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ABSTRACT

We present new CO(2-1) observations of a representative sample of 24 local (z < 0.02) luminous infrared galaxies (LIRGs) at
high spatial resolution (<100 pc) from the Atacama Large Millimeter/submillimeter Array (ALMA). Our LIRGs lie above the main
sequence (MS), with typical stellar masses in the range 10'°-10'"' M, and SFR ~ 30 M, yr~'. We derive the effective radii of the
CO(2-1) and the 1.3 mm continuum emissions using the curve-of-growth method. LIRGs show an extremely compact cold molecular
gas distribution (median Rco ~ 0.7 kpc), which is a factor 2 smaller than the ionized gas (median Ry, ~ 1.4kpc), and 3.5 times smaller
than the stellar size (median Ry, ~ 2.4 kpc). The molecular size of LIRGs is similar to that of early-type galaxies (ETGs; Rco ~ 1 kpc)
and about a factor of 6 more compact than local spiral galaxies of similar stellar mass. Only the CO emission in low-z ULIRGs is
more compact than these local LIRGs by a factor of 2. Compared to high-z (1 < z < 6) systems, the stellar sizes and masses of local
LIRGs are similar to those of high-z MS star-forming galaxies (SFGs) and about a factor of 2-3 lower than submillimeter (submm)
galaxies (SMGs). The molecular sizes of high-z MS SFGs and SMGs are larger than those derived for LIRGs by a factor of ~3 and ~8,
respectively. Contrary to high-z SFGs and SMGs, which have comparable molecular and stellar sizes (median Ry, /Rco = 1.8 and 1.2,
respectively), local LIRGs show more centrally concentrated molecular gas distribution (median Ry, /Rco = 3.3). A fraction of the
low-z LIRGs and high-z galaxies share a similar range in the size of the ionized gas distribution, from 1 to 4 kpc. However, no LIRGs
with a very extended (above 4 kpc) radius are identified, while for high-z galaxies no compact (less than 1 kpc) emission is detected.
These results indicate that while low-z LIRGs and high-z MS SFGs have similar stellar masses and sizes, the regions of current star
formation (traced by the ionized gas) and of potential star formation (traced by the molecular gas) are substantially smaller in LIRGs,
and constrained to the central kiloparsec (kpc) region. High-z galaxies represent a wider population but their star-forming regions
are more extended, even covering the entire extent of the galaxy. High-z galaxies have larger fractions of gas than low-z LIRGs, and
therefore the formation of stars could be induced by interactions and mergers in extended disks or filaments with sufficiently large
molecular gas surface density involving physical mechanisms similar to those identified in the central kpc of LIRGs.
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1. Introduction

Luminous and ultraluminous infrared galaxies (i.e., LIRGs,
LIR ZL[8,1000 um] = 1011—1012 L@, and ULIRGS, LIR > 1012 L@,
respectively) host the most extreme star-forming events in the
low-z Universe. They are characterized by extreme total IR lumi-
nosity, because a large amount of star formation is hidden by
dust, which reprocesses the UV photons that originate from hot
young stars and/or active galactic nuclei (AGN; U et al. 2012
and references therein) and re-emits them at longer wavelengths,
typically in the IR. From the very early investigations, a large
fraction of studies tried to determine the mechanism that pow-
ers (U)LIRG systems. Both AGN and star forming activity (e.g.,

Sanders & Mirabel 1996; Rigopoulou et al. 1999; Veilleux 1999;
Risaliti et al. 2006; Valiante et al. 2009; Alonso-Herrero et al.
2012) can co-exist in these systems. The fraction of galaxies
dominated by the presence of an AGN increases with Lig (Tran
et al. 2001; Nardini et al. 2008; Veilleux et al. 2009; Alonso-
Herrero et al. 2012), while lower luminosity LIRGs are mainly
powered by star formation (see the review by Pérez-Torres et al.
2021). (U)LIRGs show a large variety of morphologies, which
suggest different dynamical phases: from isolated disks for low-
luminosity LIRGs to a majority of merger remnants for ULIRGs
(e.g., Veilleux et al. 2002; Arribas et al. 2004; Kartaltepe et al.
2010). Their dynamical masses typically range between 10'° and
10" M, (Bellocchi et al. 2013; Crespo Gémez et al. 2021).
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These extreme populations are rare in the local Universe
(e.g., Lagache et al. 2005), but they are much more numer-
ous at high-z and are supposed to be the dominant contrib-
utors to the star formation in the Universe at z > 1 (e.g.,
Le Floc’h et al. 2005; Pérez-Gonzélez et al. 2005, 2008; Caputi
et al. 2007; Magnelli et al. 2013). Local ULIRGs were initially
assumed to be the local counterpart of high-z IR-luminous galax-
ies discovered by Spitzer and the more luminous submm galaxies
(SMGs; e.g. Blain & Phillips 2002; Tacconi et al. 2006). Later
on, several studies suggested that high-z (z ~ 2) ULIRGs and
SMGs instead show IR features more similar to those observed
in local lower luminosity LIRGs (e.g., Rujopakarn et al. 2011)
than to those seen in local ULIRGs. In particular, the far-IR
spectral energy distributions (SEDs) of ULIRGs and SMGs at
z ~ 2 differ from those of local galaxies of similar luminos-
ity in that they appear to be as cold as those of lower luminos-
ity galaxies (LIRGs; Muzzin et al. 2010; Wuyts et al. 2011a).
Such high-z systems are then assumed to be scaled-up versions
in size and star formation efficiency (SFE = SFR/My,,) of lower
luminosity low-z (U)LIRGs, where low-z (U)LIRGs cover a sim-
ilar SFR range to normal high-z star-forming galaxies (SFGs;
<1000 M, yr~!; Forster Schreiber et al. 2009; Rujopakarn et al.
2011; Wuyts et al. 2011b; Arribas et al. 2012).

At different redshifts, a tight correlation between stellar mass
and SFR has been observed in SFGs, which is referred to the
main sequence (MS; Elbaz et al. 2007; Wuyts et al. 2011b).
Two main categories' can be identified: galaxies that lie on the
MS and those lying above the MS (outliers). This tight corre-
lation has therefore invoked two distinct modes of star forma-
tion: the normal star-forming mode that describes galaxies lying
on the SFR—Mg,, relation (MS galaxies) which evolve through
secular processes such as gas accretion (e.g., Dekel et al. 2009;
Davé et al. 2010; Genzel et al. 2015), and the starburst mode
that describes galaxies falling well above the MS (above-MS
galaxies), which are likely driven by major mergers, represent-
ing a star-bursting period with respect to the galaxies on the MS
(Rodighiero et al. 2011; Wuyts et al. 201 1b; Cibinel et al. 2019).
Among the outliers, local (U)LIRGs and SMGs at 1 < z < 4
show similar sSFR, possibly boosted by major merger events,
although recent studies have found that some SMGs can also
be rotating disks (Hodge et al. 2016) supporting the continuum
gas accretion scenario through cold gas flow and minor mergers
(Dekel et al. 2009).

To shed more light on this scenario, we perform a novel
test of the relation between the spatial extents (defined by the
half-light radius) of different tracers in a sample of local LIRGs
at high spatial resolution (~90pc): in particular, the molecular
emission traced by '2CO(2-1) (hereafter, CO(2-1)), the 1.3 mm
(247 GHz) continuum, and the stellar and ionized gas emissions
can be compared. The stellar and ionized gas sizes have been
derived in previous works (Arribas et al. 2012; Bellocchi et al.
2013). With the advent of high-resolution instruments such as
the Atacama Large Millimeter/Submillimeter Array (ALMA),
we are now able to study the molecular emission in local galax-
ies at spatial resolutions similar to that covered by typical giant
molecular clouds (GMCs, ~100 pc). Low-z LIRGs offer a unique
opportunity to study extreme SF events at high linear resolu-
tion and signal-to-noise ratio (S/N), and compare them with
those observed locally (i.e., spiral galaxies, early-type galaxies
(ETGs), and ULIRGS) and at high-z.

! Atz ~ 2red and dead (passive) galaxies already exist at these cosmic
epochs and form a separate sequence below the MS of SFGs.
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Several works have tried to compare the effective size of dif-
ferent components in high-z systems. A large variety of objects
covering a wide range in redshifts (1 < z < 6) and galaxy prop-
erties have been identified using different criteria (e.g., stellar
mass, far-IR luminosity, or optical compactness). These systems
can be mainly classified as (i) compact MS SFGs (Barro et al.
2014, 2016), (ii) MS SFGs (Straatman et al. 2015; Tadaki et al.
2017; Forster Schreiber et al. 2018; Puglisi et al. 2019, 2021;
Kaasinen et al. 2020; Fujimoto et al. 2020; Wilman et al. 2020;
Cheng et al. 2020; Valentino et al. 2020; Hogan et al. 2021),
and (iii) extreme SMGs, which mostly lie in the upper enve-
lope of the MS plane (Lang et al. 2019; Chen et al. 2017, 2020;
Calistro Rivera et al. 2018; Hodge et al. 2016; Gullberg et al.
2018). According to this classification, some of the so-called MS
galaxies mentioned here can also include a few galaxies lying
slightly off the MS (e.g., Tadaki et al. 2017; Puglisi et al. 2019;
Kaasinen et al. 2020; Valentino et al. 2020): we should consider
these systems as lying approximately on the MS at their corre-
sponding redshift.

Characterization of the distribution of all these tracers is
key to understanding how the different phases of the interstellar
medium (ISM) evolve in size across the cosmic time, studying
several types of galaxies, at low- and at high-z. In particular, this
enables us to compare the size of the host galaxy (stellar com-
ponent) with that derived for the ongoing star formation (ionized
gas) as well as the size of the regions where stars are forming
(molecular gas) in a local sample of LIRGs and compare them
with those derived for local spiral galaxies, ETGs, and ULIRGs
as well as high-z SFGs and SMGs.

The present paper is structured as follows. In Sects. 2 and
3 we describe the sample and our observations, and the data
reduction, respectively. In Sect. 4, we describe our data analysis
and the uncertainties related to the methods used. In Sect. 5 we
present the results derived for the effective radii of the molec-
ular and continuum components, comparing their values with
those obtained for the stellar and ionized emissions. In Sect. 6
we discuss the results and we compare them with those derived
for other local and high-z samples. In Sect. 7 we summarize
our main findings and present our conclusions. In Appendix A
we present the morphological and kinematic classifications used
to characterize our systems. Appendix B shows the CO(2-1),
continuum at 1.3 mm, and near-IR maps for the whole sample.
In Appendix C, the CO(2-1) and Two Micron All Sky Survey
(ZMASS; Skrutskie et al. 2006) K-band images are compared for
the whole sample, ordered according to their increasing molec-
ular size, Rco. Finally in Appendix D, we present the SEDs for
the whole sample to estimate the continuum flux loss at 1.3 mm.

Throughout the paper, we consider the cosmology-corrected
quantities: Hy=67.8kms™! Mpc™!, Q, =0.308, Q4 =0.692.
The redshift is corrected to the reference frame defined by the
3K CMB.

2. The sample
2.1. Lig range

The volume-limited sample consists of 21 local LIRGs (24 indi-
vidual galaxies) at z < 0.02 for which we obtained ALMA
data. The sample has been drawn from the IRAS Revised Bright
Galaxy Sample (RBGS, Sanders et al. 2003) with distance D <
100 Mpc (a mean distance for the whole sample is D ~ 75 Mpc,
ranging from 41 Mpc to 101 Mpc). Our LIRGs were previously
observed in the optical band using VIMOS/VLT by Arribas et al.
(2008) and ten of them have also been analyzed in the near-IR
using SINFONI/VLT data by Crespo Gémez et al. (2021).
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Fig. 1. Infrared luminosity versus redshift. The ‘composite’ classifica-
tion is also shown according to the following color-code: in blue are
represented the rotating isolated disk galaxies (0 (R)), in magenta
the isolated perturbed disks (8 (P)), in green the interacting systems
and in red the post coalescence mergers. Galaxies which belong to the
same system (ESO 297-G011/G012, F12596 E/W and IC 4518 E/W)
are identified using a solid line. Galaxies containing an AGN are iden-
tified by a square.

We derived the total IR luminosity from Diaz-Santos et al.
(2017), who assumed the luminosity distance, D;,, considered in
Armus et al. (2009). In particular, for each object, Diaz-Santos
et al. (2017) scaled the integrated IRAS IR and far-IR (derived in
the wavelength range 42.5-122.5 um) luminosities with the ratio
between the continuum flux density evaluated at 63 um in the
PACS spectrum (measured in the same aperture as the line) and
the total IRAS 60 pm flux density. The normalization at 63 pm
ensures that the emission can be associated to the dust continuum
emission closely related to star formation. Finally, we scaled
these values according to the D, used in this work. The derived
Lir covers the range of 10'%4 to 10''7 L, (see Fig. 1) with a uni-
form distribution, and can therefore be considered representative
of the general properties of local LIRGs. For individual galaxies
in multiple systems (i.e., ESO 297-G011/-G012 (N/S), IC 4518
E/W and MCG-02-33-098 E/W), the individual contribution to
the Lir of the system was derived while taking into account the
relative fluxes of the individual galaxies in the MIPS images at
24 um (see Table 1).

2.2. Activity, morphology, and dynamical phase classification

According to the nuclear optical spectroscopic classification (see
Rodriguez-Zaurin et al. 2011), most of the sources are classi-
fied as HII galaxies, excluding NGC 7130, which is classified
as LINER/Sy2; IC 4518 W and NGC 5135, which are classi-
fied as Sy2; and NGC 7469 which is classified as Syl, along
with ESO 297-G011 which shows evidence of an AGN from
the optical spectra (Arribas et al. 2014). Following complemen-
tary information obtained in the X-rays band, two additional
sources (2/24; NGC 2369 and ESO 267-G030) show evidence of
an AGN. Mid-IR data are a good tool with which to search for
obscured AGN. Alonso-Herrero et al. (2012) searched for highly
obscured AGN using mid-IR Spitzer data. Several sources are in
common with those studied in this work: except for IC 4518 W,
which was previously classified as Sy2, we find that all these sys-
tems show a small AGN contribution at 24 um (i.e., <8%), con-
firming that the AGN contribution does not dominate the galaxy
emission in our systems. Thus, we ended up with 7 galaxies in

our sample of 24 that show signs of the presence of an AGN (see
Table 1).

The sample encompasses a wide variety of morphologi-
cal types, suggesting different dynamical phases (isolated spiral
galaxies, interacting galaxies, and ongoing and post mergers).
The majority of our LIRGs are isolated spiral galaxies. In this
work, the sources were classified while taking into account both
the morphological information from Spitzer/IRAC and Hubble
Space Telescope (HST) images and the kinematic information
obtained from the ionized (Ha) and molecular (CO) gas phases.
In Appendix A, we give a detailed description of this classifica-
tion (see also Table A.1). Here, we briefly highlight the charac-
teristics of the final “composite” classification used in this work.
In particular, we defined four different classes as follows:

— 0 (R):single isolated objects with relatively symmetric disk
morphologies, which show the typical kinematic maps of a
rotating disk (RD);

— 0 (P):single isolated objects with relatively symmetric disk
morphologies but showing a somewhat perturbed kinemat-
ics: hereafter perturbed disk (PD);

— 1: objects in a pre-coalescence phase with two well-
differentiated nuclei separated by a projected distance of at
least 1.5 kpc up to a maximum distance of 15 kpc, showing a
perturbed kinematics (hereafter, interacting);

— 2: objects with two nuclei separated by a projected distance
<1.5kpc or a single nucleus with a relatively asymmetric
morphology, with perturbed or complex kinematics (here-
after, merger).

According to our classification, the majority of our galax-
ies (two-thirds) show the presence of interaction or past merger
activity in their morphology and/or kinematics (i.e., 7/24 are
type 0 (P), 4/24 are type 1 and 5/24 are type 2), while the
remaining objects (one-third) are disky (8 (R); see Table 1 and
Appendix A). In some specific cases, the properties of individ-
ual galaxies in multiple systems could be inferred separately and
were therefore treated individually.

2.3. SFR — Mg, : location in the MS plane

To estimate the stellar mass My, of our sample, we used the inte-
grated K-band near-IR magnitude obtained from 2MASS All-
Sky Extended Source Catalog (XSC; Jarrett et al. 2000). The
stellar mass estimation in this band is considered a good tracer
of the total stellar mass, because the bulk of the luminosity of
a SED of simple stellar population (SSP) older than 10° yr is
observed in the wavelength range from 0.4 to 2.5 um. As esti-
mated in previous works (e.g., Alonso-Herrero & Knapen 2001;
Alonso-Herrero et al. 2006; Piqueras Lopez et al. 2012; Pereira-
Santaella et al. 2015), the visual extinction, Ay, in LIRG systems
shows typical values of Ay < 4 mag, being even smaller in the
near-IR bands (e.g., Apy, ~ 0.4—1.0mag). In addition, the AGN
contribution in our systems is negligible (see Sect. 2.2), and in
the K-band it would only affect the nuclear K-band emission.
Furthermore, in the near-IR, the contribution from young stars
is found to be often negligible and the scatter in the mass-to-
light (M/L) ratio for local LIRGs is relatively small (~0.4 dex;
Pereira-Santaella et al. 2011). We then converted the magnitude
to luminosity in the K band, Lk, and assuming a (mean) M, /Lg
ratio of 0.4 as derived in Zibetti et al. (2009), we derived the stel-
lar mass in the K band, M, 2.

2 The uncertainties associated to the stellar mass derivation are
obtained taking into account the magnitude uncertainties derived in the
K band from the 2MASS Extended Source Catalogue (XSC) along with
the 0.4 dex uncertainty associated to the M/L ratio.
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Table 1. General properties of the LIRG sample.

Source a o z Dy Scale log Lir S FRir Class AGN ref.
IRAS Other J2000.0 J2000.0 Notes
(hms) (G (Mpc)  (pc/”) (Lo) (Moyr™)

(1) (2) (3) ) (5) (6) ) (3) ) (10) (11)
F01341-3735 N ES0297-GO11 01362340 -371917.6  0.0168 752 353 10.84 (10.03) 10.5 (1.6) 0 (P) (y)a,b
F01341-3735 S ES0297-G012 013624.17 -372025.7 0.0172 77.1 361 10.74 (9.92) 8.3(1.3) 0 (R)
F04315-0840 NGC 1614 04 33 59.85 —-083444.0 0.0159 71.2 334 11.71 (9.74) 77.6 (0.8) 2
F06295-1735 ES0557-G002 06314722 -1737173  0.0208 93.4 435 11.21 (9.86) 24.5 (1.1) 0 (P)
F06592-6313 - 06 59 40.25 -6317529  0.0224 100.7 467 11.26 (9.55) 27.5(0.5) 0 (P)
F07160-6215 NGC 2369 07 16 37.73 -622037.4  0.0111 49.5 235 11.24 (9.24) 26.3 (0.3) 0 (P) (y)c
F10015-0614 NGC3110 1004 02.11 -062829.2  0.0163 73.0 343 11.27 (9.67) 28.2(0.7) 0 (P)
F10257-4339 NGC 3256 10275127 -435413.5 0.0093 414 197 11.69 (9.36) 74.1 (0.4) 2
F10409-4556 ES0264-G036 1043 07.67 —-461244.6  0.0202 90.7 422 11.17 (10.29) 22.4 (3.0) 0 (R)
F11255-4120 ES0319-G022 112754.08 —-4136524  0.0161 72.1 338 11.00 (9.54) 15.1(0.5) 0 (P
F11506-3851 ES0320-G030 11531172 -3907489  0.0102 45.5 216 11.27 (9.23) 28.2 (0.3) 0 (R)
F12115-4546 ES0267-G030 12141288 —4713423  0.0180 80.7 377 11.15 (9.98) 21.4(L.5) 0 (R) (y)d
F12596-1529 (E+W) MCG-02-33-098 13022037 -154559.7  0.0159 71.2 334 E: 10.39 (8.91) 3.7(0.1) 1

0.0156 69.8 328 W:10.84 (9.01) 10.5(0.2) 1
F13001-2339 ES0507-G070 1302 52.35 -235517.7  0.0211 94.8 441 11.54 (9.30) 52.5(0.3) 2
F13229-2934 NGC 5135 132544.06 -295001.2 0.0136 60.8 287 11.34 (9.46) 33.1(0.4) 0 (P) (y)a,b,c
F14544-4255 (E+W) IC4518 (E+W) 14574290 -430754.0 0.0154 68.9 324 E: 10.77 (9.44) 8.9 (0.4) 1

0.0160 71.6 336 W: 10.77 (9.47) 8.9(0.5) 1 (y)a,c,e
F17138-1017 - 17163579 -102039.4  0.0172 77.1 361 11.45 (9.67) 42.6 (0.7) 2
F18093-5744 N IC4687 18 13 39.63 -574331.3  0.0163 73.0 343 11.26 (8.94) 27.5(0.13) 0 (R
F18341-5732 IC4734 18382570  -572925.6 0.0154 68.9 324 11.37 (9.57) 35.5(0.6) 0 (R)
F21453-3511 NGC 7130 214819.52  -345704.5 0.0160 71.6 336 11.39 (9.65) 37.1(0.7) 2 (y)a,b,c
F22132-3705 IC5179 221609.10 -365037.4  0.0112 49.9 237 11.15 (9.41) 21.4(0.4) 0 (R)
F23007+0836 NGC 7469 2303 15.62 +085226.4  0.0160 71.6 336 11.59 (9.78) 58.9 (0.9) 0 (R (y)b,c,e

Notes. Columns: (1) and (2): object designation in the Infrared Astronomical Satellite (IRAS) Faint Source Catalog (FSC) and other identification;
(3) and (4): right ascension (hours, minutes and seconds) and declination (degrees, arcminutes and arcseconds) from the IRAS FSC; (5): redshift
derived from the CO(2-1) emission line; (6): luminosity distance assuming a ADCM cosmology with Hy = 67.8kms™ Mpc™!, Q, = 0.308,
Qa = 0.692, using the E. L. Wright Cosmology calculator, which is based on the prescription given by Wright (2006); (7): scale; (8): logarithmic
infrared luminosity, Lr, as derived in Diaz-Santos et al. (2017) assuming for the sample the luminosity distances, D,, from Armus et al. (2009).
We then scaled the Ljr according to the D, used in this work. For individual galaxies in multiple systems, these are estimated dividing the total
luminosity according to the relative fluxes in the MIPS images at 24 um; (9): SFR derived following the Kennicutt & Evans (2012) relation with
a Kroupa (Kroupa 2001) IMF (as in Murphy et al. 2011); (10): ‘Composite’ classification based on IRAC and HST morphological classifications
complemented by the kinematic classification based on the ionized and molecular gas tracers (i.e., Hao and CO). For further details see Sect. 2 and
Appendix A.® (R), ® (P), 1 and 2 stand for isolated rotating disk, isolated perturbed disk, interacting and merger systems, respectively; (11):
(y) indicates that the object shows evidence of an AGN.

References. This information is taken from the references listed according to the following code: (a) Arribas et al. (2014), (b) Yuan et al. (2010),

(c) Pereira-Santaella et al. (2011), (d) Jiménez-Bailon et al. (2007), (e) Alonso-Herrero et al. (2009).

We derived the star-formation rate (SFR) from the Lig (see
Table 1). This parameter can be considered a good tracer of star
formation for all our systems because the AGN contribution in
our sample to the total Lig is small (~5% on average; see also
Alonso-Herrero et al. 2012). The Lig contribution is the result
of the reprocessed emission originating in star formation regions
hidden by the large amount of dust. Lig was converted to SFR
following the Kennicutt & Evans (2012) relation with a Kroupa
(Kroupa 2001) IMF (see Murphy et al. 2011).

In Fig. 2 (left panel), the results obtained for the SFR versus
stellar mass Mg, are shown for our sample. The MS relation
defined by Elbaz et al. (2007) for SDSS galaxies at z ~ 0 is
shown with its uncertainties:

M [M5]%7

S FRsap [Mo yr™'] = 8.7°35 x — 0

(1)

This relation used the Salpeter IMF, which was converted to
Kroupa according to the formula: S FRgroupa ~ 0.7 X S FRsaipeter
(see Elbaz et al. 2007; Madau & Dickinson 2014). We derived
the same MS relation when using the power law defined by
Whitaker et al. (2012) at z ~ 0 using a Chabrier IMF. Our LIRGs
lie a factor of 8 above the MS defined by Elbaz et al. (2007),
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and no clear trend is found among the different morphological
classes in the MS plane (Table 2).

Our LIRGs cover the stellar mass range between 10'%° and
10! M, where most of them (19/24) are in the range 10'%3
and 10'' M. All but one of the mergers (namely F17138-1017)
lie in a smaller stellar mass range log My, between 10.8 and
11.0 M. The isolated galaxies (type 0) cover a larger range of
values, from log M, < 10.2 to 11.1 M. The interacting (type
1) systems show quite low stellar masses and SFRs as a result
of the disentanglement of the M, and SFR contributions of the
individual galaxies. Although we only have a small number of
AGN objects, our results suggest that LIRGs without an AGN
show lower stellar mass (~40%) than those obtained for LIRGs
with an AGN, although with similar SFR. If we distinguish
among the different types of galaxies, we see that isolated disks
(type 0) and mergers (type 2) share similar stellar masses but
mergers are characterized by twice the SFR typical of isolated
disks.

We then computed the specific SFR (sSFR = SFR/M,,) for
our sample (right panel Fig. 2), finding two extreme cases for
which sSFR > 1 Gyr~! with low stellar masses (log My, ~ 10.2;
ESO 557-G002 and F17138-1017). According to the mean (and
median) values, we find that LIRGs with an AGN show sSFR a
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Fig. 2. LIRG sample in the SFR - M, and sSFR - M, planes. Left: SFR as a function of the stellar mass M. The solid and dashed (orange)
lines indicate the location of the local MS relation and the 1o scatter, respectively, obtained by Elbaz et al. (2007) using SDSS galaxies at z ~ 0
and converted to Kroupa IMF, in agreement with that derived by Whitaker et al. (2012). Our LIRGs are shown according to the color code defined
in Fig. 1: isolated disks (RD), (PD), interacting, and merging systems are shown in blue, magenta, green, and red, respectively. The solid lines
between the points (green and black) link galaxies that belong to the same system. Galaxies containing an AGN are identified with an empty black
square. The horizontal red dashed line represents the threshold SFR to reach the LIRG IR luminosity (log Lir/Lo > 11). Right: specific SFR as
a function of the stellar mass Mj,,. The three (solid, dotted, and dashed) gray lines identify the different SFR regimes (i.e., 1, 5, and 20 M, yr’l,
respectively). The MS relation is also shown (in orange).

Table 2. Mean (and median) stellar mass My, SFR, and sSFR for the different LIRG subsamples.

Sample # Mo SFR sSFR
(10" Mo) (Mo yr™) (Gyr™)

(H 2 3 4 5

All LIRGs 24 56+32(4.8) 29.4+19.9(26.9) 0.63+0.58 (0.46)
LIRGs w/o AGN 17 49+3.1(4.6) 29.9+21.4(27.5) 0.74+0.66 (0.57)
LIRGs w AGN 7 74+27(7.8) 28.0+17.2(26.3) 0.35+0.12(0.32)
® RD 8 6.6+34(55) 28.0+14.7(25.0) 0.47+0.19(0.50)
® PD 7 57+3143) 23.6+79(263) 0.55+0.43(0.35)
1 4 25+12(28  80+3.0(89)  035+0.12(0.31)
2 5 65+3.1(7.0) 56.8+18.3(52.5) 1.23+1.00(0.76)

Notes. Columns: (1): Sample and subsample: class 0 identifies isolated disks, class 1 denotes interacting systems, and class 2 stands for mergers
(see Sect. 2). Subsamples of LIRGs with (w AGN) and without (w/o AGN) AGN are shown. (2): Number of objects in each sample; (3): Stellar

mass in units of 10'° My; (4): SFR in units of M, yr~'; (5): Specific SFR (sSFR = SFR/M,,) in units of Gyr~'.

factor of 2 lower than that derived when LIRGs without an AGN
are considered, as a result of their larger (a factor of 2) My,.
Similar values are obtained for the type ® and 1 galaxies while
type 2 objects show the highest sSFR, although with larger scat-
ter. The typical stellar masses and SFRs derived for our sample
seem to be consistent with the starburst scenario (i.e., strong
burst of recent, that is <100 Myr-old, star formation). The most
extreme starbursts are those classified as mergers, followed by
less extreme isolated disks.

3. Observations and data reduction
3.1. ALMA data

We obtained the CO(2-1) line and the continuum at 247 GHz
(~1.3mm) emission of a sample of 18 individual local LIRGs
observed with ALMA between August 2014 and August 2018,
using Band 6 from the project 2017.1.00255.S (PI: Miguel
Pereira Santaella). This project was completed with 6 more

galaxies that belong to four different projects (see Table 3). The
data for two of the LIRGs, IC4687 and ESO320-G030, were
previously presented in Pereira-Santaella et al. (2016a,b), and
Pereira-Santaella et al. (2020).

The total integration time per source was ~20-30min in
standard mode. The synthesized beam full width at half maxi-
mum (FWHM) of the sample ranges between ~0.2"" and 0.4":
this corresponds to a median size of 85 + 18% pc at the distance
of our LIRGs (see Fig. 3). A combination of the extended and
compact configurations was used to achieve the 0.2” angular
resolution and a maximum recoverable scale of 107-12" (3—
5kpc). The field of view (FoV) imaged by a single pointing has
a diameter ranging between ~5 and 8 kpc, and the FoV is of
~10-17 kpc for the three mosaics (NGC 3256, NGC 7469, and

3 Throughout the paper, the uncertainty associated to a median value
is computed as the median absolute deviation. This uncertainty returns
the median absolute deviation of a data set from the median, i.e.,
median(|data - median(data)|). It is a proxy for the standard deviation,
but is more resistant against outliers.
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Fig. 3. Histogram showing the distribution in physical scales (parsecs)
of the size of the beam for the galaxies of the sample. The median and

MAD values (solid and dashed magenta lines, respectively) correspond
to 85 + 18 pc.

MCG-02-33-098). Further details of the observations are listed
in Table 3 for each source. Two spectral windows of 1.875 GHz
(1.9MHz ~2.6kms~! channel) were centered at the sky fre-
quency '2CO(2-1) transition and 247 GHz continuum spectral
window.

The data were calibrated using the standard ALMA reduc-
tion software Common Astronomy Software Applications
(CASA* v5.1 McMullin et al. 2007). In the CO(2-1) spectral
window, the continuum emission was estimated using the line
free channels and then this contribution was subtracted in the
uv-plane. For the cleaning of CO(2-1) and continuum data, we
used the natural weighting of the wuv-plane, obtaining a spa-
tial resolution in the range 50-150 pc (see Fig. 3 and Table 3).
The final CO(2-1) data cubes have channels of 4-23.4 MHz
(~5-30kms~") and they were corrected for the primary beam.
The pixel size is in the range 0.025”-0.06". For the CO(2—
1) data cubes, the 1o sensitivity is ~0.4—1.2mJybeam™' per
10kms~! channel while for the continuum this sensitivity is
~0.02-0.1 mJy beam™' (see Table 3).

3.2. Ancillary data

In order to compare the molecular size derived using ALMA data
with the ionized and stellar emission in our LIRGs, we consid-
ered the results obtained by Arribas et al. (2012) and Bellocchi
et al. (2013). Arribas et al. (2012) derived the Ha size of a local
sample of (U)LIRGs, which includes all but two> of the LIRGs
of our sample. The analysis was based on integral field spec-
troscopic VIMOS/VLT data, which cover a FoV of ~30” x 30”
at the angular resolution of ~1.3"”. The typical R.¢ derived for
the ionized gas phase are shown in Table 2 in their work. The
sizes obtained are intrinsic (i.e., deconvolved) sizes, that is,
obtained by subtracting the contribution of the PSF in quadra-
ture. Arribas et al. (2012) computed the effective radii using
the curve-of-growth (CoG) and “A/2” methods (see Sect. 4.2.1
for further details). For extended objects, the limited VIMOS

4 https://casa.nrao.edu/
3 The galaxies NGC 7469 and IC 4734 are not included in their
analysis.
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FoV only allowed a lower limit to the R.g estimation to be
derived.

The bulk of the galaxy stellar component is well traced to
first order by the rest-frame near-IR continuum light. For the
derivation of the effective radius of the stellar component, we
considered the 2MASS data in the K-band from Bellocchi et al.
(2013). 2MASS images do not have any limitation by the FoV
although they are characterized by a low angular resolution
(~2"). In their work, the R.g were derived using GALFIT and
the A/2 methods (see Table B.1 in their work): these methods
are discussed in more detail in Sect. 4.2.1.

Furthermore, we considered archival near-IR HST Paa
images® to study how the extinction affects the derivation of
the effective radius of the ionized component. Paa images were
obtained using the NICMOS2 camera on board the HST in com-
bination with the narrow-band F187N and F190N filters: the
FoV of these images is ~19.5” x 19.5” with an angular res-
olution of FWHM ~ 0.15”. Most of these observations were
previously published by Alonso-Herrero & Knapen (2001), and
Alonso-Herrero et al. (2002, 2006).

4. Data analysis
4.1. Molecular gas and 1.3 mm continuum distributions

We generated CO(2-1) and 1.3 mm continuum maps for the
whole sample, selecting the emission above 50 for both maps.
These are all shown in Appendix B. The galaxies of our sam-
ple show several morphologies: regular (ESO 320-G030, IC
5179), elongated (NGC 2369, IC 4518 E), and irregular objects
(MCG 02-33-098 E-W, NGC 3256). Some of them are more
compact (F06592-6313, IC 4734) while others more extended
(IC 4687, IC 5179, NGC 3110). The 1.3 mm continuum emis-
sion is generally quite compact, and in some cases clumpier than
CO(2-1). This result is discussed below.

4.2. Effective radius determination and systematic effects
4.2.1. Selection of the methodology

The half-light (or effective) radius (R.g) is defined as the radius
which encloses half the total flux emission of the galaxy; it mea-
sures the light concentration and depends on the shape of the
light profile (Trujillo et al. 2020) as well as on the wavelength
considered (e.g., Graham & Worley 2008; Kennedy et al. 2015)
and depth of the data.

To derive the size of a system, different methodologies can be
applied: GALFIT, the curve-of-growth (CoG) and the so-called
“A/2” methods can be used according to the objects consid-
ered. GALFIT is based on fitting the observed flux distribution
to a galaxy model assuming standard surface brightness profiles
(Peng et al. 2002, 2010). This method is accurate as long as the
model is a good representation of the actual galaxy flux distribu-
tion. However, if the galaxies show irregular or clumpy emission
(as in the case of interacting or merger systems) the half-light
radii can be obtained from the CoG of the flux at increasingly
large apertures. The A/2 method computes the effective (circu-
lar) radius as R.x = V(A/2)/m, where A/2 is the angular extent of
the minimum number of pixels (or spaxels) encompassing 50%
of the light of the whole galaxy, A. This method is quite often
used for high-z systems (e.g., Erb et al. 2004). The A/2 method
does not require any knowledge of the galaxy center: indeed, it is

® https://hla.stsci.edu/hlaview.html


https://casa.nrao.edu/
https://hla.stsci.edu/hlaview.html

E. Bellocchi et al.: Compact molecular gas emission in local LIRGs

Table 3. Beam sizes of the CO(2-1) and 1.3 mm continuum images for the whole sample.

Source 1.3 mm continuum CO(2-1) 62'1‘;?, PA Sensitivity Project

IRAS Other Omaj X Omin Ocirc Omaj X Omin Ocirc (pc, deg) (Wy beam™!) code
Q)] 2 3) “4) ) 6) ) (3) (&)
F01341-3735 N ES0297-G011 0.26” x0.21” 023" 027"x021” 024" 84, -76° 536/24 MPS
F01341-3735 S ES0297-G012 0.26” x0.21”7 023”7 027”7 x021” 0.24” 567/24

F04315-0840 NGC 1614 0.28” x0.19” 0.23” 0.29” x0.19” 0.24” 79, -67° 887/23 MPS
F06295-1735 ESO0557-G002 0.17” x0.12” 0.14” 0.16” x0.12” 0.14” 64, —82° 488/18 MPS
F06592-6313 - 0.23”x0.21” 022"  0.22”x020” 021" 107, -45° 536/24 MPS
F07160-6215 NGC 2369 0.31”x0.27”7 029”7 0.31”x0.26” 0.28” 69, 88° 1195/36 MPS
F10015-0614 NGC3110 0.35” x0.30” 033”7 0.33”x0.28”" 030”7 125,-79° 718/37 MPS
F10257-4339 NGC 3256 0.23” x0.20” 021”7 0.23”x021”7 0.22” 48, 57° 1539/26 SK
F10409-4556 ES0264-G036 0.20” x0.18” 0.19” 0.19” x0.16” 0.18” 90, -81° 413/13 MPS
F11255-4120 ES0319-G022 0.17” x0.14” 015" 0.17” x0.14”  0.15"” 55, +90° 520/21 MPS
F11506-3851 ES0320-G030 0.28” x0.24”  0.26” 0.30”x0.24”  0.27” 68, 63° 979/115 LCa
F12115-4546 ES0267-G030 0.18” x0.14”  0.16” 0.18”x0.14”  0.16” 65, —78° 413/25 MPS
F12596-1529 MCG-02-33-098 0.30” x0.24”  0.27” 0.28”x0.23”  0.25” 96, 86° 584/28 MPS
F13001-2339 ESO0507-G070 0.20” x0.17”  0.18” 0.19” x0.16”  0.17” 85, —=72° 655/27 MPS
F13229-2934 NGC5135 0.35” x0.28” 0.31” 0.38” x0.30” 0.34” 105, 67° 782/25 LCb
F14544-4255 E IC4518 0.31”x0.27” 029”7 0.30” x0.26” 0.28” 100, —89° 507/36 MPS
F14544-4255 W IC4518 0.31” x0.27”7  0.29” 0.30” x0.26”  0.28” 704/26

F17138-1017 - 0.27” x0.25” 026”7 0.28”x0.26” 0.27” 98, —66° 852/17 MPS
F18093-5744 IC4687 0.38”x0.29” 033”7 044”7 x037” 0407 145,-39° 1086/48 LCa
F18341-5732 1C4734 0.25” x0.20” 022" 026" %0217 023" 75, -73° 960/38 TDS
F21453-3511 NGC7130 044" x0.36"” 040" 046" x0.38" 042" 135, 72° 437/27 MPS
F22132-3705 IC5179 0487 x0.41” 044”7 049”7 x042”  0.46” 103, 52° 730/29 MPS
F23007+0836 NGC 7469 0.23” x0.17”  0.20” 0.23”x0.18”  0.20” 63, —39° 546/17 DS

Notes. Columns (1) and (2): IRAS Source name and alternative name; (3) and (4): Major and minor FWHM (6,,,; and 6y,;;,) and circularized
beam sizes of the 1.3 mm continuum map. The circularized beam, 6., was derived as Ocircylarized = VOminOmaxs (5) and (6): Major and minor
FWHM and circularized beam sizes of the CO(2—-1) map. For each source we used the maximum circularized beam derived for the CO(2-1) and
continuum images, highlighted in boldface. (7): Largest circularized FWHM beam in parsec and its position angle (PA) in degrees. The beams were
synthesized using the natural weighting. Highlighted in blue are the smallest (NGC 3256) and largest (IC4687) values; (8): 1o line/continuum
sensitivity of the CO(2-1) and 1.3 mm observations, respectively. We use the 7.8 MHz (~10kms™!) channels of the final data cube, with the
exception of the galaxies ESO 320-G030 and NGC 5135 for which 5 kms™! and 30 km s™! channel are used; (9): Project code includes information
on the principal investigator. The acronyms are listed using the following code: MPS: Miguel Pereira-Santaella 2017.1.00255.S, SK: Sliwa Kazimers
2015.1.00714.S, LCa: Luis Colina 2013.1.00271.S, LCb: Luis Colina 2013.1.00243.S, TDS: Tanio Diaz-Santos 2017.1.00395.S.

not sensitive to the distribution of large and bright regions found
within a galaxy but is sensitive to the size of such bright regions.
That is, this method depends on the number of pixels required to
make up half of the galaxy light, but not on how those pixels are
distributed within the FoV. The R.¢ derived using these meth-
ods should be considered within the limitations imposed by the
angular resolution, kind of tracer, sensitivity (e.g., Lange et al.
2015), and FoV.

In our specific case, we consider the CoG method (i.e., the
flux emission contained in circular apertures of increasing size
are derived to compute the radius within which half of the total
emission is contained) as a robust way to derive the R.f ; it
is commonly applied both at low- and high-z. We considered
an equivalent circular aperture as a good approximation of the
(major) elliptical aperture. The effective radius in the case of an
elliptical aperture is defined as Vab, where a and b are the major
and minor axes, respectively. To check this point, we considered
ESO 320-G030, which in CO(2-1) shows a relatively regular
shape and surface brightness distribution, and NGC 7130, which
shows a more peculiar CO distribution. In the first case, the dif-
ference between the effective radius derived using a circular or
elliptical aperture agrees within 5% while in the latter the differ-
ence agrees within 12%.

We select the center of the (circular) aperture, choosing the
peak emission observed in the near-IR using HST/NICMOS

F160W (1, = 1.60um, FWHM = 0.34 um) images. When this
filter is not available, other near-IR HST filters such as F110W
and F190N are considered. When the HST images are not avail-
able, the peak emission in the continuum map at 1.3 mm is used.
The HST/NICMOS astrometry was corrected using stars within
the NICMOS FoV in the F110W or F160W filters and the second
Gaia data release (DR2) catalog as reference systems (further
details in Sanchez-Garcia et al. 2022).

In our sample, we find very good agreement among the
CO(2-1), dust-continuum, and stellar peak emissions. In gen-
eral, the dynamic center as traced by the stellar emission also
nicely overlaps with the dust-continuum emission peak, even
in very disturbed objects, such as NGC 3256 and NGC 7130.
When no HST images are available, the dust-continuum peak
position can be considered a good assumption of the center of
the aperture. Furthermore, the CO kinematic center generally
agrees well with the stellar peak emission position, although
in more complex systems (NGC 3256 and NGC 7130) it is
very hard to define. If in disturbed galaxies, like NGC 7130,
we modify the center of the aperture to the CO flux emission
peak (~10pixels), the new Rco and R would be ~0.72 kpc
and 0.185 kpc, respectively, instead of ~0.7 kpc and ~0.16 kpc.
Then, in such an extreme case, the variation of the effective
radius would be of <4% and <15% for the CO and continuum
distributions, respectively. The R.g estimation in the continuum
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seems to be more affected than in CO(2-1) when changing the
center of the aperture as a result of its compact distribution.

The CO(2-1) and 1.3 mm continuum sizes presented in this
work are observed; that is, they are not corrected for the beam.
The intrinsic CO and 1.3 mm continuum sizes are also resolved
(larger than the beam) and are (on average) smaller than the
observed size by <1% and <4%, respectively. Only for one
object, ESO 557-G002, would the intrinsic 1.3 mm continuum
size be ~13% smaller than the observed size (64 pc vs. 55 pc)
while its intrinsic CO size would be only marginally affected
(<1% smaller).

4.2.2. Correction factors and systemic effects associated to
the choice of a method

In order to compare the CO(2-1) and 1.3 mm continuum sizes
obtained using the CoG method with those obtained in Arribas
etal. (2012) and Bellocchi et al. (2013) for the ionized and stellar
components, respectively, we need to correct the effective radii
of the stellar component derived using the A/2 method. These
radii can indeed be converted to CoG measurements using the
relation shown in Fig. 4. In particular, this relation was derived
considering the results shown in Arribas et al. (2012) using the
CoG and A/2 methods applied to the Ha emission for a local
sample of 46 (U)LIRGs. To derive a robust trend able to relate
the two methods, we excluded (15) lower limits (due to the lim-
ited VIMOS FoV) as well as the results obtained for systems
in close’ interaction phase, for which a reliable estimation of
their size was not possible. For the remaining 27 galaxies, good
agreement is found then between the results from the CoG and
A/2 methods and He measurements for a given set of data. For
this subsample, we found that 0.8 < Res(CoG)/Rer(A/2) S 2.2,
with a median ratio of 1.1. If we include the lower limits, we
derive a similar median correction factor (M = 1.16) with larger
dispersion.

To check the validity of the results achieved using the Ha
tracer, we also derived the R.g using the CoG and A/2 methods
on a subsample of nine® LIRGs using the CO(2—1) maps. Among
these sources, we selected isolated, interacting, and mergers sys-
tems, deriving a mean (median) ratio CoG/‘A/2’ of ~1.3 £ 0.2
(1.3), which is similar to that derived for the ionized component.

4.2.3. Extinction impact: optical versus near-IR ionized gas
tracers. Inclination effects.

In order to study the extinction effect in our sample, we com-
pared the effective radii derived for the ionized gas component
traced by the strongest hydrogen emission lines in the optical
(Ha) and near-IR (Paa) for a subsample of 12 sources’ from the
ALMA sample for which Paa images are available.

The Ha hydrogen recombination line is a direct probe of
the current unobscured star formation activity in a galaxy: in
the presence of large amounts of dust, as in (U)LIRG systems,
its emission could be strongly attenuated. On the other hand,

7 We excluded F06035-7102, F06206-6315, F08520-6850, and
F23128-5919 (see Bellocchi et al. 2013). The effective radius of the
galaxy F12596-1529 was not available (Arribas et al. 2014).

8 We considered NGC3110 and NGC 7469 as isolated galaxies,
1C 4687 N, IC4518 E and W, ESO 297-GO11, and ESO297-G012 as
interacting galaxies, and NGC 1614 and IRAS F17138-1017 as merger
systems.

9 The following galaxies were considered: ESO 320-G030, IC 4687,
IC 5179, NGC 7130, NGC 1614, NGC 3256, NGC 3110, NGC 2369,
NGC 5135, IRAS F17138-1017, IC 4518 E and W.

A60, page 8 of 36

VIMOS /VLT data
FR(COG)/R(A/2) = 117 (0.27), M=1.11 ']
F /

4

2 3
Ruo (A/2)

Fig. 4. Relation between the CoG and A/2 results derived using
VIMOS/VLT (Ha) data (Arribas et al. 2012). To derive this relation,
close interacting pairs and the lower limits were excluded (see text). The
dashed black line represents the 1:1 relation between the radii while the
red solid line is the best fit. The plot shows the mean (standard devia-
tion) and median (M) values of the Ry, (CoG) /Ry, (A/2) ratio.

the near-IR Paa tracer is less affected by dust extinction. The
combination of the two datasets can provide hints as to the dis-
tribution of the extinction in our sample. The higher angular
resolution Paa images reveal the morphology of the high-
surface-brightness HII regions in great detail, with typical
physical scales of the order of a few tens of parsecs, and we
are therefore able to resolve the ongoing star forming regions
found in our LIRG systems (see Alonso-Herrero et al. 2009).
However, NICMOS/HST images may be insensitive to diffuse
Paa emission (e.g., Alonso-Herrero et al. 2006; Calzetti et al.
2007), which, in turn, can suffer much less extinction than that
affecting the HII regions (e.g., Rieke et al. 2009). On the other
hand, VIMOS He imaging has a lower angular resolution (phys-
ical scale involved is a few hundreds of parsecs), which implies
that the observations are more sensitive to the diffuse emission of
lower surface brightness. Although the NICMOS data are char-
acterized by a smaller FoV than VIMOS, the bulk of Paa emis-
sion for this subsample falls well within the NICMOS FoV. In
Fig. 5 we show the Paa emission observed in IC 5179, which is
one of the most (intrinsically) extended objects in our sample,
and is fully covered by the HST/NICMOS imaging, showing a
number of lower surface brightness star-forming regions in addi-
tion to the bright nuclear emission.

In Fig. 6 we compare the effective radius estimations derived
using the A/2 and CoG methods for both tracers, without apply-
ing the extinction correction to these fluxes. Taking those sys-
tems that are sufficiently compact as to be fully covered by the
VIMOS FoV, we derived a median ratio Ry,/Rp, ~ 1.4. This
result should be confirmed with a larger sample covered by a
larger (imaging or IFS) FoV. In the bottom panels, the rela-
tions between the A/2 and CoG for Ha (left) and Paa (right)
are shown. The observed Ha radii derived using the CoG method
cover a larger range of values (0.5-3 kpc) than Paa (0.3-1.5 kpc).
For this subsample, we found typical mean (median) values of
Ry, = 1.26 £ 0.71 (1.08) kpc and Rp,, = 0.86 = 0.39 (0.81) kpc.
The distribution of the optical tracer is 1.5 (mean value) higher
than that derived for the near-IR tracer.
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Fig. 5. Pae image of the most extended galaxy of the sample, IC 5179,
obtained from HST/NIC2 data (filters F187N and F190N). Gray con-
tours highlight the regions in which the star formation is taking place.
The FoV is about 19.5” x 19.5” with a FWHM ~ 0.15”. North is up
and east to the left.

Alonso-Herrero et al. (2009) compared the morphology of
the high-surface-brightness HII regions in the Ho and NICMOS
Paa emissions for a sample of LIRGs at z < 0.02. Their sys-
tems share similar morphology of the high-surface-brightness
HII regions in Ha and Paa emission, suggesting that the extinc-
tion effects on Ha are not severe, except in the very nuclear
regions. Due to the central obscuration, the outer regions have a
relatively large fraction of flux in the He maps, leading to larger
R.g. This would result in a higher estimation of R.¢ with respect
to that derived if the emission were corrected for extinction.
Arribas et al. (2012) corrected their images with a simple model
extinction in order to understand how the extinction affects the
determination of R.g. These authors found that the corrected
maps show a mean reduction in size of 25%-30% with respect to
the uncorrected values. If we correct our He radii for this factor,
we end up with an intrinsic mean (median) R?f‘f’ ~ 0.9 (0.8) kpc,
which is closer to the value obtained with the Paa tracer.

Furthermore, inclination effects could play an impor-
tant role when deriving the size of a galaxy. In particular,
Graham & Worley (2008) found that the effects of the inclina-
tion on the derivation of the R.g between the optical and near-
IR bands is very low. Indeed, they found that the intrinsic scale
length of a galaxy in the B- and K-bands would be, respectively,
1.35 and 1.05 times lower than the observed scale length (i.e.,
hobs/Ping ~ 1.35 and ~1.05, assuming a mean inclination of 52°
as derived for our LIRGs; see Bellocchi et al. 2013; Law et al.
2009). A smaller factor (~1.2) is derived in the R band. This
means that the intrinsic R is expected to be slightly lower than
the observed radius in the optical and near-IR bands. Under this
assumption, we also expect a small conversion at longer (mm)
wavelengths: for this reason, no inclination correction has been
applied to our sample.

4.3. Instrumental bias: limitation in the FoV, angular
resolution, and sensitivity

We now focus our attention on the limitations due to the instru-
mental setup such as the angular resolution of the observations,

their sensitivity, and a limited FoV. We investigate these effects
in three galaxies (NGC 1614, NGC 7130, and NGC 3256) clas-
sified as post-coalescence systems, which show a relatively com-
plex structure (e.g., tidal tails). These galaxies are good targets to
understand how the flux distribution at different bands and angu-
lar resolutions affects the R g estimation in extreme systems. We
took into account near-IR continuum images from HST/NIC2
(or HST/WFPC3), 2MASS, and Spitzer/IRAC1 images at 1.6,
2.2, and 3.6 um, with angular resolutions of ~0.15”(0.26"),
2”, and 2.4”, respectively. The comparison among the differ-
ent instrumental setups with that characterizing 2MASS obser-
vations allows us to derive the following results. Under the same
angular resolution, sensitivity (Benjamin et al. 2003), and FoV
(without limitation) as those achieved by Spitzer/IRAC1 data, we
derive similar (or ~30% smaller) R.¢ between these data sets:
Riraci ~ (30%) x Rymass- At higher angular resolution (x10)
and sensitivity than 2MASS data, as in the case of HST/WFPC3
data characterized by a large FoV (~2’ x 2’), we derive similar
Reffl RHST/WFPC3 ~ R2MASS . When the highest angular resolu-
tion among the instruments is considered (0.15”) along with very
good sensitivity (i.e., slightly lower than WFPC3), but a smaller
FoV is involved, as in the case of HST/NIC2, we derive lower
R for this data set: Ryico < 20% X Ronass-

Thus, under similar conditions (Spitzer/IRAC1 and 2MASS
data), slightly smaller (or similar) sizes are derived at 3.6 um
than at smaller wavelength (~2pm, ie., 2MASS H and K
bands). High-angular-resolution and high-sensitivity data, such
as those achieved by the HST/WFPC3 images, allow us to derive
similar sizes to those obtained using 2MASS data in the same
band, unless a limited FoV is involved (i.e., HST/NIC2) which
then implies smaller effective radii.

5. Results

In this section, we present the R.g results obtained for the CO(2—
1) and 1.3 mm emissions using the CoG method of our sample.
We compare these results with those previously obtained using
the same method for the stellar and ionized (observed Ha) gas
emissions. Further comparison between the molecular CO(2—-1)
and ionized (unobscured) Paa emissions is also discussed.

In Appendix C, we present the CO emission (above 507) and
K-band maps for the whole sample, ordered according to their
increasing molecular effective radii, Rco. The same FoV (14 x
14 kpc?) is considered for all the galaxies for a direct comparison
of their size. R.q are given for both the CO(2-1) and K-band maps.

5.1. Molecular and 1.3 mm continuum emissions

The molecular gas distribution derived for our LIRG sample
is very compact. It is characterized by Rco sizes spanning a
range of values in between a few hundreds of parsecs up to
~1.3 kpc size (see Table 4). On the other hand, the 1.3 mm con-
tinuum emission is even more compact than the molecular gas.
We find that the CO(2-1) emission is about twice the size of the
1.3 mm continuum emission, with typical mean (median) sizes
of Rco = 0.66+0.33 (0.7) kpc and Reone = 0.37+0.31 (0.31) kpc.
Such compactness could be explained as being due to a sensi-
tivity effect rather than to a limited FoV. In particular, the high
angular resolution of our ALMA data prevents us from detecting
the contribution of the faintest and most extended emission. As a
result, the brightest dust emission then might appear more com-
pact. However, the maximum recoverable scale of these obser-
vations is 3-5 kpc, meaning that the extended diffuse and faint
emission is unlikely filtered-out. A more detailed analysis of the
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molecular continuum emission is needed to confirm this point,
and will be presented in a future work. To investigate this point
further, in Appendix D we present the SED fitting results to
quantify the flux loss at 1.3 mm with our ALMA observations.
The 1.3 mm continuum fluxes derived with ALMA at >50 are
well below the SED emission (Flux(SED)/Flux(ALMA) ~ 2-15)
as a result of the sensitivity effects, for which the faint emission
at larger radii is not observed. With that in mind, we assume that
the effective radii estimation of the 1.3 mm continuum emission
is affected by the flux loss of the outer regions at this frequency:
for this reason, we do not discuss the results derived for this
tracer.

On the other hand, we can compare the CO(2-1) fluxes
derived with ALMA with those obtained using single dish obser-
vations only for a couple of galaxies (IC 4687 and ESO 320-
GO030; see Pereira-Santaella et al. 2016a,b). For these systems,
good agreement is found between the integrated ALMA fluxes
and single dish observations, within a factor of <15%.

5.2. No relation between the molecular size and the
morphological type

Our sample shows a large variety of morphology, characterized
by compact (Rt < 0.4kpc), elongated, and complex'? CO(2—
1) distributions. The distribution of the sample according to the
size of the CO emission (Fig. 7 left) suggests a bimodal behav-
ior, with compact (Res < 0.4kpc) and more extended galaxies

10 Compact systems include IC 4734, ESO 297-G012 and ESO 320-
G030 as type O (R) galaxies, ESO 319-G022, ESO 557-G002 and
F06592-6313 as type ® (P) and ESO 507-G070 as type 2 objects, elon-
gated systems include ESO 507-G070 and NGC 2369 and complex sys-
tems include NGC3256.
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each data type, which was derived, in this case,
excluding the lower limits.

(Resr > 0.6 kpc). Smaller (median) radii are found for interacting
systems (type 1), while mergers (type 2) share similar size with
isolated (type 0) objects.

We derived the following results (see Fig. 7, right): (a) some
disks (type 0; 6/14, 43%) have effective radii in the range 0.2 to
0.4 kpc, and between ~0.6 and 0.8 kpc (5/14, 36%), while 3 of the
14 sources (21%) show radii ~1.2 kpc; (b) the sizes of the inter-
acting systems peak around 0.3 kpc; (c) finally, mergers are more
commonly distributed around 0.7 kpc, with some outliers found at
0.3 and 1.2 kpc. We can therefore claim that no relation has been
found between the molecular size, Rco, and the galaxy types.

5.3. The impact of AGN on the molecular gas

As described in Sect. 2, a small number of objects in our sample
are classified as Seyfert galaxies or show signs of the presence of
an AGN, the contribution of which does not dominate the galaxy
emission. When an AGN is present, both the continuum from the
active nucleus and young stars can contribute to the ionization
of the gas. We distinguished our sample in LIRGs with (w AGN,
7/24) and without an AGN (w/o AGN, 17/24) to look for corre-
lation between them. An extra flux produced by a bright AGN in
the nuclear regions of a galaxy is expected to lead to a smaller
effective radius estimation (as for the ionized gas emission; see
Arribas et al. 2012).

In our particular case, larger (median) molecular radii by a
factor of 2 are derived when considering galaxies with an AGN:
the majority of the sources without an AGN show Rco sizes
within 0.2-0.4kpc, while LIRGs with an AGN are character-
ized by larger molecular size (0.4-1.1kpc; Fig. 7 middle and
right panels). A similar trend is observed for the stellar emission,
for which we derive larger stellar radii (by a factor of ~1.3) for
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Table 4. Molecular and 1.3 mm continuum effective radii determinations of the LIRG sample.

Source Res Flux (Res) AGN
IRAS/Other 2co 1.3 mm 2co 1.3 mm

(pc) (pc) dJy) (mly)
(D (2 €)) 4 5
ES0297-G011 (N) 598 + 69 499 + 54 161 +32 0.7+0.2 )
ES0297-G012 (S) 369 + 65 152 + 31 103 £ 21 1.2+0.3
NGC 1614 634+110 264 +29 340 + 68 8.0+1.6
ESO557-G002 300 + 57 64+9 68+ 14 1.3+0.3
F06592-6313 310 + 57 139+ 24 67+ 14 1.9+04
NGC 2369 777 +189 404 +190 648 + 129 115+2.3 (y)
NGC 3110 1134 +173 312+50 236 +47 1.9+04
NGC 3256 1279 +160 517+356 1354+269 10.7+2.1
ES0264-G036 755 +337 365+ 15 755+35 0.9+0.2
ES0319-G022 206 + 36 68+8 45+9 1.9+04
ES0320-G030 381 + 164 83+10 401 + 80 144+2.9
ES0267-G0O30 894 + 182 374 + 302 133 +27 021+0.04 (y)
MCG-02-33-098 E 360 + 58 210+ 57 12+2 0.3+0.1
MCG-02-33-098 W 246 +58 126 £ 16 54+11 1.1+0.2
ESO507-G070 325+76 150 +25 180 + 36 83+1.7
NGC 5135 797 + 104 666 +71 408 + 81 94+1.9 (y)
IC4518 E 930+ 196 865 +234 121 +£23 0.6+0.1
IC4518 W 497 + 95 147 £ 45 125+25 1.4+03 y)
F17138-1017 897 + 146 738 + 25 253 +51 49+1.0
IC4687 1154+ 191 1256+ 169 214 +43 52+1.1
I1C4734 366 + 89 164 + 19 192 + 38 47+0.9
NGC 7130 699 +219 160 + 29 332 + 66 52+1.0 (y)
IC5179 1182 +198 844 +349 394 +78 3.0+£0.6
NGC 7469 701 +89 405+ 63 344 + 69 45+0.9 (y)

Notes. Column (1): Source name (IRAS and other). Cols. (2, 3): Effective radius derived for the CO(2-1) line and 1.3 mm continuum emissions
using the CoG method. The uncertainties associated to the derivation of the R.q were derived as half the difference between the R derived at 40
and 60, considered as the major source of uncertainty for the derivation of this parameter (i.e., ARt = (Refr 45— Refr 60)/2). Cols. (4, 5): Flux within
the effective radius derived for the CO(2-1) line and 1.3 mm continuum emissions. The uncertainties were derived as half the difference between
the flux within the R.¢ derived at 40~ and 60 (i.e., AF (Reg) = W). Col. (6): Presence of an AGN in the galaxy identified by (y)
(see Table 1 for further details).
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Fig. 7. Left: CO(2-1) effective radius as a function of class. Type ® (R), 0 (P), 1, and 2 are shown in blue, magenta, green, and red, respectively.
The median Rco values (horizontal lines) are shown for each class. Empty squares identify galaxies containing an AGN. Middle: Rco distribution
for the whole sample (gray solid line) and for the individual subgroups (same color code as in the left panel). The colored vertical lines in the upper
part of the panel represent the median values of each distribution, following the same color code. Right: Rco distribution for the whole sample
(gray solid line) and for LIRGs with an AGN.

those sources containing an AGN. On the other hand, the aver-
age Ry, of the ionized component is 0.9 times more compact in
the presence of an AGN, similar to what was derived by Arribas
et al. (2012) (Table 5), without any variation in their median
values.

Applying the Kolmogorov-Smirnov (KS) test to the estima-
tion of the effective radii derived for the several tracers with
or without an AGN, we can see whether the two subsamples

are drawn from the same distribution. For the molecular emis-
sion, the test suggests that the two subsamples (AGN versus
non-AGN) are not drawn from the same parent sample (p-
value = 0.08) while for the stellar and ionized (Ha) components
we find a better correlation between the two subsamples (p = 0.2
and 0.8, respectively).

The presence of a high surface brightness CO emission
located in the extra-nuclear regions (e.g., spiral arms, off-nuclear
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Table 5. Mean (and median) half-light radius of the different tracers analyzed in the LIRG sample.

Rslar (kpc)
®)

RHoz (kPC)
(0)

221+0.81(2.41£0.72)
2.12+0.88 (1.95+£0.75)
2.44 +0.62 (2.50+0.12)

1.42+£0.89 (1.22+0.68)
1.48 £0.97 (1.21 £0.69)
1.29+0.71 (1.20 £ 0.60)

Sample # RCO (kPC) Rcont (kPC)

)] (2) (3) “)

All LIRGs 24 0.66+0.33 (0.67+0.29) 0.37+0.31 (0.29)
LIRGs w/o AGN 17 0.64+0.38 (0.38+0.18) 0.37+0.34 (0.24)
LIRGs w AGN 7 0.72+0.14 (0.70+£0.10)  0.38 +£0.20 (0.40)
® RD 8 0.73+0.34 (0.73+0.35) 0.46+0.40 (0.38)
® PD 7  0.59+0.34 (0.60+0.29) 0.31+0.23 (0.31)
1 4 051+0.30(0.43+0.13) 0.34+0.35(0.18)
2 5 0.77+0.35(0.70+0.20) 0.37 +0.26 (0.26)

2.00+0.83 (2.08 £0.50)
2.58 £0.65 (2.65+0.21)
1.96 £0.89 (1.85+0.65)
2.22+0.99 (1.95+0.91)

159+ 1.00 (1.56 = 0.43)
1.64+1.03 (1.89 +0.81)
0.86 +0.28 (0.86 + 0.20)
1.14+0.71 (0.91 = 0.40)

Notes. Column (1): Sample; Col. (2): Number of galaxies in each sample; Cols. (3, 4, 5, 6): Effective radius derived for the CO(2-1), 1.3 mm
continuum, stellar and ionized He emissions. All values are in units of kpc. See text for further details.
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Fig. 8. Left: SFR as a function of effective radius Rco. Galaxies containing an AGN are surrounded by a square. A Spearman’s rank correlation
coefficient p = 0.32 is derived (see text). Right: stellar mass My, versus Rco (0 = 0.53). The different types of galaxies are identified with the
same color code as that used in Fig. 7. The orange solid line represents the best fit (linear least square fit).

structures) in LIRGs with an AGN could provide information
that could be used to explain the larger molecular size, Rco,
derived in these systems.

5.4. A possible relation between Rco and the main sequence
parameters?

There is a slight tendency (Fig. 8, left) for the galaxies with
higher SFR to have larger CO sizes (Spearman’s rank corre-
lation coefficient p = 0.32, with probability of no correlation
p = 0.12). This tendency appears to be stronger when the stellar
mass is considered (Fig. 8, right), that is, more massive galaxies
tend to have large CO sizes (p = 0.53, p = 8 X 1073). However,
despite the fact that the stellar mass and SFR ranges covered by
the LIRG sample span a factor of ten and more (10'°-10"" M,
and 10-100 M, yr~!, respectively), the CO regions are still com-
pact, with sizes of less than 1 kpc.

5.5. Molecular versus ionized (Paa) emissions

Under the assumption discussed in Sect. 4.2.3, we now compare
the Paa results of the ionized component with those derived for
the molecular CO(2-1) line (Fig. 9). In this case, we find a tight
correlation between the two tracers: indeed, for this subsample
(see Sect. 4.2.3) the effective radii derived for CO(2—1) emission
are very similar to that derived for the Paa emission. We derived
typical mean (median) effective radii of Rco = 0.75 + 0.33
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(0.79) kpc and Rp,, = 0.72 + 0.42 (0.68) kpc. This result high-
lights the good agreement between the effective radii, indicating
that on average the molecular and ionized (Paa) gas distribu-
tions are very compact. However, different morphologies can be
seen within the sample (Fig. 9). There are systems where the
molecular gas is centrally concentrated, while the Paa shows a
more extended distribution with star-forming regions in the spi-
ral arms (ESO 320-G030 and IC 4687, probably due to the high
extinction of the nuclear regions, Ay ~ 3 mag, for both galaxies;
see Alonso-Herrero et al. 2006); some show equally compact
nuclear distribution (NGC 1614), while others show similar dis-
tributions, both nuclear and extended (IC 5179). As discussed in
Pereira-Santaella et al. (2016a,b), a different distribution of the
HII regions traced by Paa emission with the molecular CO(2-1)
regions within the 100-200 pc scale could suggest that the SF
law breaks down on subkpc scales (e.g., Sdnchez-Garcia et al.
2022).

5.6. lonized (Ha) and stellar emissions in LIRGs: relations
with the molecular distribution

We start by comparing the effective radii derived for the
(observed, not corrected for extinction) ionized (Ha) gas and
stellar continuum emissions for all galaxies of our sample
(Fig. 10 left panel; see Sect. 3.2). We excluded two galax-
ies (NGC 7469 and IC 4734) from this analysis for which no
VIMOS (Ha) data are available. As discussed in Sect. 4.2.1,
we considered the results obtained using the CoG method. It
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Fig. 9. Effective radii derived for the CO(2-1) and Pa tracers using the CoG method. The black dashed line represents the 1:1 relation. The solid
green line identifies the derived best fit to the data, which was derived using a linear least squares fit. Two outliers (IC 4687 and ESO 320-G030)
are identified for which the Rp,, 2 Rco, while NGC 1614 is characterized by Rco 2 Rpa,. The most extreme Rp,, is derived for IC 4518 E, and
considered as an upper limit (see text for details). IC 5179 is a galaxy that shows similar effective radii for both gas tracers (Rp,, ~ Rco)-
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Fig. 10. Left: ionized gas size traced by the He emission, Ry,, as a function of the stellar continuum size in the K band, Ry,,. The 1:1 relation
is shown using the dashed black line while the best fit is shown in magenta using a solid line; this latter was derived using a linear least square
fit. The mean (standard deviation) and median (M) values are shown. Double circles represent galaxies containing an AGN. The dashed blue area
represents the size covered by the CO emission for a direct comparison. Middle, right: molecular size versus stellar (middle) and ionized gas
(right) distributions. The double circle identifies galaxies with an AGN. The dashed black line represents the 1:1 ratio. The solid lines and the
shaded areas represent the median values (MAD). The mode values of these ratios are similar to the median values when considering the stellar
results, while we derive a mode of ~1.3 when considering the He results.

is apparent that the stellar emission is characterized by its
larger (factor ~2) size compared to the ionized component.
The stellar extension is in the range 1 < Ry < 4kpc, with
a median value of 2.4kpc, while the typical median He size
is ~l.4kpc. As several Ho measurements are lower limits,
the ratio Ryy/Rs.r = 0.7 can be considered a lower limit as
well.

We next compare the stellar and ionized gas distributions
to the CO size (Fig. 10 middle and right panels). The ratio
between the stellar and the molecular CO sizes gives a (median)
value of Ry /Rco = 3.3 + 1.0, while the ionized and molec-
ular gas shows more similar values (Ry,/Rco = 1.5 = 0.8).
According to the results derived for all the different tracers,
we find that in our local LIRGs the stellar emission is the
most extended component, for which we derived a typical mean
(median) value of 2.2 + 0.8 (2.4) kpc. The molecular gas is the
most compact tracer (if we exclude the 1.3 mm continuum dis-

tribution), and is characterized by a typical size of ~0.7 = 0.3
(0.7)kpc. According to these results, the molecular gas is a
factor 3 more compact than the stellar emission and a fac-
tor 2 more compact than the ionized (Ha) gas. As discussed in
Sect. 4.2.3, larger Ha sizes than the Paca tracer are derived as
a result of the extinction. Indeed, when comparing the molec-
ular distribution with that traced by the ionized Paa emission,
the difference decreases, deriving similar effective radii for both
tracers.

Furthermore, isolated (type 0) objects seem to show less
compact stellar and ionized (Ha) gas distributions (<2 kpc),
while interacting and merger galaxies are more compact (1—
1.5kpc; right panel in Fig. 11). On the other hand, the molec-
ular gas size does not seem to depend on the specific type of
galaxy, remaining constant (~0.7 kpc) among the different sub-
groups (see Sect. 5.2). Typical mean (and median) values of the
different components are summarized in Table 5.
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6. Discussion
6.1. LIRGs versus low-z ETGs, spiral galaxies, and ULIRGs

The molecular and stellar sizes have been studied at low-z for
spiral galaxies (Bolatto et al. 2017'! and Leroy et al. 2021'%) and
ETGs (i.e., ellipticals and lenticulars; Cappellari et al. 2013a;
Davis et al. 2013, 2014'3). Recently, Pereira-Santaella et al.
(2021) analyzed a local sample of ULIRGs using ALMA data,
for which they derived the Rco and Rqy sizes. Here, we studied,
for the first time, the corresponding molecular and stellar sizes
for luminous SFGs located above the MS of local SFGs. Their
relation with the SFR and stellar mass parameters is also inves-
tigated and compared within the aforementioned local systems.

6.1.1. SFR versus Rco

LIRGs are completely decoupled from spiral galaxies and ETGs
in the SFR'*~Rco diagram (see Fig. 12 left panel). While spiral
galaxies'> are extended systems with a CO(2—-1) radius of about
2 to 10 kpc, LIRGs have radii of about a factor <6 smaller. More-
over, the sizes of LIRGs cover a range similar to that covered by
the sizes of ETGs, while their SFR is a factor 60 higher than
for ETGs. The large discrepancy in the molecular size between
spiral galaxies and local LIRGs seems to be in agreement with
what is discussed in Bolatto et al. (2017): these authors found
that galaxies that are more compact in the molecular gas than
in stars tend to show signs of interaction (the presence of a bar

I Tn Bolatto et al. (2017) interferometric CO(1-0) observations made
with the Combined Array for Millimeter-wave Astronomy (CARMA)
interferometer are presented, with galaxies taken from the Extragalac-
tic Database for Galaxy Evolution survey (EDGE) at an angular res-
olution of ~4”-5". A total of 126 galaxies (hereafter, spiral galaxies
EDGE-CALIFA) were selected at a distance of <120 Mpc, deriving the
molecular size Rco as the radius enclosing half the CO(1-0) flux.

12 Leroy et al. (2021) analyzed a representative sample of 90 nearby MS
SFGs at a distance of <90 Mpc observed by the Physics at High Angular
resolution in Nearby Galaxies (PHANGS)-ALMA survey at the spatial
resolution comparable to that of our LIRGs (~100pc) observing the
CO(2-1) emission, also deriving Ry, and My, among other parame-
ters. Their galaxies are mostly spiral galaxies, including both early- and
late-type spiral galaxies, but not irregular galaxies. We maintain this
nomenclature to distinguish the two spiral galaxy samples.

13 ETGs have been taken from the ATLAS?P parent sample, which con-
sists of 871 galaxies: 68 ellipticals, 192 lenticular (a total of 260 ETGs),
and 611 spiral and irregular galaxies. In Davis et al. (2013), the Rco was
derived using CARMA data, which provide a spatial resolution of 4”—
5", to observe the CO(1-0) emission in a sample of ~40 ETGs selected
from the parent sample.

!4 For spiral galaxies taken from the CALIFA sample, the SFR was
derived using the Ha emission corrected for the Balmer-decrement-
inferred extinction using a Salpeter IMF (see Bolatto et al. 2017 for
further details). In normal spiral galaxies, the SFR is not severely
affected by obscured star formation, which would be invisible in the
optical. To properly compare our results with those derived by these lat-
ter authors for the stellar mass and SFR, we transformed their values
to the Kroupa IMF. The SFR (and stellar masses) of MS SFGs taken
from the PHANGS-ALMA sample were derived using a combination
of Galaxy Evolution Explorer (GALEX) and Wide-field Infrared Survey
Explorer (WISE) photometric bands and a Chabrier IMF (see also Leroy
et al. 2019). Finally, the SFR for ETGs was derived using a combina-
tion of WISE 22 um and GALEX far-UV emission, using the Kroupa
IMF (Davis et al. 2014). The stellar mass was obtained as described in
Cappellari et al. (2013b).

15 Leroy et al. (2021) assumed that the stellar size in MS SFGs is sim-
ilar to the molecular size, as expected for spiral galaxies (Wuyts et al.
2011a).
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can also affect the emission distribution). The majority of our
galaxies show evidence of interactions or past merger activity,
for which type ® PD and 1 galaxies show the most compact
molecular size. On the other hand, merger (type 2) LIRGs show
similar molecular sizes to rotating disks: therefore, interactions
may play an important role in the compaction of the molecular
size, although this requires further investigation. The work by
Pereira-Santaella et al. (2021) seems to support the aforemen-
tioned result: these authors derived still more compact molecular
size for their sources with respect to our LIRGs. Their sources
are more extreme in terms of SFR (~340 M, yr~!) and even show
a more disturbed morphology. Their molecular size is a factor 2
more compact than that of our LIRGs (see Table 6).

The derived sSFR of the different samples follows a similar
trend to that shown for the SFR parameter. Local spiral galax-
ies show an sSFR of ~107!%yr~! while ETGs are character-
ized by a sSFR a factor of 100 lower than that of local spiral
galaxies.

6.1.2. Stellar mass versus Rco

In the stellar mass—Rco diagram (Fig. 12 right panel), LIRGs
cover a mass range similar to that of low-z samples of spi-
ral galaxies and ETGs, with values in the 10'°-10"" M, range.
Compared with different types of low-z galaxies, LIRGs are
characterized by being located in galaxy hosts with intermedi-
ate stellar mass (~5 x 10'9 My; Table 6), forming stars at rates a
factor of >10 above spiral galaxies, and with compact CO sizes
of Rco ~ 0.7 kpe, similar to that of ETGs (Rco ~ 1kpc).

6.1.3. Stellar mass—size plane

A different trend from that derived for the stellar mass and
molecular size components is derived for our sample when
the stellar size is considered (Fig. 13). As before, local spiral
galaxies (i.e., MS SFGs from Leroy et al. 2021) and ETGs are
included in the diagram. LIRGs share similar stellar mass and
stellar size with ETGs, while they are more compact (by a factor
~5) and more massive (by a factor $2) than local MS SFGs (see
Table 7). From Leroy et al. (2013), we know that the distribu-
tions of molecular gas and stellar disk in galaxies follow each
other closely in nearby disk galaxies (Rgar ~ Rco), while the
stellar size is larger than the molecular size for ETGs and for our
LIRGs by a factor of <3.

According to evolutionary scenarios, many works sup-
port the idea that (U)LIRGs can transform gas-rich spiral
galaxies into intermediate-(stellar)mass  (10'9-10"! M)
elliptical galaxies through merger events (Genzel et al. 2001;
Tacconi et al. 2002; Dasyra et al. 2006b,a; Kawakatu et al.
2006; Cappellari et al. 2013a). The kinematic study of local
(U)LIRGs (Bellocchi et al. 2013) highlights that these systems
fill the gap between rotation-dominated spiral galaxies and
dispersion-dominated ETGs in the v/o—o plane. Following our
present results, most of the LIRGs share similar properties with
ETGs while only a few overlap with the region covered by spiral
galaxies.

6.2. LIRGs versus high-z SFGs

Deep cosmological imaging surveys have identified a wide
variety of high-z galaxies ranging from quiescent systems
(QGs; Straatman et al. 2015) to compact SFGs (cSFGs; Barro
et al. 2014, 2016), MS SFGs (Straatman et al. 2015; Tadaki
et al. 2017; Forster Schreiber et al. 2018; Puglisi et al. 2019;
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Fig. 12. Distribution of LIRGs and other low-z galaxy samples in the SFR-Rco (left), Mya—Rco (middle), and sSFR—Rco (right) planes. Our
LIRGs are shown according to the color code presented in Fig. 1. Local spiral galaxy (gray, red-contoured diamonds) values are taken from the
EDGE-CALIFA survey (Bolatto et al. 2017) while ETGs (blue contoured, down-pointing triangles) are taken from the ATLAS®P sample (Cappellari
et al. 2013a). ULIRG (purple pentagons) values are derived from ALMA data (Pereira-Santaella et al. 2021). The median value of each sample is
shown according to the following color code: purple for ULIRGsS, light green for interacting and merger LIRGs, light blue for disky (i.e., RD and
PD) LIRGs, orange for spiral galaxies, and dark blue for ETGs. In ULIRGs, the AGN contribution has been removed to estimate their SFRs.

Cheng et al. 2020; Kaasinen et al. 2020; Valentino et al.
2020 and Puglisi et al. 2021'%), and more extreme star-
bursts which generally lie above the MS!7, as in the case of
SMGs (Hodge et al. 2016; Chen et al. 2017, 2020; Calistro
Rivera et al. 2018; Gullberg et al. 2018; Lang et al. 2019;
see Table 6).

All these systems were selected using different criteria
(i.e., stellar mass, optical radius, or IR luminosity) and obser-
vational techniques also covering a broad range of redshifts
(1 € z < 6) and galaxy properties. Therefore, they repre-
sent the rich diversity of galaxies found during the first half
of the history of the Universe. The comparison between the
results derived for our LIRGs and a compilation of measure-
ments for different samples of high-z systems will help to
better understand how galaxies form and evolve at different
cosmic times. In the following, such comparisons in the stellar-
mass—size plane (Mg, —Ryar) and in the sizes of the (molecu-
lar and ionized) ISM versus their stellar host are presented and
discussed.

16 The sources analyzed in Valentino et al. (2020) and Puglisi et al.
(2021) are far-IR selected, encompassing the upper envelope of the MS
and off MS galaxies.

17 Dudzevidiate et al. (2020) found that, at z ~ 1, SMGs lie a factor 6
above the MS, while at z ~ 4 they lie a factor 2 above the MS, as a result
of the strong evolution of the sSFR.

6.2.1. LIRGs versus high-z SFGs. Stellar hosts

The vast majority of high-z galaxies have masses in the
~10'9-2 x 10" M, mass range, but their sizes cover a much
wider range, which reflects the large variety of systems consid-
ered at high-z (Fig. 14, Table 6). Indeed, the stellar hosts can be
divided in three broad classes according to their effective radii:
(i) compact hosts with radii of less than 1 kpc, (ii) star-forming
galaxies with intermediate sizes between 1 and 4 kpc, and (iii)
extended hosts with radii above 4 kpc and up to 10 kpc. The stel-
lar mass and size of the low-z LIRGs are consistent with those
of the intermediate-size SFGs and are well differentiated from
those of both the compact and the extended hosts. Among high-
z systems, SMG hosts are significantly more massive than local
LIRGs by a (median) factor of ~3 and are also more extended
(i.e., stellar size, that is, by up to a factor of ~2 (Table 7). On
the other hand, low-z LIRGs appear a factor about two larger
than the massive, H-band-selected, compact SFGs at redshift 2
(Barro et al. 2014).

The comparison with MS SFGs indicates that low-z LIRGs
have stellar sizes and masses similar to those of K-band-selected
SFGs at redshifts 3—4 (Straatman et al. 2015). However, LIRGs
appear (on average) slightly smaller in size (factor 1.3) than
the MS SFGs at redshifts ~1-2 (Forster Schreiber et al. 2018;
Valentino et al. 2020; Puglisi et al. 2021) while their masses
(average of 5.6 x 10'° M) are within the wide range of stel-
lar masses (from 4.3 to 20.0 x 10'° M) covered by the hosts
of the MS SFGs. These results indicate that LIRGs, which
represent the bursty above-MS SFGs at low-z, appear to be
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Fig. 13. Mass—size distribution for our LIRGs including ETGs and local
spiral galaxies (i.e., MS SFGs; Leroy et al. 2021). ETGs are marked
with (blue contour) down-pointing triangles and MS SFGs with up-
pointing orange triangles. LIRGs are identified following the color code
used in previous figures. The blue and red slopes represent the mass—
size relations derived by Shen et al. (2003) (see also Fernandez Lorenzo
et al. 2013) for late- and early-type local galaxies, respectively.

similar to the bulk population of MS SFGs at intermediate
redshifts (z ~ 1-4) in terms of the stellar mass and size of
their hosts.

Wang et al. (2018) proposed a two-step scenario to explain
how local galaxies evolve from extended star-forming galax-
ies (eSFGs), through compact star-forming galaxies (cSFGs),
to quenched galaxies (QGs). According to this scenario, eSFGs
are transformed into cSFGs through compaction mechanisms
like minor mergers or interactions with close companions. These
mechanisms play a role in enhancing star formation and con-
tributing to the build up of the stellar cores or bulges. At low-
z, the compaction processes are more gentle and have longer
timescales than those found in the high-z (z ~ 1) Universe (e.g.,
Zolotov et al. 2015), which are mainly triggered by major merger
events. The quenching mechanism is needed to consume or
lose the cold gas in these systems, although they are still able to
sustain their star formation activity and the central stellar mass
assembly. Finally, from cSFGs to QGs, Wang et al. (2018) pro-
posed that a strong dissipation process takes place, in which the
systems consume all their cold gas and quench their SFR as well
as the build up of their bulges or stellar cores.

At high-z, a similar scenario has been suggested by Barro
et al. (2014), who found that compact SFGs (cSFGs) at z ~ 2-3
could be the natural progenitors of compact QGs (cQGs) at
z ~ 2. In this respect, it is interesting to note that all the
low-z LIRGs as well as a large fraction of the high-z galaxies
appear in the stellar mass—size diagram (Fig. 14) in between
the relations of early- and late-type galaxies at z ~ 1.75
(typical redshift value for the majority of the high-z systems
considered in this work), as derived from the 3D-HST and
CANDELS surveys (van der Wel et al. 2014 and references
therein). As observed in local LIRGs, distant SMG popula-
tions also show a mixture of dynamical phases, hosting merger-
driven starbursts (Aguirre et al. 2013) as well as ordered rotating
disks (Hodge et al. 2016). This could indicate that many of the
high-z galaxies could be in a transitory phase related
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to tidally perturbed disks or galaxies involved in inter-
actions and mergers, such as low-z LIRGs. Deciphering
whether or not this transitory phase represents the evolution
from extended disks to compact spheroids requires spatially
resolved kinematical information traced by the molecular and
ionized ISM.

6.2.2. LIRGs versus high-z SFGs: Sizes of the (un)obscured
star formation traced by molecular and ionized ISM

To further explore these evolutionary scenarios empirically, a
direct comparison between the tracers of the ISM and the host
galaxy is required both at low- and high-z. While the properties
of the stellar hosts are traced by the optical and near-IR contin-
uum, the raw molecular material that will be transformed into
stars is traced by the CO-emitting gas, while the active regions
of obscured and unobscured star formation are traced by the con-
tinuum dust emission and hydrogen emission lines, respectively.
Thus, the effective radius of the dust and the molecular and ion-
ized gas relative to the stellar light distribution in these galaxies
will provide key information about how galaxies build their stel-
lar mass, and how young, massive starbursts could impact the
stellar host through stellar winds, and affect its evolution (see
Table 6 and Fig. 15). However, simultaneous information for all
these tracers is still very limited for high-z samples, in particular
when it comes to the ionized component of the ISM traced by
the hydrogen lines. This will change in the near future with the
advent of spectroscopy in the near- and mid-IR spectral ranges
with the James Webb Space Telescope (JWST). As the measure-
ments are very limited for high-z samples, we grouped the vari-
ous samples into three main categories, independent of their red-
shift: (i) the compact SFGs, selected as bright H-band-selected
galaxies, (iii) the regular SFGs, which are mostly galaxies clas-
sified as MS SFGs at their respective redshift range, and (iii) the
SMGs, which are extreme starbursts above the MS of SFGs (see
Tables 6 and 7 for details).

LIRGs appear as more compact than high-z SFGs in their
molecular gas distribution (factor 2.6 smaller) while having a
slightly smaller size (factor 1.3 smaller) in their stellar host
(Fig. 15, left). The difference is even larger when comparing with
the few SMGs and extended SFGs with available data. SMGs
and extended SFGs are far larger (factors ~8) than LIRGs in
their molecular gas while they show only two times larger size
than LIRGs in their stellar host. In summary, the distribution of
the molecular gas (i.e., the raw material for the formation of new
stars) in high-z galaxies is more extended than in low-z LIRGs
by factors of between 2.6 and 7.8 in extremely extended galax-
ies. Moreover, while all LIRGs appear to be located far away
from the 1:1 stellar-to-molecular radius relation, high-z SFGs
and SMGs tend to be closer, with similar CO and stellar sizes
in several systems. Up to now, the number of high-z galaxies
with available measurements of the molecular, ionized, and stel-
lar light distributions is quite low, and so the relations found here
should be investigated further with larger samples in order to
draw firm conclusions.

If the molecular size (CO) traces the regions of future in situ
star formation in galaxies, this result could indicate a key dif-
ference in the process of star formation and evolution of high-z
galaxies with respect to that of starburst galaxies in the nearby
Universe: while the star formation in LIRGs is concentrated in
their central regions, in high-z systems, the star-formation can
proceed over the entire extent of the galaxy. However, to vali-
date this scenario, the size of the active regions of star formation,
both obscured and unobscured, relative to the stellar host needs
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to be established. This comparison can be obtained by measur-
ing the size of the far-IR-continuum-emitting region (Fig. 15,
middle) and of the hydrogen recombination lines Ha (Fig. 15,
right), which are considered to be tracers of the dust and ionized
gas emission associated with dust-enshrouded and unobscured
star-formation, respectively.

Several works have studied the dust-continuum emission at
870 um in high-z SFGs as a proxy for dust-obscured star forma-
tion (e.g., Simpson et al. 2015; Lang et al. 2019). This compo-
nent is found to be compact and centrally concentrated, being
a common feature among massive (~10'' My) high-z SFGs and
SMGs (e.g., Simpson et al. 2015; Hodge et al. 2016; Chen et al.
2017; Tadaki et al. 2017; Calistro Rivera et al. 2018; Kaasinen
et al. 2020; see Table 6). Unlike local spiral galaxies (e.g. KING-
FISH sample; Hunt et al. 2015), for which the dust shares similar
scales to the stellar disks (Rqust ~ Rgtar), these high-z SF systems
are characterized by centrally enhanced far-IR continuum emis-
sion. The compactness of the dust emission with respect to the
stellar host in high-z SFGs might be due to the high gas frac-
tions observed in the high-z systems compared to z ~ 0 objects
(Lang et al. 2019). This will involve the presence of very intense
and highly obscured star formation with the subsequent growth
of stellar mass, mostly in the central regions of these galaxies.
However, high-z SFGs and SMGs do not appear to be as com-
pact, in general, as low-z LIRGs (see Fig. 15 where Ry values
at 1.3 mm for the sample of LIRGs are also presented). Even if
the sizes measured in LIRGs (average Rcone of 0.37 kpc) could
be considered as a lower limit to the real size because of sen-
sitivity effects, the size would not likely be larger than a factor
~2 if the dust distribution follows the molecular gas emission
(average Rco of 0.66 kpc). Moreover, the sizes of the far-IR con-

o1

and early-type galaxies has not yet been
derived, and so the dashed blue and red
lines still show the behavior considered
atz = 3-4.
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tinuum emission in LIRGs are similar to those derived in a sam-
ple of the most luminous LIRGs and ULIRGs using the 33 GHz
radio emission (Barcos-Muiioz et al. (2017), GOALS survey).
This could therefore represent an intrinsically structural distinc-
tion between LIRGs and high-z SFGs in that most high-z sys-
tems appear to be far more extended than LIRGs in their dust
emission relative to the size of their host. However, the num-
ber of high-z galaxies with high-angular resolution (<0.1"-0.2"")
ALMA observations is still scarce, and data on larger samples
are required before firm conclusions can be drawn.

The size of the ongoing (unobscured) star formation in high-
z SFGs as well as in low-z LIRGs is traditionally traced by the
Ha emission line in the optical (Fig. 15, right panel; Chen et al.
2017, 2020; Wilman et al. 2020). Detection of other far-IR lines,
such as the [CII]158 um emission line, with high angular reso-
lution has also been carried out in systems in the redshift range
of 4 to 6 as part of the ALPINE survey (Fujimoto et al. 2020),
for which a typical size of Rici; ~ 2.2 kpc was derived. How-
ever, [CII] not only traces ionized gas but also the PDR interface
between the atomic and molecular gas phases (Lagache et al.
2018; Zanella et al. 2018; Heintz et al. 2021 and references
therein).

The sizes of the ionized gas relative to that of far-IR con-
tinuum emission in low-z LIRGs and high-z SFGs show some
relevant differences. On the one hand, the size of the ionized gas
is in general larger than that of the far-IR emission (e.g., Chen
et al. 2017, 2020), and is closer to the size of the host galaxy
(i.e., closer to the 1:1 relation represented in Fig. 15 right; see
Chen et al. 2017, 2020; Wilman et al. 2020). As presented by
Popping et al. (2021) in their simulations, the smaller observed-
frame 850 wm half-light radius compared to the observed-frame
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Table 6. Mean (and median) half-light radius of the different tracers along with their stellar mass for local and high-z systems.

Sample Z # Rco Reont Rtar Ruo Mo Ref.
(kpe) (kpe) (kpe) (kpc) (x10'°) My,
(1) (2) (3) 4) (5) (6) (7) (8) )
LIRG <0.02 24 0.66+0.33(0.67)  0.37+0.31(0.29) 221+0.81(241) 1.42+0.89 (1.37) 5.6+3.2(4.8) this work
E-SO 0.02 258 (49 @ 1.15+0.77 (1.01) 2.74+1.98 (2.20) 7.3+9.6(3.8) C13, D13, D14
Spiral <0.03 68 4.37+1.97 (3.86) 7.6+5.0(7.1) Bol7
MS SFG  <0.004 90 . . 3.45 + 1.41 (3.40) - 29+28(2.3) L21
ULIRG <0.17 30(7,23®)  0.33+0.09(0.36)  0.12+0.10(0.11)  3.45+1.79(3.80)  2.02+1.55(1.58) P21, Al2, B13
SFG 1-1.7 82 (72 ) 1.95 +1.23 (1.67)* 3.43+1.49 (3.10) 7.9+79(5.7) V20, Pu2l
cSFG 2 45 1.26+0.88 (1.00) 8.1+5.5(10.8) Bal4
SFG 2 3 490+1.31(5.50) 4.83+4.18(3.90)  6.93+1.76 (7.90) 20.0+9.5 (19.0) K20
SFG 2 11 1.5+1.2(1.2) 37+£15@3.1) 15.6+6.2 (11.7) T17
SFG 2 38 3.82+2.20 (3.20) 43+6.1(2.2) FS18
SFG 2 4 4.63+0.65(4.80)  5.20+0.62(5.20)  3.43 +1.46 (3.90) 12.7+13.3 (8.3) Cheng20
SFG 0.7-2.7 280 ... 339+1.63(3.14)  4.26+2.74 (3.43) .. W20
SMG 2 14 1.74+0.51 (1.95)  5.03+1.48 (4.75) 18.6+16.0 (13.2) L19
SMG 2 1 6.6+0.9 12+0.1 6.4+0.5 6.6+0.9 20.0 Chen17
SMG 2 (6) m 1.82+0.31 (1.85) 3.80 + 1.40 (3.95) 16.0 Chen20
cSFG 2.5 6 0.90+0.30 (0.81) 1.8+0.93 (1.57) Bal6
SFG 2-2.5 6 4.18 +1.58 (3.85) 3.7+25(2.5) H21
SMG 25 (4)m 3.8+0.1 1.7£0.1 40+2.0 8.0 CR18
SMG 2.5 (16) m 1.8+0.2 4.1+0.8 8.0+1.0 H16
QG 34 16 0.98 +0.86 (0.58) 8.2+3.9(7.6) S15
SFG 34 14 2.79 +2.49 (2.09) 5.5+2.0(4.6) S15
SMG 4-5 4 - 1.13+0.18 (1.05) G18
SFG 4-6 18 (7©) . 0.98 +0.14 (0.94) 0.9+0.5(0.8) F20, Fa20

Notes. Column (1): Sample. Those highlighted using different colors are the samples shown in Fig. 14; Col. (2): Redshift; Col. (3): Number of
galaxies in each sample. The letter ‘m’ signifies that the median value is considered; ” number of sources considered in Davis et al. (2014) to
derive Rco; @ number of ULIRGs considered in Bellocchi et al. (2013) and Arribas et al. (2012) to derive Ry, and Ry,, respectively, from the
VIMOS/VLT sample and combining VIMOS/VLT with the INTEGRAL/WHT samples; ¢ number of sources for which the Ry, can be derived;
Col. (4, 5, 6, 7): Effective radius derived for the CO(2-1), dust, stellar and ionized gas (i.e., He) emissions, respectively. In Col. 4 the “*’ symbol
means that the molecular size was derived as a combination of the CO, [CI] and dust tracers, as a robust average size of the cold ISM phase in their
systems. Column (8): Stellar mass. Column (9): References with the following code: A12 Arribas et al. (2012), B13 Bellocchi et al. (2013), C13
Cappellari et al. (2013a), D13 Davis et al. (2013), D14 Davis et al. (2014), Bo17 Bolatto et al. (2017), K20 Kaasinen et al. (2020), L19 Lang et al.
(2019), Chenl17 Chen et al. (2017), Chen20 Chen et al. (2020), Cheng20 Cheng et al. (2020), T17 Tadaki et al. (2017), Bal4 Barro et al. (2014),
Bal6 Barro et al. (2016), CR18 Calistro Rivera et al. (2018), H16 Hodge et al. (2016), S15 Straatman et al. (2015), FS18 Forster Schreiber et al.
2018, G18 Gullberg et al. (2018), F20 Fujimoto et al. (2020), Fa20 Faisst et al. (2020), V20 Valentino et al. (2020), W20 Wilman et al. (2020),
L21 Leroy et al. (2021), P21 Pereira-Santaella et al. (2021), H21 Hogan et al. (2021), Pu21 Puglisi et al. (2021). Dots “...” signify that no data
are available.

Table 7. Ratios of the molecular, ionized and stellar ISM distributions of different types of galaxies relative to those of LIRGs.

Parameter Sample
Low-z High-z

LIRGs Spirals MS SFGs ETGs ULIRGs SMGs SFGs cSFGs
(D (2 (3) 4) (5) (6) ) 3 (&)
Rl ~0.7 kpc X6 x5 ~1 x0.5 xX7.8 X2.6
Rion ~1.4kpc ~1 x2.7 x2.4
Ryar ~2.4kpc x1.6 x1.4 ~1 x1.6 x1.9 x1.3 x0.5
Mitar ~5% 10" M, x1.5 x0.5 ~1 x2.7  x0.9 x2

Notes. Column (1): Parameters considered in the comparison; Col. (2): (Median) size of the different tracers as well as the (median) stellar mass
of our LIRG sample; Cols. (3-9): Scaling factors derived when comparing the size of the different tracers and stellar mass of low- (Cols. 3—6) and
high-z (Cols. 7-9) samples with those derived for our LIRGs. The samples involved in the comparison are: spiral galaxies from the EDGE-CALIFA
(Col. 3) and PHANGS-ALMA samples (Col. 4), ETGs (Col. 5), local ULIRGs (Col. 6), high-z SMGs (Col. 7), high-z SFGs (Col. 8) and high-z
compact SFGs (Col. 9; see text for details).

1.6 um half-size can be explained as the result of obscuration of
the stellar emission at 1.6 um. Indeed, dust plays an important
role in attenuating the 1.6 um emission in the inner regions of
the galaxies (flatter profile), where larger stellar sizes are derived
with respect to the case where no dust attenuation is considered.
The compactness increases with redshift because the observed
H-band emission traces bluer rest-frame wavelengths, which are
more affected by the dust attenuation at increasing redshift.
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On the other hand, while a fraction of the LIRGs and high-z
SFGs share similar sizes (1 to 4 kpc effective radius) in their ion-
ized gas distribution, the two samples are well differentiated in
their overall distribution. A substantial fraction of high-z SFGs
have very extended Ha-emitting regions with effective radii of
up to 10kpc, and even larger. This is in agreement with the
results found by Nelson et al. (2016). These latter authors ana-
lyzed a large sample of SFGs observed at z ~ 1 and found that
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Fig. 15. Ratios of different tracers in high-z (z = 2—-2.5) galaxy samples relative to the low-z LIRG sample (Table 6). Left: stellar versus molecular
size. Middle: stellar versus mm/submm (dust-) continuum size. Right: stellar versus ionized gas size. Our sample is shown using light orange
circles, while the high-z galaxies are shown following the same symbol and color code shown in Fig. 14. In each panel, we report the references
from which the high-z data are taken. Ry, cont derived for our LIRGs were derived from our 1.3 mm ALMA observations, which we considered as

lower limits due to the limited sensitivity of our observations.

their ionized Ha emission is more extended than the stellar con-
tinuum emission, demonstrating that galaxies at this epoch are
growing in size due to star formation. Their result is consistent
with inside-out assembly of galactic disks.

On the contrary, half of the low-z LIRGs have sizes of less
than 1 kpc; such sizes are not present in high-z SFGs. If the ion-
ized gas represents the size of the ongoing unobscured star for-
mation regions and associated extended nebulae due to outflows
and stellar winds, these results indicate that, in general, high-z
systems are forming stars in regions distributed over the entire
host galaxy while low-z LIRGs are concentrated in smaller cen-
tral regions. However, the size of the ionized gas is larger than
the stellar host in an important fraction of the high-z systems
(Wilman et al. 2020; see Fig. 15, right panel). In these systems,
the size of the ionized gas may not necessarily trace the real
distribution of the star-forming clumps but rather the extended
ionized nebulae in the gas-rich environment, as expected in
high-z galaxies. Similar to the extended ionized nebulae around
quasars, ionizing photons could reach further out and ionize
regions well outside the star-forming clumps, even beyond the
size of the stellar host.

7. Conclusions

We present the first study that provides detailed measurements
of the size (i.e., effective radius) of the molecular gas traced by
CO(2-1) in a sample of 21 LIRG systems at low-z. To this aim,
we used high-resolution ALMA data, which allow us to reach
subkpc spatial resolution scale (<100 pc, i.e., the size of GMCs).
The sample encompasses a wide variety of morphological types,
suggesting different dynamical phases (isolated spiral galaxies,
interacting galaxies, and ongoing and post-coalescence merg-
ers). All LIRGs are characterized by SFR and stellar masses that
place them “above” MS plane at low-z. The sample also repre-
sents the closest known analogs to the intermediate- and high-z
IR luminous star-forming galaxies.

We performed a comprehensive study of the molecular, stel-
lar (Bellocchi et al. 2013), and ionized (Arribas et al. 2012)
gas distributions and their relative sizes. Comparison samples
of local galaxies and high-z systems have also been included in
order to place the low-z LIRGs in a general context. The main
results of the present study can be summarized as follows:

Low-z LIRGs:

— The molecular gas distribution as traced by the CO(2-1) line
is compact in local LIRGs and concentrated in the central
regions, with typical (median) Rco ~ 0.7 kpc. The stellar
host and the ionized gas distribution in these systems are
factors of ~3.5 and ~2 larger than the molecular distribu-
tion, respectively. The continuum size at 1.3 mm is half the
molecular size, but this should be considered as a lower limit
because it is affected by the sensitivity of our observations.

Comparison with low-z spiral galaxies, ETGs, and
ULIRGs:

— LIRGs are indistinguishable from ETGs in the Mggr—Rstar
plane, sharing a similar range in stellar mass and size. How-
ever, LIRGs have a more compact stellar host than that of
local spiral galaxies, by a factor 1.6. This seems to sup-
port the evolutionary scenario in which LIRGs can transform
spiral galaxies into elliptical galaxies (Genzel et al. 2001;
Tacconi et al. 2002; Dasyra et al. 2006b);

— LIRGs are well separated from low-z spiral galaxies and
ETGs in the SFR versus CO size plane as a consequence of
their SFR and size: the molecular size of LIRGs is about six
times more compact than that of local spiral galaxies of sim-
ilar stellar masses, while being similar to that of local ETGs,
although characterized by higher SFR.

Comparison with high-z SFGs:

— LIRGs, representing the population of bursty above-MS
SFGs at low-z, appear to be similar to the bulk population
of MS SFGs at intermediate redshifts (z ~ 1—4) in terms of
their stellar mass and the size of their stellar hosts.

— LIRGs appear to be more compact than high-z SFGs in their
molecular gas distribution (factor 2.6 smaller) and appear to
have slightly smaller stellar size than high-z SFGs, that is, by
a factor of 1.3. Also, while all LIRGs appear to lie a factor
of ~3 above the 1:1 stellar-to-CO radius relation, the high-z
SFGs tend to be closer, that is, with similar CO and stel-
lar sizes in several galaxies (i.e., Chen et al. 2017; Calistro
Rivera et al. 2018; Kaasinen et al. 2020 and Puglisi et al.
2021).

— The size of the ionized gas distribution in LIRGs and high-z
SFGs is larger than the distribution of far-IR emission, and
is closer to the size of the host galaxy (i.e., closer to the
1:1 stellar to ionized gas radius relation). Excluding a small
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fraction of the LIRGs, that is those that share similar ionized
gas distribution (1 to 4 kpc effective radius) with the high-z
SFGs analyzed in Wilman et al. (2020), these two popula-
tions show different distributions, with high-z systems being
found on the 1:1 relation. A substantial fraction of high-z
SFGs have very extended Ha-emitting regions with effective
radii of up to 10kpc (Nelson et al. 2016), and even larger,
with no LIRGs with sizes above 4 kpc. On the other hand,
half of the low-z LIRGs are less than 1 kpc in size, while no
high-z SFGs of this size are observed.
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Appendix A: Classifying the LIRG sample using
morphological and kinematic information

In this Appendix we describe the criteria used to classify our
sample. As shown in Table A.l, the final classification is the
result of the combination of morphological information obtained
using Spitzer and HST images and the kinematic information
derived from the ionized and molecular gas velocity and veloc-
ity dispersion maps. We refer to this as a “composite” classifi-
cation. In particular, the morphological classification is based on
archival near-IR Spitzer/IRAC band at 3.6 um and HST/WFPC3
images when available. Briefly, the morphological classes are
defined following the simplified version of the Veilleux et al.
(2002) classification. As shown in Fig. A.1, we define three main
classes:
— Class 0: objects that appear to be single isolated objects,
with relatively symmetric disk morphologies and without
evidence for strong past or ongoing interaction;

— Class 1: objects in a pre-coalescence phase with two well-
differentiated nuclei separated by a projected distance of at
least 1.5 kpc. For these objects, it is still possible to identify
(in some cases using HST imaging) the individual merging
galaxies and their corresponding tidal structures due to the
interaction;

— Class 2: objects with two nuclei separated by a projected
distance <1.5 kpc or a single nucleus with a relatively asym-
metric morphology, suggesting a post-coalescence merging
phase (hereafter, merger).

Within the type 1 objects, we also defined other subclasses
according to the distance involved in the system:

— 1la: interacting objects with a projected separation larger than
15 kpc; in cases where a symmetric morphology is seen (i.e.,
symmetric spiral arms), the galaxy is finally classified as
‘0’; otherwise, in the case of asymmetric morphology (e.g.,
asymmetric spiral arms), we confirm the morphological class
as ‘la’;

— 1b: interacting objects with a projected separation of
between 1.5 and 15 kpc; if the interacting galaxies are char-
acterized by similar mass we classify them as ‘1b major’,
otherwise, if the masses are different we classify them as ‘ 1b
minor’.

In some cases, the morphological classification alone could be
misleading, and therefore we complemented this information
with kinematic information available for the different gas phases
(i.e., ionized and molecular). As mentioned in Sect. 1, the ion-
ized emission (as traced by the He line) in our LIRG sample has
been analyzed in previous works with the aim of studying the
kinematic asymmetries in the Ha maps, through visual inspec-
tion (Bellocchi et al. 2013) and using the kinemetry method
(Bellocchi et al. 2016). We report these results in Table A.1
(Cols. 4 and 5). Briefly, according to the visual classification
we classify the objects as rotating disk (RD), perturbed
disk (PD), and complex kinematics (CK) (see Bellocchi
et al. 2013 for further details). According to the kinemetry
method, we classify the galaxies as disk (D) or merger
(M), and, when the galaxies belong to the “transition region”,
as disk* (D*) or merger* (M*) (see Bellocchi et al. 2016
for details). The transition region is defined as the area where
disks and mergers coexist, making their classification more
uncertain. Furthermore, following the same scheme used for
the Ha emission, we visually classify the kinematic maps pro-
duced for the molecular CO(2-1) line. These maps are not
shown in this work, because this is beyond the scope of
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this paper; they will be presented in future works. However,
these maps allowed us to better characterize the kinematics of
our systems.

Combining both the morphological and kinematic informa-
tion, we finally proposed the ‘composite’ classification shown in
Table A.1 (Col. 7), defining the following classes:

— 0 (RD): single isolated objects, with relatively symmetric
disk morphologies and without evidence for strong past or
ongoing interaction. Their kinematic (i.e., velocity field and
velocity dispersion) maps show the typical “rotating disk”
pattern: i.e., point-antisymmetric velocity field and point-
symmetric velocity dispersion (see Krajnovi¢ et al. 2006 for
a detailed description; hereafter, rotating disk (RD));

— 0 (PD): single isolated objects, with relatively symmetric
disk morphologies but showing a somewhat perturbed kine-
matics (perturbed velocity field and/or dispersion maps),
suggesting past interactions (hereafter, perturbed disk
(PD));

— 1: objects in a pre-coalescence phase with two well-
differentiated nuclei separated by a projected distance of at
least 1.5 kpc up to a maximum distance of 15 kpc (hereafter,
interacting) showing perturbed or complex kinematics.
Beyond this separation (>15 kpc) the galaxies are also clas-
sified as ‘RD’ or ‘PD’, in a similar way to type ® ones (e.g.,
ESO 297-G011/G012);

— 2: objects with two nuclei separated by a projected dis-
tance <1.5kpc or a single nucleus with a relatively asym-
metric morphology (e.g., tidal tail, asymmetric spiral arms),
which suggests a post-coalescence merging phase (hereafter,
merger). These systems show perturbed or complex kine-
matics.

In the specific case of NGC 2369, this is an isolated galaxy
observed edge-on, showing a perturbed kinematics in Ha and
CO. However, using the kinemetry method, it is classified
as D*, then lying in the transition region: we proposed the ‘0
(PD)’ classification. NGC 5135 is an isolated face-on galaxy
that shows quite complex kinematics in He and CO and is clas-
sified as D* with kinemetry. Furthermore, in this case, the Ho
emission is perpendicular to the continuum emission. As in NGC
2369, we propose the classification ‘@ (PD)’. These are two
extreme cases for which the perturbed and distorted kinematics
might be due to the inclination effect of the sources: although
the galaxies are isolated, in the face-on galaxy the rotational
motion of the gas does not seem to clearly dominate the dis-
persion (v 2 o) while in the edge-on galaxy, projection effects
could affect the observed velocity pattern.

Finally, IC 4687 belongs to a triple system and is the
northern-most galaxy of the system. This source is separated by
~10kpc from the central galaxy (IC 4686) and by ~30kpc from
the southern companion (IC 4689). The ratio of the dynamical
masses between the northern (N), central (C), and southern (S)
companions is 1 : % : 1 (N:C:S), allowing us to classify the NC
system as ‘1b minor’. According to its kinematics, IC 4687
follows a relatively regular rotational pattern both in the ionized
and molecular gas phases, and therefore we finally propose the
‘@ (RD)’ classification.

The visual kinematic classification proposed for our galax-
ies using the ionized and molecular gas tracers allowed a direct
comparison between the two. Furthermore, the visual classifi-
cation could also be useful to check the results obtained with
kinemetry. Indeed, although this method allows us to quantify
the asymmetries in the kinematic maps, the frontier which sepa-
rates disks from mergers is not universal or clearly defined. This
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IRAC- & HST-based morphological classification

[0] : Isolated & symmetric object

[1a] d 2 15 kpc

[1]: interacting
with a companion at distance:

[1b]1.5<d <15 kpc -

—o if morphology symmetric - [0]
(e.g., arms)

o if morphology asymmetric - [1a]

—u if M, = M, = [1b major]

Qif M; 23 x M, > [1b minor]

[2]: post coalescence merger with one nucleus (or double nuclei at d < 1.5 kpc)

Fig. A.1. Schematic view of the morphological classification based on Spitzer/IRAC and HST images for the whole sample.

Table A.1. Morphological and kinematic properties of the LIRG sample. The morphological classification is based on Spirzer/IRAC and
HST/WFPC3 images. The kinematic classification is based on the ionized (He) and molecular (CO) gas kinematic maps according to the visual
and kinemetry classifications. The final composite classification is also shown as a result of the combination of the two classifications.

Source Spitzer/HST He kinematics 12CO(2-1) kinematics Composite

IRAS Other Morphology  Visual class.  kinemetry Visual class. classification

@ &) 3 “ () (O] Q)
F0®1341-3735 N ESO 297-GO11 la PD D PD 0 (PD)
F01341-3735 S ESO 297-GO12 0 PD D RD ® (RD)
F04315-0840 NGC 1614 2 CK D* PD 2
F06295-1735 ESO 557-G002 la PD D* PD 0 (PD)
F06592-6313 - 0 PD D PD ® (PD)
F07160-6215 NGC 2369 0 PD (CK) D* PD (CK) ® (PD)
F10015-0614 NGC 3110 la PD D PD 0 (PD)
F10257-4339 NGC 3256 2 PD M CK 2
F10409-4556 ESO 264-G036 0 RD D RD ® (RD)
F11255-4120 ESO 319-G022 0 PD D PD 0 (PD)
F11506-3851 ESO 320-GO30 0 RD D RD ® (RD)
F12115-4546 ESO 267-G030 la RD D RD ® (RD)
F12596-1529 E  MCG-02-33-098 1b major M PD 1
F12596-1529 W 1b major M PD 1
F13001-2339 ESO 507-GO70 1b minor CK M* PD 2
F13229-2934 NGC 5135 0 CK D* CK ® (PD)
F14544-4255 E IC 4518 1b major PD D PD 1
F14544-4255 W IC 4518 1b major CK (PD) D* CK 1
F17138-1017 — 2 PD D* PD 2
F18093-5744 N IC 4687 1b minor RD D RD ® (RD)
F18341-5732 IC 4734 0 RD 0 (RD)
F21453-3511 NGC 7130 la PD D* PD (CK) 2
F22132-3705 IC 5179 0 RD D RD 0 (RD)
F23007+0836 NGC 7469 0 RD 0 (RD)

Notes: Column (1): object designation in the Infrared Astronomical Satellite (IRAS) Faint Source Catalog (FSC). Column (2): other identification.
Column (3): morphological classification based on Spitzer and HST images. The galaxies are classified using the scheme shown in Fig. A.1.
Column (4): Ha visual kinematic classification from Bellocchi et al. (2013). The sources are classified as rotating disk (RD), perturbed disk
(PD) or complex kinematics (CK). Column (5): He kinemetry classification from Bellocchi et al. (2016). The galaxies are classified as disk
(D), merger (M), disk* (D*) or merger® (M*). The star (*) symbol identifies the galaxies which belong to the transition region (i.e., the
area where disks and mergers coexist, making their classification more uncertain; see Bellocchi et al. 2016 for details). Column (6): CO(2—
1) visual kinematic classification (this work). We used the same criteria used for the Ha line from Bellocchi et al. (2013). Column (7): final
composite classification: the morphological and kinematic information are merged together. Four different classes are defined: isolated rotating
disks ‘@ (RD)’, isolated perturbed disks ‘® (PD)’, interacting systems ‘1’ and and post-coalescence mergers ‘2’ (see text for details).

method therefore involves a certain degree of uncertainty in its

classification.

For this reason, the final composite classification was car-
ried out taking into account the morphological and kinematic

information, in which the latter includes both the visual and the
kinemetry classifications: this allowed us to analyze the sample
under several aspects and finally draw more robust conclusions
on the real nature of the systems.
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Appendix B: CO(2-1) and 1.3 mm continuum ALMA We centered the CO(2-1) and 1.3 mm continuum images
maps and HST/NICMOS image using the near-IR peak stellar emission. When the F160W filter

) ) ) is not available, other near-IR HST filters (e.g., F190W, F110W)

In this Appendix, we present the CO(2-1), 1.3mm continuum  are considered. When HST images are not available, the contin-

flux density maps along with the stellar emission, observed using  yum peak emission at 1.3 mm is considered as a reference.
the near-IR HST/NICMOS F160W filter, for the whole sample.

ES0297-G011

CO(2-1) [Jy km s~ beam™'] _ Continuum at 1.3 mm [uJy beam™!] NICMOS image
-37°19'05" 4 L J 1.0
x 2.4 x 178
"y
10 ] . L LI} 0.8
S 15"4 . oA HoFos
2 "
(]
£ . !
U " -t . °
8 20" 4 d roo rf Foa4 A
g
25" 4 - r1 [l 0.2
30" g ’ 1 kpe L 4 0.0
1M36™24.55 24.0°  235°  23.0°  22.5° 1'36T24.5° 24.0°  23.5°  23.0° 2258 ' 1"36M24.0° 2355  23.0°  22.5°
Right Ascension Right Ascension Right Ascension
CO(2-1) [Jy km st beam“l] Continuum at 1.3 mm [uJy bea.m‘ll 10 NICMOS image
x5.9 x582
-8°34'35"
0.8
40" {
g o
£ 45" ] 'i | ]
5 :
a - 0.4
50" 4
0.2
55" 4 F
@ 1 kpc
; : ; ; : ; 0.0 v : ;
4h34m00.5° 00.0° 33M59.5% 4h34m00.5°% 00.0° 33M59.58 4h34m00.5° 00.0° 33M59.58
Right Ascension Right Ascension Right Ascension
CO(2-1) [Jy km s~* beam™] ) Continuum at 1.3 mm [p)y beam~'] 10 NICMOS image
-62°20°25" 1 x15.7[ ] x 1091 [
30" 4 L] LI} 0.8
’
S 35"4 oo i o toe
=]
©
£
©
2 40" 1 . , H o Foa
45" ro r 0.2
50"{® _Lkpe | 4 FLL o0
7h16m39°  38° 37 36° 7h6M39° 380 378 36 7h16M30° 388 37° 36°
Right Ascension Right Ascension Right Ascension

Fig. B.1. From left to right: CO(2-1) and 1.3 mm continuum maps obtained with ALMA, complemented by HST/NICMOS image when available.
The CO(2-1) and 1.3 mm emission is >5¢0. The color bar is normalized to the maximum value of each ALMA map: in order to derive the real
maximum value, a factor scale, shown in the top-right of each panel, has to be applied. The cross symbol in the three panels represents the stellar
peak emission identified using the HST/NICMOS image. The beam size and the physical scale in kpc are also shown in the left panel. In all panels,
north is up and east to the left.
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Fig. B.2. Same figure caption as in Fig. B.1
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Fig. B.8. Same figure caption as in Fig. B.7

A60, page 30 of 36

Right Ascension

1.0

0.8

0.6

0.4

0.2

0.0

1.0

0.8

0.6

L 0.4

0.2

0.0

1.0

0.8

0.6

0.4

0.2

0.0



E. Bellocchi et al.: Compact molecular gas emission in local LIRGs

ESO267-G030

. CO(2-1) [Jy km s71 .beam‘ll _Continuum at 1.3 mm [u)y bear.n‘ll Lo
x 0.8 x 239
-47°13'35" 4 L J L -
S 4071 I | 'l Fos
2
© +
£ :
S 45" 4 B A L | L
a t. - 0.4
50" L ] I
0.2
55" 1 lkpe [ 1 r
=, . . . . ; . ’ ’ ’ 0.0
12M14™M14.0%13.55 13.0° 12.5° 12.0° 12M14m14.0513.55 13.0° 12.5% 12.08
Right Ascension Right Ascension
,CO(2-1) [Jy km s™* beam™"] Continuum at 1.3 mm [yy beam™] o
-15°45'50" ] x58 | | x533 |
0.8
3 0.6
2 46'00" F1 E k4 H
C
P e > 0.4
o
10" Lo L
0.2
ke ' ' '1ch : ' . 0.0
13h02m21s 208 198 13h02m21° 20° 198
Right Ascension Right Ascension

Fig. B.9. Same figure caption as in Fig. B.7

A60, page 31 of 36



Appendix C: CO(2—1) flux intensity maps ordered

according to their increasing Rco

We present the CO(2-1) maps along with the 2MASS K-band
maps for the whole sample. The maps are ordered according
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kp]

to the increasing molecular size, Rco. We used the same FoV
for the whole sample (14 x 14 kpcz), both in the CO and stellar
emissions for a more direct comparison. The effective radii of
the molecular and stellar components are highlighted within the
figures (Figs. C.1, C.2, C.3).
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Fig. C.1. From top to bottom, left to right: CO(2—1) maps (left) and 2MASS images in the K band (right) of the whole sample. The galaxies are
ordered according to their increasing Rco. The FoV is the same for all galaxies (14 kpc x 14 kpc). The black circle in each map identifies the
respective effective radius in the map, whose value is also shown in each panel. North is up and east to the left.
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Appendix D: IR SED fit: ALMA flux loss estimation
at 1.3mm

In this Appendix we present the IR spectral energy distribu-
tions (SEDs) for the whole LIRG sample, using Herschel PACS
and SPIRE data (Chu et al. 2017). The gray-body emission was
derived assuming a 8 parameter of 2 (except for one case, IRAS
F17138-1017) and one single gray body temperature, Ty,,. The
ALMA continuum fluxes at 1.3 mm are also shown but they
have not been included in the fit. In all cases, the ALMA flux
densities are below the SED fitting curve. We note that the
total continuum flux emission was computed considering >S50
emission.

The aim of this analysis is to quantify the flux loss derived
when using ALMA data at 1.3 mm with respect to the extrapo-
lated flux at 1.3 mm (through the SED fitting analysis). Indeed,
at such frequencies (~230 GHz), in addition to the dust emis-
sion we can also have some contribution from non-thermal syn-
chrotron emission and thermal free-free emission (Condon &
Ransom 2016). The ratio between the theoretical flux density
and that obtained using ALMA is also highlighted in each fit.
The gap between the two values clearly suggests that a consid-
erable part of the 1.3 mm emission (<70%) is not detected by
our ALMA observations. The maximum recoverable scale is 3—
5kpe, and so extended diffuse and faint emission is unlikely to
be filtered-out, but could be beyond the sensitivity of these data.
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Fig. D.1. Spectral line energy distributions using Herschel data, assuming 8 = 2.0 and deriving the Ty,;,. The ALMA continuum flux at 1.3 mm at
S0 is also shown for a direct comparison. The ratio between the flux at 1.3 mm expected by the model and the ALMA value is also highlighted in
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Fig. D.2. Same figure caption as in Fig. D.1
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