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1 INTRODUCTION

ABSTRACT

Strongly star-forming galaxies are prolific in producing the young and most massive star
clusters (YMCs) still forming today. This work investigates the star cluster luminosity functions
(CLFs, dN /dL o L™%) of 26 starburst and luminous infrared galaxies (LIRGs) taken from the
SUNBIRD survey. The targets were imaged using near-infrared (NIR) K-band adaptive optics
systems. Single power-law fits of the derived CLFs result in a slope @ ranging between 1.53
and 2.41, with the median and average of 1.87 +0.23 and 1.93 + 0.23, respectively. Possible
biases such as blending effects and the choice of binning should only flatten the slope by no
more than ~ 0.15, especially for cases where the luminosity distance of the host galaxy is
below 100 Mpc. Results from this follow-up study strengthen the conclusion from our previous
work: the CLF slopes are shallower for strongly star-forming galaxies in comparison to those
with less intense star formation activity. There is also a (mild) correlation between a and both
the host galaxy’s star formation rate (SFR) and SFR density (XggRr), i.e. the CLF flattens with
an increasing SFR and Xgpgr. Finally, we also find that CLFs on sub-galactic scales associated
with the nuclear regions of cluster-rich targets (N ~ 300) have typically shallower slopes than
the ones of the outer field by ~ 0.5. Our analyses suggest that the extreme environments of
strongly star-forming galaxies are likely to influence the cluster formation mechanisms and
ultimately their physical properties.
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galaxies, are thus vital tools in the reconstruction of the cosmic star
formation history (Lagache et al. 2005; Madau & Dickinson 2014).

The study of strongly star-forming galaxies is key to understand-
ing the evolution of star formation (SF) in galaxies. In addition
to representing the most violent starbursting events and interac-
tions in the local universe, those with infrared (IR) luminosities
Lir [8—1000 um] = 10712 L o known as luminous infrared galax-
ies (LIRGs), are rare in the nearby universe but they dominate the
star formation rate (SFR) density at z ~ 1 (e.g. Le Floc’h et al.
2005; Caputi et al. 2007; Magnelli et al. 2009). LIRGs and gas-rich
starburst galaxiesl, which we refer to here as strongly star-forming

* E-mail: zara@saao.ac.za
! There is no rigorous definition of a starburst galaxy, but in this work,
any star-forming galaxy with an IR luminosity in the range 10.6 <
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Furthermore, the fact that the main source of the IR luminosity is
produced by strong SF bursts (Sanders & Mirabel 1996), although
an active galactic nucleus (AGN) may also be present (Yuan et al.
2010), make them ideal systems to probe the physical processes
responsible for their intense SF activity (e.g. Alonso-Herrero et al.
2006; Stierwalt et al. 2013; Pérez-Torres et al. 2021). Under such
extreme conditions, they contain large amounts of dense gas in col-
lapsing clouds that are essential in fuelling the birth of massive star
clusters (SCs), commonly known as young massive clusters (YMCs,

log (Lir/Le) < 11 and that is characterized by the ongoing extreme SF
activity with a SFR of ~ 5 - 50 Mg yr~! within the galaxy’s ~ 1 kpc central
region falls under this category of galaxies (see Heckman 2005).
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e.g. Meurer et al. 1995; Whitmore et al. 1999; Portegies Zwart et
al. 2010; Adamo & Bastian 2018; Randriamanakoto et al. 2019;
Adamo et al. 2020).

With their masses spanning between ~ 10* — 108 Mg, YMCs
represent the most massive and extreme form of SF in galaxies
(see e.g. Efremov 1995). Tightly bound clusters with densities
> 10* Mg pc™3 are usually young objects of ages < 100 Myr, each
with radii of a few pc (Portegies Zwart et al. 2010; Longmore
et al. 2014). By exhibiting physical properties similar to those of
globular clusters (GCs) in terms of mass and stellar density, YMCs
are often believed to be GC progenitors (e.g. Holtzman et al. 1992;
Longmore et al. 2014; Kruijssen 2015; Adamo et al. 2017). In
addition, these peculiar objects can serve as natural laboratories for
fine-tuning the general theory of SF mechanisms in galaxies. This is
because most stars tend to be clustered in groups or associations at
birth before dispersing over time (for those within loosely unbound
structures) to become field population (e.g. Lada & Lada 2003;
Gouliermis et al. 2010). Finally, initially thought to only form in the
extreme environments of gas-rich starbursts and interacting LIRGs,
they have also been seen in more quiescent environments, such as
gas-poor normal spirals (Larsen 2002; Whitmore et al. 2014), in
nuclear star-forming rings of otherwise unremarkable galaxies (e.g.
Viisédnen et al. 2014), and nearby dwarf galaxies (e.g. Cook et al.
2019). All these findings show that YMCs are good tracers of recent
massive SF. Investigating their physical properties is thus essential
to constrain the SF history (SFH) of their host galaxies.

Despite the importance of YMCs and the huge progress over
the last decade in probing these massive clusters, their formation
process is, however, not fully understood. In particular, while the
clusters are discovered in a wide variety of environments, the im-
pact of the host environment on their earliest evolutionary stages
and hence their properties are still unclear. These have sparked the
debate on the universality of the SC formation mechanism (e.g. Bas-
tian et al. 2012; Silva-Villa et al. 2014; Chandar et al. 2015; Mulia et
al. 2016; Chandar et al. 2017; Cook et al. 2019; Randriamanakoto
et al. 2019; Larson et al. 2020; see Adamo & Bastian 2018 for a
recent review). It is not known to what extent is the role of external
factors, such as the host environment, governing the life cycle of
young SCs.

To help address these issues, there has been much interest in
investigating the possible links between the cluster properties and
the host’s global properties (Miralles-Caballero et al. 2011; Whit-
more et al. 2014; Cook et al. 2016; Larson et al. 2020). For instance,
both theoretical and observational works by e.g. Kruijssen (2012),
Messa et al. (2018), and references therein, have concluded that the
cluster formation efficiency I' (or CFE, the fraction of stars to form
in bound structures) increases with the host SFR density (XgpR,
SFR normalized by the projected area of the galaxy). This observed
trend is believed to be evidence of the environmentally-dependent
cluster SF process. However, while some authors have backed up
such arguments by studying the cluster mass and luminosity dis-
tributions, other works have instead reported that the mechanism
for forming young SCs generally remains the same regardless of
the host SFR level (see e.g. Mulia et al. 2016; Chandar et al. 2017;
Cook et al. 2019; Mok et al. 2019).

Basic diagnostic tools such as the cluster mass function
(CMF, dN/dM o M~P) and the cluster luminosity function (CLF,
dN/dL oc L™%) were widely used in drawing the two opposing
views (see e.g. Portegies Zwart et al. 2010; Adamo & Bastian 2018;
Krumholz et al. 2019). Reasonably well-fitted by a power-law dis-
tribution with a canonical slope of ~ 2 (see e.g. Elmegreen &
Efremov 1997; Whitmore et al. 1999; Larsen 2002, among many

others), these functions are known to reflect the shape of the un-
derlying initial mass function (IMF). Although LFs bin together
clusters of different ages, their power-law slopes « are key param-
eters in constraining the influence of the galactic environments on
the YMCs. Any deviation from @ = 2 should therefore be carefully
investigated. This is also valid if a broken power-law or a Schechter
function best represents the cluster luminosity distribution instead
of the usual single power-law fit (Gieles et al. 2006a; Larsen 2009).
To date, most of the CLF works in the literature were based either
on optical observations and/or on host galaxies with luminosity dis-
tances Dy, < 20 Mpc to avoid dealing with resolution bias. Such
choices hinder respectively the detection of young SC candidates
still deeply embedded in the dusty nuclear regions and the study of
potential cluster-rich galaxies lying at larger distances.

In our previous work, we thus considered a representative sam-
ple of 8 local LIRGs imaged with near-IR adaptive optics (NIR AO)
instruments to investigate the properties of massive star clusters in
the galactic environments of strongly star-forming galaxies (Ran-
driamanakoto et al. 2013b, hereafter referred to as Paper I). This
was achieved by deriving the Ky-band®> CLFs of the targets that
are part of the SUNBIRD survey (SUperNovae and starBursts in
the InfraReD or Supernovae UNmasked By InfraRed Detection,
Viisdnen et al. 2014; Kool et al. 2018). The NIR AO observing
strategy was adopted to minimize effects from dust extinction while
correcting for atmospheric turbulence (see e.g. Mattila et al. 2007).
We found that galaxies with extreme SF activity such as interacting
LIRGs are associated with shallower power-law slopes (@ ~ 1.9)
compared to those of low SFR galaxies. A similar trend was ob-
served by other CLF studies of LIRGs (e.g. Cook et al. 2016; Larson
et al. 2020), which interpreted the flattening in the high-end CLF
slope as a possible imprint of the host’s extreme environment on the
YMC properties. In contrast, SC analyses by e.g. Vavilkin (2011),
Whitmore et al. (2014) and Mulia et al. (2016) have suggested that
the discrepancy in the value of a largely results from resolution
bias and simple statistics. However, our comprehensive blending
analysis showed that such factors only decrease the value of @ by
~0.1 for targets at distances of D < 100 Mpc when appropriately
sized photometric apertures are used.

The YMC study by Paper I is unique in using a representative
sample of galaxy hosts with high SFRs (SFR > 30 Mg yr‘l, with
median Dy, ~ 70 Mpc). Discussion of the findings was however
limited partially because observations were made in a single fil-
ter, and especially due to the small sample size preventing robust
correlation searches with the global properties of the host galaxies.
Considering a larger sample whose cluster luminosities have been
uniformly derived is thus highly advantageous to provide improve-
ments over our pilot study and to also help address, at least to a first
order, the differing views on the link between YMCs and their host
galaxy environments.

The current paper is thus a follow-up study to our work pub-
lished in Paper 1. To further assess findings from our pilot study,
particularly the impact of the host galaxy environments on the char-
acteristics of their YMCs, we compile the K-band CLFs of 26
SUNBIRD targets, in addition to the 8 galaxies from the original
sample of Paper I. This much larger sample of strongly-star forming
galaxies was observed in the NIR regime using the Very Large Tele-
scope NAOS-CONICA (VLT/NACO, Lenzen et al. 2003; Rousset
etal. 2003) AO systems. This work also aims to investigate whether

2 Hereafter, we will refer to both the Johnson K-band and the 2MASS
K-band as K -band.
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the global properties of the overlapping sample studied by Ramphul
(2018) are somehow physically related with the derived slopes of
the individual and composite-based NIR CLFs. Our ultimate goal
is therefore to constrain the formation process of these massive stel-
lar clusters that are residing in the realm of starburst-dominated
galaxies.

The paper is structured as follows. Section?2 describes the
SUNBIRD survey and the sample we used in this work. We briefly
present the observations, the source photometry and the star clus-
ter catalogues in Section 3. The results, including the derived NIR
CLFs and the correlation search between « and the galaxy global
properties, are reported respectively in Sections 4 and 5. We discuss
our findings in Section 6 and then draw our conclusions in Section 7.

2 THE SUNBIRD SURVEY
2.1 Survey description

Our parent sample is a set of 42 strongly star-forming galaxies
from the SUNBIRD survey. This ongoing project uses ground-based
NIR telescopes equipped with AO imaging to observe a representa-
tive sample of starburst galaxies and LIRGs in the nearby universe
(Viisinen et al. 2014; Kool et al. 2018). SUNBIRD is mainly de-
signed to use the NIR AO capabilities to search for optically hidden
core collapse SNe (CCSNe) that are expected to reside in the nuclear
regions of the high SFR galaxies (Mattila & Meikle 2001). High
spatial resolution instruments mounted on the Gemini-North (AL-
TAIR/NIRI), VLT (NACO), Gemini-South (GeMS/GSAOI), and
Keck II (NIRC?2) telescopes were used to image the SUNBIRD tar-
gets. Coupled with low levels of dust extinction in the NIR regime
(reduced by a factor of 10 compared to that of the optical range), such
observations are efficient for the detection of SNe missed by tradi-
tional optical surveys (see e.g. Mattila et al. 2007, 2012; Kankare et
al. 2008, 2012, 2021; Kool et al. 2018). CCSNe are direct tracers of
the current rate of massive star formation. Hence, they are useful in
characterizing the SFH of their host galaxies and the Universe (e.g.
Dahlen et al. 2012).

Besides the detection of dust obscured CCSNe, the SUNBIRD
sample is also used to study the physical details of SF activity and
its triggering in the context of strongly star-forming galaxies (e.g.
Viisédnen et al. 2008, 2014). While Ramphul & Viisinen (2015)
and Ramphul (2018) conducted follow-up spectroscopic observa-
tions with the Robert Stobie Spectrograph (RSS, Burgh et al. 2003)
on the Southern African Large Telescope (SALT, Buckley et al.
2006) to determine the stellar population properties of the galaxy
sample (see Section 2.2.2), Randriamanakoto et al. (2013a), Paper
I and Randriamanakoto (2015) focused instead on photometric in-
vestigations of their YMC populations.

The SUNBIRD parent sample is drawn from the flux-limited
IRAS Revised Bright Galaxy Sample (RBGS, Sanders et al. 2003).
The targets were selected based on the following criteria: i) they
have an IR luminosity range of 10.6 < log (Lir/Lo) < 11.9; ii)
the redshift coverage is up to z ~ 0.05 which translates to a lumi-
nosity distance Dy < 200 Mpc; iii) even though AGN were not ex-
cluded a priori, the sample is predominantly composed of starburst-
dominated systems with cool IRAS colours where f>5/fgo < 0.2;
iv) there is a suitable bright star nearby to serve as the AO natural
guide star (NGS). These requirements resulted in a representative
statistical sample of IR-bright galaxies within our distance limit
and above a luminosity log (Ljr /Lo) = 10.6, with a wide range of
morphologies and interaction stages (Section 2.2.1).

MNRAS 000, 1-24 (2022)
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2.2 SUNBIRD targets studied in this work

From the parent sample of Randriamanakoto et al. (2013a), we
exclude 8 galaxies with a relatively small number of YMCs (i.e.
N < 20) to avoid statistical bias in the fitted CLFs. We thus end
up with 34 targets, 8 of which had their CLFs already published
in our Paper I pilot study, whereas the rest of the galaxy CLFs
are presented in this work. By considering the derived sample, we
hope to conduct a more robust assessment of any possible biases as
well as our correlation searches with the CLF slope. Fig. 1 displays
the NIR AO images of these targets. They have been observed
with VLT/NACO, except NGC 3690, IC 883, IRAS F16516-0948,
IRAS F17138-1017, and IRAS F17578—-0400 that were imaged
with Gemini/ALTAIR/NIRI.

The constructed sample consists of 12 gas-rich starburst galax-
ies and 22 LIRGs. We refer to Table 1 for the properties of these 34
selected galaxies. To show the different IR luminosity and distance
ranges covered in this work, we plot in the IR luminosity - distance
plane a distribution of our SUNBIRD galaxies (blue points) on
top of the parent RBGS sample labelled as green dots (see Fig. 2).
Our sample is reasonably spread homogeneously in the luminos-
ity baseline with a median value of 1.2 x 10! L. The targets
have distances below 135 Mpc, except for IRAS 19115-2124 (also
known as the Bird, Viisédnen et al. 2008) which is located at Dy, =
206 Mpc with an angular scale of 0.97 kpc arcsec™L. Because of its
relatively large distance compared to the rest of the sample, we ex-
clude data from that target from some tests to avoid resolution bias
and treat it separately when investigating statistical bias in Section
4.2.2. We note that our choice to work on the same sample as in
Randriamanakoto et al. (2013a) is also motivated by the availability
of the galaxy K-band star cluster catalogues ready for analysis (see
Section 3.2).

2.2.1 Morphologies and interaction stages

The sample covers a wide variety of morphologies and interac-
tion stages: the first approach, pre-merger, merger, and post-merger
stages are respectively annotated as I, II, IIl and IV in Table 1. Note
that the classification is based on studying the apparent morpholo-
gies of the targets observed in the high-spatial resolution NIR AO
images in Fig. 1.

The galaxy disks remain stable during the first approach,
though the gas content becomes perturbed due to the violent dy-
namical evolution (Class I). Features such as tidal tails and bridges
are indicative of pre-merger stages with the distances between the
two disks and the two nuclei of the galaxies still far enough to be
detected individually (Class II). However, merging stages are un-
derway when the two coalesced nuclei are separated by a relatively
small projected distance (not more than 2 kpc) and both disks are
completely distorted to allow the formation of a common internal
structure (Class I1I). When the coalesced nuclei have merged com-
pletely, the more relaxed post-merger system has a much brighter
nucleus enveloped with some shell structures (Class IV). This cus-
tomized classification scheme is a simplified version of that from
Veilleux et al. (2002) and similar to the method adopted by Miralles-
Caballero et al. (2011). Finally, targets that are apparently undis-
turbed with no obvious pair within 10 arcmin radius, corresponding
to 100 to 300 kpc radius in the distance range of the bulk of the sam-
ple, are classified as isolated galaxies. They are identified as Class O
in Table 1. In the following sample, around a quarter appear to be
isolated and relaxed spirals (Class0), though sometimes slightly
perturbed as the galaxies enter on their initial approach (ClassI),
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Figure 1. NIR AO images for the 34 SUNBIRD targets studied in this work, 8 of which (demarcated by the black dashed lines) had their CLFs already
published in our Paper I pilot study. The name of each galaxy is shown in each panel. The horizontal line represents a scale of 1kpc where the pixel scale
values are respectively 0.022, 0.027, and 0.054 arcsec pixel_1 for Gemini/ALTAIR/NIRI, VLT/NACO S27 and S54 images. North is up and East is left.
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Table 1. The SUNBIRD galaxies mainly studied in this work (top) and those that already served as targets for our K -band CLF pilot study (bottom).

5

IRAS name Galaxy RA DEC log Lir Dy, Interaction
name (J2000) (J2000) (Lo) (Mpc) phase
(1) 2 (3) 4) 5) (6) )]
Targets with unpublished NIR CLFs
F00163 — 1069 MCG -02-01-052 00h18m50.1s —10d21m42s 10.63° 110.0 T
01173 + 1405 IRAS 01173 + 1405 01h20m02.7s +14d21m43s 11.63 127.0 I
F02509 + 1248 NGC 1134 02h53m41.3s +13d00mS51s 10.83 474 I
F04191 - 1855 ESO 550-1G025 04h21m20.0s —18d48m48s 11.45 135.0 I
F05091 + 0508 NGC 1819 05h11m46.1s +05d12m02s 10.90 61.9 0
06164 + 0311 IRAS 06164 + 0311 06h19m02.6s +03d09m51s 10.79 41.5 0
07077 — 2729 ESO491-G020 07h09m48.1s —27d34ml5s 10.867 43.5 1T
07202 - 2908 ESO 428-G023 07h22m09.4s —29d14m08s 10.76 44.5 0
F07329 + 1149 MCG +02-20-003 07h35m43.4s +11d42m34s 11.08 70.5 1T
F09529 — 3253 1C2522 09h55m08.9s —33d08m14s 10.63 46.1 1
F10015 - 0614 NGC3110 10h04m02.1s —06d28m29s 11.31 75.2 1T
F10409 — 4556 ESO264-G036 10h43m07.7s —46d12m45s 11.35 92.0 1
F10567 — 4310 ESO 264-G057 10h59m01.8s —43d26m26s 11.08 75.8 1T
F11005 - 1601 NGC 3508 11h02m59.7s —16d17m22s 10.90 59.1 0
F11143 - 7556 NGC 3620 11h16m04.7s —76d12m59s 10.70 24.9 0
F11255 - 4120 ESO 319-G022 11h27m54.1s —41d36m52s 11.04 72.3 0
F11506 — 3851 ESO 320-G030 11h53m11.7s —39d07m49s 11.10 49.0 0
F12043 - 3140 ESO 440-1G058 12h06m51.9s —31d56m54s 11.36 102.0 I
F12115 - 4656 ESO267-G030 12h14m12.9s —47d13m42s 11.19 80.9 I
12116 - 5615 IRAS 12116 - 5615 12h14m22.1s —56d32m33s 11.59 117.0 v
F12250 - 0800 NGC 4433 12h27m38.6s —08d16m42s 10.87 46.3 I
F12351 - 4015 NGC 4575 12h37m51.1s —40d32m14s 10.96 45.0 I
13052 - 5711 IRAS 13052 - 5711 13h08m18.7s —57d27m30s 11.34 91.6 v
F13473 — 4801 ESO 221-1G008 13h50m?26.4s —48d16m36s 10.77 46.7 I
F13478 — 4848 ESO221-1G010 13h50m56.9s —49d03m20s 11.17 459 I
F15467 — 2914 NGC 6000 15h49m49.5s —29d23m13s 10.97 32.1 v
Targets with published NIR CLFs
F11257 + 5850 NGC 3690E" 11h28m?27.3s +58d34m43s 11.66% 453 1
F11257 + 5850 NGC 3690W ' 11h28m32.3s +58d33m43 11.48% 453 1
F13182 + 3424 IC 883" 13h20m35.3s +34d08m?22s 11.67 101.0 v
F16516 — 0948 IRAS F16516 — 09487 16h54m24.0s —09d53m21s 11.24 94.8 v
F17138 - 1017 IRAS F17138 — 10177 17h16m35.8s —10d20m39s 11.42 72.2 1
F17578 — 0400 IRAS F17578 — 04007 18h00m31.9s —04d00m53s 11.35 57.3 I
18293 — 3413 IRAS 18293 — 3413 18h32m41.1s —34d11m27s 11.81 74.6 11
19115 - 2124 IRAS 19115 -2124 19h14m30.9s —21d19m07s 11.87 206.0 I

Notes. The targets are ordered with increasing RA. Col 1: IRAS survey name; Col 2: galaxy name, any target marked by  has
been imaged with Gemini/ALTAIR/NIRI, whereas the rest of the sample with VLT/NACO. In the literature, IRAS 19115 — 2124
is also dubbed the Bird; Cols 3 & 4: equatorial coordinates; Col 5: galaxy IR luminosity from Sanders et al. (2003), any value
marked by i is estimated by using the method described in Randriamanakoto et al. (2013a); Col 6: luminosity distance retrieved
from NED database; Col 7: the galaxy interaction phase where I refers to the first approach, II to the pre-merger phase, III and
IV for merger and post-merger stages, respectively. Class 0 regroups galaxies with undisturbed morphologies that are apparently

isolated.

another quarter are currently interacting or in a post-merger stage
(Class III and IV), and the rest are morphologically disturbed objects
during pre-merger stage (Class II).

2.2.2 Global galaxy properties

We highlight in this section relevant global properties of our galaxy
sample. The properties listed in Table 2 are fully presented in Ram-
phul (2018) and Viisdnen et al. (in prep); we also refer to Ram-
phul & Viisidnen (2015) and Ramphul et al. (2017). Very briefly,

MNRAS 000, 1-24 (2022)

full-spectrum stellar population analysis was done on low and
medium resolution long-slit spectra obtained on the SALT/RSS?
using STARLIGHT (Cid Fernandez et al. 2005) fitting procedures
based on the Bruzual & Charlot (2003) BCO3 library of synthetic
Single Stellar Population (SSPs). Spatially resolved (i.e. along the

3 Data were gathered from June 2011 until June 2014 under the fol-
lowing programs: 2011-3-RSA_OTH-023, 2012-1-RSA_OTH-032, 2012-
2-RSA_OTH-015, 2013-1-RSA_OTH-024, 2013-2-RSA_OTH-006, 2014-
1-RSA_OTH-002.
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Figure 2. Distribution of IRAS galaxies from RBGS (Sanders et al. 2003;
green dots) in the IR luminosity - distance plane. Our targets from the
SUNBIRD sample are shown as blue circles and are spread approximately
homogeneously all over the 2D-plane up to Dy, ~ 150 Mpc. The right panel
shows a histogram of IR luminosities of the SUNBIRD galaxy sample with
a bin size of 0.2 in the logarithmic scale.
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Figure 3. Some physical properties of the SUNBIRD sample studied in
this work (with available data from Ramphul 2018) represented by the black
points as compared to survey data (density contour plots and grey data
points for top and bottom panels respectively) and/or models (dashed line).
Top panels: the global SFR - stellar mass relation (left) and Ho plotted
against D,, (4000) (right) for the SUNBIRD galaxies as compared to low
redshift SDSS galaxies (Brinchmann et al. 2004; Abazajian et al. 2009). The
dark region of the contour plot indicates the highest concentration of the local
SDSS galaxies; Bottom panels: stellar mass vs. oxygen abundance (left) and
stellar mass-metallicity (right) plots comparing the SUNBIRD subsample
to local CALIFA galaxies studied by Sdnchez et al. (2013). The dashed line
represents the best-fitted relation considering the CALIFA sample.

slit) stellar population characteristics were derived, including ages,
Oxygen abundances and metallicities, extinction properties, as well
as both stellar and gas kinematics, and more detailed SFHs.

A selection of integrated galaxy properties is considered here
for the purpose of searching for correlations with the YMC charac-
teristics. In this work, we use global SFR values estimated based on
the galaxy IR luminosity (Kennicutt 1998b). This SFR indicator is
associated with regions of age below 100 Myr where young and ex-
treme SF bursts are responsible for the large fraction of IR emission
from starburst galaxies and LIRGs (e.g. Kennicutt & Evans 2012;
Pérez-Torres et al. 2021). The derived SFR levels thus cover the cur-
rent/recent SFH of the host galaxy. They probe similar timescales to
those reconstructed from YMC studies, since these massive objects
form whenever there is intense SF activity, which makes them a
good tracer of small-scale SF mechanisms.

The stellar mass My (derived from 2MASS K-band luminos-
ity while taking into account Galactic extinction effects and doing
k-correction), and the specific SFR, sSFR = SFR/M,; are also used,
along with the STARLIGHT-derived light (/) and mass (m) weighted
best-fit stellar population ages and stellar metallicities of the galax-
ies. These parameters are denoted as (Age);, (Age)m, (Z2)1, (Z)m,
respectively. We also use Ho and the D4000 index (an indicator of
the 4000A break) as measured directly from the spectra. Numer-
ous emission line strengths were measured after the best fit stellar
continuum was subtracted from the observed spectra. Table 2 shows
the measured Equivalent Width (EW) of Her, and the Oxygen abun-
dance measured from a variety of strong emission line diagnostics
calibrated to a common O3N2 base following the methods of Kew-
ley & Ellison (2008). Parameters such as D, (4000) and Hé can be
used as a proxy for the age of the stellar population while EW(Ha)
is a good indicator of recent SF.

Fig. 3 shows some relevant integrated properties of the SUN-
BIRD galaxies that are studied in this work with respect to their
stellar mass, SFR and Oxygen abundance characteristics. These
parameters are taken from Ramphul (2018). The top panels over-
plot the SFR - stellar mass relation and Hé vs. D, (4000) of the
SUNBIRD subsample and local star-forming SDSS galaxies from
the literature (Brinchmann et al. 2004; Abazajian et al. 2009). The
bottom panels compare the stellar mass vs. Oxgen abundance and
stellar mass-metallicity of the SUNBIRD galaxies to the properties
of local CALIFA galaxies studied by Sanchez et al. (2013). For all
four plots, our targets generally fall on top of the distribution of
low redshift SDSS and CALIFA galaxies, placing the SUNBIRD
galaxies in the context of the galaxy population as a whole. Overall,
they are massive galaxies with high SFR levels and with an un-
derabundance in metallicity by ~ 0.1 dex. The two outliers in the
stellar mass-metallicity relation (bottom right) correspond to ESO
221-1IG008 and ESO 491-G020, which have their stellar masses
relatively lower than the median value of log (M4 /Mg) ~ 11.08 for
the SUNBIRD sample. The pre-merging process happening in these
targets is likely to induce inflows of metal-poor gas, and once mixed
with the enriched gas would lower the observed metallicity whilst
triggering new SF episodes. Finally, most of the SUNBIRD targets
are associated with relatively low values of H§ and D;, (4000) com-
pared to SDSS galaxies, i.e. they are located within ~ 30 of the
distribution shown in the top right panel. This is due to the very
young SF episodes characterising the SUNBIRD galaxies. Exten-
sive physical interpretations of the correlations shown in Fig. 3 can
be found in Ramphul (2018).
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3 NIR DATA AND SOURCE CATALOGUES
3.1 Observations and photometry

We used the VLT NACO instrument to obtain the K-band AO
images of the 26 main targets between October 2010 and June
2011 (PI: Escala, PID: 086.B-0901). Some of the targets overlapped
with a sample from the observing run of PID: 089.D-0847 (PI:
Mattila). Therefore, complementary data from the latter cycle were
also included in this work. Either S27 or S54 cameras was used,
taking into account the size of the galaxy, providing a plate scale
of 0.027 or 0.054 arcsec pixel™!, respectively. Individual frames
were taken in dithering mode with 120 s per pointing. With a point
spread function (PSF) with FWHM of ~0.1 arcsec (equivalent to
a physical size of ~ 12 — 60 pc), the final science images have
resolutions that match with observations from the HST. The total
on-source integration times range between 20 and 40 minutes. We
refer to Randriamanakoto et al. (2013a) and Paper I for more details
on our IRAF-based data reduction pipeline. In the case of NGC 6000
and NGC 6240, NIR images were acquired from the observing runs
of PIDs: 084.D-0261 and 087.D-0444 (PI: Mattila). Given that
YMCs have typical sizes of 3 — 5 pc (e.g. Whitmore et al. 1999;
Brown & Gnedin 2021), we expect that our sample would contain
both individual clusters and small stellar complexes, i.e. clusters of
clusters on scales ~ 20 — 50 pc.

Object detection using SEXtractor (Bertin & Arnouts 1996)
was performed on the unsharped-masked version of the images. A
minimum of 8§ — 10 contiguous pixels above threshold combined
with a detection limit of ~ 1.50 above the rms background were
chosen to detect potential candidates. We then applied aperture
photometry on the catalogue with aperture radii of 2 and 3 pixels
(0.11 and 0.08 arcsec) for S27 and S54 frames, respectively. Sky
annuli were 0.05 — 0.08 arcsec in width with an inner radius of one
pixel away from the aperture radius in both cases. Depending on
the number of isolated point sources in the field, we either derived a
constant (growth curves until 1 arcsec) or an AO-distance dependent
aperture correction a. to account for the small aperture sizes of 2
and 3 pixels which respectively recover around 17 and 39 percent
of the source total flux, i.e. ac ~ 1.03 — 1.95 mag. If recorded,
VEGAMAG zero-points m( were taken from the ESO/NACO official
website. Otherwise, the same procedure as in Paper I was adopted
to estimate m(. The uncertainty of the absolute magnitudes ranges
between ~ 0.1 — 0.3 mag.

3.2 Star cluster catalogues

This section briefly summarizes the methods adopted to draw the

final cluster catalogues that were already used to establish the re-

lation between the NIR brightest cluster magnitude, Mlbglghte“, and

SFR in Randriamanakoto et al. (2013a). The same catalogues are
used to construct the CLFs in this work.

We identified the star cluster candidates of the SUNBIRD
galaxies following the selection steps presented in Paper I, ex-
cept that the value of the cutoff error o, = 0.35 mag to include
YMC candidates with slightly higher magnitude uncertainties due
to the complex varying background they reside in. Had we retained
om = 0.25 mag, we would have missed about 5 percent of the fainter
candidates. We checked, however, and found that the choice of error
cuts does not introduce photometric bias in our analysis. FWHM
versus concentration index*, C, plots were used to exclude contam-

4 The concentration index C is used to quantify the concentration of light
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inating sources with too narrow (stars) and too broad (background
galaxies) light profiles. Given that the sample covers a wide range
of luminosity distances, we defined FWHM and C cutoff values that
are adequate for selecting YMC candidates of each target. We note
however that these selection criteria become less robust for galaxies
with Dy > 100 Mpc where individual YMCs (typical sizes of 3 —
5 pc, e.g. Brown & Gnedin 2021) most likely appear as point-like
sources. A more stringent visual inspection of the NIR images was
conducted for these cases.

Table 3 lists the number of NIR-selected star clusters (N), the
number of YMCs above the 80 percent completeness limit before
(N') and after ( N;or) applying the completeness corrections (see
Section 3.3) to the data as well as the K-band magnitude of the
brightest star clusters of the targets with unpublished CLFs. While
ESO 221 - IG008 with an irregular nuclear region hosts more than
400 star clusters, the number of YMCs in ESO 319-G022, ESO
440-1G058, NGC 3620, and IRAS 01173+1405 only ranges be-
tween 20 and 30. These targets are not necessarily cluster-poor
but their high inclination (e.g. ESO 550—-1G050) and/or a degraded
AO correction and hence a science image with a low S/N ratio
(e.g. ESO440-1G058) are likely to hinder the detection of YMC
candidates. Since more than 95 percent of the detected clusters in
ESO440-1G058 and ESO 550-1G050 are respectively hosted by
the southern and northern part of the systems, we decided to only
consider the number of YMCs associated with these regions. In
such cases, the values of SFR and XgpR are derived by only con-
sidering the IR luminosity and the YMC surface areas of the south-
ern/northern component of the two pairs of galaxies. As for the
cluster NIR luminosities, we recorded candidates that are as bright
as —18 mag. Although we could be looking at the most massive
YMC s that form within the extreme environment of mergers such
as LIRGs (Randriamanakoto et al. 2019), there is also a possibility
that these very bright objects are star cluster complexes, especially
for Dy, > 100 Mpc (see Section 4.2.4). At fainter magnitude levels,
we were able to detect YMCs down to Mg ~—11 mag in this work
(e.g. ESO221-1G008, ESO 428-G023). Such a value is ~2 mag
fainter than for the K-band star cluster catalogues in our pilot study.

We note that rigorous visual inspection was done to ensure that
there are no galaxy nuclei, foreground stars, and any false detec-
tions included in the final catalogues. We discuss the photometric
completeness of the catalogues in Section 3.3.

3.3 Completeness analysis

In order to estimate the completeness limits for each galaxy, we
followed the same procedures as described in Paper I and Ran-
driamanakoto et al. (2019): we performed Monte Carlo (MC) com-
pleteness simulations, which include both the detection process
and the photometric analysis, with each NIR image between 16
and 23 magnitude range in steps of 0.25 mag. For each target, we
ran the simulations within three equally-spaced regions of different
background levels (while omitting the core nuclei) to derive more
accurate values of the recovered completeness fractions. The simu-
lated clusters were created from intrinsic point-source PSF models
(since the clusters would be unresolved) extracted using bright and
isolated stars in the fields of the actual real data frames in each
relevant galaxy data set. Because IC 2522 and NGC 3110 have a
more complex varying diffuse background field, we defined four

in the detected object. For a S27 frame, C = m px — m3px. The parameter
is defined as C = myq_5px — My 5px in the case of S54 data.
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Table 2. Global properties of the targets derived from stellar population analysis.

Galaxy name logM, log (SFR/My) EW(Ha) Ay st Ay Hil D4000 Hé 12+log(OH) log (Age); log (Age)m Z Zm
Mo) (™) (mag) (mag) (yr) (yr) (Zo) (Zo)
(¢)) ) 3) ) 5) (6) () ®) ©) (10 an 12) 13)
MCG -02-01-052 10.92 —-10.07 74.56 0.45+0.02  0.87 +0.02 1.07 4.03 8.57 7.68+0.02 9.86+0.06 0.88+0.07 0.75 +0.20
IRAS 01173+1405 - - - - - - - - - - - -
NGC 1134 - - - - - - - - - - - -
ESO 550-1G025 11.15 -9.67 - 1.48 +£0.04 219+ 141 1.07 4.41 - 7.34 £0.03 9.83 +0.06 1.06 + 0.08 0.94 +0.07
NGC 1819 11.26 -10.11 19.71 0.58 +£0.02 1.77 + 0.03 1.27 3.23 8.83 8.52 +0.02 9.91 +0.02 0.81 +0.05 1.77 + 0.08
IRAS 06164+0311 11.42 —10.38 2.86 0.74 £ 0.07 1.67 £ 0.87 1.36 -0.13 8.60 896 +0.07 10.10+0.01 0.99 +0.13 1.56 £ 0.10
ESO 491-G020 10.26 -9.18 36.11 0.17£0.04 1.29+0.04 1.17 2.58 8.61 8.40 £ 0.01 9.82 +0.07 0.40 + 0.08 0.27 £ 0.09
ESO 428-G023 11.07 -10.07 21.45 0.61 £+0.03 2.08 +0.03 1.29 2.84 8.80 8.62 +0.03 9.88 +0.03 0.64 + 0.06 1.60 £ 0.13
MCG +02-20-003 - - - - - - - - - - - -
IC 2522 10.87 -10.02 21.33 0.80 £+0.03 1.76 +0.03 1.19 3.82 8.75 8.06 + 0.05 9.94 +0.04 0.59 +0.07 1.65+0.18
NGC 3110 11.24 -9.07 41.47 1.19+0.02 2.28 +0.02 1.17 4.13 8.77 7.87 +0.02 9.89 +0.03 0.58 +0.04 1.52+0.13
ESO 264-G036 11.45 -9.87 15.46 0.67 +0.02 3.07 +0.05 1.29 3.49 8.77 8.46 + 0.04 9.81 +0.04 0.72 £ 0.05 1.32 +0.12
ESO 264-G057 11.10 -9.08 37.32 1.29+0.03 2.81 +0.09 1.17 3.04 8.81 7.77 £ 0.04 9.97 +0.03 0.75 + 0.06 1.72 £ 0.11
NGC 3508 10.89 -9.74 36.20 1.12+0.03 191 £0.02 1.15 4.45 8.67 7.98 +0.03 9.91 +0.03 0.68 + 0.05 1.59 +0.13
NGC 3620 - - - - - - - - - - - -
ESO 319-G022 10.89 -9.61 17.43 0.96 +0.03 2.40+0.10 1.32 3.00 8.85 8.41 +0.03 9.82 +0.04 0.98 +0.07 1.44 £0.12
ESO 320-G030 10.98 -9.66 28.67 0.94+£0.03 2.22+0.03 1.22 3.00 8.83 8.42 +0.03 9.90 +0.01 0.71 + 0.06 1.76 £ 0.16
ESO 440-1G058 10.34 -8.83 7.88 0.65+0.05 0.93+0.56 1.17 6.14 - 8.05 £ 0.04 9.71 £ 0.10 0.28 + 0.04 0.77 £ 0.36
ESO 267-G030 11.25 -9.84 30.32 1.06 £0.02 259 +0.11 1.25 2.82 8.64 8.35+0.03 9.94 +0.03 0.81 + 0.06 1.78 £ 0.09
IRAS 12116-5615 11.18 -9.36 - 1.65+0.04 4.25+2.03 1.16 4.88 - 8.20 £ 0.01 9.86 + 0.04 0.52 +0.06 1.58 £0.12
NGC 4433 10.85 -9.74 46.49 1.21 £0.04 2.59 +0.03 1.12 4.53 8.68 775+0.03  9.94+0.05 1.14 £ 0.07 2.04 £0.16
NGC 4575 10.85 -9.65 23.66 1.03+0.03 1.94+0.03 1.17 4.60 8.77 798 +0.03 9.95+0.03 0.57+0.04 1.79 £ 0.13
IRAS 13052-5711 11.14 -9.57 15.39 0.77 +£0.03  1.79 £ 0.05 1.28 2.50 8.74 8.54+0.04 9.89+0.04 0.97+0.09 0.99 +0.15
ESO 221-1G008 10.16 -9.16 113.69 0.26 +0.05 0.88 +0.03 1.00 4.23 8.36 748 +0.03 9.72+0.09  0.95+0.05 0.34 +0.09
ESO 221-1G010 10.93 -9.53 53.36 0.78 +0.04 191 +0.04 1.13 2.60 8.82 7.84+0.03  9.99 +0.03 1.20 + 0.07 1.44 +0.16
NGC 6000 11.05 -9.85 31.54 1.20+0.01 2.23+0.03 1.16 3.65 8.90 8.03+0.02 991+0.03 0.62+0.04 1.67 +0.11
NGC 3690E - - - - - - - - - - - -
NGC 3690W - - - - - - - - - - - -
IC 883 - - - - - - - - - - - -
IRAS F16516-0948 11.26 -9.78 57.11 1.01 +£0.06  2.29 +0.06 1.10 3.33 8.62 746+0.05 9.89+0.08  0.50 +0.06 0.87 +£0.13
IRAS F17138-1017 11.10 -9.45 - 247+0.05 6.08+0.17 1.19 242 8.71 8.58 £0.09  10.00 + 0.02 - -
IRAS F17578-0400 10.74 -9.16 - - - - - - - - - -
IRAS 18293-3413 11.37 -9.33 1.28 0.49+0.02 1.67+095 1.44 1.48 - 9.10+0.01  9.59 +0.04 - -
IRAS 19115-2124 11.62 -9.52 51.27 1.25+0.03 2.67+0.28 1.16 2.98 8.68 7.84+0.02 9.94+0.03 0.71 +0.05 1.31+0.14

Notes. The targets are ordered with increasing RA. Col 1: galaxy’s common name; Col 2: stellar mass assuming Salpeter IMF; Col 3: specific SFR; Col 4: measured EW of Ha; Cols 5 & 6: stellar and
nebular extinction; Cols 7 & 8: measured values of D4000 index and HS; Col 9: estimated values of Oxygen abundances; Cols 10 & 11: age weighted by light and mass, respectively; Cols 12 & 13:

metallicity weighted by light and mass, respectively.

regions for them instead. The latter target, along with NGC 1134,
NGC 4575, NGC 6000, IRAS 01173+1405 and ESO 440-1G058 do
not have bright and isolated stars in their field. We thus used a rep-
resentative PSF model constructed from other fields but with a
similar distance from their AO reference star while running their
corresponding MC simulations.

Fig. Al in the Appendix shows the completeness curves for all
26 main targets where the different solid lines indicate the recovered
fractions from the three or four well-defined regions. The horizontal
black and green dashed lines mark respectively the 50 and 80 percent
completeness levels with the corresponding apparent and absolute
magnitudes of the middle region (used as a reference) listed in
Table 3. We find that the star clusters in this region are typically
80 percent complete down to mg ~ 20.4mag. This cutoff level
however tends to brighten by ~ 1 — 2 mag when we move toward
the innermost region of a galaxy with highly variable background
levels. These analyses will be considered while deriving the CLFs
corrected from observational incompleteness (see Section 4).

In Sections4.2.3 and 4.4, we quantify the robustness of our
method for computing the recovery rate of missing sources as a
function of input magnitude. These will help assess the impact of
completeness bias on the derived CLFs.

4 STAR CLUSTER LUMINOSITY FUNCTIONS

4.1 CLFs of the individual SUNBIRD targets

Fig. 4 presents the binned K-band LFs (open circles) for YMC
candidates hosted by the 26 galaxies in our main sample. We use
a constant bin size and then apply completeness corrections to the
observed magnitudes to generate more accurate cluster luminosity
distributions (filled circles). For each panel, the solid line denotes
the single power-law distribution, dN/dL oc L™%, that we fit to the
corrected data. Such a function is well-known to be a reasonable
approximation of CLFs. The vertical bar represents the 80 percent
completeness level above which we perform the fit in order to esti-
mate the power-law slope @°* using the constant binning method.
This high cutoff limit was chosen to generally coincide with the
peak in the luminosity histogram and hence to ensure that most of
the bins included in the fitting process are not missing star clusters.
We refer to Paper I for a comprehensive description of the meth-
ods used to derive the LFs and the fitted power-law slopes that are
listed in the first column of Table 4. The uncertainties in the slopes
are derived from the rules of propagation of errors, considering the
uncertainty in y from the relation & = 2.5y + 1 where y is the slope
of the weighted linear fit in log-log space (Elmegreen & Efremov
1997).

The median and average of the power-law slope over the sample
are respectively a1, = 1.87 + 0.23 and af(g, = 1.93 £ 0.23, with
« ranging between 1.53 and 2.41. These values are consistent with
the estimated CLF slopes for the 8 LIRGs in our pilot study where
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Table 3. The completeness levels as well as the final number of YMC candidates for each target after imposing our selection criteria. We also tabulate the
galaxy’s SFR density and the K -band absolute magnitude of the brightest star cluster.

Name 50 % comp.limit 80 % comp.limit N N N, SFR 2SFR M Ib(r ightest
Appmag Absmag Appmag  Abs mag Mo yr™")  (SFR/ kpcz) (mag)

@ @ 3 “ (&) ® O ® (&) (10) (€8Y]
MCG -02-01-052 20.4 -14.8 20.1 -15.1 41 26 27 7t 0.12 -17.21+£0.13
IRAS 01173+1405 20.4 -15.1 20.0 -15.5 26 21 25 73 3.66 —18.00 £ 0.20
NGC 1134 21.3 -12.1 20.9 -12.4 128 115 126 12 0.23 -15.80£0.12
ESO 550-1G025—-N 21.3 -14.4 20.9 -14.8 59 39 41 307 0.36 -17.07 £0.12
NGC 1819 20.6 -13.4 20.2 -13.8 136 114 151 14 1.10 -17.11£0.11
IRAS 06164+0311 20.3 -12.8 20.0 -13.1 47 47 57 11 0.17 -16.06 £0.12
ESO491-G020 20.5 -12.7 20.2 -13.0 51 48 62 127 1.67 —17.47£0.19
ESO 428-G023 21.5 -11.8 21.2 -12.0 96 78 83 10 0.33 -15.51£0.15
MCG +02-20-003 21.4 -12.8 21.0 -13.2 45 44 63 20 0.82 -16.19 +£0.11
1C2522 21.5 -11.8 21.1 -12.2 302 228 250 7 0.05 -15.52+0.13
NGC3110 20.9 -13.5 20.6 -13.8 35 279 134 167 0.18 -17.74 £0.13
ESO264-G036 20.5 -14.3 20.2 -14.6 85 74 91 38 0.38 -17.98 +0.19
ESO264-G057 21.6 -12.8 21.2 -13.2 144 123 135 20 0.13 -17.15+£0.21
NGC 3508 20.8 -13.1 20.4 -13.5 108 26 27 14 0.24 -16.42 £0.16
NGC 3620 19.7 -12.3 19.5 -12.5 27 26 44 9 3.98 —15.65 £0.18
ESO319-G022 21.1 -13.2 20.8 -13.5 25 23 28 19 0.29 -15.98 £0.11
ESO 320-G030 19.8 -13.6 19.5 -139 49 44 66 21 2.51 -15.70 £0.16
ESO 440-1G058—- S 21.1 —-14.0 20.8 -14.2 26 21 34 32t 1.11 -17.79 £ 0.13
ESO267-G030 20.4 -14.2 20.0 -14.5 94 75 111 26 0.74 —-16.86 £ 0.14
IRAS 12116-5615 20.0 -15.4 19.2 -16.2 45 34 38 66 5.31 —18.42£0.14
NGC 4433 20.5 -12.8 20.2 -13.2 75 73 84 13 0.35 -16.39 £0.11
NGC 4575 20.5 -12.8 20.2 -13.1 48 48 57 16 0.91 —15.62 +£0.12
IRAS 13052-5711 21.3 -13.5 21.1 -13.7 31 31 38 37 6.54 -16.51£0.15
ES0221-1G008 21.8 -11.5 21.5 -11.9 414 321 361 10 0.20 -15.90 £0.13
ESO221-1G010 19.6 -13.7 19.4 -139 50 48 56 25 0.45 -17.19£0.13
NGC 6000 20.4 -12.1 20.0 -12.5 285 273 309 16 0.39 -16.36 £0.19

Notes. Col 1: galaxy name; Cols 2 — 5: apparent and absolute K -band magnitudes of the 50 and 80 percent completeness levels, respectively. These
values correspond to the middle background region where more than =~ 50 percent of the data points are below the contour level limiting that region; Col
6: number of YMCs for o0 < 0,5 Cols 7 & 8: number of YMCs above the 80 percent completeness limit before and after applying the completeness
corrections to the data, respectively. The latter is used to produce the fitted CLF of the galaxy in Fig. 4; Col 9: SFR based on the galaxy IR luminosity, any
value marked by T is estimated by using the method described in Randriamanakoto et al. (2013a); Col 10: SFR density of the host galaxy, the estimated
area used to derive Zgpr is described in Section4.3.4; Col 11: K-band absolute magnitude of the brightest star cluster. We consider only the southern
(northern) component of the interacting system in the case of ESO 440-1G058 and ESO 550-1G050.

Qaver = 1.87 £ 0.30 with 1.45 < @ < 2.29. We also report in Table
4 the reduced chi-square, sze & of the fit to assess whether a power-
law is an appropriate approximation of the CLF. In most cases,
szc 4 ~ 1 which means that a single power-law fit is generally a good
representation of the SUNBIRD CLFs.

Before further discussion, we perform various analyses in Sec-
tion 4.2 to test the accuracy of our results and to identify any possible
biases and uncertainties that might affect the shape of the derived
CLFs. In fact, while Mafz Apelléniz & Ubeda (2005) already cau-
tioned that the LF might be sensitive to the exact number of YMCs
used in the case of a constant magnitude binning, other issues such
as blending effects should also be carefully investigated (e.g. Paper

D).

4.2 Possible uncertainties and biases
4.2.1 Choice of binning

Even though an equal luminosity-sized binning (which we adopted
in this work) is the most commonly used approach to generate the
LF of star cluster systems, we also explored other methods and
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then compared the results. This will help confirm the authenticity
of the derived LFs and subsequently the nature of the relatively
shallower slopes from the fitting process. In fact, the choice of
binning can affect the value of the measured power-law slope @ as
already pointed out by e.g. Maiz Apelldniz & Ubeda (2005) and
Cook et al. (2016). An artificial flattening as large as 0.3 in the
binned luminosity functions might occur, especially for targets with
small data sets in case of a constant binning.

The grey and blue histograms of Fig. 5 represent respectively
the distribution of the derived CLF slopes from a constant (cte) and
a variable (var) binning while including the whole sample (i.e. all
34 targets). The latter method considers an equal number of clusters
in each bin, of which the derived LF slopes (a¢*?") of the main
targets range from 1.42 to 2.37 with a median and average value
of ayl, = 1.88 £0.27 and ayye, = 1.94 £ 0.27, respectively (see
third column of Table 4). These values are consistent within their
uncertainties with the CLF slopes from a constant binning. In fact,
we found that ¢ — ¥ < +0.10 in most cases, and the one-to-one
distribution between the two slopes has a general scatter of 0.16.
They are also in agreement with the results from our pilot study in



10

Z. Randriamanakoto et al.

[ ESO 320-G030 [ ESO 264-G036 [ ESO 267-G030 [ NGC 4433
Zf a=2.05+0.14 - a=1.86+0.2 - a=2.31+0.11 r a=1.88+0.17
I [ [ o [ 2 [
o | o L L ° L
=1+ \ — . ® — ° L
AN . f Q f f 3
= [ [ [ [
3 [ [ . [ . [ . °
o+ . — — [} —
E N—49 ; N—85 | ; N‘=94 | ; N_75
[ ESO 319-Go22 | ESO 264-Go57 | ESO 428-G023 [ NGC 1819
21 a=1.84+0.11 - a=2.18+0.08 - a=1.81+0.12 - a=1.75+0.13
~ I [ N [ [
= s r [oe r
Z 1+ — — . =
% r * r oo [e r
S [ . [ [ . [ .o
(0] — e J - [} — e
[ N =25 [ N—144 X N—96 X N—136
P T SR S SR L A | [ A | [ | A
i IC 2522 i ESO 291-Go20 | MCG +02-20-003 [ ESO '550-1G025
2F a=2.41+0.08 - a=1.78+0.08 - a=1.87+0.18 - a=1.88+0.11
—~ [ %0 - L L
T [ r r r .
- . . 7 )
= [ [ [ [
ST o i i . i . °
(0] — — e — .
. N = 302 H N =51 H N =45 H N =59
[ A [ | [ A R [ A |
[ NGC 3620 [ ESO 221-16008 [ NGC 3110 [ NGC 1134
2+ a=1.78+0.16 e a=2.0£0.11 — a=2.31+0.08 — a=174+£0.16
[ o N N
I [ [o [ [
Q L L L L J
Rt \ : - -
= [ [ [ [
S i i r* .
of-» - - -
. N—27 . N =414 . N—279 . N—128
[ - . | T SR N [ . o [ . M| .
[ NGC 4575 [ NGC 3508 [ MCG Z02-01-052 [ IRAS 06164+0311
2+ a=1.97+0.13 — a=2.09+0.15 — a=2.27+0.12 — a=2.22+0.1
[ - N N
I [ [ [ [
st 3 — — . —
Z 1 \ - - -
S N N N
= [ [ [ [
ST ¢ o i \ :
o + e H
E N =48 | ; N = 108 | ; N =41 | ; |
[ IRAS 01173+1405 [ ESO 221—IGOlO [ IRAS 13052—- 5711 [ IRAS 12116-5615
2 a=178+0.14 - a=1.75+0.16 - a=1.65%0.15 - a=1.53+0.18
I [ [ [ [
E g g o] L g g
s - ; SN ST
< D [ [ ° [
S [ [ . . [ . [
U r r n
X N—26 X N =50 X N =31 X N =45
P I | N AT I U R [ oo oy M M B -
i ESO 220-1G058 | NGC 6000 i i
2F a=1.64+0.09 - a=1.82+0.19 - -
I [ [ [ [
Q L L L L
=1+ - - -
S ) [ [ [
[o2]
St [ [ [
(] 3 . — - L
. N =26 . N = 285 . .
PR N S I S s N S IR B P | P A | P I I
—12 ~15 —18 —12 —15 —18 12 ~15 —18 12 ~15 —18
Mg My My Mg

Figure 4. Individual LFs before (open circles) and after (filled circles) completeness corrections for the YMCs hosted by the 26 SUNBIRD galaxies using a
constant magnitude binning. For ease of comparison, the range in the y-axis is normalized to the same arbitrary number for all panels. The dashed grey line
indicates the 80 percent completeness level above which a single power-law function (solid line) is fitted to the corrected data. The linear fit slightly extends
beyond that vertical line whenever the value of the 80 percent level is smaller than the bin center magnitude of the last fitted bin. The derived slopes as well as
the number of YMCs for each galaxy are included as insets in the CLF plots.
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Table 4. The derived power-law indices of the CLFs.

Galaxy name at® v /Yé d
m ® ©) @
MCG -02-01-052 227 +0.12 2.36 +0.08 0.04, 0.90
IRAS 01173+1405 1.78 £ 0.14 1.90 £ 0.08 0.66, —
NGC 1134 1.74 £ 0.16 1.78 £ 0.10 2.08,5.70
ESO 550-1G025 1.88 £0.11 1.63 £ 0.09 1.17,7.22
NGC 1819 1.75+0.13 1.72 £ 0.10 2.62,0.72
IRAS 06164+0311 2.22+0.10 1.88 £ 0.09 0.38,2.84
ES0491-G020 1.78 £ 0.08 1.74 £ 0.07 0.99,0.93
ES0428-G023 1.81 £0.12 2.04 £0.10 0.92,4.98
MCG +02-20-003 1.87 £0.18 2.27 £0.10 4.81, -
1C2522 2.41 £0.08 2.25+0.11 1.29,12.71
NGC3110 2.31+0.08 2.19 £0.11 0.82,4.42
ES0264-G036 1.86 = 0.20 1.90 £ 0.09 1.29,3.38
ES0264-G057 2.18 £ 0.08 2.05 £ 0.09 0.40, 3.37
NGC 3508 2.09 £0.15 2.37 £0.12 0.33, -
NGC 3620 1.78 £ 0.16 1.66 + 0.09 0.24,5.76
ESO319-G022 1.84 £0.11 1.85 £ 0.06 0.74, -
ESO 320-G030 2.05+0.14 2.11+0.12 3.72,3.32
ESO 440-1G058 1.64 £ 0.09 1.42 £ 0.07 247,392
ES0267-G030 2.31£0.11 2.28 £0.10 2.60,3.73
IRAS 12116-5615 1.53+£0.18 1.42 £ 0.09 0.30, —
NGC 4433 1.88 +£0.17 2.27 £ 0.09 3.07,0.51
NGC4575 1.97£0.13 1.85 £ 0.09 1.98,2.66
IRAS 130525711 1.65 £ 0.15 1.63 £ 0.09 1.09, -
ES0221-1G008 2.00 £0.11 2.02 £0.10 1.29,10.42
ES0221-1G010 1.75+£0.16 1.75 £ 0.08 1.29,0.54
NGC 6000 1.82£0.19 1.88 + 0.09 1.96,3.18
26 Targets

Average: 1.93+0.23 1.94 +£0.27

Median: 1.87 £0.23 1.88 £0.27

34 Targets

Average: 1.92 +0.24 1.93 +£0.28

Median: 1.86 +0.24 1.88 £0.28

Notes. Col 1: galaxy name; Cols 2 & 3: the indices derived from binning
with a constant and a variable bin width, respectively; Col 4: the reduced
Chi Square values for the single power-law fits using the constant and
the variable binning, respectively. Note that for small data sets, there are
cases where the least-square fitting fails to return a value of ,yrze g orif
computed, such value may not be a good representation of the goodness
of the fit. The estimated average and median values of the slopes are also
shown in this table, considering the main data sets of 26 targets and then
all 34 SUNBIRD galaxies that have a computed CLF.

Paper I: CLFs of the SUNBIRD galaxies have generally power-law
slopes shallower than the canonical index of —2 in both studies.

We also note that additional systematic tests have shown that
the choice of the luminosity-sized bin width should not statisti-
cally affect the value of o*. Changing the bin size only leads to a
small scatter of ~ 0.15 in the current slopes that have comparable
uncertainties to this value.

Based on these analyses, we conclude that the observed flat-
tening in the LF slope could not be mainly caused by the choice of
binning. We consider @* from the constant binning method in the
remainder of this work, hereafter also referred to as the power-law
slope a. It is worth mentioning that other fitting techniques such as
Bayesian probabilistic modeling or maximum-likehood of cumula-
tive functions can also be used to study the star cluster MFs/LFs
(see e.g. Johnson et al. 2017; Messa et al. 2018; Mok et al. 2019;
Adamo et al. 2020). Based on the comprehensive fitting analysis in
Appendix B of Messa et al. (2018), we would expect to get similar
results by using these methods, especially for N > 100.
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Figure 5. Distributions of the CLF power-law slopes for the 34 SUNBIRD
targets, assuming a constant (cte, grey histogram) and a variable (var, blue)
binning. The median values of @ are 1.86+0.24 and 1.88+0.28, respectively.

4.2.2  Statistical bias and stochastic sampling

In Fig. 6, we plot the resulting LF slope « against log N, which is
the number of clusters with K-band luminosities brighter than the
80 percent completeness level for each target. By referring to the
correlation coefficient’ , r = —0.09, there is no clear trend between
« and the parameter log N in the overall data. The random scatter
in @ indicates that a flattening in the CLFs, especially for cluster-
poor galaxies, cannot be caused by stochastic effects which can
manifest by the presence of bright star clusters at the bright end
of the LF (see e.g. Cook et al. 2016). For consistency checks, we
applied other cutoff values (—15, -14.5, —14, and —13.5 mag)
to the data and we recorded similar trends as seen in Fig. 6, i.e.

no clear correlation found between the two parameters. Fig. 3 in

Randriamanakoto et al. (2013a) shows Mlb("'ghteSt plotted against

log (N, Mg < —15mag). Although there is a correlation between
the two parameters because of size-of-sample effect, more scatter is
also recorded in the magnitudes of the brightest clusters for cluster-
poor galaxies.

Nonetheless, we specifically looked at targets with a cluster-
poor population, defined as N < 30 in this work. These galaxies are
ESO 319-G022, ESO 440-1G058, IRAS 01173+1405, NGC 3620,
and IRAS 13052—-5711. They have CLF slopes ranging between
1.64 — 1.84 with an average value of 1.74 + 0.08. If N < 50, the
average value becomes 1.87 + 0.22 as it includes six more targets.
The derived average values in both cases are relatively lower than
o, = 1.93 + 0.23 but still consistent within uncertainties. This
quick analysis is motivated by the results from Maiz Apelldniz &
Ubeda (2005) where they have found that a spurious flattening of «,
as large as 0.3 from its original value, is highly expected for small
data sets that are binned constantly due to the low-number statistics
per bin.

While the overall YMC catalogues did not present any promi-
nent statistical and stochastic effects (Fig. 6), power-law slopes of
cluster-poor galaxies cannot be entirely immune from the LF bin-

5 The significance of a linear association between two variables can be
measured by the Pearson correlation coefficient » where —1 < r < 1 with
r = 0 for no correlation and abs(r) = 1 denoting a perfect correlation.
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Figure 6. The power-law slope « from a constant binning plotted against
the number of YMCs with luminosities brighter than the 80 percent com-
pleteness level for each galaxy. All 34 galaxies are included in this plot with
the open circle representing data points of the Bird.

ning effects. In fact, the same conclusion can be drawn from the
composite CLF of cluster-poor galaxies presented in Section 4.3.1.

4.2.3 PSF size of the MC completeness simulations

This section investigates the influence of the PSF size on the simu-
lated completeness fractions and consequently, on the shape of the
corrected LF and the value of its slope a. The choice of the PSF
model is essential because the data set was imaged using single con-
jugate AO systems, and as a result, the detected objects are expected
to have different PSF sizes across the field: the closer an object is
to the natural guide star, the smaller its FWHM will be (Table 5).

We performed a varying PSF test using point sources in the
field of ESO264—-G036. Three bright and isolated stars scattered
over the field were selected to represent different PSFs. The upper
left panel of Fig.7 depicts the radial profiles of the sharp (green
and blue) and the extended (red) PSF models. We then generated
three sets of completeness fractions at each magnitude level based on
these representative models. The upper right panel of Fig. 7 indicates
that the trends of the completeness curves are consistent with the
varying size of the input models: simulations performed with a
wider PSF (red curve) record lower completeness of detections as
we go towards fainter magnitudes compared to the ones that use a
narrower PSF (the other curves).

If we fit the corrected LFs until their respective 80 percent
completeness levels (as listed in Table 5), we get power-law in-
dices ranging between 1.87 — 1.92. These values are consistent with
1.86 % 0.20, which is the value of the slope recorded in Table 4 for
ESO 264—-G036. There are no significant changes in the shapes of
the LFs, except the second-last magnitude bin of the LF that was
corrected using completeness fractions computed from an extended
PSF model (see the bottom panels of Fig. 7). This particular bin is
however already below the 80 percent completeness level and hence,
would be excluded from our analysis.

These results show that the location of the selected PSF stars,
either close or distant from the NGS, does not introduce a significant

Table 5. Properties of the PSF stars in the field of ESO 264—-G036 and the
resulting LF slopes.

PSF/FWHM mpsp AO-dist Comp.lims [ed
(pix) (mag) (arcsec) (50, 80)% (mag)

(6] 2 3) (€] 5)
3.32 12.4 243 —14.4,-14.8 1.87 £ 0.09
4.04 13.7 36.4 —14.5,-14.8 1.92 + 0.09
5.20 11.1 50.9 -14.9,-15.2 1.89 £ 0.10

Notes. Cols 1 & 2: FWHM and apparent magnitude of the
PSF star; Col 3: its distance to the AO-NGS; Col 4: absolute
magnitudes of the 50 and 80 percent completeness levels, re-
spectively; Col 5: value of the power-law index from the fitted
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Figure 7. Upper left: radial profile of the PSF used to create artificial
PSF star. Upper right: Completeness fractions as a function of the PSF
used. Lower panels: K -band CLFs of ESO 264—G036 corrected by different
completeness fractions. The black solid line is the completeness-corrected
LF while the dash-dotted red line is the original one. The blue solid line
represents the single power-law fit to the CLF. The dashed grey line marks
the 80 percent completeness level.

bias toward the shape and the slope of the derived LF. Using a single
PSF model is therefore a reasonable approximation to generate the
simulated completeness fractions throughout the host galaxy field.

We refer to Section 4.4 which presents the CLFs for cluster-
rich galaxies but also investigates further the dependence of the
computed completeness fractions on the defined regions used to
run the MC simulations.

4.2.4 Resolution bias

Investigating the effect of spatial resolution on the CLFs for a SUN-
BIRD subsample is among our key results in Paper I. Various meth-
ods such as Monte Carlo-based blending simulations in LFs as well
as SC analysis in a redshifted Antennae Galaxies were conducted
and we have shown that the resulting power-law slopes of the LIRGs
with distance D7, < 100 Mpc should only flatten by ~ 0.15 at most
because of resolution bias.

In spite of these findings and the use of a small radius of 2
or 3 pixels (~ 0.1 arcsec) for aperture photometry (a radius which
corresponds to a physical size of ~ 12 — 60 pc at the distance of
our targets), we also run additional tests as a further check to the
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significance of spatial resolution bias on the overall SUNBIRD
CLFs, excluding the Bird. We thus draw the following plots:

(i) the power-law slope « plotted against the luminosity distance
of the sample in the left panel of Fig. 8. The open circles corre-
spond to the main targets with their individual CLFs shown in Fig. 4,
whereas the filled circles represent the old data from our pilot study.
The data points are randomly distributed, especially for targets with
Dy < 100 Mpc (dashed line) where the average value of the indi-
vidual slopes is @ayer = 1.94 + 0.23. For the most distant targets,
ie. Dp > 100 Mpc, 1.45 < @ < 2.27 and aayer = 1.76 £ 0.27.

(ii) the composite CLFs for targets out to distances Dy < 100
Mpc and then Dy, > 100 Mpc in the middle and right panels of
Fig. 8, respectively. We apply a single power-law fit to the combined
completeness-corrected data down to a cutoff level of —14.5 mag.
The derived slopes are 2.07+0.12 and 1.57+0.08, respectively. If we
split further the SC catalogues from the relatively less distant targets
into Dy < 60 Mpc and 60 < Dy (Mpc) < 100, we get CLF slopes
of 2.15+£0.07 and 2.02 + 0.12, respectively. We note that the cutoff
limit of —14.5 mag will be used throughout the paper as a value
giving more than 50 percent completeness in most galaxies, except
for MCG-02-01-052, IRAS 01173+1405, and IRAS 12116-5615
(refer to Section 3.3 and Table 3). We have checked that going down
to this limit does not affect the slope recovered from the power-law
fitting. In fact, while considering a brighter cutoff of —15 mag, the
values of @ respectively become 2.12 + 0.12 (D, < 100 Mpc) and
1.64+0.09 (D1, > 100 Mpc). These are consistent with the derived
values of @ for a limit of —14.5 mag.

The wide scatter of the data in the left panel of Fig. 8 and the
indices that are similar to the canonical slope @ = 2 for Dy, < 100
Mpc in the middle panel indicate that spatial resolution effect does
not have a strong influence on the derived power-law slopes of the
less distant targets. These results are in good agreement with the
blending analyses reported in Paper I: at distances below 100 Mpc,
the effect of spatial resolution should not be a major issue and
cannot have sole responsibility for any small value of @. Beyond
that distance, the effect is likely more prominent and by artificially
flattening the CLF as more star cluster complexes populate the bright
magnitude bins. There are 6 SUNBIRD targets that have distances
100 < D, (Mpc) < 135.

4.2.5 Extinction

The star cluster catalogues presented in Section 3.2 are not corrected
for foreground galactic extinction which is negligible in the NIR
regime. And we could not estimate the extinction of each individual
YMC since our current analysis is based on observations with a
single filter. The K-band magnitudes used to derive the CLFs in
Fig.4 are thus not de-reddened, yet they are already associated
with shallower power-law slopes. The extinction effect is likely
more significant to the YMCs residing in the nuclear regions of
the SUNBIRD galaxies. As an illustration, Randriamanakoto et al.
(2019) derived a visual extinction Ay between 2.5 to 4.5 mag for
the YMCs hosted by the inner regions of Arp 299 while the ones
outside of the highly obscured regions have an extinction Ay < 0.8
mag. Larson et al. (2020) indicated that a significant extinction
effect would further decreases the measured power-law slope of
local LIRGs. The flattening arises because more data points will
populate the bright magnitude bins.

Finally, the multi-band study of the YMC population in Arp
299 also revealed that regardless of the optical filter used (U, B
and ), the fitted CLF of this interacting LIRG always returns a
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shallower slope ranging between 1.61 — 1.81 in that wavelength
regime (Randriamanakoto et al. 2019). Based on these findings and
due to the lack of NIR CLF works in the literature to compare
directly with our results, it is thus still reasonable to compare the
power-law slopes of our SUNBIRD K-band CLFs to those of nearby
galaxies with less intense SF activity that are primarily based on
optical observations.

4.3 CLFs of composite ""Supergalaxies'

In this section, we create LFs from composite "supergalaxies"” to in-
crease the number statistics of the YMCs hosted by the SUNBIRD
sample. All presented CLFs are drawn using a constant magni-
tude binning and corrected for observational incompleteness. Such
analyses will help us explore the nature of the LF and its measured
power-law slope. To avoid bias, we do not include data points from
the Bird where the cluster magnitudes are significantly different to
the rest of the catalogue (Paper I).

4.3.1 Considering all SUNBIRD galaxies

The left panel of Fig. 9 shows a completeness-corrected composite
LF from the combined star clusters of 33 galaxies. We apply a
power-law fit (solid line) to the CLF down to a magnitude limit
Mg = —14.5mag where 80 percent of the SUNBIRD data should
be complete. We measure a bright end slope of @ = 1.98 = 0.10
which is consistent with the average and median slopes of individual
LFs presented in Section 4. The exponent of the composite LF spans
between 1.98 and 2.02 while varying the magnitude limit from —15
to —14 mag. Table 6 lists the number of YMCs composing various
luminosity-limited combined catalogues as well as the resulting
slopes as a function of the cutoff magnitude.

Fig. 9 also shows the composite CLFs of two supergalaxies
with N < 30 (middle panel) and N > 30 (right). By fitting a power-
law to the data down to Mg = —14.5 mag, the computed values of
a are 1.64 +0.07 and 2.02 +£0.09. These values become 1.77 +0.08
and 2.05 + 0.11, if we change the cutoff number of YMCs from
30 to 50 when splitting the SUNBIRD sample. The value of « for
the subsample with N > 30 (N > 50) is also consistent with the
average and median slopes of individual CLFs reported in Table 4 .
However, statistical bias which is already discussed in Section 4.2.2
appears to affect the composite CLF of cluster-poor galaxies and
hence a smaller value of the corresponding slope.

The composite LFs in the left and right-hand panels also reveal
a possible break near a magnitude Mg ~ —18 mag. This downturn
is also marginally seen in the other composite CLFs in Figs. §,
10, 11, and 12. Such a feature could not be related to observational
incompleteness, since it is associated to the brightest clusters in the
sample. It could be related to the high-mass break observed in some
galaxies in the nearby universe (see e.g. Krumholz et al. 2019).
However, linking the cluster luminosity to the mass distribution is
not trivial, due to the lack of a direct one-to-one correspondence
between them (see e.g. Larsen 2009), and is beyond the scope of
the current work.

4.3.2  Sample split as a function of SFR

To see if there is a correlation between the slope @ and the SFR of the
host galaxy, we construct composite LFs of SUNBIRD subsamples
that were generated as a function of SFR. Fig. 10 plots LFs from
three composite supergalaxies with SFR < 30 Mg yr~! (left panel),
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Table 6. The values of @ with varying magnitude limits of the composite
CLE.

N a 2

Mag.cutoff Xred
O} 2 3) “4)
-15.0 646 2.02+0.10 1.44
-14.5 945 1.98 +0.10 1.41
-14.0 1327 2,01 +0.10 1.35

Notes. Col 1: the magnitude cutoff level used to draw

the composite catalogue; Col 2: the number of YMCs

in that catalogue; Cols 3 & 4: the CLF power-law slope

and the corresponding value of sze -

then 30 < SFR (Mg yr_]) < 60 (middle), and SFR > 60 Mg yr_]
(right). These cutoff values of SFR were chosen given that the aver-
age SFRis ~ 30 Mg yr~! but also to produce composite catalogues
that have more or less a similar number of YMCs.

The data are fitted to a power-law function down to Mg
—14.5mag as already performed previously. The derived values
of @ are 2.27 + 0.08, 1.89 + 0.10 and 1.74 + 0.09, respectively.
We get @ = 1.83 + 0.10 if we combine all galaxies with SFR >
30Me yr‘1 into a single subsample and @ = 2.11 + 0.09 for a

composite of SFR < 60 Mg yr~!. The value of the power-law slope
appears to decrease with an increasing SFR: steeper for galaxies with
less intense SF activity in comparison to those with high SFRs. In
Section 5, we also search for any correlation between the individual
CLF slope and the SFR to better investigate the observed trend prior
to any physical interpretation.

4.3.3  Sample split as a function of sSFR

Fig. 11 also shows two composite CLFs that were derived as a
function of the host galaxy’s sSFR(=SFR/M,): log(SFR/M,) <
-9.68yr~! (left panel) and log(SFR/My) > —9.68yr~! (right).
This cutoff value was chosen to ensure that there is a similar number
of YMCs in the derived catalogues, each coming from the SC
population of 13 galaxies. We note that Ramphul (2018) estimated
sSFR of 26 out of the 34 SUNBIRD targets used for correlation
searches with a.

By fitting a power-law function to the composite CLFs, we get
a = 2.22+0.08 and @ = 1.82 + 0.09, respectively. The power-
law slope decreases with an increasing specific SFR. We will also
explore further this trend in Section 5.
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Figure 12. Completeness-corrected composite CLFs with the individual star cluster catalogues grouped as a function of the host galaxy’s SFR density:
a = 2.20 for Log (Zspr) < —0.10Mg yr~ ! kpe=2 and a = 1.82 for Log (Zsgr) > —0.10 Mg yr~! kpc2. Labels are the same as in Fig. 4.
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4.3.4  Sample split as a function of Zsgr

Finally, we present in Fig. 12 composite CLFs of two supergalax-
ies that were constructed with respect to the SFR density of the
host galaxy: log(Espr) < —0.10Mg yr~! kpc=2(left panel) and
log (Espr) > —0.10Mg yr~! kpc_2 (right). We chose this cutoff
given that it is the average value of the SFR density that spans
between ~ 0.05 — 7.25 Mg yr~ ! kpe=2.

The area used to derive Zgpg is estimated by considering the
projected area where the YMCs are located in each galaxy. This
area usually corresponds to a region starting at a level of 30~ above
the sky background. We list the values of Zgpr in Table 3.

We fit the completeness-corrected CLF to a power-law function
and we get @ = 2.20 £ 0.12 and @ = 1.82 + 0.10, respectively. The
value of @ decreases by ~ 0.4 with an increasing SFR density. A
further analysis is conducted in Section 5 to better understand the
nature of the observed trend.

4.4 CLFs on sub-galactic scales

Data points from the following targets were specifically chosen
to test one more time the robustness of the completeness frac-
tions and to ultimately derive CLFs on sub-galactic scales: IC 2522,
ESO221-1G008, NGC 3110, and NGC 6000. We selected these
galaxies that are cluster-rich, i.e. they each host ~ 300 YMCs in the
K-band, to have enough statistics and hence a robust analysis. Their
luminosity distances span between 32 and 75 Mpc. In addition, this
subsample represents well the overall SUNBIRD sample in terms
of morphological types: while IC 2522 and NGC 3110 present dis-
tinct spiral arms, NGC 6000 is a disk galaxy with a complex nuclear
region. ESO 221-1G008, on the other hand, has a peculiar morphol-
ogy with an irregular nuclear region (see Fig. 1). Since the influence
of the galactic environment on the YMC properties is best studied
when the star cluster masses and ages are known, we thus use the
CLFs in this work as a tool to define a first order approximation
of how YMCs from distinct physical regions may differ from one
another. Can a sub-population of the YMCs be responsible for a
power-law slope being steeper/shallower than the canonical value?
Do the star clusters in the nuclear regions have similar LF trends as
those from the outer regions of the galaxy?

We divided the star cluster candidates of each target into two
distinct populations depending on their projected physical loca-
tions in the galaxy: nuclear regions vs.spiral arms or any outer
starburst regions of the galaxy. New sets of completeness fractions
were then derived to construct CLFs corrected for observational
incompleteness. We then re-ran the MC completeness simulations
under the same conditions as in Section 3.3, except that the newly-
defined regions were based on the visual NIR morphology of the
galaxy instead of the usual equally-spaced background levels. Table
7 lists the 80 percent completeness limits of these inner and outer
sub-regions (Cols 6 & 8). Fig. 13 shows the derived completeness-
corrected LFs for the entire galaxy (left) and for the two distinct
physical regions (middle and right panels). Although the bright
end slope of the two sub-galactic LFs are slightly different in the
case of IC 2522 (2.55 £ 0.19 vs. 2.31 + 0.10) and ESO 221-1G008
(2.06+0.11 vs. 2.11+0.16), the values of a remain consistent within
the error estimates of the power-law fit. However, for NGC 3110
and NGC 6000, CLFs of the nuclear regions have shallower slopes
(@ =1.92 +£0.08 and 1.44 £ 0.17, respectively) compared to those
of the outer regions (@ = 2.43 £0.09 and 2.24 + 0.10). The bottom
panels of Fig. 13 also show the completeness-corrected composite
LFs of the combined star clusters in the inner (middle) and outer

(right) regions of the cluster-rich galaxies. We perform the fit until
the 80 percent completeness level of NGC 3110 to ensure that the
SC catatogues of the supergalaxy are 80 percent complete. Once
again, the inner region of the supergalaxy has a shallower power-
law index (@ = 1.72 + 0.11) compared to the slope of the outer
region (@ = 2.51 £0.09). The value of the slope is @ = 2.18 + 0.09,
if we combine both regions of the supergalaxy (bottom-left panel).
Though uncertainties and biases such as statistical and spatial res-
olution effects may play a role in flattening the LFs for the nu-
clear regions, they cannot fully explain the significant difference
of ~ 0.5 — 0.8 in the slopes of the two YMC sub-populations (see
Section 4.2). This discrepancy will be discussed further in Section
6.

Finally, Table7 also compares the values of the 80 percent
completeness limit and the LF slope for the entire cluster-rich galaxy
from the two different sets of completeness fractions. These values
were estimated based on regions defined with background contours
levels (Col 2) and then the galaxy morphology (Col 4), respectively.
We find that the values of these two parameters are quite similar
within their uncertainties. The use of equally-spaced background
levels to define different regions of the host galaxy in Section 3.3
is therefore a reasonable approach while deriving the completeness
fractions and we expect the measured values of @ in Table 4 to be
unaffected by completeness bias.

5 OTHER CORRELATION SEARCHES WITH THE CLF
SLOPES OF INDIVIDUAL GALAXIES

In this section, we check whether there are trends between the power-
law slope « of the cluster luminosity function and the brightest star
clusters as well as the global properties of the host galaxy. We also
compare our results to previous trends in the literature. We remind
the reader that we use the value of @ from a constant magnitude
binning throughout the analysis. We refer to Sections 2.2.2 and
4.3.4 on how the galaxy global properties were derived.

5.1 Trends with the brightest star clusters

The brightest star clusters are useful tools to help reconstruct the
current SFH of the host galaxy since YMCs form whenever there
is intense SF activity (e.g. Portegies Zwart et al. 2010). Because of
a broadly consistent size-of-sample effect, a host environment with
a higher SFR level will produce more YMCs (Fig. 14) and hence it
will increase the chance of getting a brighter cluster (e.g. Whitmore
et al. 2014). Nevertheless, these objects are also deemed useful
for checking whether physical constraints might partially define
the properties of the overall cluster population besides statistical
bias. In fact, Randriamanakoto et al. (2013a) could only explain
the tightness of the brightest cluster NIR magnitude — SFR relation
of the SUNBIRD sample by considering both internal and external
factors to govern the cluster formation mechanisms. MC simulations
were conducted by the authors to assess the effects of pure random
sampling on the magnitude of the brightest cluster and the slope of
the CLF. They found that pure random sampling alone could not
be the reason of the small scatter in the relation. More details of
the analysis can be found in Randriamanakoto et al. (2013a). If the
brightest cluster magnitude and SFR are tightly correlated, then one
might as well expect an imprint of the host environment in the @ vs.
SFR (Section 5.2.1) and « vs. brightest cluster plots.

The left and right panels of Fig. 15 show respectively the LF
slope plotted against the magnitude of the first and the fifth brightest
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Figure 13. Completeness-corrected CLFs of four cluster-rich galaxies for the entire YMC population (left) and for two distinct subgroups segregated by the
cluster physical locations in the field of the host galaxy: the nuclear regions (middle) and the arms or other starburst regions (right). We also used these regions
to estimate new sets of completeness fractions that are applied to the LFs. There are clearly some differences in the CLF shapes and power-law slopes for
different regions of NGC 3110 and NGC 6000. The bottom panels show the corresponding composite CLFs of the cluster-rich galaxies and by putting together
the catalogues associated with their inner and outer regions. Labels are the same as in Fig. 4.
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Table 7. The power-law slope of cluster-rich galaxies as a function of the completeness fractions.

Galaxy name Contour levels

Galaxy morphology

Nuclear regions Outer regions

Comp.lim ay Comp.lim Comp.lim 01 Comp.lim a
() 2 3) 4) (6) () ®) €}
1C2522 -12.2 2.41 £0.08 -12.2 2.40 £ 0.08 -12.4 2.55+0.19 -12.2 2.31+£0.10
ESO 221-1G008 -11.9 2.00 £0.11 -11.7 1.98 + 0.09 -11.8 2.06 £0.11 -12.1 2.11 £0.16
NGC3110 —13.8 2.31 £0.08 -139 2.25+£0.07 —14.5 1.92 +0.08 -13.7 2.43 £+ 0.09
NGC 6000 -12.5 1.82+0.19 -12.3 1.81 +0.19 -129 1.44 £ 0.07 -123 224 +0.10

Notes. Col 1: galaxy name; Cols 2 — 5: the values of the 80 percent completeness limit and the power-law slope
using two different completeness fractions that were estimated based on regions defined with background contours
levels and the galaxy morphology, respectively; Cols 6 — 9: the values of the 80 percent completeness limit and «
considering nuclear and outer regions of the cluster-rich galaxies, respectively.

star cluster candidates of each target. These sources are specifically
chosen as they best represent the overall characteristics of the cluster
population (Larsen 2009). We also include the third brightest cluster
(middle panel) to better study the trend of the slope - brightest star
cluster relation. Since the magnitude of the first brightest cluster is
likely more susceptible to stochastic effects, considering the other
two brightest clusters will help derive robust analysis less affected
by such bias. We notice a weak-to-mild anti-correlation between
the value of @ and the magnitude of the brightest star cluster in
all three plots. The associated value of r varies between 0.42 and
0.49 depending on the brightest star cluster used and the plot which
considers the fifth brightest has the least dispersed data points.

While 82 percent of the SUNBIRD first brightest clusters lie
within 2 kpc from the galaxy center, there are respectively about 70
and 42 percent of the third and the fifth brightest YMCs to reside
within that same region. We also plotted @ against the nuclear
distance of the brightest YMCs but did not find any obvious trend
between the two values.

Whitmore et al. (2014) have found a similar trend between
and the brightest cluster in their sample of normal spiral galaxies:
the most luminous YMCs tend to be associated with shallower CLF
slopes. They mainly interpret such a behaviour as a mere reflection
of the existing correlations between log N, log SFR and M Prightest
due to the size-of-sample effect. For the SUNBIRD sample, 12
of the first brightest clusters with magnitude Mg < —17 mag, i.e.
35 percent, are part of a population with a CLF slope smaller than
the median value @ ~ 1.86. Based on our findings in Randria-
manakoto et al. (2013a), we suggest possible external factors (on
top of statistical bias) to partially explain such a trend (Section 6).

5.2 Trends with the host galaxy properties
5.2.1 The galaxy SFR, sSFR, Xgpr and EW(Ha) level

The top panels of Fig. 16 plot the LF slope against the logarithmic
value of the SFR (left panel), the specific SFR (middle) and the
SFR density (right). It is important to include all three plots while
conducting correlation searches with « to properly disentangle the
role of any physical underlying quantities from the broadly consis-
tent size-of-sample effect. The left panel of the second row shows
a plotted against the EW(He) of the host galaxy. The computed
values of r are —0.34, —0.54, —0.64 and 0.20, respectively. The
value of r becomes —0.59 and then —0.55 for & vs. ZggRr plot if we
respectively consider regions defined at a level of 30~ and 50 above
the sky background while estimating the area where the global SFR
was measured. The correlation coefficient associated with the fourth
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Figure 14. The host galaxy SFR plotted against the number of clusters with
Mg < —14.5mag for the SUNBIRD targets. The value of the correlation
coefficientis » = 0.65.

plot, i.e. @ vs. EW(Ha), becomes r = 0.49 if we exclude prominent
outliers with log(EW) < 0.5.

The plot of @ vs. Xggr exhibits the strongest correlation fol-
lowed by @ vs. sSFR and then « vs. SFR where galaxies with higher
levels of Xgpr, sSFR and SFR generally have lower values of «. If
we bin the slopes, we get the points labelled as red stars in the top
panels of Fig. 16. The binned data points give respectively correla-
tion coefficients r = —0.97, —0.86 and —0.97, i.e. the trend becomes
even more prominent. The corresponding p-values are 0.035, 0.006
and 0.007, respectively. These correlations are in agreement with
the derived CLF slopes from supergalaxies split as a function of
SFR, sSFR and XgpRr presented in Sections 4.3.2, 4.3.3 and 4.3.4,
respectively. A weak-to-moderate correlation between o and the
SFR has also been reported by Whitmore et al. (2014) and Cook et
al. (2016). While the former authors associate both size-of-sample
effect and minor external effects with such a trend, the latter suggest
that the correlation may be linked to the SF mechanisms in their
sample of nearby galaxies. In fact, Cook et al. (2016) also observed
a correlation between @ and XgpRr, though they did not find any
correlation in the case of @ vs. sSFR.

As already indicated by the value of r, there is a weak-to-
moderate positive correlation between @ and EW(Ha) after ex-
cluding prominent outliers. This is interesting given that we find a
moderately strong anti-correlation with the galaxy global SFR. We
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Figure 15. The power-law slope « plotted against the magnitude of the first (left), third (middle) and fifth (right) brightest star cluster candidates. Data points
are labelled with respect to the distance of the host galaxy: open squares for the most distant targets where Dy, > 100 Mpc and circles for the Dy, < 100 Mpc
targets where the ones at Dy, < 60 Mpc are black and those at 60 < Dy, < 100 Mpc are grey. A constant binning of « results in values shown as red stars with
the standard deviation of each binned data used for error bars. The dashed line represents a linear fit to these data points.

suggest possible physical scenarios responsible for such a trend in
Section 6.

5.2.2  Other global parameters

Correlation searches between the LF slope and other physical prop-
erties of the SUNBIRD galaxies were also performed in this work.
The middle and right panels in the second row of Fig. 16 present «
plotted against the stellar mass and the merger stage, respectively.
The third row panels show plots of a versus the stellar and ionized
visual extinction as well as the ratio between the two parameters.
Finally, the bottom panels display « vs. the light-weighted age and
metallicity as well as the Oxygen abundances 12+Log(O/H) of the
host galaxy. Overall, we find a weak to no correlation between «
and these global parameters. The absolute value of the correlation
coeflicient ranges between 0.09 and 0.35.

Although the stellar mass My and the optical magnitude Mp
are well-known to be tightly correlated (e.g. Bell et al. 2003), there
is no prominent trend between @ and any of these two quantities.
This could be partly due to the narrow ranges of the SUNBIRD
high stellar masses (10 < logM, /Mg < 11.5), whereas the Cook
et al. (2016) data points, for instance, are widely spread between
6 < logM, /Mg < 11. Their high-mass galaxies appear to have
flatter CLFs and the low luminosity ones tend to be associated with
steeper CLF slopes.

While the stellar visual extinction did not show any prominent
trend with the slope @ (r = —0.21), the plot @ vs. Ay gy rather hints
a weak trend between these two parameters (r = —0.35, p = 0.08),
i.e. a steeper slope for a host galaxy with HII regions with smaller
extinction. No previous works have searched for any correlation
between @ and these quantities. Despite the weak trend which is
mainly driven by two highly reddened galaxies (r = 0.12 excluding
these outliers), we provide possible physical explanations in Section
6.

There is no obvious correlation between « and the light-
weighted age (r = -0.26) and the light-weighted metallicity
(r = 0.21) as well as 12+Log(O/H) (r = —0.28). Cook et al. (2016)
did also find no trend with the latter quantity. We also find no trend
by considering the mass-weighted parameters listed in Table 2. Fi-
nally, the plot of @ vs. the interaction stage presents the poorest
value in the correlation coefficient (r = —0.09).
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6 DISCUSSION

6.1 Caveats and limitations

Besides the potential of the host environment to influence the for-
mation mechanisms of its cluster population, this external factor is
also believed to affect cluster disruption processes (e.g. Kruijssen
2012; Viisidnen et al. 2014; Linden et al. 2017; Randriamanakoto
et al. 2019). In particular, an environmentally-dependent disruption
effect can manifest by flattening the CLF slope of high SFR galaxies,
as low-mass clusters get more heavily disrupted than the high-mass
ones. Based on the current work which analyses observations from
a single filter, it is however impossible to disentangle formation ef-
fects from disruption effects. Multi-band data are needed for cluster
age and mass modelling so that robust analyses like in the case of
the LIRG Arp 299 (Randriamanakoto et al. 2019) could be con-
ducted to define the level and the nature of the cluster disruption
mechanism at play. We hope to study this aspect further in future
works.

It is therefore clear that without an estimate of the cluster mass
and age, we are not able to fully assess the influence of the environ-
ment on the YMC properties nor check whether older star clusters
exhibit steeper or shallower LF slopes (e.g. Oey & Clarke 1998;
Randriamanakoto et al. 2019). Nevertheless, we herewith provide
first order approximations of the ranges of these two parameters by
taking into account the computed values for Arp 299 (which is a
SUNBIRD target) and considering an SSP model to reconstruct the
evolution of a NIR cluster brightness with time. Randriamanakoto
et al. (2019) found that more than 60 percent of the YMCs in Arp
299 have ages younger than 10 — 15 Myr old. This is not surprising
because of the extreme environments of interacting LIRGs and star-
burst galaxies that favor the extensive birth of YMCs (e.g. Whitmore
et al. 1999; Adamo et al. 2020). Such young YMCs should also be
easily detected with K-band observations since the luminosities of
high-mass stars entering the red supergiant phase are predominant at
that time, and which lead to a more luminous cluster exposed in the
NIR regime (e.g. Davies et al. 2007, Paper I). We thus refer to this
age interval while estimating a mass range of the SUNBIRD cluster
populations. If this is the case, then one would expect a weaker
caveat of flattening the CLF slope being caused by disruption, since
such clusters would not be old enough to be strongly affected by
mass-dependent disruption, which is usually considered to act on
> 100 Myr time-scales (e.g. Gieles et al. 2006b). In fact, assum-
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Figure 16. Correlation search between the LF slope and the properties of the SUNBIRD sample. The significance of each correlation coefficient r is given in
each panel. Labels the same as in Fig.15. Upper panels: a plotted against the host galaxy’s SFR, sSFR, and Xgpr. A constant binning of « results in values
shown as red stars and the dashed line represents a linear fit to these data points. Second row: a vs. EW(Ha) as measured from the spectra, the stellar mass
and the interaction stage of the galaxy. Third row: « vs. the stellar and ionized visual extinction, and the ratio between the two quantities. Lower: a vs. the
light-weighted age and metallicity, and the Oxygen abundances.
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ing the mass-to-light ratio of a ~ 10 Myr old cluster, mass range
approximations in Paper I revealed that NIR-selected YMCs with
—18 < Mg (mag) < —13 correspond to cluster masses between
~ 2% 10* Mg and ~ 4 x 10 Mg. This range was derived based
on a Starburst99 (Leitherer et al. 1999) SSP model assuming an
instantaneous SF with a Kroupa IMF. Under the same assumption,
the cutoff limit of —14.5 mag widely used in this work (where we
expect most of the data to be more than 50 percent complete) is
associated with a lower mass limit of ~ 105 M. This is in agree-
ment with the completeness mass limit of 10*8 M from the cluster
age-mass diagram of Arp 299 within a time interval of 10—200 Myr
(Randriamanakoto et al. 2019). We remind the reader that these age
and mass ranges are simply rough estimates and a proper modelling
needs to be conducted before further discussion.

In spite of these caveats and limitations, findings from this
work are still relevant to help us provide a first order explanation
of the flattening in the CLF slopes. Are we looking at the reflection
of a size-of-sample effect or is there any other external factors that
need to be considered as well?

6.2 Systematic biases alone cannot explain the flatter slopes

Fig. 4 indicated that the completeness corrected CLFs of the 26
SUNBIRD targets mainly studied in this work are generally well-
fitted by a single power-law function. The median and average of
the derived slopes are equal to @\ = 1.87 + 0.23 and afy, =
1.93+0.23, respectively. The average slope becomes 5%, = 1.92+
0.24 when taking into account the whole SUNBIRD sample, i.e.
including the other 8 LIRGs from our Paper I pilot study.

To avoid any bias from low number statistics in some cases, we
also constructed composite CLFs of the whole SUNBIRD sample
and for targets with N > 30, excluding the distant Bird galaxy, with
cluster magnitudes Mg < —14.5 mag (see Fig.9). The luminosity-
limited cluster catalogues of these supergalaxies have LF slopes of
a=1.98+0.10 and @ = 2.02 £ 0.09, respectively. These values as
well as the derived average slope are similar to the canonical slope
a = 2 and they are consistent with the results in our pilot study
(@aver = 1.9, Paper I) and other works reporting CLFs from larger
samples of LIRGs (¢ ~ 1.8 — 2.0, Vavilkin 2011 and Miralles-
Caballero et al. 2011). Larson et al. (2020) recently constructed a
composite CLF of their 48 GOALS targets (where 40 < Dy < 76
Mpc). They derived a power-law slope of @ ~ 1.5 and associated the
shallower slopes with high SFR levels (in the extreme environments
of strongly-star forming galaxies) which are responsible for the
overabundance of star-forming regions hosting luminous YMCs
populating the bright end of the LF. Nonetheless, they also warned
that the flattening in the slope could be partly due to resolution
effects, especially for galaxies at distances Dy, > 200 Mpc. Finally,
Mulia et al. (2016) have derived a CLF with @ ~ 2.2 for NGC
3256, a merging pair of galaxies with a total SFR of 50 Mg yr~!
at a distance of roughly 36 Mpc. Their value is similar to that
derived in galaxies of lower SFR levels, and noted that a flatter
measured CLF/CMF slope can also arise from various factors such
as incompleteness, resolution bias, binning or inadequate selection
process of the star cluster population.

As a sanity check on whether biases and uncertainties signif-
icantly impact the SUNBIRD CLFs and their power-law slopes,
we therefore tested the robustness of our results in Section4.2. i)
We found that regardless of the binning method used (constant
vs. variable), the values of @ generally remain shallower with its
median slope ranging between 1.86 — 1.88 for both cases. ii) Fig.
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6 shows that there is no clear trend, but rather a random scatter
between @ and number of YMCs (at Mg < 80% completeness
limit) in a galaxy. This is indicative of our CLF analyses not be-
ing significantly impacted by size-of-sample effect, nor stochastic
sampling for cluster-poor galaxies. iiif) Regarding the reliability of
the completeness rates applied to the catalogue, we derived three
different sets of completeness fractions by varying the PSF size
of the artificial source model (see Fig. 7). The outputs from the
MC simulations are consistent with the varying PSF widths and the
value of o spans between 1.87 and 1.92 for ESO 264—-G036, one
of the SUNBIRD targets used as a test bed for this sanity check.
Furthermore, other versions of completeness corrected (composite)
CLFs for our cluster-rich targets (left panels of Fig. 13) confirmed
that the defined regions based on the galaxy’s varying background
level, and its NIR morphology, return completeness limits that are
consistent with each other (Table 7). iv) Finally, we note that we had
already assessed the effect of spatial resolution on the derived CLFs
in the extensive blending analysis performed in Paper I. The scatter
plot of @ vs. luminosity distance Dy where r = —0.17 and the value
of @ = 2 of the composite CLF for targets with distances Dy, < 100
Mpc in Fig. 8 reinforce our conclusion that blending effects have no
significant impact on the derived CLFs, in particular at distances
below 100 Mpc for the SUNBIRD sample.

Based on these various investigations, we conclude that size-
of-sample effect alone and/or other aforementioned biases are not
mainly responsible for the observed flatter LF slopes. We thus ex-
plore the possibility of external factors influencing the SC properties
of the SUNBIRD sample.

6.3 Host environments appear to influence the CLF slopes

CLFs of three subsamples split as a function of the galaxy’s global
SFR clearly indicate that the smaller values of @ are associated
with galaxies of higher SFR levels (see Fig. 10). The value of «
clearly gets shallower by ~ 0.5 as we compare CLF indices between
subsamples with SFR < 30 Mg yr‘1 (@ =2.27 £0.08) and SFR >
60Mg yr~! (@ = 1.74 + 0.09). Such a change in the value of
is also observed in Fig. 11 when drawing CLF composites from
subsamples with log (SFR/M,) < -9.68 yr‘1 (@ = 2.22 +£0.08)
and log (SFR/M,) > —9.68 yr’1 (@ =1.82+£0.09),i.e. Aa ~ 0.4.
Galaxies with higher specific SFRs are associated with smaller
values of a as well. Finally, we also find a similar trend in Fig. 12
when fitting a power-law slope to the CLF composites of subsamples
with log (Zggr) < —0.10Mg yr‘1 kpc_2 (@ = 2.20 + 0.12) and
log (Zgpr) > —0.10Mg yr ' kpe2 (@ = 1.82 £ 0.10), i.e. A ~
0.4. The CLF flattens with an increasing SFR density.

Analyses on sub-galactic scales of cluster-rich galaxies (either
considering individual galaxies or composite supergalaxies) also
show that YMCs in the nuclear regions generally have shallower LF
slopes than the cluster sub-populations hosted by the other parts of
the galaxy (see middle and right panels of Fig. 13). For NGC 3110
and NGC 6000, we record a difference of @ > 0.5 in the CLF slopes
of these two distinct regions. External factors such as environmen-
tal effects could partly explain this large discrepancy, especially
given that SF activity is usually more intense in the galactic nuclear
regions (e.g. Bastian et al. 2012; Silva-Villa et al. 2014; Adamo
et al. 2017; Randriamanakoto et al. 2019). To better quantify the
role of SF activity on sub-galactic scales, spectroscopic observa-
tions can be used to spatially disentangle the SFR contribution from
each region based on the galaxy NIR image but such analysis is,
however, beyond the scope of this work. Nevertheless, ALMA and
Submillimeter Array observational studies of molecular gas (traced
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by CO emission) in NGC 3110 (Espada et al. 2018; Kawana et al.
2022) and NGC 6000 (Martin et al. 2010) revealed that there is a
high gas concentration in the nuclear regions of these two intensely
star-forming galaxies (more than 85 percent of the emission for
NGC 6000). Such distributions are in agreement with these regions
hosting a large number of YMCs.

The findings in this work hence seem to suggest that the host
galaxy environment (via its SFR and Xgpgr levels) plays a role in
defining the properties of its star cluster population. This is also sup-
ported by the weak-to-moderate correlation between « and both the
galaxy’s SFR (r = —0.34 and by binning the slopes r = —0.97, top
left panel of Fig. 16) and its SFR density (r = —0.64 and by binning
the slopes r = —0.97, top right panel): a shallower CLF slope for a
higher SFR (density) level. As already mentioned in Section 5.2.1,
statistical bias and size-of-sample alone cannot explain the observed
correlation. Such behaviour is most likely another evidence of the
influence of some external factors on the YMC characteristics (see
e.g. Cook et al. 2016). The proposed argument is partially justified
by the existence of a relation between the host galaxy SFR and log
N shown in Fig. 14. By studying nearby spiral galaxies, Larsen &
Richtler (2000) have reported that a rich population of YMCs is
indeed generally expected in environments with a high level of SF
activity, though these peculiar objects can also be found in various
types of galaxies. However, this ubiquity is also thought to be a
consequence of some underlying process such as the mean gas den-
sity that controls both the SFR and the star cluster formation, at least
to a first order approximation, and hence the strong spatial correla-
tion between YMCs and molecular gas emission (see e.g. Corbelli
et al. 2017; Espada et al. 2018; Grasha et al. 2018; Kawana et al.
2022). In fact, Schmidt (1959) had already proved the existence of
a tight correlation between the SFR and the gas density which is
expressed as XgpR Zé\fis (where N ~ 1.4, Kennicutt 1998a). Envi-
ronments with high gas surface density that are generally of higher
interstellar medium pressure are thus ideal nurseries of YMCs since
such conditions mainly govern the birth of strongly bound clusters
(Elmegreen & Efremov 1997). In addition, while a log N - SFR
relation is broadly consistent with a size-of-sample effect and thus
can also be seen in the case of a constant CFE, the tightness of
the correlation between the brightest cluster and the SFR (Randria-
manakoto et al. 2013a) as well as the dependence of CFE on the
SFR density (Larsen & Richtler 2000) could also partially explain
this observed relation. The CFE - Zgpg trend has also been reported
by e.g. Goddard et al. (2010), Johnson et al. (2016) and Adamo et al.
(2020) and theoretically predicted by e.g. Kruijssen (2012). Such a
dependence implies that gravitationally bound clusters easily form
in high pressure environments with extensive starburst activity per
unit area. For interacting galaxies such as LIRGs, tidal torques may
also play a role in migrating dense gas towards the nuclear regions
of these systems and thus ultimately enhancing the galaxy SF activ-
ities (e.g. Konig et al. 2013). All these scenarios seem to reasonably
provide physical explanations of the existing correlation between «
and both SFR and Xgpgr. Nevertheless, the physical relation is not
yet fully understood — hence the long-lasting debate in the litera-
ture (e.g. Chandar et al. 2017; Krumbholz et al. 2019; Krumholz &
McKee 2020; Adamo et al. 2020).

6.4 Further evidence of the suggested influence based on the
trends with various host global properties

We also looked for other host galaxy parameters indicative of the
star formation rate that might correlate with the LF slope: we plotted
« against sSFR and then against the EW of Ha emission in Fig. 16.

The moderate-to-strong correlation of the former plot (» = —0.54 for
all data points and r = —0.86 by binning the slopes) is in agreement
with the observed trend between @ and log SFR (density). The
latter correlation is also particularly interesting as it would appear
to be in contradiction to the a vs. SFR (density) correlation, since
higher Ha emission obviously indicates stronger SF. However, we
interpret this correlation in conjunction with the anti-correlation,
albeit weak, seen between He and the light-weighted age of the host
galaxy in the same Figure, i.e. galaxies with computed older ages
show generally lower «. It should be remembered that Ha traces the
very youngest SF of the order of less than 10 Myr, whereas the SF
rates discussed in this work are derived from far-IR emission tracing
somewhat older SF at the < 100 Myr scale, or even older, depending
on exact SF histories (e.g. Kennicutt & Evans 2012). Hence, both
these correlations suggest that whatever effect is responsible for the
flatter CLF slopes of higher SFR (density) galaxies, it would be a
process that is not yet evident, or operating, at the very youngest
galaxies, or portions thereof. This could, for example, suggest that
the flatter cluster LF may be related to selective cluster disruption
effects.

We performed correlation searches between a and other global
properties of the host galaxy as well (see Fig. 16). Interestingly,
no correlation is seen with the interaction stage in our sample.
There is weak anti-correlation seen with extinction, though this
is strongly dependent with a mere two highly reddened galaxies.
Nevertheless, the apparent trend of a flatter slope for the more
extinguished galaxies could be indicative of the abundance of newly-
formed SCs younger than 2 — 5 Myr that are still highly embedded
in the dusty ionised gas in HII regions (e.g. Alonso-Herrero et al.
2002; Whitmore et al. 2011; Hollyhead et al. 2015; Corbelli et al.
2017; Grasha et al. 2019; Messa et al. 2021). We suspect that such
correlations would be better to study with sub-regions of galaxies
rather than with their integrated properties.

Finally, with a correlation factor ranging between 0.42 and
0.49, we find a mild anti-correlation between the LF slope a and
the K-band absolute magnitude of the first, the third, and the fifth
brightest YMCs (Fig. 15). While a size-of-sample effect is mainly
responsible for the existing trend (Whitmore et al. 2014), we also
suggest that the @ — MPTIEMeSt relation can partly arise because
of physical reasons, in particular since the most luminous YMCs
are generally the youngest ones, especially for a large population of
YMCs (Larsen 2009). In fact, theoretical and observational studies
by e.g. Bastian (2008) and Randriamanakoto et al. (2013a) have
agreed that the tight MPrightest_ SER relation is an imprint of the
current SFR of the host galaxy and it may also occur because of
the influence of the global SF properties on the luminosity of the
brightest YMCs (see Section 5.1). High SFR galaxies (associated
with shallower @) are thus expected to host the most luminous and
youngest YMCs abundantly (see e.g. Larson et al. 2020).

6.5 Imprints of the cluster formation mechanisms on the
CLF slopes?

Overall, the results and analyses in this work generally support the
idea that high SFR galaxies (such as our sample) exhibit shallower
CLFs slopes than gas-poor galaxies. This trend could be due to the
dependence of the cluster formation (and evolution) mechanisms on
the galaxy host local/global environment (e.g. Messa et al. 2018): an
extreme environment with strong SF activity that favors the exten-
sive birth of YMCs, and vice versa. By producing more luminous
YMC candidates, such external effects are translated into the flatten-
ing of the CLF bright end for galaxies like those in the SUNBIRD
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sample. We clearly noticed this environmental dependence while
analysing the YMC masses and ages of the ongoing merger Arp
299 (Randriamanakoto et al. 2019). And in addition, there may also
be a contribution of a flattening of the slope at the faint end by dis-
ruption of the less massive clusters in extreme environments (see
e.g. Viisinen et al. 2014). Such selective disruption is also sug-
gested by our finding that while high SFR galaxies such as LIRGs
globally are indeed associated with flat LF slopes, those galaxies
that show the very youngest SF, interestingly tend to (still?) have
steeper CLFs. Note, however, that there are other works that favor
the universality of the cluster formation process, which is indepen-
dent of the SF environments. While various authors have suggested
mere biases and size-of-sample effect to be the main reasons behind
any deviation from the canonical LF/MF slope (e.g. Mulia et al.
2016; Chandar et al. 2017; Linden et al. 2017; Mok et al. 2019;
Cook et al. 2019), this is most likely not the case for the CLFs of
the SUNBIRD sample (see Section 4.2).

7 CONCLUSIONS

This article reports a follow-up study of the K-band luminos-
ity functions of YMCs in intensely star-forming galaxies. The
work is aimed at improving the constraints on the star cluster
formation mechanisms and our understanding of SF in general.
Our findings based on the larger SUNBIRD sample of 26 tar-
gets, with 10.6 < log (Ljr/Le) < 11.7, that were imaged with the
VLT/NACO AO instrument, are in agreement with pilot study re-
sults in Paper I yielding a median slope of 1.87 + 0.23. There is
likely an imprint of the galactic environments on the properties of
YMC:s hosted by galaxies with high SFR levels such as starburst
galaxies and LIRGs, especially at distances Dy, < 100 Mpc. The
observed slope of @ ~ 1.9 in most of the SUNBIRD CLFs, com-
bined with the existing trend between the power-law slope and the

galaxy SFR properties (global SFR level, specific SFR and SFR

density), and the moderate @ — M brightest 1o ation lead us to sug-

gest that the value of a partially reflects the environment where the
YMCs reside in. Such a statement has been drawn after conducting
an extensive assessment of all possible systematic biases and un-
certainties. These are expected to not significantly affect the cluster
luminosity distribution and hence the value of « in this work.

Nevertheless, given the caveats of working with a single filter,
and comparing our NIR-based results with CLF studies of galax-
ies with less intense SF activity conducted in the optical regime,
future work could focus on a comprehensive investigation of the
YMC properties based on multi-wavelength observations of the
SUNBIRD targets. We can then compute both the age and mass
of each star cluster to accurately constrain the cluster formation
and disruption mechanisms. Using observations taken with the new
and upcoming generation of AO imagers such as GeMS/GSAOI on
Gemini South or AOF/ERIS on VLT will also help to achieve a
higher PSF resolution (down to ~ 0.07 arcsec, Kool et al. 2018) and
hence a more efficient detection of our sources of interest.
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Figure A1. The results of Monte Carlo completeness simulations for the 26 VLT/NACO targets within regions of different background levels. The blue, green,
and red solid lines correspond to the innermost, middle, and outer regions. IC 2522 and NGC 3110 have two middle regions to account for a more complex
varying background in their field. These two regions are represented by the green and cyan solid lines for the two targets. The 50 and 80 percent completeness
limits of the “middle”regions are shown as the horizontal dashed lines.
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