
an elliptical galaxy.

Recent theoretical works have pointed out that dissipative
mergers can also lead to the formation of new disk galaxies. Gas
that is not efficiently forced to collapse and form new stars, nor
expelled by SB and active galactic nucleus (AGN) winds, can be
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preserved in a disk or re-form a new disk plane and start regrow-
ing a stellar disk (Robertson et al. 2006; Robertson & Bullock
2008; Bullock et al. 2009; Governato et al. 2009; Hopkins et al.
2009, 2013). Hydrodynamical simulations show that cold flows
from filamentary structures also play a major role in the
buildup of disks in galaxies (KereS et al. 2005; Dekel et al. 2009;
Governato et al. 2009). The interaction between inflows and out-
flows, the amount of gas, and the mass ratio of the merging
galaxies and their orbital parameters (e.g. Hopkins et al. 2009)
all affect the probability of preserving (or reforming) a disk.
From an observational point of view, ordered disk-like kine-
matics are generally observed in merger systems, both at low z
(Bellocchi et al. 2013; Medling et al. 2014; Ueda et al. 2014;
Barrera-Ballesteros et al. 2015; Perna et al. 2019) and at high z
(up to z 2 4; e.g. Hammer et al. 2009; Alaghband-Zadeh et al.
2012; Harrison et al. 2012; Perna et al. 2018; Leung et al. 2019;
Tadaki et al. 2020; Cochrane et al. 2021).

Recently, we started a project aimed at studying, at sub-
kiloparsec scales, the two-dimensional multi-phase outflow
structure in a representative sample of 25 local ULIRGs by com-
paring the capabilities offered by the Atacama Large Millime-
ter/submillimeter Array (ALMA) interferometer and the Multi
Unit Spectroscopic Explorer (MUSE) at the Very Large Tele-
scope (VLT). The project, Physics of ULIRGs with MUSE and
ALMA (PUMA), is described in the first paper of this series,
Perna et al. (2021; Paper I hereinafter). First MUSE data results
are also presented in Paper I: we derived stellar kinematics for
all the PUMA systems and found that post-coalescence sys-
tems are more likely associated with disk-like motions, while
interacting (binary) systems are dominated by non-ordered and
streaming motions. We also investigated the presence of nuclear
outflows associated with the individual nuclei and found ionised
and neutral outflows in almost all individual nuclei. A more
comprehensive study of physical and kinematic properties of the
interstellar medium (ISM) of the archetypical ULIRG Arp 220
was presented in Pernaetal. (2020, as part of the PUMA
project). In Pereira-Santaella et al. (2021; Paper II hereinafter)
we instead analysed the ~220 GHz and CO(2—1) ALMA obser-
vations to constrain the hidden energy source of ULIRGsS, pro-
viding evidence for the ubiquitous presence of obscured AGN
that could dominate their IR emission.

The PUMA sample also allows us to investigate the presence
of rotational motions in connection with inflows and outflows
in dissipative mergers and, therefore, to test the predictions of
hydrodynamical simulations. Hence, the present paper is aimed
at investigating the prevalence of gas rotational motions in the
inner regions of PUMA systems, as well as their (mis)alignments
with the stellar component. In this work, we also characterise
the kinematic properties of the associated disk structures in
terms of inclination, rotational velocity, velocity dispersion, and
dynamical mass. Finally, we compare PUMA properties with
those of other local (U)LIRGs and high-z populations of nor-
mal main sequence (MS) and SB galaxies, studying the variation
in the gas velocity dispersion as a function of the star forma-
tion rate (SFR) and the ‘starburstiness’ of the system, defined
as the ratio between the specific SFR (sSFR; i.e. SFR/M.) of a
galaxy and the sSFR of an MS galaxy with the same z and M.
(0MS = sSFR/sSFR|ys; e.g. Elbaz et al. 2011).

This paper is organised as follows. In Sect. 2 we briefly sum-
marise the PUMA sample selection and present the data analysis
of spectroscopic (MUSE) and photometric (Hubble Space Tele-
scope, HST) data. In Sects. 3.1-3.4 we report the main results
obtained from the spectroscopic analysis, in terms of incidence
of disk-like motions in the gas and stellar components, and also
compare the gas and stellar motions along their kinematic major
axes. For those systems with disk-like gas motions, we present in
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Sect. 3.5 3D-Barolo modelling and infer a kinematic classifica-
tion in terms of the ratio between rotational velocity and intrinsic
velocity dispersion. Section 3.6 presents the study of correlations
between the intrinsic velocity dispersion and SFRs and the star-
burstiness in an extended sample of MS and SB galaxies in the
redshift range z ~ 0.03-2.6. Finally, Sect. 4 summarises our

conclusions. Throughout this paper, we adopt the cosmological
parameters Hy = 70kms~! Mpc‘l, Q. =0.3,and Q5 =0.7.

2. Methods
2.1. Sample

The PUMA sample is a volume-limited (z < 0.165; d <
800 Mpc) representative sample of 25 local ULIRGs. These tar-
gets were selected among the IRAS 1Jy Survey (Kim & Sanders
1998), the IRAS Revised Bright Galaxy sample (Sanders et al.
2003), and the Duc et al. (1997) catalogue, isolating the sources
visible by ALMA and MUSE and uniformly covering the
ULIRG Iluminosity range. The sample was also selected to
include an equal number of systems with AGN and SB nuclear
activity (based on mid-IR spectroscopy) in the pre- and post-
coalescence phases of major mergers (with projected nuclear dis-
tances lower than 10 kpc; see Paper I for further details).

So far, we have obtained MUSE observations for 85% of the
systems in the sample (21 systems with 31 individual nuclei; see
Tables 1 and 2 in Paper I), and ALMA CO(2-1) and ~220 GHz
continuum observations for the entire sample (22 systems, with
32 individual nuclei, have been already presented in Paper II).
In this work, we focus on the kinematic properties of the ionised
gas of the 20 ULIRGs (with 29 individual nuclei) observed with
MUSE, therefore excluding the Arp 220 system whose proper-
ties have been extensively described in Perna et al. (2020, but see
also Appendix B for a brief description of its kinematics). Infor-
mation about the MUSE data used in this work are collected in
Paper I, Table 2. At the mean distance of our targets (~400 Mpc),
the MUSE spaxel scale, resolution, and field of view (FoV) cor-
respond to ~0.34 kpc (0.2”), ~1 kpc (0.6”"), and ~100 x 100 kpc?
(60" x 60), respectively.

2.2. Data analysis

In this section we describe the MUSE spectroscopic and HST
imaging data analysis we followed to characterise the kinematics
and dynamics in our PUMA targets.

2.2.1. MUSE spectroscopic analysis

The MUSE data reduction and analysis was executed by follow-
ing an approach similar to that described in Paper 1. We briefly
summarise it in the following. The data reduction and exposure
combination were carried out by using the ESO pipeline (muse
— 2.6.2). The astrometric registration was performed using the
Gaia Data Release 2 (DR2) catalogue (Gaia Collaboration 2018)
for all but 5 systems, for which we used registered HST optical
images as reference (because of the absence of Gaia stars in the
MUSE FoV; see Paper I, Sect. 3.1 for more details).

We first fitted and subtracted the stellar continuum from
each spaxel. To do so, we initially performed a Voronoi binning
(Cappellari & Copin 2003) on the cube to achieve a minimum
signal-to-noise ratio (§/N > 16) per bin on the continuum.
We then fitted the stellar continuum in each bin through the
pPXF code (penalized PiXel-Fitting; Cappellari & Emsellem
2004; Cappellari 2017), using the Indo-U.S. Coudé Feed Spec-
tral Library (Valdes et al. 2004) as stellar spectral templates
to model the stellar continuum emission and absorption line
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Fig. 1. Examples of our multi-component Gaussian fit decomposition for two continuum-subtracted spectra of 113120, extracted from single
spaxels at ~1” (fop panels) and 2" (bottom) south-east of the nucleus. The red curves show the best-fit solutions in the H3—[OIII] (left) and
Hao—[NII] (right) regions; all emission lines are fitted simultaneously. The vertical solid lines mark the rest-frame wavelength of the emission
lines, derived from the stellar velocities of the nuclear spectrum; the vertical dot-dashed blue lines mark instead the local stellar systemic (i.e. at
the position of the spaxel from which the spectrum is extracted). These examples demonstrate the diversity of emission-line profiles observed in
the FoV of a single target: the spectrum in panels a is dominated by broad and blueshifted Gaussian components, while the one in panels b is
dominated by bright narrow Gaussians close to the systemic velocity (for all but the [OIII] lines).

systems. We then subtracted the stellar continuum from the total
spectra in each spaxel, scaling the fit from bin to each spaxel
according to the observed continuum flux (see Paper I, Sect. 5.1).

A slightly different approach was instead used for the two
Seyfert 1 in our sample, IZwl and 101572: in addition to the
stellar spectral templates, we made use of an AGN template con-
structed on the basis of the observed nuclear spectrum, modelled
with a combination of a power-law continuum, forbidden, and
permitted emission lines as described in Paper I, Appendix B.
Because of the point-spread-function blending, this AGN com-
ponent accounts for a significant fraction of the total emission
in the innermost nuclear regions, and rapidly reduces going to
radii r > 1”. This step allows us to better reconstruct the stellar
velocity field in the nuclear regions with respect to our previous
analysis results (see Fig. 5 in Paper I, and Fig. C.1, top-right in
this work).

Before proceeding with the fit of the emission lines, we
derived a second Voronoi tessellation to achieve a minimum
S/N = 8 of the Ha line for each bin. This feature has been
preferred to the [OII[]A5007 line, generally used to trace ionised
outflows, as this line is highly absorbed in ULIRG systems due to
their large dust content. The use of Ha as a reference for the tes-
sellation allows us to better preserve the important spatial infor-
mation (both for kinematics and emission line structures).

At this point we fitted the most prominent gas emis-
sion lines from the continuum-subtracted cube, by using the
Levenberg-Marquardt least-squares fitting code CAP-MPFIT
(Cappellari 2017). In particular, we modelled the HB and Ha
lines, the [O 111]214959,5007, [N I1]116548,83, [S 11]116716,31,
and [OI]J116300,64 doublets with a simultaneous fitting proce-

dure. To account for broad and asymmetric line profiles, already
observed in the nuclear regions of almost all PUMA targets
(Paper I), we performed each spectral fit five times at maximum,
with one to five kinematic components, that is, Gaussian sets,
each centred at a given velocity and with a given full width at
half maximum (FWHM). The final number of kinematic compo-
nents used to model the spectra was derived on the basis of the
Bayesian information criterion (BIC; Schwarz 1978). A detailed
description of the Gaussian fit routine can be found in Paper I
and Perna et al. (2020).

In Fig. 1 we show two examples of our continuum-
subtracted, high S/N spectra, extracted from two different
regions of the target 13120-5453 (113120 hereinafter). The best-
fit models show the presence of broad and asymmetric line pro-
files in the two spectra, and a significant diversity in the rela-
tive contribution of narrow and broad components: the emis-
sion lines in the top a panels are dominated by the contribu-
tion of extremely broad Gaussian components, while the ones
in the bottom b panels have a well defined narrow core, espe-
cially in the Balmer transitions. These two examples show that a
multi-component simultaneous fit of all prominent optical emis-
sion lines is required to properly separate ordered and perturbed
motions in our PUMA systems.

2.2.2. Complementary photometric analysis

We made use of the Photutils (Bradley et al. 2016) Isophote
package of Astropy (Astropy Collaboration 2018) to perform
a basic photometric analysis of ancillary HST near-IR images,
available for most of our targets. This analysis provides
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Table 1. PUMA geometric properties and stellar and narrow Ha velocities along the kinematic major axis.

IRAS ID (other) 2R. jmorph pAmorph pAkin PAkin Sv. SVgas G F oas Disk-like
(kpc) (deg) (deg) (deg) (deg) (kms™")  (kms))  (kms!) (kms!) kin
@M @ (€) Q) (©) ©) Q) ®) (€)) 10 an
F00188-0856 1501 26120 5+£1® 9319 8116 145+7  T7+2 23*8, 107+2 s
F00509+1225 (IZwl) ~ 3.68+0.05 36+14® 23+2® 1303 1303 270+2 370+10  3=+2 57t 5.8
F01572+0009 3.81£005 37+£14®  33x20  68+3 - 17817  300+10  100%2,  140%}} s
F05189-2524 05+0.1  34+14®  39+4®  68+3 - 125£3  125+6  10x2  100+2 s
F07251-0248 E - - - - -19+3  95+£9  170+10  95% 141 -
F07251-0248 W - - - 1123 106+3  197+7 32510 6972 103+3 s?, g?
F09022-3615 - - - 25+3 - 2904 190+6  120*2 1256 -
F10190+1322 E - - - 68+3  93+£3  278+£28 265+8 852 118*2 s, g
F10190+1322 W 52+03¢9  46+15@  131£5@  118+3  106+3  244+3 3102 72 63+2 5, g
F11095-0238 NE - - - - - - - - - -
F11095-0238 SW - - - - - - - - - -
F12072-0444 N - - - 99+£12  74x6  188x2 1302  17x14 107, s, g
F12072-0444 S - - - - - - - -
13120-5453 1.1£0.1 25110 102+2®  99+3  93+3  214+3  328+2 98+, 787! s, g
F13451+1232E - - - - - - - - - -
F13451+1232 W - - - - - - - - - -
F14348-1447 NE - - - 19£3 1743 1548 1807  90x2 902 s2, g7
F14348-1447 SW - - - 174 £3 - 181£4  47%5 842 1012 s
F14378-3651 1401 25119 29430 1243 259  129+5  84£3  49:14 85%¢ s
F16090-0139 94£05%) 38£15¢  11£2®  145%£3 168+3 145x16  182x3 15077, 120*3 s?
F17208-0014 240109 40+15@  173£3@  155+£4  155+£3  206+10 210x4  177+£3 1262 s, g?
F19297-0406 S - - - 593 - 21712 270+5  134%,  126+7 -
F19297-0406 N - - - 623 - 160£3 16013  141x4 1307 -
19542+1110 1.1£0.1 16£9® 58430 5643 - 182+2  97+7 542 122%3 s
20087-0308 28+0.1¢9  36+14@  82+2@  87+6 503  137+8  353x6  146%),  1l6x4 52, g?
20100-4156 NW - - - - - - - - - -
20100-4156 SE 300109 56+16©0  74+1© 19+3 74+6 154 +7 100+ 6 12+1 104 +2 S, g
F22491-1808 E - - - - 15556 562 775 81+ 105 £2 -

F22491-1808 W

Notes. Column (1) Target name. Column (2) 2R, from Isophote fits of available HST/F160W images for all but the Seyfert 1 systems [Zw1 and
101572 (for which we used the Veilleux et al. 2006 measurements) and the two systems without HST data: 116090 and 110190. The geometric
parameters of the latter two sources are derived from MUSE narrow-band images (at 4 ~ 7500 A). Columns (3) and (4) Inclination and PA of
the galaxy. The PA is taken anti-clockwise from the north on the sky. These parameters are derived with Isophote, at the distance reported in
Col. (2). Columns (5) and (6) Stellar and gas PAX", taken anti-clockwise from the north on the sky. Column (7) and (8) Maximum stellar and
gas velocity variations along PA¥", non-corrected for galaxy inclination. The velocity amplitudes are computed along an intermediate PAX™ when
PAS™ and PA: are consistent within the errors (307); alternatively, stellar (gas) velocity amplitudes are computed along PAS™ (PALR); for those
sources with a missing PAX" measurement, the gas and stellar 5v are computed along the only available PAX™ measurement. Velocity uncertainties
are derived with a bootstrap. Columns (9) and (10) Median velocity dispersion along PAK". All velocity and velocity dispersion values for the gas
component are derived from the narrow Ha velocity maps. Column (11) Kinematic classification according to the two criteria defined in Sect. 3.2:
‘s’ for stellar disk-like kinematics; ‘g’ for gas disk-like kinematics. **'The effective radius measurement is highly uncertain due to prominent tidal
tails (and, for 110190 W, the nearby E nucleus). ®In Cols. (3) and (4), the label identifies those sources whose geometric parameters do not vary
significantly at » > R, i.e. whose inclination and PA are relatively stable. ®In Cols. 3 and 4, the label identifies those sources whose inclination
and PA vary significantly at r > R.. These sources generally have prominent tails that strongly affect the isophote fit.

important morphological parameters to be compared with those
inferred from the kinematic analysis described in the next
sections.

We fitted a series of isophotal ellipses to each galaxy:
Isophote was instructed to hold the centre position constant,
whereas the ellipticity (€) and position angle (PA) of the ellipses
interpolating the galaxy isophotes were allowed to vary (e.g.
Costantin et al. 2017, 2018). Isophote provides the azimuthally
averaged surface brightness profile as well as the variation in €
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and PA as a function of the semi-major axis length. In Table |
we report the inferred inclinations, derived from e following
Willick et al. (1997), and PA at the galactocentric distance of
two times the effective radius, R., defined as the radius that con-
tains half of the galaxy light (and computed adopting the curve-
of-growth method; see e.g. Crespo et al. 2021). Morphological
parameters are reported for a small fraction of sources (12 of 29
individual galaxies), as the intrinsic values of PUMA galaxies
are usually distorted by merger interactions, and the presence
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Fig. 2. 113120 maps. Top: total Her integrated flux (/eff), He centroid (v50, centre), and line width (W80, right) obtained from the multi-component
Gaussian fit. Botfom: similar panels for [NII]; in the W80 map, the red lines indicate the wide biconical outflow along the north-south direction.
Masked regions mark the spaxels contaminated by the presence of background and foreground sources and excluded as disturbing the data analysis.
The first solid contour is 307, and the jump is 0.5 dex. The cross marks the nucleus. North is up, and west is to the right.

of companion systems. These distortions are also sometimes
responsible of significant variations in the morphological param-
eters at large radii (r > R.); we therefore report in the table
whether the morphological inclination and PA do show signif-
icant variations at large distances.

Our rough estimates for R, are in general agreement with
those obtained in previous works, by a factor of 2 (Veilleux et al.
2006; Haan et al. 2011; Kim et al. 2013), for all but the two
Seyfert 1 in our sample, [Zw1 and 101572. For these two sources
we therefore considered the distance obtained by Veilleux et al.
(2006), who performed a more rigorous multi-component two-
dimensional image decomposition to separate the host galaxy
from its bright active nucleus.

In Sect. 3.4 we compare the morphological PAs we derived
with Isophote with the kinematic ones derived from MUSE
spectroscopic analysis. The inclination measurements will be
instead used to model the gas kinematics with 3D-Barolo
(Di Teodoro & Fraternali 2015) in Sect. 3.5.

2.3. Emission line tracers and velocity parameters

Throughout this paper, we differentiate between the individ-
ual kinematic component parameters, FWHM; and AV, with j
from 1 to 5 at maximum and the non-parametric velocities v10,
050, v90, and W80 (e.g. Liu et al. 2013). The former identify the
width of a specific kinematic component, j, and its velocity shift
with respect to the systemic, defined as the stellar velocity in the
nuclear position (see Sect. 5.2 in Paper I); FWHM ; and AV are
common to all emission lines fitted simultaneously. Instead, the
non-parametric velocities are defined as follows: v10, v50 and
v90 are the 10th, 50th, and 90th-percentile velocities, respec-

tively, calculated on the (multi-component) fitted line profile
with respect to the systemic. Therefore, they correspond to the
velocities at which 10, 50, and 90% of the line flux is accumu-
lated. W80 is defined as v90-v10.

Observations of relatively large samples of AGN and star-
forming galaxies (SFGs) have indicated that the Ha emission is
not necessarily dominated by outflows as is the case for [OIII]
emission lines (e.g. Bae & Woo 2014; Cicone et al. 2016), as
the Balmer line has a significant contribution from star-forming
regions. Indeed, the spectral analysis of the line emission coming
from the nuclear regions of our PUMA systems already revealed
that v10 and W80 of Ha are, on average, 20% smaller than those
of the [OIII] (Paper I). Similarly, [NII] lines have a larger veloc-
ity width than He, consistent with those of the [OIII] ((W80
[OTI]/WS80 [NII] ) ~ (v10 [OTI]/w10 [NII] ) = 1.05). This
empirical evidence can be explained by taking into account the
fact that [NII] is brighter than Ha both in AGN ionisation cones,
often affected by gas flows (e.g. Fischeretal. 2013), and in
shocks (e.g. Allen et al. 2008; Perna et al. 2020). Therefore, the
nitrogen line may be better analogous to the [OIII] emission, as
preferentially traces outflows and more unsettled material com-
pared to Ha (see also e.g. Harrison et al. 2016). Because of the
high extinction in PUMA systems, [NII] has to be preferred to
the (fainter) [OIII] as outflow tracer (see also Perna et al. 2020).

For each PUMA target, we produced emission line maps for
the flux, v50, and W80 non-parametric velocities, obtained con-
sidering the total modelled line profiles made up of the sum
of the fitted Gaussians. The He and [NII] maps of 113120 are
presented in Fig. 2. These maps mark the dissimilarities men-
tioned above: the Ha velocity field appears more regular than the
[NII] one; indeed, the Ho map shows slightly smaller velocity
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Fig. 3. 113120 velocity diagram and maps. Left panel: 113120 velocity shift AV;—~FWHM; diagram (coloured by density in log-scale) for the
individual Gaussian components used to model the emission line profiles in the data cube. The dashed red lines isolate the Gaussian components
used to reconstruct the narrow Ha data cube, with [AV;| < 250km s~ and FWHM i < 400km s~!. Right panels: narrow Ha flux distribution,
velocity (v50), and line width (W80) maps, reported in the second, third, and fourth panels, respectively (see Fig. 2 for details).

widths. The He and, in particular, the [NII] velocity maps show
a biconical outflow structure, the approaching part to the south
and the receding part to the north. Precisely, the v50 map shows
high-v [NII] gas blueshifted to the south, within a conical region
with a large opening angle, and high-v redshifted [NII] extend-
ing to the north. The outflow biconical structure is also associ-
ated with high W80 (up to ~1000 km s~!). We therefore conclude
that, with respect to [NII] lines, He is less affected by outflows
and highly perturbed kinematics.

In this paper we focus on the disentangling of ionised gas
rotation dynamics in the PUMA sample; we therefore present all
Ha maps in Appendix A, and leave the [NII] maps to a following
mvestigation.

3. Results and discussion

3.1. lonised gas kinematic decomposition

The velocity field of 113120 (Fig. 2) shows a regular velocity
gradient along the east-west direction in addition to the typi-
cal features observed in biconical outflows, such as blue- and
redshifted emitting gas with increased line widths in regions
preferentially located along the perpendicular direction. In order
to understand if this system is rotationally supported, we take
advantage of the kinematic decomposition described in Sect. 2.2.
Figure 3, left, shows the distribution of AV; and FWHM; for
each Gaussian component j used to model the emission line
profiles in 113120. The figure shows a clear trend: highest
FWHM (2700 km s~!) are associated with significant blueshifts
(AV; < —400kms™!), while Gaussian components with smaller
FWHM; have |AV;| < 200km s~!. The highest velocity shifts
and line widths are associated with the outflow (see also e.g.
Woo et al. 2016 for similar diagrams obtained from SDSS inte-
grated spectra of nearby AGN); instead, the smallest veloci-
ties are associated with less perturbed kinematics. To better
investigate the presence of rotationally supported motions, we
select in the AV;—FWHM; plane the components with |[AV;| <
250kms™' and FWHM; < 400kms™! (see e.g. Mingozzi et al.
2019 for a similar approach), and construct a new data cube for
the Ha emission, labelled narrow Ha data cube. The line width
threshold FWHM ; = 400 km s~! was chosen taking into account
the fact that in our targets the stellar component, more sensitive
to gravitational motions, has a velocity dispersion significantly
smaller (with o, up to 200kms~! only in the innermost nuclear
regions, due to beam smearing effects). The flux distribution as
well as the velocity field and velocity dispersion of narrow Ha
are reported in Fig. 3. As expected, the narrow Ha maps dis-
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play more regular velocity patterns (and significantly lower line
widths) with respect to those obtained from the total Ha (and
[NII]) lines in Fig. 2.

In the next section we investigate the presence of rotation in
our PUMA systems, taking advantage of this kinematic decom-
position between more and less perturbed Gaussian components
in the AV;,—FWHM; plane, and extracting for each target the
position-velocity (PV) diagrams along the kinematic major axis
of narrow He data cubes.

3.2. Kinematics along the major axis

Figure 4 shows the PV plots along the kinematic major axis posi-
tion angle (PAX™) of 113120, for both the total Ha emission (first
panel) and the narrow Ha (second panel). A clear velocity gradi-
ent from ~200kms~! to ~—200kms~! is observed in both pan-
els; therefore, the exclusion of very high velocity components
does not introduce or alter significantly this gradient. In the same
figure, we report the extracted line velocity centroids and veloc-
ity dispersion of the narrow Ha, as well as the stellar veloci-
ties (obtained from pPXF analysis; see Paper I) along the stellar
component major axis. At this stage, no correction for the beam
smearing is performed in the reported velocity dispersion. Both
the narrow Ha and stellar components exhibit (i) a well defined
velocity gradient along their major axes, and (ii) a peak in the
velocity dispersion diagram at the position of the nucleus. These
two conditions provide initial evidence for a rotation-dominated
system (e.g. Forster Schreiber et al. 2018).

In Fig. B.1 we show the comparison between the narrow Her
and stellar velocities along their kinematic major axis, for the
18 targets for which we can observe a clear velocity gradient
(and measure a PAK") together with a peak in the velocity dis-
persion diagram at the position of the nucleus for at least one
component (i.e. gas or stars). The PAK" measurements, obtained
with the python PaFit package (Krajnovic et al. 2006), the veloc-
ity amplitudes and median velocity dispersion measured along
PAKI™ are reported in Table 1 (Cols. 5 to 10), for both stellar and
gas components.

The simple visual comparison between gas and stellar kine-
matics along PAX™ allows us to isolate five nuclei that are rea-
sonably associated with more regular, disk-like kinematics for
both gas and stellar components, according to the two criteria
highlighted before: 1Zw1, 110190 W', 112072 N, 113120, and

! 'We exclude 110190 E as its gas kinematics in the receding part are

dominated by those of the W nucleus.
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extracted line velocity centroids and line width of the narrow He, as well as the stellar velocities along the same axis. 1 corresponds to ~0.6 kpc

at the distance of 113120, as labelled in the third panel.

120100 S. The relatively small number of systems with such
characteristics is due to the fact that PUMA consists of advanced
interacting ULIRGs systems” with nuclear projected separations
smaller than 10kpc (i.e. systems classified as IIIb, IV, and V in
the Veilleux et al. 2002 scheme). The small number of sources
(five) with stellar and gas disk-like kinematics does not allow
us to infer any specific conclusion about the conditions possi-
bly related to more regular motions, also because of the different
intrinsic properties of these systems: [Zw1 has a small compan-
ion at ~18 kpc; 110190 and 120100 have two nuclei separated by
25 kpc, and prominent tidal features; 112072 has two nuclei at a
projected distance of ~2.3 kpc; 113120 has a single nucleus and
extended tails and loops surrounding the main body of the galaxy
(up to 220 kpc from the nucleus; see e.g. Fig. 1 in Privon et al.
2016).

The rest of the sample displays a variety of kinematics. In
the last column of Table 1 we distinguish among systems with
evidence for disk-like kinematics in gas and stellar components.
For instance, 107251 W, 114348 NE and 117208 do not have
well defined kinematic properties: they might present disk-like
motions, but with kinematic centres possibly not coincident with
the nuclear position (see Fig. B.1). We note, however, that these
small offsets might also be due to different amount of dust or
the presence of tidal streams along the major axis PA (see e.g.
He flux distribution in Fig. A.14). A better investigation of these
offsets is reported in Appendix C. 120087 has peculiar outflow
features, reasonably responsible of the observed velocity gradi-
ent (with a maximum variation 6vg,s ~ 353 km s~1, a factor of
2.6 higher than ¢6v..). Finally, there are seven systems with regu-
lar stellar kinematics but highly perturbed gas motions, with g,
generally higher than 100 km s~! across the major axis, and with-
out clear trends in the LOS velocity: 100188, 101572, 105189,
114348 SW, 114378, and 119542 (with the possible addition of
116090, affected by poor data quality). A more detailed descrip-
tion of individual targets is reported in Appendix B.

Summarising, we found five systems with regular, disk-like
kinematics traced by the narrow Ha and stars on scales of
26 kpc (in diameter), IZw1, 110190 W, 112072 N, 113120, and
120100 S, with the possible inclusion of three additional targets
(114348 NE, 117208, and 107251). The remaining targets (21/29

2 With the exception of IZwl, a minor merger system with log
Lir/Lo = 11.3 but log Ly /Lo > 12.

individual nuclei) show more complex gas kinematics, domi-
nated by tidal streams (e.g. 109022 in Fig. A.6), loops (e.g.
105189 in Fig. A.4) and outflows (e.g. [13451 in Fig. A.10) that
prevent a clear identification of possible features due to more
regular, disk-like motions. On the other hand, the incidence of
stellar disk-like motions is slightly higher than rotating gas, with
13 (17, including the more uncertain systems in Table 1) systems
out of 29. This higher incidence is probably due to the fact that
the stellar component is less affected by non-gravitational pertur-
bations (shocks, outflows). Therefore, the incidence of gas disk-
like kinematics in our PUMA sample, of 27% (8 out of 29), has
to be considered as a lower limit. In support of this perspective,
we note that in a merger the gas has shorter dissipative timescales
than stars, and thus it should settle back on a rotating disk earlier
than stars (e.g. Springel & Hernquist 2005).

Rodriguez-Gomez et al. (2017) analysed the morphology of
~18 000 central galaxies at z ~ 0 from the Illustris cosmological
hydrodynamic simulation (Sijacki et al. 2015). They found that,
for objects with M, < 10'! M, mergers do not seem to play any
significant role in determining the galaxy morphology: remnants
are associated with both spheroidal and disk-dominated galaxies
(see also Sparre & Springel 2017 for similar results). An inci-
dence of ~27-50% for rotating disks in our PUMA sample is
therefore consistent with these theoretical predictions.

We stress however that the PUMA sample, with its relatively
small number of targets and the different intrinsic properties of
each ULIRG, limits the statistical meaning of our results. Among
the 8/29 systems with gaseous disk-like kinematics, 110190 W,
114348 N and 120100 SE are associated with less advanced
stages of the merger (wide binaries with nuclear separations
>5kpc in projection), and we cannot exclude a disk destruc-
tion in subsequent phases; [Zw1 is instead a minor merger. On
the other hand, the four remaining targets have a unique kine-
matic centre and kiloparsec-scale rotation signatures, regardless
the presence of double nuclei (in the binary systems 107251 and
112072) or strong streams (in the remnants 113120 and 117208).
Among the other systems, we identified five merger remnants
with a stellar disk (100188, 101572, 105189, 114378, and 119542)
but highly perturbed gas kinematics that might prevent the detec-
tion of a gaseous disk. These nine targets (four with a gaseous
disk and five with a stellar disk) represent the strongest evidence
for the preserving (or reforming) of a gaseous disk in major
merger processes within the PUMA sample.
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3.3. Differences between gas and stellar kinematics along
major axis PAKI

The narrow Ha and stellar PV diagrams in Fig. 4 (third and
fourth panels) display significant dissimilarities: the maximum
gas and stellar velocity variations along PAMM are Svg,s ~
328kms~! and 6v, ~ 214kms™!, respectively, while the peak
velocity dispersion are 0gys ~ 140kms™ and o, ~ 210kms™".
Differences between gas and stellar kinematics along PAX
are usually observed in (U)LIRGs (e.g. Cazzolietal. 2014;
Crespo et al. 2021), and can be interpreted as due to the presence
of different dynamical structures or distinct levels of obscuration
(see below).

A precise comparison between stellar and gas rotation along
PAK" can be performed only for a couple of systems in our
sample. Among the 8 systems isolated in the previous section
(IZwl, 107251 W, 110190 W, 112072 N, 113120, 114348 NE,
117208, and 120100 S), only two targets show regular gas PV
diagrams, without significant contributions from perturbed com-
ponents: 110190 W and 113120°. These two systems show simi-
lar maximum stellar and gas velocities, with 6vg,s ~ 200 km s
and 6v, ~ 300kms~!, and similar maximum gas velocity disper-
sion, of ~130km s~!; vice versa, their maximum stellar velocity
dispersion are significantly different, with o, ~ 200kms~' in
113120 and ~80kms~! in 110190 W. This difference might be
due to intrinsic dissimilarities, as for instance the nuclear obscu-
ration. As dust preferentially obscures young stars, which tend to
be dynamically cooler than older stellar populations, an higher
obscuration in the nuclear regions could translate into a higher
velocity dispersion. The continuum colour of 113120, defined
as log (fr/fs), with fz and fp being the flux at ~9000 A and
~4500 A, respectively, is a factor of ~3 higher than 110190 W in
the nuclear regions (Paper I). The different R, of the two systems
(see Table 1) could play arole as well: at fixed disk mass, a more
compact disk has a steeper inner velocity gradient, resulting into
a higher velocity dispersion peak.

Instead, the observed differences between stellar and gas
velocity amplitudes in 110190 W and 113120 (6vgas ~ 1.56v,) can
be related to the star formation activity during the merger stages.
For instance, numerical simulations by Cox et al. (2006) showed
that old stars that are present prior to the merger (i.e. the oldest
stellar populations) are the slowest rotators in a merger remnant;
on the contrary, younger stars forming during the first passage
of the galaxies and the final merger event are the fastest rotators
(see their Fig. 7). We might speculate that youngest stars do not
significantly contribute to the measured stellar velocity disper-
sion, as they are more embedded in dusty regions. In Catalan-
Torrecilla et al. (in prep.), we will present the stellar population
synthesis and its spatial distribution, in order to test this scenario.

3.4. Morpho-kinematic PA (mis)alignments

Figure 5, left, shows the comparison between morphological
and (gas and stellar) kinematic major axis PAs, for all PUMA
systems where it was possible to determine PAK™. Follow-
ing Barrera-Ballesteros et al. (2015), we compare our morpho-
kinematic (mis)alignments with those of a control sample of 80
non-interacting galaxies from the CALIFA survey, whose spa-
tial sampling (from ~0.3 to 1.5kpc) and FoV coverage (sizes
from 7 to 40kpc) are comparable with those of our galaxies.

3 1Zw1 PV diagrams are strongly affected by the AGN in the vicinity of
the nucleus; similarly, the gas velocity profiles of remaining systems are
affected by residual outflow and stream components; see Appendix B.
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Fig. 5. PA diagrams. Left: comparison between morphological and kine-
matic major axis PAs for the stellar (yellow) and gas (red) compo-
nents. The dashed blue line indicates the 1:1 relation; the blue-shaded
region (+22°) includes 90% of the morpho-kinematic PA misalignments
of a sample of 80 non-interacting galaxies from the CALIFA survey
(Barrera-Ballesteros et al. 2015). Right: comparison between stellar and
gas kinematic major axis PAs. The dashed line indicates the 1:1 relation;
the shaded region (+15°) includes 90% of the kinematic PA misalign-
ments of non-interacting CALIFA galaxies (Barrera-Ballesteros et al.
2015).

In the figure, we report the 1:1 relation, with a shaded region
that includes 90% of the CALIFA non-interacting sources (i.e.
with a misalignment smaller than 22°). The relatively small
PUMA sample does not allow us to derive strong conclusions
about the general behaviour of ULIRGs systems; nevertheless,
we note that 57% (four out of seven) of the PUMA systems have
[PA™O™! — PALY| misalignments larger than 22°, and 42% (5/12)
have [PA™Ph — PAKN| > 22° These results are consistent with
those reported by Barrera-Ballesteros et al. (2015), who anal-
ysed the morpho-kinematic misalignments in a larger sample of
~80 interacting CALIFA galaxies, considering both stellar and
gas kinematic PAs.

Figure 5, right, shows instead the comparison between gas
and stellar kinematic PAs, for the 13 PUMA systems where it
was possible to determine the major axis PAs. Also in this case,
we compare our results with those in Barrera-Ballesteros et al.
(2015): in the figure, we report the 1:1 relation, with a shaded
region that includes 90% of the CALIFA non-interacting sources
(i.e. with a misalignment smaller than 15°). About 38% (5 out of
13) of the PUMA kinematic misalignments are larger than 15°,
roughly consistent with Barrera-Ballesteros et al. (2015), who
find that 20% of the CALIFA interacting sample has kinematic
misalignments larger than 15°.

The most deviating points in Fig. 5, right, are associated with
110190 E, 114348 NE, 116090, 120087, 120100 SE (see Table 1).
The slightly larger number of PUMA systems with more extreme
kinematic misalignments might be due to their more advanced
merger stage with respect to CALIFA interacting galaxies, the
sample of which contains >43% pre-merger systems without
any visual feature of interaction and projected distances of up to
160 kpc. In fact, the presence of more close companions, promi-
nent tidal streams, and strong nuclear winds in our PUMA sys-
tems might all contribute to the kinematic misalignments (but
see also Chen et al. 2016).

These results indicate that interactions and mergers do have
an impact on the internal kinematic alignment of galaxies. How-
ever, we note that stellar and gas PAs are roughly aligned
(Fig. 5, right), while more significant misalignments can be



M. Perna et al.: PUMA-IIL. Ionised gas disks

found between the morphological and kinematic PAs (Fig. 5,
left), consistent with the Barrera-Ballesteros et al. (2015) results.

3.5. 3D-Barolo and gas kinematics classification

To test whether the systems with more regular gas kine-
matics are compatible with a rotationally supported system,
we modelled the narrow Ha data cubes with 3D-Barolo
(Di Teodoro & Fraternali 2015). In particular, we modelled the
gas kinematics of the following systems: [Zw1, 107251, 110190
W, 112072 N, 113120, 114348 NE, 117208, and 120100 SE. In
this section we present the general strategy adopted for 113120;
more details about the fitting procedure per individual targets are
reported in Appendix C.

The main assumption of the 3D-Barolo model is that all
the emitting material of the galaxy is confined to a geometri-
cally thin disk and its kinematics are dominated by pure rota-
tional motion. The possible presence of residual components
associated with the outflow might affect the 3D-Barolo mod-
elling, especially in the innermost nuclear regions, where the
outflow is stronger. Nevertheless, this model allows us to assess
the presence of such disks and to infer a simple kinematic clas-
sification through the standard v, /0 ratio, where vy is the
intrinsic maximum rotation velocity (corrected for inclination,
Urot = ULos/ sin(i)) and o is the intrinsic velocity dispersion
of the rotating disk, related to its thickness. In this work, we
define o as the measured line width in the outer parts of the
galaxy, corrected for the instrumental spectral resolution (e.g.
Forster Schreiber et al. 2018).

3D-Barolo best-fit results have been obtained following two
different approaches. The first one consists of a two-step strat-
egy. First, we tried different azimuthal models spanning a range
of disk inclination angles i with respect to the observer (5 to 85°
spaced by 5°, with 0° for face-on); during this step, the i param-
eter is fixed, and the fitting minimisation is performed consid-
ering the following free parameters: v,, the rotation velocity,
o, the velocity dispersion, and ¢, the major axis PA. The disk
centre is fixed to the position of the nucleus (inferred from reg-
istered HST/F160W images; see Paper I). We therefore inferred
the disk inclination angle considering the best-fit configuration
with the minimal residuals, defined using the Egs. (2) and (3b) in
Di Teodoro & Fraternali (2015). Then, we run 3D-Barolo with a
local normalisation, letting it minimise the vy, 0, ¢ and i param-
eters. In this second step, the inclination is left free to vary in a
few degrees around the best-fit i defined in the previous step. For
the second method, we simply run 3D-Barolo with a local nor-
malisation, but initialising the inclination to the value derived
from the isophote modelling of HST data (Sect. 2.2.2), hence
assuming that continuum and narrow Ha have the same geome-
try. As for the PA measurements, 3D-Barolo fit analysis is per-
formed on the innermost nuclear position, excluding the regions
with poor S/N (<3), for which a Voronoi tessellation would be
required.

The resulting best-fit plots for 113120 are shown in Fig. 6,
while best-fit parameters are reported in Table 2, together with
those of the remaining seven targets with evidence of rotation
(see Appendix C). We note that the 3D-Barolo best-fit inclina-
tion of 113120 obtained with the two methods, i; = 34° + 3° and
in = 27° = 3°, are still consistent with the value we derived from
the isophote modelling of HST/F160W data, imerpn = 25° £ 11°
(Sect. 2.2.2). However, their slightly different i values translate
in different rotational velocities; we therefore decided to report
in the table the best-fit results obtained with both methods. Simi-
larly, for each target in the table we indicate if both methods pro-
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Fig. 6. 113120 narrow Ha 3D-Barolo disk kinematic best fit of the
moment 0, 1, and 2 (first to third rows) and PV diagrams along the minor
and major disk kinematic axes (bottom). The black curves in the veloc-
ity dispersion map obtained from the data (third row, left panel) iden-
tify the region from which o is extracted. In the PV diagram along the
major axis (bottom right) and minor axis (left), data are indicated with a
grey-scale map and blue contours, while best-fit models are shown with
red contours.

vide totally consistent results (110190 W and 120100 SE) or not
(I13120 and IZw1), or alternatively, if the results are obtained
from the first (107251, 112072 and 114348 NE, with no isophote
analysis) or the second method only (117208, with unconstrained
i when fitted with the first approach).

The o values reported in Table 2 are estimated from the
narrow Ha velocity dispersion map, as the median value in a
radial elliptical annulus that takes care of the disk inclination
(as shown in the velocity dispersion panels; see e.g. Fig. 6).
This was preferred to the beam-smearing-corrected value that
could be inferred from 3D-Barolo, because of the significant fit
residuals in the velocity maps, and for consistency with previous
works in the literature (see next sections). The use of an annulus
region allows us to mitigate the beam-smearing effects or resid-
ual outflow contributions, which are higher in the centre than
the outside (see e.g. PV diagrams in Fig. 6), and — more gen-
erally — remove different contributions due to tidal streams and
companion systems, which would artificially increase the veloc-
ity dispersion by ~20% on average. We used these oy values to
measure the ratio vy /0 for all the galaxies with indication of
gas rotation (Col. 7 in Table 2).
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:3DB

3DB

Target 3DB method(s) i ¢3PB v3DB a0 v3DB /ey Re Mayn M.,
(deg) (deg) (kms™!)  (kms!) (kpc) (x1019 M) (x1019 My)
) @ ()] @ ®) (©) O] ®) © (10
1Zwl I 47+4 138x9 195£20 35x14 83  1.84x0.05% (1.0£0.1) 3.6198 -
11 38+£3  136+8 220+20 32x12  7x4  1.84+0.05% (1.0+0.1) 4.4+08 -
107251 I 45+6 285+6 185+15 80+30 2+1 28+0.6™ (23+04) 7.0t28 -
110190 W LI 48+4 117+9 210x11 5610  3=x1 26+0.1(29+£03) 6.5709 4
112072 N I 48+4 87+6  70+9  85+25 08+03 28+0.6"(1.6+0.3) 3.5122 3.6
113120 I 34+3  88+8 270£12 58+10  5=1 0.5+0.1(1.0£03) 1.9+04 3+0.1
i} 27+3  88+9 31520 58x10 61 0.5+0.1 (1.0£0.3) 25708 3+0.1
114348 NE I 52+3  185+7 109+£8  73£15 15+£03 28060 (6.0+07)  3.6715® 10.8
117208 1 474 1425 15515 70£20 21 1.3£0.1(1.7+£04) 2.3%08 13540
120100 SE LI 58+4 287+6 110£10 78«18 1403 1.5+0.2(3.7+0.6) 2.1%09 -

Notes. Column (1) Target name. (2) 3D-Barolo fit analysis methodology: ‘I’ for a two-step strategy, to first constrain the inclination and then all
remaining disk parameters, and ‘II" for a single-step strategy considering the ™™™ (Sect. 2.2.2) as initial guess for the inclination. (3) 3D-Barolo
disk inclination i. (4) 3D-Barolo kinematic PA of the major axis on the receding half of the galaxy, taken anti-clockwise from the north on the
sky. (5) 3D-Barolo rotation velocity. (6) Measured velocity dispersion in the outer part of the galaxy, after subtracting the instrumental resolution
(in quadrature). (7) Maximum rotation velocity over velocity dispersion. (8) Effective radius measurements from Table 1; these values have been
preferred to those obtained from the Ha flux map, reported in parenthesis, as less affected by dust obscuration. They are however totally consistent
with R.(Ha), in the range 1-2.9 kpc. The only exceptions are represented by 114348 NE and 120100 SE, the R.(Hw) values of which are strongly
affected by the presence of strong off-nuclear Ha emission. (9) Dynamical masses within 2R.. (10) (spectral-energy-distribution-based) stellar
masses from Rodriguez Zaurin et al. (2010) and da Cunha et al. (2010). For the former, no uncertainties were reported in the original paper. VR,
from Veilleux et al. (2006); see Sect. 2.2.2. ®Mean R, of local (U)LIRGs, from Bellocchi et al. (2013).

It is important to note that our best-fit models have impor-
tant limitations and systematic uncertainties, and the small for-
mal errors on a parameter do not necessarily imply a good fit
(see Neeleman et al. 2021). Both the very simplified disk mod-
els and a (possible imprecise) separation between narrow and
perturbed He components (Sect. 2.2) might be responsible of
the significant residuals we observe in the velocity and velocity
dispersion maps (e.g. Fig. 6). Nevertheless, our 3D kinematical
analysis shows that, on average, this small sub-sample of PUMA
systems have a ratio of rotational velocity to velocity dispersion
of vt/09 ~ 1-8. Although slightly lower than that of spiral
galaxies in the local Universe (v /09 ~ 10), our values are still
comparable with Ho measurements of other low-z (U)LIRGs in
the literature (e.g. Bellocchi et al. 2013; Crespo et al. 2021) and
systems at z ~ 0.5—1 (Rizzo et al. 2021 and references therein).
Therefore, 3D-Barolo results provide further indication of rota-
tionally supported gas motions in these targets.

3.6. Gas velocity dispersion in (U)LIRGs and high-z
populations: Dependence on starburstiness

Many theoretical and observational studies suggest that gas in
high-z galaxies has larger random motions compared to nearby
galaxies: in particular, the ionised gas velocity dispersion goes
from ~20kms~! in nearby spirals to ~45kms~! in massive MS
star-forming disk galaxies at z ~ 2, although with a significant
scattering of values (e.g. Ubler et al. 2019).

Figure 7, top, shows the narrow Ha velocity dispersion of our
rotationally supported PUMA systems (red circles) as a func-
tion of the redshift, together with the Ubler et al. (2019) evo-
lutionary trend of SFGs. This trend mostly traces the velocity
dispersion evolution of normal MS galaxies (e.g. Ubler et al.
2019; Forster Schreiber et al. 2018); we therefore labelled it as
ooms hereinafter. The oy of our PUMA systems, in the range
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30-85kms™!, are more compatible with — or possibly higher
than — those of high-z galaxies rather than nearby spirals. This
can be explained taking into account the following arguments.
On the one hand, the velocity dispersion increases as natural con-
sequence of the availability of huge gas reservoirs and intense
star formation that is taking place in ULIRGs and high-z galax-
ies (e.g. Lehnert et al. 2009; Arribas et al. 2014; Johnson et al.
2018). On the other hand, both the gravitational instabilities
due to the galaxy interactions and the presence of non-circular
motions in our PUMA targets can contribute to the oy enhance-
ment with respect to isolated nearby galaxies.

To better investigate the origin of the differences between
PUMA systems and normal MS galaxies at different redshifts,
in Fig. 7 we report additional individual ionised gas measure-
ments of SB disk galaxies from the literature (see Appendix D
for details). Many of them show a significant deviation from the
ooMms evolutionary trend, similar to our PUMA systems.

All these measurements from the literature have been
obtained from integral field spectrograph data; therefore, they
are not strongly affected by beam-smearing effects and other
systematics that tend to overestimate the intrinsic dispersion
(see discussion in Ubler et al. 2019). We also stress here that
all selected individual sources are disk galaxies. This ensures
relatively small contribution of outflows in the velocity disper-
sion measurements, the incidence of which increases with SFR
and AGN activity (e.g. Cicone et al. 2016; Villar Martin et al.
2020). A few additional caveats should be kept in mind regard-
ing this compilation of sources: all of them are presented as SB
galaxies in the original papers, but we note that (i) there is no
rigorous definition of a SB galaxy, but several different criteria
are often used, and (ii) especially at high z, stellar mass and SFR
measurements can be highly uncertain, depending on the avail-
ability of multi-wavelength information. This aspect is further
discussed below.
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Fig. 7. Gas velocity dispersion o evolutionary trend and correlations.
Top: velocity dispersion, o7, as a function of z for the PUMA sub-
sample (red dots) and other individual ionised gas measurements from
the literature, distinguishing between the different samples presented
in Appendix D, as labelled. The Ubler et al. (2019) evolutionary trend
of MS galaxies is shown with a solid curve (shaded area: 1o scatter
around the average trend). Middle: o as a function of the SFR for
all targets already reported in the first panel and the KMOS®P galaxies
(grey points; Ubler et al. 2019). K18 models and a linear fit (with scat-
ter) are also reported, as labelled. Bottom: oy normalised to the evolu-
tionary trend of MS galaxies as a function of MS for all targets already
reported above. A linear fit is also reported.

3.6.1. The 0g—SFR correlation

Most of the galaxies presented in Fig. 7, top, significantly devi-
ate from the o ps evolutionary trend. In order to understand if
this deviation is due to the extreme SFR in these systems, we

show in Fig. 7, middle, the velocity dispersion o as a func-
tion of the SFR, for all the targets already mentioned, in addition
to the sample of normal MS galaxies used to derive the oo ms
trend (Ubler et al. 2019). All SFR measurements of SB reported
in the figure are obtained from IR luminosities (as reported in
the original papers, or using the Kennicutt 1998 relation, assum-
ing the Chabrier initial mass function). For the PUMA targets,
we considered the nuclear IR luminosities reported in Paper II,
Table 7; for the binary systems, the fraction of the IR luminosity
assigned to each nucleus is based on their relative ALMA contin-
uum fluxes. We observe a relatively poor correlation (Spearman
rank correlation coefficient 0.4), reasonably due to a bias selec-
tion: a clearer correlation is in fact observed when combining
samples of galaxies that cover a larger dynamical range (i.e. also
including local MS galaxies; e.g. Yuetal. 2019; Varidel et al.
2020). By performing a linear regression fit we derive

log() = (0.157093) x log(SFR) + (1.46 + 0.04), 1))

which is compatible (within 1o) with the results from
Arribas et al. (2014), obtained from a sample of (U)LIRGs
observed with the optical spectrograph VIMOS. We com-
pare this fit with the model predictions by Krumholz et al.
(2018), for both high-z galaxies and local ULIRGs (dash-dotted
lines in Fig. 7, middle). The slight differences between the
two theoretical curves in the figure are due to the distinct
ISM physical conditions of these two classes of sources (see
Table 3 in Krumholz et al. 2018). These models explain the
observed slow increase in o as a function of SFR in the
range [1073,10] My yr~!, followed by a steeper increase up to
10skm s~! considering two different regimes. The o floor is due
to stellar feedback processes, while at higher SFR the velocity
dispersion is regulated by gravitational turbulence. We note that
the comparison between these theoretical curves and our col-
lected data is strongly limited by caveats. To begin, all SB galax-
ies in our plot are disk galaxies: this could result in the exclu-
sion of all targets with more extreme (i.e. higher) op. The next
problem is that the Bellocchi et al. (2013) and PUMA veloc-
ity dispersion measurements in this plot are derived from the
narrow Ha (i.e. after removing the more extreme kinematic
components). As shown in Figs. A.1-A.19 and B, significantly
higher velocity dispersion (up to several 100skms™') is mea-
sured in the total Ha line profiles of our PUMA galaxies, reason-
ably associated with extended outflows and streaming motions.
Finally, the ISM of (U)LIRGs and high-z SB galaxies might
not be in vertical pressure nor energy balance, as assumed in
Krumholz et al. (2018) models: instead, their velocity dispersion
might be strongly affected by non-circular motions. Specifically,
these o9 measurements might not be dominated by the turbulent
component, which is relevant for a comparison with the SFR
(e.g. Bacchini et al. 2020).

3.6.2. The og/09ms—6MS correlation

In the 0,—SFR plane, local (U)LIRGs and high-z galaxies
tend to occupy the same region, regardless of their intrinsic
difference in terms of morphology, gas fraction and starbursti-
ness. In order to distinguish between normal MS and SB galax-
ies, we show in Fig. 7, bottom, the velocity dispersion o
normalised to oms (solid line in the top panel; Ubler et al.
2019) as a function of the starburstiness 6MS = sSFR/sSFR|ys
for all targets already reported in the previous panels. The
sSFR|yis is derived from the Speagle et al. (2014) relation, start-
ing from the available stellar mass measurements from the lit-
erature for Johnson et al. (2016), Forster Schreiber et al. (2018),
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Molina et al. (2020), Cochrane et al. (2021), and KMOS?P indi-
vidual targets; stellar masses of LIRGs and ULIRGs from
this study, from Bellocchi et al. (2013), Pereira-Santaella et al.
(2019) and Crespo et al. (2021), are instead derived from the
dynamical mass estimates, assuming M, = (1— foas) X (1= fpm) X
Mgyn, where fq,s and fpy are the gas and dark matter fractions®,
respectively, and Mgy, is the dynamical mass within 2R, (see
next section). For the gas fraction, we considered a conservative
Seas = 0.1 (Isbell et al. 2018; higher f,s values would further
increase their SMS). This gas fraction is consistent with the esti-
mate we obtain considering the molecular gas mass inferred by
ALMA data (Paper II; Lamperti et al., in prep.) and the M, mea-
surements available for a few PUMA targets (see Table 2), f_gas =
0.11+0.05. For the dark matter fraction (within 2R, ) we assumed
fom = 0.26, defined as 1 — My /Mayn, With Mgy = M, + Mgys =
M. /(1 = fas). The fom estimate was derived for the PUMA
and Johnson et al. (2016) SB galaxies for which stellar masses
are available, and considering the dynamical masses within 2R,
(see Sect. 3.7). Because of these assumptions, we considered a
factor of 3 uncertainties for the stellar mass measurements of
(U)LIRGS. These uncertainties, however, play a minor role in the
derived 6MS: at low z, the MS has a soft slope, and normal and
massive MS galaxies have similar SFRs (e.g. at z ~ 0.1, galax-
ies of 10'° and 10" My, have SFRys ~ 1 and ~3.5 My yr !,
respectively); on the other hand, local (U)LIRGs have much
higher SFRs, from 10s to 100s M, yr‘l, and therefore SMS
of the order of 10—100. Finally, for the Alaghband-Zadeh et al.
(2012) and Harrison et al. (2012) high-z galaxies we assumed
that M, = 10" M, following Harrison et al. (2012).

Figure 7, bottom, shows a clear correlation between
oo/ooms and SMS (Spearman rank correlation coefficient 0.6),
suggesting that SB galaxies tend to have higher velocity dis-
persion than normal galaxies at given z and stellar mass. Ten-
tative evidence of such correlation was already reported by
Wisnioski & Forster (2015), for the KMOS?P galaxies at z ~ 2,
and by Varidel et al. (2020), for nearby MS galaxies of the SAMI
survey, but the lack of dynamical range in terms of starburstiness
in these surveys maintained the correlation at low significance
level (see also Figs. 15 and 16 in Ubler et al. 2019).

By performing a linear regression fit, we derived

log(oo/aoms) = (0.27%09%) x log(6MS) + (0.07*5:9%). )
Given the correlation between o and SFR (e.g. Varidel et al.
2020) and the tight inter-relationship between SMS and f,, (€.g.
Wisnioski & Forster 2015; Tacconi et al. 2020), it is unsurpris-
ing that the starburstiness correlates with the excess in the veloc-
ity dispersion with respect to MS galaxies. The positive slope
of ~0.27 is inconsistent with the one observed between f,,s and
OMS, +0.5 (Tacconi et al. 2020), suggesting that complex inter-
actions between different physical drivers are responsible of the
correlation observed in Fig. 7 (bottom). As a final check, we
studied the correlation between oy and v,y, as well as between
oo/0ooms and vy, obtaining Spearman coefficients of ~—0.2
(with p-value ~ 0.05); this shows that not even v,y can have a
significant role in determining the increase in the velocity dis-
persion of SB galaxies.

The strong correlation oy/ogms—OMS suggests that the SFR
of galaxies above the MS is taking place in an ISM significantly
more unsettled than in normal (i.e. MS) galaxies. This is likely
due to the presence of interactions and mergers, which enhance

* In this work, we define fys =
and fpm = Mpm/Mayn.

gas/Mbars with Mbar = (M* + Mgas)s
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SFRs while simultaneously increasing the velocity dispersion
of the ISM. The absence of a strong correlation between the
SFR and the elevated velocity dispersion in star-forming clumps
both in local (U)LIRGs and high-z SFGs (Arribas et al. 2014;
Gengzel et al. 2011) further suggests that the extreme dispersion
cannot simply be related to the strong SFR in these systems.

Our arguments are consistent with the parsec-resolution
hydrodynamical simulations of major mergers presented by
Renaud et al. (2014): they found that the increase in ISM veloc-
ity dispersion precedes the star formation episodes. Therefore,
this enhancement is not a consequence of stellar feedback but
instead has a gravitational origin. In this scenario, MS can be
interpreted as a tracer of the strength of gravitational torques:
stronger gravitational torques during the interactions lead the gas
to flow inwards, both increasing the velocity dispersion and the
efficiency in converting gas into stars. We finally mention that
AGN outflows, which are ubiquitous in these systems (Paper I;
Paper II), can also contribute to increasing the velocity disper-
sion of the disks, as suggested by high-resolution hydrodynamic
simulations (e.g. Wagner et al. 2013; Cielo et al. 2018).

A more detailed investigation of the physical meaning of
the correlations reported in Fig. 7 goes beyond the purpose of
this study; here we just stress that, by selecting a (relatively
small) sample of MS and SB disk galaxies in the redshift range
0.03-2.6, a more significant correlation is observed between
oo/ooms and 6MS rather than between oy and SFR. We argue
that this result might be even more evident considering the entire
population of (U)LIRGs (i.e. without excluding targets with no
evidence of a rotating disk; see e.g. Table 1), and measuring the
velocity dispersion without excluding possible contribution from
outflows and streaming motions (see Figs. A.1-A.19).

3.7. Dynamical masses

In this section we derive the dynamical masses of our PUMA
sub-sample, and compare them with those of other (U)LIRGs
from the literature. Assuming that the source of the gravitational
potential is spherically distributed, we can estimate the dynami-
cal mass within a radius R as:

2

U,
Mgy = Z‘;"CR =2.33x 10°0% R,

3

where G is the gravitational constant, v is the circular velocity
inkms™', and R is given inkpc.

We used the near-IR continuum 2R, as the radius to calcu-
late Mgyn, which for an exponential profile contains 85% of the
total flux. The effective radius of 110190 W, 113120 and 117208
is computed with the Isophote package of Astropy (Sect. 2.2.2);
IZw1 R. is instead taken from Veilleux et al. (2006), who per-
formed multi-component two-dimensional image decomposi-
tion to separate the host galaxy from its bright active nucleus;
for the remaining three targets, we adopted the ULIRGs aver-
age R. derived by Bellocchi et al. (2013), as the presence of
nearby nuclei (I07251 and 112072) and strong tidal features
(114348 NE) do not allow us to model the continuum with
isophotal ellipses.

To infer the circular velocity we consider both the rotation
and dispersion motions traced by the narrow He. In particular,
we included the asymmetric drift term, which represents an extra
component due to the dispersion of the gas around the disk of the
galaxy,

2

Ucirc

“

— .2 2
= Uy T MO
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The term 7 is a constant and can vary between approximately
1.5 and 6, depending on the mass distribution and kinematics of
the galaxy: higher values indicate higher turbulence in the ISM
of a rotating disk (Neeleman et al. 2021). We assumed n = 3,
following Dasyra et al. (2006), which is very close to the value
expected for an exponential, turbulent pressure-supported disk
(n = 3.4), and considered an uncertainty of 1.5 to take into
account the large range of possible values. We note that, on aver-
age, our dynamical masses would be a factor of 1.15 lower (1.32
higher) assuming n = 1.5 (6).

The assumption of a spherically distributed ISM is at odds
with that we used in Sect. 3.5 to measure the rotational veloc-
ities in our systems. In order to account for this, following
Neeleman et al. (2021), we conservatively increased the dynam-
ical mass uncertainty by 20% towards lower masses. This corre-
sponds to consider that the effective total mass distribution falls
somewhere in between a thin disk and a sphere.

The measured dynamical masses of our PUMA systems
range from ~2 to ~7 X 10'° M, consistent with the median
value derived by Bellocchi et al. (2013) for ULIRG system:s,
4.8 x 10" M., confirming that ULIRGs are intermediate
mass systems, as previously suggested (i.e. Colina et al. 2005;
Rodriguez Zaurin et al. 2010).

In this final part, we further discuss about the dark mat-
ter fraction reported in the previous section, and defined as
JSom = 1=Mypar/Mays. Using a sub-sample of 27 SB disk galaxies
with available M, measurements, and assuming feas = 0.1, we
obtained a median value fpy = 0.26. We note, however, that for
a few sources (6/27, mostly from the PUMA sample) M. > Mgy,
(Table 2; see also Table 6 in Rodriguez Zaurin et al. 2010). This
can suggest either that the systems are not relaxed (due to the
interaction and mergers) and that Mgy, is unreliable, or that M.,
measurements have high uncertainties. As the Mgy, estimates
are in agreement with previous works, and because of the fact
that for binary PUMA systems in Table 2 the available M, mea-
surements are obtained without separating the contribution of
the merging galaxies, we favour the second interpretation: that
M., measurements are highly uncertain, though a combination or
both may also be possible. These arguments led us to consider
significant (factor of 3) uncertainties in the determination of the
stellar masses for the entire sample of local (U)LIRGs, required
to estimate their SMS. The conclusions reported in the previous
section are however not affected by these uncertainties, because
of extreme SFR in (U)LIRGs targets.

4. Summary and conclusions

The PUMA project is a survey of 25 nearby ULIRGs observed
with MUSE and ALMA. It is a representative sample that cov-
ers the entire ULIRG luminosity range and includes a combina-
tion of systems with AGN and SB nuclear activity in advanced
interacting and merging stages. Paper I presents the first MUSE
results on the spatially resolved stellar kinematics and the inci-
dence of ionised outflows in nuclear spectra; Paper II analy-
ses high-resolution (400 pc) ~220 GHz continuum and CO(2—-1)
ALMA observations to constrain the hidden energy sources of
ULIRG:s. In this paper, we have investigated the presence of rota-
tional ionised gas dynamics in PUMA targets to understand if, as
predicted by models, rotation disks can be preserved during the
merging process (or rapidly regrown after coalescence) and, if
so, what their main properties are. Our results are summarised
below.

(a) We have presented the spatially resolved Ha flux and
kinematic maps for the entire PUMA sample, obtained from

multi-component Gaussian fit analysis (Figs. A.1-A.19). Irregu-
lar large-scale ionised gas velocity fields associated with tidally
induced motions and outflows are found in almost all targets;
Ha velocities (v50) of up to ~+300kms~! are detected in the
MUSE FoV, while He W80 line widths range from ~100 to
~1500kms~!. The [NII] (and [OIII]) line transitions are even
more affected by perturbed motions, such as tidal streams and
outflows.

(b) We have studied the Ha kinematics to infer the pres-
ence of rotating disk signatures. A kinematic decomposition was
performed by selecting in the AV; — FWHM; plane all best-fit
Gaussian components with relatively small velocities and con-
structing new narrow Ha data cubes. In these newly generated
data cubes, the emission associated with gas components with
extreme velocities (likely due to outflows and/or tidally driven
flows) is minimised.

(c) By studying the gas kinematics along the major axes of
our galaxies in the innermost regions (~5—20 kpc), we found that
27% (8 out of 29) individual nuclei are associated with disk-
like motions. This has to be considered as a lower limit as the
presence of vigorous winds and gravitational torques, as well
as observational limitations (in terms of spatial resolution, spec-
tral resolution, and S/N), limits our capabilities to isolate more
regular, disk-like kinematics through a multi-component Gaus-
sian fit decomposition. This is supported by the fact that five
merger remnants in our sample present stellar disk motions but
highly perturbed gas kinematics. Indeed, the incidence of rotat-
ing ionised gas disks is a factor of <2 smaller than that of stellar
disk-like motions (Paper I). This possibly suggests that (i) we are
actually missing a significant fraction of sources with gas rota-
tion because of the above-mentioned limitations, or (ii) the gas
component is more affected by winds and gravitational interac-
tions, and the probability of preserving a gas disk is lower than
that of a stellar disk. In both instances, our results show that, as
predicted by models, rotation disks can be preserved during the
merging process and/or rapidly regrown after coalescence.

(d) For the eight galaxies with evidence of disk-like motions,
we modelled the narrow Ha data cubes with 3D-Barolo
and derived rotational velocities v,y € [70-300]kms™. By
combining them with the measured velocity dispersion, o
(€[30-801kms™"), we derive vr /o values in the range 1-8,
providing a further indication of rotationally supported gas
motions in these ULIRGs. We also derived their Myy,, obtaining
values in the range (2—7) X 10'° Mo, consistent with the Mgy, of
other ULIRG:s in the literature.

(e) We compared the narrow Ha velocity dispersion, o7, of
our eight PUMA disk galaxies with those of other SB and normal
MS disk galaxies at low and high z. We found that all SB galax-
ies tend towards higher oy values compared to MS galaxies at
the same redshift. Interestingly, when we normalise o to the
value expected for MS galaxies (at the same z), considering the
Ubler et al. (2019) evolutionary trend, oo ms, we found a signif-
icant correlation between o/ooms and the starburstiness, OMS.
In particular, SB galaxies display velocity dispersions that are
up to a factor of ~4 higher than those of normal MS galaxies
at the same redshift. The relatively poor correlation between o
and the SFR (Fig. 7, middle) suggests that stellar activity can-
not be the main mechanism responsible for the oy enhancement
observed in SB galaxies, and other mechanisms, possibly related
to interactions and mergers, should be taken into account (see
e.g. Renaud et al. 2014).

We note, however, that most of the SB galaxies at z > 0.4
collected from the literature are consistent with 6MS = 1
once homogeneous recipes are used to derive the SFR and
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measurement uncertainties are taken into account. As a result,
the correlation reported in the figure is mostly driven by the
comparison between z ~ 0.03-0.4 (U)LIRGs and KMOS3P MS
galaxies at z ~ 0.6—2.6. This makes a further investigation of gas
dynamical conditions in SB galaxies at z > 0.4 highly desirable.
The James Webb Space Telescope NIRSpec integral field spec-
trograph, with its wide spectral range (from 0.6 to 5.3 um) and
sub-arcsecond resolution, will allow a comprehensive character-
isation of the ionised gas dynamical conditions in such systems.
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Multi-component Gaussian fit results

Appendix A:
log10(frra [x1072 erg/s/cm~?]) Har Velocity (v50) [km/s] Ha Line width (W80) [km/s]
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Fig. A.1. 100188 maps: Ha integrated flux (left), Ha centroid (v50, centre), and line width (W80, right) obtained from the multi-component
Gaussian fit. The first solid contour is 307, and the jump is 0.5 dex. The cross marks the nucleus. North is up, and west is to the right.
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Fig. A.2. IZw1 maps. See Fig. A.1 for details.
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Fig. A.3. 101572 maps. See Fig. A.1 for details.
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Fig. A.4. 10589 maps. See Fig. A.1 for details.
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Fig. A.5.107251 maps. See Fig. A.1 for details.
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Fig. A.6. 109022 maps. See Fig. A.1 for details.
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Fig. A.7. 110190 maps. See Fig. A.1 for details.
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Fig. A.8. 111095 maps. See Fig. A.1 for details.
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Fig. A.9. 112072 maps. See Fig. A.1 for details.
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Fig. A.10. 113451 maps. See Fig. A.1 for details.
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Fig. A.11. 114348 maps. See Fig. A.1 for details.
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Fig. A.12. 114378 maps. See Fig. A.1 for details.
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Fig. A.13. 116090 maps. See Fig. A.1 for details.
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Fig. A.14. 117208 maps. See Fig. A.1 for details.
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Fig. A.15.119297 maps. See Fig. A.1 for details.
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Fig. A.16. 119542 maps. See Fig. A.1 for details.
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Fig. A.17.120087 maps. See Fig. A.1 for details.
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Fig. A.18. 120100 maps. See Fig. A.1 for details.
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Fig. A.19. 122491 maps. See Fig. A.1 for details.

5.0

Appendix B: Position-velocity diagrams

In Fig. B.1 we show the comparison between the (total and nar-
row) Ha and stellar velocities along their kinematic major axis,
for all targets for which we can observe a clear velocity gradient
(and measure a PA%") together with a peak in the velocity disper-
sion diagram at the position of the nucleus for at least one com-
ponent (i.e. gas or stars). The nuclear positions are inferred from
registered HST/F160W images (Paper I). The PV plots show
only a small portion of the total extension of the ULIRG systems,
in order to exclude the contribution from tidal tails, extended
outflows or second nuclei, and better identify rotation-like sig-
natures.

The major axis PA*" measurements have been obtained with
the python PaFit package (Krajnovic et al. 2006), for both stellar
and gas kinematics (Cols. 5 and 6 in Table 1). The difficulty in
measuring reliable PA*" and obtaining regular velocity profiles
led to the exclusion of the following systems: 107251 E and W,
109022, 111095,112072 S,113451 E and W, 19297 S, 20100 NW,
and 122491 E and W.

For the sources for which the gas and stellar major axes agree
within the errors, the PV diagrams have been extracted consider-
ing a PA*" equal to the weighted mean of PAX and PAY", with
the weighting factors equal to the inverse of the quadratic uncer-
tainty on the PA*" measurements; for those sources for which no
PAK" measurement can be obtained for the gas, we considered
the PAX" (101572, 105189, 119297 N, 119542); vice versa, PA’;Z“S
has been chosen when the stars do not show a clear velocity gra-
dient 107251 E, 122491 E). Finally, for those sources with dif-
ferent stellar and gas kinematics (110190 E, 114348 NE, 116090,
120087 and 120100 SE) we extracted the velocity profiles along
different PAs.

Before briefly discussing the PV diagrams of individual tar-
gets shown in the figure, we note that a clear but shallow veloc-
ity gradient (i.e. with v < 100kms™') could translate in a
flat o profile under the MUSE observing conditions (i.e. with
an angular resolution = 0.6”). This would determine the exclu-
sion of disk-like candidates, according to two selection criteria
mentioned at the beginning of this section. However, most of
PUMA individual systems show v 2 100kms~' (see Table 1);
the few systems with lower év (in particular, the gas component
in 100188, 122491 E, 114348 SW and 114378) also present dis-
turbed kinematics, excluding the presence of disks even in these
conditions.

Ax (arcsec)

0.0 2.5 5.0 7.5

Ax (arcsec)

2.5 5.0

B.1. Notes on individual targets in Fig. B.1

100188 shows a regular gradient in V, and a peak in o, at the
position of the nucleus, as expected for rotation-dominated kine-
matics; on the other hand, the narrow Ha velocity profiles is
irregular, while its velocity dispersion is close to ~ 110km/s
along the entire extension of the major axis, indicating highly
perturbed gas kinematics.

IZw1 The Ha in the central pixel is saturated; this translates
in a gap in the PV slices shown in the figure. The presence of
strong Syl emission also prevents us from correctly inferring
proper V. and 0. measurements in the vicinity of the nucleus; in
particular, the o, values might be strongly overestimated.

101572 As for IZw1, the presence of a strong Sy1 prevents us
from properly inferring stellar velocity and velocity dispersion
in the vicinity of the nucleus. Moreover, the gas kinematics are
strongly disturbed by the nuclear outflow and tidal motions.

105189 shows a clear gradient in V, and a peak in o, at the
position of the nucleus, as expected for rotation-dominated kine-
matics; on the other hand, the narrow Ha velocity profiles is
irregular, while its velocity dispersion is close to ~ 110km/s
along the entire extension of the major axis, indicating highly
perturbed gas kinematics.

107251 presents disk-like motions, but with a kinematic cen-
tre not coincident with the position of either the two nuclei of
this interacting system (see also Fig. C.2, top panels). The PV
diagrams presented in Fig. B have been therefore extracted con-
sidering the kinematic centre obtained from the 3D-Barolo anal-
ysis.

110190 This system shows two rotating disks associated with
the two nuclei, separated by ~ 7.2 kpc. However, both the stellar
and gas kinematics in the vicinity of the E nucleus are strongly
affected by the presence of the W system motions.

112072 This source presents two nuclei, at a projected dis-
tance of 2.3kpc. Disk-like motions are presumably associated
with the N nucleus. Broadly regular PV diagrams are observed
for both stellar and gas components.

113120 This target is extensively presented in the main text
of this work.

114348 is an interacting ULIRG with two nuclei, at a pro-
jected distance of ~ 5 kpc. The NE nucleus presents broadly reg-
ular PV diagrams for both gas and stellar components; the SW
nucleus presents broadly regular stellar kinematics, and more
irregular gas motions due to the presence of a strong outflow.
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100188 - major axis (PA = 80°)

1Zw1 - major axis (PA = 130°)
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Fig. B.1. Position-velocity diagrams along the galaxy major axis for all PUMA systems that show i) a well-defined velocity gradient along the
major axis and ii) a peak in the velocity dispersion diagram close to the position of the nucleus. These two conditions provide initial evidence for
rotation-dominated kinematics. All systems whose gas (stellar) kinematics satisfy the two conditions are marked with a blue (red) check mark in
the top-right corner of the velocity dispersion panel; on the contrary, the systems that do not satisfy at least one of the two conditions are marked
with a cross symbol; more uncertain kinematics are marked with a question mark. The systems for which neither the gas nor the stellar components
satisfy the two conditions are not reported in this figure. Line velocity centroids and line widths of narrow He, total He, and stars are reported for
each target, as labelled. See Fig. 4 for further details about the individual panels.

114378 shows a clear gradient in V., and a peak in
o, at the position of the nucleus, as expected for rotation-
dominated kinematics; on the other hand, the narrow Ha veloc-
ity profiles is irregular, and oy, ~ 90km/s along the entire
extension of the major axis indicates highly perturbed gas
kinematics.
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Arp220 shows a broadly regular velocity gradient in both
gas and stellar components (see also Scoville et al. 1997). How-
ever, the presence of the two nuclei with distinct rotation fea-
tures on scales of ~ 100 pc (at a distance of ~ 370 pc), and a
kiloparsec-scale, wide-angle outflow prevents a detailed charac-
terisation of the gas kinematics in this system (see e.g. Fig. 19
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Fig. B.1. continued.
in Perna et al. 2020). For completeness, in Fig. B.1 we report 119297 No evidence of disk-like motions is present in the
the PV plots extracted along a PA¥" ~ 40°, with respect to the vicinity of the two nuclei of this system. The very high gas veloc-
position of the two nuclei. ity dispersion (> 100km/s) suggests the presence of strongly
116090 shows broadly regular gradient in V, and V,, and a  disturbed kinematics.
peak in o, at the position of the nucleus, as expected for rotation- 119542 shows a clear gradient in V, and a peak in o, at the

dominated kinematics; on the other hand, oy, = 130 km/s along  position of the nucleus, as expected for rotation-dominated kine-

the entire extension of the major axis indicates highly perturbed matics. On the other hand, the narrow Ha velocity profiles is

gas kinematics. irregular, mostly associated with blueshifted emission, and the
117208 shows broadly regular velocity profiles in both stellar oy, =~ 110km/s along the entire extension of the major axis

and gas components; the velocity dispersion profiles are instead indicates highly perturbed gas kinematics.

more irregular, with higher values towards the south-east direc- 120087 shows a clear gradient in V. and a peak in o, at

tion, probably due to streaming motions (see also Fig. C.6). the position of the nucleus, as expected for rotation-dominated
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kinematics. The gas velocities broadly resemble the V., profile,
but reaching maximum velocities at ~ 2kpc from the nuclear
position a factor of ~ 2.6 higher than V.. This behaviour might
be due to the presence of a bi-conical outflow, and will be better
investigated in a forthcoming paper.

20100 SE shows broadly regular velocity profiles in both
stellar and gas components. We however observe a significant
misalignment between the gas and stellar major axis PAs.

Appendix C: 3D-Barolo analysis

As already reported in Sect. 3.5, we followed two different meth-
ods to derive 3D-Barolo best-fit results. With the first method,
we first tried to constrain the disk inclination using different
azimuthal models spanning the almost entire range of inclina-
tions (i € 5 — 85°), selecting the i value with minimal residual.
Finally, we ran 3D-Barolo with local models, fitting the rotation
velocity v,,, the velocity dispersion o, and the major axis PA
¢, using the disk inclination derived in the first step as initial
guess. With the second method, we directly fit all disk kine-
matic parameters with a local model, by initialising the incli-
nation to the value derived from the Isophote modelling of HST
data (Sect. 2.2.2). The general fitting procedure is here explained
in more details for each target in our sub-sample of PUMA sys-
tems with evidence of rotation.

IZw1 In this target, a correct ionised gas kinematic decom-
position between disk and outflow components in the innermost
nuclear regions is challenging. The strong outflow, the BLR and
iron emission close to the Ha are responsible of a strong degen-
eracy in the multi-component Gaussian fit results. As a con-
sequence, the narrow Ha map shown in the top-left panel of
Fig. C.1 display a blueshifted kinematic component in the inner-
most nuclear regions not associated with disk kinematics. Sim-
ilarly, the more extreme redshifted velocities in the south-east
direction at ~ 3" are reasonably due to the same fit degener-
acy (see also Fig. A.2). On the contrary, the stellar kinematics
(top-right panel in Fig. C.1) are more regular and display a clear
rotation pattern.

The results obtained with I and II methods are broadly con-
sistent (see Table 2), and point to an intermediate inclination of
~ 40° and a PA¥" ~ 140°, both consistent with the results pre-
sented in Tan et al. (2019) and derived from ALMA observations
of the CO(1-0) molecular gas emission. 3D-Barolo fit results
are reported in Fig. C.1. Significant residuals are observed in
the innermost nuclear regions, due to the AGN driven outflow,
and close to the spiral arms, probably due to the fact that 3D-
Barolo uses a concentric rings structure instead of spiral models
to reproduce the observed kinematics.

107251 This target shows two interacting nuclei at a pro-
jected distance of ~ 1.8 kpc, and very extended tails and stream-
ing gas with velocities from ~ —150kms~!' (north-east) to ~
+150kms~! (north-west). In the innermost nuclear regions, it
presents disk-like motions, but with a kinematic centre not coin-
cident with none of its two nuclei (Fig. A.5). 107251 flux distri-
bution is very irregular, and cannot be modelled with elliptical
isophotes.

We fitted the narrow Ha data cube with 3D-Barolo, follow-
ing the I method strategy, fitting v,,, 0, ¢, and the kinematic
centre position. Unfortunately, the data quality does not allow us
to constrain the disk inclination in this target; we therefore per-
formed the second step of the 3D-Barolo fit assuming a mean
inclination of 52° (Bellocchi et al. 2013) as initial guess. The
3D-Barolo best-fit results are shown in Fig. C.2. Also for this
target, we observe significant residuals in the velocity and veloc-
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Fig. C.1. IZw1 velocity maps and the 3D-Barolo disk kinematic best fit.
Top panels: Narrow Ha (left) and pPXF stellar (right) velocity maps.
The magenta line identifies the major axis PA measurement, computed
within the black box region; the black cross identifies the nucleus. Sec-
ond to fourth row panels: Comparison of 3D-Barolo data and model
moment maps, as labelled in the figure. In the intensity and velocity
maps, we report the major axis PA (dashed line) and the position of the
kinematic centre (black cross); the green curves in the velocity maps
represent the zero-velocity axis. In the dispersion map on the left, the
black curves show the region from which the median o value has been
derived. Bottom panels: PV diagram along the major axis (right) and
minor axis (left) for both the data (grey map and blue contours) and the
best-fit model (red contours; the yellow dots associated with individual
concentric rings are used to model the data).

ity dispersion maps, due to the complex nature of this interacting
system.



M. Perna et al.: PUMA-IIL. Ionised gas disks

Multi-component Gaussian fit
Narrow Har

pPXF fit
Stars

Ay (arcsec)

— PA:1055+3.1
—10 -5 0 5 —10 -5 0 5
Ax (arcsec) Ax (arcsec)
=125 0 125 =125 0 125
Ha"*" Velocity (v50) [km/s] AV, [km/s]
3D-Barolo fit
DATA MODEL RESIDUAL

INTENSITY
By (arcsec)

2 0 -2 0
Bx (arcsec) Bx (arcsec)

-3.0 -2.5 -2.0 -15 -1.0 -0.5
Normalised flux [a.u.]

i

VELOCITY
By (arcsec)

!
A

= = 4 =]

2 0 2 -2 0 2
Ax (arcsec) Ax (arcsec)

-200 -100 100 200 -100

0 0
Vios [km/s] Viosies [km/s]

DISPERSION
By (arcsec)

-2 0
Bx (arcsec)

[ 20 40 60 100 120 140

80
o [km/s]

6=195°

3
g
8

2
g
8

Y
8
8

2

&

8

2 200
E 5 200 s G 200F =
5 E 2 H 2
i o £ -2 £
[ 3 g
2 F-200 2005 a -200
aook +-a00 L ) +-a00
+-600 L . ¢ +-600

~600(-

=

=) 0 2 =2 0 2
Offset (arcsec) Offset (arcsec)

Fig. C.2. 107251 velocity maps and the 3D-Barolo disk kinematic best
fit. In this target, the kinematic centre is shown with a black cross and
the two ULIRG nuclei with red crosses. See Fig. C.1 for further details.

110190 W 110190 shows two interacting nuclei at a pro-
jected distance of 7.2kpc, and very extended tails and stream-
ing gas with velocities from ~ —200kms~! (south-east) to
~ +300kms~! (north-west). Each nucleus shows disk-like
kinematics on kiloparsec scales (Fig. A.7); however, both the
stellar and gas kinematics in the vicinity of the E nucleus are
strongly affected by the presence of the W system motions (see
e.g. Fig. B). This limits the possibility to study the E nucleus
kinematics.
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Fig. C.3. 110190 W velocity maps and the 3D-Barolo disk kinematic
best fit. See Fig. C.1 for further details.

We fitted the 110190 W gas kinematics with both I and II
methods, obtaining totally consistent results (Fig. C.3). Also
for this target, we found a slightly offset between the near-IR
nucleus and the fitted kinematic centre (~ 0.3”); significant
residuals are also observed in the 3D-Barolo maps.

112072 N This source presents two nuclei, at a projected dis-
tance of 2.3kpc, and a very extended plume in the north-east
(Fig. A.9). Disk-like motions are presumably associated with the
N nucleus. The flux distribution is complex and does not allow us
to perform a robust Isophote modelling. We therefore fitted the
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Fig. C.4. 112072 velocity maps and the 3D-Barolo disk kinematic best

fit. See Fig. C.1 for further details.

narrow Ha data cube with the 3D-Barolo, applying the I method.
The fit results are reported in Fig. C.4. Also in this case, velocity
and velocity dispersion maps present significant residuals, due
to the complex nature of this ULIRG.

113120 The 3D-Barolo analysis is extensively presented in
Sect. 3.5.
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Fig. C.5. 114348 NE velocity maps and the 3D-Barolo disk kinematic
best fit. See Fig. C.1 for further details.

114348 NE 114348 is an interacting ULIRG with two nuclei
at a projected distance of 5.3 kpc. The NE nucleus presents disk-
like motions, while the SW kinematics are dominated by a strong
outflow pointing to the south-west; streaming motions along
the north-east south-west direction are also present on scales of
10skpc (Fig. A.11). We fitted with 3D-Barolo the kinematics
in the NE nuclear region, applying the I method to infer, as a
first step, the inclination of the disk. In fact, the complex nature
of this interacting system prevents robust Isophote analysis,
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Fig. C.6. 117208 velocity maps and the 3D-Barolo disk kinematic best
fit. See Fig. C.1 for details.

and no morphological information is available. We decided to
limit the 3D-Barolo fit analysis to the innermost nuclear regions
(~ 3" x3"), in order to exclude the contribution from the large-
scale streaming motions. As a consequence, the disk inclination
we determined with the I method, 52° + 3°, has to be taken with
caution. The fit results are reported in Fig. C.5. Significant resid-
uals are observed in the velocity and velocity dispersion maps.
The kinematic centre has been fixed at the position of the nucleus
during the 3D-Barolo analysis, as no significant variations in fit
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Fig. C.7. 120100 SE velocity maps and the 3D-Barolo disk kinematic
best fit. See Fig. C.1 for details.

results are observed considering the kinematic centre position as
free parameter.

117208 This source presents disk-like kinematics and
extended tidal tails with velocities from ~ —150kms™! (north)
to ~ +150kms™! (south-west; see Fig. A.14). For this target,
we decided to exclude from the 3D-Barolo analysis the more
external regions, associated with streaming motions; as a result,
I method does not provide robust constraints for the disk incli-
nation. We therefore applied the II method, assuming a disk
inclination of 40° (from Isophote analysis) as initial guess. The
3D-Barolo fit results are reported in Fig. C.6. The kinematic
centre has been fixed at the position of the nucleus during the
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3D-Barolo analysis; no significant variations in fit results are
obtained adding the kinematic centre position as free parameter.

120100 SE The 120100 ULIRG is an interacting system
with two nuclei at a projected distance of 6.5kpc. The SE
nucleus presents disk-like motions, while the NW kinemat-
ics are more complex and probably affected by the stream-
ing motions (Fig. A.18). We therefore decided to analyse with
3D-Barolo the kinematics in the vicinity of the SE nucleus
only.

The results obtained with methods I and II are broadly con-
sistent (see Table 2), and point to an inclination of ~ 58° and a
PAKi"  287°. The significant difference between gas and stellar
PAK™ might suggest more complex kinematics in the innermost
nuclear regions of this source; indeed, we observe significant
residuals in the velocity and velocity dispersion maps (Fig. C.7)
along the gas kinematic minor axis.

Appendix D: Extended sample of SB disk galaxies

In this section we introduce the additional individual ionised gas
measurements of SB disk galaxies reported in Fig. 7. In particu-
lar, we selected the following measurements:

i) the Ha (narrow component) velocity dispersion of
33 LIRGs and one ULIRG with disk kinematics from
Bellocchi et al. (2013, B13 in the figure), observed with
VLT/VIMOS, and the Bry velocity dispersion of seven LIRGs
from Crespo etal. (2021, C21 in the figure), observed with
VLT/SINFONI. All these systems are characterised by mean o
of the order of several 10skms™!; ii) the Ha velocity disper-
sion of 22 rotationally supported dusty galaxies of the cluster
Cl10024+17 at z ~ 0.4 (Johnson et al. 2016, J16 in the figure),
observed with VLT/FLAMES. These systems, with their median
Vror/00 = 5 + 2 and their SFRs likely enhanced by the effects of
ram pressure, also tend towards higher values compared to MS
galaxies at the same redshift; iii) the Ha velocity dispersion of
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eight (U)LIRGs at z ~ 0.2 — 0.4 from Pereira-Santaella et al.
(2019, PS19 in the figure), observed with the optical integral
field spectrograph SWIFT. Most of them are interacting sys-
tems (six out of eight) and have relatively small v, /o ratios
(from 0.4 to 3.2); iv) the Paa velocity dispersion of three SB
disk galaxies at z ~ 0.15 presented in Molina et al. (2020,
M20 in the figure), and observed with SINFONI; v) the Ha
velocity dispersion of seven disk galaxies at z ~ 2 from the
SINS/zC-SINF AO Survey, presented in Forster Schreiber et al.
(2018, FS18 in the figure): ZC400528, ZC406690, ZC407302,
ZC410123,ZC411737,ZC413507, and ZC415876. These galax-
ies display an offsets by a factor of > 4 in SFR from the MS
in their Fig. 6, and o9 ~ 30 — 60kms~!; vi) the Ha veloc-
ity dispersion of a SB disk galaxy at z = 2.028, SMM J0217-
0503b, merging with an AGN source (at a projected distance
of ~ 15kpc), from Alaghband-Zadeh et al. (2012, A12 in the
figure), and observed with VLT/SINFONI; vii) the Ha veloc-
ity dispersion of a SB disk galaxy at z = 2.24, SHiZELS-14,
from Cochrane et al. (2021, Co21 in the figure). This source has
been observed with the adaptive optics assisted VLT/SINFONI
spectrograph; viii) the [OIII] (narrow component) velocity dis-
persion of a sub-millimetre bright ‘disky’ galaxy hosting a broad
line quasar, SMM J1237+6203 at z = 2.075, from Harrison et al.
(2012), and observed with Gemini-North NIFS.

All these measurements have been obtained from integral
field spectrograph data. For the B13, C21, J16, A12, and H12
sources, 09 was computed as a mean velocity dispersion across
the galaxy extension in the FoV; PS19 o were inferred from
GalPak*” modelisation (correcting for the beam-smearing and
line-spread-function broadening), which assumes a spatially
constant velocity dispersion in the disk; FS18 oy were measured
along the kinematic major axis at the largest radii possible, away
from the central peak caused by the steep inner disk velocity gra-
dient; M20 and Co21 o were instead derived as mean velocity
dispersion in the external regions of the sources, excluding the
innermost regions affected by beam smearing.
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