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ABSTRACT

We investigate the properties of the interstellar medium (ISM) at giant molecular cloud (GMC) scales (< 100 pc) in a sample of 27 nearby luminous
infrared galaxies (LIRGs) spanning all interacting stages along the merger sequence; i.e., from isolated systems to late-stage mergers. In particular,
we study the relations between star-formation (SF) and molecular gas surface density as a function of the interaction stage by (1) defining beam-
sized (unresolved, line-of-sight) regions and (2) identifying actual gas clumps and physical structures within the galaxies. In total, we identify
more than 4000 beam-sized CO-emitting regions defined on scales of 90 pc and more than 1000 molecular gas clumps in the sample. To map
the distribution of molecular gas we use ALMA to observe the ] = 2—1 CO transition, and to map the distribution of star formation we use HST
observations of the Paa or Paf hydrogen recombination lines. We derive spatially resolved Kennicutt—Schmidt (KS) relations for each LIRG in the
sample. When using beam-sized regions, we find that 67% of galaxies follow a single relation between X5 and Xy,. However, in the remaining
galaxies, the relation splits into two branches — one is characterised by higher sz and X, while the other exhibits lower values — indicating
a duality similar to that identified by [Sanchez-Garcia et al.|(2022a)). In contrast, when using physical gas clumps, the duality disappears and all
galaxies show a single trend. These results provide two complementary perspectives when studying the star formation process: one that maximises
the number statistics (beam-sized regions), and another that focuses on actual structures associated to gas clumps in which the measured sizes
have a physical meaning. We also study other ISM/clump properties as a function of the merger stage of the LIRG systems. We find that isolated
galaxies and systems in early stages of interaction exhibit lower amounts of gas and star formation. As the merger progresses, however, the amount
of gas in the central kiloparsecs of the galaxy undergoing the merger increases, along with the SFR, and the slope of the KS relation becomes
steeper, indicating an increase in the SF efficiency of the molecular gas clumps. Clumps in late-stage mergers are predominantly located at small
distances from the nucleus, confirming that most of the activity is concentrated in the central regions. Most interestingly, the relation between the
gas depletion time scale and the boundedness parameter (which measures the effects of gravity against velocity dispersion) changes from roughly
flat at early merger stages to negative for the two last merger phases, implying that more bounded clumps are forming stars at a higher rate in the
final stages of the interaction.
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The low-J CO transitions have been used for decades as the
primary tracers of molecular gas in galaxies. In early CO studies
on galaxies, the low spatial resolution of millimetre telescopes

1. Introduction

Star formation (SF) takes place primarily within structures of

molecular gas, called Giant Molecular Clouds (GMCs). Stel-
lar feedback —in the form of stellar winds, supernova explo-
sions, and radiation pressure from massive stars— plays a sig-
nificant role in the formation, evolution, and lifetimes of molec-
ular clouds (e.g. Schinnerer & Leroy|2024). These processes in-
ject energy and momentum into the interstellar medium (ISM),
creating turbulence and disrupting the equilibrium of the gas.
The compression and turbulence induced by stellar feedback, as
well as the shear induced by galactic dynamics (Chevance et al.
2020), can trigger the collapse of molecular clouds, initiating the
formation of new stars. However, stellar feedback can also lead
to the destruction of molecular clouds (e.g. Bonne et al.[2023).
Chevance et al.| (2022) suggested that the main causes of cloud
destruction in galaxies are early stellar feedback mechanisms. It
is still a matter of debate as to whether SF is more influenced
by the environment —for example, central regions versus spiral
arms— or by stellar feedback mechanisms (Corbelli et al.|2017;
Rey-Raposo et al.|2017; [Kruijssen & Longmore|2014;|Chevance
et al.[2022; Liu et al.|[2022; |Cho1 et al.|[2023).

hindered the ability to resolve individual GMCs, and they were
observed as unresolved complexes of CO emission above kilo-
parsec scales. These early CO images did not resolve the star
formation process in GMCs. The large—kpc scale relationship
between the rate at which stars form and the amount of gas con-
tained in galaxies is commonly referred to as the star formation
law or the Kennicutt-Schmidt (KS) relation (Schmidt|1959; Ken-
nicutt||1998)). Despite its success as an empirical law, the physi-
cal mechanisms that govern star formation remain unknown. Re-
solving molecular gas clouds to analyse their physical properties
in different (large- and small-scale) environments within galax-
ies and linking this emission to that of young stars is crucial for
understanding the ubiquity and genesis of the KS relation, as
well as the variations in star formation efficiency across different
galaxies and galaxy types.

Observations of molecular clouds in our Galaxy and in a
number of nearby galaxies have identified various empirical
trends manifesting such cloud—environment correlations. Within
a galaxy, molecular clouds located closer to the galaxy centre
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appear denser, more massive, and more turbulent (e.g.|Oka et al.
2001 |Colombo et al.|[2014; [Freeman et al.| 2017 Hirota et al.
2018; Brunetti et al.|2021}, also see Heyer & Dame|[2015)). Simi-
lar trends have been found in galaxy-scale numerical simulations
(e.g. Jeftreson et al.|2020). Recent observational works also re-
port that more massive and actively star-forming galaxies tend
to host clouds with typically larger sizes, masses, surface densi-
ties, and velocity dispersions (Leroy et al.|2015} [2016; |Schruba
et al.|2019;[Sun et al.[2020, see also|Bolatto et al.|2008; Fukui &
Kawamural|2010. However, galaxy mergers, which represent a
crucial phase in galaxy evolution, have been scarcely studied,
particularly in relation to GMCs. These events play a central
role in shaping the growth, star formation history, and overall
evolution of galaxies, influencing their dynamics and structure
throughout the history of the universe.

To have a more concrete understanding of the mechanisms
involved in the star formation process, we need to study the cor-
relations between molecular clouds and their (sub-)galactic en-
vironment. In the molecular cloud literature, the characteriza-
tion of environmental dependence is often qualitative, with envi-
ronments typically defined in broad categorical terms—such as
centers, stellar bars, and spiral arms—rather than through quan-
titative metrics. As a result, environmental factors are generally
treated as secondary influences rather than systematically param-
eterized. To better understand the underlying physics, a more di-
rect approach would be to quantify the dependence of molecular
cloud properties on a set of quantitative "environmental metrics,"
such as the local gas and stellar mass surface density, and the star
formation rate (SFR) surface density (e.g.|Schruba et al.|[2019).

Previous studies had to rely on observations of a small num-
ber of galaxies or subgalactic regions, which restricted the range
of host galaxy properties that could be examined. While these
studies provided unique insights for specific targets, only sys-
tematic large samples of galaxies can cover a wide range of
host galaxy properties, produce representative population statis-
tics, and establish meaningful connections with galaxy evolu-
tion models. This shift toward large-number statistics occurred
with the PHANGS survey, which focused on star-forming main-
sequence galaxies and enabled systematic investigations (Sun
et al|[2018) 2022; Utomo et al.|2018}; |[Leroy et al.|2021}; Pessa
et al.|2021; Kim et al. [2022)). However, the more intense lo-
cal starburst galaxies (i.e., luminous and ultraluminous infrared
galaxies, LIRGs and ULIRGs) have not yet been studied in a
substantial sample in the local Universe at GMC scales.

Multi-wavelength observations have shown that local LIRGs
are a mixture of single disk galaxies, interacting systems, and
advanced mergers, exhibiting enhanced SFRs and active galac-
tic nucleus (AGN) activity compared to less luminous and non-
interacting galaxies (c.f.Sanders & Mirabel|1996; Stierwalt et al.
2013} |Larson et al.[2016). These extreme galaxies are important
to consider in the context of the KS law (extreme starburst en-
vironments triggered by galaxy mergers in the local universe)
which at low and high spatial resolutions have shown different
behaviours from normal star-forming galaxies (e.g. Daddi et al.
2010; |Genzel et al.|2010; |Garcia-Burillo et al.|2012; [Sanchez-
Garcia et al.|[2022a; |Sanchez-Garcia et al.|[2022b; [Saravia et al.
2025). U/LIRGs also provide an opportunity to investigate the
impact of galaxy mergers on star formation, as well as their
broader role in galaxy formation and evolution (e.g. |Hopkins
et al.[2006).

Since LIRGs are inherently dusty, it is crucial to study star
formation in these systems in the infrared, where obscuration
is minimized while maintaining high spatial resolution. In star-
forming galaxies, hydrogen recombination emission lines are
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commonly used as SFR tracers, as their fluxes provide a direct
measure of the number of ionizing photons emitted by massive
O/B stars. However, the central kiloparsec of LIRGs is often
heavily obscured and can experience extremely high visual ex-
tinctions, Ay > 10 (Garcia-Marin, M. et al.|2009; Piqueras Lopez
et al.[2013; |Stierwalt et al.|2013)), making the optical He and HS
lines poor tracers of star formation (Armus et al.|[1989). Extinc-
tion across the galaxy is much less severe in the near-infrared
(1.6 um ~ 0.2 X Ay), and lines such as Paa, PaB, or Bry can
provide a more complete view of the obscured star formation.

In this paper, we present high-resolution (48-112 pc) ob-
servations obtained by the Atacama Large Millimeter Array
(ALMA) in the 2-1 transition of CO to characterise the prop-
erties of GMCs and the local ISM in a sample of nearby LIRGs,
which span the entire merger sequence. The star formation as-
sociated with the GMCs is estimated from the Hubble Space
Telescope (HST) near-infrared (NIR) recombination line im-
ages. With these data, we study star formation relations and the
effects of the merger environment on the scales of convention-
ally defined massive GMCs or giant HII regions (e.g. Miville-
Deschénes et al.|2017)).

2. Sample and observations
2.1. Sample selection

We present sub-kpc CO(2-1) observations obtained by ALMA
of a representative sample of 27 local LIRGs, which has archival
NIR observations from HST. Our sample is drawn from the Great
Observatories All-sky LIRG Survey (GOALS; |Armus et al.
2009). GOALS is a complete galaxy sample that comprises the
201 LIRG systems (Ljg >10""Lg, and feo,,> 5.24 Jy) in the
IRAS Revised Bright Galaxy Sample (Sanders et al.[2003) and is
aimed at measuring the physical properties of local LIRGs across
the electromagnetic spectrum using a broad suite of ground- and
space-based observatories.

The merger stage classification of our sample is based on
Stierwalt et al.| (2013)), except for three objects (IRAS08355—
4944, IRASF13497+0220, IRAS15206-6256), which we have
reclassified. The reason for the modification is that the Spitzer
classification for these galaxies differs from that based on HST
data. While the morphology of some systems in the Spitzer im-
ages led to their classification as late-stage mergers, the higher
resolution HST data clearly show that the interacting galaxies are
in an early merger stage, with minimally disturbed morpholo-
gies and no common envelope of stars (the key signature of late-
stage mergers). Our sample spans a range of log L;g from 11.16
to 11.73 L, except for one galaxy classified as a ULIRG, with
12.32 Ly, (see Fig.[T]and Column 8 in Table[T). Five objects are
classified as AGN and/or show evidence of AGN activity. In Ta-
ble[T] we present the main properties of the individual galaxies in
the sample.

2.2. CO(2-1) ALMA data

We used ALMA Band 6 observations of the CO(2-1) emis-
sion line from ALMA proposal 2017.1.00395.S (PI: T. Diaz-
Santos) and completed the sample with the data described in
Sanchez-Garcia et al.[(2022a)). The total sample covers the com-
plete merger sequence of galaxies, where most of the galaxies
from [Sanchez-Garcia et al.| (2022a)) are isolated galaxies and
early-stage mergers. The data were calibrated using the standard
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Table 1: General properties of the sample of Local LIRGs

Object a 0 z D, 1 log Lig  Spectral Ref. Stage
IRAS Galaxy Name J2000.0 J2000.0 Class
[h ms] [°""] [Mpc] ] (Lol

€)) 2 3 @ (&) () O] ® ® ao  an
F00163-1039 N  MCG -02-01-052 00184985 -102134.00 0.0272 1175 27+1 11.48 H 1,2 2
F00163-1039 S  MCG -02-01-051 001850.90 -102236.7 0.0272 1175 64=+5 11.48 H 1,2 2
F04315-0840 NGC 1614 04335995 -083446.6 0.0159 69.7 48+2 11.65 C 3 4
F07160-6215 NGC 2369 07163773 -622036.4 0.0108 49.7 66 + 6 11.16 C 3,4 0
08355-4944 083701.87 -495430.0 0.0259 1180 395 11.62 - 5 3
F10015-0614 NGC 3110 1004 02.11 -062829.5 0.0169 795 57+3 11.42 H 3,5,6 1
F10257-4339 NGC 3256 10275130 -435414.0 0.0094 45.7 - 11.64 H 34,5,6 4
F11506-3851 ESO 320-G030 115311.73 -390749.0 0.0108 412 56+4 11.17 H 3,4,5,6 0
F12596-1529 W MCG -02-33-098 W 130219.66 -154604.2 0.0159 78.7 54+ 6 11.17 H 1,5,6 2
F12596-1529 E  MCG -02-33-098 E 130220.38 -154559.6 0.0159 78.7 39+1 11.17 H 1,3,5,6 2
13120-5453 13150637 -5509225 0.0308 1440 35+6 12.32 Sy2 6 4
F13182+3424 UGC 08387 132035.37 43408222 0.0233 110.0 48=+4 11.73 L 2 3
F13229-2934 NGC 5135 132544.02 -2950004 0.0137 609 53+9 11.30 Sy2 1,3,6,7 0
F13370+0105E  NGC 5258 133957.72  +004953.0 0.0226 1085 673 11.22 H/L 8 2
F13370+0105 W NGC 5257 13395295 +0050259 0.0226 1085 45+14 1150 H 8 2
F13497+0220 S NGC 5331 13521621 +020605.1 0.0330 1550 58=+2 11.66 - 9 2
F13497+0220 N  NGC 5331 13521643 +020630.9 0.0330 1550 66+3 11.66 H 9 2
F14544-4255W IC 4518 W 14574122 -4307558 0.0159 746 50+4 11.24 Sy2 3,7 1
F14544-4255E IC4518E 14574533 -430757.0 0.0159 712 75+2 11.24 H 6 1
15206-6256 S ESO 099-G004 15245798 -6307294 0.0293 1370 58=+2 11.74 3
15206-6256 N ESO 099-G004 15245898 -6307294 0.0293 1370 59+1 11.74 3
F16164-0746 161911.75 -075403.0 0.0272 1280 47+3 11.62 L 6 4
F17138-1017 171635.68 -102040.5 0.0173  76.7 50+1 11.49 H 8 4
F18341-5732 IC 4734 183825.75 -5729254 0.0157 734 58+10 11.35 H 3,6 0
F21453-3511 NGC 7130 214819.54 -3457047 0.0162 676 50+9 11.42 Sy2 6,7 0
F22132-3705 IC 5179 221609.13 -365037.2 0.0114 514  62+5 11.24 H 3,6 0
F23007+0836 NGC 7469 2303 15.64 +0852255 0.0163 70.8 39+5 11.65 Syl 3,6 2

Notes. Col. (1): IRAS system name, where an “F” prefix indicates the Faint Source Catalog and no prefix indicates the Point Source Catalog. Col.
(2): Galaxy name. Col. (3) and (4): right ascension (hours, minutes, seconds) and declination (degrees, arcminutes, arcseconds) from |Stierwalt
et al.| (2013). Col. (5): Redshift (Stierwalt et al.|[2013). Col. (6): Luminosity distance from |Armus et al.| (2009). Col. (7): Inclination. Col. (8):
Infrared luminosity (L;z(8—1000 um)) calculated from the IRAS flux densities f}», 25, f0, and f09 (Stierwalt et al.|2013). Col. (9): Nuclear activity
optical spectral class (H = HII region-like, L = LINER, Sy2 = Seyfert 2, Syl = Seyfert 1 and C = Composite). Col (10): References of the nuclear
classification: 1: Kewley et al.| (2001); 2: [Veilleux et al.| (1995); 3: |Alonso-Herrero et al.| (2012); 4:Pereira-Santaella et al.| (2011); 5: [Rodriguez-
Zaurin et al.[(2011); 6jPereira-Santaella et al.| (2010); 7: (Corbett et al.| (2003); 8{Yuan et al.| (2010); 9: {lono et al.| (2005). Col (11): Merger stage
based on visual classification: 0 = isolated galaxies, 1 = pairs of galaxies; 2 = early-stage merger, 3 = mid-stage merger, 4 = late-stage merger.

ALMA data reduction software, CASAE] (McMullin et al.[2007).
We subtracted the continuum emission in the uv plane using an
order O baseline. For the cleaning we used the Briggs weighting
with a robustness parameter of 0.5 (Briggs||1995), providing a
spatial resolution of 48—112 pc. From the 23 LIRGs observed (a
total of 27 individual galaxies in the sample when all the galaxies
in pairs are counted), 13 were observed using two configurations,
compact and extended, and 10 using only the extended configu-
ration. The maximum recoverable scale (MRS) for the compact
plus extended configuration data ranges between ~6” and ~11”
(~1.4 and 3.5 kpc). In the case of the extended-only configura-
tion observations, the MRS is ~3” (~1.1 kpc). In this paper we
study spatial scales ~90 pc, which are 10 times smaller than the
MRS, so we expect the missing flux due to the absence of short
spacing to be low at these scales. In addition, for a few objects
of this sample with single-dish CO(2-1) observations, the inte-
grated ALMA and single-dish fluxes agree within 15% (Pereira-
Santaella et al.|[2016alb)). The final data cubes have channels of
7.8 MHz (~10 km s~") for the sample. The field of view (FoV)
of the ALMA single pointing data has a diameter of ~25” (~5-
16 kpc). The mosaics have a diameter between ~38"” and ~64"
(~11 and 34 kpc). We applied the primary beam correction to the

! http://casa.nrao.edu/

data cubes. Further details on the observations for each galaxy
are listed in Table 2l

A common spatial scale of ~90 pc was defined in order to
have a homogeneous data set. This physical scale was chosen to
preserve the original resolution of the nearest objects as much as
possible, with minimum degrading, while accommodating only
a few most distant sources with a slightly coarser resolution than
the common spatial scale. We convolved to 90 pc the data cubes
of 30% of the sample with spatial resolutions higher than 80 pc.
There are 5 objects (three sources where two of them are galaxy
pairs), representing 19% of the sample, with an original resolu-
tion of up to ~110 pc. For these remaining objects, we directly
used the cleaned data cubes at their original spatial resolution.
We obtained the CO(2-1) moment 0 and 2 maps (see the top
and bottom-left panels of Figure [2) using two different method-
ologies: i) masking pixels in each channel map with fluxes < 3
o co, Where o is the background noise (for more details, see
Sanchez-Garcia et al.|(2022a)); the code is available on GitHulﬂ);
and ii) without applying any masking or clipping to the data.
We use the first method to follow the methodology of Sanchez-
Garcia et al.| (2022a) and extend the study to a larger sample
of galaxies. With this method, we obtain the brightest emission

2 https://github.com/itsmariasg/moment_maps
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Fig. 1: Stacked histogram showing the distribution of infrared
luminosity (L;g) across the different merger stages of the indi-
vidual galaxies in the sample. The early stages of the merger
sequence tend to have lower infrared luminosities, while galax-
ies in more advanced merger stages predominantly show higher
infrared luminosities.

while being restrictive with the noise in the data, whereas we use
the second method to include the fainter regions of the clumps.

2.3. HST/NICMOS and HST/WFC3 data

We used the continuum subtracted NIR narrow-band Paa 1.87
pm and Pag 1.28 ym images taken with the NICMOS and WFC3
instruments, respectively, on board HST to map the distribution
of recent star formation in the galaxies of the sample (see Table
2).

These archival HST images are drawn from two
projects: Project ID: 10169 (PI: A. Alonso-Herrero) for
Paa HST/NICMOS images, and Project ID: 13690 (PI: T.
Dfaz-Santos) for Pag HST/WFC3 images. The galaxies from
the first project were selected to have a redshift range of 0.0093
<z <0.0174, ensuring that the Pae emission line lies within the
HST NICMOS F190N narrowband filter (Alonso-Herrero et al.|
2006). The FoV of the images is approximately 19”.5x19”.5
(~4.2-7.4 kpc). Galaxies in the PaB sample (second project)
were selected to have redshifts in the range 0.0225 < z < 0.0352,
ensuring that the Pag emission line lies within the HST WFC3
F132N narrowband filter. The FoV of the latter images is much
larger (140”%124"), but most of the Pag emission is mostly
contained within 5 kpc from the galaxy nucleus. For details on
the data reduction we refer the reader to |Sanchez-Garcia et al.l
for Paa observations and [Larson et al.| (2020) for PaB
observations.

To obtain the final images, we subtracted the background
emission and corrected the astrometry using stars within the
NICMOS FoV in the F110W (4.4 = 1.13um) or F160W (A¢¢
= 1.60um) filters and the Gaia DR3 catalogue El Three objects

3 |http://www.cosmos.esa.int/web/gaia/dr3
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(MCG-02-33-098 E/W, and 1C4518 E) do not have Gaia stars
in their NICMOS image FoV. In these cases we adjusted the as-
trometry using likely NICMOS counterparts of the regions de-
tected in the ALMA continuum and CO(2-1) maps. After that,
the images were rotated to have the standard north-up, east-left
orientation. In order to ensure a consistent comparison between
the ALMA and HST data, the Pac and Pag images (with spatial
resolutions of 25-98 pc) were convolved with a Gaussian kernel
to match the resolution of the ALMA maps at 90 pc. Only one
galaxy has HST data at resolution lower than 90 pc (NGC 5331,
where the original spatial resolution was ~98 pc). In this case we
convolved the data to the lower angular resolution. The bottom—
right panel of Figure[2]shows the final image for NGC3110 (sim-
ilar figures for the rest of the sample can be found in the database
on the Xtreme Scientific Project website E|E[)

Most of the galaxies in the Paa sample are isolated galax-
ies and early-stage mergers; while, mid- to late- stage mergers
are covered by the PaS sample. The combination of the Paa and
Pap samples contains 12 isolated and galaxy pairs, 17 early-stage
mergers, and 17 mid- and late-stage mergers. When all the galax-
ies in pairs are counted, there are a total of 59 individual galaxies
in the HST sample. From these, we have ALMA observations at
< 100 pc for 27 individual galaxies (~46% of the sample), with a
relatively uniform representation of the entire merger sequence:
6 isolated galaxies, 3 pairs of galaxies and 5 early- (9 individual
galaxies), 4 mid- and 5 late-stage mergers.

3. Analysis
3.1. Data analysis

In this section, we describe the two different methodologies used
to study the star formation relations in our sample. One focuses
on analysing the gas properties along unresolved lines-of-sight,
or beam-sized regions, within the galaxies, while the other ex-
amines the properties of molecular clouds by identifying and
selecting physical clumps and structures. We exclude from our
analysis the pixels where AGNs are located by applying a mask.

3.1.1. Beam-sized region analysis

To study the distribution of the cold molecular gas and the re-
cent star formation, we define circular apertures centred on local
maxima in the CO(2-1) emission maps, with a diameter of ~90
pc (the spatial resolution of the data). To do so, we first sorted the
CO moment 0 pixel intensities. Then we defined circular regions
using as centre the pixels in order of descending intensity to pre-
vent any overlap between the regions. With this method we end
up with independent, unresolved, non-overlapping regions cen-
tred on local emission maxima that cover all the CO emission
in each galaxy (see [Sdnchez-Garcia et al|2022a)). Once we had
the regions in CO(2-1) emission maps, we used them on the Paa
and PaB maps to extract the associated star formation rates. We
considered Paa and Pag as detections when the line emission is
above 30p,. The op, in these images corresponds to the back-
ground noise. In total, we obtain more than 4000 regions for the
whole sample. The left panels of Fig. [§]shows an example of the
location of the regions on the CO(2—-1) (top panel) and Paa (bot-
tom panel) maps of the galaxy NGC 7130 (similar figures for the
rest of the sample can be found in the database on the Xtreme
Scientific Project website).

4 'https://xtreme.ia.forth.gr/
5 http://quasar.physics.uoc.gr/xtreme-databases/C-SKDB/figures/
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Table 2: ALMA CO(2-1) observations of the sample.

Object Omaj X Omin 6, PA. Sensitivity Mosaics MRS FoV Project HST image
IRAS Name "1 171 [, pcl (1 [mly beam™!] [”] ] PI

(D 2 3) 4 (&) (6) @) ®) ) (10)
FO0163-1039 N  0.17 x 0.14  0.15, 83 82 0.53 v 2.1 64.0 TDS PasB
F00163-1039 S 0.15x0.12 0.13,73  -77 0.53 v 2.1 38.1 TDS Pas
F04315-0840 0.22x0.15 0.19,61 -74 0.43 11.7 248 MPS Paa
F07160-6215 0.24 x 0.21  0.23,48 88 0.51 9.8 247 MPS Paa
08355-4944 0.13x0.10 0.11,62 57 0.48 1.7 25.1 TDS Pas
F10015-0614 0.26 x0.21 024,87 -83 0.35 9.6 248 MPS Paa
F10257-4339 0.23x0.21 0.22,48 63 0.43 v 58 474 KS Paa
F11506-3851 0.30x0.24 0.27,53 63 0.89 9.1 24.6 LC1 Paa
F12596-1529 W 0.23 x0.17  0.20,74 89 0.48 v 9.5 486 MPS Paa
F12596-1529 E 0.23x0.17 0.20,74 89 0.48 v 9.5 486 MPS Paa
13120-5453 0.15x0.11 0.13,85 -21 0.57 23 252 TDS Pas
F13182+3424 0.26 x0.16 0.21,106 -16 0.43 33 250 TDS Pag
F13229-2934 0.31 x0.22 0.27,76 63 0.21 10.2 248 LC2 Paa
F13373+0105E 0.19x0.14 0.17,84  -83 0.59 v 26 506 TDS Pap
F13373+0105W 0.19x0.14 0.17,84  -83 0.60 v 26 506 TDS Pag
F13497+0220S 0.17x0.14 0.16,112 -82 0.33 v 26 46.1 TDS Pas
F13497+0220N 0.17 x0.14 0.16,112 -82 0.38 v 26 385 TDS Pap
F14544-4255W 023 x0.20 0.22,76 -86 0.46 10.7 248 MPS Paa
F14544-4255 E 023 x0.20 022,73 -87 0.47 10.7 248 MPS Paa
15206-6256 S 0.18x0.16 0.17,106 -5 0.37 v 30 384 TDS Pas
15206-6256 N 0.18x0.16 0.17,106 -5 0.37 v 30 384 TDS Pas
F16164-0746 0.14x0.11 0.13,76  -57 0.43 2.1 25.1 TDS Pas
F17138-1017 0.26x0.22 024,87 -62 0.75 7.8 248 MPS Paa
F18341-5732 0.19x0.16 0.18,62 -60 0.77 27 248 TDS Paa
F21453-3511 026 x0.22 024,87 -62 0.29 10.5 248 MPS Paa
F22132-3705 0.17x0.16 0.17,42 -61 0.45 98 247 MPS Paa
F23007+0836 0.16 x0.12 0.14,46 -48 0.29 v 29 38.0 TDS Paa

Notes. Col. (1): IRAS denomination from Sanders et al.|(2003). Col. (2): major (6,,4;) and minor (6,,;;) FWHM beam sizes. Col. (3): mean
FWHM beam size (6,,) in arcseconds and parsecs, respectively. Col. (4): position angle (P.A.) in degrees. Col. (5): 1o line sensitivity per
channel (width of ~ 10 km/s) of the CO(2-1) observations. Col. (6): v galaxies with mosaics. Col. (7): Maximum recoverable scales.
Col. (8): Field of view. Col. (9): Principal investigator of the ALMA project: MPS: Miguel Pereira-Santaella (2017.1.00255.S), KS:
Kazimierz Sliwa (2015.1.00714.S), LC1: Luis Colina (2013.1.00271.S), LC2: Luis Colina (2013.1.00243.S) and TDS: Tanio Diaz-Santos

(2017.1.00395.S) Col (10): H recombination line HST images.

3.1.2. Dendrogram analysis

Our data allow us to study molecular gas at scales of ~90 pc,
enabling the characterisation of the properties that define molec-
ular clouds in LIRGs. The sizes of molecular clouds in galaxies
are on the order of 50 to 150 pc (e.g. Miville-Deschénes et al.
2017 |Oey et al.|2003; Bolatto et al.|[2008). To identify physi-
cal clumps and measure their properties, we use the Python code
Astrodendro (Rosolowsky et al.|2008). This algorithm enables
the study of the hierarchical structure of the CO(2-1) emission
from molecular clouds. We also apply this structure to the HST
recombination line images to extract the associated star forma-
tion rates. The dendrogram algorithms build a tree structure that
is separated into three categories: leaves, branches, and trunks.
The process begins with the brightest pixels in the dataset, pro-
gressively adding fainter pixels and creating small structures
(referred to as leaves). If the intensities of two or more non-
contiguous structures differ by more than a given threshold, they
are considered separate entities. Low-density gas is represented
at the bottom of the hierarchical structure in a dendrogram, the
initial branch of the structure (referred to as trunk). This ini-
tial branch (trunk) connects to other branches and leaves. Thus,
leaves are the most isolated category, with no substructure. We

associate the leaves with molecular clouds/clumps in the case of
the ALMA CO(2-1) maps.

The identification of clouds/clumps depends on three inputs:
(i) the minimum flux value per pixel to consider in the dataset;
no value lower than this will be considered in the dendrogram
(min_value); (ii) how significant a leaf has to be with respect
to other already detected leaves or branches in order to be con-
sidered an independent structure (min_delta). The significance
is measured from the difference between its peak flux and the
value at which it is being merged into the tree, and (iii) the
minimum number of pixels (equivalent to an area) needed for a
leaf to be considered an independent entity (min_npix). We use
the following conditions to identify clouds/clumps in our galaxy
sample: min_value = 1o (see below for further constraints),
min_delta = 1o, min_npix = 80% of a beam (PSF) area for
ALMA data.

After creating the clump catalog based on the CO(2-1) emis-
sion maps, we measure the hydrogen recombination line emis-
sion from the Paa and PaB maps using the same spatial coordi-
nates and leaf structures identified in the CO(2—1) clumps. In this
case we considered Paa and Pag detections when the associated
structures are above 30 p,. To avoid noise spikes, we lastly con-
sider the criterion that the CO clumps have an emission greater
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Fig. 2: ALMA CO(2-1) integrated intensity (moment 0) maps,

with pixel masking applied to the data cube (top left panel) and

without it (top right panel), CO(2-1) velocity dispersion (moment 2) map (bottom left panel) and the HST Paa image (bottom right
panel) of the galaxy NGC 3110 at 90 pc scale. At this scale, significant differences are observed between the CO(2—1) moment 0
and Paa maps, revealing emission structures distributed throughout the galaxy.

than 30, since we used a min_value input of lo¢o to allow
the detection of emission from potentially more diffuse clumps.
Considering this, we identify a total of 1027 clumps in our sam-
ple of galaxies.

The validation of this method using observations from one
and two array configurations is presented in Appendix [A] We
compared images obtained with a long baseline array and with
a combination of long and short baseline arrays. We find no sig-
nificant difference in the clump identification.

The right panels of Fig.[3|shows an example of the location of
the clumps on the CO(2-1) (top panel) and Paa (bottom panel)
maps of the galaxy NGC 7130. Fig. ] shows the distribution of
the number of gas clumps per galaxy across the different merger
stages. This figure suggests that galaxies at early stages of the
merger sequence (isolated galaxies, galaxy pairs and early merg-
ers) contain from just a few dozen clumps to over 100 clumps
within them, while galaxies in more advanced merger stages host
comparatively lower (N<40) number of clumps per galaxy.
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3.2. Calculating physical properties

We measure the physical properties of each region and clump
where CO and Paa/Pag are detected, following the analysis of
Sect. 3.1.1]and B-1.2} For both methods we calculate the mass,
velocity dispersion of the gas, star formation rate and molecular
gas surface densities, the boundedness of the gas, star formation
efficiency and the gas depletion time scale. Furthermore, we es-
timate the effective radius for each clump. All these parameters
are detailed below. We refer to quantities computed via beam-
sized region analysis as X,gons and via dendrogram analysis as
Xclumps~

To estimate the cold molecular gas mass in the beam-sized
regions and clumps, we use a CO(2-1)/CO(1-0) ratio (Ry;) of
0.7, obtained from single-dish CO data of the LIRG IC 4687
(Albrecht et al.|2007). This R,; value is within the range found
by |Garay et al.| (1993) and Montoya Arroyave et al.| (2023) for
infrared galaxies. We also use a Galactic CO-to-H, conversion
factor, a/lc‘oo =4.35 Mgpc >(K km s 1)~! (]Bolatto et a1.||2013 LA
detailed analysis about the effects of using different a¢o values
on the results of this work is provided in Appendix |Bl How-
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Fig. 3: ALMA CO(2-1) integrated intensity (moment 0) map and HST Paa image of the galaxy NGC7130. Left: Location of the
beam-sized regions (in black) on the CO(2-1) (top) and Paa (bottom) maps. Right: Location of physical structures (in red) found
using Astrodendro (clumps) on the CO(2-1) (top) map, also projected over the Paa (bottom) map. The regions and clumps are both
detected with ALMA and HST, considering the conditions described in Section@

ever, as argued below, we do not expect that a lower conversion,
factor typical of ULIRGs (Papadopoulos et al.|2012), is appro-
priate for our targets. The galaxies in our sample have a mean
infrared luminosity of log(L;z/Ls)=11.48. In addition, most of
the galaxies in our sample show a mean effective radius of the
large scale molecular component (Recfof ) of 740 pc (Bellocchi

\i;% 2022'), while local ULIRGs show a mean value of Reco
= 340 pc (Pereira-Santaella et al|2021). Therefore, it is likely
that the a@¢o of our sample is similar to that of normal galaxies,
rather than the lower value typically observed in local ULIRGs
(but see [Saito et al|2017; [Herrero-Illana et al|2019). The CO-
to-H, conversion factor can also be affected by the metallicity

of the galaxies, showing higher values with decreasing metallic-
ity (@co = 4.35 (Z/Zo) "6 Mope (K km s™1),

[2017). [Rich et al.| (2012) studied the metallicity in some local

(U)LIRGS, showing a decrease in the abundance with increas-
ing radius. In the case of the metallicity in local disks,
(2014) observed a similar behaviour. Based on these works,
the expected variation in the conversion factor due to metallic-
ity gradients at r < 5 kpc is 20-30%. Finally, we calculate the
molecular gas mass surface density (Zg,).

To determine the SFR and SFR surface density (X rg) of the
beam-sized regions and clumps detected in our galaxies, we use
the Her calibration (Kennicutt & Evans|2012), which assumes a
initial mass function, and a He/Pa« ratio of 8.6
and a Ha/Pag ratio of 17.6 (case B at T, = 10.000 K and n, = 10*
cm™3, |Osterbrock & Ferland/|[2006). To correct the Paa and Pas
emission for dust attenuation for each region and clump, we use
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0 = Isolated galaxies (197 clumps)
1 = Galaxy pairs (98 clumps)

2 = Early mergers (541 clumps)

3 = Mid mergers (89 clumps)

4 = Late mergers (102 clumps)
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Number of clumps per galaxy
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Fig. 4: Distribution of the number of CO clumps per galaxy
across the different merger stages in the galaxy sample. The
early stages of the merger sequence cover the entire range of
the stacked histogram, while galaxies in more advanced merger
stages contain a lower number of clumps per galaxy.

the Bré and Bry line maps observed with the SINFONI instru-
ment on the Very Large Telescope (VLT) to derive Ag. These
maps have effective FoV between 8” x 8” and 12”7 x 12" (Pi|
|queras Lopez et al.[2013)). The estimated Ak values in this work
range from 0.95 + 0.60 to 1.98 + 1.29 mag. For an in-depth ex-
planation of the extinction correction method, we refer the reader
to[Sanchez-Garcia et al.| (2022al).

All the Xy, and Zg g values are corrected for the inclination
of each galaxy (see Table[T} Column (7)). The inclination is es-
timated from Spitzer 3.6 ym band images, which have a PSF of
~1.7", as presented in |[Pereira-Santaella et al.|(2011). We define
the inclination (i) of a galaxy as

ey

where by, and agp, are the lengths of the minor and major semi-
axes of the object, respectively. We use the elliptical isophote
fitting from the isophoteﬂ package in Python, which provides
the values of the major and minor semi-axis lengths for each
fitted ellipse. Finally, the inclination value is determined as the
mean inclination of the fitted ellipses that are unaffected by the
PSF of the images or the structure of the galaxy. The uncertainty
in the inclination is calculated as the standard deviation of the
inclinations of the considered ellipses.

Both the SFR and the cold molecular gas surface density es-
timates are affected by flux calibration errors. We assume an
uncertainty of about 10% for the ALMA fluxes (see ALMA

i= Cosil (bsm/asm)

¢ hhttps://photutils.readthedocs.io/en/latest/user_guide/isophote.html
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Technical Handbook [), and ~15-20% for the NICMOS fluxes
(Alonso-Herrero et al.|2006; Boker et al.|[1999).

We also explore other properties of the molecular gas: the
velocity dispersion (07g,) obtained from the CO(2-1) moment
2, and the dynamical state of molecular gas in the beam-sized
regions and clumps using the boundedness parameter

b= Z:mol/o—2 o« a;jlw (2)
where o is the velocity dispersion and a,; the virial parame-
ter. That is, low values of b indicate that gas clumps is sup-
ported against gravity by their internal velocity dispersion, while
large values of b are representative of clumps that are unstable
against gravitational collapse. Finally, we calculate the gas de-
pletion time as fgep = Zg,/ZsFr and the star formation efficiency
as SFE = tgel . The effective radius of the gas clumps is calculated
from the area of the clumps, as determined by the Astrodendro
algorithm.

4. Results and discussion

In total, we define more than 4000 beam-sized regions across the
whole sample (27 objects), and consider more than 1000 molec-
ular gas clumps using Astrodendro. The sizes of these molecular
gas clumps range from 89 to 694 pc, except for a clump in the
galaxy IRAS15206-6256-N, which reaches 1068 pc. The median
clump size in our sample is 154 pc. The number of clumps and
regions per LIRG varies across the sample galaxies (see Figs. 4]
and [C2).

These cloud-scale observations reflect both the typical loca-
tions where stars form and regions with more extreme conditions
than those found in star-forming galaxies. A detailed analysis
about the lifecycle of clouds will be studied in Sanchez-Garcia
et al. (in prep.). In this work, we focus on scaling relations be-
tween ISM and resolved clump properties.

4.1. Resolved star-formation properties in LIRGs
4.1.1. Kennicutt-Schmidt law

We study the molecular KS relation for each galaxy at a resolu-
tion of 90 pc using beam-sized regions and clumps. As an exam-
ple, Fig. El shows the Xgrr as a function of Xy, for NGC 3110
and NGC 7469 (similar figures for the rest of the sample can
be found in the database on the Xtreme Scientific Project web-
site). The KS diagram using beam-sized regions in NGC 3110
(top left panel) suggests that these regions follow two different
power laws. These two branches were identified using the Mul-
tivariate Adaptive Regression Splines (MARS,
fit, which gives the position of the breaking points for a linear
regression with multiple slopes. The branch with higher gas and
SFR densities is located in the central region of the galaxy, and
shows a superlinear slope, while the other branch with lower
gas and SFR densities is located in the more external disk re-
gions, with a sublinear slope. The spatial distribution in the dual
galaxy NGC 3110 is shown in Figure [C.I] Appendix [C.1} This
behaviour is observed in 9 galaxies (~33%) of our galaxy sam-
ple. These dual galaxies span the merger sequence as follows:
22% are isolated galaxies, 12% are galaxy pairs, and each of
early-, mid-, and late-stage mergers accounts for 22%. Regard-
ing their nuclear activity classification, 45% of the dual galaxies
exhibit HII region-like activity, 22% are classified as Seyfert 2,

7 http://almascience.eso.org/documents-and-tools/latest/documents-
and-tools/cycle8/alma-technical-handbook
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while LINERs and composite account for 11% each. The dual-
ity is reinforced if we consider a factor acp = 0.8 (Downes &
Solomon||1998) typical of ULIRGs in the central regions of our
sample. For the case of the clump selection (top right panel), the
data points follow a single power-law.

Similarly, the KS diagram for NGC 7469, using the beam-
sized region selection (bottom left panel), also suggests that the
data points follow a single power-law. A comparable result is
observed with the clump selection (bottom right panel). Thus,
LIRGs exhibit two distinct behaviours when analysed using the
beam-sized selection method, consistent with |Sanchez-Garcia
et al.| (2022a)), which they refer to as dual and non-dual be-
haviour. However, only a single behaviour is evident when the
clumps are identified using Astrodendro. We fit the data points
using the orthogonal distance regression (ODR, Boggs et al.
1987) method, which minimizes the orthogonal distances from
the data points to the regression line.

The absence of a dual slope (the steeper slope) in the KS
relation may be related to the scarcity of clumps identified by
astrodendro in the central kpc of galaxies with dual behaviour.
One possible explanation for this can be that there is a limitation
in the identification of structures in the central regions of dual
galaxies. These galaxies can host very dense cores, with numer-
ous clumps distributed along the line of sight which cannot be
resolved at the angular resolution of the current data. An exam-
ple of this is shown in right panel of Figure 3] where we see
a large, resolved single clump at the centre of the galaxy. This
interpretation is consistent with the scenario suggested by Diaz-
Santos et al.[(2017), who observed an increased compaction of
gas and dust in some LIRGs that could correspond to the ex-
treme dynamical environment found in the central kpc of dual
galaxies. Higher resolution observations are needed in order to
disentangle physical gas clumps at the core of these galaxies.

As expected, these two methods show variations in both the
slope and the correlation coefficient, with steeper slopes and
stronger correlations observed when studying physical structures
in galaxies with a non-dual behaviour. Around 70% of the ob-
jects show a steeper slope and more than 50% show a better
correlation with the clump selection method. This result may
be due to the fact that we are now studying physical structures
where star formation is produced, in contrast to the region-based
method, where we examine the molecular gas present in each
galaxy. In the latter method, this does not imply that star forma-
tion occurs in all gas regions across the galaxy.

We do not include in our analysis upper limits. [Pessa et al.
(2021) studied the influence of non-detections in several re-
solved scaling relations. In principle, non-detections could ar-
tificially flatten the relations at small spatial scales, resulting in
a steepening when the analysis is carried out at larger spatial
scales, as pixels with signal would be averaged with the non-
detection pixels at larger scales. In turn, they found that ignoring
the non-detections have a small impact on the measured slope.

Zetterlund et al.[(2019)) studied how the properties of a set of
Galactic GMCs correlate with the local SFR using Astrodendro.
They found a steep slope of N=2 in the KS diagram. In our sam-
ple we obtain a wide range of slopes from sub-linear (0.39+0.07)
up to super-linear (3.36+0.44). However, Demachi et al.| (2024)
studied the GMCs properties using the PHANGS galaxy M74
with a resolution of 50 pc, finding a large dispersion in the rela-
tion. Their results suggested that the law breaks down at a GMC
scale of < 100 pc. This contrasts with the results obtained in
this work, where we observe a strong correlation (p,>0.7) for
most of the galaxies in the sample. This discrepancy could arise
from the fact that in M74, the identified structures are on average

smaller and may represent substructures of the GMCs, produc-
ing the large dispersion due to the different evolutionary stage of
these substructures. In other words, this galaxy may not exhibit
the same limitations in the identification of structures as those
observed in the central regions of our sample. Another possible
explanation for the scatter is that star-forming galaxies like M74
may host numerous clumps where the star formation process is
less efficient compared to LIRGs. Kreckel et al.|(2018) measured
that only 22% of the GMCs host associated SF, with 40% of
those having two or more associated HII regions in NGC 628.
This could result in a wider range of dispersion on the y-axis of
the KS diagram.

4.1.2. Self gravity of the gas

We explore the dynamical state of the molecular gas using the
boundedness parameter of gas in regions (b,egions) and clumps
(Detumps)- Figure E] shows the spatial distribution of the bound-
edness parameter (b) and SFE (tgelp)(panels left and middle, re-
spectively) based on the clumps and beam-sized regions iden-
tification (top and bottom row, respectively) for the galaxy
IRASF17138-1017. We observe higher self-gravity of the gas
in specific parts of the galaxy, most of which are located in the
central and eastern parts. Furthermore, clumps in these locations
exhibit higher self-gravity and star formation efficiency. We ob-
serve an agreement between the b,egions and the begymps.

Different trends are observed when representing the cold
molecular gas depletion time as a function of the gas bound-
edness parameter, using the two methods in individual galax-
ies. These trends range from clearly negative correlations (e.g.,
NGC 7469 and NGC 1614) to positive correlations (e.g., IRASF
13373+0105A/B), see the figures in the Xtreme Scientific
Project database. However, for most galaxies, a general trend of
decreasing t4., With increasing b is observed. [Leroy et al.|(2017)
studied the cloud-scale ISM at a resolution of 40 pc distributed
over ~ 370 pc scales in the galaxy M51. They found that gas with
larger b (more bounded) exhibits shorter #4p, suggesting that in-
creased self-gravity promotes higher star formation efficiency.
However, [Kreckel et al.[ (2018)) did not find any correlation be-
tween b and tqep in another spiral (NGC 628) at a resolution of
50 pc over scales of 500 pc. In our work, we find different trends,
indicating that, as reported in previous works, the behaviour of
self-gravity of the gas with depletion time varies for each galaxy.
The depletion times in our sample are 4, and up to 8 times shorter
than in these two spirals. For a lower @ ¢ value, we would ob-
tain an even shorter #4e,. We obtain median depletion timescales
of 0.2—1.2 Gyr in our sample using a Galactic a¢p conversion
factor. For the galaxy M51, depletion times vary between 1.5 and
2 Gyr, while for NGC 628, the median depletion time ranges be-
tween 1 and 3 Gyr. This difference is consistent with what was
found in previous works for starbursts (Daddi et al.|2010; |Gen-
zel et al.|2010; |Garcia-Burillo et al.[|2012; [Sanchez-Garcia et al.
20224).

4.1.3. Velocity dispersion of the gas

In this section, we explore the behaviour of the velocity dis-
persion of the gas in our sample. The right panels of Fig. [6]
show the spatial distribution of the velocity dispersion of the
gas (0744y) for the galaxy IRASF17138-1017 based on the clump
and beam sized regions identification (top and bottom panels, re-
spectively). We find an anticorrelation between the SFE and the
velocity dispersion of the gas. Therefore when the velocity dis-
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Fig. 5: The SFR surface density (Xgrg) as a function of the molecular gas surface density (Xz,) is shown using beam-sized regions
(left) and clumps identified with Astrodendro (right) for NGC 3110 (top) and NGC 7469 (bottom). The blue and black points
represent the two branches derived by applying the MARS method with breaking points in the log X5, for NGC3110 in the case of
regions. The dark gray points correspond to the clumps method. The brown and red solid lines are the best fit for the two branches,
while the black line represents a one-slope fit. The Spearman’s rank correlation coefficients (p,) and the power-law indices (N) of
the derived best-fit KS relations in the top-left of each panel. The error bars indicate the mean systematic uncertainties in Xy, of +
0.11 (0.10) dex (horizontal) and the extinction correction in Xgzz of + 0.27 (0.29) dex (vertical) for NGC 3110 (NGC 7469). The
grey dashed lines mark constant gas depletion times (fgep = Zp2/Zs5FR)-

persion of the clumps is higher, these clumps are less efficient
to form stars. We observe variations in 0g,s and SFE within the
galaxies. The velocity dispersion of the clumps is higher in the
northern part of the central disk of the galaxy, while the south-
ern part of the central disk is more efficient. These variations in-
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dicate different dynamical environments throughout the galaxy.
We observe a general agreement between the two methods.

On the other hand, we find positive correlation between the
SFE and the velocity dispersion of the gas in other galaxies such
as NGC 7130 and NCG 2369, where the clumps with higher ve-
locity dispersion are more efficient. In the second galaxy we see
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Fig. 6: Maps of the boundedness parameter, b5 (top left) and b, .gjons (bottom left), as well as maps of the star formation efficiency,
S FE cjynps (top middle) and S FE egions (bottom middle), and the velocity dispersion, o cjumps (top right), and o egions (bottom right)
of the gas for the galaxy IRASF17138-1017. Both methods yield comparable results, as evidenced by the spatial distribution of the

regions and clumps within the galaxy.

higher velocity dispersion in the centre where the gas is more ef-
ficient (see the figures in the Xtreme Scientific Project database).
However, a universal trend is not found. The differences lie in
some galaxies exhibiting higher velocity dispersion values at
their centres, while others show higher values in their outer re-
gions. This may be attributed to the influence of the surrounding
environment of each galaxy (e.g., interactions and mergers with
other galaxies) as well as to their internal structure (e.g., spiral
arms, corotation, etc.), which contribute to the range of trends
seen in our sample.

4.2. Star formation properties as a function of merger stage

We aim to investigate the potential influence of the merger pro-
cess on the star formation in galaxies. While morphological dif-
ferences are well-known, this study seeks to understand whether
and how the merger stage impacts star formation and the en-
vironment of molecular clouds, thereby enhancing and/or sup-
pressing the efficiency of new star formation. In this section, we
focus on the study of clumps, while the figures of results ob-
tained with the regions will be referred to the reader in the Ap-

pendix

4.2.1. Kennicutt-Schimdt law across the merger sequence

We investigate the star formation relation as a function of the
merger stage of the galaxies in our sample. When analysing the
KS diagram using clump identification (Fig. [7), we find that the
slope of the correlation is mostly linear or sublinear in the early
interacting stages of the merger sequence (isolated galaxies and
galaxy pairs). However, as the merger progresses to more ad-
vanced stages, the slope becomes superlinear (steeper), implying
a change in behaviour in the efficiency of converting molecular
gas to stars. Moreover, as shown in Figure [/] the correlations
vary with the merger stage. Table [3| presents the correlation co-
efficient, mean values, and KS relation slope for merger stages
in both beam-sized regions and clumps.

When exploring the KS relation using beam-sized regions
(see Figure[C.3]in Appendix [C.2), we find that the slope values
remain close to one in all cases and do not vary significantly
throughout the merger sequence. This suggests that, when con-
sidering the gas and star-forming emission of galaxies without
identifying physical structures such as clumps or clouds, the re-
lationship between the surface densities of gas and SFR does
not evolve with the merger stage. It is only when physical struc-
tures (clumps) are selected that we observe an evolution in the
KS slope, with mid- and late-stage mergers exhibiting clumps
with nearly an order of magnitude shorter depletion time scales
than those in earlier interaction stages. In contrast, the uniform
slope observed using the beam-sized regions method likely re-
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flects the influence of the larger gas disk across the full extent of
the galaxy, as these unresolved lines-of-sight include emission
regions across the entire gas structure of the galaxies that are
much more diffuse than those probed by the physical clumps.
These results are consistent with high-resolution hydrodynamic
simulations that investigate how galaxy mergers affect the struc-
ture of the ISM and the properties of GMCs and young mas-
sive clusters (Li et al.|[2022), as well as simulations that study
the properties of young star clusters formed under different ISM
conditions within a galaxy (GrudicC et al.|2022).

The mean values of log;oZ g, and log;oXs rg for each merger
stage, calculated using the two different methods described in
this work, show differences (see Fig. [§). For isolated galaxies,
galaxy pairs, and early-stage mergers, the mean values obtained
through the region selection method are slightly higher than
those derived from the clump-based method (see Table [3). For
late-stage mergers, however, both methods (clump and region
selection) yield similar results. When comparing the mean val-
ues across merger stages using the clump selection method, we
observe a gap of more than 0.5 dex between late-stage mergers
and earlier stages. These results indicate variations throughout
the merger sequence, with higher values of Zg g and Zy; in late-
stage mergers compared to earlier interaction stages. These dif-
ferences may result from the merger sequence in galaxies, where
isolated galaxies and early interactions exhibit lower amounts of
gas and star formation. As the merger progresses, however, the
amount of gas in the central kiloparsecs of the galaxy undergoing
the merger increases, along with the SFR.

4.2.2. Self gravity across the merger sequence

Figure E] shows the cold molecular gas depletion time, fqcp, as
a function of the self-gravity of the clumps given by the b pa-
rameter. We observe a shift in the trend from positive to nega-
tive correlations as the merger progresses, with the strength of
the anti-correlation increasing at the later stages of interaction.
This indicates that, in later merger stages, the self-gravity of the
clumps generally have high values (most show by, 2 1), and
those that are more bound are also more efficient at forming stars,
exhibiting shorter gas depletion timescales. The study of the self-
gravity of the gas in individual galaxies reveals a variety of re-
sults (see Sect.[d.1.2). However, the picture changes when con-
sidering the merger stage of galaxies, and some trends emerge.
The average t4c, across the merger stages does not change sig-
nificantly, but the boundedness and its relation with #4e, evolve
strongly (see Table[dand the bottom-right panel of Figure [J).

There are some differences between the results obtained with
clump and region selections (see Figure [] for clumps and Fig-
ure [C.4] for regions). This discrepancy may arise from the fact
that the region-based approach examines gas emission and star
formation rates across the entire galaxy, while the clump-based
method focuses on the properties of physical structures where
star formation occurs.

The region selection provides more information about the
dynamic environment of molecular clouds, offering insights into,
for example, the inter-cloud turbulence (see Sect.[d.2.3). In con-
trast, the clump approach allows us to study the characteristics
of physical structures where stars are currently forming, have al-
ready formed, or will form in the future.
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4.2.3. Velocity dispersion of the gas across the merger
sequence

Several SF models suggest that the dynamical state of the cloud,
and not only its density, affects its ability to collapse and form
stars (e.g. [Krumholz & McKee [2005; Hennebelle & Chabrier
20115 Federrath & Klessen|2013). These models focus on the
properties of turbulent molecular clouds, proposing that the su-
personic and compressive turbulence induces the formation of
stars. In this case we would expect the SFE to increase with in-
creasing gas velocity dispersion (Orkisz et al.|2017)).

Figure [I0] shows the SFE as a function of the velocity dis-
persion of the clumps (0 ¢jmps) across the merger sequence. We
observe that clumps in galaxy pairs, early-stage mergers, and
specially mid-stage mergers exhibit higher velocity dispersion
than those in isolated galaxies and late-stage mergers. However,
early-stage mergers exhibit significant scatter along both axes
of the diagram. Additionally, we observe that clumps with high
velocity dispersion are not necessarily more efficient at form-
ing stars. In mid-stage mergers, the SFE decreases with increas-
ing velocity dispersion of the clumps, contrary to the theoretical
predictions mentioned above. In contrast, this anticorrelation is
not observed in other merger stages (see Figure [I0). This re-
sult could be attributed to the presence of shocks resulting from
the active merger, where elevated turbulence, likely driven by
galaxy-wide shocks, reduces the efficiency of star formation dur-
ing this chaotic stage (see |Saito et al.[[2017), as the gas has not
yet settled down. In late-stage mergers, clumps exhibit the low-
est velocity dispersion among all merger stages, with a very nar-
row range of values. Still, the range of SFE is similar to that of
mid-stage mergers.

4.2.4. Interpretation

A possible explanation for the different trends observed across
the merger sequence between the SFE (t;elp) and b parameter, and

velocity dispersion is that in isolated galaxies or galaxy pairs,
the influence of the interaction is still minimal or negligible. In
these cases, clumps show high values of boundedness of the gas
and/or high velocity dispersion, but they do not exhibit trends
between #4., and self-gravity of the gas (Fig.[J) or between SFE
and velocity dispersion (Fig. [I0). However, as the interaction
between galaxies becomes more pronounced—producing tidal
tails, highly distorted morphologies, and a more chaotic envi-
ronments—the velocity dispersion of the gas increases, likely
driven by turbulence in the clumps. This, along with the large gas
content, enhances the self-gravity of the gas, making the clumps
more efficient at forming stars. Comparatively, late-stage merg-
ers do not exhibit high velocity dispersion values (Fig. [T0), yet
they still contain large amounts of molecular gas (Fig. [§)). These
clumps can still result in high star formation efficiencies.

This interpretation also agrees with SMUGGLE simulations
(L1 et al.|2022). These simulations show that cluster mass in-
creases with increasing tidal field strength. The increase in mass-
weighted gas pressure leads to a higher fraction of bound GMCs,
which is necessary for star formation under these conditions, re-
sulting in high SFE. Interestingly, clumps with high bounded-
ness, and large amounts of molecular gas and higher pressure
are located in the central regions of the mergers, which is pre-
cisely where we observe steeper KS slopes and higher SFE. We
know, however, that stellar bars and/or spiral arms, as well as
AGN activity—some of which may be heavily buried, particu-
larly in late stages (e.g. Ricci et al.[2021)—can influence the star
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Fig. 7: KS diagram as a function of galaxy merger stage based on clump identification. From left to right and top to bottom, the
merger stages are: isolated galaxies (blue), galaxy pairs (red), early-stage mergers (orange), mid-stage mergers (magenta) and late-
stage mergers (black). The black solid line represents the best fit for each dataset. The Spearman’s rank correlation coefficients (o)
and the power-law indices (N) of the derived best-fit KS relations at the top-left of each panel. The grey dashed lines mark constant

gas depletion times (t4.p = Zp2/ZsFR)-

Table 3: Statistical parameters of the KS diagram across the merger sequence for clumps and beam-sized regions

Merger Clumps Beam-sized regions
stages P logio Zi2 logio 2SR Slope Os logio 2 logmﬂ Slope
3 Mgpc? Mgyr—tkpc? ’ Mgpc? Mgyr—'kpc?

Isolated 0.79 289 +0.38 0.25+043 1.01 +0.05 0.70  3.33+0.37 0.64 +0.47 0.92 +0.03
Pairs 073  2.64+034 -0.03 £ 0.32 0.78 + 0.06 073  2.85+0.27 0.22 £0.35 1.05 £ 0.04
Early-stage 0.46  2.73+0.24 0.11 + 0.49 1.78 + 0.08 064 3.20x0.31 0.51 +0.52 1.09 £ 0.03
Mid-stage  0.64 293 +0.34 0.22 £ 0.59 1.79 £ 0.17 0.69 3.23+0.33 0.33 £0.55 1.08 + 0.04
Late-stage  0.84  3.62 +0.41 1.05 £ 0.76 1.48 + 0.09 0.85 3.57+045 0.94 + 0.65 1.05 + 0.02

Notes. For each merger stage (isolated galaxies, galaxy pairs, early-stage mergers, mid-stage mergers, and late-stage mergers), the table lists the
Spearman’s rank correlation coefficient p, (two-sided p-values), the mean and error bars (from the mean absolute deviation) of log o Zx, [Mo pc?)
and logoXs rr [Moyr~'kpc2], and the best-fit power-law indices. The slope of the KS law, when using clump identification, becomes super-linear
in early and more advanced stage mergers, indicating larger star formation efficiencies at higher gas surface densities.

formation process, leading to variations in velocity dispersion,
gas boundedness, and efficiency.

4.3. Radial distribution of the physical properties of clumps
as a function of the merger stage

In this section, we analyse the variation of the gas clump proper-
ties as a function of their projected distance to the galaxy nuclei
and also as a function of the effective radius of the clumps. To do

so, we only use the results obtained through the clump method,
and focus on individual clump SFRs, molecular masses, SFEs,
velocity dispersions and their self-gravity (see Figures [IT] and

When examining the results as a function of merger stages
in Figure [T1] we find that the SFR of individual clumps de-
creases with increasing galactocentric radius, while the mass of
the clumps remains generally constant, leading to a decrease
in SFE at larger radii. Late-stage mergers show more massive
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Table 4: Statistical parameters of the #4., vs. b relation across the merger sequence for clumps and beam-sized regions.

Merger Clumps Beam-sized regions

o < b Tdep - b Tdep .

stages Os loglom logio Wy slope Os loglom logio W slope
Isolated galaxies -0.06 -0.24 + 0.58 2.64 +0.25 -0.01 £ 0.01 -0.20 0.46 +0.32 293+032 -0.21+0.01
Galaxy pairs 0.35 -0.57 £ 0.40 2.67 +0.21 0.18 + 0.01 0.02 -0.07 £ 0.20 2.81+0.22 0.02+0.01
Early-stage 0.12 -1.22 + 0.46 2.61 £0.41 0.24 +0.03/-0.87 £ 0.01 -0.19 0.33 +0.30 297+041 -033+0.05
Mid-stage -0.44 -0.72 £ 0.61 2.72 +0.46 -0.67 £ 0.11 -0.27 0.05 +0.26 321+035 -0.41+0.03
Late-stage -0.61 0.47 +0.36 -2.57 £ 041 -0.66 + 0.05 0.10 0.59 +0.44 3.09+0.30 0.09 +0.01

Notes. For each merger stage (isolated galaxies, galaxy pairs, early-stage mergers, mid-stage mergers, and late-stage mergers), the table lists the
Spearman’s rank correlation coefficient p;,, (two-sided p-values), the mean and error bars (from the mean absolute deviation) of log;ob [Mopc*(km
s™H)2] and logiot4e, [Myr], and the best-fit power-law indices (slopes). For early-stage mergers we use MARS fit.

Table 5: Statistical parameters of the SFE vs. o relation across the merger sequence for clumps and beam-sized regions.

Merger Clumps Beam-sized regions

stages Ps kmo;-l 10glO A;:rlf] Ps k,:s-—l 10g10 151;1_;]
Isolated galaxies -0.08  44.00 £21.11 -2.64 £ 0.25 -043 27772 +13.57 -2.93+0.32
Galaxy pairs 0.06 4584 +18.71 -2.67+0.21 -0.39 2878 £10.12 -2.81 £0.22
Early-stage 0.13  103.50 +£32.37 -2.61 +041 -0.30 31.13+13.27 -297+041
Mid-stage -0.68  76.83 £34.43 -2.72+0.46 -0.28 4321 +1440 -3.21 +£0.35
Late-stage -0.10 4093 +13.42  2.57 £0.41 -0.18 3458 £12.43 -3.09 +0.30

Notes. For each merger stage (isolated galaxies, galaxy pairs, early-stage mergers, mid-stage mergers, and late-stage mergers), the table lists the
Spearman’s rank correlation coefficient p, (two-sided p-values), the mean and error bars (from the mean absolute deviation) of o~ [km s7!] and

log;o SFE [Myr'].
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Fig. 8: The mean values of the KS diagram for each merger
stage using both methodologies: open stars for beam-sized re-
gions method and dots for the clumps method. The error bars
indicate the mean absolute deviation.

clumps and higher median SFR. The self-gravity of the gas de-
creases with the radius in the different merger stages, except in
late-stage mergers which is roughly constant and with higher val-
ues compared to the rest of merger stages. The velocity disper-
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sion of the clumps tends to increase with the galactocentric ra-
dius. Within the central 2 kpc, the velocity dispersion decreases
with galactocentric radius, but it increases again at larger radius.
It is interesting to note the spatial distribution of the clumps;
in particular, clumps in late-stage mergers are predominantly
located at small galactocentric radius from the galaxies nuclei,
confirming that most of the activity is concentrated in the central
regions.

When we study the relation of the size of the clumps with
the different parameters (see Figure [I2), we find that the SFR
increases with the size of the clumps, while the SFE remains ap-
proximately constant. The self-gravity of the clumps is approx-
imately constant. The velocity dispersion of the gas increases
with the size of the clumps in galaxy pairs, mid-stage and late-
stage merger. The other merger stages show a constant trend.

Observations of molecular clouds in our Galaxy and a
number of nearby galaxies have identified various empirical
trends manifesting such cloud—environment correlations. Within
a galaxy, molecular clouds located closer to the galaxy centre
appear denser, more massive, and more turbulent (e.g. Oka et al.
2001} |Colombo et al.|[2014; [Freeman et al.| 2017} [Hirota et al.
2018;|Brunetti et al. 2021)). An exception to this trend is observed
in the early-stage LIRG NGC 5258 (Arp 240), where the bright-
est clumps are entirely extranuclear (Saravia et al.[|2025)). In our
sample, we find more massive clumps and with higher SFR in
late-stage mergers.

5. Summary and Conclusions

We have presented a spatially resolved study of the star forma-
tion relations in a sample of 27 local LIRGs, on scales of ~ 90 pc,
spanning the entire merger sequence, from isolated to late stage
mergers. We combined HST Paa and Pag emission with ALMA
CO(2-1) data to determine the SFR and molecular gas content
in our galaxy sample. We have also investigated the potential in-
fluence of the merger process on the star formation in our sam-
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Fig. 9: Cold molecular gas depletion time, Zgep clumps, as a function of the self-gravity of the clumps (parameter bejmps) across
the merger sequence. From left to right and top to bottom, the merger stages are: isolated (blue), pair (red) of galaxies, early-stage
mergers (orange), mid-stage mergers (magenta) and late-stage mergers (black). The Spearman’s rank correlation coefficients (py) and
the power-law indices (N) of the best-fit relations are indicated. The bottom right panel shows the mean values of log10t4ep,ciumps and
l0g10bciumps for each merger stage. The error bars indicate the mean absolute deviation. The slope of the correlation betweentzep, ciumps
and bcj,mps transitions from relatively flat, to a broken power law at early merger stages, to a negative slope in mid- and late-stage
mergers, indicating the most bounded gas clumps are depleting their gas reservoir faster at the latest stages of the interaction.

ple, measuring the depletion time, star formation efficiency, as
well as the self-gravity of the gas and velocity dispersion of the
gas. We used two different methods: 1) sampling the emission of
the galaxies with beam-sized regions, and 2) identifying physical
structures (clumps) using the identification algorithm Astroden-
dro.

The main results of this paper are summarized as follows:

— We derived spatially resolved KS relations for each LIRG of
the sample, using beam-sized regions and clumps. When us-
ing beam-size regions, we identified two different behaviours
in the KS plot using the regions selection: 67% of galaxies
follow a single trend, while the remain display two branches,
suggesting the existence of a duality in this relation. How-
ever, when analysing physical clumps, the duality disap-
pears, and only one single trend is observed.

— The two methods reveal variations in both the slope and the
correlation coefficient. These results provide two different
perspectives for studying the star formation relation: one fo-
cusing the statistics of gas and SF properties at the small-
est scales, and the other targeting physically coherent gas
clumps and structures.

We studied galaxies according to its merger stage. We find
the slope of the KS relation to become steeper as the merger
progresses, reflecting changes in the SF efficiency of molec-
ular gas clumps. In late-stage mergers, we observe higher
values of Zg g and Xy, compared to the other stages. How-
ever, when analysing the KS relation using beam-sized re-
gions, the slopes remain close to one, displaying more ho-
mogeneous behaviour across the merger sequence.

In isolated galaxies and up to early stage mergers, the gas
depletion time of the clumps, #4¢p, cumps, does not depend on
their self-gravity, bej,mps. However, in later merger stages,
clumps with higher self-gravity become more efficient at
forming stars, exhibiting shorter gas depletion timescales.
In early- and mid-stage mergers, the clumps exhibit higher
velocity dispersion compared to the other stages of the
merger sequence. However, clumps in early-stage mergers
exhibit higher velocity dispersion but they are not very ef-
ficient. In late-stage mergers, the velocity dispersion of the
gas shows a smaller range of values.

The SFR of individual clumps decreases with increasing
galactocentric radius, where 70% of the SFR in concen-
trated in the central 2.5 kpc, while the mass of the clumps
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Fig. 10: SF efliciency as a function of the velocity dispersion of the clumps (07cmps) across the merger sequence. From left to
right and top to bottom, the merger stages are: isolated galaxies (blue), galaxy pairs (red), early-stage mergers (orange), mid-stage
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panel shows the mean values of the o jmps and logioS F Ecjymps for each merger stage. The bottom right panel shows the mean
valyes of 10g10S F Ecjumps and o cjumps for each merger stage, with error bars representing the mean absolute deviation.

remains generally constant with the radius. Clumps in late-
stage mergers tend to be more massive. The velocity disper-
sion of the clumps tend to decrease as a function of galacto-
centric radius within the inner ~2 kiloparsecs, but increases
again at larger radii. The self-gravity of the gas decreases
with radius across the different merger stages, except in late-
stage mergers, where it remains approximately constant.

— We also find that the SFR increases with the size of the
clumps, while the SFE remains approximately constant. Ad-
ditionally, the velocity dispersion of the gas increases with
the size of the clumps in pairs of galaxies, mid-stage, and
late-stage mergers.
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Appendix A: Comparison between one and two
configurations in ALMA data

From our sample of 23 LIRG systems, 43% (10 systems) have
observations using a single 12 m configuration. The remaining
57% (13 systems) were also studied in |Sanchez-Garcia et al.
(2022a), where observations were conducted with two 12 m con-
figurations (one more extended and one more compact). The use
of only one extended configuration filters out spatial scales larger
than those sampled by the shortest baselines. Additionally, it is
well-known that flux is lost even before reaching the maximum
recoverable scale (MRS).

We are interested in determining the properties of molecular
gas at scales of ~ 100 pc (~0.2”) in local LIRGs. This scale is
smaller than the MRS, so the missing flux due to the absence of
short spacing is expected to be minimal. However, we expect to
lose flux at scales larger than ~2.5" (~ 1.2 kpc).

To evaluate the influence of using one or two configura-
tions on clump detection, we compared the identified regions
(clumps) in observations of IC 5179 using different configura-
tions, as shown in Figure [A.T]

We find that most of the clumps identified in the two-
configuration observations are also detected in the single-
configuration observations. This result suggests that the identi-
fication of clumps in observations with different configurations
does not significantly impact the study of the star formation pro-
cess in molecular clumps.

Appendix B: Comparison and effects of the
selected CO-to-H, conversion factor

We used a fixed Galactic CO-to-H, conversion factor to estimate
the molecular gas mass of our sample. However, this factor de-
pends on the properties of the gas, including temperature, den-
sity, and metallicity. Its precise value remains a topic of debate
and can vary significantly across different environments, partic-
ularly in extreme conditions such as those found in (U)LIRGs.
Recent studies of star-forming regions within the PHANGS sam-
ple, at 90-150 pc scales, have revealed that the velocity disper-
sion of molecular gas significantly influences the value of ac¢.
For instance, [Teng et al.| (2023} [2024) reported a strong anti-
correlation between @ o and the local cloud-scale velocity dis-
persion. Higher velocity dispersion enhances the rate of colli-
sional excitation of molecules, potentially leading to an overes-
timation of acop.

The fitted function derived from a galaxy sample, using ve-
locity dispersion measurements at a 90 pc scale (Ieng et al.
2024) is as follows:

logioac, = —0.59(£0.04) log < 0 gas >90pc + 0.90(£0.03) (B.1)

By applying the ogs-based aco prescriptionﬂ to our sam-
ple, we aim to verify that this a¢o prescription does not alter the
results of this work. We use two approaches: 1) we use acp val-
ues derived from the equation, and 2) we assume a fixed value
in the regime where the velocity dispersion is not covered by
Teng et al.|(2024). This second approach is considered because
the galaxies in our sample cover higher velocity dispersion val-
ues than the range explored in the PHANGS sample. The regime
of high velocity dispersion values has not been explored in the
0 gas-based aco prescription, which makes the behaviour of the

8 Equation (B-I) follows the formulation from private communication
and will be included in a forthcoming paper.
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factor with velocity dispersion uncertain. The PHANGS sample
covers values of velocity dispersion up to ~35 km/s, whereas the
galaxies in our sample exceed this range of values.

As an example, Fig. shows the KS plot for the galaxy
NGC5135. We obtain similar results with the only difference of
the lower values in the molecular gas surface density. For the
case of dual galaxies, we still obtain the dual behaviour and the
single power law for the galaxies using the clumps methodol-
ogy. The only difference is in the range of values of the x-axis
where the surface density of molecular gas is lower, with a shift
of ~ 0.55 dex. This implies that the depletion time changes by a
factor of approximately 3.7. However, we can conclude that the
different prescriptions for the conversion factor do not affect the
main results of this work.

Appendix C: Figures

Appendix C.1: Spatial distribution of the dual behaviour in
the KS diagram for the LIRG NGC 3110

In this Appendix, we show as an example the spatial locations of
the regions in NGC 3110, which exhibits dual behaviour.

Appendix C.2: Star formation properties as a function of
merger stage using beam-sized regions

we present the figures for the study of star-formation prop-
erties in the sample using the beam-sized region methodol-
ogy. Figure[C.2] shows the distribution of regions across merger
stages; Figure |C.3] presents the Kennicutt-Schmidt law; Figure
[C.4] displays the cold molecular-gas depletion time as a func-
tion of the self-gravity of the regions; and Figure [C.5] shows the
star-formation efficiency as a function of the velocity dispersion
of the regions.



M. Sénchez-Garcia et al.: Spatially Resolved Star Formation relations in local LIRGs along the complete merger sequence

IC5179

36°50'25" CO(2-1) -- 2 configurations CO(2-1) -- 1 configuration CO(2-1) map
30 ) I
S 35" L i
=
£
I
a 40" - L L
45|| J . L i x|
) 1 - e -
— CO -2 config © - 1 b —— CO - 1 config & "% \1%
22"16M10.0° 09.5°  09.0°  08.5° 22"16™10.0° 09.5°  09.05  08.5° 22"16M10.0° 09.5°  09.0°  08.5°
Right Ascension Right Ascension Right Ascension
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[ 0 = Isolated galaxies (772 regions)
[ 1 = Galaxy pairs (331 regions)
[ 2 = Early mergers (1179 regions)
I 3 = Mid mergers (807 regions)
Il 4 = Late mergers (973 regions)
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Fig. C.2: Distribution of the number of regions per galaxy across
the different merger stages in the galaxy sample. The early-, mid-
, and late-stage mergers cover the entire range of the stacked
histogram, while isolated galaxies show lower number of regions
per galaxy.
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Fig. C.3: Representation of the KS diagram across the merger sequence based on beam-sized region identification. From left to
right and top to bottom, the merger stages are: isolated galaxies (blue), galaxy pairs (red), early-stage mergers (orange), mid-stage
mergers (magenta) and late-stage mergers (black). The black solid line represents the best fit for each dataset. The Spearman’s rank
correlation coefficients (p;) and the power-law indices (N) of the derived best-fit KS relations are indicated. The bottom right panel
shows the mean values of log;oXs rg and log;oXy», with error bars representing the mean absolute deviation for each merger stage.
The grey dashed lines mark constant depletion times (f4.p = Zp2/ZsFr).
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