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Abstract

One of the key questions in astrophysics concerns how galaxies evolve, or more precisely, which

are the physical processes that drive the morpho-chemo-physical evolution in a galaxy during

its cosmic life, from the moment of its formation till the present time. In the framework of

the hierarchical building block described by the ΛCDM paradigm, the evolution of a galaxy is

also affected by the manifold of close encounters, interactions, and mergers it undergoes with

its neighbor galaxies. Thus, reconstructing the whole evolutionary path of a galaxy, including

its interaction history, is pivotal to link the galaxy properties we observe at high red-shift to

their physical characteristics observed in the local Universe, and to improve galaxy formation

and evolutionary models.

The Magellanic Clouds (MCs), composed of the Large Magellanic Cloud (LMC) and the Small

Magellanic Cloud (SMC), are the closest example of a three-body interacting system composed of

the Milky Way (MW), the LMC and SMC. Therefore, the unique opportunity provided by their

relative proximity allowed us to analyse with matchless detail the dynamical and morphological

evolution that a galaxy experience as a consequence of the mutual gravitational interaction with

its neighbors. In addition, the MCs likely represent the massive members of a group of galaxies

in the first infall into the MW halo and thus they are the ideal test-bed to investigate the

pre-processing of groups prior the capturing by a massive galaxy, such as the MW.

In this thesis, I made use of astrometric, kinematics (proper motions and radial velocities)

and photometric data, with the main goal of unveiling the evolutionary path of the MCs and

their intense interaction history. To this aim, I developed new algorithms or improved existing

techniques to take full advantage of the datasets I worked with. The majority of the works

presented in this thesis are based on two complementary deep and highly accurate surveys which

explored more than 160 square degrees within the MCs and their outskirts: the STEP and YMCA

survey (PI: V. Ripepi), which were carried out with the VLT survey telescope (VST) since Dec.

3
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2011 up to the last year, when the last tile has been observed. The photometry obtained with

these surveys allows us to resolve the MC stars singularly down to about 1.5-2 magnitudes below

the main-sequence turn-off of the oldest stellar population, permitting us to probe even the early

stages of MCs evolution. The deep photometry is combined with the wide spatial coverage of

the two surveys, which, in the case of YMCA also cover a significant part of the peripheries of

the MCs, regions that have not been explored before employing deep and wide-field photometry.

When I started my Ph.D. project, the STEP survey was already completed and the catalog

available, while the YMCA survey was just starting the observations. As part of my thesis, I

carried out the photometric measurements for the YMCA survey, including the construction of

the procedures needed to calibrate and make available the catalog.

We tackled the reconstruction of the MCs evolutionary history by using two complementary

approaches. The first one, which concerns the major part of this thesis, consisted of a deep

analysis of the properties of the MCs star cluster (SC) system to get insights into their past

evolution. We take advantage of the exclusive YMCA observations to try to obtain for the first

time a complete census of SCs, till the smallest masses, in the areas imaged by the survey. To

this aim, we developed a procedure to discover even the faintest, low-luminous, and sparse still

unknown SCs. Our SC finding algorithm needs only the star coordinates as input parameters,

and searches for local over-densities in the sky, based on density maps obtained through a Kernel

Density Estimation (KDE) algorithm. In practice, we search for small regions in the sky (of

the order of tens of arcsec) with a number of stars significantly higher than the local average

field. The procedure also automatically derives the centre of each over-density and estimates

its radius. This algorithm has been tested on a suite of Montecarlo simulations and artificial

generated SCs to demonstrate its robustness. On this basis, we estimated an efficiency of the

procedure of about 90%, achieved even in the worst possible case, that is poorly populated SCs

embedded in regions with a high density of field stars. We ran the searching algorithm in the

outermost and poorly studied regions of the LMC by taking advantage of the catalog provided

by the majority of the YMCA tiles (65 and 12 sq. deg. towards East and West of the LMC,

respectively) and to the STEP tiles close to the West of the LMC. As result, we detected 55

high reliable candidate SCs, of which 35 (60% of the sample) were new discoveries, in a total

area of 79 square degrees in the LMC surrounding in a range of distances between ∼ 4 kpc

and ∼ 13 kpc. We exploited the colour-magnitude diagrams (CMDs) of the detected SCs, after

having properly de-contaminated from field or foreground stars with a customized procedure,

to estimate their properties, such as age, reddening and metallicity via isochrone fitting. The



List of Tables 5

age distribution of the newly discovered SCs revealed a peak at about 2-3 Gyr which strongly

indicates that a past close encounter between the LMC and SMC enhanced the star cluster

formation activity. Even more interestingly, we detected for the first time the presence of tens of

candidate SCs formed during the so-called “age-gap”, an interval ranging from 4 to 10 Gyr in the

LMC, which was thought to be almost totally devoid of SCs. Among the known SCs included

in our photometry, the new age estimate obtained for KMHK 1762, based on the accurate and

deep YMCA photometry, indicated that it is much older than previously evaluated, making it

one of the very few (the third) confirmed LMC age gap SC ever discovered. Our findings allow

us to suggest a possible solution for the age gap problem, which has puzzled the researchers for

three decades. We propose that the age gap is not a real physical feature, but instead, the result

of an observational bias, originated by the combination of too shallow photometry carried out

by past surveys and a limited investigation of the LMC outskirts, where the lower field stellar

density makes it easier to spot even the faint and sparse SCs.

In the context of the analysis of the YMCA tiles through the cluster searching algorithm,

we also discovered a peculiar SC likely belonging to the LMC (YMCA-1), which, based on the

YMCA data appeared distant, old and very metal-poor. The follow-up deep photometry (g ∼27

mag) with FORS2@VLT which we obtained for YMCA-1 allowed us to confirm that it is old

and metal-intermediate (t ∼ 11.7 Gyrs, Fe/H ∼ −1.12 dex). It is placed at about 55 kpc from

the sun, which is sufficiently close to the LMC to suggest it belongs to this galaxy, even if we

cannot rule out completely its belonging to the MW halo. It is also a faint and very compact

(Lg = 102.1±0.3L⊙, rh = 3.5±0.3 pc). These characteristics make YMCA-1 an exceptional object

among the old LMC SC population. Indeed, YMCA-1 has age and metallicity similar to those of

the other 15 known old LMC GCs, but structural characteristics are completely dissimilar, as it

is two or three order of magnitudes fainter. In particular, it resides in a transition region of the

MV -rh plane, in between the ultra-faint dwarf galaxies and the classical old clusters, and close

to SMASH-1, another faint stellar system recently discovered in the LMC surroundings.

Regarding the SMC SC system, we took advantage of the STEP survey photometric catalogue

to perform a deep analysis of 170 already known SMC SCs located in the main body of the galaxy.

We derived their surface brightness profiles (SBPs) and obtained their main structural parameters

by fitting their SBPs with Elson, Fall & Freeman (EFF) and King models. In addition, we also

exploited their CMDs to estimate the ages for a subsample of 134 SCs. It was the first time

that such a large sample of SCs in the SMC was homogeneously characterized in terms of their

sizes, ages, luminosities and masses, exploring also a wider region of the parameter space, down
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to hundreds of solar masses. The outcomes of this work confirmed the existence of a physical

mechanism that induces an increase of the core radius after 0.3-1.0 Gyr. In the light of the very

large mass interval investigated in our work, we suggested that the process driving the inner

expansion is mass-dependent, as none of the SCs having log(M/M⊙) ≤ 3.5 dex analysed in

this work undergoes the expansion. This result represents a strong constraint for the different

physical mechanisms proposed to explain such an expansion.

In addition to the study of the past evolution of the LMC with SCs, we also focused our

attention on the detection of faint low-luminous sub-structures originated by recent or past tidal

stripping events. These stellar tides represent coherent structures in both position and velocities,

and thus they can be revealed as over-densities in the phase-space of the LMC stars. In this con-

text, we exploited the exquisite results from the Gaia early data release 3 (EDR3) to search for

over-densities in the six-dimensional parameters space constituted by photometric, kinematics

and astrometric information by means of an unsupervised Gaussian Mixture Modelling (GMM)

clustering algorithm. The GMM was able to disentangle the LMC, SMC and MW stellar pop-

ulations, thus returning a genuine sample of LMC stars which was used to investigate the low

surface outer regions of the LMC. In this context, we reported the discovery of a new diffuse

stellar sub-structure protruding up to ∼ 20 degrees from the LMC centre to its North-Eastern

side, which we called the North-East structure (NES). Particularly noteworthy is that the NES

is placed in a region where N-body simulations predict a bending of the LMC disc due to tidal

stresses induced by the MW.

In the final part of this thesis, we studied the possibility of recovering the faint tidal signatures

of merger events for more distant systems, where it is not possible to resolve the galaxies’ indi-

vidual stars any longer. To this aim, we developed the COld STream finder Algorithm (COSTA)

that, through a deep friend-of-friend approach, analyze the position and radial velocity of discrete

tracers (as could be globular clusters and/or planetary nebulae) to look for cold kinematic sub-

structures in the phase-space. We applied COSTA to the relatively distant Fornax cluster since

previous photometric surveys demonstrated that many interactions between the galaxy members

are still ongoing. COSTA detected 13 cold substructures and for the first time it kinematically

confirmed a stream already discovered in the deep photometry of the Fornax cluster.

It is worthwhile to point out that the procedure developed and described in this thesis can be

easily generalized for any stellar system, from the MW to the edge of the local Universe (∼ 50

Mpc), to decipher the evolutionary path of the systems investigated and unveil their history of

mass assembly through the manifold interactions they experienced.



Chapter 1

Introduction

In the hierarchical formation scenario described by the ΛCDM model, massive dark matter halos

grow in a bottom-up manner gathering mass through the merging of many smaller subhalos

[White and Rees, 1978]. This process, known as the merger tree (see Figure 1.1), is still ongoing,

as demonstrated by cosmological simulations [Cooper et al., 2010, Naab et al., 2007, 2009, Oser

et al., 2010, 2012]. In this scenario, at very high redshift, overdense regions of dark matter

which overcome a critical value experience a gravitational collapse, thus originating the first sub-

halos. Within these dark matter sub-halos, the gas bound in the potential well begins to cool and

condense, forming the stars and in turn the galaxies [White and Rees, 1978]. Thus, galaxies form

and evolve within dark matter halos, which also contain the most mass in the Universe. Therefore,

understanding the physical mechanisms driving the formation and evolution of galaxies is one of

the key questions in astrophysics.

Two different approaches can be adopted to shed light on the physical mechanisms which play

a role in shaping the galaxies during their lifetime. The first one is to investigate how the average

properties of galaxies change as a function of the redshift. Indeed, it is possible to investigate

the variation of the luminosity function [Hagen et al., 2015, Parsa et al., 2016], size [e.g., Bluck

et al., 2012, Buitrago et al., 2008, McLure et al., 2013, Roy et al., 2018], number density [e..g,

Cassata et al., 2013], stellar mass [e.g., Roy et al., 2018], star formation rate [e.g., Lapi et al.,

2017], as a function of the redshift, just to mention a few quantities. Higher redshift means

larger distances and therefore also longer look-back times. This approach allows us to build and

analyze a very large statistical sample of galaxies of different morphological type1. However,

1Actually, at very high redshift, i.e. z > 3, the large distances of the galaxies involved make this task not

7
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this strategy only permits us to determine the global physical characteristics of galaxies, as at

high redshifts only the integrated properties of the galaxies, i.e. the average light emanated by

billions of stars, can be collected and studied. On the opposite, the study of the nearby Universe

(i.e., up to ∼ 100 − 200 Mpc) allows us to take advantage of the higher spatial resolution, to

perform a spatial-dependent analysis of the galaxies’ chemical, physical and kinematic properties,

allowing us to build a more detailed picture of a stellar system. In particular, for the galaxies

belonging to the Local Group (LG)2, we can even resolve the galaxy stars singularly till the early

evolutionary stages such as the Main Sequence (MS), thanks to both advanced ground-based

and space telescopes. We can thus use the physical and chemical information held by stars to

unveil the host galaxy’s formation and evolutionary history, that is, for example, the history of

its interactions, and/or its chemical evolution. This second approach, also known as Galactic

Archaeology is at the basis of this thesis.

1.1 Galaxy evolution

One of the most relevant physical mechanisms driving the galaxy evolution in the late Universe

is galaxy-galaxy interactions. As predicted by galaxy formation models, most galaxies should

be surrounded by an extended halo, made by an old and metal-poor stellar population, largely

inhabited by the debris of past merging events [Annibali et al., 2016, Bullock and Johnston,

2005, Cooper et al., 2010, 2015]. The accretion of galaxy halos is one of the predictions of

the hierarchical scenario, as the mass assembly is expected to occur either through the mergers

with other galaxies [Liu et al., 2015, Malumuth and Richstone, 1984, Merritt, 1985, Nipoti,

2017, Ostriker and Tremaine, 1975, White, 1976] or through the tidal stripping of stars from

their neighbor galaxies [Gallagher and Ostriker, 1972, Gregg, 1998, Moore et al., 1996, Read

et al., 2006, Willman et al., 2004]. Therefore, the research of tidal signatures in the form of

debris of a still ongoing or past merger event is a valuable tool for studying the mechanisms

that supply mass in the galaxy outskirts and in turn to improve our knowledge of the galaxy

evolution in a merger context. In addition, as the dynamical times are longer at large galacto-

centric distances [Bullock and Johnston, 2005], galaxy halos and their characteristic underlying

old stellar populations may also preserve the physical and kinematics information about past

mergers [e.g., Amorisco et al., 2014], making them an ideal target to disclose the interaction

straightforward even with the modern technologies.
2The Local Group is the galaxy group whose our Galaxy belongs to. It has a spherical radius of roughly 1

Mpc.
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Figure 1.1: This illustration depicts a classical “merger tree” showing the progenitors of a dark matter halo selected at

the current time. Time increases from top to bottom in the panel. The thickness of the branches indicate the masses

of the sub-halos. The horizontal shaded line at the middle of the figure shows the masses of the parent halos at a given

time. Image taken from Lacey and Cole [1993].

history of a stellar system. In recent years, the number of newly detected stellar streams and

other sub-structures within the galaxies of the LG has noticeably increased, showing that debris

of galaxy interaction events could be almost ubiquitous. Some remarkable examples in the Milky

Way (MW) are the Sagittarius stream [Ibata et al., 2001b, 1997, Majewski et al., 2003], the

Helmi stream [Helmi and White, 1999], the Gaia-Enceladus stream [e.g, Belokurov et al., 2018,

Deason et al., 2018, Haywood et al., 2018, Helmi et al., 2018]. Many other substructures have

been detected in the MW satellites [e.g., Belokurov et al., 2006, Carlin and Sand, 2018, Mackey

et al., 2016] but also around external galaxies such as M31 [e.g., Ibata et al., 2001a, McConnachie

et al., 2009].

Despite the wealth of information provided by tidal structures, debris originating through
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close encounters between galaxies are expected to have a very low surface brightness (i.e. 28-30

mag/arcsec2 in the V−band) and extend for many kpc [Cooper et al., 2010] Therefore, only deep

photometric surveys combined with a wide spatial coverage of the galaxy outskirts are able to

unveil the remnants of close encounters between galaxies. To overcome the complexities of tidal

stream detection, approaches complementary to each other can be adopted to reconstruct how

galaxies have evolved during their cosmic time. For example, a widely appropriate expedient is

taking advantage of the galaxy star cluster (SC) system to reconstruct the whole evolutionary

history of the hosting galaxy. Indeed, considering SCs as a coeval system, they preserve all the

physical properties of the parent galaxy and the chemical status of the interstellar medium (ISM)

at the moment of their formation [Ashman and Zepf, 2008]. It is thus suitable to use SCs as

a surrogate of the galaxy stellar population and use them to reconstruct the whole galaxy star

formation history (SFH) and/or its chemical enrichment. Moreover, it is currently accepted that

a fraction of the SCs inhabiting the outermost regions of the galaxies have been captured from

external dwarf galaxies, hence they represent a useful tool to investigate the interaction history

of their hosting galaxy with its satellites [e.g., Kruijssen et al., 2019, Mucciarelli et al., 2021].

Amongst the tens of dwarf galaxies belonging to the LG, I focus most of my attention on the

two massive dwarf satellites of our Galaxy, the Large Magellanic Cloud (LMC) and the Small

Magellanic Cloud (SMC), which also constitute the galaxy binary system closest to the MW,

known as Magellanic Clouds (MC).

1.2 The Magellanic System

The LMC and SMC are two gaseous-rich interacting dwarf galaxy satellites of the MW located

in the Galactic Southern hemisphere. They represent the main stellar component of a network of

stars and gaseous filaments commonly known as the Magellanic System (MS) which also includes:

(i) an extended stream of HI gas that covers about 200°(∼ 175 kpc at the MS distance) around

the Galactic South pole of the MW [Brüns et al., 2005, D’Onghia and Fox, 2016, Mathewson

et al., 1974, Nidever et al., 2010, Putman et al., 2003] named the Magellanic Stream; (ii) the

Magellanic Stream counterpart, dubbed the Leading Arm, which is located ahead of the LMC

[Putman et al., 1998]; (iii) the Magellanic Bridge (MB) that connects the two galaxies from the

East of the SMC to the South-West of the LMC (see §1.2.2.1 for a detailed description of the

MB). The interaction signatures are striking, the most evident one is the already mentioned

Magellanic Stream, also visible in Fig. 1.2 in its whole extension, or the MB. The LMC and
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SMC also show a disturbed morphology [Belokurov and Erkal, 2019, Mackey et al., 2016, 2018,

Petersen et al., 2021, Pieres et al., 2017]; a complex kinematics [e.g., Cullinane et al., 2022,

Olsen et al., 2011]; enhanced periods of star formation or star cluster formation [Glatt et al.,

2010, Harris and Zaritsky, 2009, Mazzi et al., 2021, Nayak et al., 2016, Nayak et al., 2018,

Pietrzyński and Udalski, 2000, Rubele et al., 2012], that collectively constitute a strong evidence

of their mutual gravitational interaction and of the tidal stresses induced by the MW. The MS

not only represents the closest example of a three-body tidal interaction, made by the MCs

and the MW, but from a cosmological point of view they also represent a rare stellar system.

Indeed, cosmological simulations foresee that the odds of finding an LMC-SMC binary system

still orbiting a MW-like galaxy at the current cosmic time are negligible [≪1%, Boylan-Kolchin

et al., 2011, González et al., 2013, Liu et al., 2011]. Therefore, the MCs are an ideal testbed to

constrain galaxy evolutionary theories in a merger context and to probe with a matchless detail

the mass assembly of the MW halo, via the accretion of an ongoing binary galaxy system.

In the last decades, great advances in the knowledge of the past evolution of the MS have

been achieved. For example, even though the MCs were traditionally believed to have been

MW satellites for a Hubble time [Bekki and Chiba, 2005, Connors et al., 2004, 2006, Gardiner

and Noguchi, 1996, Gardiner et al., 1994, Heller and Rohlfs, 1994, Lin and Lynden-Bell, 1982,

Lin et al., 1995, Mastropietro et al., 2005, Moore and Davis, 1994, Murai and Fujimoto, 1980,

Yoshizawa and Noguchi, 2003], nowadays a large consensus exists about the hypothesis that

the MCs approached to the MW only recently. In particular, they are on their first passage

around the Galaxy, and currently, they just passed the pericenter and are moving towards the

apocenter. This is supported by recent and more precise measurements of their proper motions

[PM, Kallivayalil et al., 2006a,b, 2013, Vieira et al., 2010] obtained through observations carried

out with the Hubble Space Telescope (HST) spanning a time interval of about 7 years and also

thanks to the Gaia data release 1 [DR1, van der Marel and Sahlmann, 2016]. Based on these new

findings, the idea of the MCs as interacting binaries for a Hubble time has been challenged [Besla

et al., 2012, Diaz and Bekki, 2012], but also the origin of some tidal structures was re-interpreted.

For instance, formerly the origin of the Magellanic Stream was ascribed to the tidal influence

of the MW, while the current scenario based on the more accurate proper motions (PMs) is

different, attributing its formation to the gas tidally stripped from the SMC because of a close

past encounter, happened some Gyr ago, with its larger companion, the LMC [e.g., Diaz and

Bekki, 2012].

A further breakthrough in the comprehension of the MS achieved in the past years concerns
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Figure 1.2: Image showing the Magellanic stream and the MCs in HI (red colours), with an optical all-sky image in

Aitoff projection. Image taken from Mellinger [2009].

the dramatic increase of the evidence suggesting that the LMC entered into the MW halo with its

own system of dwarf satellites, besides the SMC. The possibility that some MW galaxy satellites

were connected with the MS was first proposed by Lynden-Bell [1976], and then discussed by

other authors [D’Onghia and Lake, 2008, Nichols et al., 2011, Sales et al., 2011], on the basis of the

discovery of the presence of several ultra-faint dwarf (UFDs) galaxies and globular clusters (GCs)

along the MS orbital plane. Moreover, the existence of satellites of satellites is a strong prediction

of the hierarchical paradigm in which large and massive structures form via the accretion of

smaller ones. The availability of accurate PMs and parallax for more than 1 billion stars provided

by the Gaia space mission [Gaia Collaboration et al., 2016, Lindegren et al., 2016] delineated a

turning point for the research of LMC satellites. Kallivayalil et al. [2018] exploited the second

data release of the Gaia space mission [DR2, Gaia Collaboration et al., 2018a] to obtain accurate

PM measurements for 13 ultra-faint dwarf galaxies recently discovered in the MW halo. They

concluded that 4 dwarf galaxies share the same orbital properties of the LMC, suggesting that

they are likely dwarf satellites belonging to the MS rather than dwarf galaxies of the MW as

commonly assumed. Many different authors took advantage of the capabilities of the Gaia
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spacecraft, making the number of candidate LMC satellites increase [Pace and Li, 2019, Pardy

et al., 2020, Patel et al., 2020], and showing up a picture in which the LMC is the massive

member of a sub-group of galaxies only recently penetrated in the MW halo.

A recent outstanding outcome corroborates the hypothesis that the LMC also experienced

mergers in the past by “cannibalizing” less massive dwarf galaxies. Indeed, Mucciarelli et al.

[2021] discovered that the old LMC GC NGC 2005 has a chemical composition not compatible

with an LMC origin, hence it is likely the only survivor of a past merger between the LMC

and one of its dwarf satellites now completely dissolved. Although in the past different works

detected signatures of likely ancient galaxies now absorbed by the LMC [e.g., Armstrong and

Bekki, 2018], if confirmed, this result would be the first observational evidence that the process

of mass assembly has operated also at the small scales.

In addition to the critical importance of the MS in constraining galaxy evolution theories

as described above, the MCs have also been essential for many other astrophysical fields. For

example, the MCs hold a very conspicuous system of SCs, constituted by several thousands of

members (see §1.2.4 for a detailed discussion) suitable for investigating their properties in great

detail, thanks to the relative proximity of the MS. The SC system of the MCs has still pivotal

importance for improving stellar evolutionary models thanks to the analysis of their colour-

magnitude diagrams (CMDs). In particular, the comparison between the position of their SC

stars on the CMD and the theoretical isochrones built thanks to the current know-how of the

time-evolution of the single stellar populations (SSP) has been critical to making progress in some

particular aspects of the evolution of the stars, such as: (i) the overshooting [Mucciarelli et al.,

2007]; some post-evolutionary phases as the thermal pulsing asymptotic giant branch [Girardi

and Marigo, 2007, Lebzelter and Wood, 2007, Lebzelter et al., 2008]; the impact of the rotation

of stars on their position on the CMD [e.g., Carini et al., 2020], just to mention a few. Moreover,

the MCs system of SCs also includes massive (of the order of 105M⊙) clusters spanning all the

range of ages, from the still SC forming regions as the 30 Doradus complex up to the old GCs

(log(t) ∼ 1012 dex). They also cover at least 2 dex in metallicity, thus the parameters space

covered by these objects extends over a wider region with respect to the MW SC system. This

occurrence makes them ideal probes to study the physical processes that affect their evolution

during the cosmic time and to investigate how their observables (luminosity, color, structural

parameters, etc.) evolve as they get older (a more detailed introduction about the SC dynamical

evolution is in §1.2.5).

Finally, also from a cosmological point of view, the MCs play remarkable importance as
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they provide the first anchor for the cosmic distance ladder thanks to the period-luminosity

relationship [Leavitt and Pickering, 1912] applied to the large sample of LMC-SMC standard

candles, such as Cepheids and RR Lyrae stars [e.g., Jacyszyn-Dobrzeniecka et al., 2016, 2017,

Ripepi et al., 2017, and references therein]. The accuracy of this relationship, and the analysis

of its dependence by other physical parameters, as the metallicity, is a crucial step to decrease

the uncertainty for the estimate of the Hubble constant [e.g., Ripepi et al., 2021, and references

therein] and to resolve the puzzle of the Hubble tension as well [see, Planck Collaboration et al.,

2020, Riess et al., 2021, and references therein].

In the following sections I discuss the LMC and SMC in more detail, describing the state-of-

the-art of our knowledge about their evolutionary history, and the questions still open.

1.2.1 The Large Magellanic Cloud

The LMC, depicted in Fig. 1.3, is the greatest and most massive satellite of the MW, and it

is the fourth massive galaxy of the Local Group (after the MW, M31 and M33). Its relative

proximity with the MW [∼ 50 kpc de Grijs et al., 2014] makes it possible to resolve its stellar

population down to the very faint magnitudes, and in turn to probe its evolutionary history

with unequaled detail. The LMC is a dwarf galaxy with a planar structure composed by a non

constant inclination of the disc that varies with the galacto-centric distance. Indeed, the LMC’s

disc has an average inclination of ∼ 25−30° [e.g., Choi et al., 2018b, Cusano et al., 2021, Mackey

et al., 2016, van der Marel and Kallivayalil, 2014] but it dramatically increases up to ∼ 40° close

to the LMC centre [Choi et al., 2018b]. The LMC is oriented in such a way that its North-East

side is spatially closer to us and its disc rotates in a counter-clock way with a rotational velocity

of about 70 km s−1 [Gaia Collaboration et al., 2018b, 2021b]. The LMC also possesses a few

spiral arms [see e.g., de Vaucouleurs, 1955, de Vaucouleurs and Freeman, 1972b, Mazzi et al.,

2021]. It is a gaseous rich and metal-poor galaxy with respect to the MW. Its metal content

spans about 2 dex in metallicity, and it also shows a negative metallicity gradient from the centre

to the periphery [Choudhury et al., 2016, 2021, Cioni, 2009, Grady et al., 2021, Skowron et al.,

2021].

The LMC possesses a mix of young and intermediate-age old stellar populations. The former

component is centrally concentrated and it mainly traces the thin off-centred bar and the spiral

arms [e.g., El Youssoufi et al., 2019, Gaia Collaboration et al., 2021b]. The LMC is still actively

forming stars at a rate of about 0.1-0.2 M⊙/yr [Mazzi et al., 2021], and therefore hosts several

clumpy star-forming regions, of which 30 Doradus, one of the most active starburst region known
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Figure 1.3: Image of the LMC taken from the European Southern Observatory (ESO) “La Silla”. From this picture it

is recognizable the irregularity of the LMC. It is visible the central bar and also other LMC structures, such as the 30

Doradus complex at the centre of the image. Credit Zdenek Bardon - ESO

in the LG, is the most remarkable example [see e.g., Cignoni et al., 2016, De Marchi et al.,

2011, van Gelder et al., 2020]. On the other hand, the oldest stellar population is more evenly

distributed, and extends farther out from its optical centre. Thus, the latter is an optimal

component to trace the faintest luminous outermost regions of the LMC and to probe either the

size of the LMC or the existence of an extended halo. The extension of the LMC disc reaches

at least up to 16° (about 14 kpc at the LMC distance) to the North, following an exponential

profile with a scale length of 1.15 kpc [Saha et al., 2010], and up to ∼ 10° -14° to the South

(9-12 kpc) [Mackey et al., 2018], but the presence of LMC stars has been detected even at larger

distances. For example, Nidever et al. [2019] disclosed a very faint surface brightness (down to

34 mag arcsec2) old (∼ 9 Gyrs) and metal-poor population up to 21° (18.5 kpc) from the LMC

centre, following an exponential profile which breaks at 13° -15°. Belokurov and Koposov [2016]

revealed blue horizontal branch (BHB) LMC stars out to about 30° (26 kpc). The picture that

emerged from these pioneering works is that the LMC is much more extended than previously

thought, despite is still not clear if these faint structures represent a stripped outer disc material

or rather an accreted extended halo.

The LMC’s evolution has been continuously affected by the mutual dynamical interaction

with the SMC and more recently also by the gravitational potential of the MW as well. Indeed,
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the LMC presents numerous features witnessing its turbulent past evolution. For example, its

disc revealed to be warped, flared and twisted [Besla et al., 2016, Choi et al., 2018b, Mackey

et al., 2016, Olsen and Salyk, 2002, van der Marel, 2001], it contains an off-centred bar [e.g., El

Youssoufi et al., 2021, Subramaniam and Subramanian, 2009, Zhao and Evans, 2000], a ring-like

stellar over-density [Choi et al., 2018a]. Moreover several faint substructures have been recently

detected in its periphery [Belokurov and Erkal, 2019, El Youssoufi et al., 2021, Mackey et al.,

2016, 2018, Petersen et al., 2021, a more detailed description of the substructures revealed in the

LMC periphery is in discussion about the LMC substructures in §1.2.3.1 and §1.2.3.2], whose

origin have been ascribed by N-body simulations to the combined tidal effect of the MW and

SMC [e.g., Belokurov and Erkal, 2019, Cullinane et al., 2022]. The adversity of resolving such

a three-body problem to explain the wealth of tidal signatures observed today in the LMC is

even more complicated considering that other invisible actors may have played a crucial role

in shaping the chemo-physical and kinematic properties of the LMC. Indeed, some evidence

strongly suggests that the LMC has experienced direct collisions with dwarf galaxy satellites

now completely dissolved, but that contributed to the assembly mass of its stellar population

[see e.g., Armstrong and Bekki, 2018, Olsen et al., 2011] and its SC system [Mucciarelli et al.,

2021, see also discussion in §1.2]. Thus, it is not surprising that these occurrences, combined

with its vicinity, make the LMC one of the most interesting targets for investigating the theories

of galaxy evolution in the ΛCDM paradigm, by studying the photometry, spectroscopy, and

kinematics of its resolved stars.

1.2.2 The Small Magellanic Cloud: a tidal stripping galaxy

The SMC, depicted in Fig. 1.4, is a dwarf irregular galaxy, located at slightly larger distance

with respect to the LMC [∼ 60 kpc, de Grijs and Bono, 2015]. It has a total estimated dynamical

mass of M ∼ 109M⊙ [Di Teodoro et al., 2019] and being of about two orders of magnitudes less

massive than its companion, the scars of the tidal forces generated by the mutual gravitational

interaction with the LMC are much more prominent in its morphology, kinematics of the star

and the gas. The status of the SMC is that of an ongoing tidally disrupting galaxy, stretched

in the direction of the LMC. Stars and gas seems to be disconnected from a geometrical and

kinematic point of view, and even the young and intermediate-age old stellar populations are

off-set between each other [Mackey et al., 2018], suggesting past disturbances also to the reservoir

of gas.

The SMC displays several distinct morphological features, the most striking one is a central
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Figure 1.4: Infrared image of the SMC taken with the VISTA telescope. The SMC has not a defined morphology and it

is stretched in the direction of the LMC. At the right of the image stands out the the very bright 47 Tucanae globular

cluster. Credit: ESO - VISTA VMC.

bar where most of the stars and SCs reside. It also possesses an Eastern elongated structure

made of stripped stars known as the Wing, first observed by Shapley [1940], that departs from

the Northern edge of the bar and extends toward the LMC and likely represents an ongoing

tidally stripped process [Besla et al., 2010, 2012, Cioni, 2009, Diaz and Bekki, 2012, Gonidakis

et al., 2009, Gordon et al., 2009, Zaritsky and Harris, 2004]. Another remarkable feature is the

Magellanic Bridge (MB) made of HI gas [Hindman et al., 1963] and stars that connect the South-

East side of the SMC to the South-West side of the LMC (see §1.2.2.1 for a detailed description

of the MB).

The young stellar population is highly irregular [e.g., El Youssoufi et al., 2021] and disturbed

[Massana et al., 2020] and it is mostly located within the bar and the Eastern wing [El Youssoufi

et al., 2019]. Alike to the LMC, the older stellar component is more smoothly distributed [see

e.g., Haschke et al., 2012, Jacyszyn-Dobrzeniecka et al., 2017, Zaritsky et al., 2000]. The actual
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3D shape of the SMC is still unclear but it can roughly be approximated as a triaxal spheroid or

ellipsoid with a considerable extension along the line of sight [e.g., Deb et al., 2015, Gardiner and

Hawkins, 1991, Jacyszyn-Dobrzeniecka et al., 2017, Muraveva et al., 2018, Ripepi et al., 2017,

Scowcroft et al., 2016, Subramanian and Subramaniam, 2012]. To map the three-dimensional

structure of the SMC Cepheids and RR Lyrae stars are commonly used as distance indicators,

and as tracers of the young (50-500 Myr) and old (≥ 10 Gyr) stellar population, respectively.

The picture that emerged from these studies confirmed that the SMC is an ellipsoid rather than

a flat disk galaxy [Jacyszyn-Dobrzeniecka et al., 2016, Ripepi et al., 2017, Scowcroft et al., 2016]

, confirmed also by the absence of any rotational signal in the PMs obtained by the Gaia satellite

[Gaia Collaboration et al., 2018b, 2021b]. The SMC is tilted with its East side closer to us of

about 20 kpc with respect to the West side [Scowcroft et al., 2016] and possesses an elongation

along the line of sight of more than 25–30 kpc [Ripepi et al., 2017]. Ripepi et al. [2017] also

found evidence for the presence of a counter-bridge, predicted by N-body models of an LMC-

SMC encounter [Diaz and Bekki, 2012]. Unlike the stars, the gas component might possess a

circular motion typical of a rotating disc [Hindman et al., 1963, Kerr et al., 1954, Stanimirovic

et al., 1999, Staveley-Smith et al., 1997], documenting the current complex geometrical structure

of the SMC.

Thanks to the recent deep surveys, several low surface brightness substructures in the SMC

periphery were unveiled. Just to mention the most noticeable ones, Pieres et al. [2017] through

the analysis of Dark Energy Survey [DES; Dark Energy Survey Collaboration et al., 2016] data

discovered a stellar over-density at 8° from North of the SMC centre, that they called Small Mag-

ellanic Cloud Northern Over-Density (SMCNOD). The SMCNOD contains mainly intermediate-

age stars (6 Gyr, Z=0.001) and a small component of younger stars (1 Gyr, Z=0.01) that likely

were originally part of the SMC disc removed by tidal stripping events during previous close

encounters between the LMC and the SMC. Martínez-Delgado et al. [2019] revisited a shell-like

over-density at about 2° from the SMC centre, to the North-East side, using Survey of the MAg-

ellanic Stellar History [SMASH; Nidever et al., 2017] data. They only revealed the presence of a

young population (∼15 Myrs), suggesting that it likely represents a recent star formation event,

probably triggered by the most recent LMC-SMC encounter that happened about 150 Myr ago.

Piatti [2022a] re-analyzed the shell-like over-density revealing that the substructure is more ex-

tended along the line-of-sight than previously thought. They also revisited the Martínez-Delgado

et al. [2019]’s hypothesis speculating that this feature is likely another tidally stripped/formed

stellar structure from gas pulled out from the SMC main body because of the gravitational in-
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teraction with the LMC and/or MW. Finally, Massana et al. [2020] identified a tidally stellar

structure with SMASH data, that extends up to 12° from the SMC centre and has an estimated

surface brightness of ∼ 31.9 mag/arcsec2).

1.2.2.1 The Magellanic Bridge

The MB connects the East side of the SMC to the South-West of the LMC, and therefore its

line-of-sight distance varies from ∼ 50 kpc to ∼ 60 kpc. It was unveiled for the first time as

a HI signature by Hindman et al. [1963], but later many works also reported the presence of

both a young and older stellar component. The MB is likely the product of the most recent

direct collision between the SMC and the LMC happened about 150 Myr ago [e.g., Besla et al.,

2012, Zivick et al., 2018, 2019], hence the intermediate-age old stars detected in the MB [see

e.g., Bagheri et al., 2013, Carrera et al., 2017, Dobbie et al., 2014, Nidever et al., 2013, Noël

et al., 2013, 2015, Skowron et al., 2014] have been tidally stripped from the SMC, while the

young stellar component is likely born-in-situ from the tidally stripped SMC gas material [e.g.,

Demers and Battinelli, 1998, Harris, 2007, Irwin et al., 1985, Mackey et al., 2017, Noël et al.,

2015, Skowron et al., 2014]. This was confirmed by Noël et al. [2015] as they reported that young

and intermediate-old age stars have distinct spatial distributions, with the former component

mirroring the HI distribution.

Recently, also the PMs of red giant branch (RGB) stars in the MB have been constrained,

confirming an overall flow of stars from the SMC towards the LMC [Schmidt et al., 2020], as also

confirmed through the recent PMs provided by Gaia Early Data Release 3 [Gaia Collaboration

et al., 2021a,b]. The MB also hosts a population of young SCs [Bica et al., 2015] whose estimated

ages, namely between 7.3 ≤ log(t) ≤ 8.3, were sufficiently young to suggest an in-situ formation.3

1.2.3 Stellar sub-structures in the MC outskirts as proxy of their in-

teraction history

As already anticipated in the discussion in §1.1, the outskirts of a galaxy may hold numerous

evidence of the past mergers, due to the longer dynamical times that delay the mixing processes

amongst the stars [Bullock and Johnston, 2005]. Indeed, N-body simulations foresee the existence

of a very complex system of stellar tails, streams, and other faint substructures located in the

halo of interacting galaxies and originated by the tidal stresses and past mergers experienced

3Bica et al. [2015] analyzed 14 SCs and young associations within the MB.
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by a galaxy [Bullock and Johnston, 2005, Cooper et al., 2010]. These tidal signatures have

very low surface brightness magnitudes [Cooper et al., 2010, and references therein], making not

straightforward revealing them.

In the last decade, thanks to recent deep panoramic surveys targeting the MCs, several tidal

structures generated by the mutual gravitational interaction between the MCs and the MW were

unveiled [e.g., Belokurov and Koposov, 2016, Choi et al., 2018a, El Youssoufi et al., 2019, 2021,

Mackey et al., 2016, 2018, Petersen et al., 2021, Pieres et al., 2017]. These discoveries aided

to reconstruct the interaction history of the MCs, whose morphology and kinematics have been

shaped in the last Gyrs by their mutual gravitational influence and by the tidal stresses induced

by the MW [e.g., Belokurov and Erkal, 2019, Besla et al., 2012]. Even more valuable, the Early

Data Release 3 (EDR3) of the Gaia mission [Gaia Collaboration et al., 2016, 2021a] made it

possible to kinematically characterize the already known tidal substructures [Cullinane et al.,

2022, Omkumar et al., 2021, Schmidt et al., 2020], to unveil the response of the MW halo to

the LMC [Belokurov et al., 2019, Conroy et al., 2021, Garavito-Camargo et al., 2019, Vasiliev

et al., 2021], but also to discover new stellar streams predicted by N-body models [Belokurov

and Erkal, 2019, Petersen et al., 2021].

In the following sections, I describe the stellar sub-structures recently revealed in the periphery

of the MCs, the progress made to shed light on their origin, and the questions still open within

the scientific community.

1.2.3.1 The Northern Tidal Arm in the LMC: an unexpected thin over-density

Amongst the numerous sub-structures revealed in the last years, one of the most striking is the

Northern Tidal Arm (NTA), an arm-like stellar over-density located to the North of the LMC,

revealed by Mackey et al. [2016] by exploiting the public DES survey . Fig. 1.5 displays a spatial

density map of old MSTO stars associated with the LMC by Mackey et al. [2016] where the NTA

over-density is visible to the North of the outer LMC disc. Mackey et al. [2016] described it as an

over-density that emerges from the LMC outer disc at about 13.5° North of the LMC centre, and

extends for more than 10 kpc towards the East. It is about 1.5 kpc wide, making it the shape of

a thin arm and has a total integrated magnitude in the V−band of MV ∼ −7.4 mag. The study

of the NTA stellar population ledMackey et al. [2016] to conclude that it likely consists of stars

tidally stripped from the LMC outer disc because of an external gravitational potential.

Belokurov and Erkal [2019] were able to trace the NTA in all its extension (i.e. 20° ) by using

a CMD selection of red giant branch (RGB) stars with Gaia DR2 [Gaia Collaboration et al.,
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Figure 1.5: Spatial density map of LMC old main-sequence turn-off stars. The size of the bin is 2′× 2′. A Gaussian

kernel with σ = 3′ was applied to smooth the image. In this figure, North is up and East is to the left as indicated. The

coordinates (ξ, η) are in a tangent-plane (gnomonic) projection centred on the LMC. Three purple dashed circles mark

angular distance of 8° , 10° , and 12° from the LMC centre. A wide-field optical image of the LMC (credit: Yuri Beletsky)

fills the inner 8° . The NTA is clearly visible to the North of the outer LMC disc stretching towards the Carina dwarf,

marked with a magenta point, and surrounded by a circle which indicates a radius of 1°. Image taken from Mackey et al.

[2016].
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2018a]. Mackey et al. [2016] and Belokurov and Erkal [2019] ran N-body simulations of an MW-

LMC interaction to understand the origin of the NTA. They concluded that the tidal influence

of the MW is strong enough to twist the Northern half part of the LMC disc. Nonetheless, the

outcomes of these simulations predict as a consequence of the MW stress a more diffuse twisted

stream in the North-Eastern side LMC, rather than a thin and horizontal arm as observed so

far.

Recently, Cullinane et al. [2022] obtained radial velocities and metallicities of the NTA stars

through spectroscopic observations of different regions along the arm in the context of the Mag-

ellanic Edges Survey (MagES). They also took advantage of the PMs from the Gaia EDR3 [Gaia

Collaboration et al., 2021a] in order to have all the components of the 3D velocity vector along

the NTA. Combining metallicity and kinematics measurements they unquestionably confirmed

that the NTA consists of LMC outer disc material tidally distorted by an external gravitational

potential. They also ran a set of N-body simulations of a LMC-MW interaction to shed light on

the NTA origin. Alike the previous works, their best model that qualitatively matches with the

observations also foresee a much more diffuse substructure, namely the half part of the North-

East outer LMC disc twisted in the direction of the Galactic disc. However, at present, such a

diffuse stellar structure has not been detected in the position predicted by N-body simulations

yet. Finally, some peculiar kinematics features observed in the NTA, such as very large negative

radial velocities, cannot be ascribed to the solely MW interaction. Therefore, they suggest that

the MW gravitational attraction combined with past recurring close passages of the SMC shaped

the morphology and kinematics of the NTA.

1.2.3.2 The outer disc of the LMC: a network of tidal stellar sub-structures

Besides the thin over-density discovered to the North of the LMC, other tidal structures ascribed

to the dynamical interactions with the SMC and/or the MW surround the LMC. Analyzing

deep optical images of the LMC disc, Besla et al. [2016] spotlighted the presence of stellar arcs

and multiple spiral arms to the North of the LMC (within 10° from the LMC centre). They

used numerical simulations to unveil the nature of all the features depicted to the Northern side

of the LMC (including the NTA) and concluded that repeated close interactions between the

MCs produced such tidal sub-structures. Afterward, Mackey et al. [2018] revealed two large

stellar substructures to the South of the LMC, as well as in the Intra-cloud regions, and they

also observed that the LMC outer disc is truncated at West and South side (in the directions

facing the SMC) with respect to its extension to the North. An even more complex network of
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Figure 1.6: Morphological features in the outskirts of the MCs identified by El Youssoufi et al. [2021]. The size of the bin

size is 0.09 deg2. The main morphological features are listed at the sides of the figure. Image taken from El Youssoufi

et al. [2021].

tidal features in the South of the LMC, reminiscing of spiral arms, were disclosed by Belokurov

and Erkal [2019] by using a RGB sample taken from the Gaia DR2. They noticed that one of

the substructures depicted by Mackey et al. [2018] is curving clockwise, in the direction of the

SMC, but in addition, in the same region they discovered a new thin stellar stream that wraps

around the South LMC disc and seems to connect with the SMC. They also retrieved the West

truncation of the LMC outer disc as well.

N-Body simulations showed up that the combined effect of the MW and the SMC is needed

to explain all these observed features [Belokurov and Erkal, 2019]. Recently, El Youssoufi et al.

[2021] explored the periphery of both the MCs by using near-infrared photometry from the Vista

Hemisphere Survey [VHS, McMahon et al., 2013]. They confirmed all the stellar tidal sub-

structures described above to the North and South of the LMC, as well as the disc truncation

at its Western side. Fig. 1.6 depicts the main morphological features in the MCs. Furthermore,

they also discovered a new stellar sub-structure to the East of the LMC, up to 20° from the LMC

centre, in the direction of the Galactic disc. They speculated that it could have formed by the

tidal forces generated by the MW.
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To conclude the description of the main stellar tides revealed in the last years within the LMC

periphery, Petersen et al. [2021] used an N-body model to examine the ongoing tidal interaction

of the LMC with the MW. Their model foresees an extended structure made by tidally stripped

stars to the North-East of the LMC, stretched towards the Galactic disc. They also detected

the leading arm of such a structure, beyond 25° from the LMC centre, adopting as population

tracers a sample of RR Lyrae stars provided by the Gaia DR2 [Clementini et al., 2019, Holl

et al., 2018] and employing the PMs measurements from Gaia EDR3. They revealed signatures

of such a stream even at 70° from the LMC centre, in the Northern hemisphere, demonstrating

that the LMC halo is more extended than previously thought.

1.2.4 The star cluster system of the MCs as proxy of their interaction

history

The stars contain all the chemo-physical information about the entire evolutionary history of a

galaxy, hence this can be reconstructed through the examination of its stellar component, either

by means of the derivation of the SFH of the field or by using its SC system as surrogate of the

stellar field population. SCs have always been pivotal stellar systems to understand many physical

mechanisms in different astrophysical fields. Being an (approximately) coeval system of stars of

different masses it is the ideal laboratory to test stellar evolutionary models and to understand

the weight of physical phenomena happening inside stars, such as overshooting, mass loss rate,

rotation, diffusion, mixing of chemical elements, amongst the others. In addition, considering

all the SCs tied to a galaxy as a physical system, the different ages, masses and metallicities

of its members offer an excellent benchmark to reconstruct the physical evolution of its hosting

galaxy. The usefulness of approximating them as a SSP allows us to use their properties to derive

the past star formation rate (SFR) and the chemical evolution of a galaxy ISM. Moreover, the

episodic enhancements in the star cluster formation (SCF) represents tangible clues of the past

close encounters and/or mergers experienced by a galaxy. Overall, the sub-population of the SCs

captured from dwarf galaxy satellites is a direct witness, even in case of current dissolved stellar

systems, of the mass assembly rate, aiding to comprehend the history of the interactions of a

galaxy [see e.g., Kruijssen et al., 2019, Mucciarelli et al., 2021].

One of the main topics addressed in this thesis is the investigation of the MCs SC system with

the aim of unveiling their past evolution. This is achieved: a) through a deep study of a large

sample of already catalogued SCs whose main characteristics such as age, metallicity, structural
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Figure 1.7: Objects catalogued as star cluster by Bica et al. [2008] in the LMC, the SMC and within the Bridge. Every

small dot represents a SC whereas blue circles indicate SCs older than 4 Gyrs. The red triangles mark the position of

the LMC and SMC centroids. Image taken from Bica et al. [2008].

parameters etc. have not been studied in detail so far; b) via an extensive research of unknown

SCs in the outskirts of the MCs, in order to build a complete census of these objects, allowing

us to study the MC SC system without selection biases. The SC system of the MCs has always

been one of the most studied for the following reasons: (i) they are sufficiently close to let their

individual stars be resolved by medium-size telescopes; (ii) many SCs are populous so that also

the post main sequence evolutionary phases are well populated; (iii) the SCs in the Magellanic

system are numerous. Indeed, the most recent updated catalogues by Bica et al. [2008] and Bica

et al. [2020] contains more than 4000 objects comprising SCs and young associations. A not

negligible subsample of MC SCs is also as massive as the old GCs of the MW, but with the

peculiarity that, unlike the Galactic GCs, they span a very broad range of ages, from 106 to
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1010 yrs, making suitable to use them to probe a wide parameter space and to analyze how their

physical properties evolve during their lifetime (see also §1.2.5). Figure 1.7 shows the spatial

position of the MCs SCs reported in the Bica et al. [2008] catalogue, as well as that of the SCs

older than 4 Gyrs (blue points).

In the next sections I describe the state-of-art of the MCs SC system and the still open

questions that I face in the present thesis.

1.2.4.1 Age distribution of star clusters in the Magellanic system

In recent years several authors tried to unveil the interaction history of the MCs by using the

age distribution of their SC system as a tool [Baumgardt et al., 2013, Glatt et al., 2010, Nayak

et al., 2016, Nayak et al., 2018, Piatti, 2021a, Piatti et al., 2015a,b, 2016, 2018, Pieres et al.,

2016, Pietrzyński and Udalski, 2000]. Taking advantage of a conspicuous sample of SCs with

homogeneously estimated ages, different authors reported the presence of peaks in the SCs age

distribution, suggesting that the origin of these enhancements in the SCF were repeated close

encounters between the LMC and the SMC. Indeed, SCs may form through strong shock com-

pression produced by the re-distribution of the gas in response to a nearby encounter between

two galaxies. Therefore, recurrent close passages induce episodic star formation events in the

galaxies involved.

Pietrzyński and Udalski [2000] used the second data release of the Optical Gravitational

Lensing Experiment [OGLE II, Udalski et al., 1997], to estimate ages for about 600 SCs younger

than ∼ 1.2 Gyrs in the central parts of the LMC through the isochrone matching procedure.

They revealed three important peaks of SCF, centred at ∼ 7 Myrs, ∼ 125 Myrs and ∼ 800 Myrs.

Nevertheless, the adoption of a LMC distance modulus (DM) of a considerably lower value with

respect to that accepted today (i.e DM = 18.24 mag vs DMLMC ≃ 18.49 mag) could have affected

their age determination. Glatt et al. [2010] increased noticeably the sample of SCs studied in the

MCs by using data from the Magellanic Cloud Photometric Surveys (MCPS). They derived ages

of 324 and 1193 SCs younger than 1 Gyr in the SMC and LMC, respectively, through a visual

isochrone fitting procedure. In this way, they were able to obtain and compare SCF periods of

both the MCs adopting a homogeneous sample of SCs. They found that the MCs had a very

similar burst of SC formation episodes, at 160 Myrs and 630 Myrs for the SMC and 125 Myrs

and 800 Myrs for the LMC, strengthening the hypothesis that a nearby passage between the MCs

originated these two peaks. Nayak et al. [2016] and afterwards Nayak et al. [2018] implemented

a semi-automated quantitative method to retrieve age and reddening of 1072 LMC and 468 SMC
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SCs, respectively, using data from the OGLE III. They found a major cluster formation episode

at about 125 Myrs in the LMC and at about 130 Myrs in the SMC, in agreement with previous

works. In the last years, the number of LMC and SMC SCs with estimated ages has considerably

increased, finding consistent results with previous literature about episodic enhancements in the

SCF at similar periods in both the MCs [Baumgardt et al., 2013, Chiosi et al., 2006, Perren

et al., 2017, Piatti et al., 2015a,b, 2016]. At the same time, the search for still undiscovered SCs

intensified thanks to the availability of wide-field surveys ensuring deeper photometry and higher

spatial resolution in combination with a wide-spatial covering of the MCs [Gatto et al., 2020,

Piatti, 2021a, Piatti et al., 2018, Pieres et al., 2016, Ripepi et al., 2014, Sitek et al., 2016, 2017],

making the number of SCs associated with the MCs significantly expand. For example,Piatti

et al. [2016] investigated a region of 0.4° × 0.4° within the SMC bar, enlarging the number of

known SCs by about 55%, demonstrating that a noticeable fraction of SCs is still missing.

Overall, the temporal picture emerging from these works revealed that the SCF histories of

the MCs are coupled in the last Gyrs, suggesting that the interplay between the LMC and the

SMC played a major role in the SF activity of the MCs. Furthermore, the spatial distribution

depicted from the above mentioned works demonstrated that into the LMC most of the young

SCs trace the central bar and the spiral arms, with the very young objects (< 10 Myrs) found

in the supergiant shells of HII. On the opposite, older LMC SCs follow a smoother distribution

and are located also at larger galacatocentric distances. Alike the LMC, most of the young SCs

in the SMC reside in the bar and in the bridge connecting the MCs, whereas older SCs are more

evenly distributed.

Despite the many similarities in the MCs SC system underlined above, some remarkable

differences are present, in particular concerning the intermediate-age old SC population. For

example, regarding the age distribution of the oldest SC members, the LMC hosts at least 15

confirmed SCs as old as the galaxy itself [e.g., Bica et al., 2008, Mackey and Gilmore, 2004, Olsen

et al., 1998], namely ∼ 12− 13 Gyrs old and thus coeval with the oldest Galactic GCs (GGCs),

indicating that the LMC and the MW might have formed at the same time. On the other hand,

the SMC has only 1 old known SC, NGC 121, whose estimated age of 10 Gyrs [Glatt et al.,

2008a, Mighell et al., 1998, Shara et al., 1998] is also relatively younger with respect to the LMC

oldest population. A further striking difference between the LMC-SMC SCF histories is the

almost total lack of LMC SCs in a period ranging in the time interval 4-10 Gyrs, known as “the

age gap”, which was first noticed by Da Costa [1991]. To date, only the SC ESO121-03 with an

estimated age of t ≃ 9 Gyrs [Mackey et al., 2006, Mateo et al., 1986] is known to inhabit the age
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gap. The SMC does instead possess numerous intermediate-age SCs which makes the age gap

a peculiarity of the LMC alone [e.g., Glatt et al., 2008b, Mighell et al., 1998, Rich et al., 2000].

The age gap makes the SC formation/evolutionary history of the LMC anomalous compared to

those in the MW, the SMC and other galaxies, where no similar gaps are found. The LMC age

gap problem is one of the open questions faced in this thesis, therefore we discuss this subject in

detail in the next sections.

Before concluding, it is worth noticing that the majority of the recent works specialized in

looking for new SCs and devoted to the study of the properties of already known SCs, focused only

in the central regions of the MCs [e.g., Nayak et al., 2016, Palma et al., 2016, Piatti et al., 2015a,

2018]. The photometry adopted in many works was also too shallow to allow a detailed analysis

of SCs older than 1-1.5 Gyrs [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński and Udalski,

2000], as the MS of these objects become fainter and fainter as the age increases. Only in recent

years, the availability of wide-field photometric surveys allowed us to explore the outskirts of the

MCs. For example, Pieres et al. [2016] availed of data from the public DES survey to explore

the Northern region of the LMC to search for undiscovered SCs and to carefully analyse known

SCs. They visually identified a total of 255 SCs, of which 109 (≃ 40%) were new discoveries,

and thus evidenced that the census of the SCs in the MCs is still fairly incomplete, not solely in

the outskirts as we see in §4.4.

1.2.4.2 The Age Gap

Since the first photometric investigations of the intermediate-age LMC SC candidates aimed at

estimating their ages, it became clear that the LMC was lacking massive SCs in a broad interval

of ages ranging between ∼ 2.5-3 Gyrs up to ∼ 10 Gyr [Da Costa, 1991, Jensen et al., 1988]. As

already mentioned in the previous section, this feature is dubbed the “age gap” in the LMC SC

formation history. The only exception known to date is represented by the SC ESO121-03, with

an estimated age of about 9 Gyrs [Mateo et al., 1986]4 At the edges of this quiescent period of

SCF, it is known that the LMC experienced two main SC forming episodes. The first one formed

the old population of LMC GCs and corresponds to the time interval of 10-13 Gyrs ago (see

also §1.2.4.1). The second started at the end of the gap and it is still occurring in the central

regions of the LMC, such as the central bar, the inner disc or the spiral arms, as manifested by

the numerous supergiant shells of HII regions in the LMC (see §1.2.4.1).

To further investigate this puzzling feature, several works followed-up with deep photometry

4The most recent age estimate derived by Mackey et al. [2006] is 9.0± 0.8 Gyr.
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down to the MSTO magnitudes, the still poorly unstudied intermediate-age SCs in order to

unambiguously derive their ages and in turn establish whether or not the age gap was a real

period of quiescent SCF [Bica et al., 1998, Geisler et al., 1997, 1999]. Sarajedini [1998] claimed

that 3 LMC SCs, namely NGC 2155, SL 663, and NGC 2121, were 4 Gyrs years old, which is

inside the age gap period. They retrieved data from the HST archive and adopted the usual

isochrone fitting procedure to estimate their ages. In particular, they noticed that all these 3

SCs possess many stars in the so-called Hertzsprung gap5, which is a locus of the CMD that

becomes populated of stars only for SCs older than 2.5 Gyrs (reference). However, Rich et al.

[2001] analysed the same 3 SCs on the basis of longer integration time observations carried out

with the HST. They detected the characteristic Hertzsprung gap, which was not resolved by

Sarajedini [1998] because of poorer photometry. In fact, their ages resulted to be younger by

about 0.8 Gyrs with respect to Sarajedini [1998]’s assessment (i.e. 3.2 Gyrs), so that these SCs

lie at the young edge of the age gap and not inside it. Thus this result appears to confirm the

scenario of two main episodes of SCF separated by a broad quiescent period.

In the most recent years, and particularly during the last decade, the number of projects

surveying different regions of the LMC to look for new SCs has remarkably increased, leading to

the discovery of hundreds of new SCs in the MCs [Piatti, 2021a, Piatti et al., 2015a, 2018, Sitek

et al., 2016]. As discussed in §1.2.4.1, most of these works targeted only the central regions of the

LMC, where confusion due to crowding makes it extremely difficult to obtain deep and accurate

photometry, needed to unambiguously detect old SCs, and thus bringing modest advances in

the comprehension of the age gap feature. One of the few exceptions was the extensive research

made by Pieres et al. [2016] in the outer Northern side of the LMC, up to distances of 10 kpc,

which increased the number of known SCs in those observed fields by more than 40%. They

also provided an estimate of their main parameters, i.e. age, metallicity, distance modulus and

reddening, for a sub-sample of 117 SCs by adopting a maximum-likelihood approach to estimate

the relevant SC parameters. Besides the confirmation of ESO121-03 as a genuine member of

the age gap, they also revisited the age of NGC 1997 to be ∼ 4.5 ± 0.1 Gyrs, about 2 Gyrs

older than previous evaluations [Palma et al., 2016, Piatti et al., 2009], thus within the age gap,

although it is very close to its younger edge. At the light of this striking result, to solve the

5For stars more massive than M ≥ 1.5 M⊙, the stellar evolutionary phase following the hydrogen core exhaus-

tion consists in a rapid contraction of the star. Usually, a very few stars are observed in this phase, for the time

spanned by massive stars in this non-equilibrium status is relatively short, resulting in a gap between the main

sequence and the sub-giant branch phase.
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Figure 1.8: Metallicity as a function of the age for the LMC analyzed by Song et al. [2021] and Mucciarelli et al. [2021].

The red, blue and magenta squares indicate the SC ESO121-03 and KMHK 1592, respectively.

age gap puzzle it is necessary to massively explore the farthest regions of the LMC to detect

and analyze new SCs. In addition, deeper and more accurate photometry is needed to study the

known intermediate-age SCs to better assess their ages. At the moment of writing this thesis,

Piatti [2022b] estimated the age of KMHK 1592 to be 8.0± 0.5 Gyrs through deep photometric

observations carried out with the GEMINI telescopes, being the second LMC SC well within the

age gap. Piatti [2022b] interpreted its presence in the LMC as a capture from an external galaxy,

like for example the SMC.

From the observational context described above, it appears that the age gap is a real feature.

However, its existence is difficult to explain by considering that: (i) the age distribution of SMC

SCs shows numerous objects in the 3-10 Gyrs range interval, despite that in the last couple of

Gyr the MCs SCF shows a common behaviour (see §1.2.4.1); (ii) the analysis of the LMC star

formation histories (SFH) revealed that the stellar field counterpart does not present a zero star

formation in that period [Carrera et al., 2011, Holtzman et al., 1999, Mazzi et al., 2021, Olsen,

1999, Piatti and Geisler, 2013, Tosi, 2004]. In principle, we can deduce that the SCF of the LMC

was roughly absent in the age gap and thus decoupled from the field SF. However, since most

stars should form in SCs [e.g., Lada and Lada, 2003], this statement is in disagreement with the
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presence of stars formed during the age gap in the LMC field. On this basis, we could hypothesise

that all the SCs in the age gap have been destroyed. Nevertheless, this hypothesis is at odds

with the quite sharp increase at about 3 Gyr of the LMC SC population, which comprises several

tens of SCs in the 1-3 Gyr age range. It is therefore difficult to explain the abrupt change in the

age distribution at the edge of the age gap with solely disruption mechanisms [Da Costa, 2002].

It is worth noticing that the presence of such a long period of roughly zero SCs formation

also prevents deriving an age-metalliticy relation (AMR) in this broad time interval through the

analysis of the LMC SC system. This is unfortunate, as the AMR is a powerful tool to understand

the chemical evolution of a galaxy. Furthermore, the gap in the age distribution of LMC SCs is

also mirrored in a similar gap in the metallicity [Rich et al., 2001]. This is illustrated in Fig. 1.8

which displays the AMR built with the LMC SCs spectroscopically analyzed by Song et al. [2021]

and Mucciarelli et al. [2021]. There is a dual behaviour of the SCs in the LMC: the old LMC

GCs are all very metal-poor, with [Fe/H ≤ −1.5 dex, while the young SCs have an average of

[Fe/H ≃ −0.7 dex, with a few SCs having [Fe/H ≤ −1.0 dex. It stands out the presence of the

SC ESO121-03 in between the two sup-populations (red square in the figure), and the very recent

estimation of KMHK 1592 (magenta square). Unlike the LMC, SC of intermediate metallicity

(and age) are known in the SMC [e.g., Da Costa and Hatzidimitriou, 1998]. Concluding, on the

basis of the above discussion, it is crucial to detect, if any, as much as possible age gap members.

Even the inclusion of a few new age gap members would not only help us in understanding this

puzzling feature, but would also provide a significant improvement in the knowledge of the LMC

chemical evolution.

1.2.4.3 Inconsistencies between the star formation and the star cluster formation

histories in the LMC

Due to their relative proximity, the SFH of the MCs can be determined in high detail by studying

their resolved stellar populations. Indeed, several efforts were devoted to reconstruct the MCs

evolutionary history based on the analysis of their SFH [see e.g., Carrera et al., 2011, Cignoni

et al., 2013, Harris and Zaritsky, 2004, Harris and Zaritsky, 2009, Piatti and Geisler, 2013,

Rubele et al., 2012, 2015, 2018, Weisz et al., 2013]. In this context, it is important to compare

the SFHs obtained through the star field and the SCs as the stars are thought to mostly form in

clusters [Lada and Lada, 2003] and therefore we expect that in a galaxy the two sub-populations

do exhibit a similar SFH. The above discussed age gap in the LMC SCs system (see §1.2.4.2)

raises the obvious question of whether or not a similar gap is detectable in the star field. More
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generally, we want to understand if the SFHs of SCs and field populations agree to each other, as

this would have important consequences in our understanding of galaxy formation and evolution.

For example, in more distant galaxies, where it is impossible to resolve individually the field stars,

their SC system might be adopted as a proxy to study the galaxy’s SFH.

Early works devoted to the study of the MCs SFH were space-limited, meaning that only a

relatively small portion of the galaxy was probed, hence they were able to derive only a local

SFH rather than an overall picture of the MCs SFH [Gallagher et al., 1996, Geha et al., 1998,

Holtzman et al., 1999, Olsen, 1999, Smecker-Hane et al., 2002]. These works were based on HST

observations in order to reach magnitudes fainter than the oldest MSTO, which were difficult to

obtain with ground-based telescopes, at the expense of a tiny field-of-view (FoV). In the LMC,

these observations mainly probed the bar or the inner disk, but in the limited area investigated

by these works, the results were often in disagreement [see e.g., Dolphin, 2000, Geha et al., 1998,

for what concerns the age gap period].

A significant advance was due to Harris and Zaritsky [2004], Harris and Zaritsky [2009] who

obtained homogeneous photometry for about 4 million of stars covering an area of about 4× 4.5

square degrees in the SMC and more than 20 million of stars covering an area of about 7 × 7

square degrees in the LMC (Magellanic Cloud Photometric Survey, or MCPS). On this basis,

these authors were able to measure for the first time the spatially resolved SFH of the SMC

and LMC, respectively. In more detail, they found a similar SF activity for both the LMC and

the SMC in the last 3 Gyrs. Interestingly, both MCs experienced bursts of SF at about 2 Gyr,

0.5 Gyr, 0.1 Gyr, that is, close to the peaks revealed in the SC age distribution of both MCs (see

§1.2.4.1). Harris and Zaritsky [2009] also disclosed two major SF events in the LMC. The former

approximately 12 Gyrs ago, when also the old GCs in the LMC formed (see §1.2.4.1), and the

latter which started about 5 Gyrs ago and it is still ongoing at an average rate of 0.2 M⊙/yr.

These two events are separated by a quiescent period of about 7 Gyrs, which therefore confirmed

the age gap also in the field. However, at odds with Harris and Zaritsky [2009]’s work, Piatti and

Geisler [2013] detected a not negligible presence of stars born between 5 and 12 Gyrs, based on

Washington CT1 photometry for about 5.5 million stars distributed throughout the LMC main

body. This outcome implied that the SF in the SC population in the LMC is in disagreement

with that of stellar field for a relatively broad period of the galaxy’s life.

Recently, both the MCs have been the targets of different surveys that covered their whole

main body with sufficiently deep photometry to derive spatially-resolved SFHs throughout the

two galaxies. In particular, the near-infrared VISTA survey of the Magellanic Clouds [VMC,
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Figure 1.9: Left: Total SFR as function of the look-back time integrated over the total area covered by Mazzi et al.

[2021]. Red and blue lines show the solutions obtained by adopting the filters Y-Ks and J-Ks, respectively. The shaded

areas indicate the confidence regions. Right: Cumulative mass of formed stars, for the two different solutions. Image

taken fromMazzi et al. [2021].

Cioni et al., 2011] observed the LMC and SMC and made it possible to estimate the age, metal-

licity (and hence to derive an AMR), the average distance modulus and reddening in sub-region

as small as ∼ 0.12 deg2. Concerning the LMC, in a pilot work devoted to the study of 4 VMC

tiles,Rubele et al. [2012] found two main peaks of SF at log(t) ∼ 9.3 and log(t) ∼ 9.7 in most

of their sub-regions within the LMC inner disc. In particular, the latter peak is within the well-

known age gap, in disagreement with Harris and Zaritsky [2009]. They also found that the LMC

bar formed stars at a constant rate within the time interval log(t) ∼ 8.4-log(t) ∼ 9.7. Finally,

Mazzi et al. [2021] gave an overall picture of the SFR within 96 square degrees in the LMC by

using 63 VMC tiles. Figure. 1.9 shows the total SFH in the LMC as estimated by Mazzi et al.

[2021]. They found out that the major period of SF in the LMC was between 4 and 0.5 Gyrs ago

with rates of about 0.3 M⊙/yr, while in the other periods the SFR is typically half that value.

In summary, the current scenario reports of tightly correlated SFHs between the LMC and

SMC in the last 3-4 Gyrs, thus suggesting that the two galaxies might have become a close binary

system only in the last Gyrs. A further clue reinforcing this hypothesis is the difference in the

ancient SFHs (t ≥ 10 Gyrs) between the LMC and SMC, which might suggest that the MCs were

not companions at the moment on their formation. The enhanced episodes of SF, observed also

as peaks in the SC age distribution of both MCs (see §1.2.4.1), are additional strong evidences of



34 Chapter 1. Introduction

close encounters between the LMC and SMC, as also predicted by N-body models and numerical

simulations [Bekki and Chiba, 2005, Besla et al., 2012, Zivick et al., 2018, 2019].

Coming back to the question we posed at the beginning of this section, from the results

discussed above, it appears that the LMC SF activities of SC and field were different during the

age gap period, whereas they were strongly similar outside this interval. As it is thought that

most stars of a galaxy did form in SCs [Lada and Lada, 2003], the question we should answer

now is: “What did happen to all SCs that formed the observed stars in the LMC during the age

gap?”. In §1.2.4.2 we already addressed the improbability of their overall disruption based on the

fact that a sharp increase at about 3-4 Gyrs of the SC age distribution is visible. More likely, a

combination of a lower rate of SF and an increased disruption mechanism could account for the

gap observed in the SC age distribution, but the only way to solve this puzzle is to complete the

census of SCs in the LMC and to accurately analyze their ages to definitively prove whether the

age gap is real or not.

To conclude, the LMC represents a peculiar case in which the SFHs retrieved from the SC

system and field stars do not match throughout its life.

1.2.5 The SC system of the MCs as test-bed of the star cluster dy-

namical inner evolution

The MCs are an ideal laboratory for probing the inner dynamical evolution of SCs. Indeed

in both MCs they are numerous (several thousand), span the entire interval of ages, from the

newborn systems to the old GCs, and also show a wide interval of metallicities (∼2 dex). Unlike

the MW, the SC system of the MCs also contains very massive (log(M/M⊙) ∼ 5 dex) young (t ≤

1 Gyr) or intermediate age (1 Gyr ≤ t ≤ 7-10 Gyrs) SCs. Therefore, the MCs SCs are suitable

to explore a wider region of the parameter space, and in turn, to investigate in more detail the

evolutionary processes working in a SC over cosmic time.

SCs evolve dynamically since the moment of their formation due either to internal and external

processes. Among the former we mention: (i) gas expulsion from supernovae explosion of the

massive stars; (ii) “evaporation” of the outer stars which overtake the escaping velocity; (iii)

mass segregation; (iv) energy transfer from the inner to the outer SC regions because of a sub-

population of stellar mass black holes. The most important external processes include: (i) the

gravitational field of the hosting galaxy; (ii) disc or bulge shocking; (ii) merger of binary SCs.

It is likely that a combination of both internal and external mechanisms shape the properties of
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SCs during their lifetime.

Key progress in this field has been achieved in the last decades thanks to several studies

investigating the SCs in the MCs. For instance, Elson et al. [1989] discovered a trend between

the age of SCs and the core radius rc6, that is, the older the SC, the larger the observed spread in

core radius. This relationship was confirmed by subsequent works in the LMC [Carvalho et al.,

2008, Elson, 1991, 1992, Mackey and Gilmore, 2003a,b, Santos et al., 2020] but also in other

galaxies like M33, M51, M83, NGC 628 and NGC 1313 [Bastian et al., 2012, Chandar et al.,

2016, Ryon et al., 2015, 2017, San Roman et al., 2012]. Mackey and Gilmore [2003a] investigated

the possibility that a bias due to some selection effects could artificially generate this trend, but

they ruled it out, concluding that the apparent behaviour reflects a real physical process.

The currently accepted scenario foresees that all SCs form with small core radii (∼ 2-3 pc),

then some of them remain compact, while others, after hundreds of Myrs, expand their inner

regions. Some of the processes invoked to explain this phenomenon are: (i) energy transfer

from the inner to outer regions because of stellar mass black holes [Mackey et al., 2007, 2008,

Merritt et al., 2004]; (ii) mass loss due to stellar evolution [Mackey et al., 2007, 2008]; (iii)

residual gas expulsion [Banerjee and Kroupa, 2017, Baumgardt and Kroupa, 2007, Goodwin

and Bastian, 2006, Kroupa et al., 2001]; the presence of a central intermediate-mass black hole

(IMBH) [Baumgardt et al., 2004a,b]. Of course, the combination of two or three of the above

mechanisms could provide the observed expansion anyhow [e.g., Bastian et al., 2008]. However,

up-to-date the physical mechanism driving the core expansion is still debated.

Unfortunately, previous works devoted to the characterization of a complete set of structural

SC parameters (age, size, mass) were limited to the study of the massive MC SCs [e.g., Carvalho

et al., 2008, Mackey and Gilmore, 2003a,b], as they do not suffer from stochastic issues which

make it not straightforward to derive their total mass (see §7.4 for a detailed discussion). There-

fore we still lack a homogeneous analysis of MC SCs down to the small mass scales in order to

probe whether or not the evolutionary patterns observed up to now in the literature are mass-

dependent and in what measure. In this context, in this thesis, we also investigate the physical

mechanisms that govern the inner evolution of the SCs through a wide and deep analysis of a

sample of MC SCs spanning a very broad range of masses, down to the hundreds of solar masses.

6The core radius is the distance from the cluster centre where the surface brightness drops down to half its

central value.
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1.3 Beyond the Magellanic Clouds

In the §1.2 we underlined the huge improvements that an interacting stellar system like the MCs

(where the LMC is likely the massive member of a group of galaxies recently entered in the

MW halo), that is close enough to resolve its stellar population, can provide to our knowledge

of formation and evolution of galaxies. However, the galaxies where we can resolve and study

even the MS stars are restricted to the LG, while beyond that there is an enormous amount of

galaxies inhabiting a variety of environments, from small groups to galaxy clusters composed of

thousands of members. Even if we cannot resolve their stellar content, for the closest galaxies

up to 20-30 Mpc, it is often possible to adopt their GCs system as discrete tracers to investigate

the kinematics of galaxies and galaxy clusters. More in detail, particularly interesting are the

so-called intra-cluster GCs, which is a sub-population of GCs that have been stripped out from

the parent galaxies by the tidal forces of other cluster galaxy members. Therefore, the kinematics

of these intra-cluster GCs can be used as a proxy for the kinematics of the entire galaxy cluster,

allowing us to study the interaction between galaxies in an environment completely different

from that of the LG.

In this context, even if the main goal of this thesis is the investigation of the evolutionary

and interaction history of the MCs, the final part of this work is devoted to the study of the

intra-cluster discrete stellar tracers of the Fornax cluster core, the closest galaxy cluster in the

Southern hemisphere.

1.3.1 Galaxy clusters as extreme environments of galaxy evolution

Galaxies are not uniformly distributed in the Universe, but they tend to agglomerate in over-

structures such as the galaxy clusters, which represent the most massive, gravitationally bound

and virialized systems in the Universe. Galaxy clusters can contain up to thousands of galaxies

bound together by a common deep gravitational potential originated by a very massive dark

matter halo with masses of the order of 1014 − 1015M⊙. In these extremely dense environments,

galaxy encounters are the main actors in shaping the properties of galaxy members. Indeed, in

clusters the galaxies are continuously affected by their mutual gravitational interactions, which

strongly influence their morphology, SFR, kinematics, just to mention a few. This whirl of galaxy

encounters usually lead to the formation close to the cluster centre (i.e. the cluster core) of an

anomalously bright galaxy, called the brightest central galaxy (BCG), or sometimes dubbed as

the central dominant (cD), surrounded by a very extended halo. The BCGs are early-type like
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galaxies, but with a remarkable high luminosity and mass (M⋆ ≥ 1012M⊙) and with a size

many times larger than a common elliptical galaxy. These galaxies are the archetypes of the

hierarchical growth scenario described in §1.1, as their evolution has been primarily shaped by

their outstanding merging histories [Iodice et al., 2016, Ruszkowski and Springel, 2009, Weinzirl

et al., 2014]. Semi-analytic models and numerical simulations demonstrated that the BCGs

assembled the bulk of their mass and accreted their stellar halo in the last Gyrs, especially

via minor merger events [Amorisco, 2019, De Lucia and Blaizot, 2007]. As these processes are

expected to be still in action at the present epoch, it is important to search for observational

signatures of such events in the cluster core, in order to test models of galaxy formation and

evolution, especially in dense environments.

1.3.2 Discrete tracers in the intra-cluster regions to look for faint

tidally signatures

In a cluster of galaxies, and especially within the cluster core, the huge number of tidal events

has the effect of stripping material from the smaller galaxies (in the form of stars and GCs) that

flows towards the massive one, in a process that is still ongoing. Some of the stripped material

becomes gravitationally bound to the BCG or to other massive galaxies within the cluster but

some fraction of it is freely moving in the common deep potential well of the galaxy cluster.

Recent surveys devoted to the analysis of the nearest galaxy clusters, detected and studied

such a population of intra-cluster objects made of stars and GCs not bound to any galaxy member

of the cluster [Arnaboldi et al., 2002, D’Abrusco et al., 2016, Mihos et al., 2017, Romanowsky

et al., 2012, Tutukov and Fedorova, 2011, Zibetti et al., 2005]. The ensemble of these objects,

which is dubbed the intracluster light (ICL), represents the remnant debris of past or ongoing

stripping events witness of the dramatic galaxy-galaxy interactions occurred in a galaxy cluster.

As already mentioned before, at larger cluster-centric radii the longer dynamical time preserves

the kinematics of these tidal structures for a longer time [Bullock and Johnston, 2005]. Therefore,

the intra-cluster regions are the ideal place to search for the debris of merger events, aiming

at constraining the mechanisms driving the formation and evolution of the galaxies in dense

environments.

Early investigations of such remnants were based on photometric observations. However,

this approach is challenging because of the faint surface brightness of the debris, typically below

µ ∼ 27 mag/arcsec2 in the V -band for the brightest part of these substructures [e.g., Cooper
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et al., 2010]. Nonetheless, most of the accreted mass provided by the fainter events have generally

a surface brightness of the order of 30 mag/arcsec2 or even below [Cooper et al., 2010], making

it unsuitable to study these signatures from deep photometric analysis. A useful complementary

approach is to adopt discrete kinematics tracers in the intra-cluster regions as a proxy of the

underlying stellar population. GCs or planetary nebulae (PNe)7 are suitable tracers as they

are easily observable out to large distances due to their intrinsic luminosity or emission line

dominated spectra [Cortesi et al., 2011, Douglas et al., 2007, Durrell et al., 2003, Merrett et al.,

2003, Richtler et al., 2011, Romanowsky et al., 2012, Shih and Méndez, 2010]. Their radial

velocity can be obtained with good precision with spectroscopic measurements in the nearby

galaxy clusters and therefore they represent a useful alternative to study the halo of galaxies

where it is unfeasible to obtain kinematic information from the underlying stellar population

[Forbes et al., 2011, Foster et al., 2014, Longobardi et al., 2015, Napolitano et al., 2002, 2009,

Pota et al., 2013, Pota et al., 2018, Romanowsky et al., 2003, 2012, Schuberth et al., 2010,

Spiniello et al., 2018]. The combined information of position and velocity of the discrete tracers

in the intra-cluster regions allows us to analyse the phase-space (projected positions and line-

of-sight velocities) to look for the typical signatures expected in the galaxy-galaxy interactions

[Johnston et al., 2008, Romanowsky et al., 2012].

1.3.3 The Fornax cluster

The Fornax cluster is the closest galaxy cluster of the Southern hemisphere, located at a distance

of d = 20.0 ± 1.4 Mpc [i.e., DM = 31.51 ± 0.15 mag Blakeslee et al., 2009]. Figure 1.10

shows a composite image of the Fornax galaxy cluster. After the Virgo cluster, in the Northern

hemisphere, it is the second closest galaxy cluster to the MW, therefore it is also one of the

most studied galaxy clusters. Fornax has a mass of (7 ± 2) × 1013M⊙ [Drinkwater et al., 2001]

measured within a radius of 1.4 Mpc, Akin to the majority of the dynamically evolved galaxy

clusters, most of the major galaxies within the Fornax cluster core are early-type galaxies, of

which NGC 1399 is the BCG. Late-type galaxies are instead more common in its outermost

regions [Drinkwater et al., 2001].

Recently, many surveys were devoted to the study of the Fornax cluster, such as the Fornax

7Planetary nebulae are evolved stars with an initial mass between 0.8 ≤ M⊙ ≤ 8. Approximating the end of

their life, these stars expel their outermost envelopes which are then ionised by the ultraviolet radiation emitted

by the hot core, and afterwards re-emit almost 15% of the absorbed light at the specific frequency of the green

OIII at 5007Å [Dopita et al., 1992, Schönberner et al., 2010].
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Figure 1.10: Color composite mosaic in the u, g and i bands, of the central 2° × 1° of the Fornax cluster. The brightest

galaxy on the left side of the image is the BCG NGC 1399. North is up and East is on the left. Image taken from [Iodice

et al., 2016].

Deep Survey [FDS, Iodice et al., 2017, 2016, Raj et al., 2020, Venhola et al., 2017], and the Next

Generation Fornax Survey [NGFS, Eigenthaler et al., 2018, Munoz et al., 2015]. Thanks to the

deep photometry and the careful analysis achieved by the above quoted surveys, it was discovered

that besides the main galaxy component, Fornax also hosts a conspicuous sub-population of ultra-

diffuse galaxies [UDG, Munoz et al., 2015, Venhola et al., 2017] and an intracluster population of

GCs [Bassino et al., 2006, Cantiello et al., 2020, Schuberth et al., 2010] and PNe [e.g., Napolitano

et al., 2003].

Many recent works demonstrated that the mass assembly of Fornax is still ongoing at the

present epoch [e.g., Cantiello et al., 2020, D’Abrusco et al., 2016, Iodice et al., 2017, 2016]. For

example, Iodice et al. [2017] disclosed a very faint and diffuse intra-cluster light connecting the

BCG NGC 1399 with other main galaxies within the cluster core, namely NGC 1387, NGC 1379

and NGC 1381. This ICL, depicted in Fig. 1.11 has been revealed at distances between 10′ and

40′ (i.e., ∼ 58 − 230 kpc) from NGC 1399, and supports the scenario of a tidal stripping of

stars and GCs of the above quoted galaxies by part of the Fornax BCG. Further evidence about

recent galaxy-galaxy interactions was collected from the analysis of the intra-cluster population

of GCs. For instance, D’Abrusco et al. [2016] revealed that the GCs spatial distribution is

asymmetric (blue contours in Fig. 1.11), extending to the W-E, and in particular connecting the

BCG NGC 1399 with other luminous galaxies in the Fornax core, namely NGC 1387, NGC 1404,
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Figure 1.11: Left: Central regions (2° × 1° ) of the Fornax cluster in the r-band surface brightness levels. The spatial

distribution of the GCs derived by D’Abrusco et al. [2016] (in blue) is superimposed on the image. Left: Zoom of the

regions on the west side (40.9′ × 42.7′, ∼ 237 × 248 kpc), after a subtraction of the bright galaxies. The black contours

mark the surface brightness levels (µr = 29.8 − 30.2 mag/arcsec2.
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NGC 1380. Its distribution mirrors the ICL discovered by Iodice et al. [2017] (see Fig. 1.11) and

therefore confirms the hypothesis of a sub-population of intra-cluster objects composed of tidally

stripped material from the outermost regions of the galaxies around the BCG.

In this thesis we develop an ad hoc procedure, which exploits the kinematics of the intra-

cluster objects, to bring to light the faint debris originated by the minor tidal interaction between

a dwarf and a massive galaxy to constrain the recent mass assembly of the BCG and the origin

of the ICL.

1.4 Main objectives of this thesis

In the previous sections, we presented the state-of-the-art knowledge of the MS. We underlined as,

notwithstanding the huge efforts of so many researchers, there are still numerous open questions

about the formation and evolution of the MC system. The main goal of this thesis is to investigate

the past evolution and interaction history of the MCs, especially at look-back times greater than

3 Gyrs ago, as they are still poorly constrained. As described throughout this Chapter two

complementary strategies can be adopted to get insights into the evolutionary history of a stellar

system: (1) using the SC system as a proxy of the hosting galaxy evolution; (2) studying the

tidal streams originated by the totality of the gravitational forces experienced by the galaxy.

In this thesis, I combine both above quoted approaches to infer the past evolution of the MCs.

To reach the proposed goals I exploited two recent and modern surveys (STEP and YMCA, see

next chapter) whose deep photometry is able to resolve the MC stars down to the faint MS, in

particular 1.5-2 mag below the MSTO of the oldest stellar population (see Chapter 2 for the

description of the surveys). Even more valuable, many of the fields observed by these surveys

reside in the outermost regions of the MCs, which were barely explored with the modern ground-

based telescopes and hence have been poorly investigated. Overall, the combined wide spatial

coverage and the achieved accuracy of the photometry make STEP and YMCA the deepest

surveys ever carried out in the MS that homogeneously probed more than 150 square degrees

around the MCs.

On these bases, I took advantage of one of the widest and deepest MC catalogue of stars to

develop or improve different algorithms specifically designed at:

• Discovering and characterising still unknown SCs in the MCs. In this way, we will be able

to build for the first time a catalogue of SCs complete down to the faint-end of the SC

luminosity function.
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In particular, we focused on the LMC outskirts as these regions have not been investigated

yet with deep and homogeneous photometry.

• Estimating the main structural parameters of the MC SCs such as age, spatial distribution,

size, mass, luminosity. To this aim, we have exploited both the SC CMDs after a careful de-

contamination by non-member stars, and the SBPs, which were analysed by fitting proper

analytical functions to the data.

The STEP and YMCA data were complemented with the multi-dimensional data provided by

the Gaia mission to search for still unknown tidal stellar sub-structures which represent pivotal

witnesses of the past MC interactions.

Even if the reconstruction of the MCs evolutionary history is the main goal of this thesis, we

also propose to analyze a very different environment, such as the Fornax cluster. In particular,

we developed an algorithm with the aim of discovering cold kinematical substructures in the

phase-space of the intra-cluster kinematic tracers, such as GCs and PNe, originated from the

interaction of the very abundant dwarf galaxies with the cluster environment.

Finally, it is worth pointing out that the techniques developed in this thesis are very general

and can be adapted to a wide range of stellar systems, environments and physical distances.
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Data

The majority of the results obtained in this thesis come from observations carried out with

the Very Large Survey Telescope (VST). In particular, I used data from the optical surveys

“SMC in Time: Evolution of a Prototype interacting late-type galaxy” (STEP; PI: V.Ripepi)

and “Yes, Magellanic Clouds Again” (YMCA; PI: V.Ripepi). In this chapter I describe the main

characteristics of the telescope, the surveys and data processing procedures.

2.1 The VST

The Very Large Survey Telescope (VST), displayed within its dome in Fig. 2.1, is a wide-field

optical telescope with a primary mirror of 2.6 m, built by the INAF–Osservatorio Astronomico

di Capodimonte, Naples, Italy [Capaccioli and Schipani, 2011]. It operates from the ultraviolet

(u-band) to the near-infrared (z-band). The VST is located at Cerro Paranal, in the Atacama

desert to the North of Chile, at an altitude of ∼ 2600 metres above the sea level, and is adjacent

to the four VLT Unit Telescopes. The VST is equipped with the OmegaCAM instrument which

consists in a mosaic of 32-CCD, 16k X 16k pixels each, with a resolution of 0.214 arcsec per pixel

for a total field of view (FoV) of 1° × 1° [Kuijken, 2011]. The camera also mounts 4 additional

CCDs to enable image analysis, real-time active optics corrections, and guiding. OmegaCam is

equipped with both intermediate and broad band filters. In particular it mounts the u,g,r,i,z

set which closely resemble the Sloan Digital Sky Survey (SDSS) filters1. The wide FoV of

1see user manual at https://www.eso.org/sci/facilities/paranal/instruments/omegacam/doc/VST-MAN-

OCM-23100-3110_p109_v1.pdf

43
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Figure 2.1: The VLT Survey Telescope (VST) within its dome in the Atacama desert of Northern Chile. On the

background it is visible one of the adjacent VLT Unit Telescopes.
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OmegaCAM@VST which covers an area as large as four times the full moon, makes it an ideal

instrument to carry out homogeneous surveys devoted to the exploration of large portions of the

sky, such as that covered by the MCs in the Southern hemisphere. Moreover the high spatial

resolution and the excellent seeing secured by the location at Cerro Paranal, allows us to study

also crowded regions such as the central regions of the MCs.

2.2 The STEP survey

The “SMC in Time: Evolution of a Prototype interacting late-type dwarf galaxy” [STEP, Ripepi

et al., 2014] is a survey lead by the PI: V. Ripepi based on the VST Guaranteed Time Obser-

vations (GTO) allocated by ESO to Istituto Nazionale di Astrofisica (INAF) in exchange of the

acquirement of the telescope. The survey has been designed to obtain the first homogeneous and

deep optical photometic observations of the whole SMC main body, the Wing, its outskirts and

the Bridge. The survey was designed to reach at least two magnitudes below the MSTO of the

oldest stellar population, in order to study the SMC and Bridge SFH over the whole Hubble time.

The STEP survey was originally conceived to cover 74 square degrees in the g−r− i−Hα bands,

but at the end of the observations only 53 square degrees were obtained, so divided: 36 square

degrees in the main body of the SMC and 17 square degrees in the Bridge. A footprint of the

survey is illustrated in Fig. 2.2. Each tile is 1 square degree and the different tiles have a signif-

icant overlap each other in order to secure a homogeneous calibration. The limiting magnitude

was g ∼ 24 mag with S/N = 10 (AB system) and r(Hα) ∼ 22.5 mag with S/N = 5. The STEP

survey was proposed to achieve three main goals: (1) derivation of the spatially-resolved SFH

throughout the SMC and in its outskirts; (2) mapping the three dimensional structure of the

SMC by using variable stars as tracers; (3) identification and analysis of the SC system of the

SMC and in the Bridge to reconstruct its evolutionary history. To reach the magnitude limit

necessary for attaining the goals proposed by the survey even in the more crowded areas, such

as the central bar of the SMC, “deep” images consisting in 5 or 10 exposures of 520s or 300s

were carried out. Moreover, to prevent the saturation of bright SMC stars, also “shallow” images

consisting of 5 exposures of 25s each one were obtained. The observations started in Dec. 2011

(ESO Period 88) and ended in Aug. 2017 (ESO Period 99). A detailed description of the STEP

survey is in Ripepi et al. [2014]. In the following we only summarize briefly the main steps of

reduction and analysis of the data.
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Figure 2.2: Footprint of the STEP survey. Black dots indicate the position of SCs and associations reported in the

catalog of Bica et al. [2008]. Each red box corresponds to a tile whose FoV is 1 square degree.

2.2.1 Data reduction

The pre-reduction of the raw images was performed through the VST-TUBE imaging pipeline

[Grado et al., 2012]. This pipeline was specifically designed for the VST and it is installed on the

computers of the INAF-VST Center (VSTCeN6 hosted by the INAF Osservatorio Astronomico

di Capodimonte, Naples). The VST-TUBE pipeline removes bias, perform flat-field correction,

applies CCD gain equalization and apply an illumination correction.

Once the pre-reduction procedure was completed, it returned two images in both the g and i

filters, one corresponding to the stack of the “shallow” and the other to the “deep” observations.

To carry out the photometry in crowded regions such as the body of the SMC it is necessary

to adopt the point spread function (PSF) photometry. This technique foresee different steps: 1)

several potentially isolated stars are preliminary selected; 2) the bi-dimensional shape of these
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stars is approximated with an analytical or empirical-analytical function (i.e. the PSF) and the

residuals are analysed, removing the non-isolated objects or those with bad residuals; 3) the

previous operation is iterated until a sample of stars with good residuals is obtained; 4) different

models are tried, including PSF radially varying from the center of the detector, and the model

that provides the overall best residuals (i.e. the best χ2) is chosen; 5) this model is used to fit the

shape of all the stars on the detector, including the crowded ones. All the previous steps have

been carried out with the DAOPHOT IV/ALLSTAR [Stetson, 1987, 1992] packages. Having obtained

the photometry for each shallow and deep image in both filters (the ".als" files from ALLSTAR),

the following task was to homogenise and merge the shallow and deep catalogues, averaging the

magnitudes of the stars in common. This was achieved by means of an ad-hoc procedure, which

first performs a cross-match between the shallow and deep catalogues with the STILTS package

[Taylor, 2006], setting a tolerance of 0.25′′ (slightly more than 1 pixel) in both RA and Dec

coordinates. Then, the average of the magnitude of the stars in common is calculated to correct

for the residual photometric zero-point difference (which is generally of the order of 0.01–0.015

mag). As a final step, the files are merged keeping the stars in common and those that appears

only in one of the two catalogues. This procedure leaves us with two merged catalogues, one in g

and the other in i. We then cross-match these two files to obtain the final photometric catalogue.

The calibration to obtain the absolute photometry of the sources was calculated whenever

possible by means of local standard stars provided by The AAVSO Photometric All-Sky Survey

(APASS). However, the spatial resolution of APASS is 2.57′′, preventing a reliable calibration in

the crowded SMC regions, such as its main body, Wing and the tile hosting the SC 47 Tucanae.

Thus, we adopted the photometry from the SkyMapper survey [Data Release 1; Wolf et al.,

2018] which has a spatial resolution of ∼0.5′′, recalibrated into the APASS system, in the most

crowded tiles. Finally, we adopted the following procedure to obtain the absolute calibration:

• We performed a cross-match of the STEP PSF photometric catalog with the APASS data,

or in the crowded regions with the SkyMapper data (recalibrated into the APASS system).

We used a cross-match radius of 0.5′′.

• We discarded APASS sources with uncertainties in magnitude larger than 0.1 mag.

• We also made use of the sources in the STEP PSF photometry with DAOPHOT CHI≤ 10

and -1.0≤SHARPNESS≤1 to reject objects with bad photometry.

• We looked for and eventually corrected any possible spatial residual of the photometric

zero points, namely trends with RA or Dec, in each tile.



48 Chapter 2. Data

• We corrected the colour (g − i) dependence of the zero points in g and i.

At the end of this process, we obtained an average accuracy of ∼0.02 and ∼0.03 mag in g and i,

respectively.

Figure 2.3 depicts the errors provided by ALLSTAR package in the g and i bands as a function

of the magnitude for two representative tiles. As visible in the figure, a relative error of 10% is

reached at g ∼ 24 mag and i ∼ 23 mag, showing the goodness of the STEP survey photometry.

2.2.2 Completeness

To obtain a realistic estimate of the photometric error as a function of the magnitude we per-

formed completeness experiments. This task is achieved by adding artificial stars to the stacked

images and carrying out the photometry in the same way as described in §2.2.1. Then we count

the number of artificial stars recovered and their magnitude, so that it is possible to estimate

the fraction of the stars recovered at different magnitude bins. In particular, to obtain the

completeness in the STEP survey the following steps were performed:

• A synthetic CMD roughly representing the population of stars located in the SMC and in

the Bridge was generated to constrain colour and magnitude of the stars to be added to the

images. About 2 million of stars were inserted in each tile, selected within the magnitude

interval of 14 < g < 26.5 mag.

• Each tile was sub-divided in boxes of 70 pixels per side. To avoid self-crowding issues, in

each box is inserted only one artificial star at a random position.

• An artificial star is recovered if in both g and i bands its position is recovered within 0.25′′

from its original position, and its magnitude is returned within 0.75 mag from its input

value.

Figure 2.4 illustrates the result of the completeness task in the g and i bands, performed on two

representative tiles of the STEP survey. The tile 4_6 is one of the most crowded of the survey

and the 50% of completeness is achieved at g ∼ 23.5 mag and i ∼ 23 mag, respectively. Instead,

for the tile 3_7 the level corresponding to the 50% of recovered stars is at 0.5-1 mag fainter, i.e.

g ∼ 24; 24.5 mag, namely about 1.5 magnitudes below the MSTO of the oldest stellar population

within the SMC.
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Figure 2.3: Photometric errors in g (blue) and i (magenta) filters for tiles 3_7 (top panel) and 4_6 (bottom panel). To

verify the presence of possible differences within each image, the tiles were divided into nine sub-frames 20′ × 21′ each.

North is up and east is to the left. Image taken from Ripepi et al. [2014].
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Figure 2.4: Completeness for the tiles 3_7 (top panel) and 4_6 (bottom panel). Blue and magenta solid lines refer to

g and i bands, respectively. Similarly to what done in Fig. 2.3, the tiles were divided into nine sub-frames of 20′ × 21′

each to check the presence of possible differences in completeness within each image. North is up and east is to the left.

The 100 and 50 per cent levels of completeness are shown with black solid and dashed lines, respectively. Image taken

from Ripepi et al. [2014].
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Figure 2.5: Footprint of the YMCA survey (blue boxes) in a zenithal equidistant projection. As comparison we also

drew the footprint of the STEP survey (red boxes) and that of the VMC [Cioni et al., 2011, green boxes]. The red solid

line indicates the border of the DES survey. Black points mark the position of all objects present in Bica et al. [2008].

2.3 The YMCA survey

The optical survey “Yes: Magellanic Cloud Again” (YMCA, PI: V.Ripepi) is a project based on

the GTO allocated time and carried out with the VST telescope which was described above. The

YMCA survey can be seen as complementary to the STEP survey, as it explores the outskirts

of the SMC and LMC, as well as a strip above the Bridge connecting them. Fig. 2.5 shows the

footprint of the survey, compared with that of the STEP project. YMCA aims at probing

a total 110 square degrees with a deep and homogeneous optical photometry in the g and i

filters. In particular, many of the YMCA tiles probe regions which was not yet investigated with

deep and homogeneous photometry, therefore it will provide the first catalog of such kind in the

peripheries of the LMC and SMC. Similarly to the STEP survey, it has the main goal of unveiling

the evolutionary history of the LMC and more general of the MS, but also to better constrain in
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time the moment of their past interactions. The completed survey will make feasible to derive

the first SFH of the LMC since the moment of its formation in its periphery, which is still fair

unexplored. Therefore achieving with a high accuracy the 1-2 magnitudes below the MSTO of

the oldest LMC stellar population is a necessary ingredient to reach the purpose for which the

survey was designed to. The photometric depth of the survey is also ideal to look for unknown

low-massive and faint SCs that could represent a considerable population of undiscovered LMC

SCs and which can be used as proxy of the MCs physical evolution. Moreover, the outermost

regions of the LMC might also hide faint dwarf galaxies member of the MS [Bechtol et al., 2015,

Drlica-Wagner et al., 2015, Kim and Jerjen, 2015, Koposov et al., 2015, Torrealba et al., 2018],

augmenting the number of satellites possibly associated to the LMC. A further goal of the survey

includes the research of low-surface brightness structures in the LMC periphery, as proxies of

tidal induced disturbances.

The observations started during the Period 98 and ended during Period 108 with the obser-

vation of the last tile. Similarly to the STEP survey, each tile has been observed in a “deep”

mode which consists 10 long exposures of 180 s and 140 s (in g and i, respectively) and in a

“shallow” mode or namely 5 exposures of 25 s (both in g and i) each in order to do not saturate

bright stars.

2.3.1 Data reduction and photometry

Many steps requested to obtain the catalog of stars within the YMCA tiles are identical to those

described in §2.2 for the STEP survey. The first 21 observed YMCA tiles were pre-processed with

the VST-TUBE imaging pipeline [Grado et al., 2012] which also performed the pre-processing

of the images of the STEP survey (see §2.2.1 for a detailed description of the pipeline). For

the remaining tiles, collected from the Period 103, these tasks have been performed with the

ASTROWISE pipeline [McFarland et al., 2013]. The following steps were carried out by myself

for the remaining 75 YMCA tiles as part of my PhD project. Also to YMCA we made use of the

standard DAOPHOT IV/ALLSTAR [Stetson, 1987, 1992] packages to get the PSF photometry

with a procedure identical to that described in §2.2.1.

2.3.2 Absolute photometric calibration

Similarly to the STEP survey, the absolute photometric calibration was obtained by means of

the local standard stars provided by the AAVSO Photometric All-Sky Survey (APASS). For each
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tile, we carried out the following steps:

• We cross-matched the PSF photometric catalog with the APASS data release 10 database

by adopting a search radius of 0.5′′ to mitigate the number of wrong matches (the APASS

instrument’s pixel-size is 2.57′′), and retaining only APASS observations with signal-to-

noise (S/N) ratio larger than 10.

• We checked for and eventually corrected any residual spatial variation of the photometric

zero points (i.e. we searched for correlations of the photometry as a function of the RA

and Dec).

• We corrected for the colour dependence of the zero points in g and i filters.

At the end of this procedure, we achieved an average accuracy of the order of 0.02 and 0.03

mag in g and i bands, respectively. Figure 2.6 illustrates the typical plots employed to verify

the absolute photometric calibration for the cases of the South-East tiles 1_27 and 2_33. No

spatial trends are visible and moreover the dispersion of the residuals are quite low. Similar

plots have been drawn for the other tiles with an analogous level of crowding. Finally, we used

the SHARPNESS output parameter of the DAOPHOT tool to filter out the extended sources or

spurious detection due to bad pixels. In particular, the SHARPNESS cut has been made on a tile-

by-tile basis, even if on average we retain sources within the interval -0.7≤ SHARPNESS ≤0.7.

No further cuts have been applied to the CHI parameter to prevent removing bright stars.
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Figure 2.6: Comparison of the absolute calibrated photometry and the APASS one vs R.A. and Dec. ∆g and ∆i are in

the direction "this work"-APASS. The data has been smoothed by means of a KDE. The colorbars report the density of

data points. Image taken from Gatto et al. [2020].
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Search over-densities in the sky

This chapter is based on some sections of the paper published on the Volume 499 of the Monthly

Notices of the Royal Astronomy Society (MNRAS), Gatto et al., 2020, MNRAS, Vol. 499, p.

4114-4139. The results of that paper are instead argument of the next Chapter.

One of the primary goal of this thesis is to build for the first time a complete census of SCs

in the outskirts of the LMC and then to homogeneously estimate SCs main parameters. These

information can be used to investigate, in particular, the LMC singularly and its interaction

history with the SMC and the MW. To this aim, we used the YMCA and STEP catalogues1

constructed as described in §2.2 and §2.3.

We limited our analysis to the periphery of the LMC for three main reasons: (i) these regions

are still quite unexplored with deep homogeneous photometric data, thus they are ideal to look for

low-luminous and faint SCs missed from previous photometric surveys; (ii) the longer dynamical

time and in turn the low disruption rate of the SCs in the galaxy outskirts might permit also to

the old and less populous SCs to survive, hence allowing us to probe even the earliest evolutionary

stages of the LMC; (iii) the presence of the age gap in the LMC makes this galaxy an interesting

and peculiar stellar system to analyze. In particular, investigating the real existence of the age

gap is extremely valuable for the understanding of the LMC past evolution (see the detailed

discussion in §1.2.4.2).

In this chapter we describe the algorithm thoroughly implemented in the python language

to look for over-densities (agglomeration of stars) in the sky such as the SCs but it can also be

1Regarding the STEP tiles, we only made use of the tiles 3_21 and 3_20 as they only are located in the

surrounding of the LMC (see Fig.2.2).

55



56 Chapter 3. Search over-densities in the sky

suitable to detect other stellar systems, such as dwarf galaxies. More generally this algorithm is

able to spot any stellar system that in a given area present a rise of the number of its members

with respect to the local average. In addition we also discuss the test of the algorithm on a suite

of Montecarlo simulations generated ad hoc to properly set the parameters of the algorithm and

to obtain a measure of its effectiveness.

In principle, a visual identification of agglomeration of stars in the deepest images of a survey

can still be used to identify unknown stellar systems [e.g., Pieres et al., 2016]. Nonetheless, to

achieve the goal of building a SC sample as complete as possible, we needed to go beyond the

simple eye-inspection of the images. Indeed, visual methods are not very effective in detecting the

less luminous and less dense SCs, that constitute a significant fraction of a galaxy’s SC population,

as the SC luminosity function steeply increases towards the faint end [e.g., de Grijs et al., 2003].

Furthermore, using an automated method allows us to also measure the completeness of the

procedure on more objective grounds. It is worth underlining that, as this technique needs as

input parameters only the sky coordinates of an object (i.e. RA and Dec), it can be easily

generalized to other over-density finding problems, provided that a catalogue of coordinates is

available.

3.1 Construction of density maps through a Kernel Density

Estimation

The first step of the procedure is to find regions in the sky where the local density is significantly

above the average one. This is done by counting the number of stars in a small region and

comparing it with the locally mean estimated number of stars of the field stellar population.

Thus, we adopted a two dimensional kernel density estimator (KDE)2 applied to the R.A., Dec

coordinates of the stars to create a surface density map in every tile and then look for spatial

over-densities in the sky. The KDE is a non-parametric technique employed to estimate the

probability density function of a random variable by smoothing data through a kernel function.

The main advantage with respect to the classic two dimensional histogram is that the KDE gets

rid of some histogram issues like the choice of the bin size or of the bin phase [Rosenblatt, 1956].

The bandwidth of the kernel function is the only parameter that must be set in a KDE, and it

should be of the same size of the smallest objects that need to be detected [Piatti et al., 2018].

2We used the version available in the scikit-learn package [Pedregosa et al., 2011].
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On this basis, to detect even the tiniest SC that could be present in the field explored, we run the

KDE with a bandwidth of 0.2′, comparable with the size of the smallest SCs around the LMC

[Bica et al., 2008]. To augment the chance of detecting over-densities, we carried out the KDE

analysis by adopting two different kernel functions, namely the Gaussian and tophat functions.

The KDE analysis was performed on a tile by tile basis, sub-dividing the catalog of stars

in squares (pixels) of 4′′ per side3, and successively calculating the star density value in every

single pixel through the KDE (we indicate it as dpix hereafter). dpix must be compared with an

average local density (dbkg hereafter) to find pixels which show up a significant higher number of

stars with respect to the expected density stellar background. Fig. 3.1 shows an example of the

procedure outlined above, illustrating the density surface map build with the KDE in the STEP

tile 3_21 (Southwest direction of the LMC). In the figure the density increases from lighter to

darker colours, disclosing, as expected, the presence of a stellar density gradient towards the

LMC centre, whose direction is indicated by the black arrow. The existence of such a remarkable

gradient in the stellar background (also detected in several other tiles) led us to adopt as dbkg a

measure of the field stellar density obtained locally, rather than an average value measured over

the whole tile. Indeed, the second approach would underestimate the mean background density

in the tile regions closer to the LMC centre, and would overestimate it farther away. This would

of course affect the detection of the over-densities.

Therefore, to obtain dbkg within each pixel, we averaged the density values derived through

the KDE in a box window having inner and outer sides of 1.5′ and 2.5′, respectively. The size of

the inner box prevents that the presence of a SC could raise and in turn overestimate dbkg, thus

decreasing the possibility of detecting over-densities. The outer box is large enough to ensure a

statistically significant sampling and is small enough to guarantee that we were probing a local

density. The derived dpix and dbkg allows us to measure the signal-to-noise ratio, or significance

of each pixel, defined as:

S =
dpix − dbkg

σbkg
(3.1)

σbkg is the standard deviation of the dbkg.

Once we obtained the significance for each pixel within the tile, we must define a significance

threshold (Sth)4 in order to select all pixels satisfying S ≥ Sth, as they represent the hunted

over-densities. This is an important step since the Sth value determines either the lowest cluster

3As already mentioned, the size of the smallest SCs around the LMC is ∼ 0.2′; hence such a choice of pixel

size allows us to sample the candidate over-densities with at least three pixels.
4Sth represents the number of σ above the average background level to consider a pixel as an over-density.
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Figure 3.1: Example of the density surface map generated by the KDE, with density increasing from lighter to darker

colors. This image corresponds to the tile 3_21 of the STEP survey. The black arrow indicates the direction of the LMC

centre. The dark spot at the bottom left of the figure corresponds to the known cluster SL63.
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density that the algorithm is able to detect than the number of false positives that it could yield.

We availed on Montecarlo simulations to better constrain its value, finding in particular that it

is crucial to adopt a threshold dependent on the local field stellar density (full details in the next

section).

In the next step we joined all adjacent pixels that are above the the Sth, discarding all groups

with a number of pixels lower than four (corresponding to a dimension of 8′′ × 8′′) to remove

likely false positives originated from stochastic fluctuations of the stellar field. The Montecarlo

simulations described in the next section allowed us to estimate that such a choice would decrease

the spurious over-densities by about 70%.

Finally, at the end of the procedure we have a list of over-densities per each tile, that need

to be further inspected as an agglomerate of stars is not sufficient to claim the presence of a

real SC. Before to go ahead in the description of the following steps of the algorithm, namely

the estimation of the centre and radius for each over-density, it is important to introduce and

describe the Montecarlo simulations which allowed us to better set-up the parameters of the

algorithm, such as the Sth.

3.1.1 Definition of the threshold through a suite of Montecarlo simu-

lations

The threshold value of the significance (Sth) has a great impact on the efficiency and reliability

of the SC detection algorithm. It is therefore crucial to properly set this value. In fact, a low

value of Sth is effective to discover sparse, faint structures composed by a handful of stars, but

at the same time, it might augment the number of false positives, especially in low background

density fields. On the contrary, a high threshold value would produce a more pure catalog, but

at sample completeness’ expenses. Moreover, as we already commented in §3.1, the density is

not constant and increases towards the centre of the LMC in most of the YMCA and STEP

analyzed tiles. Therefore it discouraged us to use a fixed threshold along the whole tile, thus

complicating the choice of the proper Sth value.

To face this problem, we opted to carry out a suite of ad hoc Montecarlo simulations in order

test the behaviour of the cluster finder algorithm at different field stellar densities. More in detail,

we generated 2000 mock stellar fields with size 30′ × 30′, placing the stars at a random position

(uniform distribution). With the aim of simulating a range of field densities, we adopt as total
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Figure 3.2: Mean of the significance (red points) with their standard deviation (red lines) of the false positives as a

function of the stellar field density. Dashed lines represent the fit of these curves for the tophat kernel (top panel) and

the Gaussian one (bottom panel)). In both panels, the blue lines represent a rescaling to a threshold=3 of the best-fitting

lines. Dotted vertical lines define the lowest and highest density value of our observed fields.
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number of stars 100 different amounts5, ranging from 1500 (∼ 1.7 stars/arcmin2) up to 80700

stars (∼ 89.7 stars/arcmin2). These values encompass the lowest and highest density values

measured in the investigated tiles (i.e. YMCA and STEP tiles in the outskirts of the LMC).

Subsequently, we carried out the over-density search procedure on these mock fields exactly as

they were real catalogues (see the detailed description of the algorithm in §3.1). We set by hand

an initial threshold value of Sth = 3. This value usually represents a reasonable compromise in

maximizing the discovery of faint and sparse SCs while minimizing at the same time the spurious

detection. We recall that no artificial SC has been added in these Montecarlo simulations, and

therefore, every detection must be regarded as a false positive.

Figure 3.2 shows the outcomes of these tests for the two kernel functions used in this work, the

tophat (top panel) and Gaussian (bottom panel) function. Both panels display the significance

S of the spurious over-densities (averaged over each density bin) as a function of the star field

density. For both kernel functions, we notice that the average significance of the false positives

is fairly constant up to stellar field densities as low as 20 stars/arcmin2. Below this value, this

quantity begins to exponentially rise, especially for the tophat function, revealing that it is not

suitable to adopt the same Sth also at low stellar density values. We modelled the trend with

a simple curve (indicated with black dashed lines in Fig. 3.2) to derive the proper Sth value for

each measured background stellar field density. It is important to note that the final Sth value

was obtained by re-scaling down the black dashed curves in Fig. 3.2) in order to have a threshold

equal to three at high densities (solid blue lines in the figure). With this choice, we are confident

that at low densities a higher Sth is able to discard most false detections. Nonetheless, setting

Sth = 3 at higher density values ensures a great level of completeness, as we demonstrate in

§3.4.2 through further tests about the ability of the algorithm in recovering artificial SCs.

To further support the usefulness of adopting a variable threshold depending on the back-

ground stellar field density, we display in Fig. 3.3 the average number of spurious detections at

varying densities for the tophat (top panel) and Gaussian (bottom panel) kernel functions. We

plotted the different outcomes of using a fixed (red dots) or variable (blue dots) threshold. An

inspection of the figure reveals that the Gaussian function is more stable against density vari-

ations. In this case, the variable threshold removes a maximum of ∼ 15-20% of false positives

at very low densities. On the contrary, when adopting a tophat kernel, there is an exponential

increase of spurious detections at low field densities. The choice of a variable threshold, in this

case, allows us to decrease the false positives by 30%. As a final consideration, the number of

5Thus for each value of the stellar density we ran 20 mock simulations.
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Figure 3.3: Total number of spurious over-densities, averaged in each density bin, as function of the stellar density

field. The red and blue dots represent the number of false positives retrieved by using a fixed and a variable threshold,

respectively. Top: Tophat function. Bottom: Gaussian function.
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false detections expected in each tile goes from ∼ 300 up to ∼ 800. However, it is worth to point

out that to assert that a star agglomeration is a real SC we need to exploit further physical

information, such as the position of its stars on the CMD (as we see in §4.1) Therefore, we are

confident that even if the false over-densities represent a significant amount of the total, with

the complementary support of the photometric details, we are able to obtain a pure catalog of

SCs as well as a very complete one.

3.2 Derivation of the over-density centre

Once the algorithm provided a list of over-densities, the next critical step is the properly estimate

its centre. This is crucial as it could have a not negligible effect on the estimation of other SC

properties, such as its radius or its radial density profile (RDP). We opted again to use an

automated method to infer the coordinates of the over-density centre, that consists in executing

another KDE limited in the region defined by the over-density. In particular, we picked up as trial

centre the pixel with the highest value from the previous KDE run, and we performed another

KDE in an region defined by a circle with radius twice as long as the maximum distance among all

pixels belonging to the same over-density. We then looked for the pixel with the highest measured

stellar density value, iterating the procedure until convergence is obtained. In particular, we

repeated this process until two subsequent centres are separated less than 1.5′′. If the previous

condition never happens, we stop the procedure after ten steps, accepting as centre the last pair

of coordinates. However, we checked than more than 90% of the over-densities converged before

the last step was reached. Figure 3.4 displays two examples of centre determination in the region

of a typical over-density (candidate SC STEP-0025 and YMCA-0032).

The automated procedure described above is very effective but sometimes can mislead the

determination of the centre. Indeed, in a very few cases a visual inspection of the results revealed

a clear offset of the estimated centre with respect to the real one. For example, this could happen

if another agglomerate of stars is located nearby the over-density, or because of border effects

when the over-density is very close to the tile edge, or of course in the case of binary SCs. In all

the circumstances quoted above, we manually corrected the centre values.
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Figure 3.4: Example of the two dimensional KDE in the region of the two newly discovered SCs: STEP-0025 (top) and

YMCA-0032 (bottom).
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3.3 Estimation of the over-density radius

One of the method to determine the radius of a SC is to measure the distance from its centre

at which the RDP, (i.e. number of stars per unit area) settles around the background density

level [Bonatto and Bica, 2009, Pavani et al., 2011, Perren et al., 2015]. To obtain a RDP for

each over-density, we calculated the number of stars located in concentric shells around the SC

centre, separated in bins of 0.05′, starting from the center up to a distance of 2.0′. We then

divided this value for the area of each shell. We did not apply any magnitude cut as most of our

SC candidates represent sparse and poorly populated objects, which do not show a significant

crowding level6. An estimation of the background density level, i.e. the expected number density

of field stars, is obtained by calculating the number of stars within a shell of inner and outer radii

of 2′ and 4′, respectively, from the candidate SC centre. We then divided this value by the area

of the shell7. Fig. 3.5 displays the RDP of the candidate SCs STEP-0025 and YMCA-0032 (red

dots/solid red line) to better illustrate the procedure. As expected, the RDP steadily decreases

from the centre until it reaches and settles around the estimated background density of field

stars (dashed line). The errors on the RDP (red vertical lines) and on the background density

(solid black lines/grey area) are calculated assuming a Poissonian noise (the square root of the

value). To estimate the proper radius, we availed of both the SC RDP and of the background

density (with their errors), comparing at each distance bin from the SC centre the quantities

NRDP±
√
NRDP and µbkg±

√
µbkg, where NRDP is the value of the RDP at a given distance from

the SC centre, and µbkg is the background density value. Because of the fluctuations of the RDP

when it approaches the background density value, it is not straightforward identify which is the

distance select tat which the two above quantities are congruent. To overcome this problem we

tested several criteria to define a condition of “stabilization”, making the radius evaluation more

robust against stochastic fluctuations of the RDP. In particular, we considered the RDP and the

background level congruent if NRDP −
√
NRDP ≤ µbkg is satisfied two consecutive times or if

NRDP −
√
NRDP ≤ µbkg +

√
µbkg is reached three times on four adjacent concentric shells.

6Some exceptions are of course the already known SCs falling in our analyzed tiles. They suffer of a noticeable

crowding effect. Nonetheless, this effect is strongly dependent on the distance from the SC centre. It rapidly

diminishes at larger distances, and in particular becomes negligible in its outer regions, where the SC density

reaches the field value, allowing a proper estimation of its radius anyhow.
7In Bica et al. [2008]’s catalogue only ∼3% of the SCs have a radius ≥ 2 arcmin, and they are also easily

detectable by eye. We are therefore pretty confident that such SCs are not present in the analysed tiles.
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Figure 3.5: Radial density profile of the SCs STEP-0025 (top) and YMCA-0032 (bottom). The dashed line is the

estimated background mean, and the two black solid lines represent the 1σ deviation. The red solid line sets the density

of stars of the SC as a function of the distance to its centre. All errors are Poissonian. The black arrow indicates the

estimated radius.
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3.4 Testing the SC detection method with artificial clusters

The adoption of an automated procedure to detect unknown SCs has the advantage that it allows

us to objectively determine the errors over the SC parameters and the efficiency of the algorithm.

To quantify the completeness of the catalog, or the fraction of objects recovered, it is important

to evaluate the accuracy of the cluster searching algorithm in finding targets and also to measure

the detection limit of the procedure.

As the cluster finding algorithm measures the significance of each pixel within a tile, which

basically is a measure of a signal-to-noise ratio, and a “good” pixel exceeds a given threshold

(S ≥ Sth), it turns out that every parameter which plays a role in the measure of S, also

affects the detection of a SC. In particular, both the concentration of the SC and the stellar

field density could strongly influence the outcome of the SC detection algorithm, as altering the

former changes the signal, while the latter represents the noise. For example, a decrease of the

compactness of a SC or an increase of the background field star density, or both, makes it harder

to reveal a SC, since the final outcome is a reduction of the S/N ratio. Consequently, if the pixel

significance (S) drops below our selected threshold (Sth), the SC will be lost, as could happen

for sparse SCs embedded in dense fields. Therefore, a quantitative measure of the efficiency of

the algorithm in detecting SCs as a function of different SC compactness (signal) and different

background densities (noise) is required to estimate the completeness.

In the next sections I describe in detail the procedure used to perform a quantitative test of

the effectiveness of the algorithm.

3.4.1 Generation of artificial star clusters

To measure the completeness of the algorithm, we generated artificial SCs with different values

of density, and we overlaid them on the set of Montecarlo simulations described in §3.1.1 that

represent artificial background stellar field populations with a different density as well. Following

this procedure, we were able to test the sensitivity of the algorithm as a function of the SCs and

stellar field densities. We remind that the mock simulations introduced in §3.1.1 are 2000 stellar

fields with 100 distinct density values (20 for each field density value) ranging from 1.7 to 89.7

stars/arcmin2, encompassing the actual stellar density values observed in the analyzed tiles. In

addition, in each simulated field we inserted four artificial SCs with different values of density,

namely ρcl = 30, 50, 70, 90 stars/arcmin2, therefore we totally place 8000 artificial SCs.

To generate the simulated SCs, we first randomly selected the coordinates of the centre of each
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Figure 3.6: Recovery fraction of the four artificial SCs as a function of the stellar field density. Vertical dashed lines

represent limits of field density in our tiles, estimated by dividing the number of stars within a tile by its area. Fractional

values have been smoothed with a gaussian filter with σ = 2 stars/arcmin2 to make less noisy images.

of the four SCs within the artificial fields. To prevent any overlap among two or more different

SCs, we imposed that each centre must at least be placed more than 5′ from all the other ones.

We then randomly extracted the number of stars belonging to the SC, using a Gaussian with

µ = 30 and σ = 20. In this way we also sample a diverse degree of compactness along different

SC densities, as the SC radius was adjusted to match the ρcl value. Finally, we also randomly

place the single star members of the SC by using a Gaussian distribution having as a mean the

position of the SC centre and as standard deviation the half of its radius. In the last step we

removed all simulated stars closer than 0.8′′ to each other in order to reduce crowding. At this

point, we run the algorithm over the 2000 stellar fields containing the 8000 artificial SCs. In

particular, we carried out the procedures described in §3.1, §3.2 and §3.3. The results of this

test are presented in the next section.

3.4.2 Efficiency of the algorithm

Figure 3.6 displays the recovery fraction, i.e. the ratio between the number of times the algorithm

detected an artificial SCs, for each of the 100 field density steps, and the number of times that

SCs was generated, as a function of the field densities. We also plotted with different colours the

recovering fraction of each different SC density. In the left and centre panels of the same figure,

the recovery fraction is displayed for the two different kernels (tophat and Gaussian functions,
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respectively), giving insights on how the algorithm works in the two cases. In the right panel

the contribute of both kernel functions are considered. As a reference, the vertical dashed lines

indicate the lowest and highest density values measured on the tiles analyzed .

An inspection of the figure reveals that, regardless the kernel functions adopted, at any SC

density the fraction of positive detections decreases towards higher field stellar density values, as

expected. Similarly, less concentrate SCs have a lower recovery fraction and therefore they are

harder to reveal. Looking more closer the outcomes of the different kernel functions, we noticed

that the tophat function has a slightly higher recovery fraction at lower stellar field densities and

for denser SCs (ρcl = 70− 90 stars/arcmin2) while the gaussian kernel performs better on sparse

SCs and in more crowded stellar fields. Therefore, despite of an increase of the computational

time, running the algorithm by adopting the two different kernel functions provides a great gain

in the SC detection. Indeed, as evident in the right panel of Figure 3.6, the recovery fraction

when both kernel functions are used, settles above 90% even for the sparser SCs embedded in

the highest observed field densities (right panel).

We also noticed that the impact of the stellar field density on the recovery fraction of the

densest generated artificial SCs (i.e. ρcl = 70−90 stars/arcmin2, red and blue lines in the figure)

is minimal, as the recovery rate is ∼100% till ∼50 stars/arcmin2, and remains above ≥ 95% even

at the highest field densities present in our images. In artificial SCs with ρ = 50 stars/arcmin2

(green line) the recovery fraction stays close to 100% up to ∼ 40 stars/arcmin2 and ∼ 90% at the

highest field observed density limit. Finally, the artificial SCs with ρ = 30 stars/arcmin2 (cyan

line), follow a similar trend, but the recovery fraction drops at ∼90% at high stellar field density.

These encouraging results suggest that the cluster finder algorithm likely provides a catalog of

SCs with a very high level of completeness, indeed all of the artificial SCs simulated have more

than 90% probability of detection in the observed tiles.

Once we assessed the effectiveness of the algorithm in detecting over-densities in the sky in the

observed tiles around the LMC, we also may wonder which is the error it commits in estimating

the over-density parameters, such as their centres and radii. To this aim we repeated the same

procedure described above, generating and inserting in each simulated stellar field four artificial

SCs with four different ρcl values, but this time keeping constant also their radii and their total

number of stars. In this way, we are able to calculate how the stellar background densities affect

the measure of the SC estimated parameters. Summarizing, we artificially simulated the same

set of four SCs and we randomly placed them on each simulated stellar field.

Figure 3.7 displays the estimated mean radius (top panel) and its standard deviation (centre
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panel) for the artificial SCs generated with four different densities, as a function of stellar field

density. The measured radius becomes smaller for all artificial SCs when the stellar field density

increases. However, this difference is within the uncertainties in the stellar field density interval

observed (vertical dashed lines). Indeed, the standard deviation settles around 0.1′, thus defining

our error on the estimated radius. The bottom panel of Fig. 3.7 shows the distance separation

between the position of the artificial SC centre and the position of the centre estimated through

the procedure described in §3.2, averaged over the 20 simulations per each stellar field density,

as a function of the stellar field density. This figure reveals that the measurement of SC centres

depends on both the background field density and SC density, improving towards SCs with high

ρcl, and less populate stellar fields, even if this effect is barely visible for SCs with ρcl = 70− 90

stars/arcmin2.
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Figure 3.7: Top: Radius (Rest) resulting from the average of 20 simulations per stellar field density vs stellar field

density. Different colours identify simulated SCs with different ρcl. Centre: Standard deviation of the estimated radii.

Bottom: As above but for the distance separation between the position of the input simulated SC centre and the position

of the centre estimated through the procedure described in §3.2. All values have been smoothed with a Gaussian filter

having σ = 2 stars/arcmin2 to make less noisy images.





Chapter 4

Application of the cluster finder

algorithm to the LMC - Part I:

overview and first results

This chapter is based on some sections of the paper published on the Volume 499 of the Monthly

Notices of the Royal Astronomy Society (MNRAS), Gatto et al., 2020, MNRAS, Vol. 499, p.

4114-4139.

In this chapter we present the results of a pilot work which tested the potentiality of the cluster

finder algorithm described in the previous Chapter on a real catalog of sources. In particular, we

discuss the results obtained from the analysis of the first 21 YMCA available tiles and 2 STEP

tiles, for a total of 23 square degrees investigated in the periphery of the LMC. In addition, we

also describe the methods employed to estimate the main parameters of the newly discovered

SCs.

As already anticipated in §2.2 and §2.3 both surveys reach about 1.5–2 mag [∼24 mag in

the g-band; Ripepi et al., 2014] below the MSTO of the oldest stellar population (≥ 10 Gyrs,

which in the LMC is at ∼ 22.5 mag in the g-filter). Therefore the noticeable high completeness

achieved by the searching algorithm (see §3.4.2 and in particular Fig. 3.6) implemented on a

deep photometric catalog of stars should ensure us the discovery of even the oldest and faint

LMC SCs, allowing us to probe a still poorly constrained periods of the LMC. For example, the

almost total absence of SCs in the so called “age gap", namely an interval of ages ranging from

73
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∼ 4 to ∼ 10 Gyrs, has not been clearly explained yet (see §1.2.4.2 and §1.2.4.3 for the discussion

about the age gap and the issues related to it). It is worth pointing out that the majority of

the previous woks devoted to the research of unknown SCs focused mostly into the main body

of the LMC, leaving the area beyond ∼ 4° from the centre almost unexplored. In fact, the quest

for SCs in the outskirts of the LMC is limited to few works. For example, Pieres et al. [2016]

used DES data to perform a visually search of SCs to the North of the LMC. They identified

255 clusters, among which 109 are new candidates, out to a distance of about 10 kpc from the

LMC centre, in cylindrical coordinates. Sitek et al. [2016] discovered 226 new SC candidates in

the outer disk of the LMC by exploiting OGLE IV [Udalski et al., 2015] data, and more recently,

Piatti [2017a] found 24 newly SCs in the MCs periphery through the SMASH survey [SMASH;

Nidever et al., 2017]. Therefore we opted to analyze regions of the LMC outskirts that have

never been observed to this depth, and indeed, just a few of our candidate SCs were previously

known (see next sections).

Figure 4.1 displays the position of the YMCA and STEP analyzed tiles (red filled boxes),

while their features are provided in Tab. 4.1. These tiles are located at three different regions

around the LMC, at North-East, South-East, and West-Southwest, and span a range of projected

distances between 4.4 and 10.4 kpc from the LMC centre. The inspection of fields located in

opposite directions with respect to the LMC centre allowed us to understand if the whole galaxy,

at least in its outskirts, shares the same evolutionary history.

4.1 Cluster identification through the colour-magnitude di-

agram

Once the algorithm looked for SCs in the 23 probed tiles, it yielded a list of over-densities and

their parameters (i.e. centre and radius). This list also contains a fraction of spurious objects,

namely group of stars clumping due to projection effects (asterisms), which could also be not

negligible at all. Piatti [2017b] in their paper devoted to the study of SCs located along the

minor axis of the LMC, concluded that about 30% of the SCs belonging to Bica et al. [2008]’s

catalog in their surveyed regions are not real physical stellar systems, thus demonstrating that

in the absence of a rigorous procedure for removing false SCs, the degree of contamination can

be significantly high. Therefore it is necessary to recognize and in turn discard the contaminants

from the list of over-densities, in order to statistically sample the properties of a pure population
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Figure 4.1: Footprint of the STEP and YMCA surveys (see labels) in a zenithal equidistant projection along with all

objects present in Bica et al. [2008] (black dots). For comparison, we overdraw the VMC [Cioni et al., 2011] regions in

green, whereas the DES surveyed area lays northwards of the orange line. The 23 tiles analysed in this work are filled in

red.
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Table 4.1: Log of Observations. The different columns show: name of the tile, its centre, date of observation, average

FWHM over the images (Sg and Si)

Tile R.A. Dec Date Sg Si

hms dms ′′ ′′

1_27 06:23:43.30 -73:59:14.1 2016-10-11 1.24 1.01

1_28 06:38:11.88 -73:59:14.1 2016-10-12 1.34 1.00

1_29 06:52:40.49 -73:59:14.1 2016-10-12 1.51 0.96

1_30 07:07:09.10 -73:59:14.1 2016-10-23 1.30 0.87

1_31 07:21:37.68 -73:59:14.1 2016-11-19 1.34 0.82

2_30 06:41:10.37 -72:53:04.1 2017-10-12 1.30 1.06

2_31 06:54:46.16 -72:53:04.1 2017-10-13 1.17 1.17

2_32 07:08:21.96 -72:53:04.1 2017-10-12 1.30 1.01

2_33 07:21:57.77 -72:53:04.1 2016-12-18 1.05 0.73

3_21 04:22:54.42 -71:46:54.4 2017-10-12 1.09 1.09

4_19 03:50:36.64 -70:40:44.2 2017-10-12 1.19 0.98

4_20 03:50:36.64 -70:40:44.2 2017-10-13 1.13 0.99

4_21 04:14:52.86 -70:40:44.2 2017-12-23 1.08 0.97

4_22 04:14:52.86 -70:40:44.2 2017-12-25 1.12 0.99

5_22 04:13:31.25 -69:34:33.9 2017-12-26 1.13 1.08

5_23 04:13:31.25 -69:34:33.9 2018-01-11 1.25 1.09

11_41 06:00:26.98 -62:57:31.7 2017-12-09 0.98 0.96

11_42 06:13:47.98 -62:57:31.7 2018-01-08 1.15 0.77

11_43 06:13:47.98 -62:57:31.7 2018-01-14 1.05 0.72

11_44 06:31:35.99 -62:57:31.7 2018-01-19 0.93 0.85

11_45 06:31:35.99 -62:57:31.7 2018-01-19 0.97 0.82
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of LMC SCs.

Ideally, accurate kinematics of the stars could be one of the best solution to disentangle a

group of isolated stars spatially close because of some projection effect from a stellar system whose

moving as its own. Despite of several studies obtained the PMs of MC stars and satellites [e.g.,

Kallivayalil et al., 2018, Zivick et al., 2019], accurate PMs and radial velocities of the MC stars

within the 23 square degrees explored in this work, down to the faint magnitudes of the MSTO of

the oldest stellar population, are not available yet1. Therefore, the only additional information

available beside the sky positions are the magnitudes and colors of the stars belonging to the

candidate SC.

We can exploit the fact that, contrary to asterisms, stars belonging to real SCs follow precise

sequences in the CMD. Indeed, stellar evolution theories predict that the members of a coeval

system, like a SC, evolve along the evolutionary phases in the CMD defined by a SSP. Therefore,

once corrected for the distance modulus (DM) and the reddening, they are expected to mirror an

isochrone of a given age and metallicity. Thus the analysis of the over-density CMDs allows us not

only to identify and rule out asterisms, but also to directly estimate the main parameters of the

stellar population of the SC, namely its reddening, age and metallicity. However, disentangling

false from true SCs on the basis of the CMD is not a straightforward task. For instance, due

to the three dimensional geometry of the investigated galaxy, also field stars can be projected in

the region occupied by genuine cluster stars. Therefore, a cleaning procedure of the SC CMD

is necessary to assess the SC nature of the over-density and to properly estimate the main SC

parameters.

4.1.1 Cleaning procedure of the CMD

We availed of the procedure developed by [Piatti and Bica, 2012] and commonly used in the

literature [e.g., Ivanov et al., 2017, Piatti et al., 2014, 2015b, 2016] to clean the CMD from not

SC member stars. In the following, we briefly report only the main steps of this method and

the interested reader can refer to the original paper for a full description. In a nutshell, the

procedure consists in adopting four distinct CMDs as representative of the stellar field to clean

the SC candidate CMD. These four CMDs are located along four different directions (North,

South, East and West) with respect to the SC centre. The distance between the comparison

fields and the SC is chosen to be short enough to sample the local stellar properties, i.e. stellar

1The Gaia space satellite provides PMs of stars down to g ∼ 21 mag, well above the expected MSTO of the

oldest SCs.
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density, luminosity and colour distribution but it is also large enough to avoid the inclusion of

SC members. Following Piatti et al. [2014], to avail of a larger statistics, the cluster region to be

cleaned spans an area described by a radius Rca=3Rcl, where Rcl is the estimated SC radius (see

§3.3 for the determination of the radius). Moreover, each of the four fields used as comparison

also describes a circle with a radius Rfield=Rca and the coordinates of their centres are positioned

at a distance calculated as follows:

d = 2Rca +Rcl (4.1)

To sample the position of the stars in the CMD of each of the four stellar fields, the procedure

avails of cells with different sizes: smaller boxes being generated in denser CMD areas, and

larger ones in less dense CMD regions. In this way, the method is able to model the local CMD

density, taking into account that distinct evolutionary stellar phases have a different degree of

crowding. For example, being the lifetime of any stars in the main sequence phase at least ten

times longer than in any other evolutionary phase, the the main sequence (MS) is much more

populated than other CMD regions, like the sub-giant branch (SGB) or the RGB. Therefore, we

started to generate a a box centred on each of the star belonging to the field, with sides (mag,

col) = (2.0, 0.5). Then the shape of the box is adjusted according to the local CMD density, by

reducing it until it reaches the closest star in magnitude and colour, separately. At the end of

the first step of the procedure, each field star is surrounded by a box, whose shape depends on

the local crowding in the CMD [see Piatti and Bica, 2012, their Figure 12].

The representative field CMD is then overlapped to the candidate SC CMD, and for each

of the boxes we subtract the SC star closest to its centre, considering just the stars within the

box. This operation is repeated four times, one for each field. Finally, we are able to assign

a membership probability P for all stars within the candidate SC, depending on the number

of times a star has been subtracted in the procedure. A membership probability to belong to

the cluster P ≥ 75% is assigned to stars that have been eliminated once or never, a P = 50%

(same probability to belong to the cluster or to the field stellar population) for stars with two

subtractions, while stars with P ≤ 25% (three or four subtractions) are likely field stars. We

considered as not actual SC members all stars with P < 50%, allowing us to rule out all over-

densities whose residual stars do not follow a SC isochrone on the CMD. Fig. 4.2 shows an

example of such a procedure for the candidate cluster STEP-0018. In the top panels it is evident

the noticeable difference between the CMD of the candidate SC (left side) with that one of a

nearby stellar field with an area as large as the SC one (right side). The bottom-left panel of
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Figure 4.2: Example of the cleaning procedure for the SC STEP-0018. Top: SC CMD (left side) and CMD of a field

(right side) taken at 7×Rcl and with an area equal to the cluster one. Bottom left: Cluster CMD after the cleaning

procedure with stars colored by their membership probability. Blue, cyan and pink points are stars with P ≥ 75%,

P ≥ 50%, P ≤ 25%, respectively. The black solid line marks the best fitting isochrone, obtained with the values listed

in the top left corner of the figure, while dashed and dotted lines show isochrones with ages ±0.1 in log(t) with respect

to the best fitting one. The photometric errors are also displayed. Bottom right: Relative positions for all stars within

3×Rcl, with the origin at the SC center, and the size proportional to their luminosity. The black circle indicates the

cluster radius.
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the figure illustrates how the SC CMD appears after the cleaning procedure, with stars color-

coded according their membership probability (blue, cyan and pink for P ≥ 75%, P = 50% and

P ≤ 25%, respectively) superimposed by the best fitting isochrone (solid line).

It is worth pointing out that following the original procedure outlined byPiatti and Bica

[2012], an area as large as nine times that of the SC is chosen to augment the statistics and thus

to improve the performance of the cleaning process. This procedure does not take into account

the spatial distance from a star to the SC centre, but only its position on the CMD. This is

useful in the case of poorly populated objects as the candidate SCs observed in the periphery of

the LMC. Bearing in mind all these considerations, the presence of some residuals (stars with P

≥ 75%) beyond the cluster radius it is expected, actually.

We produced figures like Fig. 4.2 for all the over-densities detected with the searching algo-

rithm (more than 3000 candidates in the 23 tiles analyzed in this work). A visual inspection of

the residuals of the CMDs allowed us to recognize the asterisms, that resulted to be the large

majority of the candidate over-densities. Indeed, at the end of the cleaning procedure, after a

careful analysis we built a list composed by 85 candidate SCs. Identification, centre coordinates

and radii of these candidate SCs are listed in the first four columns of Tab. 4.4. As the proce-

dure outlined above still contains a certain degree of subjectivity, we also provide a statistical

parameter to quantitatively assess the goodness of each SC. Thus, we define

G =
Ncl −Nbkg√

Nbkg

(4.2)

where Ncl is the number of stars within the SC radius and Nbkg is the average number of field

stars within an area equal to that defined by the radius of the SC. We obtained Nbkg by counting

the number of stars contained in shell of inner and outer radius 2′ and 4′ from the SC centre,

and then by normalizing this value to the SC area. The G value ranges from 1.32 to 48.75 and it

has a median of 3.48. It is listed in the tenth column of Table 4.4, along with the total number

of stars within the SC radius (column 11).

4.2 Estimation of the SC main parameters

4.2.1 Isochrone fitting

The SC age can be estimated through the identification of the isochrone of a SSP that best

matches the residual CMD SC stars. The isochrone fit can be either carried out visually or than

by availed of an automated method. Both procedures have been used in the literature, and each
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of them has its pros and cons. Automated methods used to estimate age, reddening, distance

modulus and metallicity of the SCs are definitely more efficient on a large SC sample and they

also enable to objectively quantify the uncertainties on the SC parameters [e.g., Nayak et al.,

2016, Nayak et al., 2018]. At the opposite the visual fitting might suffer from systematic errors

because it is more subjective. Furthermore it is less efficient since it requires to carefully analyze

each SC singularly and often it is also necessary to “a priori” fix some physical quantities, such as

the DM or the metallicity, in order to reduce the parameter space [Glatt et al., 2010, Piatti et al.,

2014, 2015a,b, 2016]. Nonetheless, this procedure has to be preferred in case of poorly populated

and sparse SCs, where significant statistical fluctuations could be present, and the decision of the

inclusion or exclusion of a few stars can make a remarkable difference [Lançon and Mouhcine,

2000]. For example, some residual field stars with high membership probability could still be

present in the CMD, even after the cleaning procedure described in §4.1.1. Therefore, in these

cases a visual fitting avoids that residuals may considerably affect the estimation of the SCs

parameters.

On these bases, we opted to carry out a visual isochrone matching, adopting the PARSEC

models [Bressan et al., 2012]. This procedure allowed us to estimate the SCs ages by iden-

tifying the magnitude of the MSTO as well as to gauge their reddening and metal content

through the position and inclination of the RGB stars, and red clump (RC) stars. However, it

is tricky to disentangle the effect of reddening and metal content when comparing isochrones

with observed RGB and RC stars because of their degeneracy. This occurrence makes the un-

certainties associated to these two parameters to increase. We estimated the errors by varying

the parameters until the isochrones no longer fit the RGB/RC stars and taking into account

the above quoted degeneration. The resulting errors are ∆E(B - V) = 0.04 mag and ∆Z =

0.002. We corrected the isochrones for the distance and the extinction through the relations:

g = giso + (m−M)0 + Rg × E(B − V ) and E(g − i) = (Rg − Ri)× E(B − V ) with Rg = 3.303

and Ri = 1.698 [Schlafly and Finkbeiner, 2011].

We chose to fix the distance modulus to (m−M)o = 18.49± 0.09 mag (49.90+2.10
−2.04 kpc) [de

Grijs et al., 2014] to reduce the number of possible combinations of isochrones to fit the CMD of

each SC. This value is very close to the very accurate recent measurement of the LMC distance

obtained by Pietrzyński et al. [2019] from a sample of eclipsing binaries. We took into account

also the three-dimensional structure of the LMC, which has a non-negligible depth along the

line of sight, namely 3.14 ± 1.16 kpc measured by Subramanian and Subramaniam [2009], and

about ∼ 7 kpc, due to a recent measure made by Choi et al. [2018b]. Therefore we considered
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Figure 4.3: Isochrone fitting for six SCs. Solid lines represent the best fit isochrones obtained fixing the distance modulus

(m - M = 18.49 mag), while dashed and dotted lines are isochrones with log(t) = ±0.1 dex with respect to the best one.

Stars are color-coded according by their membership probability, following the procedure described in §4.1.1.
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a maximum error budget on the DM to be ∆(m−M) ∼ 0.2 mag. This uncertainty could seem

significant, but our errors on the age, estimated by observing the overall dispersion obtained using

the visual fitting procedure on the CMD, are typically σ log(t) ∼ 0.1 dex, that is equivalent to

about 0.4 mag in the DM, at the LMC distance. Therefore we are confident that assuming a

constant DM in the isochrone fitting procedure in all the tiles analyzed is acceptable. It is worth

underlying that σlog(t) ∼ 0.1 dex is an upper limit on the age estimate errors, since younger SCs

could have even a smaller error (i.e σlog(t) = 0.05 dex). To adopt a more conservative approach,

we decided to set all errors to this upper limit.

Finally, we performed the isochrone matching by varying the age, reddening, and metallicity

to seek the qualitatively best match between isochrones and SC stars. We took into account only

stars with membership probability P ≥ 50%. In particular, we focused on some more populated

evolutionary phases to aid the visual identification of the best isochrone, such the main sequence,

the RGB and RC stars. The SC parameters estimated in this way are listed in Table 4.4 (from

the fifth to the seventh column), while Fig. 4.3 shows an example of the fitting procedure for six

(typical) SCs detected in this work. The CMDs for all the 85 candidate clusters are shown in

Figure A.1.

4.2.2 Absolute magnitudes

We obtained the absolute magnitudes of each candidate SC in the g-band by using the open

source photutils python package [Bradley et al., 2019]. This software includes, amongst the

others, tools to perform aperture photometry on astronomical images and, we applied it on the

stacked image built as described in §2.2 and §2.3.

As a first step, we measured, for each SC, the total flux in a circular aperture defined by

SC centre and by its estimated radius. Obviously, this flux includes a background that must

be removed. We, therefore, also obtained the flux in eight circular apertures surrounding the

SC, having a radius equal to 50 pixels (i.e. 10′′), and their centres placed at 2 × Rcl from

the SC centre. Within each aperture we derived the median flux per pixel. We considered the

median of the eight estimates as a measure of the mean background to be subtracted from the SC

aperture photometry. Then, we obtained the instrumental magnitude in g-band of a given SC as

minstr = −2.5 ∗ log10(flux). These magnitudes were then calibrated into the APASS system, by

evaluating, for each tile, the zero point between the instrumental and the APASS magnitudes.

To reach this scope, we calculated the instrumental magnitudes of all stars in each tile using

the aperture photometry tool available in photutils. We then calculated the difference between
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the star instrumental magnitudes and their calibrated PSF photometry. The zero point is then

simply the mean of these differences, obtained adopting only sources in the limited magnitude

interval 15 < g < 20 mag to exclude bright saturated stars and faint, low S/N objects. We

repeated this procedure for every tile in which a SC has been detected, obtaining a calibrated

apparent magnitude in the g-band for each of the 85 SCs. Finally, the absolute magnitude in

g-band was derived as Mg = mg +DMLMC−Ag, where mg is the apparent magnitude, Ag is the

extinction in the g-band, and DMLMC is the LMC DM adopted. The estimated g-band apparent

and absolute magnitudes are listed in the eighth and ninth column of Table 4.4.

4.2.3 Radial density profiles

The RDP of the SCs is a useful tool to better assess the physical reality of our sample of newly

detected objects. Indeed, SCs follow analytical functions, which usually can be approximated

with a flat core close to the centre regions, and a power-law at higher distances from the SC

centre. The two most employed analytical functions for the SCs in the MCs are the King’s family

of curves [King, 1962] and the Elson, Fall & Freeman profile [EFF; Elson et al., 1987]. The EFF

profile is identical to the King’s one when the parameter indicating the slope of the curve γ is 2

and the tidal radius goes to infinite. These analytical formulations are also useful to get insights

into the SC dynamical evolution (see §7 where we use them to derive structural parameters of

170 SMC SCs). However, in this case we only avail of them as tools to substantiate the physical

reality of the newly discovered SCs. Elson et al. [1987] concluded that the majority of the LMC

SCs do not seem to have a tidally truncated radius, therefore the following analysis is carried

out by considering a EFF profile, described by:

n(r) = n0 × {1 + (
r

α
)2}−γ/2 + ϕ (4.3)

where n(r) is the number of stars per squared arcminutes as a function of the distance from the

cluster centre, n0 is the central surface density, α and γ are the core and the slope parameter,

respectively, and ϕ is the background value, considered here as a free parameter of the fit.

We considered only stars with P ≥ 75% in the whole cleaned area (i.e. a circle of radius

Rca = 3Rcl, see §4.1.1) to build the RDPs. This choice allows us to: (i) assess the SC’s

existence, since the SC reliability increases if a central over-density persists after the cleaning

procedure and the RDP is well reproduced by the EFF profile; and (ii) check the residuals of

Piatti and Bica [2012]’s procedure (i.e. stars with P ≥ 75% beyond the SC radius). Indeed, if

significant residuals are present after the cleaning procedure we should obtain a nearly flat RDP.
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Figure 4.4: Top: Contour plots and marginalized histogram of all the four parameters for the SC YMCA-0037. The

estimated values and their errors are also indicated. Bottom: RDP with overlapped an EFF profile for the same SC.
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SCs whose RDPs derived with only P ≥ 75% membership stars fit with a EFF profile ensure a

high reliability of their physical real nature. This is the most conservative approach to exploit

the SC RDP in order to determine its authenticity. However, the majority of the SC candidates

is very sparse and composed by a handful of stars, making it harder to build reliable RDPs

availing of only the most likely SC members. Moreover, as already mentioned, Piatti and Bica

[2012]’s cleaning procedure does not take into account the cluster-centric distance of the stars,

which might affect the shape of the RDP (see the detailed discussion below). On these bases, we

opted to make use also of the stars with P ≥ 50% to derive RDPs for all SCs where a reliable

fit was not achieved with the former procedure. We already anticipated before that the purpose

of this analysis is not to probe the internal structure of the SCs, but to statistically assess the

goodness of our sample, and thus to provide further statistical parameters complementary to the

G parameter defined by the eq. 4.2. In particular, we supply as a further statistic parameter

representative of the reliability of each SC he ratio between the estimated central surface density

(background subtracted) and the estimated background (i.e. the ratio between the estimated n0

and ϕ parameters of the EFF profile).

To derive the four free parameters of the EFF profile we adopted a Markov Chain Monte

Carlo technique (MCMC) available with the emcee python package2. The MCMC approach is

a widely used technique to sample probability distributions in high dimensions of the parameter

space. It is based on the idea that by using random sampling in a probabilistic space, after a

number of steps (i.e. the length of the Markov chain) the chain will be made of points that

follow the target distribution. Figure 4.4 shows a contour plot of the parameters along with their

marginalized histograms (top panel), and the RDP with overlapped the best fit obtained with

the MCMC method (red line in the bottom panel) for the SC YMCA-0037. Table 4.2 lists the

parameters estimated with the MCMC approach and their uncertainties for 67 SCs (79% of the

sample) with a RDP built adopting only stars with P ≥ 75%. More than half (precisely ∼ 65%)

of the SCs have a ratio between the estimated central and the background density higher than

5, and all of them, except one, above 3. The mean of this ratio is 11.50 while its median is 10.44.

The RDPs of these 67 SCs with the fit of the best EFF profile are in Fig. A.2. Table 4.3 lists the

EFF parameters and the n0 and ϕ ratio for those SCs whose RDP were derived by using all stars

with P ≥ 50%, meaning that for them a reliable fit by employing the most likely members has

not been obtained. In this case the ratio between the estimated central and background density

has a mean of 3.95 and a median of 4.04. Figure A.3 shows the corresponding RDPs.

2https://emcee.readthedocs.io/en/stable/
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Table 4.2: Elson, Fall & Freeman’s fitting parameters obtained by using all stars with P≥75%. In the first and fourth

column are listed the ID of the SCs, while the core parameter is in the second and fifth column and the slope parameter

in the third and seventh column. The fourth and last column indicates the ratio between the estimated central density

and the estimated background.

ID α γ n0/ϕ ID α γ n0/ϕ

(arcmin) (arcmin)

step-0001 0.09+0.04
−0.04 3.64+0.92

−1.01 14.41 step-0002 0.06+0.02
−0.03 3.49+1.01

−0.99 9.83

step-0004 0.10+0.03
−0.04 3.60+0.94

−0.99 18.30 step-0006 0.08+0.04
−0.03 3.39+1.08

−0.96 12.96

step-0008 0.13+0.06
−0.02 3.28+0.51

−0.73 4.39 step-0009 0.25+0.06
−0.06 3.01+0.66

−0.67 4.49

step-0010 0.25+0.07
−0.07 2.90+0.71

−0.63 3.26 step-0011 0.15+0.07
−0.04 3.28+0.51

−0.72 4.03

step-0012 0.15+0.01
−0.00 3.85+0.11

−0.23 7.04 step-0013 0.11+0.01
−0.01 3.70+0.22

−0.39 7.59

step-0014 0.44+0.15
−0.14 14.51+3.87

−5.28 3.70 step-0015 0.09+0.04
−0.04 3.36+1.07

−0.93 11.70

step-0016 0.06+0.03
−0.03 3.63+0.93

−1.03 4.08 step-0017 0.24+0.04
−0.03 8.39+1.15

−1.76 6.87

step-0018 0.11+0.03
−0.03 3.50+0.95

−0.91 6.25 step-0023 0.10+0.04
−0.04 2.88+1.26

−0.67 11.16

step-0024 0.10+0.04
−0.03 3.39+1.03

−0.90 10.82 step-0025 0.10+0.03
−0.04 3.46+1.01

−0.93 8.04

step-0026 0.15+0.07
−0.06 3.80+0.84

−1.05 4.31 step-0030 0.13+0.03
−0.02 4.26+0.53

−0.81 5.70

step-0031 0.08+0.04
−0.03 3.41+1.07

−1.00 10.69 step-0032 0.12+0.02
−0.04 2.81+1.27

−0.62 6.07

step-0033 0.12+0.02
−0.03 2.89+1.02

−0.62 5.81 step-0034 0.27+0.05
−0.07 3.44+0.77

−0.79 12.40

step-0035 0.21+0.02
−0.01 4.61+0.29

−0.55 4.06 step-0036 0.08+0.04
−0.02 3.81+0.82

−1.01 6.15

step-0037 0.19+0.04
−0.03 3.77+0.85

−1.03 3.12 ymca-0001 0.16+0.07
−0.04 3.92+0.76

−1.01 7.13

ymca-0002 0.22+0.03
−0.02 4.48+0.37

−0.65 16.36 ymca-0003 0.08+0.04
−0.04 3.62+0.94

−1.04 17.39

ymca-0004 0.20+0.06
−0.06 3.64+0.92

−1.00 13.92 ymca-0005 0.35+0.07
−0.04 12.26+1.96

−2.99 6.50

ymca-0007 0.37+0.07
−0.05 11.83+2.21

−3.04 5.48 ymca-0008 0.08+0.04
−0.04 3.32+1.11

−0.93 26.83

ymca-0009 0.10+0.03
−0.04 3.53+0.97

−0.98 16.19 ymca-0010 0.10+0.03
−0.04 3.35+1.03

−0.89 18.34

ymca-0012 0.11+0.03
−0.04 3.28+1.07

−0.86 24.48 ymca-0013 0.09+0.03
−0.02 3.86+0.79

−1.03 8.91

ymca-0014 0.40+0.07
−0.07 9.74+3.37

−2.97 9.37 ymca-0015 0.18+0.04
−0.02 3.95+0.73

−1.01 7.06

ymca-0018 0.11+0.03
−0.03 3.27+1.07

−0.86 13.58 ymca-0019 0.10+0.03
−0.04 3.10+1.13

−0.79 16.04

ymca-0020 0.09+0.04
−0.04 3.49+1.01

−0.98 13.15 ymca-0021 0.08+0.04
−0.04 3.47+1.04

−1.01 13.75

ymca-0023 0.27+0.09
−0.11 5.43+3.01

−2.05 1.50 ymca-0024 0.09+0.03
−0.03 3.66+0.91

−1.01 7.68

ymca-0025 0.24+0.09
−0.07 2.86+0.94

−0.59 56.85 ymca-0026 0.07+0.04
−0.04 3.65+0.93

−1.07 5.87

ymca-0028 0.10+0.03
−0.04 3.10+1.16

−0.79 10.44 ymca-0029 0.09+0.03
−0.03 3.54+0.98

−0.98 11.16

ymca-0030 0.10+0.03
−0.04 3.22+1.13

−0.87 11.36 ymca-0031 0.11+0.03
−0.04 3.12+1.10

−0.79 14.71

ymca-0034 0.09+0.04
−0.04 3.21+1.14

−0.88 15.75 ymca-0035 0.22+0.04
−0.02 8.67+0.96

−1.66 13.63

ymca-0036 0.08+0.04
−0.04 3.43+1.05

−0.98 19.52 ymca-0037 0.72+0.22
−0.18 5.59+2.31

−1.50 31.1

ymca-0038 0.07+0.04
−0.04 3.58+0.96

−1.02 19.87 ymca-0039 0.09+0.04
−0.04 3.47+1.01

−0.97 17.23

ymca-0040 0.08+0.04
−0.04 3.64+0.93

−1.02 14.27 ymca-0041 0.11+0.03
−0.04 3.49+0.94

−0.89 10.85

ymca-0042 0.08+0.03
−0.02 3.87+0.79

−1.04 4.76 ymca-0043 0.08+0.04
−0.04 3.68+0.92

−1.04 10.20

ymca-0044 0.10+0.03
−0.04 3.51+0.99

−0.99 9.99 ymca-0045 0.20+0.07
−0.07 5.91+2.73

−2.53 3.33

ymca-0046 0.12+0.02
−0.03 3.25+0.87

−0.72 14.75 ymca-0047 0.07+0.04
−0.04 3.71+0.89

−1.05 6.57

ymca-0048 0.08+0.03
−0.02 3.92+0.75

−1.00 6.57
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Table 4.3: Same of Tab4.2 but with EFF fitting parameters obtained by using all stars with P≥50%.

ID α γ n0/ϕ ID α γ n0/ϕ

(arcmin) (arcmin)

step-0003 0.17+0.05
−0.04 3.12+0.59

−0.67 4.55 step-0005 0.21+0.05
−0.06 3.00+0.67

−0.66 3.63

step-0007 0.06+0.03
−0.03 3.52+0.99

−0.97 5.02 step-0019 0.14+0.04
−0.04 2.65+0.54

−0.45 4.73

step-0020 0.05+0.03
−0.03 3.63+0.93

−1.05 2.43 step-0021 0.11+0.03
−0.03 3.26+1.08

−0.86 4.03

step-0022 0.06+0.03
−0.03 3.60+0.95

−1.02 2.89 step-0027 0.77+0.15
−0.17 3.39+1.04

−0.93 2.63

step-0028 0.10+0.03
−0.03 3.52+1.00

−1.02 4.03 step-0029 0.08+0.04
−0.03 3.71+0.88

−1.04 3.91

ymca-0006 0.57+0.09
−0.05 8.71+0.93

−1.39 2.20 ymca-0011 0.14+0.04
−0.03 3.24+0.53

−0.71 5.45

ymca-0016 0.54+0.08
−0.03 8.90+0.82

−1.57 1.66 ymca-0017 0.16+0.05
−0.04 2.81+0.47

−0.51 4.99

ymca-0022 0.13+0.04
−0.02 3.10+0.29

−0.46 4.04 ymca-0027 0.14+0.05
−0.03 2.90+0.42

−0.54 4.04

ymca-0032 0.06+0.03
−0.03 3.57+0.97

−1.03 4.07 ymca-0033 0.06+0.03
−0.03 3.63+0.93

−0.99 4.56

This test allows us to state that a great fraction of the candidate SCs looks like to follow a

EFF profile very well, strengthen their authenticity, despite of most of them are very small and

poorly populated. Nonetheless, a few SCs have a profile that does not seem consistent with an

EFF profile, likely because of the very low number of stars which makes unfeasible to derive a

robust RDP. These cases suggest us that a deeper investigation is needed to assess whether or

not they are genuine physical stellar systems. We want to stress out that all 85 SCs are over-

densities in the sky and each cleaned CMD is reasonably well fitted by a single isochrone. Both

circumstances suggest that they could be actual clusters. Moreover, as discussed in §4.1.1, Piatti

and Bica [2012]’s cleaning procedure subtracts stars considering only their position on the CMD,

regardless the distance between the star and the SC centre. This approach should be preferred

in the case of very small, sparse and scarcely populated objects as our candidate SCs [Piatti and

Bica, 2012], but on the other hand it has the effect that the cleaning procedure in some cases

could be more severe in the inner regions with respect to the outer ones. When this happens the

central density surface decreases, thus hampering a reliable fit.

Finally, in the last column of Tab 4.4 we reported a flag which indicates the statistical

reliability of each SC. A SC has flag = 3 if it has G ≥3 and n0/ϕ ≥ 5; flag = 2 and flag = 1 if

only the latter or the former condition is satisfied, and flag = 0 if both conditions are false. It is

important to notice that the flag does not take into account the SC CMDs, which also represent

a valuable tool to discern whether or not a group of stars is a genuine SC. To conclude, 65% of
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the SCs have a central to background ratio above 5 even considering only the most likely star

members.

4.3 Results

The cluster finder algorithm and the analysis of the over-density CMDs returned 85 SCs in 23

square degrees in the periphery of the LMC. 78 of these SCs are newly discoveries, while the

other 7 SCs were already known in the literature. Actually, within the probed tiles there were

eight already known SCs; although the algorithm detected all of them, we concluded that the

catalogued OGLE-LMC-CL-0757 object is not a real SC as its CMD did not match any isochrone.

Table 4.4 lists the estimated parameters and other information about the 85 candidate SCs

identified in this work.

In Fig. 4.5 we show the sky images of the six SCs whose CMD has been presented in Fig. 4.3.

In the following section we discuss in some detail the characteristics of the 85 SCs.

4.3.1 Comparison with literature

As the already known SCs within the analyzed fields are limited, it is unsuitable to make a

statistically significant comparison with the literature in order to test our parameter estimates.

Indeed, only two of the seven already detected SCs have a reddening and age estimates in the

literature. As for the ages we obtained log(t) = 9.4 dex vs log(t) = 9.35 dex for OGLE-LMC-

CL-1133 and the same log(t) = 9.3 dex value for SL842 (see also Tab 4.4). For the reddening

we also attained reasonable values, namely E(B − V ) = 0.08 mag vs E(B − V ) = 0.06 mag for

OGLE-LMC-CL-1133 and the same E(B − V ) = 0.03 mag for SL842. Finally, we found the

literature metallicity estimate only for the SC SL842, finding that its value Z∼0.005 is consistent

within the uncertainties with our measure Z = 0.006. Overall, our SCs have a radius smaller

with respect to the literature ones. We argued that this difference is due to the different methods

adopted to derive such a measure. We discuss this point more in detail in §4.4.

4.3.2 Spatial distribution

Figure 4.6 shows the position of all 85 SCs disclosed in this work. The majority (62 objects)

is located to the West-South-West region (37 and 25 objects in STEP and YMCA tiles, respec-

tively). Among the remaining SCs, 15 and 8 were detected to the North-East and to South-East
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Table 4.4: Estimated parameters of all the 85 SCs identified in this work. The columns in the table indicate: 1) name of

the cluster; 2-3) R.A. and Dec; 4) estimated cluster radius; 5) age; 6) reddening; 7) metallicity; 8) apparent magnitude

in g-band 9) absolute magnitude in g-band; 10) G as defined by the eq. 4.2; 11) number of stars within the SC radius;

12) the tile name where the cluster lie; 13) flag to assess the statistical reliability of a SC: 0 is minimum, 3 is maximum

(see §4.2.3 for details)

ID R.A. Dec R log(t) E(B-V) Z mg Mg G N. stars Tile Flag

(J2000) (J2000) (′) (mag) (mag) (mag)

ymca-0001 63.8302 -70.7697 0.35 9.75 0.04 0.006 17.79 -0.83 2.72 14 4_22 2

ymca-0002 63.8712 -71.1712 0.25 9.65 0.18 0.004 18.78 -0.31 5.77 14 4_22 3

ymca-0003 64.3757 -69.3018 0.25 9.5 0.03 0.006 18.27 -0.32 4.11 10 5_23 3

ymca-0004 64.4336 -70.2989 0.25 9.6 0.03 0.006 18.81 0.22 4.36 13 4_22 3

ymca-0005 64.991 -71.9376 0.4 9.25 0.06 0.008 17.69 -1.00 3.84 30 3_21 3

ymca-0006 65.1621 -71.5519 0.55 9.75 0.03 0.006 16.24 -2.35 2.84 42 3_21 0

step-0001 65.2362 -73.4328 0.3 9.75 0.04 0.006 18.21 -0.41 4.82 22 3_20 3

ymca-0007 65.3561 -70.5944 0.5 9.7 0.02 0.006 17.00 -1.56 3.46 42 4_22 3

ymca-0008 65.4038 -70.5862 0.25 9.6 0.03 0.008 18.10 -0.49 4.07 16 4_22 3

ymca-0009 65.4748 -71.1374 0.35 9.05 0.15 0.008 17.84 -1.15 5.12 29 4_22 3

step-0002 65.4784 -73.5847 0.3 9.55 0.03 0.006 18.29 -0.30 3.56 18 3_20 3

ymca-0010 65.5203 -70.232 0.5 9.4 0.03 0.006 17.38 -1.21 2.94 37 4_22 2

step-0003 65.6166 -72.9424 0.55 9.5 0.05 0.008 17.33 -1.33 6.36 76 3_21 1

ymca-0011 65.6829 -71.4134 0.3 9.5 0.03 0.006 18.05 -0.54 4.44 26 3_21 1

step-0004 65.885 -73.798 0.35 9.95 0.06 0.006 18.14 -0.54 3.37 23 3_21 3

ymca-0012 66.0329 -71.2766 0.2 9.95 0.03 0.006 18.58 -0.01 4.58 16 3_21 3

ymca-0013 66.1188 -70.7725 0.25 9.8 0.07 0.006 18.15 -0.57 3.03 16 4_22 3

ymca-0014 66.1419 -70.4832 0.45 9.35 0.06 0.008 15.70 -2.99 3.13 38 4_22 3

step-0005 66.1542 -73.4368 0.4 9.8 0.03 0.006 17.93 -0.65 2.90 31 3_21 0

ymca-0015 66.1664 -70.3033 0.5 9.25 0.06 0.006 16.73 -1.96 4.21 52 4_22 3

step-0006 66.2021 -73.5264 0.3 9.55 0.05 0.004 18.17 -0.48 4.09 23 3_21 3

ymca-0016 66.2049 -69.1095 0.4 9.55 0.02 0.006 17.90 -0.66 3.39 23 5_23 1

ymca-0017 66.4461 -71.1112 0.4 9.7 0.02 0.006 16.18 -2.38 3.37 34 4_22 1

ymca-0018 66.6028 -70.218 0.4 9.55 0.01 0.006 16.96 -1.56 4.13 38 4_22 3

ymca-0019 66.6152 -72.0306 0.5 9.5 0.03 0.006 17.33 -1.25 3.18 55 3_21 3

ymca-0020 66.6736 -70.6311 0.45 9.45 0.06 0.006 17.07 -1.62 3.14 42 4_22 3

ymca-0021 66.7019 -70.3302 0.45 9.65 0.03 0.006 17.00 -1.58 2.85 39 4_22 2

ymca-0022 66.8356 -71.9218 0.45 9.45 0.1 0.006 17.11 -1.71 2.54 47 3_21 0

step-0007 66.8558 -73.8335 0.5 9.5 0.08 0.006 17.50 -1.25 2.50 45 3_21 0

ymca-0023 67.0673 -71.62 0.45 9.7 0.05 0.006 16.39 -2.26 2.21 46 3_21 0

ymca-0024 67.1417 -71.7341 0.35 9.0 0.1 0.02 17.76 -1.06 1.32 27 3_21 2
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ID R.A. Dec R log(t) E(B-V) Z mg Mg G N. stars Tile Flag

(J2000) (J2000) (′) (mag) (mag) (mag)

step-0008 67.1827 -73.3176 0.25 9.25 0.06 0.006 17.90 -0.79 1.94 16 3_21 0

step-0009 67.2051 -73.3117 0.4 9.2 0.06 0.006 16.95 -1.73 1.87 35 3_21 0

ymca-0025a 67.395 -71.8408 0.8 9.35 0.05 0.006 14.11 -4.55 18.98 302 3_21 3

step-0010 67.6849 -73.4533 0.45 9.45 0.08 0.006 16.93 -1.82 3.98 56 3_21 1

step-0011 67.8165 -73.8014 0.3 9.5 0.06 0.006 18.11 -0.58 4.29 29 3_21 1

step-0012 67.9018 -73.6612 0.4 9.85 0.05 0.006 17.21 -1.45 3.50 45 3_21 3

step-0013 67.9237 -72.9487 0.3 9.5 0.03 0.006 18.06 -0.53 3.59 36 3_21 3

step-0014 67.9965 -73.5009 0.4 9.4 0.05 0.006 17.87 -0.79 2.94 45 3_21 0

step-0015b 68.0319 -73.6709 0.4 9.1 0.02 0.006 17.41 -1.15 2.98 43 3_21 2

step-0016 68.0349 -73.345 0.25 9.4 0.05 0.006 18.24 -0.41 3.19 23 3_21 1

step-0017 68.153 -73.43 0.2 9.5 0.07 0.006 18.12 -0.60 4.34 20 3_21 3

step-0018c 68.2506 -73.2275 0.3 9.2 0.04 0.006 16.67 -1.95 7.56 54 3_21 3

step-0019 68.2628 -73.7053 0.35 9.4 0.02 0.006 17.58 -0.97 4.12 39 3_21 1

step-0020 68.2673 -73.2126 0.55 9.3 0.08 0.008 16.81 -1.94 3.02 88 3_21 1

step-0021 68.2948 -72.9248 0.45 9.45 0.02 0.006 16.16 -2.40 3.69 74 3_21 1

step-0022 68.3022 -73.1334 0.25 9.45 0.05 0.006 17.71 -0.94 4.02 29 3_21 1

step-0023 68.3077 -73.4732 0.45 9.45 0.08 0.006 17.14 -1.61 4.65 74 3_21 3

step-0024 68.319 -73.1468 0.4 9.6 0.08 0.004 17.34 -1.42 2.27 49 3_21 2

step-0025 68.386 -73.5211 0.3 9.35 0.07 0.006 17.55 -1.17 4.13 36 3_21 3

step-0026 68.4947 -73.3416 0.4 9.35 0.02 0.006 17.40 -1.15 3.13 55 3_21 1

step-0027 68.5198 -73.8413 0.35 9.5 0.06 0.006 18.35 -0.34 3.37 36 3_21 1

step-0028 68.6028 -72.98 0.25 9.5 0.03 0.006 17.22 -1.37 2.85 27 3_21 0

step-0029 68.7477 -73.3113 0.25 9.85 0.02 0.006 18.23 -0.33 3.20 28 3_21 1

step-0030 68.845 -73.1543 0.35 9.55 0.05 0.008 16.77 -1.88 4.17 49 3_21 3

step-0031 68.855 -73.9019 0.3 9.45 0.03 0.006 18.06 -0.52 3.14 26 3_21 3

step-0032 68.8971 -73.4728 0.45 9.5 0.03 0.006 16.75 -1.84 2.64 64 3_21 2

step-0033d 68.8974 -73.4169 0.35 9.45 0.02 0.006 17.32 -1.24 4.80 54 3_21 3

step-0034e 68.9113 -73.7331 1.05 9.35 0.06 0.006 14.43 -4.26 18.02 450 3_21 3

step-0035 68.9257 -73.6976 0.35 9.6 0.06 0.004 17.11 -1.58 2.04 32 3_21 0

step-0036 68.9323 -73.1327 0.35 9.0 0.12 0.008 18.10 -0.78 3.78 47 3_21 3

step-0037 68.9358 -73.2805 0.5 9.4 0.04 0.006 16.18 -2.44 6.70 104 3_21 1

ymca-0026 89.2224 -63.3843 0.2 9.4 0.02 0.004 18.48 -0.07 1.89 15 11_41 2

ymca-0027 89.3118 -62.7561 0.25 9.35 0.02 0.004 17.85 -0.70 2.74 19 11_41 0

ymca-0028 89.3897 -63.3484 0.3 9.1 0.08 0.008 17.58 -1.17 3.19 37 11_41 3

ymca-0029 89.5528 -62.4595 0.4 9.45 0.02 0.004 17.17 -1.38 3.97 42 11_41 3
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ID R.A. Dec R log(t) E(B-V) Z mg Mg G N. stars Tile Flag

(J2000) (J2000) (′) (mag) (mag) (mag)

ymca-0030 89.5887 -62.7257 0.35 9.55 0.04 0.004 16.42 -2.20 5.31 41 11_41 3

ymca-0031 90.4314 -62.957 0.35 9.65 0.03 0.006 17.27 -1.32 4.07 35 11_41 3

ymca-0032 90.6697 -62.9244 0.3 9.2 0.03 0.006 17.31 -1.28 4.07 27 11_41 1

ymca-0033 90.9858 -63.3337 0.5 9.7 0.03 0.004 15.18 -3.41 3.68 60 11_41 1

ymca-0034 91.1703 -63.1483 0.4 9.35 0.02 0.006 16.75 -1.80 3.09 40 11_41 3

ymca-0035 91.4224 -62.7954 0.2 9.55 0.02 0.006 18.10 -0.46 4.55 13 11_42 3

ymca-0036 91.5201 -62.569 0.5 9.5 0.02 0.006 16.76 -1.79 3.36 35 11_42 3

ymca-0037f 92.0658 -62.9875 1.4 9.3 0.03 0.006 12.70 -5.89 48.75 847 11_42 3

ymca-0038 92.8553 -63.2278 0.45 9.25 0.03 0.006 17.46 -1.13 3.42 34 11_42 3

ymca-0039 93.0118 -63.2107 0.3 9.45 0.06 0.006 16.14 -2.55 4.04 20 11_42 3

ymca-0040 94.0711 -63.3558 0.45 9.5 0.02 0.004 17.19 -1.36 3.06 32 11_43 3

ymca-0041 94.2216 -73.6311 0.5 9.55 0.02 0.006 16.70 -1.86 2.93 75 1_27 2

ymca-0042 94.297 -73.5258 0.4 8.95 0.1 0.01 17.09 -1.73 2.13 46 1_27 0

ymca-0043 94.3731 -74.0865 0.35 9.15 0.07 0.01 17.69 -1.03 2.23 31 1_27 2

ymca-0044 94.4404 -73.773 0.2 8.8 0.2 0.02 16.81 -2.34 3.48 18 1_27 3

ymca-0045 94.8468 -74.214 0.45 9.45 0.08 0.008 17.77 -0.98 4.02 44 1_27 1

ymca-0046g 95.8541 -73.8284 0.5 9.4 0.05 0.006 16.02 -2.63 12.00 106 1_27 3

ymca-0047 96.1662 -73.8367 0.3 8.8 0.2 0.02 18.23 -0.92 4.01 24 1_27 3

ymca-0048 97.3995 -73.5321 0.35 9.45 0.02 0.006 17.67 -0.89 2.93 22 1_27 2
Reference names.

a: NGC1629,SL3,LW3,KMHK4

b: OGLE-LMC-CL-0824

c: OGLE-LMC-CL-0827

d: OGLE-LMC-CL-0826

e: OGLE-LMC-CL-1133,SL5,LW8,KMHK14

f: SL842,LW399,KMHK1652,ESO86SC61

g: OGLE-LMC-CL-0849
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Figure 4.5: Sky images of the same SCs whose CMDs are displayed in Fig. 4.3. Each panel has a size three times as

large as the SC radius, which is represented by a red circle.
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of the LMC, respectively. The high number of SCs revealed in the STEP 3_21 tile (N. SCs =

35) with respect to the nearby tiles at a similar R.A. (9 SCs in the tile YMCA 3_21 and 14

SCs in the tile YMCA 4_22) is noticeable. A natural explanation is that the STEP 3_21 tile

probes a region of higher star density with respect to the other two tiles (∼ 30% and 70% more

stars than YMCA 3_21 and YMCA 4_22, respectively). However, such discrepancy alone does

not justify a number of SCs 4 and 2.5 times larger than YMCA 3_21 and YMCA 4_22 tiles,

respectively. It is important to underline that the STEP 3_21 tile probes the end of the Bridge

connecting the LMC with the SMC, where some substructures were unveiled likely due to the

repeated interaction between the MCs [e.g., Belokurov and Erkal, 2019, Mackey et al., 2018]. We

may therefore argue that the overhead number of SCs detected within the STEP 3_21 tile can

be due to these interactions.

We measured the angular distance of the SCs from the LMC centre by adopting Eq. 1 from-

Clariá et al. [2005]:

d = d0{1 + [sin(p− pn)
2][tan(i)]2}0.5 (4.4)

Despite of our tiles covered the LMC outskirts up to ∼ 12 degrees, we did not detect any SC

beyond ∼ 9 degrees from the LMC centre (∼7.7 kpc), even though previous works showed up

that the disk of the LMC extends up to about 15 kpc [Balbinot et al., 2015, Saha et al., 2010].

This outcome is in agreement with the works by Piatti [2017b] and Pieres et al. [2016].

It is known that both MCs host a numerous population of binary clusters [e.g., Pietrzyński

and Udalski, 1999], therefore we performed an internal research to look for those candidate SCs

that are closer than one arcminute. We found three pairs that satisfied the previous condition.

The first couple of candidate SCs, namely STEP-0008 and STEP-0009, has a high probability

to be a real physical binary SC system. Indeed, their centres are separated, in projection, by

∼ 0.5′, and their estimated ages are very similar (log(t) = 9.2 dex and log(t) = 9.25 dex,

respectively). The other two couples have a lower chance to be binary SCs, and we report them

here for completeness: the centres of STEP-0018 and STEP-0020 are separated by 0.94′ and

have a slightly different estimated age (log(t) = 9.2 dex and log(t) = 9.3 dex, respectively);

STEP-0022 and STEP-0024 are separated by 0.86′ with estimated ages of log(t) = 9.45 dex and

log(t) = 9.6 dex, respectively.

The detection of numerous uncatalogued SCs in all three regions explored with the cluster

finder algorithm suggest us that there could be stil many other SCs undiscovered in the unex-

plored regions of the LMC, periphery, at least within 9° . In particular, excluding the STEP
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Figure 4.6: Position of the 85 clusters in the sky showed as blue points. The LMC galaxy is depicted using RC stars

taken from Gaia DR2 [Gaia Collaboration et al., 2018a].
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tiles3, we disclosed 42 new SCs in the six innermost YMCA tiles (a range of distances of 4.8° -

9.0° from the LMC centre). Hence, the expected number of SCs in the same distance interval is

of the order of ∼ 7 SCs per square degree. This implies that roughly ∼ 70 unknown SCs in the

LMC outskirts are still awaiting to be detected in the remaining YMCA tiles.

4.3.3 Age distribution: first evidence of clusters in the age gap

Figure 4.7 shows the age distribution of all the 85 SCs detected in this work (black contours). As

the visual inspection of the cleaned CMD suffers from an unavoidable degree of subjectivity, we

also plot in the same figure the age distribution of the 64 SCs having G ≥ 3 (red contours), as

they are statistically more robust. The ages range from log(t) = 8.80 dex to log(t) = 10.05 dex,

but with the exception of three SCs, the remaining ones are older than 1 Gyr. This outcome

suggests that in the LMC periphery there was no SC formation activity in the last Gyr, at least

in the 23 probed tiles. A result which, on the one side, is in agreement with the existing literature

about the SFH and AMR in the LMC outer disc, which showed up that it is primarily composed

by an old (and metal-poor) stellar population [e.g., Piatti and Geisler, 2013, Saha et al., 2010].

On the other side, however, this occurrence is at odds with what is known for the inner part of

the LMC, where the SC distribution shows an increase of formation activity at about ∼ 100−300

Myrs ago [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński and Udalski, 2000]. These authors

proposed the last close passage between the MCs to be the main cause that of such enhancement

in the SC formation rate, the same encounter which led to the formation of the connecting bridge,

as confirmed by Montecarlo simulations [Besla et al., 2012, Diaz and Bekki, 2012, Kallivayalil

et al., 2013, Zivick et al., 2018]. Fig. 4.7 reveals that the age distribution of SCs has a peak at

∼ 3 Gyrs, very close to the secondary peak at 2.7 Gyrs found by Pieres et al. [2016] in their

work devoted to the investigation of the Northern regions of the LMC through the public DES

data. A possible explanation for this enhancement implies a previous close encounter between

the LMC and SMC. Indeed, it is difficult to invoke a tidal interaction with the MW to justify

this peak, as the MCs should be on their first infall onto the Galaxy halo [Besla et al., 2007,

Kallivayalil et al., 2013]. In addition, current simulations of the Magellanic System, taking into

account the recent accurate PM measurements of the MCs [Kallivayalil et al., 2013, Zivick et al.,

2018], agree that they became an interacting pair just a few Gyrs ago [see Besla et al., 2012, Diaz

and Bekki, 2012, Pardy et al., 2018, Tepper-García et al., 2019]. Such models, depending on the

assumed initial conditions on the parameters, support the occurrence of a first close encounter
3The over-density of SCs found in the tile STEP 3_21 would influence the following considerations.
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Figure 4.7: Age distribution of the whole cluster sample (black histogram) and of the 64 SCs with a G ≥ 3 (red

histogram). Errors are poissonian.
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2 - 3 Gyrs ago consistent with the peak visible in the Figure 4.7. It is worth pointing out that

also the LMC field stars present an increase of star formation at about 2-3 Gyrs [Harris and

Zaritsky, 2009, Rubele et al., 2012, Tosi, 2004, Weisz et al., 2013]. A LMC-SMC close passage

is expected to also rise the formation activity of the SMC. Unfortunately, most of the literature

works devoted to the analysis of SMC SCs did not have a sufficient deep photometry to estimate

the age of SCs older than 1 Gyr. However, concerning the works about SFH of the stellar field,

several literature studies reported peaks in the SFH, some of which are consistent with our main

peak [e.g., Harris and Zaritsky, 2004, Weisz et al., 2013, ho revealed a peak at 2-3 Gyr and 3.5

Gyr, respectively], others not [e.g., Rubele et al., 2015, 2018, who found a peak at 1.5 Gyr]. This

argument deserves further investigations that will be possible when a complete and homogeneous

characterization of the SCs belonging to both MCs will be available.

In Fig. 4.7 it is also discernible a likely secondary peak at 2 Gyr. As σ log(t) = 0.1 dex

at 2 Gyrs corresponds to ∼ 500 Myrs of uncertainty, there is a chance that such a minor peak

might represents the tail of the main peak. A definitive answer is only possible when all YMCA

tiles will be explored. Interestingly, Pieres et al. [2016] found a main peak at ∼1.2 Gyrs. Even

considering SC age uncertainties, our secondary and their main peak are very unlikely to be

associated. This difference is very interesting and might suggest a different SC formation history

in different LMC regions due to a past interaction between the MCs. Indeed, fields analyzed by

Pieres et al. [2016] are very far away from the majority of our tiles (with the exception of the

very few tiles to the North-East side). Anyway, a definitive answer could be achieved only with

the analysis of the remaining YMCA tiles all around the LMC.

An additional interesting aspect of Fig. 4.7 is the presence of a not negligible number of SCs

in the discussed LMC age gap (see §1.2.4.2). In particular, we detected 16 SCs (corresponding

to 19% of the total sample) with estimated ages in the interval 9.6 < log(t) ≤ 10.0 (∼ 4 ≤ t

(Gyrs) ≤ 10), although only four SCs have ages between 7 and 10 Gyrs. Until few years ago, only

one age gap SC was known in the literature [e.g., ESO121-03 Mackey et al., 2006, Mateo et al.,

1986]. Recently, Pieres et al. [2016] re-estimated the age of NGC 1997 to be ∼ 4.5 ± 0.1 Gyrs,

inside the age gap, although it is close to its edge. The absence of SCs in this broad interval of

the LMC life has been a debated question for about 30 years, suggesting different formation and

evolution paths for the SCs and the stellar field, since in the latter a similar gap is not observed

[Piatti and Geisler, 2013, Tosi, 2004, see also the detailed discussion in §1.2.4.2]. Moreover, the

SMC does not present a similar gap in the SC age distribution, despite of as already discussed

in §1.2.4.1 the SMC and LMC share a similar evolution in more recent periods, as witnessed by
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the common enhanced periods of SC formation [e.g., Glatt et al., 2010, Nayak et al., 2018]. We

wonder if this gap might have been an observational bias. As already mentioned, most surveys

focused on the inner LMC, leaving the periphery almost unexplored. As central areas might

have stronger disruption effects because of a shorter evaporation time at smaller galactocentric

distances [Baumgardt and Makino, 2003], a lower number of old SCs with respect to young ones

is expected in the central parts of the LMC. Indeed, the LMC bar and inner disc host a very high

number of young SCs [Glatt et al., 2010, Nayak et al., 2016, Piatti et al., 2015a, 2018, Pietrzyński

and Udalski, 2000]. Furthermore, the SC luminosity function decreases with age [e.g., de Grijs

et al., 2003, Hunter et al., 2003], making it harder to detect old SCs (including SCs in the age

gap) without a very deep photometry. It is worth mentioning again that most surveys had not

enough depth to reveal such clusters, being limited to the analysis of SCs younger than 1-1.5

Gyrs [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński and Udalski, 2000]. The presence of a

subsample of SCs belonging to the age gap represents an important opportunity to disclose the

past LMC evolution, hence such objects may be the follow-ups target for a deeper photometry

in order to better assess their physical properties. As the age distribution of the SCs with G ≥ 3

looks similar to that of the entire sample (it is just shifted down), all the above considerations

still hold even if some candidate SCs turn out to be not actual SCs. In particular, the SCs falling

in the age gap with G ≥ 3 are 11.

To be more confident with our results, we tested the reality of our detection of SCs in the

age gap against the possibility that we underestimated the uncertainties on the age for the SCs

with log(t) ≥ 9.5 dex4. As a matter of fact, if such SCs had a larger age uncertainty, i.e.

σ log(t) = 0.2 dex with respect to our estimate σ log(t) = 0.1 dex, it could happen that some

SCs falling in the age gap could actually be younger. We basically aim at verifying whether

it is statically possible to observe a consistent number of SCs in the age gap from a parent

distribution with no SCs at all in this age interval, if age uncertainties are greater with respect

our evaluation. To check this hypothesis, we random generated three distributions: the first one

is a Gaussian peaked at ∼ 3 Gyrs, with standard deviation equal to σ = 0.1 dex and with no

SCs in the age gap, called D0 hereafter. We generated other two distributions (D1 and D2) that

differ from the former in having 8 and 16 SCs in the age gap, i.e. half and the total number of

SCs detected in the age gap in this work, respectively. We added Gaussian errors to the objects

in the three distributions with σ=0.1 dex or 0.2 dex based on whether their estimated ages are

4It is very unlikely that for SCs younger that 3 Gyrs our errors are underestimated (see also discussion at

§4.2.1).
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Figure 4.8: Number of SCs per bin of age as a function of age. The black solid line corresponds to the whole cluster

sample, while coloured solid lines represent clusters in different regions of the LMC.
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Figure 4.9: Estimated SC ages as a function of the deprojected distance from the LMC center (black points). Red squares

indicate the median of the log(t) per distance bin calculated in order to have 25 SCs in each bin.

below or above log(t) = 9.5 dex, respectively. We then performed a Kolmogorov-Smirnov test

to identify the parent distribution that better approximate our data. We repeated the same

procedure 1000 times and in more than 88% of the cases we obtained that the distributions that

best approximate the observed one were those with age gap SCs (445 and 440 cases for D1 and

D2, respectively). On these bases, we can confidently discard the hyphotesis that our subsample

of SCs in the age gap is artificially generated by an underestimation of their age uncertainties

with a ∼90% confidence. In addition, the distribution D0 returned a mean number of SCs in

the age gap (after we added the errors), of 8.7 ± 2.9, i.e. at ∼ 2.5 σ from the actual value. In

principle, D0 could explain about half of the SCs discovered within the age gap, but not all of

them, confirming that it is very unlikely that D0 is the parent distribution of our data. For

completeness, D1 and D2 had a mean number of age gap SCs of 13.0± 3.0 and 13.1± 3.1, well

consistent within the errors with the actual number of identified age gap SCs. Concluding, this

test further strengthen our results, supporting the reality of the presence of a consistent number

of SCs in the age gap.
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Fig. 4.8 displays the number of SCs per Myr (SC frequency) as a function of the age. Because

of the very low number of SCs younger than 1 Gyr, we set log(t) = 9.0 dex as the minimum value

on the x-axis. The figure shows the SC frequency for the entire sample (black solid line) as well

as that for the three different analysed regions, namely North-East, West and South-East of the

LMC (blue, red and green lines, respectively). The peak of the SC formation, already visible in

Fig. 4.7, is clearly evident in all three regions at ∼2-3 Gyrs5. Concerning the age gap interval

(9.65 ≤ log(t) ≤ 10.0), focusing on the whole sample (black solid line), the SC frequency seems

to be consistent with the one measured at more recent epochs (9.0 ≤ log(t) ≤ 9.3). Instead,

beyond log(t) ∼ 9.8 dex the SC frequency has a sharp decrease, as expected from the fact that

we detected only a few SCs in the 7-10 Gyr age range. However, it is important to emphasize

that the SC frequency also depends on disruption effects, such as two-body relaxation or disc

and bar shocking [Baumgardt and Makino, 2003, Baumgardt et al., 2002, Spitzer, 1987, Zhang

and Fall, 1999]. Even if the LMC periphery is a low-density environment, such effects could be

present [e.g., Lamers et al., 2005], driving to the dissolution of low-mass SCs. On this basis, the

outcomes reported in this work suggest that the SC frequency in the age gap does not reflect an

epoch of quenched SC formation as it is commonly assumed, but more likely is the result of an

observational bias (at least in the outskirt of the LMC).

Finally, we did not reveal any correlation between SC ages and deprojected distance from the

LMC centre, as shown in Fig. 4.9, where we plotted the estimated SC age as a function of the

galactocentric deprojected distance. The median of the age in each distance bin, calculated in

order to have 25 SCs in each interval, clearly indicates that the age is fair constant in the LMC

periphery. This outcome is in agreement to what obtained by Pieres et al. [2016] in the Northern

side of the LMC.

4.3.4 Star cluster metallicity

The metallicity estimated for the SCs from the isochrone fitting described in §4.2.1 ranges from

Z = 0.004 up to 0.02. The youngest SCs show a solar metallicity, whereas the metallicity

of the majority of the newly discovered SCs is Z = 0.006, corresponding to the mean LMC

metallicity value for the last 2-3 Gyrs [Piatti and Geisler, 2013]. As it is shown in the right

panel of Fig. 4.10, there is apparently no correlation between the SC metal content and the

corresponding deprojected distance from the LMC centre, even if any SC is more metal rich than

5Considering our uncertainties of σ log(t) = 0.1 dex on the estimated SC ages and the bin interval of log(t) =

0.2 dex, the actual position of the peak could be at slightly lower or higher values.
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Figure 4.10: Left: Density plot of the metal content as a function of the age. The map is 28×17 pixels. Right: Density

plot of the metal content as function of the deprojected distance from the LMC centre. The map is 44×17 pixels.

Z = 0.006 beyond 8°.

Concerning the AMR displayed in the left panel of Fig. 4.10, we did not note any clear

correlation for SCs older than ∼1.5 Gyrs (i.e., log(t) ∼ 9.2 dex). A few SCs younger than

log(t) ∼ 9.2 dex have Z ≥ 0.006, but the statistics is too poor to devise any possible AMR.

4.3.5 Absolute magnitudes

Fig. 4.11 displays the absolute magnitude distribution of the 85 detected SCs (black histogram)

and that of the SCs with G ≥ 3 (red histogram). As the two distributions have similar shapes, the

following considerations holds for both cases. Most of the SCs have a Mg in the range between -3

and 0 mag. This interval of magnitudes is well below the magnitude limit reported by previous

works present in the literature [e.g., Hunter et al., 2003, see their fig. 4], suggesting that we are

sampling the low end of the SC luminosity function. Indeed, the distribution has a peak around

Mg = −1 mag, then it sharply decreases. This value might reflects our observational limit or

could have a physical origin, i.e. can be regarded as the lower limit absolute magnitude (mass)

for bound objects, and/or as the limiting mass needed by a SC to survive destruction for at least

1 Gyr.



104
Chapter 4. Application of the cluster finder algorithm to the LMC - Part I: overview and first

results

Figure 4.11: Distribution of the absolute magnitudes of the entire SC sample (black histogram) along with SCs having

G ≥ 3 (red histogram). Errors are poissonians.
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4.4 Discussion and conclusion

To get some insight into the global evolution of the LMC it is necessary to combine our SC sample

with the others available in the literature. To this aim and to produce a rather homogeneous

sample, we selected only SCs whose ages were estimated through isochrone fitting. In particular,

we adopted the catalogues by Bonatto and Bica [2010]; Glatt et al. [2010]; Popescu et al. [2012];

Baumgardt et al. [2013]; Piatti [2017b], Piatti et al. [2015a, 2018]; Nayak et al. [2016]; Pieres et al.

[2016]. To avoid duplicates, we identified all SC pairs whose centres were closer than 20′′ to each

other, retaining only the SC belonging to the most recent work. At the end of this procedure,

we collected 2610 SCs (including the sample build in this work), whose spatial position with

respect to the LMC centre is displayed in Fig. 4.12. In this figure, each sub-panel shows the

position with respect to the LMC centre of SCs belonging to a given age interval. In particular,

black points represent SCs taken from the literature while red points are our new SC candidates.

It can be seen that the youngest SCs displayed in the top three panels of Fig. 4.12 are mainly

located along the bar of the LMC, or along the LMC arms, contrarily to SCs older than 1 Gyr,

that are more evenly distributed. Interestingly, such SCs are completely absent in some regions

of the LMC, despite we doubled the number of known SCs with t ≥ 2 Gyrs (see bottom central

and bottom right panels of the figure). This is a clear observational bias, as most of the surveys

devoted to the analysis of LMC SCs were not deep enough to discover SCs older than ∼ 1-1.5

Gyr [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński and Udalski, 2000], unless their post-main

sequence evolutionary phases are very populous, like the old known LMC GCs. Furthermore, the

majority of the surveys explored the inner regions of the LMC, as it is evident from the figure

(bottom left panel). The solely exception is the work by Pieres et al. [2016] who exploited the

deep DES photometry to investigate the Northern part of the LMC (see the bottom left and

bottom central panels of the figure). Therefore, we can conclude that the census of SCs in the

LMC is still quite incomplete, not only in the outskirts, but also in more central regions of the

galaxy, were SCs surveys were shallower.

Figure 4.13 shows the number density profile of all 2610 SCs (red points) along with that of

LMC field stars (black points) in order to infer analogies and/or differences between these two

populations. LMC stars were taken from the Gaia DR2 Gaia Collaboration et al. [2016, 2018a],

and were selected according to their PMs to remove likely MW stars. In particular, as we were

more interested in having a clean sample rather than a complete one, we estimated the peak of

LMC’s stars PMs and retained only the stars whose PMs are within a rectangular box with size
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Figure 4.12: SCs relative position, with respect to the LMC centre, detected in this work (red points) and present in the

literature (black points), divided per age bins. Black square in the bottom right panel marks the position of ESO121-

SC03, the first known SC of the age gap. Besides ESO121-SC03, the only other previously known clusters in the > 4

Gyr age range are the old GCs.
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Figure 4.13: Number density profile of SCs (red points) and field stars (black points) taken from the Gaia DR2.
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Figure 4.14: Left: Density plot of the metal content as a function of the age. The map is 57×21 pixels. Right: Density

plot of the metal content as function of the deprojected distance from the LMC centre. The map is 58×21 pixels.

(µα∗ , µδ) = (1.8, 1.2) mas yr−1 centred around the quoted peak.

The star number density profile was scaled in order to overlap with the radial profile of the

SCs, thus the values on the y-axis refer to the SCs. The figure reveals that in the LMC innermost

3°, the slope of the SC and star distributions agree very well, with two exceptions: i) there is

a central peak in the SC number density profile, likely due to the very high number of young

SCs located in the LMC bar, while the star distribution is flat, likely a consequence of lower

completeness of the Gaia dataset at the LMC centre; ii) the SC number density drops at about

1.5°, indicating perhaps the low density regions between the LMC bar and the spiral arms, in

corresponding of which the SC surface density quickly increases again. However, as previous

literature works aiming at SC detection were mainly devoted to the regions of the bar and spiral

arms, the SC low density at ∼1.5° could be an observational bias.

An interesting feature in Fig. 4.13 is a slope change in both SC and star distributions (although

the SC profile becomes steeper with respect to the stellar counterpart), at ∼3° from the LMC

centre, indicating the distance from the LMC centre where the spiral arms are no longer visible.

All these similarities could be a signature of a common evolutionary path between SCs and stellar

field population. Even though the two distributions look different beyond ∼3-4° , we cannot

compare them anymore, due to the already mentioned high SC incompleteness in the LMC

periphery (clearly visible also in Fig.4.12). Interestingly enough, Fig. 4.13 shows a flattening of
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the SC number density profile beyond 5°, an obvious result of the newly SCs discovered in this

work and by Pieres et al. [2016], suggesting again that many SCs are still missing.

In Fig. 4.14 we investigated the AMR and the metallicity-LMC distance correlation by includ-

ing SCs studied in the literature. To obtain a catalog as homogeneous as possible, we selected

only SCs from works that published metallicities for a large number of objects. Therefore, we

collected data from Piatti et al. [2014], Palma et al. [2016], Pieres et al. [2016], obtaining a sample

of 328 SCs, which span a range of ages from ∼10 Myrs to > 10 Gyrs and cover all distances

from the LMC centre up to ∼11°. All metallicities retrieved from the above cited works have

been estimated through isochrone fitting of the SC CMDs, whose results were given in [Fe/H].

Therefore, we converted them using the relation Z = 10[Fe/H] ∗ Z⊙ where Z⊙ = 0.02. Fig. 4.14

clearly reveals a trend between metallicities, age, and distances, with the more metal-poor SCs

being also the oldest ones and are located at larger galactocentric distances with respect to the

metal-rich counterpart. This is more evident in the plot metallicities vs. age (left panel), as al-

most all SCs younger than 1 Gyr have Z ≥ 0.006 and all those older than 1 Gyr have Z lower than

that. The correlation between metal content and galactocentric distance is less evident (right

panel), but again most of the SCs with Z ≥ 0.006 are concentrated in the inner 5° , whereas

those more metal poor are beyond that radius. This outcome is also confirmed by the AMR

in the stellar field population. In particular, Carrera et al. [2011] concluded that metal-poor

stars have mostly been formed in the outer disc, while the more metal-rich ones preferentially

formed in the inner disc. This scenario have been confirmed by Piatti and Geisler [2013] using

5.5 million stars belonging to LMC main body. The figure also shows many SCs having Z =

0.007, i.e. a value very close to the LMC metallicity value for the last 2-3 Gyr [Z = 0.006 Piatti

and Geisler, 2013]. A comparison with the SCs detected in this work is not immediate since our

sample is mainly composed by old SCs that are all located farther than 5° from the LMC centre.

Anyway, the majority of the 85 SCs studied here have a metallicity of Z = 0.006, consistent

with many SCs distributed throughout the LMC, although at a first glance our SCs appear more

metal-rich compared to the SCs with the same estimated ages present in the literature, i.e. Z

∼ 0.006 vs Z ∼ 0.003. However, considering the uncertainties on metallicities in our and in the

cited works, the above quoted difference is consistent within the errors. Indeed, we estimated

an error of ∆Z = 0.002, while literature SCs have a mean uncertainty of ∆Z ∼ 0.001 - 0.002.

Furthermore, we cannot discard the possibility that the reddening-metallicity degeneracy could

enhance this disagreement. For example, if we underestimated the reddening while previous

authors overestimated it, the difference in metallicity naturally arises.
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Finally, it is instructive to compare the SC radii calculated in this work with those in the

literature. However, defining the edge of a SC (the distance from the SC centre beyond which no

star belongs to the SC anymore) is not a trivial task. In fact, there are many different definitions

of a SC radius, depending on how it is estimated. Hence, comparing radii measured by different

authors means to deal with possible diverse definitions. Bearing this in mind, we tried to build

a sample of literature SCs as large as possible, but avoiding to mix catalogs built adopting very

different ways to measure the radii. To this aim, we checked the average difference between the

estimated radii of SCs in common in each pairs of investigations. At the end of the procedure, we

remained with 2315 SC radii, including the works by Glatt et al. [2010], Bonatto and Bica [2010],

Nayak et al. [2016], whose radii are consistent or homogeneizable within less than 0.1′. Instead,

we excluded the catalogs by Palma et al. [2016], Pieres et al. [2016], Sitek et al. [2016]; because

the spread around the mean of the radii differences was considerably high (∼ 0.3′). Figure 4.15

displays the radius distribution (up to 2′) of our 85 SCs (red filled histogram) along with the

literature SCs sample (black histogram). Both histograms are normalized to their maximum to

facilitate the comparison. An inspection of the figure reveals that most of the SCs in the LMC

have 0.2′ ≤ R ≤ 1.0′, being the mode of the distribution placed at ∼ 0.2 − 0.3′. Our SCs have

radii in the same range of those taken from literature, as the bulk of them have a size comprised

between 0.2′ and 0.6′, with a peak at ∼0.2-0.3′, in agreement with the literature.

In this work we explored 23 square degrees in the outskirt of the LMC, using data from the

YMCA and STEP surveys, to detect new SCs and thus constrain the LMC evolutionary history.

To this purpose, we developed a procedure that we can basically resume in two steps. The first

step is to search for over-densities in the sky (pixels with a S/N ratio above a given threshold),

through a density map built with a KDE, and then derive their centers and radii. We exploited

Montecarlo simulations to both define a threshold depending on the field densities and simulate

artificial SCs to quantify the efficiency of the adopted method. As a result, a detection percentage

around 90% was obtained even in the worst case, e.g. high stellar field density and sparse SCs.

The second step consisted in using the cleaning CMD procedure developed by Piatti and Bica

[2012], in order to recognize real physical systems from false positives. In the end, we were left

with 85 candidate SCs, among which 78 were not catalogued in the literature. We estimated

age, reddening, metallicity of each cluster through an isochrone fitting technique, keeping the

distance modulus constant to 18.49 mag [de Grijs et al., 2014]. We also measured the integrated

absolute magnitudes for each SCs. Finally, we fitted their RDP built by using only stars with

P≥75% with an EFF profile to adduce further robustness to their physical reality. About 70%
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Figure 4.15: Radius distribution of all SCs from literature (black histogram) along with our sample (red filled histogram),

normalized at maximum.
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of the SC RDPs are well fitted with an EFF profile. The remaining SCs have been fitted by

employing stars with P≥50%.

From the SC parameters we derived the following results:

• The age distribution has a sharp peak at ∼ 3 Gyrs, likely due to a close encounter between

the MCs, that might have enhanced the SC formation activity. Such interaction is expected

from simulations [Besla et al., 2012, Diaz and Bekki, 2012, Pardy et al., 2018, Tepper-

García et al., 2019], which take into account the recent PM measurements of the MCs.

Furthermore, an increase in the star formation rate ∼ 2-3 Gyr ago has been observed also

in the stellar field [Harris and Zaritsky, 2009, Rubele et al., 2012, Weisz et al., 2013].

• For the first time, we detected a consistent number of candidate SCs in the age gap, a

period ranging from 4 to 10 Gyrs lacking of SCs [Da Costa, 1991]. Given the high number

of SCs in the age gap (19% of our sample) and from the analysis of the SC frequency, the

natural outcome is that the age gap is not an interval of minimal SCs formation as it has

been believed so far. On the contrary, the age gap is likely the product of an observational

bias, due to surveys using too shallow photometry and unable to detect clusters older than

1-1.5 Gyr [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński and Udalski, 2000]. Moreover

most observations up-to-date were focused on the LMC centre/bar where the extremely

high stellar field density makes it harder to detect old and faint SCs. A more accurate

analyses of these SCs through follow-ups will provide a relevant opportunity to shed light

on this evolutionary period of the LMC, and even on the whole MC system.

• There is no trend either between the age and the distance from the LMC centre, or between

the galactocentric distance and the cluster metallicity. Indeed, even though young clusters

have a higher metal content with respect to old ones, the very few young clusters detected

do not allow us to establish any correlation between cluster ages and their metallicities.

This work is the first of a series aiming at completing the census of SCs around MCs. As

demonstrated here, many SCs are still undetected but their census and the estimation of their

parameters are vital to get insights into the recent and past evolution of the MCs. As the YMCA

survey is complete, we will be able, along with data from STEP, to explore the surroundings of

the LMC, the SMC and their connecting bridge and thus to trace the evolutionary history of the

entire Magellanic system.



Chapter 5

Application of the cluster finder

algorithm to the LMC - Part II: the

complete census of SCs in the LMC

outskirts

In the previous chapter we presented the discovery of 78 new candidate SCs in the outskirts of

the LMC, 16 of which with estimated ages evenly distributed within the gap. We adopted an ad

hoc algorithm, tested on a suite of Monte Carlo simulations, aiming at detecting even faint and

sparse SCs, and reaching a very high level of completeness (see §3.4.2 and Fig. 3.6). We exploited

the algorithm in 23 YMCA and STEP tiles located in the periphery of the LMC and we found

that the age gap might be an observational bias, originated by the combination of the shallow

photometry of past surveys with the lack of systematic studies in the periphery of the LMC,

where field contamination is considerably lower, and the SC mortality due to strong dynamical

perturbations in the LMC interiors should be mitigated [Lamers et al., 2005]. However, Piatti

[2021b] re-analyzed a sub-sample of age gap SC candidates reported in §4, using data from the

SMASH survey [Nidever et al., 2017]. They concluded that some of the candidate SCs may not

be real physical systems, but rather field star density fluctuations. Albeit the SMASH data has

poorer quality (worse spatial resolution and photometric deepness), with respect to the STEP

and YMCA photometry, we decided to refine further the analysis of SC candidates in our next

113
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Figure 5.1: Footprint of the STEP and YMCA surveys (see labels) in a zenithal equidistant projection along with all

objects present in Bica et al. [2008] (black dots). For comparison, we overdraw the VMC [Cioni et al., 2011] regions in

green, whereas the DES surveyed area lays northwards of the orange line. The 56 tiles analysed in this work are filled in

red.
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work.

Indeed, motivated by the very positive results achieved in the analysis of the 23 YMCA and

STEP tiles presented in §4 and also by the recent newly debating issues about the age gap real

existence, we exploited the cluster searching algorithms over the remaining 56 YMCA tiles in

the LMC periphery, displayed in the Figure 5.1, and whose features are reported in Table 5.1.

In this chapter we describe the results of the algorithm and present one of the most complete

and homogeneous SC catalog in the LMC periphery, composed by the candidate SCs discovered

in this work and in §4 in a total area of 79 square degrees barely explored with the modern

panoramic deep surveys, as attested by the only 21 already known SCs in these regions. As

done also in §4 [Gatto et al., 2020, hereafter], we also homogeneously estimate the age of each

SC through a visual isochrone fitting procedure over a de-contaminated CMD, and use their

properties to reliable constrain the past LMC and more generally MC evolutionary history.

5.1 Cleaning the colour-magnitude diagram from field star

contamination

The cluster-finder algorithm provided a list of over-densities which also contains asterisms which

are not real physical systems and thus must be removed. As SCs can be approximately treated

as SSPs, the distribution of their stars in the CMD should resemble isochrones of a given age

and metallicity. We use this property to remove asterisms from our original list. The first step

consist in decontaminating the SC CMD from field stars which can affect the isochrone matching

procedure. Also in this work we adopted the method developed by Piatti and Bica [2012] to clean

the CMDs as it was conceived to face with sparse SCs made by handful of stars such as those

found in this work. Nonetheless, there are some little variations with respect to the procedure

adopted in Gatto et al. [2020] and therefore we present below a quick recap of the entire method.

The procedure basically consists in comparing the candidate SC (overdensity) CMD with those

of six fields surrounding the overdensity, with the scope of probing the local properties of the

stellar field and identifying likely star field members in order to remove them from the candidate

SC CMD. Each field is a circular region with a radius as large as three times the over-density

one, thus enclosing an area nine times greater than the candidate SC. In this manner we avoid

poor sampling of the local stellar background and we ensure that the procedure operates with a

sufficient statistics even in low-density environments. For each of the six CMD fields, we built
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Table 5.1: Log of Observations. The different columns show: name of the tile, its centre, average FWHM over the images

(Sg and Si)

Tile RA Dec Sg Si

(hms) (dms) ′′ ′′

3_32 06:43:59.688 -71:46:52.680 1.16 1.07

3_33 06:56:49.032 -71:46:52.680 1.03 0.80

3_34 07:09:38.352 -71:46:52.680 0.92 0.86

4_18 03:32:27.048 -70:40:41.520 1.04 0.97

4_33 06:34:28.728 -70:40:41.520 1.23 1.09

4_34 06:46:36.840 -70:40:41.520 1.02 1.08

4_35 06:58:44.952 -70:40:41.520 0.96 0.77

4_36 07:10:53.064 -70:40:41.520 0.92 0.82

5_21 03:56:16.680 -69:34:30.360 1.38 1.07

5_36 06:49:06.720 -69:34:30.360 1.05 1.17

5_37 07:00:38.040 -69:34:30.360 0.93 1.04

5_38 07:12:09.384 -69:34:30.360 1.46 1.13

5_39 07:23:40.728 -69:34:30.360 1.44 1.14

6_23 04:06:56.040 -68:28:19.560 1.19 0.90

6_24 04:17:54.360 -68:28:19.560 0.99 0.81

6_37 06:40:32.616 -68:28:19.560 1.22 1.27

6_38 06:51:30.960 -68:28:19.560 1.31 0.97

6_39 07:02:29.280 -68:28:19.560 1.00 0.95

6_40 07:13:27.600 -68:28:19.560 0.87 1.16

6_41 07:24:25.944 -68:28:19.560 1.12 0.86

7_26 04:27:11.160 -67:22:08.400 1.14 1.10

7_27 04:37:39.720 -67:22:08.400 1.45 1.11

7_38 06:32:53.784 -67:22:08.400 1.22 1.08

7_39 06:43:22.320 -67:22:08.400 1.23 0.98

7_40 06:53:50.880 -67:22:08.400 1.14 0.97

7_41 07:04:19.416 -67:22:08.400 1.04 1.50

7_42 07:14:47.976 -67:22:08.400 1.38 1.06

7_43 07:25:16.536 -67:22:08.400 1.03 0.95

8_28 04 35:45.696 -66:15:57.600 1.20 0.89

8_39 06:26:02.880 -66:15:57.600 1.22 1.03

8_40 06:36:04.464 -66:15:57.600 0.95 1.11

8_41 06:46:06.024 -66:15:57.600 0.96 0.76

8_42 06:56:07.584 -66:15:57.600 0.92 0.71

8_43 07:06:09.144 -66:15:57.600 0.86 0.88

8_44 07:16:10.704 -66:15:57.600 1.02 0.96

8_45 07:26:12.288 -66:15:57.600 0.94 0.93

9_40 06:19:53.976 -65:09:46.440 1.17 0.99

9_41 06:29:30.984 -65:09:46.440 1.00 0.93

9_42 06:39:07.992 -65:09:46.440 0.76 1.08

9_43 06:48:45.000 -65:09:46.440 0.97 1.00

9_44 06:58:21.984 -65:09:46.440 0.92 0.79

9_45 07:07:58.992 -65:09:46.440 0.84 0.82

9_46 07:17:36.000 -65:09:46.440 0.98 0.83

9_47 07:27:13.008 -65:09:46.440 0.90 1.00

10_42 06:23:36.600 -64:03:35.640 0.75 0.62

10_43 06:32:51.168 -64:03:35.640 1.01 1.16

10_44 06:42:05.736 -64:03:35.640 1.06 1.18

10_45 06:51:20.304 -64:03:35.640 0.97 1.03

10_46 07:00:34.872 -64:03:35.640 1.20 1.14

10_47 07:09:49.440 -64:03:35.640 1.16 0.85

10_48 07:19:04.008 -64:03:35.640 1.08 1.00

10_49 07:28:18.576 -64:03:35.640 1.08 0.81

11_46 06:44:58.872 -62:57:24.480 1.02 0.87

11_47 06:53:52.872 -62:57:24.480 1.20 1.26

11_48 07:02:46.872 -62:57:24.480 1.20 1.27

11_49 07:11:40.896 -62:57:24.480 1.16 0.74

11_50 07:20:34.896 -62:57:24.480 0.96 0.71
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boxes centred on every star, with sides varying according to the local density of the CMD stars.

In particular, small boxes are constructed in denser areas and vice-versa [see figure 12 in Piatti

and Bica, 2012, as explanatory of the procedure]. Then, we estimate the median of the stars

located in the six field regions and normalized it at the cluster area, in order to have the number

of expected contaminant stars (Nbkg) within the candidate SC area. Finally, for each field we

randomly extracted Nbkg stars and use them to identify probably star field contaminants within

the SC CMD. In particular, we look for the Nbkg stars in the SC candidate closest in the CMD

to the extracted Nbkg ones. We repeated the same procedure for all six fields and finally measure

the probability of a star to belong to the cluster as P = 1− (Nsubt)/6, where Nsubt is the number

of times a star was subtracted. The position of the stars with high membership probability on

the CMD was used to discern between real physical system and asterisms as well as to estimate

the age of the SCs via an isochrone fitting procedure (see §5.2). Figure 5.2 illustrates an example

of the cleaning procedure over the candidate SC YMCA-0051, showing in the bottom panels the

position of the stars on the CMD and with respect to the SC centre colour-coded according to

their membership probability.

As done in Gatto et al. [2020], to quantitatively gauge the goodness of each SC we also

estimates how many stars the SC contains in terms of standard deviations above the local average

mean. Hence, we define

G = (Ncl −Nbkg)/Nbkg (5.1)

where Ncl is the number of stars within the SC radius. With respect to Gatto et al. [2020] and at

the light of the considerations raised in Piatti [2021b], we preferred a more conservative approach

by taking into consideration only candidate SCs with G > 4.5. It is worthwhile to highlight that

this is a very conservative threshold value, as one of the already known SC OGLE-LMC-CL-0824

has G = 2.98.

5.2 Determine SC age through isochrone fitting

We determined age and reddening of each SC via visual isochrone matching procedure. To this

aim we adopted the PARSEC isochrones [Bressan et al., 2012] and fixed the distance modulus

to DM = 18.49 mag in order to reduce the number of parameters of which the isochrone fitting

procedure depends on. Despite the LMC has a not negligible depth in the line of sight [e.g., Choi

et al., 2018b, Subramanian and Subramaniam, 2009], in Gatto et al. [2020], we calculated that

the error committed on the ages considering a constant DM is σ log t ∼ 0.1 dex. To break the
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Figure 5.2: Top left: CMD of the stars belonging to the candidate SC YMCA-0051; Top right: Hess diagram of the

6 regions as representative of the local stellar field. Bottom left: SC candidate stars colour-coded according to their

membership probability, with the best isochrone drawn as a solid line and the two isochrones at log t ± 0.2 dex with

respect to the best solution as dotted and dashed lines, respectively. Age and reddening adopted for the best isochrone

are indicated in the top left corner; Bottom right: Relative spatial position of stars with respect to the candidate SC

centre. The circle indicates the SC estimated radius.
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reddening-metallicity degeneracy we also fixed the metal content according to the age-metallicity

relation (AMR) derived by Piatti and Geisler [2013]. In particular, we adopted Z = 0.004 for

SCs with log t ≤ 9.65 and Z = 0.002 for SCs having log t > 9.65.

We varied age and reddening of the isochrones to seek for the best one who match the positions

of the stars with high membership values (i.e. P ≥ 50%) on the CMD. In particular, we focus

on the following evolutionary phases to aid the matching procedure: MS, RC, RGB, sub-giant

branch (SGB). To be conservative, we considered an age uncertainty of σ log t = 0.2 dex, that

takes into account either the statistical error based on the visual procedure and the systematic

one due to the elongation of the LMC along the line of sight. Fig. 5.2 (bottom left panel) shows

an example of the fitting isochrone procedure for the candidate SC YMCA-0051. It displays the

best isochrone (solid line) and the two isochrones at log t ± 0.2 dex (dotted and dashed lines)

superposed to the position of stars on the CMD, colour-coded according to their membership

probability.

5.3 Results

After a careful analysis of the cleaned CMDs, we selected a total of 40 candidate SCs, 27 of

which were not present in literature. Table 5.2 lists the main parameters of the SCs derived in

this work, while Fig. B.1 shows the cleaned CMDs of all SCs detected in this work. In order to

have an overall view of the SC census in the LMC outskirts, we joined the list of candidate SCs

derived in this work and the previous one §4. In doing this operation, to obtain a homogeneous

sample, we kept from our first work only SCs with G > 4.5, namely 15 SCs, as done here. The

combined list is therefore made by a total of 55 SCs, 35 of which (63% of the sample) are new

discoveries.

5.3.1 Spatial distribution

To investigate the spatial distribution of the SC in the LMC periphery we made use of the Eq. 1

from Clariá et al. [2005] to measure the angular distance of the SCs from the LMC centre:

d = d0{1 + [sin(p− pn)]
2[tan(i)]2}0.5 (5.2)

where d is the angular de-projected distance from the LMC optical centre at (α, ρ) = (79.91°,−69.45°)

[de Vaucouleurs and Freeman, 1972a], d0 is the angular distance on the plane of the sky, p and

pn are the position angle of the SC and of the line of nodes, respectively and finally i is the
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ID RA Dec R log t E(B-V) G Nstars Tile

(J2000) (J2000) (’) mag

YMCA-0049 66.1961 -67.4452 0.30 9.45 0.02 5.6 20 7_26

YMCA-0050 66.6824 -67.1022 0.25 10.00 0.02 7.1 21 7_26

YMCA-0051 66.7169 -67.2573 0.50 9.80 0.01 6.8 53 7_26

YMCA-0052 66.7251 -67.2559 0.40 9.50 0.03 6.8 37 7_26

YMCA-0053a 67.3577 -67.4462 0.25 9.35 0.04 8.0 36 7_26

YMCA-0054 67.6154 -67.7678 0.20 9.45 0.04 5.6 21 7_26

YMCA-0055b 67.6588 -66.9543 0.35 9.25 0.05 14.7 72 7_26

YMCA-0056c 67.8233 -67.7799 0.20 9.40 0.02 5.5 21 7_26

YMCA-0057 68.6103 -66.9525 0.40 9.40 0.06 5.3 42 7_27

YMCA-0058 68.6162 -66.6513 0.35 9.45 0.07 6.1 40 8_28

YMCA-0059 68.6283 -67.2077 0.40 9.40 0.02 6.0 43 7_27

YMCA-0060 68.6398 -67.2396 0.35 9.50 0.03 5.0 33 7_27

YMCA-0061d 68.8659 -67.7115 0.50 9.35 0.04 8.5 85 7_27

YMCA-0062 69.1369 -67.2015 0.25 9.40 0.03 7.8 29 7_27

YMCA-0063 69.1724 -66.0549 0.30 9.45 0.06 4.9 26 8_28

YMCA-0064e 69.4153 -66.1983 1.30 9.15 0.15 29.2 686 8_28

YMCA-0065 69.5140 -67.7983 0.40 9.00 0.03 4.8 54 7_27

YMCA-0066 69.7150 -67.4736 0.20 9.90 0.03 4.9 19 7_27

YMCA-0067 69.7896 -67.4994 0.25 10.05 0.07 5.2 27 7_27

YMCA-0068 69.8615 -67.5558 0.20 9.65 0.02 5.5 21 7_27

YMCA-0069 69.9975 -67.3837 0.25 9.80 0.10 5.2 29 7_27

YMCA-0070 70.0166 -66.5335 0.40 9.50 0.05 6.1 62 8_28

YMCA-0071 70.3150 -67.6319 0.25 9.50 0.10 5.9 37 7_27

YMCA-0072f 70.4281 -66.8496 0.35 9.50 0.03 7.3 43 7_27

YMCA-0073 70.4646 -67.4433 0.20 9.20 0.02 4.6 23 7_27

YMCA-0074g 93.9911 -64.9727 0.65 9.25 0.04 15.0 176 9_40

YMCA-0075h 94.4244 -65.5472 0.45 9.45 0.05 10.8 94 9_40

YMCA-0076 95.8344 -66.5836 0.35 9.40 0.04 5.2 38 8_39

YMCA-0077i 96.1210 -66.5061 0.55 9.25 0.07 12.1 117 8_39

YMCA-0078 96.2493 -66.5820 0.40 9.40 0.04 7.1 54 8_39

Table 5.2: Main parameters of the SCs investigated in this work in the following order: the ID and the coordinates of

the SCs; their estimated radius, age and reddening; the value of the G parameter defined in 5.1; the number of stars

within the SC radius and finally the tile in which each SC resides.
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ID RA Dec R log t E(B-V) G Nstars Tile

(J2000) (J2000) (’) mag

YMCA-0079 97.0177 -65.5068 0.40 9.60 0.04 5.3 34 9_41

YMCA-0080 97.0752 -67.3376 0.25 9.45 0.02 5.5 20 7_38

YMCA-0081 97.1357 -70.8255 0.25 9.55 0.02 5.6 24 4_33

YMCA-0082 97.3765 -70.6610 0.25 9.30 0.01 5.0 22 4_33

YMCA-0083l 97.4261 -70.5884 0.75 9.30 0.05 13.3 192 4_33

YMCA-0084m 97.5510 -64.3280 2.05 10.05 0.02 179.6 2604 10_43

YMCA-0085 97.9656 -70.3349 0.30 9.45 0.04 5.1 26 4_33

YMCA-0086n 98.2584 -71.1257 0.95 9.10 0.05 27.9 336 4_33

YMCA-0087 98.7479 -70.9206 0.35 9.50 0.03 5.0 24 4_33

YMCA-0088o 106.9143 -69.9840 0.30 9.70 0.13 23.5 32 5_38
Reference names.

a: OGLE-LMC-CL-0841

b: HS8; KMHK5

c: OGLE-LMC-CL-0834

d: HS13; KMHK11

e: NGC1644; SL9; LW11; ESO84SC30

f: OGLE-LMC-CL-0836

g: LW444; KMHK1710

h: OGLE-LMC-CL-0758

i: OHSC34; KMHK1751

l: OHSC36; KMHK1757

m: NGC2257; SL895; LW481; ESO87SC24

n: SL897; LW483; KMHK1760

o: OHSC37; KMHK1762
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inclination of the LMC disk with respect to the plane of the sky. We adopted pn = 149.23 and

i = 25.86 recently estimated by Choi et al. [2018b].

Fig. 5.3 illustrates the spatial position of all SCs superposed on the distribution of a sample of

RGB stars selected from the Gaia EDR3 [Gaia Collaboration et al., 2021b] to guide the eye about

the LMC morphology. This figure depicts a patchy distribution of the SCs around the LMC,

strongly depending of the position angle, as different tiles/regions at the same radial distance from

the LMC show up significant differences regarding the number of detected SCs. Indeed, clumps of

SCs are separated by extended gaps (up to 2°) where no SC has been detected. Interestingly, two

regions to the West side of the LMC exhibit a remarkable average higher number of SCs. In Gatto

et al. [2020] we already discussed the fact that the over-density of SCs present at the conjunction

between the Bridge and the LMC (tile 3_21 of the STEP survey) should be regarded as a real

physical increase in the SC average density based on simple statistical arguments, after excluding

any bias originated by different observational conditions among distinct tiles. In Fig. 5.3 we notice

a further SC clump at (RA, Dec) ≃ (65°,-67°), corresponding to the tiles 7_26− 7_27− 8_28.

These tiles are amongst the ones with the highest number of stars, and are also amongst the

closest with respect to the LMC centre. Thus, in principle, we could hypothesize that such a SC

over-density is related to the highest number of stars located in these regions. Nonetheless, this

argument is at odds with the detection of a very fewer SCs in some tiles with a similar number of

stars (e.g. tile 8_39− 9_40) or with the total absence of SC in tiles at a similar radial distance

(e.g. tile 6_24). More likely, as the SC agglomeration is located at the edge of the LMC bar, it

might be connected to the highest star formation occurred in this region in the last Gyrs [Mazzi

et al., 2021].

Finally, all SCs hosted by the LMC reside within 10° from the LMC centre, similar to what

found previously in other works [Gatto et al., 2020, Pieres et al., 2016], although the disc extension

is larger, namely 16° to the North [Saha et al., 2010], and up to ∼ 10° -14° to the South [Mackey

et al., 2018, see also §1.2.1].

5.3.2 Discussion: the age distribution of the SCs in the LMC outskirts

Figure 5.4 shows the age distribution of the final list of candidate SCs. In agreement with

what already discussed in Gatto et al. [2020], the age distribution displays a remarkable peak

at about 3 Gyrs, whose tails are clearly asymmetric. The number of SCs steadily decreases

towards younger ages (t ≤ 3 Gyr), while at the opposite side, within the age gap, it sharply

drops down. The sudden SC formation enhancement at ∼ 3 Gyr could reveal a past close
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Figure 5.3: Position of the 55 SCs belonging to our combined final list, superposed to RGB stars selected from the Gaia

EDR3 database.
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encounter between the MCs, which triggered a new episode of massive SC formation. This is

independently confirmed by different authors who tried to reconstruct the history of the orbital

path of the MCs, and most of them agree that a past pericentric passage between the LMC-SMC

happened about 2-3 Gyr ago [Bekki and Chiba, 2005, Patel et al., 2020, and references therein].

Interestingly, Pieres et al. [2016] found a similar peak at ∼ 2.7 Gyr by analysing the CMD of

109 SCs to the Northern side of the LMC, but they also evidenced a major peak at ∼ 1.2 Gyr

which is absent in our SC sample. Indeed, we detected a few object as young as 1-2 Gyrs and

none of them is younger than 1 Gyr, suggesting that no recent SC formation events occurred in

the LMC outskirts, at least in our analyzed tiles, and in agreement with the general consensus

that LMC peripheries are inhabited by an old population [Mazzi et al., 2021, Piatti and Geisler,

2013, Saha et al., 2010]. Alternatively, these results may indicate that an episodic increase in

the SC formation ∼ 1 − 2 Gyrs ago interested the Northern region of the LMC, investigated

by Pieres et al. [2016], leaving quite unaltered the fields investigated in this work. To confirm

this hypothesis, we took advantage of Mazzi et al. [2021]’s work that exploited the near-infrared

VMC [Cioni et al., 2011] to derive the spatial-resolved LMC SFH in 96 deg2, down to sub-spatial

regions of 0.125 deg2. Looking at their Figure 5, we noticed that in the 1-1.58 Gyr interval

(left-lower panel in their figure), the LMC star formation was more intense within the central

bar and in a morphological feature which resembles a spiral arm that departs from the West

edge of the bar and wraps to the North, covering the regions investigated by Pieres et al. [2016],

in a counter-clock wise. At greater look-back time, the SF is more evenly distributed around

the LMC, with only the bar showing a significant SF activity. On this basis, it seems plausible

to speculate that Pieres et al. [2016] explored a region where the peak in the SC formation

happened about 1.2 Gyrs ago, while the LMC outskirts in the other directions, including the

fields analyzed in this work, reached their maximum SF activity about 2-3 Gyrs ago, after a close

passage between the MCs [as revealed also by the secondary peak at 2.7 Gyrs by Pieres et al.,

2016].

Even more importantly, as shown in Fig. 5.4, we confirm the presence of several SCs in the

age gap. Indeed, we detected highly reliable SCs candidates (we recall that we only included SCs

with high G values, see Eq. 5.1) which fill the period between 4-7 Gyr. In particular, we also

re-estimated the age of the already known SC KMHK 1762 based on the much more accurate

YMCA photometry to be about 5 Gyrs old, making it a further genuine age gap SC, besides

ESO121-03 and KMHK 1592 (see §6.1 where we describe in detail the analysis performed on

KMHK 1762). Only 2 candidate SCs have an estimated age between 7-10 Gyr. As they have
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Figure 5.4: Age distribution of the 55 SCs belonging to the final combined list.
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G < 5, deep follow up photometry is mandatory to establish definitely their reliability. On

these bases, we shall conclude that the age gap is either significantly narrower than previously

thought, lasting no more than 3 Gyr (e.g. between 7 - 10 Gyr), or it is only the consequence

of the photometric and spatial limitations attained by the previous surveys. If confirmed, our

results would fix the long-lasting debated issue about a different evolutionary path between SC

and stellar field components in the LMC. A step further in this subject is thus a photometric

follow-up to definitely confirm the reality of the SC candidates found in this work, especially

those in the age gap. Indeed, given that the new SC candidates are generally old and faint,

very deep photometry, up to four magnitudes below the MSTO (i.e. V ∼ 26.5 mag) obtained in

condition of very good seeing (to reduce confusion) would be valuable to confirm them as real

physical systems. However, it is difficult to obtain such deep and spatially resolved photometry,

as it can only be obtained with 8m-class telescopes in perfect weather conditions or from the

HST, instruments where the competition on the observing time is extremely high. However, a

great help in this direction has to be expected by the advent of the Rubin-LSST telescope which

promise to deliver very deep photometry over all the southern sky, and has a special observational

program devoted to the MCs [Olsen et al., 2018].

5.4 Conclusions

In this work we employed the searching algorithm described in Chapter 3 to detect undiscovered

SCs in 56 YMCA tiles in the LMC periphery. Using the CMD cleaning procedure developed by

Piatti and Bica [2012], we were able to identify 40 LMC candidate SCs, 27 of which represent

new discoveries. We joined the candidate SCs of this work with those presented in Gatto et al.

[2020], keeping only the most reliable of them, based on the condition that G > 4.5 (see Eq. 4.2),

in order to perform a statistical analysis on a purer sample, and in turn to achieve more robust

physical conclusions. From the combined list composed by 55 total SCs, among which 35 (∼ 60%

of the sample) were discovered by our algorithm, we derived the following results:

• The spatial distribution of the SCs is not homogeneously distributed around the LMC. In

particular, we detected an accumulation of SCs at the Western edge of the bar and a further

smaller clump at the edge of the Magellanic Bridge. We suggest that the over-density at

the edge of the bar reflects the higher SFR observed in the last Gyrs in the LMC bar [e.g.,

Mazzi et al., 2021].
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• The age distribution shows a clear peak at about 2-3 Gyrs, that we suggest being the

outcome of a past close encounter between the LMC and the SMC. The presence of this

enhancement in the SCF is a valuable tool to constrain the N-body models carried out to

recover the orbital history of the MCs.

• In agreement with Gatto et al. [2020], we identified a sub-sample of SCs within the well

known age gap. Although we stress that they are candidates and a follow-up with more

powerful telescopes is needed to assess their physical nature, it is also worthwhile to under-

line that the final list presented in this work relies on bona-fide SCs, as all of them satisfy

the condition G > 4.5. Even if a small number of these age gap SCs were confirmed to

be a real physical system, it would be a breakthrough in the knowledge of the LMC past

evolution, as it will clarify a debated issue lasting for more than 30 years.

This work evidences the importance of obtaining a complete catalog of SCs to use them as a

proxy of LMC SFH, as age-biased sample towards young and/or more luminous objects might

strongly affect the comprehension of the dynamical evolution of a galaxy.





Chapter 6

Two outstanding SCs in the LMC -

YMCA 1 and KMHK 1762.

This chapter is based on the published work on the Research Notes of the American Astronomical

Society: Gatto M. et al., RNAAS, Vol.5, p.159 (2021), and on the paper submitted on the

Astrophysical Journal Letters: Gatto et al., 2022b, “Deep VLT photometry of the faint stellar

system in the Large Magellanic Cloud periphery YMCA-1.”.

This chapter is devoted to the discussion of two particular SCs within the LMC which revealed

to be very rare stellar system with respect to the ensemble of known LMC SCs, and thus such a

results represent a breakthrough for the understanding of the LMC past evolution through the

analysis of its SC system.

6.1 KMHK 1762: a confirmed age gap SC

In the previous Chapter we presented the discovery of several SCs in the LMC periphery through

the analysis of all the YMCA tiles around the LMC with the algorithm described in Chapter 3.

The catalog, which is one of the most complete in the LMC periphery, includes many age gap SC

candidates, whose reliability is also sufficiently high to indicate they are actual SCs rather than

randomly association of stars. However, to be more conservative, we strongly suggest that for

most of them deeper photometric images, down to about 3-4 magnitudes below the MSTO are

needed to prove or disprove their nature as genuine SCs. Nonetheless, among the 10 candidate

129



130 Chapter 6. Two outstanding SCs in the LMC - YMCA 1 and KMHK 1762.

age gap SCs, the already known SC KMHK 17621 is different. Indeed, its reality as a bound

physical system is out of question given that it has an extremely significant G value, that is

G = 23.5, hence much higher than other already known and confirmed LMC SCs in our sample.

Previous photometric observations of KMHK 1762 were carried out at the Cerro Tololo Inter-

American Observatory (CTIO) with the 0.9 m telescope [Geisler et al., 1997]. They adopted the

magnitude difference in the Washington T1 filter between the giant branch clump and the MSTO

(δT1) to derive the age of KMHK 1762, obtaining t ∼ 2.7 Gyrs. Combined with a metal content

estimate of [Fe/H] = −0.91, based on the spectroscopic measurements of the CaII triplet for

one spectroscopically confirmed member star [Olszewski et al., 1991]. This metallicity evaluation

placed KMKH 1762 at a fairly lower metallicity level with respect to other SCs with similar ages

[Geisler et al., 1997].

In this section we report the result of our new study of KMHK 1762 SC, based on the YMCA

deep and accurate photometry, complemented with parallaxes and PMs from the Gaia EDR3

[Gaia Collaboration et al., 2021a].

6.1.1 Analysis

A sky map of KMHK 1762 is displayed in Fig. 6.1 (left panel). The cluster is located at about

9.8° towards the East of the LMC, making it one of the farthest SC of the galaxy, as shown

in Fig. 6.1 (right panel). The centre and the radius of the cluster were determined through

the technique developed and described in detail in §4.1, obtaining (α, δ) ≃ (106.9143°,−69.984°)

(J2000) and r∼0.5’. We expect that LMC and MW field stars fall in front or in the back of

KMHK 1762, thus to exploit its CMD with isochrone fitting, we must first apply a cleaning

procedure to mitigate the impact of the contaminant stars. This task appear to be not straight-

forward in the case of KMKH 1762, as it is placed in a relatively poorly populated region of

the LMC and it is thus difficult to apply the usual procedure to remove contaminants by using

the CMD of representative fields around the SC (see for example the procedure described in

§4.1). Therefore, to mitigate the stellar field contamination, we took advantage of the recent

Gaia EDR3 data, with the purpose of removing likely MW foreground or LMC field stars based

on their parallaxes and PMs. To this aim, we first performed a cross-match of the positions of

all YMCA stars within 0.5’ from the KMHK 1762 centre, with the Gaia EDR3 catalogue, by

adopting a maximum tolerance of 1”. We obtained 15 common stars2. Following the criterion

1YMCA-0088 in Table 5.2, also referred to as OHSC 37 in the Bica et al. [2008]’s catalog
2The small number of matches is due to the shallow limiting magnitude of Gaia which is g ≃ 21 mag.
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Figure 6.1: Left: Image of 4’ in diameter in the g-band centred on KMHK 1762. The red circle indicates the SC radius of

0.5’:Right: Relative positions of SCs collected in the Bica et al. [2008]’s catalogue with respect to the LMC centre. The

red star indicates the position of KMHK 1762, whereas the blue and magenta squares mark the position of ESO121-03

and KMHK 1592, the two only genuine age gap SCs known hitherto.

described in Gaia Collaboration et al. [2021b] we looked for stars not compatible with the LMC

distance by checking if ϖ > 5 σϖ, where ϖ and σϖ are the Gaia EDR3 parallaxes and parallaxes

uncertainties. Three stars satisfy the previous condition, thus they are likely Galactic foreground

stars. The PMs of the remaining 12 common stars are displayed in Fig. 6.2. We clipped out

stars with PMs beyond 5σ from the weighted mean (see figure) as they do not likely represent

actual SC members. The agglomerate of stars which, based on their kinematics, might belong to

the SC possess an average PM of (µα, µδ) = (1.42± 0.04), (1.31± 0.04) mas yr−1. Among them,

the star with (µα, µδ) = (1.09, 2.92) mas yr−1 is barely consistent with the clump of objects

closely piling up around the average KMHK 1762 PM values, and only in virtue of the large

uncertainties of its PMs. As it is unlikely that this object belongs to the cluster, we mark it with

a different symbol in Fig. 6.2. Figure 6.3 (left panel) shows the CMD of KMHK 1762 where the

stars that have parallaxes or PMs incompatible with those of the cluster are highlighted with

different symbols. In the right panel of the same Figure, we displayed the CMD of a field used

as a comparison, by taking all stars within an annulus of inner radius rin = 1.0′ (i.e. two times

the KMHK 1762 estimated radius) having the same area of the SC. The handful of stars present

in the surrounding of KMHK 1762 prevented any effort to remove contamination from field and

foreground stars through the CMD, as discussed above. The left panel of Fig. 6.3 shows the

CMD of KMHK 1762 with overimposed an isochrone calculated with the age and metallicity
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Figure 6.2: PMs of the 12 stars of KMHK 1762 having astrometric data from Gaia EDR3. The red crosses are the

stars with PMs compatible with the cluster within their uncertainties. The empty red square indicates a star likely

non-member of the cluster but with statistically compatible PMs. Blue circles are stars with measured PMs beyond 5σ

from the average SC PM.
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Figure 6.3: CMD of KMHK 1762. Crosses indicate stars that should not be SC members based on their parallaxes and/or

PMs estimates. The empty circle indicates the star likely non-member of the cluster but with statistically compatible

PMs (see text). Note that the cross-match with the Gaia dataset was able to clean the CMD only for stars more luminous

than g ∼ 21 mag. The red and blue lines represent the isochrone of a SSP with parameters adopted by Geisler et al.

[1997], and those estimated in this work, respectively.

estimated by Geisler et al. [1997] (red solid line), that is t ≃ 2.7 Gyrs and [Fe/H] = −0.91 dex

(in addition they used E(B − V ) = 0.15 mag, and m −M = 18.49 mag)3. The isochrone does

not match the SC stars on the CMD. In particular, the isochrone’s sub-giant branch (SGB) is

about 1 mag more luminous than the stars piled up at g ∼ 22 mag and in the colour interval

g − i = [0.2, 1] which we assume to be the actual SGB of the SC. On this basis, the proper SC

age should be much older than previous estimated.

We thus carried out an objective isochrone matching procedure through the Automated

Stellar Cluster Analysis package [ASteCA, Perren et al., 2015]. ASteCA adopts synthetic

generated single stellar populations coupled with a genetic algorithm to find the isochrone that

best matches the observed CMD4. We performed two runs with ASteCA adopting two different

choices for the priors. In particular, in Run 1 we fixed the metallicity to the value [Fe/H] =

3We used the PARSEC isochrones [Bressan et al., 2012] which adopt Z⊙ = 0.0152
4Note that the ASteCA package at moment can only use the PARSEC isochrones [Bressan et al., 2012]
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Table 6.1: Properties of KMHK 1762.

Property Run 1 Run 2

log(t) 9.74± 0.15 dex 9.69± 0.14 dex

µ0 18.62+0.24
−0.29 mag 18.68+0.19

−0.27 mag

[Fe/H] −0.91 dex (fixed) −0.65+0.27
−0.41 dex

E(B-V) 0.09+0.06
−0.05 mag 0.08+0.07

−0.05 mag

Mass 1215+536
−497M⊙ 1347+694

−523M⊙

−0.91 dex estimated by Olszewski et al. [1991], while in Run 2 we let it free to vary in the

−3 ≤ [Fe/H] ≤ 0 dex interval. In both runs we restricted the distance modulus between 18

and 19 mag. In Table 6.1 we listed the output of ASteCA in the two configurations, while the

best isochrones from each of the two runs are overlaid to the KMHK 1762 CMD in Fig. 6.3 (left

panel). The isochrone calculated with Run 1 (i.e. with fixed metallicity) better approximates

the bright end of the RGB compared with that from Run 2, which shows a too steep RGB at

g ≤ 19.5 mag, as a consequence of the larger estimated metallicity (i.e. [Fe/H]=−0.65+0.27
−0.41 dex).

We therefore judge that the solution provided by Run 1 is the best one, even if, from the purely

statistical point of view the two runs provide parameters in agreement each other within the

uncertainties. Obviously, a further refinement of the isochrone matching would be possible if a

more accurate estimate of the KMKH 1762 metallicity were available, as the presently available

empirical value is based on only one star.

6.1.2 Discussion

The age of KMHK 1762 estimated as discussed in the previous section is t=5.5+2.3
−1.6 Gyr. This

mean that it is the third genuine age gap SC, in addition to ESO121-03 and KMHK 1592, as

mentioned in the introduction. The actual presence of an age gap among the LMC SC system

is an open question, considering that both old and recent studies devoted to the reconstruction

of the LMC SFH in the stellar field do not show an absence of star formation in the 4-10 Gyr

interval [see e.g. Mazzi et al., 2021, Piatti and Geisler, 2013, Rubele et al., 2012, Tosi, 2004, and

references therein]. Therefore, the hypothesis of a quiescent period of SC formation in the LMC

during the age gap interval contradicts one of the paradigms of star formation, which foresee

that a great fraction of stars is formed within SCs [Lada and Lada, 2003]. Hence, we should
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conclude that we do not observe SCs in the age gap because they could have been destroyed by

the tidal forces of the LMC, but this hypothesis is at odds with the steep increase of the SC age

distribution at ∼ 3 Gyr [see e.g. Gatto et al., 2020, Pieres et al., 2016, and references therein].

Even assuming that this sharp increase in SC formation at about 3 Gyr ago is due to a close

encounter with the SMC, it is however difficult to imagine an ad hoc disruption mechanisms

which only act in the age interval 4–10 Gyr and becomes suddenly inefficient at an age of 3 Gyr

[Da Costa, 2002].

The presence of the age gap also prevents the derivation of the age-metallicity relation (AMR)

by means of the LMC SC system, as the gap is mirrored by a similar gap in the metallicity [Rich

et al., 2001]. The AMR for a subsample of LMC SCs is shown in Fig. 6.4. In particular,

we adopted the samples recently analysed through spectroscopic observations by Song et al.

[2021] and Mucciarelli et al. [2021]. While the old LMC GCs are on average all metal-poor (the

majority has [Fe/H ≤ −1.3 dex), the younger SCs have on average [Fe/H ≃ −0.7 dex, thus they

are separated by a considerable gap in the metal content.

In between the two sup-populations stands out the presence of ESO121-03, KMHK 1592, and

now KMHK 1762, thanks to its newly estimated age.

The case of KMHK 1762 appears emblematic: SC ages estimated on the basis of too shallow

photometry or not correctly de-contaminated CMDs can result significantly younger than the

true value. It is worth noticing that also in the case of NGC 1997, the analysis of deeper data

led to an age estimate 2 Gyr older than past investigations, shifting this SC slighly into the age

gap, even if it is very close to the gap younger edge [Pieres et al., 2016]. These results cast

even more doubt on the physical origin of the age gap, supporting instead its explanation as an

observational bias. Indeed, in §4.4 we showed that, while the spatial distribution of young SCs

traces the main features of the LMC, such as the central bar or the spiral arms, that traced by

SCs older than 1 Gyr is rather clumpy (see Fig.4.12), generally mimicking the regions explored

with modern deep photometric observations. In fact, most of the works devoted to the research

of undiscovered SCs were conducted on the basis of photometrically shallow surveys, allowing the

researchers to detect only SCs younger than ∼ 1–1.5 Gyrs [Glatt et al., 2010, Nayak et al., 2016,

Pietrzyński and Udalski, 2000]. It is therefore reasonable to assume that a consistent fraction of

the LMC intermediate-age old SCs is still missing. Concluding, if the LMC SC age gap puzzle

is a simple observational bias, this can be verified following two lines of action: 1) complete the

census of the LMC SCs on the basis of deep and high spatial resolution photometry as we did

in its outskirts (see Chapter 4 and Chapter 5); 2) re-analise the sample of known SCs in the
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Figure 6.4: Metallicity as a function of the age for the LMC analyzed by Song et al. [2021] and Mucciarelli et al. [2021].

The red star marks the position in the plot of KMHK 1762, while blue and magenta squares indicate the SC ESO121-03

and KMHK 1592.

LMC whose ages have been estimated on the basis of too shallow photometry, as in the case

of NGC 1997 and in the case of the object of present work, KMHK 1762. Both actions will

certainly be possible in the near future, once the Rubin-LSST survey will enter into operation

and provide the first results.

6.1.3 Summary

In this work we presented a study of the known SC KMHK 1762 based on the deep photometry

provided by the YMCA survey which allowed us to construct a CMD in the g and i bands reaching

at least 1.5-2 mag below the MSTO, that is significantly deeper than the previous works in the

literature.

We took advantage of the PMs and parallaxes provided by the Gaia EDR3 to mitigate the

contamination of the KMHK 1762 CMD due to LMC and MW foreground/background stars.

The bright limiting magnitude of the Gaia mission (i.e. g ≃ 21 mag) allowed us to clean the

CMD from non-cluster members only in the post-main sequence evolutionary phases, that are

however crucial to constrain the metal-content of the SC based on the inclination of the RGB.
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The SGB clearly visible at g ∼ 22 mag indicates that KMHK 1762 is older than previously

estimated based on shallower photometry. Indeed, the automatic isochrone fitting procedure

performed with the ASteCA package yielded an age of t = 5.5+2.3
−1.6 Gyr, making it the third

genuine age gap SC ever discovered, after ESO121-03 and KMHK 1592. We speculate that

other intermediate-age SCs analysed with shallow photometry could actually be older and thus

potentially formed during the age gap period. In addition, as recently shown by Gatto et al.

[2020], several age gap SCs could be hidden in the outskirts of the LMC, and due to their intrinsic

faintness, can only be revealed on the basis of deep photometry. On these bases, the increased

the number of confirmed or suspected SCs formed in the age gap period, suggests that the age

gap may be an observational bias rather than a true quiescent period of SC formation in the

LMC.

6.2 YMCA-1: a peculiar faint old LMC Globular Cluster

As already discussed in §1.2 it is largely accepted that the LMC entered into the MW halo with

its own system of dwarf galaxy satellites [Kallivayalil et al., 2018]. The LMC is also known to

possess at least 15 globular clusters (GCs), as old as its oldest stars (i.e. 12-13 Gyrs), which

can be used to probe the earliest phases of its evolution. Indeed, a complete census of the

objects orbiting a galaxy and a characterization of their chemo-physical properties represent an

invaluable source of information to unveil the evolutionary history of their parent galaxy.

For example, based on accurate spectroscopic analysis, Mucciarelli et al. [2021] discovered

that the old cluster NGC 2005 has been captured by the LMC from a smaller satellite galaxy

now completely dissolved.

In recent years, thanks to the advent of deep panoramic surveys probing large portions of

the sky, the number of faint stellar systems discovered in the vicinity of the Magellanic Clouds

(MCs) has dramatically increased [Bechtol et al., 2015, Bellazzini et al., 2019, Drlica-Wagner

et al., 2015, Kim and Jerjen, 2015, Koposov et al., 2015, Martin et al., 2016b, Torrealba et al.,

2018], bringing new puzzle pieces to the reconstruction of the MCs evolutionary history. For

example, Martin et al. [2016b] reported the discovery of SMASH-1, a faint stellar system at

11.3° in projection from the LMC centre, whose properties place it in between the classical GCs

and the ultra-faint dwarf galaxies (UFDs). The compactness of SMASH-1 led the authors to

suggest that it likely is an old star cluster (SC) fundamentally different from UFDs which are

heavily dark-matter dominated [see e.g., Simon, 2019, and references therein]. Nonetheless, the



138 Chapter 6. Two outstanding SCs in the LMC - YMCA 1 and KMHK 1762.

properties of SMASH-1 are very different from those shown by the historically known LMC old

GCs. Indeed, unlike these objects, it is faint (LV = 102.3L⊙), compact (rh = 9.1 pc), and highly

elliptical in shape. Detecting these old stellar systems and unveiling their origin is of primary

importance to understanding how the MCs and galaxies in general form and evolve. In this

context, one of the main goals of the YMCA survey, discussed in §2.3 is the search of low surface

brightness satellites or clusters in the outskirts of the MCs. The extensive analysis of the YMCA

photometry led us to discover an uncatalogued stellar system, which we dubbed YMCA-1, placed

at about 13° to the East of the LMC centre. In the following, we derive and discuss the properties

of this uncommon stellar system.

6.2.1 Observations and discovery of YMCA-1

This work is based on the observations obtained with VST telescope [Capaccioli and Schipani,

2011] in the context of the YMCA survey (see §2.3 for a description of the survey and data

reduction). As one of the goals of this survey is the discovery of low brightness stellar systems

satellite of the MCs, streams or SCs, we run the algorithm constructed to search for over-densities

in the sky (see Chapter 3 for a detailed description) on all the YMCA tiles. Besides the discovery

of several new SCs described in Chapters 4 and Chapter 5, this search allowed us to identify an

uncatalogued stellar system which soon appeared to have different characteristics with respect

to the other SCs discovered on the YMCA tiles. Indeed, this object is placed about 13° to the

East of the LMC centre within the YMCA tile 9_47, isolated and much farther from the LMC

centre than the other new SCs. This over-density, which we called YMCA-1, has a significance

of 12.2 sigma over the local background and is easily visible as an agglomerate of stars centred

at (RA, Dec) = (110.8369°,-64.8313°), in the image shown in the left panel of Fig. 6.5.

6.2.2 Analysis

The corresponding CMD is displayed in the right panel of the same figure. Stars within 0.3′

from the system center are plotted as red filled circles, over the grey-scale Hess diagram of the

population of the entire 1.0 deg2 YMCA tile. While the number of measured stars within the

selected area is very small (15 stars), their distribution in the CMD is markedly different than

that of the surrounding field. In particular, none of the candidate YMCA-1 members matches the

most densely populated feature of the CMD attributable to the LMC, i.e. the Main Sequence

(MS) Turn Off region in the range 22.2 ≤ g ≤ 24.0 mag, around g − i = 0.6 mag, with the
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SGB at g ≃ 22.3 mag. The two reddest putative YMCA-1 stars, at g − i > 2.0 mag, are nearby

interlopers according to their proper motions, as measured by the ESA/Gaia mission [EDR3, Gaia

Collaboration et al., 2021a]. Most of the remaining stars seem to be aligned along a steep Red

Giant Branch (RGB), typical of old and metal poor stellar systems. The CMD of YMCA-1 can be

fitted with an old (age=12.6 Gyr) and metal-poor ([Fe/H]=-2.0 dex) isochrone of the PARSEC set

[Bressan et al., 2012], shifted to the distance of ≃ 105 kpc and corrected for E(B−V ) = 0.13 (from

the Schlegel et al. 1998 maps, recalibrated after Schlafly and Finkbeiner 2011). In this solution,

the distance estimate is mainly anchored to the interpretation of the faintest stars at g ≃ 23.8

mag as belonging to the system Sub Giant Branch (SGB). Adopting this set of parameters, we

estimate Mg ≃ −2.3 mag (corresponding to MV ≃ −2.8 mag) and rh ≃ 4.8 pc, from a surface

brightness profile obtained by integrated aperture photometry on concentric annuli, and fitted

with a Plummer [1911] model, as displayed in Fig. 6.6. The integrated color of YMCA-1 was

derived through circular aperture photometry on both the g and i images, adopting a radius

equal to 0.3′, obtaining g − i = 1.1 mag. The luminosity and color we estimated for YMCA-

1 were used to estimate the total mass by means of the mass/luminosity - integrated color

relationship available in Roediger and Courteau [2015], finding a value of logM/M⊙ = 3.44 dex.

As a sanity check for the mass estimate, we used a synthetic CMD, with appropriate age and

metallicity, built from the PARSEC isochrones [Bressan et al., 2012], to derive the total mass of

a stellar system with a similar number of RGB stars (6 ≤ N ≤ 9) as observed in YMCA-1. The

estimated mass after 1000 random extractions is logM/M⊙ = 3.28 ± 0.15 dex, consistent with

the value obtained through integrated properties. In this scenario, YMCA-1 would thus be a

remote Milky Way star cluster, with unusual properties compared to other star clusters at similar

galactocentric distances. The uncertainty is admittedly very high, but alternative interpretations

provide significantly worse fits to the observed CMD. For instance, assuming the system to be at

the same distance of the LMC (D = 50 kpc), and letting the isochrone best fitting YMCA-1 fit

also the LMC CMD would require assuming a reddening value much larger than that provided

by the Schlegel et al. [1998] reddening maps, i.e. E(B-V)=0.25 mag, as well as an isochrone with

larger metallicity ([Fe/H]∼ −1.3, see right panel of Fig. 6.5).

The luminosity - half-light radius diagram is shown in the top panel of Fig. 6.7, while the

luminosity - galactocentric radius is shown in the bottom panel of the same figure. YMCA-1 is

plotted along with 161 Galactic globular clusters taken from the Baumgardt and Hilker [2018]

catalog. We retrieved reddening values from Harris [1996, 2010 version], with some exceptions

as listed in Tab. 6.2. YMCA-1 could be one of the faintest star clusters ever discovered hitherto
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Figure 6.5: Left: g−band sky image of 1.5′ × 1.5′ in size centred on YMCA-1. The seeing is 0.9′′ FWHM. The red

circle has a radius of 0.3′. Centre and Right: CMD of a 1°× 1° region around YMCA-1 (gray shaded) with stars within

0.3′ from the YMCA-1 centre, shown as red filled circles, and best fitting isochrones, assuming two different distance

modulus, of the YMCA-1 CMD (blue solid lines), whose parameters are reported in the top left corner of the panels.

and definitely the most compact beyond 50 kpc. The Baumgardt and Hilker [2018] catalog lists

only nine globular clusters (GCs) beyond a galactocentric distance of RGC=50 kpc, three of

them discovered in the last decade thanks to deep multi-band photometric surveys. With the

remarkable exception of NGC 2419 (MV = −9.4 mag), they are all relatively sparse clusters.

Still, seven of them are significantly more luminous (−4.7 ≤ MV ≤ −5.8 mag) and more extended

(13.7 pc≤ rh ≤29.0 pc) than YMCA-1, in the hypothesis that it is a distant star cluster of the

MW. On the other hand, Laevens 3 [Longeard et al., 2019], at RGC = 58.8 kpc, has structural

properties quite similar to YMCA-1, i.e. MV = −3.1 mag and rh = 7.1 pc. Such relatively

compact but very faint star clusters are very difficult to spot at such large distances from us,

suggesting that several more may be still lurking in the remotest region of the Galactic halo [see

also Webb and Carlberg, 2021].

However, before any firm conclusion can be drawn, follow-up with deeper photometry is

required to unambiguously detect the MS of YMCA-1, to confirm its nature and reliably estimate

its distance.

6.2.3 Follow-up with the VLT

As we have seen in the previous section, tthe available VST data, which revealed only a few

stars in the red-giant branch (RGB) and in the top main sequence (MS), were not sufficiently

deep to unambiguously establish its real physical nature, mainly because we could not obtain

a robust distance for the target. Indeed, given the lack of evolved distance indicators such as

Horizontal Branch (HB) or Red Clump (RC) stars, the distance can only be constrained by a clear
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Cluster Reference

BH 140 Schlegel et al. [1998]

Crater Weisz et al. [2016]

FSR 1716 Minniti et al. [2017]

FSR 1758 Schlegel et al. [1998]

Leavens 3 Laevens et al. [2015]

RLGC 1 Ryu and Lee [2018]

RLGC 2 Ryu and Lee [2018]

Sagittarius II Laevens et al. [2015]

VVV-CL001 Fernández-Trincado et al. [2021]

Table 6.2: List of the GCs whose extinction values were not present in Harris [1996], and their references. Reddening

values taken from Schlegel et al. [1998] have been re-calibrated by Schlafly and Finkbeiner [2011].

Figure 6.6: Surface brightness profile of YMCA-1. The red solid line represents the best-fit of a Plummer profile, whose

parameters are displayed in the left lower corner of the figure.
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Figure 6.7: Top: luminosity - half-light radius diagram, with points color-coded according their galactocentric distances.

Bottom: luminosity - galactocentric distances diagram, with points color-coded according their half-light radius. YMCA-

1 is shown as a star in both panels.
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identification of the MS of the system. This can only be achieved with deep follow-up photometry.

Hence, to unveil the real nature of this very interesting stellar system, we submitted a proposal to

the Director Discretionary Time (DDT) program of the European Southern Observatory (ESO),

proposing to obtain deep photometry of YMCA-1 with the FORS2 imager which operates at the

Unit Telescope 1 (UT1) of the Very Large Telescope (VLT), placed at Cerro Paranal in Chile.

The proposal was accepted and the observations were carried out during the nights of November

2 and 29, 2021, for the gHIGH and IBESSEL filters, respectively. The observations were divided

into 5 sub-exposures 480s each in the gHIGH filter and 13 sub-exposures of 240s each in the

IBESSEL-band, to reach faint magnitudes without saturating the bright members of YMCA-1.

The typical seeing was of 0.51′′ and 0.72′′ in g and I respectively. For the setup of FORS2, we

chose a pixel scale of 0.25 arcsec/pixel with a field of view 6.8′ × 6.8′. FORS2 is equipped with

a mosaic of two 2k×4k MIT CCDs5. As the dimension of YMCA-1 is much smaller than the

FoV of each of the two CCDs of FORS2, we decided to place the target only on the top CCD

which has a larger FoV than the bottom one. We adopted a dithering procedure between the

different sub-exposures to eliminate cosmic rays and bad pixels. The images were pre-reduced

(de-biasing and flat-fielding) using the standard procedures with the IRAF package [Tody, 1986,

1993]. To obtain the photometry, we adopted the DAOPHOT/ALLFRAME packages [Stetson,

1987, 1994] which are best suited to reach faint magnitudes in a relatively crowded field such as

YMCA-1. In brief, the different steps of the procedure were the following:

• A quadratically varying PSF was modelled, by letting the code free to adopt the function

which minimized the χ2 of the fit. The most used function was the Moffat25, while in

some cases the alogorithm choosed the Penny1 or the Penny2 functions. A WCS plate so-

lution was computed for each individual image by querying the astroquery.astrometry_net

python module. Then, stars’ XY position were converted to WCS coordinates by using the

WCSCTRAN command, available under IRAF.

• A stack of all the sub-exposures was created with MONTAGE2 [Stetson, 1987, 1994] to

obtain a master list of sources on the image as deep as possible.

• ALLFRAME was run on all the sub-exposures using the derived master list as input for

the stars’ position

5see the manual at http://www.eso.org/sci/facilities/paranal/ instruments/fors/doc/VLT-MAN-ESO-13100-

1543_P01.pdf



144 Chapter 6. Two outstanding SCs in the LMC - YMCA 1 and KMHK 1762.

Figure 6.8: Left: Sky image of a region of radius r = 1’ around the YMCA-1 centre. The red circle indicates the area

defined by 2rh = 0.43′. Right: Density map of stars’ relative positions with respect to the YMCA-1 centre in a circular

region of 1’ in radius. We used a Gaussian function with σ = 0.05′ to smooth the map. Black points indicate the position

of the stars, while the white dashed circle marks a radius r = 0.43’, namely twice the estimated half-light radius.

• DAOMATCH/DAOMASTER [Stetson, 1987, 1994] were used to match the 5 and 13 dif-

ferent photometric catalogues obtained for each exposure of the gHIGH and IBESSEL filters.

Finally, the catalogue in the two bands was put together.

To calibrate the stars we followed the same procedure described in §2.3.2 with the main difference

that we adopt the VST catalogue of the tile YMCA 9_47 instead of the APASS one. In the end

we obtained the following calibration equations: g = 9.6558− 0.0325 ∗ (g − i) with rms = 0.044

and i = 8.6749 + 0.0946 ∗ (g − i) with rms = 0.055.

Before exploiting the YMCA-1 photometric catalogue obtained as described above, we applied

a cleaning procedure to remove undesired extended sources and the remaining few spurious

detections. To this aim, we used the SHARPNESS parameter of the DAOPHOT package,

retaining only sources having −0.15 < SHARPNESS < 0.15.

6.2.4 Analysis of VLT data

The first step of the analysis consisted in estimating the centre of YMCA-1 by means of a

technique based on a KDE algorithm (see §7.2.1). As a result, the coordinates (J2000) of YMCA-

1 centre are (RA, Dec) = (110.8378°, -64.8319°). The left panel of Fig. 6.8 shows a sky map of

the region (radius = 1’) around the YMCA-1 centre, while the right panel displays a density map

of the same region, smoothed by means of a Gaussian function with bandwidth = 0.05’. There is



6.2. YMCA-1: a peculiar faint old LMC Globular Cluster 145

Figure 6.9: Radial density profile of YMCA-1. Each point represents the density of stars in shells having a radius of 0.05’.

Errors are Poissonian. The red solid line is a best fit of a Plummer model as indicated in the text, whose parameters

are indicated at the centre of the figure. The horizontal blue strip region marks the Nbkg ± 1σ estimated values. The

vertical dashed line is at r = 0.43’, namely 2rh.
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Figure 6.10: Left: Stars whose photometry was obtained with the VLT (red points) within rh = 0.43′ from YMCA-1

centre. In the background, as grey points, the stars whose photometry was obtained with the VST and within 30’ from

YMCA-1 centre. The blue solid line represents the best isochrone found with the ASteCA python package matching

YMCA-1 stars, whose parameters are reported in the left top corner. Right: Same as the left panel, but the red points

are stars of a representative local field, which is a shell having an inner radius of 1’ and outer radius set in order to have

the same area adopted in the left panel.
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a remarkable over-density of stars with respect to the YMCA-1’s surroundings, clearly asserting

the presence of a stellar system. These maps also suggest that YMCA-1 might be slight elongated

in the North-West South-East direction. To explore this possibility, we adopted the same method

used by Martin et al. [2016a] to estimate (among the other parameters) the ellipticity and position

angle of SMASH-1 [Martin et al., 2016b]. However, the result was inconclusive and therefore

in the following we employ a conservative approach, neglecting any possible elongation in the

analysis of YMCA-1. Fig. 6.9 displays the radial density profile (RDP, number of stars per

squared arcmin) of YMCA-1 built by using concentric shells of 0.05’ size. We modeled the RDP

with a Plummer [1911]’s profile, whose analytic form is the following:

n(r) =
n0 · r4h

(r2h + r2)2
+Nbkg (6.1)

where n0 is the central surface density, rh is the half-light radius, and Nbkg is the estimated level

of the background density. The free parameters of the model are n0, rh and Nbkg. To fit the

model to the data we adopted the curve_fit routine of the scipy python library, which allows

us to estimate the best parameters of the Plummer’s model through a non-linear least-squares

method. The outcomes of the fit are labeled in Fig. 6.8 (right panel). In particular, the half-

light radius rh is an important parameter to select in an objective way stars likely members of

YMCA-1.

In Fig. 6.10 (left panel) we display the CMD of YMCA-1 within a radius R=0.43′ around

its centre, corresponding to twice the half-light radius rh. The right panel of Fig. 6.10 displays

the CMD of a representative local field, taken at 1′ from YMCA-1 centre and having an area

as large as the area adopted in the left panel. In the background of both panels of the same

figure, we show the stars observed with the VST in a region of 30′ around YMCA-1. The CMD of

YMCA-1 shows a well-defined MS, which extends below g=26 mag, that is at least 2.5 mag below

the Turn-Off (TO), while the morphology for g <24 mag is similar to that depicted by the VST

data. The comparison with the field provides further confirmation about the physical reality of

YMCA-1. To exploit our deep CMD we adopted the Automated Stellar Cluster Analysis package

[ASteCA, Perren et al., 2015] which allows us to perform an automated search of the best

isochrone model which matches the data. In particular, ASteCA compares the position of the

stars in the CMD with those of synthetic generated single stellar populations (SSP), adopting

a genetic algorithm to find the best solution [see Perren et al., 2015, for full details]. We ran

ASteCA on a set of PARSEC isochrone models [Bressan et al., 2012] to estimate age, reddening,

metallicity, distance modulus and mass values of YMCA-1 and their uncertainties. To speed up
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the operations with the ASteCA package, we feed it with realistic priors, namely: t ≥ 10 Gyrs,

E(B-V) ≤ 0.3 mag, 10−3 ≤ Z ≤ 10−1 and 18.0 ≤ (m - M) ≤ 19.50 mag. The results of the

application of ASteCA, are listed in Table 6.3. The isochrone with the best fitting parameters is

overlaid on the data in the left panel of Fig. 6.10. The ASteCA fit provides a distance modulus

µ0 = 18.72+0.15
−0.17 mag which corresponds to about 55 kpc, which is a significantly smaller value

compared to the ∼100 kpc estimated with the shallower VST photometry [Gatto et al., 2021].

Similarly to the analysis with VST data, we find that the age of YMCA-1 is t ∼ 11.7+1.7
−1.3 Gyr,

but with a higher metallicity ([Fe/H] ≃ −1.12+0.21
−0.13 dex)6. It is confirmed that YMCA-1 is a

low-mass (M ≃ 103.03M⊙) and compact (rh = 3.5± 0.3 pc) stellar system.

Figure 6.10 also shows that the average main-sequence turn-off (MSTO) of the LMC field

seems to be brighter compared to that of YMCA-1. As the LMC stellar population at the outer

rim of the LMC disc should also be old and metal-poor [Mazzi et al., 2021], we speculate that the

magnitude difference between the LMC and YMCA-1 MSTOs raises from a different distance

modulus. The currently adopted distance for the LMC centre is ∼ 49.6 kpc [e.g. Pietrzyński

et al., 2019], which corresponds to a distance modulus of DM ∼ 18.49 mag, but the LMC disc is

inclined in such a way that the North-East side (i.e. where YMCA-1 resides) is closer to us [e.g.,

Choi et al., 2018b]7. Therefore, YMCA-1 should be placed well behind the LMC main disc.

6.2.5 Discussion

The estimated distance of YMCA-1 suggests that it is likely associated to the LMC. Indeed, its

three-dimensional distance from the LMC is ∼ 13 kpc, well within the LMC tidal radius [i.e. ∼16

kpc measured by van der Marel and Kallivayalil, 2014]. However, the possibility that YMCA-1

is incidentally projected beyond the LMC but not physically associated to this galaxy cannot be

ruled out yet, as we still lack radial velocity measurements of its member stars.

To further investigate the YMCA-1 properties, it is useful to compare them with those of

SMASH-1, which appears to have close similarities with YMCA-1. To this aim, we first estimate

the total luminosity of YMCA-1 with a technique similar to that described in §6.2.2. In brief,

we adopted a synthetic SSP with t ≃ 11.7 Gyr and [Fe/H] ≃ −1.12 dex (corresponding to the

best isochrone found with ASteCA) constructed by means of the PARSEC isochrones8. Then,

we measure the total luminosity of the synthetic SSP with a comparable number of MS stars

6We adopted the PARSEC Z⊙ = 0.0152 value.
7There is any definitive evaluation of how closer to us the LMC is at YMCA-1 distance.
8http://stev.oapd.inaf.it/cgi-bin/cmd
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Table 6.3: Properties of YMCA-1.

Property Value

RA (J2000) 110.8378°

Dec (J2000) -64.8319°

Age 11.7+1.7
−1.3 Gyr

µ0 18.72+0.15
−0.17 mag

[Fe/H] −1.12+0.21
−0.13 dex

E(B-V) 0.19+0.04
−0.02 mag

Mass 1080+366
−300M⊙

rh 3.5± 0.3 pc

Lg 102.1±0.3L⊙

Li 102.1±0.4L⊙

Mg −0.18± 0.50 mag

Mi −0.83± 0.55 mag

MV −0.47± 0.57 mag

as observed in YMCA-1. In particular, we consider only YMCA-1 MS stars in the magnitude

interval 23.5 ≤ g ≤ 25 and with a maximum colour distance of 0.2 mag from the best isochrone

(i.e. 24 ± 5 YMCA-1 stars by adopting the estimated rh = 0.43′). The bright limit was set

to select only MS stars, avoiding the use of the much less populated sub-giant branch (SGB)

and RGB phases. The faint magnitude limit, instead, was chosen to take into account that at a

fainter level the completeness problems could become significant. After 500 random extractions

we estimated a total luminosity for YMCA-1 equal to Lg = 102.1±0.3L⊙ and Li = 102.1±0.4L⊙.

In Fig. 6.11 we display the luminosity (MV
9) and half-light radius of YMCA-1 and SMASH-

1, in comparison with those of old LMC GCs for which structural parameters were available in

literature, and dwarf spheroidal galaxies (dSph) as well as UFDs from Simon [2019]. The figure

9To estimate MV of YMCA-1 we first transformed Lg and Li into Mg and Mi. Then we used the following

color transformation: V = g− (0.361± 0.002)[(g− i)− 1.0]− (0.423± 0.001) with rms=0.024 mag. This equation

was derived using several thousands of stars in the outskirts of the MCs having V g i data from the APASS (The

AAVSO Photometric All-Sky Survey) survey (https://www.aavso.org/apass).
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also shows the position of the old MW GCs whose parameters were taken from Baumgardt and

Hilker [2018] and Harris [1996] (see also caption of Fig. 6.11). The proximity of YMCA-1 and

SMASH-1 in this diagram is noticeable. Both stellar systems lie in the region of the MV vs rh

space occupied by some peculiar faint MW GCs, such as AMR 4, Palomar 1, Koposov 1 and

Koposov 2, and also near to objects with difficult classification but suspected to be at the faint

end of the UFDs distribution. Even more interesting is the difference between YMCA-1 and the

known old LMC GCs, which are located in a completely different locus of the MV vs rh plane.

They are several orders of magnitude more luminous and reside in the same parameter region

occupied by the majority of the MW GCs. Therefore, YMCA-1 and SMASH-1 might belong

to a peculiar sub-class of stellar systems within the LMC whose properties are in between the

classical GCs and the UFDs. Unlike the more massive GCs, these low-dense objects are more

sensitive to the external tidal fields and hence can be subject to complete disruption, which might

explain the scarcity of these stellar systems in the LMC. Indeed, Martin et al. [2016b] concluded

that SMASH-1 is experiencing an ongoing tidal disruption, based on its strong ellipticity and its

estimated tidal radius. Of course, other faint LMC-bound systems could still lay undiscovered

in the outermost regions of the LMC. Finally, Fig. 6.12 shows the relative position of the LMC

SCs with respect to the LMC centre. The picture reveals that YMCA-1 and SMASH-1 are

among the farthest SCs ever detected around the LMC, but they are not spatially close, as the

former is found to the East of the LMC, while the latter is in the South. Moreover, YMCA-1

is superimposed (but not necessarily associated) to a substructure recently discovered in the

north-est of the LMC (i.e. the North-East Structure, see §8).

To summarize, YMCA-1 is likely an LMC old GC with features very similar to SMASH-1.

Spectroscopic follow-up of both these interesting stellar systems can be very valuable to confirm

their association with the LMC. Until such spectroscopic confirmation is obtained, we cannot

discard the less likely hypothesis that YMCA-1 (and possibly SMASH-1) is instead a MW remote

GC.

6.2.6 Summary

In this work we exploited the FORS2@VLT follow-up of YMCA-1, a new stellar system discovered

within the context of the YMCA survey, placed at about 13° from the LMC centre. The deep

catalogue obtained in this work (g ∼ 26.5 mag) allowed us to definitely confirm that YMCA-1 is

a real physical stellar system. The exploitation of its CMD by means of the automatic isochrone

fitting package ASteCA [Perren et al., 2015] and the analysis of its radial density profile, reveals
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Figure 6.11: MV versus rh in which we depict the position in this plane of YMCA-1 and SMASH-1 (coloured stars), of

some old LMC GCs (magenta squares; rh taken from Piatti and Mackey 2018 and MV taken from Mackey and Gilmore

2003a) and MW GCs (empty circles; taken from the Baumgardt and Hilker [2018] catalog and from Koposov et al. 2007).

We retrieved reddening values from Harris 1996, 2010 version, with some exceptions as listed in Tab.1 in Gatto et al.

2021). Finally, we also indicate the position of some confirmed and probable dwarfs (coloured circles) reported in the

Supplementary Table 1 in Simon 2019.
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Figure 6.12: Relative position with respect to the LMC centre of the SCs present in the Bica et al. [2008]’s catalog (black

dots), old GCs (magenta points) and YMCA-1 and SMASH-1. Names of the outermost old GCs are also reported in the

figure.
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that YMCA-1 is an old (t = 11.7+1.7
−1.3 Gyrs), metal-intermediate ([Fe/H] ≃ −1.12+0.21

−0.13 dex),

low-mass (M ≃ 103.03M⊙) and compact (rh ∼ 3.5 ± 0.3 pc) stellar system. The new estimate

of YMCA-1 distance modulus suggests that it could belong to the LMC rather than to the MW

halo as supposed on the basis of previous shallower VST data [Gatto et al., 2021]. Nonetheless,

the uncertainties on its distance do not allow us to definitely rule out the possibility that YMCA-

1 is indeed a satellite of the MW. YMCA-1 properties are remarkably different from the ones

of the 15 known old LMC GCs, as they are all very massive. As far as we are aware, only

SMASH-1 [Martin et al., 2016b] exhibits properties similar to that of YMCA-1, an occurrence

that might indicate they have a common origin. Spectroscopic measurements of the brightest

stars belonging to YMCA-1 (and SMASH-1) with the aim of obtaining their radial velocities and

evaluating their metal abundances are pivotal to assess their LMC membership and to unveil the

origin of these very interesting and rare stellar systems.





Chapter 7

Dynamical study of the SMC SCs

through their surface brightness

profile

This chapter is based on the work published on the Monthly Notices of the Royal Astronomy

Society (MNRAS), Gatto et al., 2021, MNRAS, Vol. 507, p. 3312-3330, devoted to the analysis

of a subsample of 170 SMC SCs with the purpose of deriving insights on their inner evolution.

The MCs represent an ideal test-bed to probe the main physical mechanisms driving the

evolution of the SCs during their lifetime (see the detailed discussion in §1.2.5). A key ingredient

for the study of the dynamical evolution of SCs is the availability of accurate and homogeneously

derived SBPs, extending as far as possible from the cluster centre. Here we focus on the SMC,

which contains a large sample of SCs and for which we can exploit the deep and accurate

photometry provided by the STEP survey. The most complete and recent catalog by Bica et al.

[2020] reports about 850 SMC objects classified as SCs. Historically, the SPB shapes Galactic

globular clusters (GGC) are approximated with the so called King profiles [e.g., King, 1962, see

also §C.1]. However, Elson et al. [1987] pointed out that a different kind of analytical function,

nowadays called Elson, Fall and Freeman (EFF) profile, better describes the SBP of the LMC

SCs. The main difference between the two quoted profiles is that the latter does not present a

“truncation” at large radii that separates the SC from the field. Which of the two profiles better

represent the SBP shape of the MCs SCs is still debated. Hill and Zaritsky [2006] and afterwards

155
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Werchan and Zaritsky [2011] analyzed structural parameters of 204 SMC and 1066 LMC SCs,

respectively, fitting the SBP with both the above mentioned profiles. Despite the significant

statistical sample of analysed SCs these authors did not find any favored profile, both of them

were satisfactory for the majority of the SCs, with King profiles performing slightly better. Very

recently, Santos et al. [2020] carried out a detailed analysis of 83 SCs located at the periphery

of both the MCs in the context of the VIsible Soar photometry of star Clusters in tApii and

Coxi HuguA [VISCACHA Maia et al., 2019] survey, with the SOuthern Astrophysical Research

(SOAR) telescope. The analysis of the SBPs of these 83 SCs, fitted with both King and EFF

profiles, allowed these authors to confirm that the SPBs can be matched almost equally well by

both EFF and King models. At the same time, they assessed the presence of an evolution of rc

for older SCs in both the LMC and SMC, as already suggested in the literature (see the detailed

discussion in §1.2.5).

In this chapter we take advantage of the STEP photometry in the SMC (see §2.2) to carry

out a detailed analysis of the dynamical evolution of a conspicuous sample of SMC SCs, deriving

their main properties through the analysis of their SBPs in the g band and CMDs in the g and i

bands. Our aim is to provide the scientific community with new accurate structural parameters

like sizes, luminosities and masses, derived via fitting of both King and EFF profiles. We also

supply age estimates for a subsample of SCs. Our sample consists of 170 SMC SCs which are

already listed in the catalogue by Bica et al. [2020], located throughout the inner parts (most of

them reside within ∼ 2-3 deg) of the SMC, and spanning a wide range of ages and masses. Of

these 170 SCs, 62 have never been examined before. Our sample extends the range of masses

towards values lower than those already present in the literature. As far as we are aware, it is

the first time that a wide-range of structural parameters, from sizes to masses, have been derived

homogeneously in the SMC. Moreover, these features are used to study the dynamical phase of

SCs, probing the age of the SMC SC system, from the dynamical point of view. Finally, SC

properties are also used as a tool to gain hints on the SMC environment by inspecting how they

depend on the distance from the SMC centre. As already described in (see §2.2) the STEP survey

reaches g∼25 mag (in non-heavily crowded regions), well below the MSTO of the oldest stellar

population, allowing us to investigate accurately even SCs with very low surface brightness. The

high resolution of STEP even at faint magnitudes makes it feasible to achieve a reliable accuracy

even for SCs of ∼ 100 solar masses, probing in detail a locus of the parameter space barely

explored with a conspicuous number of SCs.
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7.1 Construction of the SC sample

To achieve the proposed goals, we built a statistically significant sample of SCs, covering as much

as possible different regions of the SMC. We focused our research on all objects classified as star

clusters (i.e., those indicated with the letter C in the column type of the catalogue) by Bica

et al. [2020]. Then, we restricted the list to those SCs whose spatial positions overlapped with

tiles 3_3, 3_4, 3_5, 3_6, 3_7, 3_8, 4_4, 4_5, 4_6, 5_5, 5_6 [see Ripepi et al., 2014, their

Fig. 2 and Table 2 for the definition of the tiles].

Despite our efforts, we could not analyse all the 404 SCs present in Bica et al. [2020]’s

catalogue and falling on the above quoted tiles. In fact, we had to discard almost all the SCs

with a minor axis smaller than ∼ 0.5′, corresponding to about 40% of the starting list, because

they showed too noisy SBPs. Moreover, we had to reject also those SCs whose centres were too

close to the edges of the tile (∼10%) or which on the images did not appear as real SCs (∼10%).

At the end, we were left with 170 usable SCs. Figure 7.1 shows the SC relative positions with

respect to the SMC centre defined by classical Cepheids variables: (α0, δ0) = (12.54°, -73.11°),

[Ripepi et al., 2017]. This centre is very similar to the one adopted by Gonidakis et al. [2009]

based on K and M giants, i.e. (α0, δ0) = (12.75°, -73.10°).

7.2 Method

For each SC we derived the SBP (i.e. mag/arcsec2 as a function of the cluster-centric distance)

by means of integrated aperture photometry. After a careful analysis of SPBs in both the g and

i bands, we choose to work with the g−band, since the data in this filter provide significantly

less noisy SPBs for the large majority of the SCs in our sample. Detection of individual stars in

such distant and crowded clusters is biased by significant incompleteness, with strong variation

with distance from the cluster center. Integrated photometry overcomes this problem, allowing

a safe tracing of the light density distribution.

7.2.1 Star cluster centre estimation

The key to compute accurately the SBP of a SC is to carefully determine its centre. This sample

contains many SCs that are very patchy and irregular, making the centre estimation procedure

rather tricky. Since the majority is also asymmetric, it is unsuitable to make use of algorithms,

such as the mirror-autocorrelation method described by Djorgovski [1988] which takes advantage
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Figure 7.1: Positions of all 170 SCs studied in this paper, in a zenithal equidistant projection, with respect to the SMC

centre reported by Ripepi et al. [2017]. Small grey dots show the whole SC catalogue by Bica et al. [2020]. Blue crosses

represent SCs within an ellipse with its semimajor axis a = 1.5° and ellipticity e = 0.5, whereas red crosses are the SCs

outside the ellipse (see §C.2).
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of the symmetry to properly determine the centre of an object [Mackey and Gilmore, 2003a].

Therefore, we preferred to use individual star positions to locate the “centroid" of the cluster

and define it as SC centre. To this aim, we employed an iterated two dimensional KDE by using

the star coordinates R.A. and Dec as inputs to find the SC centre, with a technique similar to

that described in §3.2. As a starting point, we used the SC centres and major axes by Bica et al.

[2020] to build surface density maps via KDE, obtained by calculating its value in a circular

region centred on the SC with a radius twice its major axis. For each SC, we updated the SC

centre by assigning it the coordinates where the surface density map has its maximum, and we

repeated the same procedure until two successive estimated centres differ by less than 1′′. To

better assess the SC centre, we ran the KDE many times by varying the bandwidth of the kernel

function in the range 0.01′-0.4′. Finally, we took the mean of all centroids as our best estimate

for each SC centre.

To check the validity of this procedure, we compared our SC centres with those derived by

Carvalho et al. [2008], who have 19 SCs in common with our sample. The mean difference

between the two centre evaluations is below 2′′. In the second and third column of Tab. C.1 we

listed all SC centres determined with the described procedure.

7.2.2 Surface brightness determination.

We followed the procedure developed by [Djorgovski, 1988], which consists of dividing the entire

annulus in eight sectors of equal area and evaluating the flux in each of them. The flux in

each annulus was obtained through the open source photutils package [Bradley et al., 2019],

written in Python. The SB of an annulus is then the median of the eight fluxes, and we

adopted ∆µ = 1.4826 ·MAD, where MAD is the median absolute deviation, as their estimated

uncertainty. This technique mitigates the impact of very bright or foreground stars on the SBP.

Indeed, bright stars will increase the SB, and might generate artificial bumps in its shape, leading

to wrong physical interpretations. This effect could be dramatic in our selected sample of SCs,

since many of them have a low SB. The median ensures that sectors with such stars do not

dominate the budget of the estimated SB.

In order to evenly sample inner and outer regions, many authors [e.g., Carvalho et al., 2008,

Mackey and Gilmore, 2003a,b] utilized four sets of annuli of different thickness. Since many SCs

in our sample have a SB only marginally above the background level, in order to better assess

the SB value at a given radius we preferred to deal with 16 sets of annuli, having widths between

1.0′′ and 4.0′′ with a step size of 0.2′′. Since smaller annuli aim to sample the inner regions, we
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Figure 7.2: Example of the background subtraction procedure for NGC 419. The SBP calculated with the background

contribution is displayed with crosses, while the decontaminated one is in black dots. Errorbars mark the uncertainties

on the SBP as defined in the text. The horizontal line represents the estimated background as described in the text.

The vertical line shows the cluster-centric distance where the contaminated SBP intersects the background level.
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used those with sizes between 1.0′′-1.5′′ and 1.5′′-2.0′′ up to 20′′ and to 30′′ from the centre,

respectively. The remaining sets of annuli, i.e. those with sizes between 2.2′′ up to 4.0′′, need

to probe the outer regions, hence we constructed them up to 5′ from the centre of the cluster.

Once all annuli were produced, and SB was derived in each of them, we averaged all the values

in regular intervals of log10(r/arcsec) = 0.1. We performed a weighted mean to obtain our best

estimate of the SB and its error. Similarly, we used as cluster-centric radius the mean of all radii

within each interval of the binning procedure.

The SBP derived as described above is still affected by background contamination from field

stars and sky background that needs to be corrected before proceeding with the analysis. The

background level needs to be determined in a region well away from the cluster, and the VST

data are suitable for such requirements due to the large field of view. To this purpose, we

extended the annuli construction up to 300′′ for every SC and adopted as local background

the average flux measured between 150′′ and 300′′. This range of values is large enough to

be both statistically significant and robust against fluctuations (i.e. a rich SC located within

the background estimation area would have increased the sky level if the sampling regions were

smaller). Finally, the background level was subtracted from each annulus in order to get a

decontaminated SBP. Figure 7.2 shows an example of the background subtraction in the case

of NGC419. In detail, the figure shows the SBPs before (crosses) and after (filled circles) the

background subtraction, while the horizontal line shows the estimated background level.

Even though the procedure applied to obtain the SBP prevents saturated stars from dominat-

ing the luminosity budget, their effect must be carefully investigated. Shallow images provided

by the STEP survey (see §2.2) allow us the opportunity to evaluate the impact of their presence

in 11 SCs containing more than 5 saturated stars in the deep images, but not in the shallow

ones. Figure 7.3 shows the SBP derived with either shallow (red points) or deep (blue squares)

images for the SC NGC 376, and, apart from some barely visible differences, the overall SBP

shape is unchanged. We inspected shallow and deep images for all the 11 SCs with more than 5

saturated stars, not finding any remarkable difference, which led us to conclude that, with our

methodology, saturated stars do not alter our SBP shapes.

7.3 Fitting procedure

We adopted both EFF and King profiles to fit SBPs and to derive the SC structural parameters.

As the results obtained with the two different profiles are very close to each other, in the following
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Figure 7.3: SBPs derived with shallow (red points) and deep (blue squares) images for NGC376.
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we focus the discussion on the EFF profile in order to be consistent with previous works, since

most of them adopted only the EFF profile. A detailed report about the King profile is in §C.1.

7.3.1 EFF model

The EFF formulation is the following:

µ(r) = µ0 + 1.25γ log

(
1 +

r2

α2

)
(7.1)

where µ(r) is the SB expressed in mag/arcsec2 at a given distance r from the cluster centre.

µ0, γ and α are, respectively, the central SB, the dimensionless slope of the power-law and a

parameter (expressed in arcsec) related to the core radius rc, which is the cluster-centric distance

where the surface brightness has half of its central value, through the relation

rc = α
√
22/γ − 1 (7.2)

These three parameters have been derived via a non-linear least squares method through a χ2

minimization. As it would not be appropriate to perform the fit all along the SBP, since it

extends well beyond the cluster limit, we set a limiting radius, hereafter called fitting radius

(rf), within which we executed the fit. To estimate its value we adopted the local background

estimated for each cluster, and set as rf the distance from the cluster centre where the original

SBP (i.e. not subtracted) reaches it or when µ(r)−∆µ(r) is smaller than the background level

in two consecutive bins. These requirements may fail when two SCs are too close in projection:

the SBP increases again at the distance where the annuli begin to incorporate stars belonging to

the nearby cluster. Overall, the net effect is an unrealistically large rf , thus forcing us to set the

fitting radius by hand for these SCs. The SC luminosity comes from the integration of eq. 7.1,

at the limit of rf to infinity and yields:

L∞ =
2π10−0.4µα2

γ − 2
(7.3)

provided that γ > 2, otherwise the luminosity becomes infinite.1 To calculate the extinction-

corrected total luminosity, we adopted the extinction values obtained through the procedure

described in §7.4.2 when available, or the extinction maps provided by Schlegel et al. [1998],

re-calibrated by Schlafly and Finkbeiner [2011], otherwise.

To convert rc from arcseconds to a real physical size expressed in parsec (pc), we needed the

distance modulus (DM) of the cluster. As a first approximation, we adopted the same DM for
1We set γ = 2 as lowest bound limit in the curve fitting to avoid negative luminosities.
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all SCs, i.e. DM = 18.98 mag, corresponding to the SMC centre distance, recently estimated

by Graczyk et al. [2020] (see also discussion in §7.4). To be conservative, we considered an error

on the DM of ∆DM = 0.4 mag, corresponding to about 25 kpc at the SMC distance, in order

to take into account also the depth of the SMC along the line of sight. The derived values of

µ0, α, γ for the EFF models are listed in Table C.1, while rc and L∞ are reported in the first

columns of Table 7.1.

We pointed out that for H86-6 and H86-11 we were not able to perform the fit of the g SBP

because it was too noisy. For these SCs, we adopted the i-band SBP to derive their structural

parameters.

7.3.2 Comparison with literature

We compared the results on the main properties of SCs with those existing in the literature for

SCs in common with our sample. Since 62 SCs were analyzed for the first time in this work,

the comparison was carried out with the remaining ∼ 100. The literature studies considered

here include Mackey and Gilmore [2003b]; Hill and Zaritsky [2006]; Carvalho et al. [2008]; Glatt

et al. [2009]; Santos et al. [2020], who derived the main structural parameters in a homogeneous

way for several SMC SCs using EFF profiles. The top panel of Fig. 7.4 displays the comparison

between our rc obtained via the EFF profile and the literature ones, with the exception of Hill

and Zaritsky [2006], which will be discussed separately. To make the comparison with previous

works meaningful, we homogenized the core radii, recalculating the literature values for the SMC

distance modulus we have adopted. 2 An inspection of Fig. 7.4 reveals that our core radii are

nicely consistent within the errors with those estimated in the literature. Indeed, the average

residual between our and the literature values is 0.01 ± 0.52 pc, corresponding to less than 2%

in terms of fractional residuals.

The bottom panel of Fig. 7.4 shows the comparison between our and Hill and Zaritsky [2006]’s

core radii values. In this case, we were not able to adjust their core radii to our SMC distance,

since they did not give information on their adopted distance. The figure shows that our rc

are systematically lower (−1.05 ± 3.86 pc). Although the large uncertainties prevent us from

determining whether the offset is real or not, we speculate that this systematic difference might

originate from the different assumption of the SMC DM by Hill and Zaritsky [2006]. Furthermore,

2Mackey and Gilmore [2003b]; Glatt et al. [2009] and Santos et al. [2020] set the SMC distance modulus to

DM = 18.88−18.9−18.96 mag, respectively. Carvalho et al. [2008] did not provide information on their adopted

SC distances.



7.3. Fitting procedure 165

Figure 7.4: Top: Comparison of our core radii (y-axis) with values in the literature (x-axis). Different works are marked

with different colours. Bottom: Comparison of our core radii with those taken from Hill and Zaritsky [2006]. Note that

this panel is in logarithmic scale.
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their work is based on the Magellanic Clouds Photometric Survey (MCPS), which is significantly

shallower than the STEP survey3. This occurrence might be responsible for the large scatter

observed between the results based on the two surveys. Indeed, also Santos et al. [2020], using

data from the VISCACHA survey, found significant residuals (1.1± 2.7 pc, see their Fig.6), with

respect to Hill and Zaritsky [2006].

7.4 Analysis of the CMD

We exploited the SC CMDs to extract additional fundamental physical parameters, such as the

age and the mass. To this aim, the common procedure is to use the CMD to estimate the SC age

from isochrone fitting and then to convert the integrated SC luminosity into total mass by adopt-

ing a mass-to-light ratio (MLR)-age-metallicity relation [e.g., Santos et al., 2020] or alternatively

to use integrated colors [e.g., Roediger and Courteau, 2015]. However, these procedures are not

usable for SCs with masses lower than ∼5000 M⊙ as the stochasticity in the stellar luminosity

function can produce substantial systematics in the inferred SC mass [Fouesneau and Lançon,

2010, Fouesneau et al., 2014, Krumholz et al., 2015, Silva-Villa and Larsen, 2011]. Since our

sample includes many low mass SCs, we decided to follow a different procedure, adopting the

Automated Stellar Cluster Analysis (ASteCA) open source python package [Perren et al., 2015].

This tool generates synthetic SCs from a set of theoretical isochrones and performs an automatic

isochrone fitting procedure. A genetic algorithm is used to find the best solution [see Perren

et al., 2015, for full details]. The great advantage of using ASteCA is that in practice it provides

simultaneously an estimate of the age, reddening, mass and their uncertainties by taking into

account the inherently stochastic process of the isochrone fitting procedure, as a synthetic cluster

is generated from a stochastically sampled initial mass function (IMF)4 [see Sect. 2.9.1 in Perren

et al., 2015]. In the following two sections we describe the procedure employed to derive SC ages

and masses.

7.4.1 Visual isochrone fitting

We carefully examined the CMD of each SC in our sample before running ASteCA, with the aim

of performing in advance a visual isochrone fitting procedure. Such results have been used as

priors for ASteCA in order to make it quicker, and to avoid that the software could catch in a

3The MCPS has a completeness at ∼50% for V∼21 mag [Zaritsky et al., 1997]
4We adopted a Kroupa [2001] IMF.
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local minimum, far away from the actual solution. This section describes the steps we performed

to get SC ages from a visual ischrone fitting.

The CMD of a SC is contaminated by background/foreground stars belonging to the field of

the host galaxy (the SMC in our case). In order to obtain reliable ages, non-cluster members

should be statistically removed, especially for less populous SCs where the expected fraction of

field stars is relatively high. To this aim we adopted the procedure developed by Piatti and Bica

[2012] (already described in §4.1.1), which allows us to estimate the membership probability

P of each SC star, permitting us to carry out the isochrone comparison procedure using only

stars with the highest membership probability. We made use of the PARSEC models [Bressan

et al., 2012]5 to visually identify the isochrone of a given age and metallicity6 that best fits the

distribution of SC stars with P > 60%, in the CMD. To reduce the wide space of parameters

affecting the shape of an isochrone, we fixed the DM for all SCs to DM = 18.98 mag [Graczyk

et al., 2020], and we made use of an AMR derived for the SMC SCs [Parisi et al., 2015] to fix

the metal-content of the SCs, as well. Although the SMC has a considerable extension along

the line of sight [see e.g., Haschke et al., 2012, Jacyszyn-Dobrzeniecka et al., 2016, Ripepi et al.,

2017, Subramanian and Subramaniam, 2012, and references therein], we estimated the total

age uncertainty of the visual fitting procedure to be ∆ log(t) = 0.2 dex, which comprises both a

statistical error of 0.1 dex originating from the method, and a further 0.1 dex to take into account

the fixed DM for the galaxy.7 We varied the age and reddening of the isochrones looking for

the one best matching the following key evolutionary sequences: main sequence (MS), turn-off

(TO) point, subgiant branch, blue loop (BL) and red clump (RC). These sequences have been

used to aid the visual fitting procedure, which was performed by the authors independently, in

order to check the resulting reliability/uncertainty. For 36 SCs we were not able to derive even

a rough estimate of the age, as their CMDs present none or too few stars on the above quoted

key evolutionary stellar phases. Therefore, we conservatively decided to exclude them from the

analysis with ASteCA. For these 36 clusters we only provide the structural parameters derived

through the study of their SBPs.

5http://stev.oapd.inaf.it/cgi-bin/cmd
6We corrected the isochrones for the adopted distance and the colour excess through the relations g = giso +

DM + Rg × E(B − V ) and E(g − i) = (Rg − Ri) × E(B − V ) with Rg = 3.303 and Ri = 1.698 [Schlafly and

Finkbeiner, 2011].
7An error of 0.1 dex in the age estimate is the result of a ∆DM∼0.4 mag at the SMC distance.
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7.4.2 Analysis of the CMD with ASteCA

The 134 SCs with an age estimate from visual isochrone fitting of their CMD have been further

analyzed with ASteCA with the main scope of deriving their ages and masses as well as the proper

uncertainties by means of an objective methodology.8 To use the ASteCA package we have first

to define a list of priors for the relevant SCs quantities to be estimated. In more detail, we fixed

the metallicity as already done in §7.4.1 but we let the DM vary in the 18.6 ≤ DM ≤ 19.2 mag

interval9, in order to correct any bias we introduced in the visual fitting procedure by fixing it.

The reddening values were allowed to vary in the range 0 ≤ E(B − V ) ≤ 0.3 mag. Priors on

the SC ages were of log(t)± 0.6 dex, (i.e. 3σ), around the age estimated in the previous section

through the visual fitting procedure. Finally, we allowed the SC total mass to vary over a large

interval, i.e. 10 ≤ (M/M⊙) ≤ 106.10 Results from the CMD fitting by means of the ASteCA

package are listed in Table 7.1.

7.4.3 Comparison with previous studies

We compared the ages derived from our CMDs with those present in the literature. To this aim we

selected the works by Chiosi et al. [2006]; Glatt et al. [2010]; Perren et al. [2017] and Nayak et al.

[2018] who presented ages for a significant number of SCs using the isochrone fitting procedure

(visual or automatic). We note that Nayak et al. [2018]’s errors are between 0.24 and 0.26 dex in

log(t), hence we adopted a mean of 0.25 dex for all their SCs, while for Glatt et al. [2010]’s SCs

we adopted a mean error of 0.3 dex, i.e. their lowest error. The left panel of Fig. 7.5 shows the

comparison between our results and those by Chiosi et al. [2006]; Glatt et al. [2010] and Nayak

et al. [2018]. It can be clearly seen that, except for a few cases, our age estimates are in very

good agreement with those from the literature up to 1 Gyr, whereas for older ages, the difference

becomes noticeable. This discrepancy is likely due to the too shallow photometry analysed in

the quoted works, which makes it unfeasible to correctly detect the MSTO for SCs older than

1 Gyr. Indeed, Glatt et al. [2010] pointed out the difficulty to derive ages of intermediate-age

clusters with their MCPS data (see their Sect. 2). In contrast, the comparison with Perren

et al. [2017],11 displayed in the right panel of Fig. 7.5, shows very good agreement for the whole

range of ages derived in this work. Concerning the estimated total masses, Fig. 7.6 (left panel)

8We adopted the same set of PARSEC isochrones utilized in §7.4.1.
9All priors indicated in the text are flat.

10We checked that estimated masses did not change within uncertainties with a different prior selection.
11Their data set consists of CT1 Washington photometry, compiled on the basis of 19 previous works.
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Figure 7.5: Comparison between our age estimates (y-axis) with those taken from the literature (x-axis). Different works

are marked with different colours. The black dashed line indicates the one-to-one relationship. Residuals are to be read

as our work minus literature. Note that residuals in the left panel have been calculated using only SCs younger than 1

Gyr.

Figure 7.6: Comparison between our mass estimates (y-axis) with those taken from the literature (x-axis). Different

works are marked with different colours. The black dashed line indicates the one-to-one relationship. Residuals are to

be read as our work minus literature.
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shows the comparison between our results and those by Maia et al. [2014] and Song et al. [2021]

for the samples of SCs in common. Maia et al. [2014] provided SC masses derived through

star counts integrated down to 0.1 M⊙, while Song et al. [2021] obtained dynamical masses

through spectroscopic measurements of radial velocities of the individual member stars. The

figure shows a very good agreement between this work and the two quoted investigations, with

an average of the residuals (our work minus literature) equal to -0.06±0.34 dex, i.e. without

any systematic difference over a very broad range of masses, down to few hundreds of solar

masses. In addition, we also considered the works by Mackey and Gilmore [2003b], Carvalho

et al. [2008] and Santos et al. [2020], which provided mass estimates trough a MLR by using the

total cluster luminosity estimated from the EFF model fitting. The result of this comparison is

presented in the right panel of Fig. 7.6, which shows an overall overestimate of the masses in

the aforementioned investigations with respect to this work, even if a relatively high scatter is

present. The comparison of the masses with 4 SCs in common between Song et al. [2021], Mackey

and Gilmore [2003b] and Carvalho et al. [2008], revealed that the latter two works derived larger

masses also with respect to the dynamical estimates, i.e. ∆ logM = 0.37 dex for Mackey and

Gilmore [2003b] and ∆ logM = 0.27 dex for Carvalho et al. [2008]. As dynamical masses are

more reliable than those derived through integrated properties, the good agreement displayed in

the left panel of the figure makes us confident about our mass assessment.

7.5 Results

The SC parameters derived from the SBP fitting are shown in Table C.1, along with the radius

fitting, the coordinates and the tile hosting the SC. The physical SC parameters, like their sizes,

luminosities and masses are, instead, listed in Table 7.1. The best fit profiles for all SCs are

depicted in Fig.C.2 for both EFF and King models. Again, throughout this section we provide

results obtained with the EFF profiles. For completeness, a discussion about quantities obtained

with the King profile is presented in §C.1.

7.5.1 Core radius evolution with age: is it mass dependent?

An expansion of the core radius is expected to take place after a few hundreds of Myr. Besides

the MCs, Ryon et al. [2015] analyzed a large sample of young (log(t) ≤ 8.5 dex) and massive

(log(M/M⊙) ≥ 104) SCs in M83, and found evidence of an increasing trend between core radius

and age. Ryon et al. [2017] noticed a similar trend in NGC 628 and NGC 1313 again with
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EFF KING CMD

ID rc log(L/L⊙) rc c rh log(L/L⊙) log (t) E(B-V) Z log(M/M⊙) log(M/L) log(trh)

(pc) (pc) (pc) (mag)

B10 0.2 ± 0.2 3.95 ± 0.59 0.2 ± 0.2 1.6 ± 0.8 0.7 ± 0.3 3.87 ± 0.30 9.48
+0.17
−0.39

0.11 0.002 3.03
+0.39
−0.58

-0.92 6.86

B100 0.7 ± 0.1 4.18 ± 0.34 0.6 ± 0.1 1.0 ± 0.1 1.1 ± 0.2 4.16 ± 0.18 8.00
+0.15
−0.20

0.09 0.004 3.12
+0.23
−0.42

-1.06 7.05

B103 0.9 ± 0.2 - 1.4 ± 0.5 0.8 ± 0.3 1.8 ± 0.5 3.87 ± 0.28 8.24
+0.32
−0.10

0.20 0.004 2.95
+0.28
−0.46

-0.92 7.33

B105 0.8 ± 0.2 4.11 ± 0.88 0.9 ± 0.2 1.1 ± 0.2 1.6 ± 0.4 3.83 ± 0.20 7.67
+0.31
−0.23

0.05 0.004 3.03
+0.26
−0.44

-1.08 7.26

B108 1.3 ± 0.4 - 2.0 ± 1.0 0.7 ± 0.6 2.1 ± 0.7 3.42 ± 0.34 9.39
+0.01
−0.04

0.06 0.002 3.62
+0.21
−0.40

0.20 7.79

B111 0.8 ± 0.2 - 1.2 ± 0.4 0.9 ± 0.4 1.5 ± 0.4 3.00 ± 0.25 9.13
+0.13
−0.11

0.12 0.002 2.62
+0.34
−0.52

-0.38 7.19

B113 1.0 ± 0.3 3.52 ± 0.39 1.2 ± 0.4 0.7 ± 0.2 1.3 ± 0.3 3.47 ± 0.27 9.04
+0.04
−0.05

0.05 0.002 3.29
+0.25
−0.43

-0.22 7.35

B115 1.0 ± 0.4 - 1.6 ± 0.8 0.8 ± 0.6 2.0 ± 0.7 4.11 ± 0.35 - - - - - -

B117 1.0 ± 0.2 4.19 ± 0.75 1.3 ± 0.3 0.9 ± 0.2 1.8 ± 0.4 3.94 ± 0.20 8.17
+0.15
−0.24

0.09 0.004 3.08
+0.40
−0.59

-1.11 7.37

B119 - - 2.9 ± 2.4 0.1 ± 0.4 1.4 ± 0.4 2.95 ± 5.09 - - - - - -

B12 - - 2.4 ± 2.0 0.3 ± 0.6 1.7 ± 0.6 3.20 ± 0.88 9.46
+0.26
−0.09

0.14 0.002 3.13
+0.46
−0.64

-0.07 7.49

B121 1.3 ± 0.4 4.33 ± 0.66 2.7 ± 0.8 0.3 ± 0.1 1.9 ± 0.4 4.16 ± 0.60 7.92
+0.18
−0.13

0.11 0.004 2.93
+0.28
−0.47

-1.40 7.36

B122 2.1 ± 1.0 - 6.2 ± 4.7 0.4 ± 0.7 4.8 ± 1.7 3.83 ± 0.50 8.21
+0.32
−0.34

0.07 0.004 3.30
+0.24
−0.43

-0.52 8.11

B124 1.2 ± 0.3 3.63 ± 0.37 2.0 ± 0.6 0.4 ± 0.2 1.6 ± 0.3 3.57 ± 0.46 8.08
+0.20
−0.35

0.10 0.004 2.35
+0.51
−0.70

-1.29 7.06

B128 - - 2.9 ± 1.9 0.3 ± 0.4 2.0 ± 0.6 3.52 ± 0.98 8.02
+0.15
−0.29

0.12 0.004 2.71
+0.33
−0.52

-0.81 7.33

B137 0.8 ± 0.2 - 1.2 ± 0.3 1.0 ± 0.3 1.8 ± 0.4 3.65 ± 0.21 - - - - - -

B165 1.1 ± 0.3 3.09 ± 0.32 1.5 ± 0.5 0.6 ± 0.2 1.5 ± 0.3 3.08 ± 0.32 - - - - - -

B18 0.7 ± 0.2 3.29 ± 0.43 0.8 ± 0.2 0.7 ± 0.3 0.8 ± 0.2 3.20 ± 0.23 9.72
+0.27
−0.65

0.10 0.002 2.93
+0.67
−0.86

-0.36 6.97

B21 0.8 ± 0.4 3.39 ± 2.32 2.5 ± 1.2 0.0 ± 0.2 1.1 ± 0.2 2.85 ± 6.51 9.49
+0.11
−0.49

0.05 0.002 2.81
+0.45
−0.63

-0.57 7.05

B22 0.2 ± 0.1 - 0.3 ± 0.1 1.2 ± 0.3 0.6 ± 0.1 3.27 ± 0.21 9.97
+0.09
−0.24

0.12 0.002 3.42
+0.53
−0.71

0.16 6.95

B26 0.6 ± 0.2 2.98 ± 0.87 1.5 ± 0.5 0.2 ± 0.2 0.9 ± 0.2 2.67 ± 1.09 - - - - - -

B34A 0.8 ± 0.3 3.55 ± 0.30 1.7 ± 0.9 0.3 ± 0.3 1.1 ± 0.3 3.55 ± 1.29 - - - - - -

B39 1.5 ± 0.3 - 2.2 ± 0.6 0.9 ± 0.3 2.9 ± 0.6 4.09 ± 0.22 8.67
+0.20
−0.04

0.13 0.004 3.39
+0.26
−0.45

-0.70 7.85

B52 4.1 ± 1.3 - 10.6 ± 8.1 0.3 ± 0.6 6.3 ± 2.1 4.40 ± 1.15 - - - - - -

B65 1.3 ± 0.2 4.49 ± 0.26 1.4 ± 0.3 0.6 ± 0.1 1.5 ± 0.3 4.48 ± 0.22 - - - - - -

B70 0.5 ± 0.1 3.74 ± 1.01 0.5 ± 0.1 1.7 ± 0.1 1.4 ± 0.2 3.45 ± 0.15 9.64
+0.14
−0.19

0.07 0.002 2.97
+0.42
−0.61

-0.77 7.30

B71 1.8 ± 0.4 4.65 ± 0.24 2.8 ± 0.7 0.4 ± 0.1 2.2 ± 0.4 4.66 ± 0.51 7.53
+0.28
−0.18

0.13 0.004 3.01
+0.25
−0.44

-1.63 7.45

B79 1.3 ± 0.3 4.56 ± 0.60 1.3 ± 0.4 1.1 ± 0.3 2.3 ± 0.5 4.45 ± 0.22 7.70
+0.32
−0.25

0.05 0.004 2.98
+0.25
−0.43

-1.57 7.49

B80 0.6 ± 0.3 - 0.9 ± 0.4 1.0 ± 0.6 1.4 ± 0.5 3.52 ± 0.32 9.08
+0.27
−0.18

0.14 0.002 2.84
+0.44
−0.62

-0.68 7.20

B9 1.0 ± 0.5 3.73 ± 1.56 2.7 ± 1.1 0.3 ± 0.2 1.8 ± 0.4 3.36 ± 0.92 - - - - - -

B96 2.6 ± 0.5 4.24 ± 0.28 4.2 ± 1.0 0.4 ± 0.1 3.1 ± 0.6 4.21 ± 0.51 8.27
+0.00
−0.16

0.18 0.004 3.26
+0.26
−0.44

-0.98 7.82

B97 1.4 ± 0.5 - 3.1 ± 2.1 0.3 ± 0.5 1.9 ± 0.6 3.14 ± 1.05 - - - - - -

B99 1.4 ± 0.4 4.43 ± 0.99 1.8 ± 0.6 0.8 ± 0.3 2.3 ± 0.6 4.11 ± 0.26 8.25
+0.24
−0.32

0.19 0.004 3.23
+0.32
−0.51

-1.20 7.62

BS102 1.2 ± 0.4 3.73 ± 2.07 1.7 ± 0.7 0.7 ± 0.5 1.7 ± 0.4 3.17 ± 0.29 8.37
+0.28
−0.32

0.06 0.004 2.56
+0.35
−0.53

-1.17 7.18

BS128 - - 1.1 ± 0.7 0.8 ± 1.3 1.0 ± 0.2 3.11 ± 0.37 8.35
+0.32
−0.36

0.10 0.004 2.23
+0.44
−0.62

-0.89 6.73

BS131 1.3 ± 0.3 4.04 ± 0.62 2.3 ± 1.1 0.3 ± 0.3 1.5 ± 0.3 3.83 ± 0.84 - - - - - -

BS138 3.5 ± 0.9 - 6.0 ± 4.8 0.4 ± 0.8 4.1 ± 1.2 3.85 ± 0.55 9.53
+0.03
−0.04

0.12 0.002 3.68
+0.22
−0.41

-0.17 8.26

BS2 1.1 ± 0.3 2.94 ± 0.43 1.1 ± 0.4 0.9 ± 0.4 1.6 ± 0.4 2.89 ± 0.27 - - - - - -

BS276 0.5 ± 0.1 4.19 ± 0.50 0.5 ± 0.1 1.2 ± 0.1 1.0 ± 0.2 4.15 ± 0.17 8.38
+0.24
−0.32

0.10 0.004 3.01
+0.28
−0.47

-1.18 6.99

BS76 1.7 ± 0.4 3.78 ± 0.48 1.9 ± 0.5 0.8 ± 0.3 2.4 ± 0.6 3.69 ± 0.22 8.15
+0.17
−0.27

0.05 0.004 2.95
+0.30
−0.49

-0.83 7.53

BS88 1.2 ± 0.4 - 2.3 ± 1.7 0.3 ± 0.6 1.3 ± 0.4 3.13 ± 0.85 9.56
+0.05
−0.16

0.12 0.002 3.20
+0.37
−0.55

0.07 7.35

H86-11 0.5 ± 0.3 - 0.9 ± 0.5 0.9 ± 0.5 1.3 ± 0.5 2.80 ± 0.37 - - - - - -

H86-114 1.4 ± 0.3 - 2.2 ± 0.6 0.7 ± 0.3 2.5 ± 0.6 4.05 ± 0.25 8.34
+0.26
−0.37

0.06 0.004 2.79
+0.24
−0.42

-1.26 7.50

H86-137 0.8 ± 0.2 4.28 ± 1.05 0.9 ± 0.2 1.3 ± 0.2 1.5 ± 0.3 3.87 ± 0.16 9.14
+0.02
−0.01

0.13 0.002 3.52
+0.28
−0.47

-0.76 7.50

H86-146 0.4 ± 0.2 - 0.6 ± 0.3 1.3 ± 0.4 1.4 ± 0.4 4.11 ± 0.26 - - - - - -

H86-150 0.9 ± 0.3 - 1.5 ± 0.6 0.8 ± 0.4 1.8 ± 0.5 3.91 ± 0.31 7.62
+0.16
−0.09

0.12 0.004 2.92
+0.26
−0.44

-0.99 7.31

H86-159 1.6 ± 0.4 3.60 ± 0.43 2.0 ± 0.7 0.6 ± 0.3 2.0 ± 0.6 3.51 ± 0.30 - - - - - -

H86-165 1.7 ± 0.7 - 2.5 ± 1.4 0.6 ± 0.6 2.6 ± 0.9 3.79 ± 0.39 8.08
+0.23
−0.26

0.10 0.004 2.94
+0.27
−0.46

-0.85 7.57

H86-174 1.3 ± 0.3 4.64 ± 2.49 1.8 ± 0.6 0.7 ± 0.3 2.0 ± 0.5 3.85 ± 0.25 8.58
+0.13
−0.08

0.19 0.002 2.92
+0.32
−0.51

-1.73 7.44

H86-175 0.9 ± 0.2 3.56 ± 0.19 1.3 ± 0.3 0.4 ± 0.1 0.9 ± 0.2 3.55 ± 0.51 - - - - - -

H86-179 1.2 ± 0.5 3.72 ± 0.81 2.6 ± 1.9 0.2 ± 0.4 1.6 ± 0.4 3.53 ± 1.73 - - - - - -

H86-181 0.5 ± 0.2 4.23 ± 0.81 0.6 ± 0.2 1.2 ± 0.3 1.1 ± 0.3 4.01 ± 0.22 - - - - - -

H86-182 2.3 ± 0.6 4.44 ± 0.71 3.1 ± 1.1 0.6 ± 0.3 3.2 ± 0.7 4.22 ± 0.29 - - - - - -

H86-186 1.1 ± 0.2 4.11 ± 0.33 1.2 ± 0.2 0.8 ± 0.1 1.5 ± 0.3 4.08 ± 0.19 8.21
+0.28
−0.18

0.11 0.004 3.15
+0.28
−0.46

-0.96 7.30

H86-190 0.6 ± 0.2 - 1.0 ± 0.5 0.7 ± 0.5 1.1 ± 0.3 3.54 ± 0.32 7.66
+0.32
−0.29

0.05 0.004 2.30
+0.38
−0.56

-1.24 6.75

H86-191 - - 2.0 ± 1.5 0.3 ± 0.5 1.3 ± 0.4 3.28 ± 1.16 8.04
+0.44
−0.31

0.08 0.004 2.53
+0.24
−0.43

-0.75 7.00

H86-193 1.8 ± 0.4 3.75 ± 0.49 2.3 ± 0.7 0.6 ± 0.3 1.9 ± 0.4 3.62 ± 0.25 8.06
+0.31
−0.34

0.14 0.004 2.78
+0.27
−0.45

-0.98 7.31

H86-194 0.7 ± 0.4 - 2.3 ± 1.1 0.1 ± 0.2 1.1 ± 0.2 3.27 ± 2.82 8.07
+0.32
−0.27

0.07 0.004 2.36
+0.42
−0.60

-0.92 6.85

H86-213 0.3 ± 0.1 - 0.5 ± 0.2 1.3 ± 0.3 1.0 ± 0.2 2.99 ± 0.20 8.40
+0.20
−0.28

0.12 0.004 2.74
+0.26
−0.45

-0.25 6.92

H86-6 1.2 ± 0.3 2.57 ± 0.37 2.4 ± 0.9 0.2 ± 0.2 1.4 ± 0.3 2.48 ± 1.43 9.44
+0.07
−0.22

0.08 0.002 2.86
+0.34
−0.52

0.29 7.24

H86-60 - - 1.5 ± 1.1 0.3 ± 0.5 0.9 ± 0.3 2.84 ± 1.24 - - - - - -

H86-74 0.9 ± 0.2 4.77 ± 0.82 1.0 ± 0.2 1.1 ± 0.2 1.7 ± 0.3 4.51 ± 0.18 7.92
+0.12
−0.14

0.14 0.004 2.66
+0.37
−0.56

-2.10 7.20

H86-86 0.3 ± 0.1 2.83 ± 0.62 0.4 ± 0.2 0.9 ± 0.4 0.6 ± 0.1 2.68 ± 0.26 - - - - - -

H86-87 1.7 ± 0.6 - 4.1 ± 3.5 0.3 ± 0.6 2.5 ± 0.8 3.81 ± 1.07 8.26
+0.21
−0.30

0.15 0.004 2.92
+0.27
−0.46

-0.89 7.54

H86-97 1.5 ± 0.4 - 2.7 ± 0.9 0.5 ± 0.2 2.2 ± 0.5 4.39 ± 0.35 7.92
+0.27
−0.00

0.22 0.004 3.10
+0.29
−0.47

-1.29 7.52

Table 7.1: In the first column we report the SC ID as taken from Bica et al. [2020]. SC properties derived through

EFF models: core radius and total luminosity are in the second and third column, respectively. SC properties obtained

through King’s profile are listed in the fourth to the seventh column, i.e., the core radius, concentration parameter, the

half-light radius and luminosity, respectively. Then we list parameters derived through ASteCA, namely, age, reddening,

metallicity and mass. Mass-to-light ratio was derived by using the total luminosity derived from the EFF model when

available, or through the King model, otherwise. Finally, in the last columns, we indicate the relaxation time.
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ID rc log(L/L⊙) rc c rh log(L/L⊙) log (t) E(B-V) Z log(M/M⊙) log (M/L) log(trh)

(pc) (pc) (pc) (mag)

HW10 3.0 ± 0.7 - 4.4 ± 1.4 0.8 ± 0.3 5.7 ± 1.4 3.92 ± 0.26 9.59
+0.25
−0.09

0.09 0.002 4.29
+0.37
−0.56

0.38 8.72

HW11 3.6 ± 1.3 - 5.4 ± 2.5 0.9 ± 0.6 7.1 ± 2.3 4.22 ± 0.36 - - - - - -

HW14 7.1 ± 2.2 - 13.6 ± 10.0 0.4 ± 0.7 9.6 ± 2.7 4.27 ± 0.52 9.50
+0.01
−0.02

0.12 0.002 4.23
+0.24
−0.43

-0.04 9.03

HW18 0.5 ± 0.1 - 0.8 ± 0.3 0.8 ± 0.3 1.0 ± 0.3 2.72 ± 0.27 - - - - - -

HW22 1.0 ± 0.2 3.86 ± 0.58 0.9 ± 0.2 1.3 ± 0.1 1.9 ± 0.4 3.78 ± 0.17 9.41
+0.03
−0.03

0.02 0.002 3.59
+0.26
−0.45

-0.27 7.73

HW26 0.2 ± 0.0 4.11 ± 0.49 - - - - - - - - - -

HW34 - - 1.9 ± 1.4 0.2 ± 0.5 1.0 ± 0.3 2.90 ± 2.17 9.58
+0.07
−0.09

0.06 0.002 3.35
+0.38
−0.56

0.45 7.20

HW35 0.9 ± 0.2 3.61 ± 0.62 0.9 ± 0.2 1.1 ± 0.2 1.4 ± 0.3 3.47 ± 0.17 8.18
+0.31
−0.33

0.12 0.004 2.81
+0.29
−0.48

-0.81 7.14

HW36 0.9 ± 0.2 3.12 ± 0.29 1.2 ± 0.5 0.5 ± 0.2 1.1 ± 0.3 3.09 ± 0.40 9.12
+0.19
−0.11

0.09 0.002 2.74
+0.48
−0.67

-0.37 7.04

HW37 - - 3.4 ± 2.7 0.2 ± 0.4 2.1 ± 0.6 4.15 ± 2.30 7.60
+0.28
−0.38

0.11 0.004 2.30
+0.38
−0.56

-1.84 7.21

HW38 2.4 ± 0.7 3.64 ± 0.99 3.3 ± 1.8 0.6 ± 0.6 2.9 ± 0.9 3.38 ± 0.33 9.59
+0.03
−0.31

0.06 0.002 3.72
+0.29
−0.48

0.07 8.06

HW40 1.6 ± 0.3 3.59 ± 0.53 1.7 ± 0.3 1.1 ± 0.1 2.9 ± 0.5 3.51 ± 0.17 9.43
+0.08
−0.04

0.04 0.002 3.53
+0.24
−0.43

-0.06 7.96

HW41 2.8 ± 0.9 - 5.6 ± 2.3 0.8 ± 0.5 6.4 ± 1.7 3.89 ± 0.31 9.56
+0.06
−0.08

0.08 0.002 3.85
+0.24
−0.43

-0.04 8.63

HW43 1.6 ± 0.4 - 2.6 ± 0.9 0.6 ± 0.3 2.6 ± 0.7 3.71 ± 0.29 8.08
+0.19
−0.09

0.06 0.004 3.11
+0.26
−0.45

-0.60 7.63

HW44 1.4 ± 0.6 - 4.3 ± 3.5 0.2 ± 0.6 2.5 ± 0.8 3.57 ± 1.22 8.63
+0.14
−0.36

0.11 0.004 2.71
+0.35
−0.53

-0.87 7.51

HW48 1.0 ± 0.2 4.06 ± 0.74 0.9 ± 0.2 1.4 ± 0.2 1.9 ± 0.4 3.90 ± 0.16 8.11
+0.07
−0.23

0.10 0.004 3.01
+0.30
−0.48

-1.05 7.40

HW50 1.1 ± 0.7 - 3.6 ± 3.4 0.5 ± 1.0 3.0 ± 1.0 3.46 ± 0.49 8.14
+0.07
−0.26

0.11 0.004 2.65
+0.25
−0.44

-0.81 7.57

HW52 1.9 ± 0.5 3.98 ± 0.64 4.3 ± 1.6 0.2 ± 0.2 2.6 ± 0.5 3.80 ± 1.19 8.14
+0.32
−0.22

0.04 0.004 2.77
+0.35
−0.54

-1.21 7.52

HW53 1.3 ± 0.3 3.19 ± 0.74 2.2 ± 0.9 0.3 ± 0.3 1.3 ± 0.3 2.88 ± 0.70 9.58
+0.03
−0.19

0.03 0.002 3.27
+0.38
−0.57

0.08 7.37

HW54 1.9 ± 0.8 - - - - - 9.43
+0.24
−0.01

0.11 0.002 3.35
+0.25
−0.43

-2.03 8.13

HW55 2.1 ± 0.6 - 5.3 ± 2.8 0.2 ± 0.4 3.1 ± 0.8 3.50 ± 1.07 9.19
+0.07
−0.11

0.08 0.002 2.86
+0.28
−0.47

-0.64 7.75

HW59 - - 0.6 ± 0.2 0.2 ± 0.1 0.4 ± 0.1 2.57 ± 1.60 - - - - - -

HW61 1.8 ± 0.6 4.36 ± 2.27 3.7 ± 1.6 0.2 ± 0.3 2.3 ± 0.5 3.76 ± 1.10 7.93
+0.24
−0.00

0.11 0.004 3.02
+0.31
−0.49

-1.35 7.50

HW68 0.7 ± 0.3 - 1.2 ± 0.7 0.8 ± 0.6 1.5 ± 0.5 3.06 ± 0.42 - - - - - -

HW74 2.3 ± 0.8 4.08 ± 1.81 3.7 ± 1.8 0.5 ± 0.4 3.3 ± 0.9 3.61 ± 0.42 7.43
+0.16
−0.32

0.09 0.004 2.67
+0.32
−0.51

-1.41 7.59

HW78 0.8 ± 0.2 3.66 ± 0.32 0.8 ± 0.3 0.9 ± 0.2 1.2 ± 0.2 3.64 ± 0.24 7.13
+0.45
−0.11

0.09 0.004 2.31
+0.38
−0.57

-1.35 6.79

HW8 1.0 ± 0.3 - 1.4 ± 0.4 1.4 ± 0.3 3.3 ± 0.8 4.24 ± 0.22 7.81
+0.18
−0.03

0.07 0.004 3.49
+0.24
−0.43

-0.75 7.90

HW82 0.6 ± 0.2 - 0.8 ± 0.2 1.3 ± 0.3 1.9 ± 0.4 3.83 ± 0.20 7.73
+0.30
−0.36

0.07 0.004 2.10
+0.36
−0.55

-1.72 7.06

HW9 1.2 ± 0.3 - 2.1 ± 0.8 0.6 ± 0.4 2.1 ± 0.6 3.18 ± 0.30 9.52
+0.08
−0.04

0.12 0.002 3.48
+0.30
−0.49

0.29 7.74

IC1611 1.8 ± 0.4 5.28 ± 0.98 1.9 ± 0.4 1.5 ± 0.3 4.4 ± 0.9 4.97 ± 0.17 8.21
+0.22
−0.28

0.10 0.004 4.07
+0.29
−0.47

-1.21 8.34

IC1612 3.3 ± 1.1 - 8.5 ± 6.1 0.4 ± 0.7 6.2 ± 1.9 4.65 ± 0.50 8.08
+0.15
−0.17

0.08 0.004 3.25
+0.31
−0.49

-1.39 8.25

IC1624 2.6 ± 0.5 4.86 ± 0.43 2.7 ± 0.5 0.9 ± 0.1 3.9 ± 0.7 4.81 ± 0.18 8.31
+0.05
−0.26

0.10 0.004 3.80
+0.22
−0.40

-1.06 8.17

IC1662 2.6 ± 0.6 4.22 ± 0.46 2.7 ± 0.7 0.9 ± 0.2 4.0 ± 1.0 4.16 ± 0.23 8.01
+0.22
−0.24

0.10 0.004 3.22
+0.41
−0.59

-1.00 7.94

K1 7.8 ± 1.6 4.44 ± 0.42 9.1 ± 2.4 0.7 ± 0.3 10.2 ± 2.0 4.37 ± 0.23 9.84
+0.03
−0.20

0.10 0.001 4.44
+0.23
−0.42

-0.00 9.19

K11 3.2 ± 0.6 3.87 ± 0.31 3.5 ± 0.8 0.7 ± 0.1 4.1 ± 0.8 3.85 ± 0.23 9.32
+0.09
−0.04

0.16 0.002 3.54
+0.26
−0.44

-0.33 8.19

K13 6.0 ± 2.0 - 19.1 ± 15.5 0.2 ± 0.5 9.8 ± 3.1 4.28 ± 2.74 9.54
+0.05
−0.04

0.05 0.002 4.63
+0.24
−0.43

0.35 9.21

K15 1.8 ± 0.3 4.76 ± 0.98 1.8 ± 0.3 1.6 ± 0.2 4.0 ± 0.7 4.46 ± 0.16 8.84
+0.15
−0.39

0.14 0.002 3.43
+0.31
−0.49

-1.33 8.08

K16 2.1 ± 0.4 3.46 ± 0.31 2.9 ± 0.8 0.5 ± 0.2 2.3 ± 0.5 3.40 ± 0.35 9.46
+0.08
−0.02

0.05 0.002 3.55
+0.28
−0.47

0.08 7.83

K17 2.0 ± 0.4 4.78 ± 0.69 1.9 ± 0.3 1.4 ± 0.1 4.6 ± 0.8 4.66 ± 0.16 8.82
+0.08
−0.13

0.11 0.002 3.64
+0.27
−0.46

-1.15 8.26

K21 8.3 ± 1.7 - 10.7 ± 2.7 0.9 ± 0.3 14.8 ± 3.1 4.91 ± 0.22 9.48
+0.02
−0.31

0.05 0.002 4.96
+0.20
−0.39

0.05 9.61

K25 1.8 ± 0.6 - 2.8 ± 1.2 0.8 ± 0.5 3.5 ± 1.2 4.38 ± 0.33 8.25
+0.22
−0.32

0.15 0.004 3.40
+0.25
−0.43

-0.97 7.96

K27 3.6 ± 0.7 - 5.2 ± 1.4 0.9 ± 0.3 7.1 ± 1.6 4.56 ± 0.23 9.13
+0.06
−0.07

0.11 0.002 4.03
+0.27
−0.45

-0.53 8.72

K28 5.1 ± 0.9 4.99 ± 0.68 5.2 ± 1.0 1.2 ± 0.2 8.9 ± 1.6 4.83 ± 0.17 9.57
+0.03
−0.04

0.08 0.002 4.70
+0.23
−0.41

-0.28 9.18

K30 6.6 ± 1.8 - 10.0 ± 3.6 0.7 ± 0.4 11.7 ± 3.2 4.89 ± 0.30 8.30
+0.09
−0.30

0.09 0.004 3.87
+0.27
−0.45

-1.02 8.91

K31 13.2 ± 3.2 - 20.8 ± 8.8 0.5 ± 0.4 18.1 ± 5.7 5.28 ± 0.32 8.63
+0.17
−0.29

0.06 0.004 4.24
+0.26
−0.44

-1.05 9.37

K34 2.9 ± 0.5 4.80 ± 0.31 3.4 ± 0.6 0.6 ± 0.1 3.6 ± 0.6 4.77 ± 0.22 8.74
+0.06
−0.10

0.11 0.002 3.69
+0.24
−0.42

-1.12 8.11

K38 12.6 ± 3.2 - 19.7 ± 8.1 0.5 ± 0.4 17.7 ± 4.8 4.92 ± 0.32 9.48
+0.03
−0.05

0.05 0.002 4.69
+0.24
−0.43

-0.23 9.61

K4 4.3 ± 0.9 - 5.3 ± 1.2 1.0 ± 0.3 7.7 ± 1.5 4.17 ± 0.19 9.70
+0.01
−0.01

0.14 0.002 4.11
+0.26
−0.45

-0.06 8.86

K42 0.7 ± 0.1 4.85 ± 0.91 0.7 ± 0.1 1.5 ± 0.2 1.7 ± 0.3 4.61 ± 0.16 7.85
+0.14
−0.12

0.13 0.002 2.83
+0.30
−0.48

-2.02 7.25

K43 2.3 ± 0.5 - 3.5 ± 1.1 0.8 ± 0.3 4.5 ± 1.1 4.40 ± 0.26 8.21
+0.18
−0.02

0.16 0.004 3.61
+0.25
−0.43

-0.79 8.19

K44 11.4 ± 2.5 4.77 ± 0.48 13.3 ± 3.9 0.8 ± 0.3 15.7 ± 3.7 4.68 ± 0.24 9.57
+0.08
−0.06

0.09 0.002 5.09
+0.29
−0.47

0.32 9.71

K45w 1.6 ± 0.4 3.82 ± 0.37 2.2 ± 0.6 0.6 ± 0.2 2.2 ± 0.5 3.78 ± 0.31 8.20
+0.17
−0.41

0.08 0.004 2.72
+0.29
−0.47

-1.10 7.39

K47 1.7 ± 0.4 4.47 ± 0.33 1.8 ± 0.5 0.8 ± 0.2 2.4 ± 0.5 4.44 ± 0.23 7.42
+0.09
−0.03

0.03 0.004 3.17
+0.29
−0.48

-1.29 7.55

K5 3.6 ± 0.7 4.83 ± 0.69 3.7 ± 0.7 1.2 ± 0.2 6.6 ± 1.2 4.67 ± 0.17 9.14
+0.03
−0.01

0.15 0.002 4.18
+0.23
−0.42

-0.65 8.73

K50 2.6 ± 0.5 4.74 ± 0.60 3.4 ± 1.1 0.6 ± 0.3 3.0 ± 0.7 4.54 ± 0.27 7.38
+0.09
−0.26

0.09 0.004 3.36
+0.23
−0.41

-1.38 7.77

K53 2.3 ± 0.8 - 8.3 ± 2.5 0.1 ± 0.1 4.0 ± 0.7 4.28 ± 2.83 8.07
+0.09
−0.09

0.07 0.004 2.93
+0.25
−0.43

-1.35 7.85

K54 2.9 ± 0.7 4.58 ± 0.31 3.1 ± 0.9 0.7 ± 0.2 3.8 ± 1.0 4.56 ± 0.26 - - - - - -

K55 2.4 ± 0.6 4.67 ± 1.03 2.9 ± 0.8 1.1 ± 0.3 4.9 ± 1.1 4.32 ± 0.22 8.48
+0.11
−0.23

0.13 0.004 3.35
+0.26
−0.45

-1.32 8.16

K56 2.2 ± 0.5 - 3.1 ± 0.9 0.8 ± 0.3 3.8 ± 0.8 4.26 ± 0.24 7.90
+0.23
−0.21

0.11 0.004 3.33
+0.24
−0.43

-0.93 7.95

K57 2.4 ± 0.6 - 4.2 ± 2.2 0.5 ± 0.5 3.1 ± 0.8 3.89 ± 0.38 8.53
+0.02
−0.05

0.09 0.004 3.24
+0.26
−0.45

-0.65 7.84

K61 2.0 ± 0.6 - 5.0 ± 2.3 0.3 ± 0.3 3.4 ± 0.8 4.10 ± 0.81 7.96
+0.49
−0.33

0.13 0.004 2.67
+0.33
−0.52

-1.43 7.64

K63 1.5 ± 0.5 - 2.4 ± 0.9 0.8 ± 0.3 2.9 ± 0.8 4.06 ± 0.29 8.07
+0.29
−0.26

0.08 0.004 3.16
+0.29
−0.47

-0.90 7.72

K8 2.4 ± 0.5 - 3.4 ± 1.0 0.9 ± 0.3 4.6 ± 1.1 3.89 ± 0.24 9.45
+0.02
−0.00

0.12 0.002 3.65
+0.25
−0.43

-0.24 8.32

K9 2.9 ± 0.9 - 6.3 ± 2.3 0.6 ± 0.4 6.5 ± 1.7 3.91 ± 0.29 8.85
+0.09
−0.06

0.09 0.002 3.52
+0.26
−0.45

-0.39 8.44

L14 2.8 ± 0.7 4.20 ± 1.18 3.7 ± 1.1 0.8 ± 0.3 4.7 ± 1.1 3.76 ± 0.25 9.38
+0.11
−0.03

0.13 0.002 3.65
+0.24
−0.42

-0.55 8.32

L19 4.5 ± 1.7 - - - - - 9.55
+0.03
−0.05

0.19 0.002 3.85
+0.32
−0.50

-2.08 8.67
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EFF KING CMD

ID rc log(L/L⊙) rc c rh log(L/L⊙) log (t) E(B-V) Z log(M/M⊙) log (M/L) log(trh)

(pc) (pc) (pc) (mag)

L28 1.3 ± 0.3 4.38 ± 0.62 1.3 ± 0.3 1.2 ± 0.1 2.8 ± 0.5 4.28 ± 0.17 - - - - - -

L31 1.6 ± 0.3 4.49 ± 1.03 1.7 ± 0.3 1.3 ± 0.2 3.3 ± 0.6 4.12 ± 0.17 - - - - - -

L33 1.7 ± 0.4 4.28 ± 0.71 1.9 ± 0.5 1.0 ± 0.3 3.1 ± 0.7 4.10 ± 0.23 - - - - - -

L48 1.6 ± 0.3 4.48 ± 0.31 1.6 ± 0.4 0.9 ± 0.1 2.3 ± 0.4 4.46 ± 0.20 7.63
+0.20
−0.05

0.09 0.004 3.40
+0.21
−0.40

-1.08 7.63

L51 1.3 ± 0.3 4.93 ± 1.29 1.7 ± 0.5 1.0 ± 0.3 2.6 ± 0.7 4.45 ± 0.23 7.48
+0.23
−0.24

0.02 0.004 3.21
+0.25
−0.44

-1.72 7.64

L52 1.1 ± 0.2 4.15 ± 0.61 1.1 ± 0.2 1.2 ± 0.2 2.0 ± 0.4 4.04 ± 0.17 8.31
+0.08
−0.10

0.02 0.004 3.23
+0.30
−0.48

-0.92 7.52

L56 1.1 ± 0.2 5.10 ± 0.38 1.0 ± 0.2 1.1 ± 0.1 1.9 ± 0.4 5.07 ± 0.18 7.65
+0.15
−0.25

0.05 0.004 3.41
+0.22
−0.41

-1.69 7.50

L65 2.0 ± 0.8 - 4.6 ± 2.9 0.7 ± 0.7 5.0 ± 2.2 4.37 ± 0.44 7.84
+0.18
−0.24

0.11 0.004 3.24
+0.23
−0.42

-1.13 8.09

L66 1.3 ± 0.2 4.85 ± 0.33 1.3 ± 0.3 0.8 ± 0.1 1.7 ± 0.3 4.82 ± 0.19 7.44
+0.25
−0.23

0.05 0.004 3.21
+0.27
−0.45

-1.64 7.36

L80 3.2 ± 0.7 - 4.7 ± 1.4 0.8 ± 0.3 5.8 ± 1.3 4.45 ± 0.24 8.34
+0.04
−0.01

0.05 0.004 3.57
+0.23
−0.41

-0.88 8.34

L91 3.6 ± 0.8 4.37 ± 0.69 5.2 ± 1.8 0.5 ± 0.3 4.5 ± 1.0 4.12 ± 0.30 9.15
+0.10
−0.02

0.19 0.002 3.60
+0.26
−0.44

-0.77 8.26

L93 3.4 ± 0.6 3.93 ± 0.47 3.8 ± 0.9 0.8 ± 0.2 4.3 ± 0.8 3.83 ± 0.20 9.43
+0.22
−0.21

0.06 0.002 3.32
+0.26
−0.45

-0.60 8.16

NGC152 6.4 ± 1.2 5.20 ± 0.74 6.7 ± 1.4 1.2 ± 0.3 11.2 ± 2.1 4.99 ± 0.18 9.15
+0.03
−0.02

0.13 0.002 4.80
+0.23
−0.41

-0.40 9.32

NGC176 3.1 ± 0.7 4.56 ± 0.37 3.5 ± 0.9 0.8 ± 0.2 4.3 ± 0.9 4.52 ± 0.23 8.11
+0.01
−0.04

0.07 0.004 3.54
+0.22
−0.41

-1.02 8.12

NGC220 2.9 ± 0.6 5.11 ± 0.72 2.9 ± 0.6 1.3 ± 0.3 6.2 ± 1.3 4.95 ± 0.18 8.08
+0.13
−0.26

0.08 0.004 3.90
+0.24
−0.43

-1.21 8.49

NGC222 2.4 ± 0.6 - 3.2 ± 0.9 1.1 ± 0.3 5.8 ± 1.5 4.90 ± 0.22 7.92
+0.20
−0.24

0.09 0.004 3.79
+0.24
−0.42

-1.12 8.40

NGC231 2.9 ± 0.7 - 4.3 ± 1.3 1.0 ± 0.3 7.2 ± 2.2 4.82 ± 0.25 7.94
+0.27
−0.15

0.06 0.004 3.84
+0.23
−0.41

-0.99 8.55

NGC241 1.8 ± 0.4 4.71 ± 0.62 1.8 ± 0.4 1.2 ± 0.3 3.5 ± 0.8 4.60 ± 0.20 7.84
+0.09
−0.21

0.07 0.004 3.57
+0.25
−0.43

-1.14 7.98

NGC242 1.4 ± 0.4 - 1.9 ± 0.5 1.1 ± 0.3 3.5 ± 0.9 4.59 ± 0.22 7.78
+0.10
−0.24

0.07 0.004 3.27
+0.28
−0.46

-1.31 7.87

NGC256 1.8 ± 0.4 4.72 ± 0.23 3.0 ± 0.7 0.3 ± 0.1 2.2 ± 0.4 4.74 ± 0.56 7.92
+0.00
−0.01

0.13 0.004 3.13
+0.29
−0.47

-1.59 7.52

NGC265 2.9 ± 0.5 5.11 ± 0.49 3.0 ± 0.6 1.0 ± 0.1 4.7 ± 0.9 5.04 ± 0.18 8.40
+0.05
−0.13

0.16 0.004 3.85
+0.25
−0.43

-1.26 8.32

NGC269 1.8 ± 0.3 4.80 ± 0.70 1.8 ± 0.3 1.3 ± 0.1 3.7 ± 0.6 4.66 ± 0.16 - - - - - -

NGC290 0.7 ± 0.2 - 0.9 ± 0.3 1.4 ± 0.3 2.3 ± 0.5 4.96 ± 0.20 7.93
+0.56
−0.00

0.19 0.004 3.76
+0.32
−0.50

-1.20 7.78

NGC294 2.3 ± 0.4 4.92 ± 0.40 2.4 ± 0.4 0.9 ± 0.1 3.5 ± 0.6 4.88 ± 0.17 8.70
+0.03
−0.01

0.08 0.004 3.81
+0.25
−0.44

-1.10 8.14

NGC299 1.3 ± 0.3 4.98 ± 0.38 1.3 ± 0.3 0.8 ± 0.1 1.8 ± 0.4 4.94 ± 0.19 7.65
+0.15
−0.12

0.04 0.004 3.05
+0.24
−0.43

-1.93 7.36

NGC306 1.7 ± 0.4 4.71 ± 0.41 2.9 ± 0.9 0.4 ± 0.2 2.3 ± 0.5 4.66 ± 0.46 7.77
+0.13
−0.17

0.10 0.004 3.27
+0.24
−0.43

-1.44 7.60

NGC330 3.1 ± 0.6 6.08 ± 0.55 3.0 ± 0.6 1.3 ± 0.1 6.6 ± 1.2 6.01 ± 0.17 7.29
+0.22
−0.23

0.14 0.004 4.61
+0.23
−0.41

-1.46 8.77

NGC361 4.8 ± 0.9 5.09 ± 0.62 5.0 ± 0.9 1.1 ± 0.1 8.3 ± 1.5 4.95 ± 0.17 9.49
+0.02
−0.01

0.07 0.002 4.49
+0.25
−0.44

-0.60 9.03

NGC376 2.4 ± 0.6 5.32 ± 0.37 2.4 ± 0.7 0.9 ± 0.2 3.8 ± 0.8 5.29 ± 0.22 7.42
+0.05
−0.13

0.11 0.004 4.10
+0.21
−0.40

-1.22 8.21

NGC416 2.4 ± 0.5 5.45 ± 0.78 2.3 ± 0.5 1.6 ± 0.3 6.1 ± 1.2 5.30 ± 0.17 9.79
+0.03
−0.04

0.12 0.002 4.81
+0.26
−0.44

-0.64 9.00

NGC419 3.6 ± 0.6 5.72 ± 0.57 3.3 ± 0.6 1.3 ± 0.1 7.9 ± 1.4 5.65 ± 0.16 9.13
+0.00
−0.04

0.09 0.002 5.16
+0.22
−0.40

-0.56 9.25

OGLE132 - - 2.5 ± 1.9 0.4 ± 0.6 1.8 ± 0.6 3.55 ± 0.59 9.09
+0.21
−0.09

0.14 0.002 2.95
+0.40
−0.58

-0.60 7.42

OGLE172 0.5 ± 0.2 2.66 ± 0.31 1.7 ± 0.5 0.0 ± 0.1 0.7 ± 0.1 2.60 ± 5.67 - - - - - -

OGLE28 0.6 ± 0.2 - 1.1 ± 0.6 0.6 ± 0.5 1.1 ± 0.3 2.94 ± 0.39 - - - - - -

OGLE5 0.6 ± 0.2 2.31 ± 0.39 1.7 ± 0.7 0.0 ± 0.2 0.7 ± 0.1 2.20 ± 4.91 - - - - - -

OGLE53 0.9 ± 0.3 - 2.4 ± 1.9 0.1 ± 0.5 1.0 ± 0.3 3.39 ± 3.54 - - - - - -

OGLE6 0.2 ± 0.1 - 0.3 ± 0.1 1.1 ± 0.3 0.6 ± 0.2 2.67 ± 0.22 9.59
+0.14
−0.40

0.08 0.002 2.86
+0.57
−0.75

0.19 6.71

RZ140 1.3 ± 0.4 - 2.0 ± 0.8 0.7 ± 0.4 2.3 ± 0.7 3.21 ± 0.32 9.13
+0.05
−0.04

0.09 0.002 3.15
+0.25
−0.44

-0.06 7.66

RZ82 1.1 ± 0.2 3.24 ± 0.69 1.3 ± 0.4 0.8 ± 0.3 1.6 ± 0.3 3.02 ± 0.22 - - - - - -
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a sample of young massive SCs (i.e. log(M/M⊙) ≥ 5 ∗ 103 and t ≤ 200Myr). Both works

indicated the mass-loss by stellar evolution as the candidate physical mechanism responsible for

the presence of such core radius-age relationship. Chandar et al. [2016] studied 3816 SCs in

M51, finding again an expansion during their early life. San Roman et al. [2012], on the basis

of the study of 161 SCs in M33 depicted a trend quite similar to the one observed in the LMC

[Elson, 1991, 1992, Elson et al., 1989, Mackey and Gilmore, 2003a], namely an increasing core

radius spread with age [see e.g., Fig. 14 in Mackey and Gilmore, 2003a]. A hint for a similar

behaviour was found for the first time in the SMC by Mackey and Gilmore [2003b] based on a

sample of 10 SCs. More recently, Carvalho et al. [2008] and Santos et al. [2020] investigated a

larger but still rather small sample of 23 and 25 SMC SCs, respectively, observing a larger spread

of the core radius for SCs older than log(t) ∼8.5 dex with respect to young SCs [e.g., Fig. 14 in

Santos et al., 2020]. The current scenario assumes that, besides an expansion in the early SC

life likely due to mass-loss from stellar evolution, another inner physical process triggers some

SCs to increase their core radius as they get older than log(t) = 8.0 − 8.5 dex, but what the

actual mechanism is and why it affects only a fraction of the SCs is still an open question. In

Fig. 7.7 we showed the rc as a function of the SC ages, colour coded according to their estimated

mass for the sample of 134 SCs investigated in this work. To widen the sample and to augment

the probed age interval, we also plotted in the same figure LMC and SMC SCs analyzed by

Mackey and Gilmore [2003a] and Mackey and Gilmore [2003b], so that the total sample of SCs

displayed in the figure is 185 objects. An inspection of Fig. 7.7 confirms that SCs younger than

∼ 200-300 Myr (log(t) ∼ 8.3 − 8.5 dex) are all compact with no exception.12 More precisely,

an early expansion in the first 10-20 Myr seems to be present. This early expansion has been

detected also in stellar systems beyond the MCs [e.g., Chandar et al., 2016, Ryon et al., 2015,

2017], and is thought to be caused by mass-loss from stellar evolution.

After this rapid phase of expansion, for the next 200-300 Myr the core radius does not seem

to experience any further alteration. Beyond t ∼200 Myr a few SCs with rc > 3.5 pc appear,

while at t ≥ 1 Gyr the fraction of SCs with rc > 3.5 pc becomes significant. Hence, a different

process with respect to that responsible for the early expansion must be invoked to explain the

core radius expansion at ages later than t ∼200 Myr. In the following we refer to this feature as

core radius-age relationship, as done in previous works. This behaviour has been explained by

Elson et al. [1989] and Mackey and Gilmore [2003a] as a real evolution during the SCs lifetime.

Taking advantage of the larger number and wider range in mass of our SC sample we may put

12Actually, three SCs reach 3.5 pc at 1σ.
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constraints on the physics behind the core radius expansion. First of all, the fraction of SCs

having log(t) ≥ 8.25 and rc ≥ 3.5 pc is ∼ 0.28. If this fraction were constant all along the SC

lifetime we would expect about 22 young SCs with a large core radius, hence the complete lack

of them is significant at more than the 4σ level.

A closer inspection of Fig. 7.7 also suggests that the majority of the SCs with large core radii

are also very massive. We wonder whether the mass could be, in first approximation, the physical

parameter that drives intermediate-age SCs to expand their inner regions. To better investigate

this hypothesis, in Fig. 7.8 we split up the rc-age plot into two different mass intervals. The

difference between the two panels is remarkable: in the high mass range (i.e. M ≥ 103.5M⊙,

bottom panel) 40% of the SCs older than log(t) ≥ 8.25 have experienced an inner expansion.

Keeping the same percentage also in the low mass interval (i.e. M < 103.5M⊙, top panel) I

would expect to find that 13 intermediate-age SCs have rc ≥ 3.5 pc, while, in practice, none are

observed, a result that is significant at more than the 3σ level. Another interesting feature visible

in the same figure is that SCs older than 10-20 Myr in the high-mass regime seem to have, on

average, a larger core radius with respect to those in the low-mass regime. This might indicate

that the early expansion could be more severe for massive SCs, or perhaps that low-mass SCs

that experience a great expansion do not survive. To summarize, after a rapid expansion during

the first 10-20 Myr, all SCs younger than about 200-300 Myr are compact regardless of their

mass, while the subsequent evolutionary path appears to be very different for low/high mass SCs

as they get older.

In principle, we cannot exclude the possibility that only massive clusters are able to survive

to old ages even if they are not very compact. However, in our sample a non-negligible number

of old and low mass SCs is present. In particular, in the low-mass regime, 18 SCs are older than

1 Gyr. This confirms the hypothesis that the SC mass is crucial to drive the core expansion.13

The fact that the core radius-age relationship likely originates from a physical process that

begins when the SC is already a few hundred Myr old, and that affects only massive SCs,

suggests that gas expulsion or mass loss due to stellar evolution are not the favourite mechanisms

responsible for the expansion, as they are only effective in the early phases of a SC’s life. Mackey

et al. [2008] discussed the possibility that a consistent population of retained stellar mass black

holes could lead to an expansion of the cluster core. Such a process starts after a few hundreds

of Myr and causes a sustained increase of the cluster core, lasting for many Gyrs. They tested

13One potential selection effect is that low mass SCs, especially with large radii (and/or old ages) are unlikely

to end up in cluster catalogues in the first place.
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Figure 7.7: Core radius, estimated via an EFF profile, versus the SC age. Filled circles indicate SCs analyzed in this

work while crosses represent SCs studied by Mackey and Gilmore [2003a] and Mackey and Gilmore [2003b]. All SCs are

colour coded according to their mass. In order to keep the figure readable, we do not draw the errors on the x-axis.

A typical age errorbar of ∆ log(t) = 0.2 dex is shown in the upper-right corner. The horizontal dashed line is at 3.5

pc. The two solid lines represent the results of N-body simulations extrapolated from Mackey et al. [2008]; for a case

with no primordial mass segregation and a fraction of retained BH fBH = 1 (magenta line) and fBH = 0 (black line),

respectively.
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Figure 7.8: Same as figure 7.7 but with SCs splitted into different mass ranges. Top: SCs with M < 103.5M⊙. Bottom:

SCs with M ≥ 103.5M⊙.
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this process through N-body simulations of massive clusters (i.e. initial total cluster masses of

logMtot ∼ 104.75). By varying the fraction of retained stellar BHs at a fixed SC mass, they found

that the expansion rate is strongly dependent on this fraction, and that if it is not large enough,

the expansion would not begin at all. In Fig. 7.7 we reported two runs of the N-body simulations

performed by Mackey et al. [2008], extrapolated from their Fig. 5. The two lines represent two

extreme cases: i) with no primordial mass segregation and a fraction of retained BH fBH = 1

and ii) with a fraction fBH = 0. The former predicts an expansion of the core radius, which

never ends, after about 1 Gyr. Mackey et al. [2008] tested also other possibilities (not displayed

in the figure to preserve readability), that foresee different evolutionary paths. For example, by

imposing also a primordial mass segregation, the inner expansion starts when a SC has about

10 Myr (see their Fig. 15), and this occurrence might explain the few SCs younger than 1 Gyr

observed to have a larger core radius. As the potential well of low mass SCs is shallower, it would

be possible that a large fraction of BHs is able to escape from their parent SC. This hypothesis

might explain why we do not observe a core radius growth for low mass SCs. Nevertheless,

N-body simulations with a finer mass resolution are crucial to shed light on this matter. For

example, it could clarify whether or not a small fraction of retained BHs in low mass SCs could

trigger the inner expansion. Even the presence of a IMBH could drive a prolonged expansion

of the SC radius, although Baumgardt et al. [2004b] showed that this effect is anti-correlated

with the number of stars belonging to the SC, hence this outcome is at odds with our result.

Nevertheless, we cannot exclude the possibility that also less massive SCs undergo an increase

of their rc, but due to their low mass (i.e. low gravitational potential) this process ends up with

the evaporation of the SC. Therefore we do not observe such kind of SCs, since they dissolve

faster with respect to the more massive ones.

Unfortunately, all previous investigations based on N-body simulations studied only the evo-

lution of SCs with M ∼ 104 − 105M⊙ or larger. N-body studies probing lower mass SCs (down

to hundreds of solar masses as in the present study) are urgently needed to understand how the

different physical mechanisms affect differentially low and high mass SCs.

7.5.2 Mass-radius relationship

Figure 7.9 depicts the estimated SC mass as a function of the core radius derived through the

EFF profile. We notice a tight linear trend in the log− log space along almost the whole range

of core radii, even if we can recognise a few very compact but massive SCs. A weighted linear
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Figure 7.9: Mass-size relationship. The core radius was derived with an EFF profile. Blue and red points define the SCs

belonging to the SMC bar and to the outer regions, respectively. Cyan and yellow dashed lines indicate the median of

the SC mass calculated in bin intervals built in order to have a minimum number of 10 objects for the bar and outer

SCs, respectively.
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fit (i.e. logM = a + b · log rc) 14 yielded a = 2.91 ± 0.08 and b = 1.54 ± 0.30. We derived

a Spearman rank of 0.43, with a significance larger than 99%. This outcome is at odds with

Mackey and Gilmore [2003b] and their sample of 10 SMC SCs, while a linear trend has been

found by Carvalho et al. [2008], although their range of masses was considerably smaller than

ours. In fact, it is the first time that such a trend is observed in the SMC for a conspicuous

number of SCs spanning an interval of masses of ∼ 4 order of magnitudes, down to hundreds of

solar masses.

In Figure 7.9 we also analyzed separately the behaviour of the SCs located within the SMC

bar and in the outer regions (see also Fig. 7.1). An inspection of this figure suggests that the

most compact objects are in the bar. Looking at the median masses that are outlined with

dashed lines in Fig. 7.9 for both inner and outer SCs, we observed, on average, a similar mass

at any given radius between the two sub-populations, indicating that the bar, despite being a

denser environment, might not have a primary role in the evolutionary path of the SCs in the

SMC.

7.5.3 SC parameters as function of their spatial positions

We investigated the distribution of the SC main parameters as a function of their galactocentric

distance. Figure 7.10 shows the distribution of the age (top panel), core radius (middle panel)

and mass (bottom panel) with the distance. Regarding the age, the majority of SCs younger

than ∼ log(t) = 8.5 dex is placed in the bar. Vice versa, beyond ∼ 1.5° the SC population is

preferentially composed by intermediate-age objects. This result is consistent with the literature

[Bica et al., 2020, Dias et al., 2016, Maia et al., 2014, Piatti, 2021c]. No apparent trend stands

out clearly in the last two panels, as is evident also by the medians of these physical quantities.

The SCs located beyond 3° belong to the SMC Bridge and are younger than 1 Gyr. Moreover,

their size and mass are smaller than the averages estimated within 3° (i.e. ∼ 1 pc and ≤ 1000

solar masses, respectively). We can speculate that this reflects their birth in a low-density region.

7.6 Discussion

A mass-radius relation is expected to be present since the early stages of SC formation. Indeed,

a relation of the form R ∝ Mα has been found in the MW’s SC forming regions, where they

14We adopted the RANSAC (RANdom SAmple Consensus) algorithm implemented by the scikit-learn python

package [Pedregosa et al., 2011], in conjunction with a bootstrap procedure
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Figure 7.10: Age (top), core radius (middle) and mass (bottom) as a function of galactocentric distance, expressed in

degrees. Red circles mark the medians estimated in bins of 0.5 degrees.
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are present as dense clumps within giant molecular clouds (GMCs). The same kind of relation

was found very recently also in the LMC [see Mok et al., 2021, and references therein]. The

exponent of this power-law estimated from the proto-clusters is in the range 0.3 ≤ α ≤ 0.6. A

mass-radius direct proportionality holds also in the already formed SCs, and it has been observed

in other environments beside the MW, such as nearby galaxies [e.g. M31, M51, M82, etc., see the

detailed review by Krumholz et al., 2019, and references therein]. In figure 9 in Krumholz et al.

[2019], the authors drew on the same plot the half-light radius as a function of the mass for SCs

belonging to many different galaxies in the Local Group, concluding that the relation seems to

have the general form rh ∝ M1/315. Nevertheless, the authors also pointed out that the scatter

is too broad to devise a linear fit, either by considering only SCs hosted by the same galaxy or all

SCs belonging to different systems. As a cluster grows older, new physical mechanisms become

dominant and the mass-radius trend could change or even reverse its sign.

We can take advantage of our large sample of SCs to investigate the dynamical status of our

SCs. Mass segregation and core collapse may be signs of an advanced evolutionary phase. A

good proxy for the dynamical evolutionary status of a SC is represented by the ratio between the

age and the relaxation time of the SC, i.e. age/trh. According to Spitzer [1987], trh is expressed

as:

trh = 8.933× 105yr × 1

ln(0.4N∗)
< m∗ >−1 M1/2r

3/2
h (7.4)

where N∗ = M/ < m∗ > is the estimated number of stars belonging to the SC and < m∗ > is

the average stellar mass in solar units. To get an appropriate < m∗ >, I integrated IMF models

of different ages, in order to derive a very tight < m∗ >-age relationship. Glatt et al. [2011]

determined the present day mass function of six intermediate-age SMC SCs (in the age interval

between 6 and 10.5 Gyr) using deep data from the HST, finding that all six SCs show signs of

mass segregation to different degrees, suggesting that they are dynamically evolved and/or had

primordial mass segregation. They also estimated the present day relaxation time for the six SCs

to be a few Gyrs, i.e comparable to their ages, with the exception of one object. In Fig. 7.11 we

plotted the estimated half-light radius as a function of the core radius, with SCs painted with

different colours according to their evolutionary age for the SMC SCs investigated in this work

(left panel). The six SCs studied by Glatt et al. [2011] are also overplotted in Fig 7.1116 and

their dynamical ages are very similar to most SCs investigated in this work, hence we expect

that also other SMC SCs might show signs of mass segregation.

15In this work (see also figure 7.9) we obtained a relation of rc ∝ M0.34.
16Their sizes have been taken from Glatt et al. [2009].
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Figure 7.11: Left: Half-light radius as a function of core radius, estimated in this work using King profiles. Right: Same

plot for GGCs taken from Baumgardt’s GGC database. Crosses indicate six SCs analysed by Glatt et al. [2009]. The

black solid line indicates the one-to-one relationship. SCs are colour-coded according their dynamical age (see definition

in the text). SCs with no estimated age are plotted in gray

In the right panel of the same figure, we also plotted the GGCs.17 The GGC population is

quite different with respect to the SMC SC system, as it contains much more massive and much

older objects. In particular, the SMC contains only one GC (i.e. NGC 121), while the MW

does not have populous intermediate-age and young SCs as the SMC. Also, GGCs are objects

typically older than 10 Gyr. Nevertheless, it would be instructive comparing the two systems. In

addition, the MW is also representative of a very different environment with respect to the SMC

(i.e. stronger tidal fields, the presence of a bulge and a thick and thin discs where the GGCs

pass through, etc.). A remarkable feature visible in Figure 7.11 for the GGCs is a noteworthy

deviation from the identity relationship for rc ≤ 5 pc (log rc ∼ 0.7). While going towards lower rc

values the trend flattens out, settling around rh ∼ 1− 3 pc (log rh ∼ 0.0− 0.5) at the lowest end

of the relation. As suggested by Djorgovski [1996], rc and rh are fairly similar as long as trc ≫

SC age, after which the core collapses with little changes in the half-light radius. A completely

different behaviour is visible for the SMC clusters studied here. Indeed, a linear trend emerges

for the entire range of observed radii. This reveals that, unlike SMC SCs, the GGCs have entered

a core collapse phase despite a similar age/trh ratio. suggesting that the SC evolutionary path

17Here we exploited data from Baumgardt’s GGC database (https://people.smp.uq.edu.au/HolgerBaumgardt/globular/)

which contains an up-to-date compilation of 158 GGCs fundamental parameters.
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Figure 7.12: Core radius - mass relationship with GGCs (red points) and our SMC sample (blue squares).

in the two systems is noticeable different.

In order to better investigate how a different evolutionary status leads to different mass-size

trends, in Fig. 7.12 we compare mass vs core radius for our sample of SCs with those of GGCs.

This plot shows that, in contrast to the SMC case, the average mass of GGCs is quite constant

(i.e. log(M/M⊙ ∼ 105 − 105.5 dex) up to rc ≤ 1 pc, then it begins to decrease at larger core

radii. As anticipated, the break of the mass-size relationship, or even the reverse sign at the

upper end, reveals that the dynamical state of GGCs entered the so-called core collapse phase

[Harris, 1996, McLaughlin and van der Marel, 2005]. Additionally, the mass spectrum of the

two galaxies is remarkably different. The SCs analyzed in this work cover a broad range of

masses, from hundreds up to a million of solar masses, while the majority of the GGCs have

M ≥ 104M⊙ [e.g., Baumgardt and Hilker, 2018, Harris, 1996]. It is evident that tidal effects

of the MW had a great impact on the survival of the low mass GGCs, as expected, while this

effect is not visible in the SMC, at least in our sample. In their landmark paper, Gnedin and

Ostriker [1997] investigated the destruction of the GGCs and showed that in the inner regions,

only fairly massive and compact clusters can survive. This is largely due to external effects
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such as tides, disk shocks, etc., which should be largely absent in the SMC. Thus, environment

can play a considerable role, but is probably much less important in a dwarf irregular like the

SMC. Another key difference is the age: with the exception of NGC 121, the SMC SCs are much

younger than the GGCs and hence had less time to evolve dynamically. To summarize, although

the SMC SCs seem dynamically evolved, showing in a few cases signs of mass segregation Glatt

et al. [2011], they are not in a core-collapse phase yet.

7.7 Conclusions

We provide SBPs from homogeneous g band integrated photometry for 170 SMC star clusters.

For 62 of them this is the first SBP appearing in the literature. The derived profiles were fitted

with EFF and King models. We list for all the clusters the structural parameters obtained from

the SBP fits (core and half-light radii, total luminosity, etc.). We estimated ages and masses for

134 SCs by means of the open source python package ASteCA. Finally, we derived the projected

distances of all SCs with respect to the SMC centre to investigate if/how their properties vary

with galactocentric distance. The main results of this study are the following: disclose the

following outcomes:

• We find that young SCs are compact, while clusters older than log(t) ∼ 8.3 dex show

a wide range of rc values. This occurrence has been already noted and discussed in the

literature, here we confirm and strengthen it on the basis of a much larger SC sample. The

quoted feature has been observed also in other galaxies (see discussion in the Introduction),

suggesting that the evolutionary path of SCs is the same regardless of the hosting galaxy.

However, the physical mechanism responsible for this phenomenon is still unclear. We

speculate that the SC mass is the main parameter driving the inner expansion, as none of

the SCs with log(M/M⊙) < 3.5 dex have been observed to go through such an expansion.

• A mass-size relation clearly stands out over almost the entire range of radii covered in this

work. Analysing this relationship separately for SCs placed in the bar (i.e. with distance

d ≤ 1.5° from the SMC centre) and those outside, we did not find any remarkable difference.

• We do not find any trend of the relevant SC parameters with distance from the SMC centre,

except that young SCs are mainly concentrated in the bar and vice-versa. We caution that

projection effects may play a role given the large depth extent of the SMC.
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• We derived the dynamical age of our sample and we excluded that any of the studied SCs

is in a core collapse phase. However, we cannot rule out that some of them present mass

segregation to different degrees, as observed by Glatt et al. [2011], in a sub-sample of six

old (t > 6 Gyrs) SMC SCs.



Chapter 8

Research of ongoing tidal stripping

structures around the LMC

This chapter is based on the manuscript submitted to the Astrophysical Journal, Gatto et al.,

2022a: “Discovery of NES, an extended tidal structure in the North-East of the Large Magellanic

Cloud”.

As extensively discussed in §1.2, due to their proximity, the MCs offer a unique opportunity

to investigate in great detail the physical effects of a three-body encounter, among the LMC,

SMC, and the MW. According to N-body simulations, the expected outcome of these interactions

is a wealth of complex and extended tidal features, that may be very difficult to detect because

of their very low surface brightness [e.g., Bullock and Johnston, 2005, Cooper et al., 2010].

Moreover, the origin and the present-day shape of these features require not just tidal effects,

but also hydro-dynamical effects of interaction between the MCs [e.g. Wang et al., 2019, and

references therein].

In the last decade, several of these structures have been discovered, thanks to modern deep

panoramic surveys [e.g, Belokurov and Koposov, 2016, Choi et al., 2018b, El Youssoufi et al.,

2021, Mackey et al., 2016, 2018, Massana et al., 2020, Pieres et al., 2017]. These discoveries

aided to decipher the interaction history of the MCs, whose morphology and kinematics have

been shaped in the last Gyrs by their mutual attraction and by the gravitational interference

induced by the MW [e.g., Belokurov and Erkal, 2019, Besla et al., 2012]. Even more valuable, the

Early Data Release 3 (EDR3) of the Gaia mission [Gaia Collaboration et al., 2016, 2021a] made

it possible to kinematically characterize the already known tidal substructures [e.g., Cullinane

187
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et al., 2022, James et al., 2021, Omkumar et al., 2021, Piatti, 2022a, Schmidt et al., 2020, Zivick

et al., 2019], to unveil the response of the MW halo to the LMC [e.g., Belokurov et al., 2019,

Conroy et al., 2021, Garavito-Camargo et al., 2019, Vasiliev et al., 2021], and also to discover

new stellar streams [Belokurov and Erkal, 2019, De Leo et al., 2020, Grady et al., 2021, Petersen

et al., 2021].

Amongst the numerous sub-structures revealed in the last years, the arm-like stellar over-

density to the North of the LMC, currently known as Northern Tidal Arm (NTA), discovered

by Mackey et al. [2016] thanks to the analysis of the public Dark Energy Survey (DES), is

particularly prominent. This sub-structure was traced in all its extension by Belokurov and Erkal

[2019] using red giant branch (RGB) stars selected by means of Gaia DR2 [Gaia Collaboration

et al., 2018a]. Different authors ran N-body simulations of a MW-LMC interaction to explain

the origin of this feature [Belokurov and Erkal, 2019, Cullinane et al., 2022, Mackey et al., 2016].

For example, Belokurov and Erkal [2019] simulated the evolution of the LMC particles in the last

1 Gyr in the presence of the only MW or SMC, and also under the influence of both galaxies.

They also sampled the simulation outcomes with different LMC and SMC mass values. They

concluded that the MW is the main actor producing the bending of the Northern part of the

LMC disc, but a combination of both the MW and the SMC is needed to originate the ensemble

of tidal substructures observed around the LMC. Cullinane et al. [2022] also produced a suite of

dynamical simulations of MW-LMC or MW-LMC-SMC interactions, letting them evolve during

the last 1 Gyr, and treating each system as a particle sourcing potential in order to consider the

response of the MW motion to the LMC. Similarly to Belokurov and Erkal [2019], they inferred

that the tidal force of the MW is the primary responsible of the LMC Northern bending. It is

worth noticing that all these simulations predict a more diffuse twisted stream, located towards

the North-East of the LMC, rather than a thin and horizontal arm as observed so-far.

In this paper, we use Gaia EDR3 results to select stars belonging to the intermediate and

old population of the LMC to trace the very low-surface brightness regions in the outskirts of

the LMC. This procedure allows us to discover a more diffuse stellar structure protruding from

the outer disk of the LMC in the North-East direction, right below the NTA and in the same

position predicted by existing dynamical models [Belokurov and Erkal, 2019, Cullinane et al.,

2022, Mackey et al., 2016].

In this chapter we discuss the discovery of the observational counterpart of the stellar sub-

structure predicted by the above mentioned simulations and protruding for > 5° from the North-

Eastern rim of the LMC disc. Differently to the works described in the previous chapters,
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Figure 8.1: CMD of all stars retrieved with the Gaia query, corrected for reddening. The black polygon defines the

RGB+RC star selection.

which are based on the YMCA and STEP surveys deep photometry, here we adopted the multi-

dimensional data retrieved from the Gaia EDR3. Indeed, the proper motions conjugated with

the accurate and homogeneous photometry provided by Gaia allowed us to select stars belonging

to the intermediate and old population of the LMC, removing the contamination from the MW

and permitting us to trace the very low-surface brightness regions in the outskirts of the LMC.

8.1 Sample selection

To carry on a preliminary selection of stars potentially belonging to the LMC, we performed

a query to the Gaia database1 to retrieve astrometric and photometric information from Gaia

1https://gea.esac.esa.int/archive/
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EDR3 [Gaia Collaboration et al., 2021a]. In particular, we confined our research in a sky region

defined by the Galactic longitude 200 ≤ l ≤ 360 and Galactic latitude −90 ≤ b ≤ −10, in order to

avoid likely MW disc stars which can cause significant contamination to the sample. Moreover,

we restricted the query to objects whose PMs are within 3σ from the mean LMC and SMC PMs

as measured by Gaia Collaboration et al. [2021b]. Following a procedure similar to that described

by Gaia Collaboration et al. [2021b], we minimized contamination from MW foreground stars,

by requiring that ϖ ≤ 3 σϖ, where ϖ and σϖ are the parallax and the parallax uncertainties,

respectively. The latter selection allowed us to exclude sources not compatible with the LMC

distance. In addition, we filtered out the stars having errors larger than 0.2 mas yr−1 in each of

the two PM components and the sources with RUWE2 > 1.3 astrometric_excess_noise_sig > 2

to limit our sample to objects with good PMs accuracy and reliable astrometric solutions (see

App. ?? for a reproduction of the query). This query yielded a total of 4, 363, 722 stars.

We used the photometry provided by Gaia to select both RGB and red clump (RC) stars in

the colour-magnitude diagram (CMD), using G, GBP , GRP Gaia filters. We focused only on the

stars belonging to the intermediate-old populations, because they are known to be distributed

at large distances from the LMC centre [e.g., El Youssoufi et al., 2021, Gaia Collaboration et al.,

2021b]. As a first step, we corrected the photometry for the reddening, to avoid that highly

extincted MW disk stars could contaminate our sample. To this end, we adopted the reddening

maps by Skowron et al. [2021] that provided extinction values in the inner regions of the LMC and

SMC, i.e. ∼ 6° and ∼ 5° from the LMC and SMC centre, respectively. Outside these regions, we

sampled the reddening maps by Schlegel et al. [1998] by means of the python package DUSTMAPS

[Green, 2018]. We calculated the extinction in the Gaia filters through the relations provided by

Wang and Chen [2019]. Using the dereddened photometry, we finally selected bona-fide RGB

and RC stars by including in our sample all the stars inscribed within the polygon shown in

Fig. 8.1 (see also App. ??). This procedure yielded a total of 1, 759, 796 stars, that after a

quick visual investigation about their sky positions we deduced are a mix of LMC and SMC

stars, with a still not negligible contamination by MW stars (see next section). To further

remove the MW noise, it is useful to adopt a new reference frame centred on the LMC, in which

the new PMs represent the motion of a star in the plane of the LMC disc. To this aim, we

took advantage of the transformation laws reported in Gaia Collaboration et al. [2021b] (see

their Eqs. 5 and 6) to define the new coordinates ξ, η, the new PMs ξ̇, η̇, which represent the

2Re-normalised unit weight error, see Sect. 14.1.2 of “Gaia Data Release 2 Documentation release 1.2”;

https://gea.esac.esa.int/archive/documentation/GDR2/



8.2. Selection of LMC stars through machine learning techniques 191

coordinates and PMs of a star moving on the flat disc defined by the plane of the LMC3. In

this new reference system we also calculated the radial and tangential velocities vR, vϕ, and the

third component of the angular momentum Lz. The quantity Lz is particularly useful to further

clean our sample. In particular, we estimated the average LMC Lz,LMC by using all the stars

within 8° from the LMC centre and filtered out all the stars that did not satisfy the condition

Lz,LMC − 5σLz,LMC
< Lz < Lz,LMC + 5σLz,LMC

, where σLz,LMC
is the standard deviation of

Lz,LMC . This cut yielded a total of 1, 452, 155 stars.

8.2 Selection of LMC stars through machine learning tech-

niques

To discern stars belonging to different stellar sub-components we used a Gaussian Mixture Mod-

elling (GMM)4, which estimates the statistics of the Gaussians of each underlying single stellar

sub-population and, in turn, evaluates for each star the probability of belonging to these sub-

populations. The GMM is an unsupervised clustering technique which needs only one parameter,

i.e the number N of finite Gaussian functions that describes the N sub-populations within an

overall population. We run the GMM with N = 3 Gaussian to model the three stellar com-

ponents of our sample: the LMC, the SMC and the MW. As input for the GMM we adopted

six parameters5: the classical PMs (µα, µδ); the parallax ϖ, the radial and tangential velocities

defined in the new reference frame vR, vϕ; and the de-reddened colour of the stars (GBP −GRP )0.

Finally, we assigned to each stellar sub-component, i.e. LMC, SMC and MW, only stars having

at least 99% of probability to belong to one of the three galaxies, while the remaining objects

are filtered out. After this step our total sample is reduced to 1, 290, 166 stars.

8.3 Results

Table 8.1 lists the statistics of the three Gaussians derived for each sub-population by the GMM,

as well as the number of stars assigned to each component. It can be seen that the MW star

residuals were ∼ 1.3%, while the percentage of SMC stars raises to more than 5%, as expected

3We adopted the inclination and position angle values reported in Gaia Collaboration et al. [2021b] to correct

for the orientation effects.
4We used the library available within scikit-learn python package [Pedregosa et al., 2011]
5This set of parameters ensures a better separation of the three stellar components. The stellar structures we

discuss in this work are clearly visible also with any other choice of input parameters anyhow.



192 Chapter 8. Research of ongoing tidal stripping structures around the LMC

Figure 8.2: Spatial density of the stars belonging to the LMC, SMC, MW and MCs together, respectively, in an ortho-

graphic projection centred on the LMC. Each pixel has a resolution of 0.2° × 0.2°.

Pop. N µα µδ vr vt ω (GBP −GRP )0

LMC 1202727 1.79± 0.26 0.39± 0.45 0.26± 0.22 −0.01± 0.22 −0.003± 0.110 1.2± 0.2

SMC 70856 0.80± 0.24 −1.10± 0.10 0.09± 0.09 0.50± 0.50 −0.024± 0.113 1.2± 0.2

MW 16583 1.85± 0.62 0.30± 0.80 0.25± 0.56 −0.01± 3.64 0.040± 0.199 1.1± 0.1

Table 8.1: Mean and standard deviations of the Gaussians estimated through the GMM.
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Figure 8.3: PM space of LMC disc stars beyond 8° (gray points) along with the MW noise (green points) and MW stars

in the same region of the MW noise (orange points).
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because of the large overlapping of their stars on the CMD. The average PMs of the MCs are in

very good agreement with those estimated by Gaia Collaboration et al. [2021b] using a selection

of RGB stars, e.g. µα = 1.77 ± 0.44 mas yr−1; µδ = 0.33 ± 0.63 mas yr−1 for the LMC and

µα = 0.71±0.36 mas yr−1; µδ = −1.22±0.29 mas yr−1 for the SMC, making us confident about

the reliability of the GMM technique.

Figure 8.2 shows the allocation of each star to one of the three components, displayed through

an orthographic projection centred on the LMC [we used Eq. 1 of Gaia Collaboration et al.,

2021b]. An inspection of the figure reveals that the GMM technique was able to properly separate

the LMC from the MW and the SMC, with two exceptions. The first is the wrong assignment

of LMC stars to the MW. These stars are mainly located within the LMC bar and we speculate

that the more chaotic kinematics [see e.g. Gaia Collaboration et al., 2021b] of the central bar

misleads the GMM so that it incorrectly associates these stars to the MW. Furthermore, the vϕ

values within 4° − 5° to the LMC centre is different with respect to those measured in the outer

regions [see e.g., Gaia Collaboration et al., 2021b, their Fig. 14]. The second is a cloud of stars

(≃ 0.02% of the stars assigned to the LMC), that we call “MW noise” hereafter, located between

20 − 50° North of the LMC (top-left panel) which we speculate are MW misclassified stars. To

confirm this hypothesis, we plotted in Fig. 8.3 the PMs of LMC stars placed beyond 8° from the

LMC centre (gray points), of the MW noise (green points) and the stars assigned by the GMM

to the MW situated in the same position of the MW noise (yellow points). The position and PM

distribution of the latter population suggest that the MW noise is likely a tail of the MW sample

that is being misclassified because of a significant overlap with the corresponding distributions

of genuine LMC stars.

Regarding the stars assigned to the SMC (top right sub-panel in Fig. 8.2), besides its main

body it is also visible the Small Magellanic Cloud Northern Over-Density (SMCNOD) discovered

by Pieres et al. [2017], which attests the ability of the GMM at revealing also very low-surface

brightness structures [Pieres et al., 2017, estimated µV = 31.2 mag arcsec−2 for the SMCNOD]

8.4 Discussion

In this section we discuss separately the morphology and velocity fields of the outer LMC sub-

structures unveiled by the GMM algorithm.
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Figure 8.4: Zoom-in of the stars assigned to the LMC by the GMM in a density plot with a bin size of 0.2°× 0.2°,

smoothed with a Gaussian function with σ = 0.3°. We masked the central 8°regions to enhance the distribution of stars

in the outer regions.
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8.4.1 Morphology

The spatial distribution of the stars selected as LMC members by the GMM is shown in Fig. 8.4.

We only displayed objects located beyond 8° from the LMC centre to better visualize the outer

regions (similar density plots with different choices of the bin size and/or smoothing width are

displayed in Fig. D.1). The morphology of the LMC towards the Galactic disk (i.e., North-

East direction) is strongly disturbed as witnessed by several sub-structures emanating from the

disc edge. The most noticeable one is the already introduced NTA which is identified by a red

polygon in the figure. It is also possible to discern some elongated features towards the East,

up to (X,Y ) ≃ (20°, 0), that we dubbed Eastern Substructure (ES hereafter, highlighted with

a magenta rectangle in Fig. 8.4, which represent the Eastern substructure I [de Vaucouleurs,

1955] and the recently unveiled Eastern substructure II [El Youssoufi et al., 2021]. In addition,

the GMM-selected sample of very likely LMC stars also reveals the ensemble of Southern sub-

structures already discovered by Belokurov and Erkal [2019] and Mackey et al. [2018] that we

collectively call S-Sub and highlight with an orange polygon.

The figure also reveals a diffuse sub-structure protruding from the outer LMC disc and ex-

tending at more than 20 deg from the LMC centre and placed in between the NTA and the ES.

This feature, indicated with a blue polygon in Fig. 8.4, represents, as far as we know, a still

undiscovered tidal feature, which we call North-Eastern Structure (NES). The NES presents a

horizontal over-density of stars (“Finger” hereafter) at Y ≃ 11° − 12° which mimics the NTA at

about 5° South of this feature and a more diffuse component which departs from the outer disk

at Y ≃ 5° − 7° deg and connects itself with the Finger at about (X,Y ) ≃ (15° − 20°, 10°).

Figure 8.5 shows the CMD of the stars belonging to the NTA, the NES, the ES and the MW

noise (highlighted with different colours), superposed with the CMD of LMC stars at its North-

East side and beyond 9°. The NTA (top-left panel) and the NES (top-right panel) have an RC-

RGB similar to the underlying population of the outer LMC disc. This occurrence strengthens

the hypothesis that the NES is composed by stars tidally stripped from the outer LMC disc, as

the NTA. To be more quantitative, the ratio (f) between the number of RC (indicated with the

black polygon in the figure) and RGB stars for the LMC outer disc, the NES and the NTA are

very similar, being f = 0.34± 0.01, f = 0.29± 0.05 and f = 0.28± 0.05, respectively. The ES,

instead, shows an almost total lack of RC stars. Such lower fraction for the ES might be due to

issues with the completeness and/or reddening estimates, however investigating this occurrence

is beyond the purpose of this work. Finally, the MW noise (bottom right panel) contains stars
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mostly having G0 > 18, reinforcing the hypothesis that they are MW misclassified stars.

To further strengthen the reality of the NES, we point out that some hints of its presence

were already visible in other works that exploited the Gaia catalogue. For example, the Finger

is barely visible in the density maps constructed with Gaia EDR3 in Gaia Collaboration et al.

[2021b] (their fig. 17), but the NES is more visible in fig. 2 of Grady et al. [2021], which shows a

selection of 226,119 RGB stars in both the LMC and SMC from the Gaia DR2. The main scope of

their work was to obtain photometric metallicity estimations and an overall picture of the PMs of

their sample of stars rather than discover new undetected substructures in the faint outer regions

of the LMC, therefore they also did not need to remove the minor MW component from their

sample. The GMM adopted in this work cleaned the RGB stars from the MW contamination,

yielding an almost pure catalogue of LMC stars, hence particularly enhancing the NES visibility.

To investigate the origin of the NES we inspected the recent results obtained using N-body

simulations of the interaction between the LMC, SMC and MW. Mackey et al. [2016] ran N-

body MW-LMC simulations to understand the physical origin of the NTA. They demonstrated

that the tidal interaction with the MW can warp and distort the outer LMC disk, generating

two spiral-like patterns, one twisted towards the North-East and the other towards the South-

West direction. Their results strongly indicate that the NTA originated by the tidal interaction

of the LMC with the MW. Similar structures have been predicted by Belokurov and Erkal

[2019] N-body models. In particular, simulations of the LMC-SMC-MW or of the MW-LMC

interactions, under some initial conditions6 foresee both a leading and trailing spirals, stretched

in the Southwest-Northeast direction (see their Fig. 4). They speculated that the NTA originated

from the gravitational interaction with the MW, but a combined influence of the MW and SMC

is necessary to explain all the features observed in the South of the LMC. Interestingly, these

models also forecast, as a distinct and separated feature from the NTA, the bending of the

entire Northern outer disc of the LMC caused by the MW gravitational pulling. Therefore,

besides a thin horizontal stellar over-density, one should observe a more diffuse and wide stellar

structure which should represent the distorted Northern LMC disk. However, observational

works until now did not disclose any diffuse stellar over-density in the North, but only the thin

NTA. Morphologically, the NES is in the position expected from the quoted dynamical models

and we can hypothesize that it might have had the same origin of the NTA. In this scenario it

would represent the tidal distortion induced by the MW to the outer North-East of the LMC

6Of course, N-body simulations are strongly dependent on the initial conditions, in particular the galaxy masses

involved, which are not known accurately yet.
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disk.

To be complete it is worthwhile to underline that some models of the LMC interacting with the

SMC and the MW do not expect the presence of a diffuse bended outer structure. For example,

Besla et al. [2016] brought to light the existence of stellar arcs and multiple stellar arms to

the North of the LMC. From hydrodynamical simulations of the MCs either when evolved in

isolation or under the gravitational influence of the MW, they concluded that repeated close

interactions with the SMC are the main cause of the many stellar substructures observed in the

Northern periphery, included the NTA. However, their models were based on the observations

that a Southern counterpart of the features revealed to the North does not exist. These Southern

substructures (S-SUB in Fig. 8.4) were disclosed afterwards by Mackey et al. [2018] and Belokurov

and Erkal [2019]. Therefore, because of the asymmetric features revealed only to the North, Besla

et al. [2016] disfavor a formation scenario driven by global Milky Way tides. This is at odds with

the more recent models carried out by Belokurov and Erkal [2019] and Cullinane et al. [2022]

which are based on more recent and complete data on the features unveiled around the LMC.

8.4.2 Velocity field

If the NES and NTA had the same origin, they should also show a coherent velocity field. In

the context of the MagEs survey, Cullinane et al. [2022] analyzed the kinematics of the NTA

through spectroscopic measurements of different fields centred along the arm, in conjunction

with Gaia EDR3 PMs. From a combined study of NTA metallicity and overall kinematics, they

definitely confirmed that the NTA is made of LMC outer disc material tidally distorted by an

external gravitational potential. They also carried out a suite of N-body simulations, obtaining

that the LMC embedded in a heavy-MW potential (mass MW ∼ 1012) represents the best

qualitative match between models and observations. However, their best model shows a diffuse

stellar component connecting the LMC disc with the NTA, which resembles the NES. From the

dynamical point of view, the Cullinane et al. [2022] simulations are not able to reproduce the

measured kinematics of the NTA. Indeed, while the measured tangential velocity is quite well

replicated by the best model, the radial and vertical velocities are inconsistent with stars in an

equilibrium disc and very different from what is expected by a solely LMC-MW interaction.

To further investigate this point, Fig. 8.6 (top row) shows the LMC vϕ (left panel) and

vR (right panel), calculated as median of the velocity of the stars within pixels of 0.7° × 0.7°,

and their dispersions (bottom row). Both these diagrams seem to suggest a similar velocity

pattern for the NTA and the NES, constituted by strong velocity gradients, with their velocity



8.4. Discussion 199

Figure 8.5: CMD of stellar sub-structures described in the text (labeled in the top left corner of each sub-panel),

superimposed with an LMC outer disc stellar population located in the North-East side. The black square defines the

RC.



200 Chapter 8. Research of ongoing tidal stripping structures around the LMC

Figure 8.6: Top: Median velocity of the LMC tangential velocity vϕ (left panel) and LMC radial velocity vR (right

panel). Bottom: Velocity dispersion of vϕ (left panel) and vR (right panel). Each pixel is 0.7° × 0.7° in size. The

coloured polygons are the same as in the right panel of Fig. 8.4



8.4. Discussion 201

decreasing either going from the ES towards the NTA or moving along the NTA towards the

West direction. According to the velocity dispersion maps in the lower panels of Fig. 8.6 (the

one in σR, in particular), NES and NTA appear dynamically colder than the adjacent edge of

the LMC disc (around (X,Y ) ≃ (5°, 12°) or than other tidal structures, such as S-SUB, which is

very hot (i.e. σR ≥ 70 km s−1). However, some of the pixels beyond 10°− 15° include few stars,

causing the outer velocity map of the LMC to be noisier and more scattered. It is also visible

from the vR plot that the NTA and the Finger present negative radial velocities (top right panel)

of the order of ≃ −50 km s−1, similar to those estimated by Cullinane et al. [2022], with peaks

of ≃ −80 km s−1.

To explain the origin of the peculiar observed radial velocities of NTA’s stars Cullinane et al.

[2022] speculated that they could have been caused by recurring close passages of the SMC,

happened more than 1 Gyr ago, beyond the time span of their models, which cover only the

last Gyr. According to their simulations, any close passage of the SMC in this period was not

able to alter significantly the kinematics of the NTA. In this context, the Finger might have

been affected by past nearby passages of the SMC as well, hence it might be connected to the

NTA and physically distinct from the rest of the NES. However, the velocity maps of the NTA

and NES displayed in Fig. 8.6 do not allow us to establish whether the NES-NTA is a single

highly disturbed sub-structure or is made by two uncorrelated physical sub-structures originated

at different times. An additional characteristic visible in Fig. 8.6 is the large positive radial

velocity shown by ES stars, with peaks of vR ≃ 80 km s−1, possibly indicating that the ES is in

an ongoing stripping process.

An overall picture of the bulk motion of the outer regions, corrected for the solar reflex motion,

is depicted in Fig. 8.7. At first glance the plot suggests that the NTA is being pulled back by

the gravitational potential of the LMC towards equilibrium, as already visible in Fig. 8.6. The

overall kinematics of the ES, and more generally of the outer East-North-East side of the LMC,

indicates that this side is strongly moving away from the LMC. The NES, instead, shows a more

chaotic kinematics, as some regions have a motion more similar to the ES while others have an

opposite velocity direction. In the same figure the highly disturbed kinematics in the S-SUB is

also visible. The high perturbations induced by the MW is testified by the strong deviations

from the rotational motion of the East LMC side with respect to its West side. However, we

caution the reader that the LMC inclination may affect the velocities discussed above and the

consequent results. A quantitative discussion of this scenario could be provided only when the

velocity field is drawn also with spectroscopically inferred radial velocities. Recently, also Choi
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Figure 8.7: Velocity map (arrows) of the LMC overlaid on a star density map of the regions beyond 9° from the LMC

centre. Bin size is 0.7°× 0.7°. The length of the arrows is proportional to the velocity vector’s module.
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et al. [2022] revealed large PM residuals in the Southern disc with a sample of RC and RGB stars

collected from Gaia EDR3, even though their analysis was limited to the inner 6° from the LMC

centre. They compared the observed LMC PMs with the outcome of numerical simulations of a

LMC in interaction with the MW and SMC, putting constraints on the lookback time the last

close encounter between the MCs happened (i.e., t < 250 Myrs ago) and on its impact parameter

(i.e., ≤ 10 kpc.)7.

An additional interesting feature in the North-East side of the LMC was recently discovered by

Petersen et al. [2021] using the RR Lyrae variables as kinematics tracers. Indeed, they detected a

tidally stripped stream, expected to be the outcome of the MW tidal force, in the same direction

of the features we have discussed in the North-East side of the LMC. Petersen et al. [2021]

probed only regions beyond 20− 25° from the LMC centre, and revealed the stream signal up to

∼ 30° (see their fig. 1), finding also likely stream members in the Northern hemisphere at about

70° from the LMC centre. In this context, we speculate that the ensemble of stellar streams in the

North-East outer disc could represent the inner part of the outer stream disclosed by Petersen

et al. [2021], which extends up to the Galactic disc.

Dynamical simulations of LMC-SMC-MW interactions, going back to at least 2-3 Gyr, are

essential to explain the peculiar kinematic features observed in the North-East LMC, such as the

strong velocity gradients along the NES-NTA sub-structures.

8.5 Summary

In this work we exploited the exquisite multi-dimensional data provided by Gaia EDR3 to in-

vestigate the outer low surface brightness substructures of the LMC. We selected LMC RGB

and RC stars based on their position on the CMD and filtered out all the stars having angu-

lar momentum beyond 5 σ that of the average LMC disc. We run the unsupervised clustering

technique GMM with 6 input parameters to separate the remaining stars into the three main

stellar components, the MW, LMC and SMC, and we limited our analysis to highly-likely LMC

members (P > 99%).

The GMM was able to recover the outer sub-structures discovered in the last years in the

LMC, such as the NTA, the S-SUB or the ES. In addition, this procedure allowed us to detect

an unknown diffuse tidal structure at its North-East side extending up to ∼ 20° from the LMC

centre, the North-East Structure (NES). The NES fills the gap between the outer LMC disk

7These constraints are very similar to those inferred by Zivick et al. [2018]
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and the other known structures in the North-East of the LMC, namely the ES and the NTA.

The presence of tidally distorted LMC stars at the location of the NES was expected based

on N-body simulations of a MW-LMC interaction [Belokurov and Erkal, 2019, Cullinane et al.,

2022] as a consequence of the tidal stress induced by the MW on the LMC. This occurrence

might induce us to think that the NES has the same origin as the NTA. From the kinematic

analysis based on the Gaia EDR3 PMs, these tidal stellar components reveal a strong velocity

gradient towards the outer LMC, but the present dataset is not sufficient to assess whether or not

the NES is physically correlated to the NTA. Overall, the North-East side of the LMC displays

radial velocities not consistent with a disc in equilibrium, showing large negative velocities for

the NTA-Finger and positive for the ES. This occurrence indicates that the outer LMC disc has

been strongly disturbed in the past few Gyrs. Spectroscopic follow-up to measure accurate radial

velocities and more detailed and extended in time N-body simulations are requested to assess

the origin of the NES and of the other sub-structures in the North-East side of the LMC.



Chapter 9

The COld STream finder Algorithm:

Searching for kinematical

substructures in the phase space of

discrete tracers

This chapter is based on the paper published on Astronomy & Astrophysics: Gatto et al., 2020,

A&A, Vol.644, p.A134.

The final part of this thesis is devoted to the development of new methods for the detection

of signatures of past merger events in distant systems, such as the streams of stars and GCs

tidally stripped from the outer regions of a galaxy, far enough that the stars are not resolved

singularly any longer. In particular, we applied this method to the Fornax cluster, one of nearby

galaxy clusters, whose photometric deep data have already demonstrated that the mass assembly

within the core of the cluster is still ongoing [e.g., Cantiello et al., 2020, D’Abrusco et al., 2016,

Iodice et al., 2017, 2016]. Nonetheless, the algorithm presented in this chapter is more general

as it is suitable for any kind of stellar system with available kinematic information of the objects

adopted as tracers. As already described in §1.3.2, outside the Local Group, stars cannot be

resolved and other kinematic tracers have to be used. PNe1 and GCs are suitable tracers of

1PNe are actually evolved stars, but they are easily observable also at large distances as they emit at the green

OIII at 5007Å [Dopita et al., 1992, Schönberner et al., 2010].
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this kind as they are observable at large distances from the galaxy centers Cortesi et al. [2011],

Douglas et al. [2007], Durrell et al. [2003], Merrett et al. [2003], Richtler et al. [2011], Shih and

Méndez [2010] and their velocities can be measured with good precision in nearby galaxies and

galaxy clusters. The combined information of position and velocity of tracers in the halo regions

of galaxies allows us to study substructures in the tracer phase space, where they have not yet

fully mixed due to the long dynamical times [Arnaboldi et al., 2004, 2012, Bullock and Johnston,

2005, Longobardi et al., 2015, Napolitano et al., 2003].

Historically, the methods adopted to search for streams were based on an empirical approach

and were lacking of objective criteria to systematize the search for streams in the full phase space.

Only recently, a big effort has been done to develop stream-locator algorithms suitable for differ-

ent datasets. For the Milky Way, [Malhan and Ibata, 2018] implemented STREAMFINDER,

with the aim of unveiling dynamically cold structures in the 6D phase space, by taking advantage

of the Gaia space mission data. This code looks for a handful of particles (as few as 15 members)

that lie along a similar orbit, allowing them to detect tiny and ultra-faint streams in the Galactic

Halo. Other algorithms have been focused on the automatic search for tidal structures, like shells

or ridges, in deep images [e.g., Hendel et al., 2019, Kado-Fong et al., 2018]. Such approaches

are more directed toward large samples of galaxies to build statistically significant samples of

stream features, but they do not rely on kinematics. As stated before, this is not ideal when

looking for low-surface-brightness tidal features, which we expect to be those originating from

minor mergers [see Cooper et al., 2010].

In this context, we developed the COld STream finder Algorithm (COSTA), a new method

used to search for candidate cold substructures that can be interpreted as signatures of recent

or past interaction between a main galaxy and the dwarf galaxies surrounding it. COSTA aims

at filling the gap left by the above algorithms, introducing a method that relies on kinematics

(namely a reduced 3D phase space of projected positions and LOS velocities), which can reveal

streams even beyond the Local Group and can still be applied to large galaxy samples but below

the detection limits imposed by the photometry. We introduce the basic statistical methods

that allow the identification of cold kinematical substructures made of a few tens of particles,

compatible with what is expected for faint streams around galaxies. The method is based on

a k-nearest neighbors (KNN) approach, which groups nearby particles in 2D positions and in

velocity to find coherent kinematic substructures. The algorithm is general and can be applied to

any nearby stellar system, either galaxies or galaxy clusters cores (where large galaxy haloes and

intracluster light concentration reside). As a template of this latter example to show the potential
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Table 9.1: Parameters of the selected galaxies in the galmer simulation. The values of the velocity dispersion σv, listed

in the last column, have been measured in the configuration Ngiant = 2000 - Ndwarf = 150

MB MH Mdisk rB rH Nstars NDM Ngas σv

[2.3× 109M⊙] [2.3× 109M⊙] [2.3× 109M⊙] [Kpc] [Kpc] [kms−1]

gE0 70 30 0 4 7 320000 160000 0 145

dE0 7 3 0 1.3 2.2 32000 16000 0 77

gSa 10 50 40 2 10 240000 160000 80000 162

dS0 1 5 4 0.6 3.2 32000 16000 0 149

of the method, we discuss here the specific case of the Fornax cluster core. The Fornax cluster is

particularly suitable for such a test as different studies have provided evidence of recent galaxy

interactions [e.g., D’Abrusco et al., 2016, Iodice et al., 2017, Sheardown et al., 2018, Spiniello

et al., 2018]. This complexity represents a challenging test bench for the algorithm. We used a

mock observation of the Fornax cluster to assess the reliability of the method and to demonstrate

how to set up the best parameters in a real case. We then apply COSTA to identify real streams

of GCs and PNe from the Fornax VST Spectroscopic Survey [FVSS Pota et al., 2018, Spiniello

et al., 2018].

9.1 The COld STream finder Algorithm

In this section, we introduce COSTA, which is intended to detect cold substructures in the

reduced phase space (position on the sky and radial velocity) of discrete tracers. In order to

find cold substructures that are correlated both in position and in velocity, we implemented an

algorithm that looks for points close both in the RA/Dec position space and in the reduced phase

space (velocity vs. radius). The method relies on a pseudo-KNN method based on a deep friend-

of-friend algorithm that isolates groups of N particles with a small velocity dispersion (σcut,

chosen between 10 km s−1 and 100 km s−1). The main difficulty lies in efficiently detecting

particles belonging to the stream, which should preserve the low velocity dispersion of the dwarf

progenitor while they are moving in regions where the potential of the cluster rules, and the

local velocity dispersion is that of the cluster (i.e., up to 50 times larger than typical dwarf-like

velocity dispersions).

To do that, for each particle, the algorithm starts performing an iterated sigma clipping on

a number k of neighbors. In particular, it removes all the particles with a velocity outside the
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interval [v̄ − n× σ, v̄ − n× σ], where v̄ and σ are the mean velocity and the velocity dispersion

of the k particles, and n is the sigma clipping value. As a proxy for the velocity dispersion, we

used the standard deviation of the individual velocities (see §9.2.2). The algorithm iterates the

procedure, with the mean velocity and velocity dispersion of the remaining particles, until there

are no outliers to be clipped. Once the procedure is over, the algorithm selects all structures

in the position and velocity space with a minimal number (Nmin) of particles. To define the

maximum velocity dispersion acceptable for a given substructure to be considered cold, COSTA

uses another parameter: the cut-off velocity dispersion, σcut. We fine-tuned our algorithm to

locate cold streams originating from the interaction of dwarf galaxies with the cluster. In fact, we

expect that dwarf disruption is the main mechanism contributing to the later formed intracluster

stellar population and the assembly of large stellar halos around galaxies. Hence, we allow for σcut

values ranging from 10 to ∼ 100 kms−1, based on the typical dwarf-like dispersion values found

in the Coma cluster [Kourkchi et al., 2012]. The final COSTA output is a list of substructures

with low velocity dispersion, below the fixed threshold, σcut.

We note here that more massive galaxies would produce more diffuse substructures, due to

a higher velocity dispersion and larger sizes. These would be harder to “filter” in the phase

space, as they would be more mixed in the warm halo environment. Thus, to summarize,

the COSTA algorithm has a total of three parameters (k, n, and Nmin) for any given (upper)

dispersion threshold, σcut, which needs to be properly chosen to maximize the number of real cold

substructures (completeness) and minimize the number of spurious detections (purity), caused

by the intrinsic stochastic nature of the velocity field of hot systems. For this purpose, one can

use Monte Carlo realizations of the specific sample under examination.

Our approach has the advantage of being able to refine the selection of coherent spatial and

velocity substructures, but it has the disadvantage of being biased toward round geometries. In

fact, the algorithm is based on a simple metric that uses the distances from every single particle.

This reduces the chance of identifying chain-like structures, which are expected in elongated

streams. To remove this bias, we added a second stage to COSTA, at which we verify if some of

the groups belong to a single structure. In particular, we define two or more groups belonging to

a single structure if they show at least one common particle and their velocity dispersion values

differ by less than their uncertainties. To demonstrate that it is possible to identify regions in this

parameter space that can reliably detect streams with an acceptable fraction of false positives,

we first tested the algorithm on a simulated sample from the publicly available hydrodynamical

GalMer simulations [Chilingarian et al., 2010], and then train the algorithm to search for stellar
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streams in the Fornax cluster core. The results of these tests are presented in the next sections.

9.2 Testing COSTA on hydrodynamical simulations

We used a suite of publicly available simulations, the GalMer database [Chilingarian et al., 2010],

to test the ability of our algorithm to recover streams originating from a dwarf when passing close

to a giant galaxy. The simulated data cubes are needed to test the algorithm self-consistently.

We first defined the series of (k, n, Nmin,and σcut) setups that minimize false detections, and then

applied them to find the stream. Finally, we checked how meaningful the recovered properties

(e.g., mean velocity, local velocity dispersion, and fraction of particles) were with respect to the

intrinsic property of the stream. At this point, we were interested in verifying whether for a

given stream a series of parameter setups would allow COSTA to find it and how these might

change as a function of the observational conditions (i.e., measurement errors and total number

of particles).

9.2.1 The GalMer Simulations

The GalMer simulations are based on a tree-smoothed particle hydrodynamics (SPH) code, in

which gravitational forces are calculated using a hierarchical tree method [Barnes and Hut, 1986]

and gas evolution is followed by means of SPH [Gingold and Monaghan, 1982, Lucy, 1977].

Dark matter particles and baryon particles both have masses of ∼ 105M⊙, while the softening

lengths are ϵ = 280 pc for giant-giant interactions, and ϵ = 200 pc for giant-intermediate and

giant-dwarf runs. This gives an appropriate mass and spatial resolution to trace low-mass and

low-surface-brightness substructures. The typical mass residing in stellar streams stripped by

the dwarf during its interaction with the large galaxy is of the order of 10% of its mass; thus,

given the typical GC- and PN-specific number densities (the number of particles per unit of

luminosity), the stream is fairly sampled with a few tens of and up to a hundred tracers (e.g.,

GCs and PNe together). We simulated different depths of our observational setup by assuming

different numbers of stellar particles expected to populate the stream. The advantage of testing

the algorithm on simulations is that we can separate the particles belonging to the dwarf galaxy

from the ones belonging to the target system. We can, therefore, characterize the phase space

of both the galaxy target and streams produced in the fly-by of the dwarf galaxy through the

central galaxy halo.
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Figure 9.1: Snapshots of gE0-dE0 encounter, from 1850 Myr (top left) up to 2250 Myr (bottom right) after the beginning

of the simulation, and separated by steps of 50 Myr. To test COSTA, we use the configuration at the center of the image,

which is temporarily located at 2050 Myr after the start of the encounter.
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Figure 9.2: Same as Fig. 9.1 but for gSa-dS0 interaction. These snapshots correspond to a time interval between 1650

Myr and 2050 Myr after the beginning of the simulation, with our test configuration (1850 Myr) at the center of the

image.
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The GalMer database2 provides about 1019 simulations of colliding galaxies and more than

70 000 snapshots showing the development of these interactions up to 3 Gyr from the beginning

of the encounter with a bin interval, for each snapshot, of 50 Myr. From the whole database, we

focused on two encounter configurations: 1) the one between a giant elliptical galaxy, gE0, and

a dwarf E0 galaxy, dE0, with a mass ratio of 1:10 (the minimum found in the database for all

simulations); and 2) the one between a giant Sa galaxy, gSa, and a dwarf S0 galaxy, dS0, also

with a mass ratio 1:10. Table 9.1 shows the parameters of the four galaxies. We need to point out

that a mass ratio of 1:10 is not optimal for generalizing the results because a wider population

of systems, also with lower mass ratios, exist in real cases. As we show later, however, this is a

conservative starting point as our algorithm is more efficient in detecting groups in phase spaces,

which are generally much colder than the surrounding environment. Hence, the differences in

velocity dispersion, which characterize the GalMer systems, are representative of extreme cases:

if COSTA is able to detect substructures in these systems, then it will be even more successful

in cases involving lower mass satellites.

We selected the gE0-dE0 and gSa-dS0 cases as realistic representations of the dynamics of a

giant-dwarf encounter. In particular, the case of the gE0-dE0 is fairly representative of a typical

encounter between a hot, high-dispersion system and a colder satellite, like the one happening in

large galactic halos [see e.g., Cooper et al., 2010, Iodice et al., 2016]. In both configurations, we

chose an encounter with the satellite starting 100 kpc away, and falling toward the larger galaxy

in a prograde orbit with an inclination of 33 degrees and a pericentral distance of 16 kpc. We

initially used a prograde orbit because this is expected to exchange a lower amount of energy and

therefore to minimize the scatter of dwarf particles into warmer tails. However, since in the case

of the gSa-dS0 encounter the dwarf and the giant stars were too mixed, for this latter case we

also considered a retrograde encounter. In Fig. 9.1 and Fig. 9.2, we show a few snapshots of the

gE0-dE0 and gSa-dS0 encounters, respectively. The final configuration we adopt for our tests is

shown in the central panel (encounter), while the other panels show different time snaps, each

one spaced in time by 50 Myr, with the top-left corner temporarily located 200 Myr before the

chosen configuration. The choice of the central configurations is motivated by the fact that the

distance between the intruder and the giant galaxy is the shortest (as is evident from Figs. 9.1

and 9.2). This allows us to have a sufficient spatial mix of the two systems, and thus stress as

much as possible the ability of COSTA to recover stream particles well embedded in high-density

regions. From the figures, it is also clear that the encounters start producing a stream-like

2http://galmer.obspm.fr
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structure from the first passage at a few tens of kpc. Particles belonging to the original stream

become mixed after a few hundred Myr, but subsequent close passages produce even brighter

streams. These latter ones remain visible and well separated from the background galaxy for

hundreds of Myr. They later diffuse and mix with galaxy halo particles. This timescale is set by

the specific dynamical time of the system in question, and this can be larger for hotter central

systems and lower mass ratios. Unfortunately, the GalMer database does not provide lower mass

ratios than the ones adopted here. Nevertheless, these examples allow us to test the ability of

COSTA to find such cold streams as a function of a few observational parameters.

9.2.2 Running COSTA on GalMer simulations

In order to apply COSTA to GalMer simulations, we first needed to extract simulated 6D data

cubes from the velocity field (i.e., RA, DEC, and a radial velocity) that mimics a typical ob-

servational situation. Then, COSTA can be applied to the mock velocity field to recover the

cold substructures, together with their intrinsic kinematical parameters. We intended to test the

possibility of identifying streams made of a few particles in velocity fields of different sizes. In

particular, we tested the case of Npart = 2000, 1000, 500 extracted from the giant galaxy. These

are typical numbers of test particles found in external galaxies, like PNe (Fornax cluster: ∼ 1000,

∼ 1500 PNe: Spiniello et al. 2018; and references therein; M31, ∼2000 PNe: Merrett et al. 2006;

NGC 5128, ∼ 1100 PNe: Peng et al. 2004; NGC 4374, ∼ 500 PNe: Napolitano et al. 2011; or

globular clusters (Fornax cluster: ∼ 1000 GCs: Pota et al. 2018; and references therein; M87,

∼ 500: Romanowsky et al. 2012). For the dwarfs, we instead considered Npart = 150, 75, 38,

respectively [e.g., Fahrion et al., 2020]. These numbers of particles were chosen to match with

the expected particles observable from streams of surface brightness of the order of 28-30 mag

arcsec−2 (see discussion below). Finally, to test different observational conditions, we adopted

three orders of measurement errors, ∆v = 10, 20, 40 km s−1 ,for each of the three different

selected encounters (i.e., gE0-dE0 and gSa-dS0 prograde/retrograde) by re-sampling the parti-

cle velocities with a Gaussian distribution centered on the particle velocity and with σ = ∆v

(vobs hereafter). These values are comparable to what is typically reached with mid and low

spectral resolution. Measurement errors have the effect of diluting the observed velocity distri-

bution of the cold substructure by increasing the observed squared velocity dispersion, that is,

σ2
obs=σ2

I+∆2
v, where σI indicates the intrinsic velocity dispersion of the stream and sigmaobs the

observed velocity dispersion. In the following, we define the mean velocity and velocity dispersion
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of the detected substructures using a standard statistical definition [see also Pota et al., 2018]:

vmean =
1

N

∑
vobs,i, σ2

I =
1

N − 1

∑
(vobs,i − vmean)

2 − (∆v)
2. (9.1)

Hence, the larger the ∆v, the greater the chance that a cold structure will become warm enough

to skip the cold criterion on σcut, or that some of the particles are discarded by the sigma-clipping

part of the algorithm. This would then leave too few particles to meet the minimum particle

number (Nmin) limit, hence making COSTA lose good candidate streams.

9.2.3 Setting the reliability of COSTA

Before running COSTA to search for streams, we need to check whether and how often COSTA

returns spurious detections. In the case of simulations, this is easily performed by running

COSTA on the central galaxy particles only; these represent the smooth warm background in

which streams must be found when the intruder is added. For our analysis, we defined the

following datasets: the white noise sample (WNS) includes RA, DEC, and vobs of the giant

galaxy or cluster regions without any artificial stream added and the detection sample (DS)

includes RA, DEC, and vobs of the full system including the WNS and the particles of the

stream. We used the WNS to select those setups (i.e., combination of k, n, Nmin, and σcut) that

have a reasonably low probability to find artificial detection and to be used to look for streams

in the DS. A given setup that finds no spurious streams in the WNS has maximum “reliability,”

which means that if it detects a stream in the DS then this is likely to be real. On the other

hand, a setup that finds many spurious detections is highly unreliable and has to be discarded.

In order to have a statistical definition of the reliability of the setups in the k, n, Nmin, and

σcut space, we used 100 different mock datasets randomly extracted from all particles in the

simulations. We used different combinations of number of particles Npart and velocity errors ∆v

for each of the three encounters, and we present some representative cases here. Specifically,

we discuss the cases where we randomly extracted 2000 particles with errors ∆v =10 and 40

km s−1; 1000 particles with ∆v =40 and 500 particles with ∆v = 20 km s−1. For each case, we

uniformly sampled the k, n, Nmin parameters’ space, for different σcut and ran COSTA with all

the possible combinations of the free parameters selected in the following ranges:

• k : from 10 to 30 with steps of 5.

• n: from 1.3 to 3 with steps of 0.2-0.3.

• Nmin: all values from 5 up to k.



9.2. Testing COSTA on hydrodynamical simulations 215

• σcut: from 10 to 80 km s−1with steps of 5 km s−1.

For each combination of these parameters, we defined the reliability of the 100 random extractions

as

Rel = 100−Nspu %, (9.2)

where Nspu is the number of times we obtain at least one spurious detection from COSTA. We

use 70% as the threshold for defining a reliable setup. This threshold is somehow arbitrary,

as it might depend on the risk one is willing to take in considering a group of particles as a

stream. In principle, one should set the reliability toward 100%, to be sure that none of the

detection is spurious. However, this could result in a too conservative choice that might cut all

streams statistically closer to the white noise given by the background particles. For instance, the

properties of streams with a low number of particles and/or too close to the σcut may be very close

to the properties of the spurious detections, and thus would be filtered out by too-conservative

thresholds. For this reason, we were motivated to choose a lower threshold that might provide

greater completeness but less purity, due to the increased chance of finding spurious detections.

Since the main scope of COSTA is to provide stream candidates that will then be confirmed with

deeper observations, a fair amount of false detections are acceptable. We discuss the impact of

the threshold in §9.2.6. Here we discuss the results for the gE0-dE0 and the gSa-dS0 encounters

separately and in detail.

9.2.4 The case of the gE0-dE0 encounter

We first tested COSTA parameter combinations on the WNS to check which configurations

produced spurious detections over 100 re-extractions of the same catalog, re-sampling the velocity

errors for each particle. We excluded the particles in the central 1 kpc of the main galaxy, since

these regions are usually highly incomplete in discrete tracer detection [see e.g., Napolitano

et al., 2001] and any attempt to look for streams would produce very uncertain results. Then, we

collected all configurations that returned at least 70% of the re-simulated field COSTA analysis

with no spurious detection (e.g., Rel ≥ 70).

9.2.4.1 Reliability as a function of the COSTA parameters

In Fig. 9.3, for the four different combinations of Npart −∆v, we show the scatter plot between

all the possible free parameter pairs. This is color-coded according to the fraction of times a

given pair overcame the chosen reliability threshold, and it is marginalized over the other two
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Figure 9.3: Scatter plot between all possible free parameter pairs, color-coded by the fraction of times (FN) a given

pair of parameters has a reliability greater than 70% over the total number of possible configurations, along with the

distribution of each parameter. Red points (cyan points) indicate the combination of parameters where COSTA detected

a real (spurious) stream in ten random extractions of the giant+dwarf
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free parameters. This cumulative fraction, related to each parameter pair, is hence defined as

FN =
# parameter-pair with Rel. ≥ 70%

# total tests for a fixed parameter-pair
.

The latter quantity is expected to be higher for the combinations of parameters that have a lower

chance of producing spurious detection for any other choice of the other parameters, and, as such,

it represents a quality flag for a given configuration. Indeed, when a parameter configuration

with a low FN finds a stream, the chance that this is a spurious one is higher. In the following,

we use the high-FN regions in the parameter space to label the detection as higher quality (see

also below), as they represent the regions where all parameters show high reliability.

In Fig. 9.3, the regions of the parameter space that reach the maximum level of reliability

(> 70% for all possible parameter configurations) are shown in yellow, while the quality of the

configuration degrades toward the blue as the fraction of >70% reliability decreases over the

total combination including that particular pair. For the yellow area, this means that, having

fixed two of the four free parameters, the reliability threshold is reached regardless of the values

of the other two. Looking at the results for the different Npart − ∆v cases, we can see that

regions with FN ∼ 1 are located in the upper-right corner of the k − n panel, on the diagonal

of the k − Nmin projection, at the bottom right corner of the k − σcut, n − σcut and of the

Nmin − σcut panels, in the upper-left corner and right side of the n − Nmin projection. This

is valid for all Npart − ∆v, but with different extensions. Moreover, many other regions in the

parameter space have an FN > 70% (light green color), indicating that there are numerous

highly reliable combinations of the four parameters, which hence produce very reliable streams

with little or no chance of being spurious. The same figure also shows the 1D distribution of

all four COSTA parameters, corresponding to Rel> 70%, highlighting the peak values in the

parameter space that allow the greatest chance of producing little or no spurious streams. In

particular, the distribution of Nmin shows that this is a critical parameter to avoid spurious

detections, as the probability of finding spurious structures (i.e., groups of particles with similar

velocities) is larger for small Nmin and monotonically decreases as Nmin increases, producing a

higher overall reliability at larger Nmin. Indeed, too-small Nmin would increase the chance of

a group of particles in k neighbors having close velocities, thus returning a spurious detection.

On the other hand, as Nmin defines the minimal mass of the stream that COSTA would detect,

too large an Nmin will produce high reliability but also high incompleteness in the final list of

stream candidates (as small streams would be filtered out). The distribution of σcut, instead,

justifies our choice to employ many cut-offs, as larger values allow us to find warmer streams
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with larger Nmin (FN is close to 1 in the bottom right of the Nmin − σcut panel), while lower

σcut minimizes the number of spurious structures (from the 1D distribution of the σcut fraction).

Concerning the σcut parameter, it is worth mentioning that in some cases we adopted cut-offs

lower than the nominal instrumental errors. This is because a stream with an intrinsic velocity

dispersion smaller than the instrumental error would give an observed value that can be any

random number lower than ∆v. Hence, using σcut ≥ ∆v would exclude any real stream colder

than ∆v. Using smaller cuts, we expect to detect such streams, although we cannot evaluate their

intrinsic kinematics. In these cases, we consider the σmea ∼ σobs, that is, without subtracting ∆v

in quadrature, and we mark the latter with an apex. Looking at the n distribution, the setups

with the highest reliability fractions are located at high n, since a shallow sigma clipping removes

fewer outliers. Hence, only structures with an initial low-velocity-dispersion value fall below a

given threshold, unless one sets a higher Nmin, in which case there is little chance of finding a

spurious structure with small n (see e.g., the central panel in the top left of Fig. 9.3). Finally,

the k distribution increases monotonically. Since the higher k is, the larger the possible values of

Nmin (Nmin is varied from 5 up to k) are, it is expected that this distribution mimics the trend

of the Nmin one.

As all the previous considerations may be dataset dependent, it is crucial to explore the

behavior of the reliability in the parameter space as a function of the number of particles, the

velocity errors, and also the minimal reliability threshold (e.g., changing this to a lower or higher

threshold than 70%). In this section, we consider the first two quantities (number of particles

and the velocity errors), while we discuss the reliability threshold in §9.2.6. By comparing

the top-right panel of Fig. 9.3, which shows the case of a lower ∆v = 10 km s−1 with the

top-left panel, which shows ∆v = 40 km s−1 , the number of possible combinations that have

Rel ≥70% increases by more than 10% when considering smaller errors. In fact, the smaller

velocity error values allow COSTA to more efficiently recognize the absence of streams without

spurious detections. This is quite encouraging, as it shows that there is little room for spurious

cold structures to be produced by the white noise of the background velocity field. Also, this

shows that the velocity measurements are crucial to increasing the purity of stream detection.

The bottom-left and bottom-right panels of Fig. 9.3 show the configurations with 1000 and 500

particles with ∆v = 40 km s−1and ∆v = 20 km s−1, respectively. These situations exhibit a wider

parameter space with high FN (i.e. high reliable setups), similarly to the case of 2000 particles

and ∆v = 10 km s−1. This is likely because the smaller number of particles further reduces the

effect of the noise for a given ∆v, and consequently the probability of COSTA finding a spurious
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Table 9.2: Column 1 : adopted configuration. Column 2 : percentage of setups where the stream has been recovered with

respect to the total setups in which COSTA detected at least a cold substructure averaged on ten simulations. Column

3 : the contaminant fraction (CF: see definition in the text).

gE0 - dE0 f CF

2000 part - 40 km s−1 0.54 ± 0.18 0.71 ± 0.12
a2000 part - 40 km s−1 0.59 ± 0.24 0.73 ± 0.11

2000 part - 10 km s−1 0.54 ± 0.08 0.67 ± 0.13
a2000 part - 10 km s−1 0.67 ± 0.10 0.71 ± 0.12

1000 part - 40 km s−1 0.40 ± 0.22 0.70 ± 0.13
a1000 part - 40 km s−1 0.47 ± 0.25 0.71 ± 0.12

500 part - 20 km s−1 0.51 ± 0.20 0.64 ± 0.17
a500 part - 20 km s−1 0.56 ± 0.21 0.66 ± 0.17

a: in these configurations, we ruled out setups with FN < 50%

in the n−Nmin space as described in the text.

structure becomes lower. However, the smaller number of particles also decreases the sampling

of the stream and its signal, overall decreasing the signal-to-noise ratio by roughly
√
Npart. The

consequence here is that COSTA might not detect the stream with the same efficiency as it would

for higher numbers of particles. Thus, it is essential to also test the detection ability of COSTA

as a function of Npart when a stream is present in the detection sample.

9.2.4.2 Stream detection

We then ran COSTA using all setup configurations with Rel≥70% over the DS made of the gE0

and dwarf/stream particles, to test the algorithm’s ability to detect cold structures embedded

in the hot environment of the central galaxy. We repeated this procedure ten times in order

to take into account statistical fluctuations due to a random extraction of the detection sample

particles. Furthermore, in order to reproduce a lower limit for the surface brightness of the

extracted stream, we imposed a minimum number of ten particles to be picked up in an area

of about 40 kpc located in the tail of the dwarf. These numbers correspond to a stream with

a surface brightness of the order of 28-30 mag arcsec2 (see discussion in §9.3.3).3 We note that

3We stress here that this condition has been imposed regardless of the Npart, which might bias the detection

toward intrinsically denser streams for lower Npart, and, as such, increase the detection power of COSTA for these

cases. As we are interested in covering a variety of observational conditions, we kept this condition; however, we

take into account the detection efficiency as a function of Npart when drawing conclusions.
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COSTA does not only detect streams in the proximity of the dwarf, but it also correctly identifies

other groups of stream particles, including portions of the stream that are far from the dwarf

body. However, these latter detections are fairly occasional because particles that are far from

the dwarf have spent more time in the halo of the host galaxies and have started to mix in

the phase space of the host halos to be detected as part of a decoupled stream (see discussion

in §9.2.4.4). It is likely that streams detected from COSTA contain, along with the actual

dwarf particles, also some contaminants, meaning particles close to the stream that accidentally

also have similar velocities to those of the dwarf’s particles. This “contamination” is a critical

parameter to evaluate because contaminants alter the inferred stream properties. Since we know

from the simulation which of the systems the particles belong to, we used this information to

estimate the contamination fraction (see §9.2.4.3). Regardless of the mix of the dwarf/stream

particles with the background main galaxy particles, we expect that the stream particles closer

to the dwarf body are the ones that most keep their kinematics clearly decoupled by the hot

background (see also §9.2.4.4). Among all candidate streams that COSTA recognizes on the DS,

we consider the ones where COSTA correctly identifies at least four particles of the stream/dwarf,

or where at least one third of the total particles (dwarf + contaminants from the main galaxy) is

from the stream/dwarf, as true detections. The final results of COSTA true positive detections

are shown also in Fig. 9.3. Here, we overplot the combination of parameters where COSTA found

the stream (i.e., true positives, red points) and spurious groups (i.e., false positives, cyan points),

in the ten repeated DS extractions, on the density plots. In many panels, real (red points) and

spurious (cyan) streams are clustered in different regions, even though it is not always simple

to see this. The most evident case is the Nmin − σcut plot, where red points are slightly shifted

toward the right corner, where FN is higher. More quantitatively, in the Nmin − σcut projection

of the case with 2000 particles and ∆v = 40 km s−1, the median FN for true positive equals 0.88,

while that of spurious streams is only 0.73.

Another useful projection that slightly separates real streams from spurious ones is the n −

Nmin in the middle of each corner plot. This panel shows the compromise between how strong

the sigma clipping can be depending on the minimal number of particles expected in the stream.

Indeed, a closer inspection of the n−Nmin plot reveals that many spurious structures have been

detected in the bottom-left region, while red points tend to cluster in the upper right. Being

more quantitative, the median FN of red and cyan points in the n − Nmin panel are 0.58 and

0.49, respectively. Thus, in order to minimize the chance of over-collecting spurious streams, we

adopted a threshold on the FN in the n−Nmin panel. In particular, setting a minimum value of
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FN = 0.5, we removed about 50% of the spurious structures. We note that, despite the separation

being clearer in the σcut −Nmin panel, we prefer to set a threshold in a perpendicular direction

of the parameter space, with respect to σcut, in order to reduce the chances of biasing the final

selection in a projection that is strictly related to a stream’s physical properties. In fact, a further

clean involving σcut might alter the estimated stream kinematics. Since some of the very low

FN regions lie at high σcut values, removing such regions would rule out all the combination of

parameters with σcut close to the actual dwarf velocity dispersion (77 km s−1, see also Table 9.1).

In the following, we use this threshold as a further condition on the detected structures to clean

out our list of candidate streams. The effectiveness of this choice becomes clearer in §9.2.4.4. In

Table 9.2, we report the fractions of setups that reveal the stream tail without any false positive

(called f hereafter), averaged over ten simulations returning at least one detection (i.e., either a

true or false positive), with and without applying the threshold of FN = 0.5. We also report the

contaminant fraction, which is defined in §9.2.4.3. Generally, the threshold in n−Nmin increases

the number of setups where the stream is recovered. This is particularly evident for the best

case with Npart = 2000 and ∆v = 10 km s−1, where the fraction of setups returning streams

with no spurious is ∼ 67% when applying the threshold of FN = 0.5 in the n − Nmin plane,

while it is ∼ 54% withouth any threshold in FN. Given the uncertainties, however, this makes

very little difference. The same can be said for the impact of changing the number of particles

and adopting different velocity uncertainties. Going from 2000 to 1000, keeping ∆v fixed to 40

km s−1, f goes down from 0.54 to 0.40, but it is always consistent within one-σ errors. Lower

velocity errors tend to shift detected streams toward “more reliable" regions of the parameter

space. This is also visible directly from Fig. 9.3, comparing the top-left and top-right panels and

again using the the n−Nmin− and the Nmin − σcut panels to discriminate between real streams

and spurious ones. Yellow regions are more extended in all panels for ∆v = 10 km s−1. The

bottom-left panel of Fig. 9.3 shows the results of the case of 1000-75 giant-dwarf particles and

∆v = 40 km s−1. Here, COSTA is still able to detect the stream, even though the ratio of the

number of setups where the stream was recovered over the total number of setups is the lowest

(see column 2 of Table 9.2), with and without the threshold. Finally, we consider the case with

500-38 giant-dwarf particles. Here, we show the result for ∆v = 20 km s−1in the bottom-right

plot of the same figure. This is in fact the precision one can obtain with typical mid-resolution

spectroscopy. In this case, COSTA is also well able to catch the stream in a quite ample range

of configurations in the parameter space (∼ 50%).

In conclusion, for all the different configurations we tested, when changing the number of
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Figure 9.4: Top: relative positions (left panel) and reduced phase space (right panel) in the case of the stream recovered

with Nmin = 15. Bottom: same as above but with the stream recovered with Nmin = 30. Light gray points are

gE0 particles, while blue ones are those belonging to the dE0. Yellow points represent dwarf particles within three

effective radii from the dwarf center, while the recovered stream is colored in green (real stream particles) and in red

(contaminants).

particles and the velocity accuracy, COSTA is able to recover the stream in a relatively broad

space of parameters (ranging between 40% and 67%). We note that a 50% success rate is

acceptable in blind stream searches if one wants to find a list of candidates to follow up on, and

if they represent a fair compromise between purity (no false positives) and completeness (i.e.,

find as many real streams as possible; see also §9.2.4.3).

9.2.4.3 Completeness and contamination

We can now better describe and quantify the stream properties as returned by the different

setups. So far, we have identified the setups that give the true positives, but every setup produces

different groups of particles, including real stream particles. In particular, we can check the

degree of contamination introduced by the different setups with the aim of finding a method to

define the best setup (e.g., the one optimizing the ratio between the number of real particles and

contaminators). To do that, we defined the observed completeness (OC) as

OC =
# recovered stream particles

total recovered (stream and non-stream)
.
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Figure 9.5: Density plot of number of setups with a reliability above the selected threshold and with FN (≥ 0.5) in the

n − Nmin space. Data were smoothed with a Gaussian kernel with a bandwidth equal to three bins.
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This parameter is clearly complementary to the contaminant fraction (CF) of the stream (i.e., CF

= 1 - OC):

CF =
# recovered non-stream particles

total recovered (stream and non-stream).
The mean CF derived over all of the setups producing no false positive (column 3 of Table 9.2)

are always ∼ 65−70%, almost independently of the sample size and velocity accuracy, which, by

definition correspond to ∼ 35− 30% of OC. This high fraction of contaminants can significantly

affect the conclusion about physical properties of the stream (see e.g., §9.2.4.4). However, we

stress that these quantities are an average over many setups, and, in principle, one can define

the optimal setup that maximizes the OC. We consider this optimization in more detail in §9.3.5.

We also remark here that the contaminant fraction does not impact the detection of the stream

that remains a good candidate for subsequent follow ups. These are needed in any case to obtain

the physical properties of the stream (luminosity, colors, surface brightness, kinematics, etc.).

9.2.4.4 Stream kinematics

After having demonstrated that COSTA is able to detect a stream, we are interested in extract-

ing physical properties from the recovered stream. In particular, we are interested in deriving

kinematical information concerning the stream from the velocities of the tracers collected as

part of it. Hence, we want to find a rule of thumb to apply to the many configurations that

find the stream and identify the setups that better characterize its kinematical properties (e.g.,

its velocity dispersion). Sadly, a dynamical definition of the stream velocity dispersion is not

straightforward, even in simulated samples like GalMer. Technically, the stream is made of

all the particles left behind by the disrupting dwarf, which have a different degree of mixing

depending on the time at which they became unbound. In Fig. 9.4, we compare the position

and velocity distribution of particles belonging to the galaxy background (in gray), the ones

belonging to the outskirts of the dwarf galaxy (in yellow, of which the center is shown as a

red cross), and the stream particles (in blue) for one of the runs discussed in §9.2.4 and two

different Nmin values (Nmin=15 top, Nmin=30 bottom). In the same figure, we also plot the

true stream particles detected by COSTA in this run (in green), and contaminants that COSTA

selected but are instead not part of the true streams (in red). From this figure, we can see

that the stream particles (blue) overall have a wider distribution with respect to both the dwarf

body particles (yellow) and the ones that COSTA detects in the proximity of the dwarf (red

and green), while they are not as dispersed as the gray particles of the central galaxy halo. As

such, they are both unbound from the parent dwarf and unmixed with the host halo, hence
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Figure 9.6: Same as Fig. 9.3 but for the gSa in the prograde encounter.
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Figure 9.7: Same as Fig. 9.3 but for the gSa in the retrograde encounter.
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their velocity dispersion does not have a dynamical meaning because hydrostatic equilibrium

does not hold. On the other hand, the “youngest” regions of the stream (green particles) show a

distribution that is similar to the ones of the dwarf particles (yellow) at the equilibrium. Thus,

the particles recently lost in the tail (and more likely detected with COSTA) keep the record of

the kinematics of the parent galaxy4. This means that these latter particles have not yet fully

dynamically decoupled from their progenitor, and we are motivated to compare their velocity

dispersion with the dwarf velocity dispersion (i.e., 77 km s−1; see Table 9.1). This is useful for

two main reasons: 1) algorithm-wise, this is the best way to identify setups that better describe

(dynamically motivated) kinematical properties of a detected stream; and 2) dynamically, we

postulate that the stream velocity dispersion should follow the Faber-Jackson relation [Faber

and Jackson, 1976] of the parent dwarfs (i.e., the velocity dispersion should correlate with the

luminosity of the progenitor, if any). To illustrate how this works via data, looking at Fig. 9.4

again we clearly see a typical situation of a stream detection where stream particles (including

some contaminants) are close to the bulk of the parent galaxy. For both the case with Nmin=15

and that with Nmin=30, COSTA selects only a limited fraction of particles, and it selects them

very close to the dwarf (tail). The ratio of the red particles over all particles (i.e. red+green

colors in Fig. 9.4) gives the OC, which decreases toward higher Nmin (e.g., 0.56 vs 0.40). On the

contrary, the overall velocity dispersion increases from the Nmin = 15 to 30 (as seen in both the

phase-space diagram, the velocity-radius plot in the middle panels, and the velocity histogram

in the right panels), and, in the latter case, it becomes closer to the one of the dwarf (i.e., 77

km s−1). Green and red particles have rather similar velocity dispersion values both in the case

with Nmin = 15 (top row in the figure): σgreen,15 = 40km s−1, σred,15 = 35km s−1, and the case

with Nmin = 30 (bottom row in the figure): σgreen,30 = 74km s−1, σred,30 = 83km s−1. This sug-

gests that the contaminants only slightly alter the true velocity dispersion of the stream. Only

in very few runs does COSTA also detect groups of particles in the tail of the stream that are

further away from the dwarf main body, on the opposite side of the central galaxy (see e.g., blue

crosses in Fig. 9.4). This shows that COSTA can, in principle, also identify portions of the debris

of a stream in absence of a close dwarf (e.g., at the pericenter/apocenter of stream orbits where

lost particles tend to accumulate around zero systemic velocity in the reference frame of the

4Dynamically speaking, this means that both the energy transfer from orbital momentum to the dwarf GCs

[e.g., via tidal approximation; Napolitano et al., 2002] and the dynamical friction (∝ ρ/σ2
env, where the density,

ρ and the inverse of the velocity dispersion 1/σ2
env of the environment are small) have a minor impact on the

stripped particles.
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central galaxy). This is due to the fact that, being stream (blue) particles still unmixed with the

halo, they are also recognized as cold substructures. The fact that the majority of the detections

occur in the regions close to the galaxy depends strongly on the fact that these particles are

fully unmixed. For a detection to occur at greater distances, one needs an ad-hoc combination

of poor mixing and occasional overdensity, which is more unusual. It remains that the velocity

dispersion of these latter detections cannot be dynamically connected to the parent dwarf (e.g.,

via a Faber-Jackson relation). The only case in which one is motivated to dynamically interpret

the velocity dispersion of an isolated group of particles that has no clear dwarf association is

in the one with evidence that the parent dwarf has recently been disrupted and the remaining

particles are the latest lost. Finally, since we postulate a connection between the kinematics of

the stream and the one of the parent dwarf (e.g., a sort of Faber-Jackson stream), and given that

COSTA can detect the same stream with different configurations, we wish to check whether we

can identify configurations that reproduce, as close as possible, the real internal dispersion of the

dwarf. In Fig. 9.5, we show the density plot of the velocity dispersion estimates of the selected

stream particles as a function of the most sensitive parameter discussed in this paragraph, Nmin.

In particular, we show the values obtained using a threshold on FN = 0.5 in the n−Nmin space as

described in §9.2.4.2. The four plots correspond to the measured velocity dispersion, σmea, from

the streams selected according to the four different cases as in Fig. 9.3. Overall, we notice that

the velocity dispersion estimates tend to cluster around the true value of the dwarf (77 km s−1),

with the tails toward lower values. This happens regardless of the sample size and velocity errors,

although higher velocity accuracy (e.g., ∆v ≤ 10 km s−1, top right panel, and ∆v ≤ 20 km s−1,

bottom left panel) gives less pronounced tails toward low σmea in the velocity distribution. This

is particularly evident when comparing the 2000-particle cases (top row of Fig. 9.5). Being more

quantitative and using the median of the distribution as a probe of the peak, we obtain the

following stream velocity dispersion: 43 ± 23 km s−1, 57 ± 12 km s−1, 57 ± 15 km s−1, and 57

± 18 km s−1for the 2000 (40), 2000 (10), 1000 (40), and 500 (20) cases, respectively. Of course,

the final dispersion of the stream is in all cases affected by the contaminants from the main

galaxy, but overall the median values are always consistent within 1-σ uncertainties and are all

close, although slightly lower, to the true velocity dispersion of the dwarf. This implies that the

contaminants selected by COSTA as part of the stream are almost statistically indistinguishable

from the stream particles, as they hold similar overall kinematics (see Fig. 9.4).
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9.2.5 The case of the gSa-dS0 encounter: Testing COSTA on a cold

system

Having demonstrated that COSTA is able to find cold streams embedded in the halo of hot early-

type systems, we now need to test the case of late-type galaxies. We selected a gSa-dS0 encounter,

and tested both a prograde and a retrograde motion for the dwarf, because the stronger rotation

of the galaxy disk might have a different impact in the two cases. We followed the same steps as

in the gE0-dE0 case, and we highlight the results in the following sections.

9.2.5.1 Reliability

First, we ran COSTA over the WNS using all parameter combinations to determine the reliability

distribution in the parameter space. In Figs. 9.6-9.7, we show the reliability maps for the prograde

and retrograde cases on two separate rows. Also in this case, we show the density plot obtained

with different numbers of particles for the giant and the dwarf and different values of ∆v. Since

the gSa is colder than the gE0, it is much easier for COSTA to find combinations of galaxy

particles with a local velocity dispersion close to that of the σcut (i.e., there is a smaller contrast).

It is much easier for COSTA to find spurious substructures, and consequently it is harder to find

setups with high reliabilities (i.e., with more than 70% of detections being non-spurious). As a

result, the regions of the parameter space with high FN (yellow) are considerably reduced with

respect to the gE0 case, and there is generally a higher chance of finding some false positives.

As for gE0, the adoption of smaller velocity errors produces a slightly higher number of good

setups, especially in the retrograde case, and the FN also increases over a relatively wider area

for the smallest number of tracers tested in our simulations (fourth panel). The results for the

prograde (top) and retrograde (bottom) cases are very similar because in the two cases the WNS

does not change dynamically in a significant way, despite the fact that the different interaction

with the intruder might have introduced different perturbations.

9.2.5.2 Stream detection

The second step is to run COSTA on the DS, which is made by the main galaxy and dwarf

particles, to recover the stream particles. As with the gE0+dE0 encounter, we performed ten

random extractions of the giant+dwarf system, imposing a limit on the lower surface brightness of

the stream. The results of this test are listed in Table 9.3, both for the prograde and the retrogade

encounters. In general, COSTA only detects the stream in few setups (with reliability Rel≥70%≥
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Table 9.3: Same as Table 9.2 but in the case of the spirals.

gSa-dS0 Prograde f CF

2000 part - 40 km s−1 0.10 ± 0.13 0.61 ± 0.14
a2000 part - 40 km s−1 0.14 ± 0.20 0.74 ± 0.15

2000 part - 10 km s−1 0.08 ± 0.15 0.57 ± 0.15
a2000 part - 10 km s−1 0.11 ± 0.19 0.67 ± 0.19

1000 part - 40 km s−1 0.04 ± 0.06 0.73 ± 0.13
a1000 part - 40 km s−1 0.04 ± 0.12 0.89 ± 0.11

500 part - 20 km s−1 0.03 ± 0.04 0.71 ± 0.12
a500 part - 20 km s−1 0.04 ± 0.05 0.73 ± 0.16

gSa-dS0 Retrograde f CF

2000 part - 40 km s−1 0.14 ± 0.22 0.13 ± 0.14
a2000 part - 40 km s−1 0.11 ± 0.19 0.26 ± 0.17

2000 part - 10 km s−1 0.29 ± 0.34 0.16 ± 0.15
a2000 part - 10 km s−1 0.14 ± 0.21 0.26 ± 0.12

1000 part - 40 km s−1 0.04 ± 0.12 0.36 ± 0.14
a1000 part - 40 km s−1 0.03 ± 0.09 0.44 ± 0.19

500 part - 20 km s−1 0.04 ± 0.05 0.57 ± 0.10
a500 part - 20 km s−1 0.03 ± 0.04 0.50 ± 0.13

a: in these configurations, we ruled out setups with FN < 50%

in the n−Nmin space as described in the text.

Figure 9.8: Parameter space overlapped with true and false streams detected by COSTA for both early- and late-type

galaxies, in the standard configurations (2000 particles and ∆v= 40 km s−1) for three cases (gE0, gSa prograde, and

gSa retrograde), but using different reliability thresholds.
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70% both for the prograde and retrograde motions). Furthermore, in the gSa-dSO case, most

of the setups that correctly found the stream particles also detected spurious substructures (see

bottom-left panel of Figure 9.7 or Table 9.3). Overall, for the retrograde encounter, COSTA

performs better, with a much lower CF (e.g., ∼ 15% versus ∼ 60% for the 2000 particles case

with ∆v = 40 km s−1). The number of setups in which COSTA detects a stream is also higher

in the retrograde case, at least for the best possible configuration, that is, 2000 parts - 10

km s−1(11% for the prograde and 29% for the retrograde, assuming a threshold of 50% in the

n −Nmin panel, although with a large uncertainty). In this configuration, and partially also in

that with 2000 particles and a larger velocity error, the stream has been detected in regions that

tend to accumulate toward the highly reliable FN (yellow areas) regions in the parameter space.

This is especially visible in the Nmin − σcut plot, as we see for the gE0 system. In particular,

high-reliability configurations favor a smaller σcut (≤ 40 km s−1). However, this is not always

true for the prograde and retrograde cases with a smaller number of particles, at least not for

all the projections. In these cases, the stream was detected only a few times, and they are very

sparse in the region of the single plots of the parameter pairs. Finally, as seen in Fig. 9.7 (at

least for the retrograde case), COSTA performs generally better when the velocity errors are

smaller. Here, the algorithm reveals the stream in more setups. An interesting contrast between

the gE0-dE0 and gSa-dS0 cases is that, for the latter, the number of particles produces a very

different number of setups with high reliability. This is valid both for the prograde and for

the retrograde case. Going from 2000 particles to 500, the f is between three and five times

smaller, while the CF increases. We also note that, for the gSa-dS0 cases, and in particular for

the prograde encounters, the configurations for which we correctly detect the streams are often

embedded in low-FN areas. This is different from what happens in the gE0-dE0 interaction and

it is due to the fact that, since COSTA finds more spurious stream, the configurations that allow

us to find the stream also find some of them that are spurious, at least with the change of other

parameters. This means that, even if the stream is found, this has a generally lower reliability

in cold systems. We need to stress here that this conclusion is not general, as this applies to the

case of a mass ratio 10:1, that is, with a small contrast between the dispersion of the stream and

the dispersion of the background velocity field (see below).

9.2.5.3 Stream kinematics

The σcut (≤ 40km s−1) is an upper limit, beyond which COSTA no longer detects the stream.

The median of the velocity dispersion, using only setups with FN > 0.5 in the n − Nmin plot



232
Chapter 9. The COld STream finder Algorithm: Searching for kinematical substructures in

the phase space of discrete tracers

in the retrograde encounter, gives a velocity dispersion lower than the one of the parent dwarf

galaxy (σdwarf = 74 km s−1). In fact, we obtain the following medians of the velocity dispersion

distributions: 24 ± 13km s−1, 31 ± 7km s−1, 33 ± 2km s−1, and 37 ± 6km s−1for the 2000(40),

2000(10), 1000(40), and 500(20) cases. Here, the worse performance of COSTA with respect to

the gE0-dE0 is due to little contrast between the dwarf velocity field (which is rather hot in the

specific GalMer simulation; i.e., σdwarf ∼ 74 km s−1) and the gSa (σgiant ∼ 81 km s−1). Thus,

the exercise we carried out here has to be interpreted as an “extreme case” to set a guideline for

the methodology to follow in “real” cases, where the difference between the velocity dispersion of

the dwarf and that of the giant is larger.

9.2.6 The dependence of COSTA’s performance on the reliability thresh-

old

In this section, we explore how different reliability thresholds can affect the completeness and

purity of COSTA. Overall, logically, a lower threshold allows us to increase the probability of

finding a stream (at the expense of a greater contamination), while a higher limit has the opposite

effect. In the case of the gE0-dE0 interaction, we increased the lower limit of the reliability and

we only used combinations of free parameters above 90%. We only ran COSTA on the Ngiant =

2000, Ndwarf = 150, and ∆v = 40 km s−1 configurations. Of course, the number of parameter

combinations overcoming the threshold is reduced with respect to the previously used threshold

of 90%. This can be seen in the left panel of Fig. 9.8 (left panel). However, the stream is still

detected in many setups, and they show almost the same distribution in the parameter space as

for the lower threshold. For the gSa-dSa interaction, the situation is reversed, as we lowered the

acceptable value of reliability to 50%. Indeed, in both the prograde and retrograde encounters,

COSTA could not find streams using a higher threshold, so we checked a lower one. In both

encounters we used Ngiant = 2000, Ndwarf = 150, and ∆v = 40 km s−1. In the prograde case

(central panel of Fig. 9.8), COSTA finds the stream in a slightly higher number of setups, with

respect to the very few that have a reliability cut-off of 70%. In the retrograde case (right panel of

the same figure), the improvement is even higher as the number of setups where COSTA detects

the stream increases by 50% with respect to the previous case. Thus, we conclude that for the

late-type case, the 70% reliability threshold is too conservative, and a lower reliability threshold

would give more opportunities to identify streams.
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9.3 The case of the Fornax cluster core

We tested COSTA on a cluster environment where streams are produced in a more complex situ-

ation with many large coexisting galaxies. In such environments, multiple low-surface-brightness

streams from a larger population of dwarf galaxies and with a given luminosity function and dif-

ferent kinematics can be produced. In particular, we present here the case of the Fornax cluster,

for which there are GCs [from Pota et al., 2018] and PNe [from Spiniello et al., 2018] available

for stream search, which we will present in forthcoming analyses. The aim of this section is to

show that for a more complex case, such as the Fornax cluster core, COSTA can also be set to

detect cold streams of small numbers of particles, as was done for the GalMer simulations. For

the Fornax cluster, unfortunately, we do not possess a simulation realistic enough to produce

an equally large structure distribution of particles as the one reported in GC and PNe studies.

We thus decided to build up Monte Carlo realizations of the kinematical tracer distribution in

the 3D phase space (i.e., 2D positions and radial velocity) over which we we were able to obtain

a reliability map for COSTA and test its stream detection performances. Indeed, following the

approach adopted for the GalMer simulations, we first require the Monte Carlo realizations of

the Fornax core in order to have a smooth cluster background with no streams (i.e., the WNS).

This allows us to explore the parameter space and assess the reliability function of COSTA as a

function of the different parameters. Secondly, we added a number of artificial streams (hence

generating different DSs) and ran COSTA to recover them and to calculate the OC and CF.

9.3.1 Monte Carlo simulations of the Fornax cluster core

To produce COSTA reliability maps, we performed a suite of Monte Carlo simulations resembling

the Fornax core as closely as possible in terms of spatial distribution, local density, and radial

velocity distribution of the kinematical tracers (WNS). We only simulated the region covered by

the current discrete tracer surveys [FVSS Pota et al., 2018, Spiniello et al., 2018], covering about

1.8 deg2 around the cD, NGC 1399. In this area, there are two other bright early-type galaxies:

NGC 1404, located just below the cD in the south-east direction at about 9′; and NGC 1387, at a

distance of ∼ 19′ to the west of NGC 1399. A third relatively massive galaxy, NGC 1379, located

at ∼ 60′ toward West, was observed with one FORS2 pointing in S+18. However, this system is

excluded from this analysis because we do not have continuity with the rest of the Fornax core

area, hence it is useless with regard to stream finding. We generated simulated GCs and PNe in

a total number that is as close as possible to what has been observed in Spiniello et al. [2018] and
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Pota et al. [2018]. In the following, we assume that both GCs and PNe trace the same underlying

population of old stars5, at the equilibrium in the gravitational potential of these three galaxies,

assumed to be the superposition of the individual galaxy potentials with spherical symmetry.

Following Napolitano et al. [2001], we produced the 3D position starting from a 3D spherical

density profile and projected them on the 2D sky plane (X-Y in our case). For each particle,

we determined the 3D velocity vector according to the hydrostatic equilibrium equations (see

below), which we projected along the line of sight to derive the intrinsic radial velocity. We

finally simulated a radial velocity measurement by randomly extracting the measured velocity

from a Gaussian having the intrinsic radial velocity as mean and standard deviation equal to the

measurement errors. In order to produce these Monte Carlo realizations of particles sampling the

total potential in the Fornax core, we assumed a total mass of about 1014 M⊙ and a Hernquist

[Hernquist, 1990] density distribution of the stellar-like tracers for the cluster. This is a good

approximation for elliptical galaxies following a de Vaucouleurs [1948] law. For NGC 1399, which

gathers most of the light in the cluster core, Iodice et al. [2016] found a Sersic index n = 4.5,

which is very close to the n = 4 that describes the de Vaucouleurs law. The luminous mass

density is expressed by the formula

ρ(r) = C
Mla

2π

1

r(r + a)3
, (9.3)

where Ml is the total luminous mass, a is a distance scale (Re = 1.81534 a) and C is a normaliza-

tion constant. We made the same assumption for all other galaxies in the area, with the adopted

parameters as in Table 9.4. In addition to the stellar mass density, we also considered a dark

halo following a Navarro-Frenk-White (NFW) [Navarro et al., 1997] profile, to define realistic

internal kinematics for the simulated particles. Hence, the potential of the system at equilibrium

is provided by the total mass:

Mtot = Ml +Mdm. (9.4)

We assumed non-rotation6 and an isotropic velocity dispersion tensor, and we solved the radial

Jeans equation,
d(ρσ2)

dr
= −G

Mtot(r)ρ(r)

r2
, (9.5)

to derive the 3D velocity dispersion σ2 in the three directions of the velocity space, and we

generated a full 3D phase space. As briefly anticipated above, we simulated an observed phase
5For a discussion about the statistical similarity between the two tracers, see Napolitano et al. [2022]
6Although some rotation of blue GCs in the radial range between 4 and 8 arcminutes was measured, the

kinematics of the outskirt of NGC 1399 is dominated by the random motion [Coccato et al., 2013, Schuberth

et al., 2010]
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Table 9.4: Parameters of the simulated galaxies. The effective radii were taken from the literature, unless specified

otherwise. The velocity and velocity dispersion values were retrieved from the Nasa Extragalactic Database (NED),

unless specified otherwise.

Galaxy Number Re Vel. σp

of points (arcsec) (kms−1) (kms−1)

NGC 1399 1855 138 1425 320

NGC 1387 90 42 1302a 160

NGC 1404 40 100a 1947 247
a: Values adopted to obtain a more realistic reproduction

(see text).

space by projecting the tracer distribution on the sky plane, and we derived the LOS velocity of

the individual particles. In particular, we used the X-Y plane as the sky plane and the z-axis as

the LOS. However, due to the full spherical symmetry of the model, the particular projection is

irrelevant. Finally, in order to simulate a velocity measurement, we used the same approach as

for the GalMer simulations: we adopted a Gaussian error distribution and re-sampled the radial

velocities produced by the Monte Carlo simulations with a ∆v = 37 km s−1, which is consistent

with typical measurement errors from P+18 and S+18. In this case, we do not vary the errors,

as this test is meant to demonstrate that COSTA can be applied to a real dataset and provide

a series of reliable setups for finding stream candidates from real datasets. We included 1985

particles in the simulation to reproduce the number of observed PNe and GCs selected in the

area as accurately as possible. The number of points for each satellite galaxy was then obtained

with a cross-match with the real data, counting the number of plausible PNe and GCs bound to

the galaxies, while both effective radii and velocity dispersions are taken from the literature (see

Table 9.4). To obtain a realistic reproduction of the PN and GC systems around NGC 1404 (in

terms of number and radial abundance), we need to adopt an effective radius (i.e., the radius

enclosing half of the total light of the galaxy), Re ∼ 100′′, slightly larger than the one estimated

by Corwin et al. (1985, Re ∼ 80′′). For NGC 1387, we took into account the velocity offset of

PNe reported by Spiniello et al. [2018] (i.e., a mean velocity higher than the systemic velocity

of the galaxy reported in literature by ∼ 100 kms−1 ). Indeed in this area, we have a larger

number of PNe than GCs, respectively 117 (88%) and 16 (12%), within three effective radii from

NGC 1387; thus the offset of the PN velocities might generate an overall velocity excess of 100

kms−1, that we thus artificially added to all simulated points around NGC 1387 in order to
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Figure 9.9: Simulated data points for one Monte Carlo realization, with NGC 1399 at the origin of coordinates. NGC 1404

is just below the cD (X ∼ −5, Y ∼ −5), and NGC 1387 is at X ∼ −20 arcmin. The positions of the three galaxies are

indicated by black squares.
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Figure 9.10: Phase space of one Monte Carlo simulation. On the x-axis, we plot the distance from NGC 1399 in

arcminutes, and on the y-axis we plot the velocities of the points in km s−1. The continuous solid and dashed-dotted

lines represent the ±3σP profiles of the GCs and PNe, respectively, extracted from Pota et al. [2018] (their Fig. 9). The

dashed black horizontal line represents the systemic velocity of NGC1399 (1425 km s−1).

.
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match the real objects (see also Table 9.4). The final result of all these fine-tuning calibrations

for the simulated sample gives the distribution of the simulated particle, as shown in Fig. 9.9.

Here, we plot the simulated points for one of the mock realizations using positions computed

with respect to the simulated cluster center. We observe a fair spatial correspondence between

the main galaxies in the field of view (whose positions are highlighted as black squares) and the

simulated particles (red points). In Fig. 9.10, we show the phase-space distribution of the same

simulated particles together with the ±3σp profiles (where σp is obtained as in Eq. 9.1) of the

GCs from Pota et al. [2018] and the PNe from Spiniello et al. [2018] (curves are extracted from

Fig. 9 in Pota et al. 2018). Once again, the similarities are quite evident between the overall

kinematics of the simulated particles and of the observed ones. Once we had optimized the Monte

Carlo simulation setups to best reproduce the observed GC+PN dataset, we finally produced

100 realizations of the system, which represent the WNS from which we obtained the reliability

maps for COSTA. Differently from the GalMer simulations, where the statistical variation of the

parameters were obtained only by perturbing the velocities of the particles, for the Fornax-like

case we re-sampled the full parameter space. Hence, we added more statistical noise to the

simulated sample, coming from different spatial configurations of the same physical streams.

9.3.2 COSTA setup and reliability map

To obtain the reliability map, we followed the same steps as in the GalMer simulations (§9.2.4

and §9.2.5). To begin with, we ran COSTA for each parameter combination over the 100 Monte

Carlo realizations of the WNS and counted the number of configurations for which COSTA finds

no spurious streams. In this case, we uniformly sampled the k, n, Nmin parameters’ space for a

different σcut and ran COSTA with all the possible combinations of the free parameters selected

in the following ranges:

• k : from 10 to 50 with steps of 5.

• n: from 1.3 to 3 with steps of 0.2-0.3.

• Nmin: all values from 5 up to k.

• σcut: from 10 to 120 km s−1with steps of 5 km s−1.

The difference with respect to the gE0-dE0 case (i.e., the case of another hot systems) is the

adoption of a larger σcut, k, and a larger Nmin range. This is motivated by the fact that, as the

Fornax environment is hotter than the GalMer gE0, we can detect higher velocity substructures
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Figure 9.11: Reliability map for Fornax cluster obtained with a reliability threshold of 70%.

(if any). Similarly to the GalMer simulations, we also used σcut values below the instrumental

errors, considering in these cases σmea ∼ σobs (see discussion in §9.2.4). Figure 9.11 shows the

reliability map, color-coded by the fraction of the number of setups with a reliability ≥ 70%.

The case of the Fornax-like system is fairly different with respect to the configurations tested

with the GalMer simulation. Indeed, the intrinsically higher velocity dispersion provides a much

smaller chance of obtaining a correlated group of particles characterized by a small dispersion;

this is due to statistical fluctuation in the parameter space. For this reason, COSTA has a quite

large range of parameters that find a spurious stream in less than 30% of the extractions. One

may argue that in this case 70% is a too-loose threshold, and higher values might be used too.

However, the Monte Carlo simulations only partially catch the full statistical fluctuations, and
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they might be too smooth with respect to the real data. In a second step, we ran COSTA on

the DS where the artificial streams were added to assess the effectiveness of COSTA detection.

9.3.3 Recovering simulated substructures

When applying COSTA to real cases, detection is the minimum we want to achieve (complete-

ness), while we can compromise on the full recovery of stream particles vs. contaminants (purity),

as we correctly expected that we would lose some particles and also obtain some contaminants

(non-stream particle) as part of a correctly detected stream (see also discussions in §9.2.4 and

§9.2.5). To check COSTA’s ability to recover known streams in the Fornax-like environment and

to assess completeness and purity, we added three artificial streams to our Monte Carlo simula-

tions. Since we cannot reproduce the full dynamics of a stream in our Monte Carlo simulations,

and we wanted to test COSTA in more observational situations, we chose typical stream sizes

and kinematics that can be realistically found in real data. As shown in the case of the GalMer

simulations (see e.g., Fig. 9.4), despite the fact that a dwarf galaxy spreads a large number of

particles along its encounter orbit, COSTA can identify only the closer ones, which were the last

to be stripped (of the order of a few tens, depending on the surface brightness of a stream), spread

over ∼5–15 kpc, that is, 1′ − 3′ at the distance of Fornax. The first stream (stream 1, hereafter)

is made of 20 particles, measures 1′×2′, and has an intrinsic velocity dispersion of σ = 35 kms−1.

Two other streams were extracted by randomly sampling particles from the tail of the GalMer

gE0-dE0 case discussed in §9.2.4. We isolated a group of 30 particles, distributed over an area

of about 3′ × 1.5’ in one case (GalMer 1 hereafter) and 6′ × 3′ in a second case (GalMer 2), with

an intrinsic velocity dispersions of σ = 45 kms−1 and σ = 62 kms−1, respectively. These two

streams have the advantage of being more realistic (in shape and density) as they are based on

a simulated encounter, although the dynamics of the GalMer simulation adopted is not really

close to the one of the Fornax core, in particular because of the lower mass of the main galaxy as

compared to NGC 1399. We also took larger streams (3′ roughly corresponds to 30 kpc) in order

to explore the ability of COSTA to find larger and more diffuse streams. The final properties

of the artificial streams are summarized in Table 9.5. In order to simulate a real measurement

of the particle redshift, we randomly re-extracted their “measured” velocities from a Gaussian

with a central velocity equal to the intrinsic radial velocity, and standard deviation of 37 kms−1.

We stress here that the three streams have a velocity dispersion within the range expected for

dwarf galaxies [Kourkchi et al., 2012]. Also, the number of particles is not arbitrary: indeed,

assuming that we split the particles in the same number of PNe and GCs, and assuming a typical
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Table 9.5: Properties of the simulated streams

N Size (arcmin) σI (kms−1) σM (kms−1)

stream 1 20 2 X 1 35 42

GalMer 1 30 3 X 1.5 45 58

GalMer 2 30 6 X 3 62 69

(bolometric) PN-specific number density of 50 × 10−9 PN/L⊙ [see e.g., Feldmeier et al., 2004],

the luminosity in the g-band corresponding to 10-15 PN-like particles is of the order of 108L⊙.

The corresponding surface brightness of streams, with sizes as in Table 9.5, is of the order of

28-29 mag/arcsec2, which is close to the typical low-surface-brightness levels expected for these

substructures [see e.g., Cooper et al., 2010]. At this point, we built a set of Monte Carlo simula-

tions to which we added the particles of the three simulated streams each time randomly varying

their mean velocity using a Gaussian with a 0 kms−1 mean, assuming the cD at rest in the cluster

center, and with a standard deviation of 300 kms−1, which is similar to the velocity dispersion of

the Fornax cluster (see Pota et al. 2018 and Spiniello et al. 2018 for a discussion). We also sys-

tematically randomized their positions to recover them in three different ranges of cluster-centric

radii, in order to verify a dependence of the recovery rate with the distance (and hence the local

particle density). We chose three shells: R = 5′ − 7′, R = 7′ − 12′, and R = 12′ − 18′, while

we excluded the region within 5′. Here, the light is too dominated by the cD and it would be

very hard to detect low-surface-brightness structures. We did not place the streams at distances

larger than 18′ in order to be conservative, as in less dense regions the frequency at which the

stream is recovered could be overestimated because of a lower background. Furthermore, the

stream GalMer 2 was only inserted in the two external shells because this diffuse stream is typical

of longer lived passages happening far from the cluster center (see e.g., the tail of the encounter

in Fig. 9.1). As for the GalMer systems, we ran COSTA on 10 out of 100 of the Monte Carlo

simulations from the reliability run to evaluate the stream-detection performances. The results

for the three streams at different radii and their reliability maps are displayed in Fig. 9.12 and

listed in Tab. 9.6. The general result is that COSTA is able to recover all streams with a broad

number of setup parameters. On average, recovery increases slightly for the GalMer streams at

greater distances, mainly because the signal from the particles belonging to the stream is higher

with respect to the noise of the hot environment (with lower local density). This does not happen

for stream 1, which is smaller and more compact. Specularly, the contaminant fraction decreases
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Figure 9.12: Stream (red points) and spurious structures (cyan points) overlapped on Fornax cluster reliability maps in

the different shells (left column R = 5′ − 7′; middle columns R = 7′ − 12′; right column R = 12′ − 18′) and for the three

different simulated streams (top: stream 1, middle: GalMer 1, and bottom GalMer 2).
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Table 9.6: Same as Table 9.2 but in the case of artificial streams in a Fornax-like cluster.

Stream f CF

R = 5’ - 7’

stream 1 0.69 ± 0.07 0.26 ± 0.18

GalMer 1 0.66 ± 0.22 0.24 ± 0.12

R = 7’ - 12’

stream 1 0.69 ± 0.06 0.18 ± 0.15

GalMer 1 0.78 ± 0.09 0.22 ± 0.18

GalMer 2 0.68 ± 0.15 0.20 ± 0.15

R = 12’ - 18’

stream 1 0.60 ± 0.19 0.17 ± 0.15

GalMer 1 0.77 ± 0.08 0.18 ± 0.18

GalMer 2 0.74 ± 0.10 0.15 ± 0.14

with increasing radius, and this is true for all the streams.

9.3.4 Stream kinematics

The only aspect of the algorithm we wish to discuss in more detail at this level is how much (and

what kind of) physical information COSTA can provide, besides the stream detection. In fact,

despite the detection being important per se, as it provides candidates for follow-up observations

(e.g., deep imaging, higher resolution spectroscopy), having predictions about relevant intrinsic

properties such as surface brightness, a reliable estimate of the velocity dispersion, and, possibly,

the membership of particles, is fundamental to planning such follow-up programs. As introduced

in §9.3.3, the estimation of the true kinematics of the stream is equivalent to estimating the real

number of true particles belonging to the stream and the fraction of contaminants from the back-

ground system as a function of the setups. In principle, one may think that this should depend

on the structure of the stream: compact, well-populated, and very cold streams should produce

almost no contaminants, while very diffuse warmer streams would more easily be contaminated

by particles of the galaxy halo, which have similar velocities to those of the central galaxy. How-

ever, as we discuss in §9.3.5, contaminants do not have a huge effect on the estimation of the

velocity dispersion of the stream, since by construction COSTA picks up particles with similar

velocities. In Fig. 9.13, we show the density plot of the recovered streams in the Nmin − σ di-
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agram, which were cleaned using a threshold of FN = 0.5 in the n − Nmin panel, only for the

R = 7′ − 12′ shell, as indicative of the ability to recover the stream kinematics. The results for

the other two annuli are similar to those obtained for the central one. We note that, differently

from the GalMer simulations, we constructed the streams with a given velocity dispersion, and

thus we can check if the real value is recovered. From the figure, it is evident that the setups via

which the stream is detected accumulate around the true velocity dispersion of the streams (35

km s−1, 45km s−1, and 62km s−1for stream 1, GalMer 1, and GalMer 2, respectively), indicated

by the dashed black line. In particular, the median of the σmea distribution is found to be 16

± 24 km s−1, 52± 15 km s−1, 62 ± 28 km s−1, which is consistent within 1σ uncertainties. We

notice that the difference between the median values and the true velocity dispersion values are

of the same orders of magnitude as normal measurement errors for mid-resolution spectroscopy.

For stream 1, however, the mean value is below the accuracy allowed by the velocity, hence the

median value just reveals that the assumed precision does not make it possible to recover the

true kinematics, for which a higher velocity accuracy is required. We also estimated the median

number of particles recovered for each stream so as to check whether COSTA allows us to infer

the total “luminosity” associated with the stream, and we found a median of Nrecov = 22, 31, 29

for stream 1, GalMer 1, and GalMer 2, respectively. These median values are very similar to the

true number of particles belonging to the stream (20, 30, 30; see Table 9.5), even if we do not

expect that all of these particles truly belong to the stream (see discussion in the next session).

9.3.5 Contaminants and fraction of recovered particles

We evaluate here the fraction of contaminant (CF, defined in §9.2.4.2) particles within the different

streams as a function of the different parameters. We used the Fornax simulations to decipher how

the contamination can change depending on stream compactness (from the compact stream 1, to

the very diffuse GalMer 2), internal velocity dispersion, and position within the central potential.

We stress that this is a test that one can do only a-posteriori, by placing stream candidates in

the Monte Carlo simulations at the right distance and with the right geometry to perform a

“contamination run.” Nevertheless, this is useful for assessing the realistic contamination of a

given stream. Our main goal is to provide a general example of the impact contaminants have

on the inference one can derive from COSTA candidates and on the intrinsic properties of the

streams. We show in Fig. 9.14 the trend of CF as a function of the different setup parameters for

every shell of the three streams. We see a clear dependence of the CF on Nmin and on k: thus,

the larger Nmin and k are, the higher the number of contaminants is. This is valid for all the
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Figure 9.13: Density plot in Nmin − σ diagram, and number counts of the recovered artificial streams for the middle

shell (i.e., 7′-12′) for stream 1 (top), GalMer 1 (middle), and GalMer 2 (bottom). The horizontal dashed line shows the

true velocity dispersion of each stream. The sample was cleaned by using FN = 0.5 as the threshold in the n − Nmin

space. Data were smoothed using a Gaussian kernel with a bandwidth equal to 3.



246
Chapter 9. The COld STream finder Algorithm: Searching for kinematical substructures in

the phase space of discrete tracers

streams, in all the shells, but the slope of stream 1 is steeper and reaches a larger CF, especially

for Nmin. A similar trend is also present for the velocity dispersion cut-off, although it is more

noisy and dependent on the shell one considers (more evident at lower radii; for n, instead, the

CF is constant around CF ∼ 0.2 − 0.3). In the worst cases, we see an increase up to 60% for

stream 1 and ∼ 40% for the two GalMer streams, σcut > 100 kms−1 , and Nmin > 35. The

main reason for the greater contamination is that, while the number of recovered true particles

remains almost constant, the larger σcut and Nmin make COSTA select more particles that have

compatible velocities, but that do not belong to the stream. For k = 50, the CF reaches the

highest level of 50% for the inner radial bin, while it stays below 40% for the outer ones. For any

value of n, the CF is always below 40%. In this case, it is also on average lower for the outer bins

with respect to the inner one. The number of particles recovered has a strong dependence on

the number of k (neighbors), as we can expect, and it also has a small dependence on the value

n of the sigma clipping: higher values of n give better results. Completeness and contaminant

fractions are very similar in the case of the two GalMer streams, even if they are different sizes.

This suggests that COSTA is able to recover even diffuse streams; for example, the recovery

frequency is independent of the dimension of the structure. However, we do speculate that it

could be harder to detect these kinds of streams in the denser region, where the noise due to the

hot component of the cluster increases. It is also instructive to verify the correlation between

the number of the recovered particles and the setup parameters. To do that, we define the true

completeness (TC) as

TC =
# recovered stream particles

# true stream particles
,

where the true stream particle numbers are given in Table 9.5 for the three simulated streams.

The TC is used here to decipher the range of parameter setups that maximize the number of

recovered particles compared to the real ones, by contemporary imposing a low CF.

All quantities listed above are not known in observations and depend on the specific dataset

and on the distance (i.e., the local particle density). To investigate the effect of distance, we

plotted the values of the TC parameter (transparent triangles) and of the OC parameter (full dots),

defined in §9.2.4.2, for the three simulated streams in the three different shells. Overall, the TC

tends to rise with increasing values of all the setup parameters. This indicates that COSTA

recovers more particles by using stronger constraints (i.e., greater numbers of neighbors and

particles). However, this also causes a higher number of contaminants, as seen in Fig. 9.14. We

also note that the behavior of the TC is more "extreme" in the cases of the GalMer streams (red

and green points). We speculate that this may be due to the fact that stream 1 is much more
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Figure 9.14: Contaminant Fraction as a function of setup parameters for R = 5′ − 7′ shell (left column), R = 7′ − 12′

shell (middle column), and R = 12′ − 18′ shell (right column). Red points are for the GalMer 1 stream, green points for

the GalMer 2 stream, and the blue points are for stream 1.
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Figure 9.15: Observed completeness (full dots) and true completeness (transparent triangles) as a function of the setup

parameters for R = 5′ − 7′ shell (left column), R = 7′ − 12′ shell (middle column), and R = 12′ − 18′ shell (right

column). The color-code is the same as in Fig. 9.14: red points for GalMer 1, green points for GalMer 2, and blue points

for stream 1.
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compact than the other two. The observed completeness (full dots) instead decreases for larger

σcut, Nmin, and k while it stays roughly constant all along n values. A compromising rule of

thumb we derived when cross-checking Fig. 9.13, Fig. 9.14, and Fig. 9.15 is that if a stream is

found with different setups with similar reliability, one should first select the parameters that

better reproduce its kinematics: the median of the distributions shown in Fig. 9.13 for Nmin and

σcut. Then, one should try to select values for n and k, for which the OB and TC are similar,

while the CF is the minimum possible. For the streams simulated here, this region is around

the following values: k ∼ 25 − 30 and n ≥ 1.8. This should allow for a reasonable level of

completeness (∼80%), with a contamination that is ∼ 50% in the worst case (i.e., high σcut), or

lower than that. It is important to stress, however, that these numbers depend on the system

one considers and on the morpho-kinematic characteristics of the streams one aims to recover.

Thus, each run of COSTA needs to be properly trained with ad-hoc Monte Carlo simulations

before the algorithm can be used with real data. Finally, we checked how accurately COSTA can

reconstruct the intrinsic properties of the streams. The presence of contaminants (estimated to

be of the order of 20% of the total number of particles for low σcut, if the rule of thumb holds)

is expected to alter the properties of the recovered stream. In fact, these should have hotter

kinematics and be characterized by a higher velocity dispersion. However, to be selected as

friend-of-friend particles, they likely have velocities reasonably compatible with the bulk of the

stream, so the effect should not be dramatic. From Fig. 9.13, we see that the smaller the cut-off,

the smaller the measured stream dispersion; although, if the adopted cut-off is larger than the

real stream dispersion, the dispersion estimates tend to saturate around the true dispersion value.

This implies that if using a too large a cut-off does not produce a dramatic overestimate of the

true velocity dispersion, too small a cut-off might produce an underestimation of the stream’s

velocity dispersion. Thus, adopting a larger cut-off would be the safest choice. It would give a

more realistic estimate of the stream dispersion, but, as discussed before, this is at the cost of

a larger fraction of contaminants. Overall, both the number of particles of the stream and the

stream velocity dispersion are underestimated by COSTA. These two quantities are the major

parameters we want to retrieve for our stream candidates, because they can give information

about the amount of dispersed stellar mass per event and the dispersion of the parent dwarf

galaxy (and likely its virial mass). However, the optimization of the setup in view of recovering

the best estimates is beyond the current goals of the preliminary test carried out in this work,

as we are primarily interested in the detection of the streams. In conclusion, for what we have

discussed in this section we are confident that COSTA is able to find real streams in our data, if
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any.

9.4 Application of COSTA on a real datasets of Fornax dis-

crete kinematical tracers

Once demonstrated the effectiveness of COSTA, here we describe the outcomes of the algorithm

on a real sample GCs and PNe retrieved from the Fornax Cluster VLT Spectroscopic Survey

(FVSS) in the inner ∼200 kpc of the Fornax cluster. In particular, the dataset is based on the

GCs catalog collected by Pota et al. [2018] which counts 1183 GCs and ∼ 1452 PNe collected by

Spiniello et al. [2018]. Here we discuss only the main results, reminding to the original paper,

Napolitano N.R., Gatto M. et al., A&A, Vol. 657, p.A94 for more details.

COSTA detected 13 stream candidates in total. The positions of the particles composing

each stream are plotted in different colors in Fig. 9.16 superposed on the deep g−band image

of the core of Fornax cluster from FDS. To visualize the stream particles, we choose the closest

configuration to the median parameter setup of each stream as representative of the “average

stream”. In the same figure, we also report dwarf galaxies from the literature [Eigenthaler et al.,

2018, Munoz et al., 2015] that are in the vicinity of the streams. These are plotted as orange

diamonds or squares (depending whether they have velocity measurements or not, respectively)

and their sizes are proportional to the i−band total magnitude taken from Cantiello et al. [2020].

From this figure, we see that streams are either very close to some of the detected dwarf galaxies

(e.g., FVSS-S1, FVSS-S2, FVSS-S5, FVSS-S7, FVSS-S12) or live in the halo or are associated to

larger galaxies in the Fornax core (e.g., FVSS-S3, FVSS-S4, FVSS-S6, FVSS-S8, FVSS-S13). In

Fig. 9.17 we show the candidate streams in the phase space of all GCs and PNe in the Fornax

core. The locations of the major galaxies in the area are also reported in the same figure.

Amongst the 13 candidate streams, we highlight the likely discovery of a giant, still unknown

stream connecting NGC 1380, NGC 1381, and NGC 1382, suggesting that this stream might

originate from one of these galaxies, and the first independent kinematical confirmation of a

stream identified by Iodice et al. [2016] in the deep photometry of the Fornax cluster.

9.5 Conclusion

In this work, we introduced the COld STream finder Algorithm: a new tool used to detect cold

kinematic substructures in the outer halos of massive galaxies, as a probe of their recent and past
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Figure 9.16: Image of the Fornax cluster core region. We show representative particles of each cold substructure found by

COSTA in the closest configuration to the median setups; these are colored according to the associated stream. Orange

squares and diamonds indicate some galaxies of the Fornax core taken from Munoz et al. [2015] and Eigenthaler et al.

[2018], with symbol size proportional to their i−band luminosities. Orange crosses represent galaxies with no luminosity

measurement.
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Figure 9.17: Left: Particles of each cold substructure in the phase space, with the same colors as in Fig. 9.16, superposed

on all particles used in this work (light gray). Right: Gaussians with mean = 1425 km s−1, i.e., the NGC 1399 systemic

velocity, and standard deviation of 300 km s−1 (blue solid lines) and 374 km s−1 (red solid lines), namely the velocity

dispersion of the Fornax cluster and of the Fornax members analyzed by Drinkwater et al. [2001].

merger history. As all massive galaxies build their halos through minor mergers [e.g., Amorisco,

2019], it is of great value to reveal such tidal debris and infer their intrinsic properties in order to

unveil the mechanisms playing a role in the mass assembly history of massive galaxies. Since these

structures have very low surface brightnesses, it is incredibly difficult to detect them by means

of photometric observations alone. In the last years, thanks to new instrumentation that allowed

for more accurate spectroscopy, the research of merger signatures shifted to the exploration of the

phase space of kinematical tracers. So far (supported by numerical simulations and analytical

models), the detection of streams has been limited to the search for shells and narrow diagonal

tracks, which have a chevron-like shape in the position-velocity diagram [e.g., Longobardi et al.,

2015, Romanowsky et al., 2012]. Unfortunately, these patterns are not produced by low dispersion

streams made of a handful of particles (of the order of a few tens) and originated from dwarf

galaxies in a recent encounter with a massive galaxy (see e.g., Fig. 9.4). COSTA allows us to

search for these low-surface-brightness streams in the phase space in a systematic way. It also

makes it possible to detect cold kinematic substructures moving in a warm/hot environment

composed of relaxed particles. COSTA relies on a deep friend-of-friend algorithm that, through

an iterative sigma clipping, detaches groups of neighbor particles with cold kinematics (with
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velocity dispersions of the order of tens of km s−1). The algorithm has four free parameters that

have to be set with Montecarlo simulations, mimicking the real system under examination. The

final aim of this work has been the detection of streams with COSTA in simulated systems, and

we are fully confident that our algorithm is also able to detect them in real cases. In particular,

in this work, we did the following:

• We discussed the ability of COSTA to recover cold substructures in different dynamical

conditions, from cold giant spiral galaxies to giant ellipticals living in the core of large

clusters of galaxies (§9.2 and §9.3). The general result is that COSTA is able to detect

real substructures with a variety of combinations of the four free parameters, and with a

limited number of spurious events, if one selects the regions in the parameter space that

maximize the reliability of a stream detection and minimize the chance of false positive.

• We showed that the COSTA algorithm can find cold streams embedded in a hotter environ-

ment. The efficiency of COSTA in recovery streams heavily depends on the ratio between

the velocity dispersion of the stream and that of the host galaxy, favoring cold streams

embedded in a hot surrounding. In fact, the performance of COSTA is much worse when

the difference between the velocity dispersion of the giant and that of the dwarf intruder

is very small (see the case of a gSa-dSa interaction, §9.2.5, versus the case of a gE0-dE0

interaction, §9.2.4, and that of the Fornax core, §9.3). The algorithm also depends some-

what on the number of tracers of the stream (i.e., the mass ratio of the dwarf and the giant

galaxy; see §9.3).

• We showed that the difference between the measured and the real velocity dispersion is

similar to the uncertainties on velocities, hence the assessment of the stream kinematics

would improve if higher spectroscopic resolution is available (section §9.2.4.4).

• We demonstrated that in order to best estimate the reliability of the COSTA setups,

we have first to construct a realistic realization in the phase space of the system under

analysis. This is not an easy task and it also requires customized Monte Carlo realizations

(§9.3). Furthermore, the reliability map one can derive might depend on how accurate the

description of the underlying “relaxed” system is with respect to the stream population.

However, we note that an over-detailed dynamical description of a given system can also

incorporate substructures as a part of the relaxed component, hence reducing the chance

of being recognized as a true substructure. We believe that the Monte Carlo approach,
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as in §9.3, is a reasonable start, but we cannot exclude that a more sophisticated relaxed

model based on N-body codes will be used in the future to refine the predictions on real

systems applying COSTA to real data.

• We derived a rule of thumb to unveil the real kinematics of a given stream, and hence

to obtain insights on the properties of the parent galaxy from which these particles were

stripped. We note, however, that COSTA generally underestimates the true velocity dis-

persion of the stream (§9.5).

To conclude, we prove here that COSTA is a useful tool in detecting stream candidates

that originated from close galaxy encounters in a 3D phase space. It uses the right ascension,

declination, and radial velocity of particles as input. Since its ability increases when the stream

is considerably colder than the surrounding environment, its natural implementation concerns

galaxy clusters in which the high velocity dispersion of the relaxed particles moving in the

potential well of the cluster makes it easier to unveil a group of particles coherent both in

position and in velocity. Nevertheless, we demonstrate that COSTA is also suitable for other

situations, such as galaxy-galaxy encounters; hence, in principle it could be used wherever a

sample of kinematic tracers is available.



Chapter 10

Conclusions and future perspectives

In this thesis, I exploited different kinds of data (photometry, proper motions, radial velocities)

with the main goal of investigating the evolutionary and interaction history of the Magellanic

Clouds. To this aim, I mainly used their vast sample of SC as tracers. Most of the results

shown in this thesis are based on the deep and accurate photometry provided by the YMCA and

STEP surveys, conducted during the past years with the VST telescope. These surveys secured

deep and homogeneous photometry for more than 160 square degrees of the LMC, SMC and

their peripheries. The very deep photometry achieved by these surveys allowed us to accurately

resolve the MC stars singularly, down to about 1.5-2 mag below the MSTO of the oldest stellar

population, which combined with the enormous spatial coverage ensured us to investigate the

stellar population within the MCs with unprecedented detail. Finally, these surveys, and in

particular YMCA, also targeted the outermost and up-to-date barely explored regions of the

MCs, allowing us to probe for the first time the faint magnitudes of the MC outskirts.

While the photometry of the STEP data has been already carried out by other members

of the STEP collaboration, the photometry for the 110 squared degrees of the YMCA survey

was performed by the writer adopting the DAOPHOT/ALLSTAR [Stetson, 1987, 1992] together

with customised procedures to obtain the absolute photometric calibration and to merge the

catalogues of the single tiles. The resulting YMCA photometric catalogue, complemented with

selected tiles of the STEP survey (in particular those close to the west of the LMC) was at

the basis of the works described in Chapter 3, 4, 5 and 6. In the first work (Chapter 3 and

4), published on MNRAS (Gatto et al., MNRAS, Vol.499, p.4114-4139, 2020) we developed an

“ad hoc” algorithm that was fine-tuned to detect the diffuse and poorly populated SCs in the

255
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MCs that were missed by the previous shallower photometric surveys. The technique adopted

in this thesis to discover new SCs is described in detail in Chapter 3. It is composed by two

main steps: 1) the over-density finder algorithm: it builds a density map by means of a KDE

algorithm, using the star coordinates as input parameters, and searches local over-densities in

the sky. For each over-density the algorithm automatically derives its centre and radius. A suite

of Montecarlo simulations was carried out to properly assess the goodness of the algorithm. As

a result, we obtain completeness estimates better than 90% in all the cases, being the lowest

value (i.e. 90%) achieved in the worst case, e.g. high stellar field densities and poor populated

SCs. 2) cleaning of the sample from spurious objects: to this aim, the CMD of each over-density

is constructed based on YMCA or STEP photometry. These CMDs were first cleaned from the

field star contamination by adopting the cleaning CMD procedure by Piatti and Bica [2012] and

then analysed visually with the aid of isochrone to separate true SCs from spurious objects.

As test-bed of the algorithm we ran it on a star catalog constructed on the basis of the

photometry of 21 YMCA and 2 STEP tiles in the LMC outskirts (Chapter 4), regions almost

unexplored with modern, deep and homogeneous photometry. As a result, we reported the

discovery of 85 candidate SCs, among which 78 were unknown before. The age of these SCs was

estimated by means of the isochrone fitting procedure, and we identified for the first time a not

negligible sub-sample of candidate SCs within the well-known LMC age gap, a period ranging

from 4 to 10 Gyrs almost lacking SCs [Da Costa, 1991]. Even though most of our SC candidates

would need follow-up photometry to construct deeper CMDs and to confirm them as genuine

SCs, the presence of many age gap SC candidates suggests that the age gap might be the product

of an observational bias. Indeed, the shallow photometry employed in previous works did not

allow them to detect SCs older than 1-1.5 Gyr [Glatt et al., 2010, Nayak et al., 2016, Pietrzyński

and Udalski, 2000]. Moreover, previous studies did not investigate the peripheries of the MCs,

where the low stellar field background makes it easier to detect old and faint SCs.

In the second study (Chapter 5, Gatto et al. 2022c in preparation) we have extended the

search for new SCs on the 56 remaining YMCA tiles in the LMC periphery, covering a total of

79 square degrees in the LMC surrounding. We were thus able to obtain for the first time a very

complete and homogeneous sample of SCs inhabiting the LMC outskirts, especially in the East

and North-West directions. The final list, which contains only the most reliable candidate SCs,

based on their statistical significance, contains 55 objects, 35 of which (60% of the sample) have

been new discoveries made in this project. We found that 10 candidate SCs have estimated ages

within the age gap, representing, if confirmed, a breakthrough in the understanding of the LMC
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past evolution, as it would finally solve the puzzle represented by the age gap feature. Moreover,

the age distribution of the SCs displayed a sharp peak at ∼ 3 Gyrs, which we suggested being

the by-product of a past close encounter between the MCs, which may have enhanced the SC

formation activity, in agreement with the increase in the SFR ∼ 2-3 Gyr ago observed in the

stellar field in many previous articles [Harris and Zaritsky, 2009, Rubele et al., 2012, Weisz et al.,

2013], strengthen the hypothesis of a nearby passage, which is also expected from simulations

[Besla et al., 2012, Diaz and Bekki, 2012, Pardy et al., 2018, Tepper-García et al., 2019]

The third investigation based on the YMCA data is reported in chapter 6 and is composed by

the study of two notable SCs (Gatto et al. 2022b, submitted to the Astrophysical Journal Letters,

and Gatto et al. 2022d in preparation). The first SC is the already catalogued SC KMHK 1762.

The adoption of the YMCA data allowed us to build a CMD for this SC which is significantly

deeper and more accurate than that present in the literature. In addition, the adoption of Gaia

astrometric observations permitted us to clean accurately the CMD of KMHK 1762, at least

for what concerns the bright evolutionary phases. The isochrone fitting procedure, applied to

this CMD showed that KMHK 1762 is much older than what was previously estimated, that

is about 5.5 Gyr, an age that places this SC in the age gap. Therefore, KMHK 1762 is the

third confirmed SC other than ESO121-03 and KMHK 1592 to fall in the age gap. This result

suggests that other intermediate-old and poorly populated SCs analysed until now on the basis

of too shallow photometry might result older than previously estimated and might therefore fall

in the age gap, similarly to KMHK 1762. In turn, this occurrence would further corroborate the

hypothesis that the age gap is not a physical feature, but rather an observational bias, as already

suggested in Chapter 4 and Chapter 5.

The second remarkable cluster is YMCA-1, discovered via the cluster finder algorithm in one

of the YMCA tiles farthest from the LMC centre. We obtained the first CMD of this object on the

basis of the YMCA data, which allowed us to reach g ∼24 mag but not to detect stars significantly

below what we supposed to be MSTO of the cluster. This first CMD allowed us to estimate

SC’s main parameters, such as distance, age, metallicity, reddening. These data suggested that

YMCA-1 was a very peculiar, old, remote SC of the MW halo. This analysis was at the basis of the

the paper Gatto et al., RNAAS, Vol.5, p.159, 2021. However, as the YMCA CMD was not deep

enough to establish unambiguously the distance of the object, and hence it belonging to the LMC

instead of the MW halo, we carried out a photometric follow-up with FORS2@VLT, obtaining a

very deep CMD reaching g ∼ 27 mag. On this basis, we re-estimated YMCA-1 main parameters,

and especially the distance, equal to ∼55 kpc, hence compatible with the LMC. Our best estimate
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for the age and metallicity of YMCA-1 is t = 11.7+1.7
−1.3 Gyrs and [Fe/H] ∼ −1.12+0.21

−0.13 dex,

hence we confirm that it is an old and metal-intermediate SC. We also measured the structural

parameters of YMCA-1, finding rh = 3.5±0.3 pc and MV = −0.47±0.57 mag. These quantities

place YMCA-1 at the border between very faint SCs and UFDs, making it practically the twin of

another recently discovered remote and old SCs in the LMC, namely SMASH-1. Both SCs result

to have completely different characteristics with respect to the other 15 old LMC GCs, making

them very peculiar LMC likely associated stellar systems.Complementary to the YMCA survey,

we also took advantage of the stellar catalog obtained by means of the STEP survey, which

covers the entire main body of the SMC and the MB, to carry out an unprecedented thoroughly

analysis of its SC system. In this work, reported in Chapter 7 and published on MNRAS (Gatto

et al., MNRAS, Vol. 507, p.3312-3330, 2021), we derived the SBPs from homogeneous g-band

integrated photometry, and then fitted them with EFF and King models, for 170 SMC SCs,

aiming at understanding the physical mechanisms behind the dynamical evolution of the SCs.

For each SC we provided structural parameters obtained from the SBP fits, such as core and

half-light radii, total integrated luminosities, central surface brightness, etc. In addition, we

estimated ages and masses for 134 SCs by means of the open source python package ASteCA.

For the first time, we analyzed a sample of SCs spanning a very broad range of masses, from

hundreds to 105 solar masses, allowing us to probe a wider region of the parameter space. We

confirmed, with a much higher statistical significance than previous works, that while young SCs

are compact, SCs older than log(t) ∼ 8.3 dex show a wide range of rc values, as some of them

undergo an expansion of their inner regions. Although the physical mechanism responsible for

this phenomenon is unclear, thanks to our mass-unbiased sample, we suggest that the SC mass is

the main parameter driving the inner expansion, as none of the SCs with log(M/M⊙) < 3.5 dex

experienced such an expansion.

Besides analysing the SC system as a proxy of the MCs past evolution, in this thesis a

complementary approach was adopted, namely the exploitation of the multi-dimensional data

provided by the Gaia mission EDR3. Indeed, the availability of homogeneous photometric and

astrometric data for all the stars in and around the MCs up to G ∼ 20 mag, suggested us to try

to detect and analyse the tidally streams originated by the manifold gravitational interactions

experienced by the MCs and by the LMC in particular. In the work presented in Chapter

8, and submitted to the Astrophysical Journal (Gatto et al., ”Discovery of NES, an extended

tidal structure in the North-East of the Large Magellanic Cloud”, 2022a), we adopted the multi-

dimensional data provided by Gaia EDR3 (photometry, parallax and proper motions) to probe
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the outermost and faint regions of the LMC. After applying a correction for the reddening, we

performed a first selection of bona-fide RGB and RC LMC stars based on their position on

the CMD build with the Gaia EDR3 photometric dataset. We then adopted an unsupervised

clustering GMM technique in a six-dimensional parameter space to further filter-out the MW and

SMC stellar component from the LMC stellar population, obtaining a pure LMC sample of RGB

and RC stars. The spatial distribution of this sample revealed several sub-structures already

reported in the literature such as the NTA and other less clear substructures towards the East

[e.g., El Youssoufi et al., 2021] (ES) and the South [Belokurov and Erkal, 2019, Mackey et al.,

2018], but it also shown for the first time the presence of a previously undetected diffuse tidal

structure at its North-East side, extending up to ∼ 20° from the LMC centre, that we dubbed the

North-East Structure (NES). The NES fills the gap between the outer LMC disk and the other

known structures to the North-East of the LMC, namely the ES and the NTA. The existence

of the NES was expected based on N-body simulations of a MW-LMC interaction [Belokurov

and Erkal, 2019, Cullinane et al., 2022] as a consequence of the tidal stresses induced by the

MW on the LMC. Hence, our work provides empirical confirmation of theoretical predictions.

The availability of Gaia EDR3 PMs, allowed us to study the kinematics of the system. We

find that the North-East side of the LMC displays radial velocities not consistent with a disc

in equilibrium, indicating that the outer LMC disc has been strongly disturbed in the past few

Gyrs.Furthermore, the NTA and NES seems to possess a similar velocity pattern, constituted by

strong velocity gradients, and they also appear dynamically colder than the adjacent edge of the

LMC disc or than other tidal structures which are very hot.

The last Chapter of this thesis (Chapter 9), published on A&A (Gatto et al., A&A, Vol.644,

p.A134, 2020), was devoted to the development of new techniques for the detection of signatures

of past merger events in distant systems, far enough that the stars are not resolved singularly

any longer. In this context, we developed the COld STream finder Algorithm (COSTA), a new

algorithm that search in a reduced 3D phase space (projected positions and radial velocities) cold

kinematic substructures that are candidate debris of recent or past interaction between the main

galaxy and the ensemble of dwarf galaxy satellites surrounding it. In this work we demonstrated

that COSTA is able to reveal streams made of tens particles, even beyond the Local Group,

allowing us to detect the remnants of galaxy interactions below the detection limits imposed

by the photometry. As test-bed for the COSTA algorithm, we applied it to the Fornax cluster,

one of the nearby galaxy clusters, whose high-density environment makes the number of galaxy

encounters reach its maximum and whose photometric deep data have already demonstrated
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that the mass assembly within the core of the cluster is still ongoing [e.g., D’Abrusco et al., 2016,

Iodice et al., 2016].

As result, we identified 13 cold kinematic substructures candidates of past remnants originated

by close encounters between dwarf or main galaxies with the BCG. Among them, we underline

the detection for the first time of a very extended stream likely produced by the interaction of

two giant early-type galaxies with the BCG and the confirmation of the kinematic signature of

a stream already discovered on the basis of deep photometry of the Fornax cluster.

10.1 Future perspectives

The results presented in this thesis open a wide range of future projects that can be carried out

in the next years and promise to shed light on different aspects of the MCs evolutionary history

and, more generally, about the evolution of the galaxies in ongoing interaction.

The first subject which deserves further investigation is whether or not the age gap among

the LMC SC is a real feature or an observational bias, as we have extensively discussed in this

thesis. The definitive solution to this debated question would have important consequences for

our understanding of the LMC past evolution. In this context, a final answer can only be achieved

through deep photometric follow-up of the age gap cluster candidates presented in Chapter 4 and

Chapter 5 by means of instruments such as 8m class telescopes placed at the Southern hemisphere.

We have already presented several observational proposals in this direction at the ESO@VLT

and will extend the request for observational time to other international facilities. An alternative

is represented by the future advent of the Rubin-LSST instrument, whose observations promise

to satisfy all our needs both in terms of the deepness of the photometry and precision PMs,

allowing us to determine deep and clean CMDs for all known and candidate SCs in the MCs. I

am personally involved in Rubin-LSST and at present, I am a data holder in the context of the

Italian participation in the Rubin-LSST project. Similar to the previous point, our experience

with the KMHK 1762 SC shows that a follow-up with deep photometry is needed also for other

LMC SCs formerly classified as intermediate-age based on shallow photometry. This is especially

true for the poorly populated SCs in which the identification of the MSTO is hampered by the

scarcity of stars.

The discovery of YMCA-1 also brought up new questions that we aim to answer with a

spectroscopic follow-up. Indeed, a measurement of the radial velocity of YMCA-1 (and SMASH-

1) is crucial to finally assess the membership to the LMC or to the MW halo of one or both
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of these systems. In addition, the determination of their chemical abundance would help in

establishing if both YMCA-1 and/or SMASH-1 have an in-situ origin or have been accreted by

the LMC together with a parent dwarf galaxy, now completely dissolved (see the work made

by Mucciarelli et al. 2021 about NGC 2005). To this aim, we plan to submit a proposal to

obtain medium-resolution spectroscopy of the brightest stars of both YMCA-1 and SMASH-1

with XSHOOTER@VLT.

The results presented in Chapter 7 demonstrated that the dynamical evolution of a SC is

strongly mass-dependent and therefore we still do not have a clear picture of the main physical

processes that shape the observables for SC with M ≤ 103M⊙. Indeed, the current N-body

simulations allow us to get insights about the inner evolution of massive SCs (i.e. M ≥ 104M⊙),

but are not suitable to investigate the inner properties of SCs with masses of the order of hundreds

or a few thousands of solar masses such as that we investigated in Chapter 7 of this thesis. It

is therefore necessary to construct improved models in order to probe even SCs with hundreds

of solar masses and in turn finally obtain an exhaustive perspective about the inner dynamical

evolution of less massive SCs.

The discovery of the NES to the North-East side of the LMC, carried out during this thesis,

also requests spectroscopic follow-up to better constrain its kinematics. Indeed, radial velocity

estimates through spectroscopic measurements of the stars associated with the NES are necessary

to obtain the three-dimension velocity vector in that region and finally discern if it shares the

same origin of the other Eastern substructures, like the NTA or the ES. A complete census and

kinematics assessment of the complex substructures unveiled in the LMC periphery is crucial

to compare the observations with the numerical models that aim at reconstructing the orbital

pattern of the SMC around the LMC and more generally of the MCs in their first infall to the

MW. More valuable, it could also better constrain the still fair uncertain LMC and MW masses,

to understand the morphological evolution of the LMC because of the tidal forces induced by

the MW and to evaluate the response of the Galaxy to the LMC infall. A great help in this

context will be given during the next years by the advent of spectroscopic surveys of the MCs

such as the ESO public surveys which will be carried out with the 4MOST@VISTA instrument.

In particular, the "One Thousand and One Magellanic Fields (1001MC)" survey [Cioni et al.,

2019] will target the MCs up to large radii from the galaxies centres and will therefore provide

invaluable information in the context of LMC external structure formation and evolution.

The algorithm presented in Chapter 3 can be easily re-calibrated for the research of any

over-density stellar system in the MW neighborhood, provided that a catalog relying on deep
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photometry is available. For example, it could be adapted for the research of faint dwarf galaxy

satellites of the MW and/or the LMC, of low-luminous GCs located in the outermost regions of

the MW halo, or to proceed in the extensive research of small old LMC GCs similar to YMCA-1.

Again, the obvious field of application of this algorithm is the deep photometric catalogue that

will be released by the Rubin-LSST telescope.

Finally, when the cluster-finder algorithm becomes unfeasible because of the large distances

of the systems involved, it can be relieved by the COSTA algorithm, as potentially it can be

applied up to distances where a reliable radial velocity through spectroscopic measurements of

some kinematic tracers can be attained (about 50 Mpc).
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Appendix A

Supplementary material of the 85

LMC SCs presented in Chapter 4

A.1 Cleaned Colour-magnitude diagrams

Figure A.1 displays the same figure described in Fig.4.2 for the 85 candidate SCs.

A.2 Radial density profiles

Figures A.2 and A.3 show the RDPs with overlapped the EFF profile build by using only stars

with P ≥ 75% or P ≥ 50%, respectively, as described in 4.2.3.
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Figure A.1: Cleaning procedure for the 85 candidate SCs detected in this work (see Fig. 4.2 for the explanation of each

figure). The stars are colored according to their probability to belong to the cluster. Blue points are stars with P ≥75%,

cyan points have P = 50% while pink points indicate stars with P ≤ 25%. The solid line shows the best fitting isochrone,

whereas dashed and dotted lines are the isochrones shifted by log(t) = ±0.1 dex, respectively.
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Figure A.2: RDP obtained using only stars with P ≥75%. The red line represents the best fit with an EFF profile.
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Figure A.3: RDP obtained using only stars with P ≥50%. The red line represents the best fit with an EFF profile.





Appendix B

Supplementary material to the 40

SCs detected in the LMC periphery

and presented in Chapter 5

Figure B.1 displays the same of Fig.5.2 for the 40 candidate SCs.
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presented in Chapter 5

Figure B.1: Cleaning procedure for the 40 candidate SCs detected in this work (see Fig. 5.2 for the explanation of each

figure). The stars are colored according to their probability to belong to the cluster. The solid line shows the best fitting

isochrone, whereas dashed and dotted lines are the isochrones shifted by log(t) = ±0.2 dex, respectively.
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Appendix C

Supplementary material to the SMC

SCs analysed in Chapter 7

C.1 King model

The empirical King’s profile [King, 1962], expressed in mag/arcsec2, is given by

µ(r) = µ′ − 5 log10

 1√
1 +

(
r
rc

)2
− 1√

1 +
(

rt
rc

)2

 (C.1)

µ′ = µ0 + 5 log10

1− 1√
1 +

(
rt
rc

)2

 (C.2)

where µ0 is the central SB, rc is the core radius and rt is the tidal radius. With these values,

it is possible to calculate the SC concentration, defined as c = log(rt/rc). It is worth to point

out that rc defined through eq. C.1 is similar (it indicates the distance at which the SB is half

the central value) to rc derived by means of eq. 7.1 only if rt ≫ rc (high concentration). For

low concentrations, the rc value obtained from the King profile is larger than its counterpart

determined from the EFF function [see also Fig. 10 in Glatt et al., 2009].

Another useful parameter is the half-light radius (rh), which is the radius enclosing half of the

cluster total light. We derived it from the best model achieved through eq. 7.1. We calculated

the projected luminosity as a function of radius (substantially the growth curve), normalized by
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the total projected luminosity.The total projected luminosity is obtained by integrating up to

the fitting radius. The errors are calculated with a Monte Carlo-like approach, perturbing each

parameter with Gaussians with the best fitted value as mean, and the error on the parameter as

sigma, and these are “propagated” in the calculation.

Regarding the fitting procedure, and the choice of rf for the King’s profiles, we proceeded as

discussed in the previous section for the EFF models.

Again, an integration of the equation C.1 by using as extreme values of the integral 0 and rt

provides the total luminosity L of the SC.

L = πr2ck{ln

[
1 +

(
rt
rc

)2
]
+

(
rt
rc

)2

+ 4

√
1 +

(
rt
rc

)2

− 4

[
1 +

(
rt
rc

)2
]

1 +
(

rt
rc

)2 } (C.3)

k = 10−0.4µ

1− 1√
1 +

(
rt
rc

)2

 (C.4)

In Table C.1 we reported the values of µ0, rc and rt (in arcsec), from fitting all SCs in our sample

with King models. We listed luminosities, rc − rh (in pc) and the concentration parameter in

table 7.1.

We also briefly discuss the parameters derived through the King profile in order to show that

they provide the same results achieved with the EFF model. In Fig. C.1 we display the half-light

radius as a function of the age (top panel). Overall, rh seems to show a trend with the SC age

akin that observed in Fig. 7.7. In particular, all SCs younger than 100-300 Myr have rh ≤ 7.5 pc.

Then, some SCs undergo an increase of their inner regions while the majority remains compact.

We find also in this case that the bulk of the SCs having large half-light radius are also the most

massive. Figure C.1 (bottom panel) shows the concentration parameter as a function of the age.

No particular trend can be detected in this case.

C.2 Deprojected distance from the SMC centre

To obtain the 2D distance from the SMC centre we followed the recipe developed by Piatti

et al. [2005] and successively used in other works [e.g. Dias et al., 2014, 2016]. The core idea

is to define the distance from the SMC through ellipses, as they better reproduce the SMC 2D

geometry. Following Piatti et al. [2005], we draw ellipses with an ellipticity of e = 0.5, having

the semi-major axis direction at 45°, starting from the north in a counterclockwise pattern. For
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Figure C.1: Top: half-light radius, and bottom: concentration parameter as a function of the SC age. Points are colour

coded according their mass. Diamonds are SCs flagged as old (see text for details). In the lower right cornel of the

bottom panel we sketched the size of the age uncertainties, equal for all SCs.
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each SC, we looked for the ellipse intersecting its position and we set the major-axis of the ellipse

as the SC galactocentric distance. Moreover, following Dias et al. [2016] we also splitted our SC

sample into subpopulations based on their 2D distance: i) the bar, constituted by SCs with a

distance lower than 1.5° and (ii) the outer regions, made by the remaining objects. Note that

while Dias et al. [2016] called bar those SCs within 2°, we utilized a separation of 1.5° in order

to have a similar number of SCs in each of the two subpopulations.

C.3 Parameters of the fitting procedure

In Table C.1 we reported all the SC parameters derived by fitting the SBPs with EFF and

King profiles. In the first column the SC’s name is displayed, while in the second and third

columns SCs’ coordinates are reported. From the fourth to the sixth columns we inserted fitting

parameters estimated through the EFF profile, namely µ0 −α− γ which are described in §7.3.1.

From the seventh to the nineth columns we put parameters obtained via the King profile, or

µ0 − rc − c, described in Appendix C.1. The last two columns display the fitting radius (see

discussion in §7.3.1) and the tile where SCs reside.

C.4 Surface Brightness Profiles of all 170 SCs

In Figure C.2 we display all SBPs with the best fit obtained through the EFF (red line) and

King (blue line) profiles.
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EFF KING

ID R.A. Dec µ0 α γ µ0 rc rt rf Tile

(J2000) (J2000) (mag/arcsec2) (arcsec) (mag/arcsec2) (arcsec) (arcsec) (arcsec)

B10 9.4345 -73.2108 16.78 ± 1.33 1.0 ± 0.8 2.8 ± 0.6 17.19 ± 1.68 0.8 ± 0.8 28.8 ± 25.8 12.0 3_4

B100 15.0999 -72.0888 17.96 ± 0.10 4.0 ± 0.4 4.5 ± 0.4 17.79 ± 0.16 2.1 ± 0.2 19.9 ± 1.2 16.0 4_6

B103 15.2375 -73.1541 20.02 ± 0.21 2.9 ± 1.0 2.0 ± 0.4 20.24 ± 0.24 4.5 ± 1.4 28.8 ± 13.4 16.0 3_5

B105 15.4037 -72.4073 19.41 ± 0.23 3.0 ± 0.9 2.4 ± 0.4 19.49 ± 0.19 3.1 ± 0.6 37.3 ± 14.2 16.0 4_6

B108 15.4637 -72.1821 21.39 ± 0.23 4.3 ± 2.6 2.0 ± 1.0 21.51 ± 0.23 6.5 ± 3.0 31.7 ± 26.0 16.0 4_6

B111 15.5094 -71.0208 21.78 ± 0.18 2.7 ± 0.9 2.0 ± 0.5 21.95 ± 0.19 3.9 ± 1.1 28.1 ± 16.2 12.0 5_6

B113 15.7273 -73.3380 20.25 ± 0.22 5.1 ± 2.3 3.9 ± 1.7 20.25 ± 0.20 4.0 ± 1.0 18.8 ± 4.4 12.0 3_6

B115 15.8500 -72.6516 19.35 ± 0.27 3.4 ± 1.8 2.0 ± 0.7 19.57 ± 0.27 5.4 ± 2.5 33.6 ± 30.1 16.0 4_6

B117 16.0545 -73.2603 19.64 ± 0.12 4.0 ± 0.9 2.5 ± 0.4 19.69 ± 0.13 4.1 ± 0.7 33.0 ± 10.2 16.0 3_6

B119 16.0813 -73.1678 - - - 21.96 ± 0.19 9.7 ± 7.7 12.3 ± 2.9 10.0 3_6

B12 9.5871 -73.2707 - - - 21.96 ± 0.24 8.0 ± 6.5 17.4 ± 10.1 13.0 3_4

B121 16.1257 -72.6191 19.45 ± 0.21 5.3 ± 2.6 2.8 ± 1.3 19.65 ± 0.11 8.7 ± 2.0 19.3 ± 2.0 16.0 4_6

B122 16.1007 -71.7144 21.92 ± 0.35 6.8 ± 5.4 2.0 ± 1.1 22.47 ± 0.18 20.5 ± 15.1 56.1 ± 48.3 32.0 5_6

B124 16.2608 -73.0427 20.57 ± 0.13 6.5 ± 2.5 4.2 ± 1.8 20.66 ± 0.11 6.7 ± 1.5 16.8 ± 2.2 13.0 3_6

B128 16.4628 -71.9534 - - - 21.45 ± 0.26 9.6 ± 6.2 20.4 ± 6.9 16.0 4_6

B137 17.6174 -72.9574 20.18 ± 0.12 2.8 ± 0.5 2.0 ± 0.2 20.35 ± 0.16 3.8 ± 0.8 38.8 ± 18.6 16.0 3_6

B165 22.7115 -73.4340 21.46 ± 0.25 6.3 ± 2.5 4.8 ± 1.9 21.55 ± 0.23 5.0 ± 1.2 18.3 ± 1.8 16.0 3_8

B18 10.2765 -72.7259 20.35 ± 0.14 3.4 ± 1.2 3.6 ± 1.4 20.34 ± 0.13 2.7 ± 0.6 13.7 ± 4.9 6.0 4_4

B21 10.3142 -72.8316 21.29 ± 0.41 2.8 ± 2.7 2.3 ± 2.0 21.53 ± 0.11 8.2 ± 3.7 8.6 ± 0.7 8.0 4_4

B22 10.3361 -72.8244 18.32 ± 0.66 0.7 ± 0.3 2.0 ± 0.2 18.96 ± 0.39 1.1 ± 0.3 15.9 ± 6.8 6.0 4_4

B26 10.1890 -73.7390 21.23 ± 0.29 2.4 ± 1.5 2.6 ± 1.4 21.51 ± 0.10 4.8 ± 1.3 8.2 ± 0.9 6.0 3_4

B34A 11.1054 -72.9446 19.50 ± 0.43 5.0 ± 4.0 5.4 ± 4.8 19.77 ± 0.31 5.6 ± 2.7 10.5 ± 1.3 10.0 3_4

B39 11.3626 -73.4800 20.49 ± 0.09 5.1 ± 1.0 2.0 ± 0.3 20.61 ± 0.12 7.1 ± 1.4 53.8 ± 21.2 25.0 3_4

B52 12.4189 -73.0582 21.41 ± 0.16 13.5 ± 8.8 2.0 ± 1.2 21.65 ± 0.12 35.0 ± 25.9 62.5 ± 33.4 40.0 3_5

B65 13.1845 -72.9795 17.93 ± 0.08 8.6 ± 1.4 6.6 ± 1.3 17.88 ± 0.10 4.6 ± 0.5 20.0 ± 1.3 16.0 3_5

B70 13.3609 -71.7489 19.68 ± 0.11 1.7 ± 0.2 2.2 ± 0.1 19.64 ± 0.10 1.5 ± 0.1 84.2 ± 20.0 20.0 5_5

B71 13.3237 -72.7660 18.63 ± 0.13 13.2 ± 4.9 7.5 ± 3.7 18.71 ± 0.12 9.4 ± 1.8 22.4 ± 1.5 20.0 4_5

B79 13.6992 -72.4661 18.73 ± 0.20 5.3 ± 1.7 2.8 ± 0.6 18.69 ± 0.21 4.2 ± 0.9 57.7 ± 28.3 25.0 4_5

B80 13.7084 -73.2241 20.13 ± 0.40 2.1 ± 1.2 2.0 ± 0.6 20.39 ± 0.34 3.1 ± 1.3 29.8 ± 26.4 12.0 3_5

B9 9.3155 -72.9626 20.97 ± 0.42 3.7 ± 3.0 2.3 ± 1.3 21.30 ± 0.20 8.8 ± 3.4 17.8 ± 2.2 16.0 4_4

B96 14.8078 -72.6089 20.75 ± 0.08 16.7 ± 5.7 5.8 ± 2.7 20.79 ± 0.07 13.7 ± 2.5 31.7 ± 3.2 25.0 4_6

B97 14.9158 -71.7446 21.87 ± 0.26 4.5 ± 3.9 2.0 ± 1.6 22.08 ± 0.16 10.1 ± 6.8 18.9 ± 8.6 12.0 5_6

B99 15.1180 -73.0865 20.21 ± 0.20 5.3 ± 2.3 2.4 ± 0.8 20.27 ± 0.19 6.0 ± 1.7 39.8 ± 19.4 20.0 3_5

BS102 15.3120 -73.7949 21.64 ± 0.22 4.2 ± 2.5 2.2 ± 1.2 21.74 ± 0.18 5.5 ± 2.1 26.4 ± 18.9 12.0 3_6

BS128 16.3894 -73.4904 - - - 21.29 ± 0.22 3.5 ± 2.2 23.3 ± 54.7 6.0 3_6

BS131 16.4978 -72.3411 19.70 ± 0.14 5.6 ± 3.3 3.1 ± 2.2 19.79 ± 0.12 7.7 ± 3.4 14.9 ± 4.3 10.0 4_6

BS138 16.8159 -72.1005 22.30 ± 0.12 11.7 ± 8.5 2.0 ± 1.6 22.38 ± 0.13 19.8 ± 15.5 48.7 ± 47.6 25.0 4_6

BS2 7.1291 -73.0137 21.86 ± 0.26 5.0 ± 2.3 3.6 ± 1.4 21.82 ± 0.29 3.5 ± 1.1 29.9 ± 14.7 16.0 3_3

BS276 17.5233 -72.7370 17.63 ± 0.18 2.3 ± 0.4 3.1 ± 0.3 17.47 ± 0.26 1.5 ± 0.3 26.0 ± 3.8 16.0 4_6

BS76 13.9092 -71.9203 20.97 ± 0.12 7.7 ± 2.4 3.3 ± 1.0 20.96 ± 0.12 6.2 ± 1.2 42.7 ± 16.8 20.0 5_6

BS88 14.4583 -72.9444 21.69 ± 0.17 4.1 ± 3.4 2.0 ± 1.8 21.79 ± 0.11 7.6 ± 5.4 14.4 ± 9.0 8.0 4_6

H86-11 8.2348 -73.5038 20.48 ± 0.58 1.6 ± 1.1 2.0 ± 0.6 21.00 ± 0.44 3.0 ± 1.5 23.0 ± 16.8 12.0 3_3

H86-114 12.6414 -72.6520 20.08 ± 0.12 4.7 ± 1.3 2.0 ± 0.4 20.22 ± 0.13 7.2 ± 1.7 37.1 ± 13.5 20.0 4_5

H86-137 13.1392 -72.6804 19.85 ± 0.06 3.0 ± 0.3 2.2 ± 0.2 19.86 ± 0.06 3.0 ± 0.2 65.3 ± 32.2 12.0 4_5

H86-146 13.4132 -72.3935 17.61 ± 0.65 1.2 ± 0.7 2.0 ± 0.3 18.16 ± 0.56 2.0 ± 0.8 41.3 ± 25.4 20.0 4_5

H86-150 13.7475 -73.4191 19.83 ± 0.23 3.1 ± 1.3 2.0 ± 0.5 20.06 ± 0.25 5.0 ± 1.9 29.4 ± 16.7 16.0 3_5

H86-159 13.7995 -72.6830 21.15 ± 0.17 7.8 ± 4.1 3.7 ± 2.2 21.17 ± 0.17 6.6 ± 2.2 27.7 ± 12.1 16.0 4_5

H86-165 13.9242 -72.8798 21.07 ± 0.27 5.7 ± 4.3 2.1 ± 1.3 21.16 ± 0.25 8.3 ± 4.4 36.6 ± 28.0 20.0 4_5

H86-174 14.3251 -72.9343 20.63 ± 0.16 4.3 ± 1.6 2.1 ± 0.6 20.74 ± 0.15 5.9 ± 1.6 32.3 ± 15.6 16.0 4_6

H86-175 14.4596 -72.4401 19.57 ± 0.09 9.2 ± 3.6 14.4 ± 9.0 19.56 ± 0.10 4.2 ± 0.6 9.6 ± 0.5 8.0 4_6

H86-179 14.4882 -72.4456 20.72 ± 0.42 4.8 ± 4.7 2.9 ± 2.6 20.95 ± 0.28 8.7 ± 6.0 15.3 ± 4.0 12.0 4_6

H86-181 14.5811 -72.2996 17.97 ± 0.35 1.8 ± 0.7 2.4 ± 0.4 18.05 ± 0.35 1.8 ± 0.5 27.3 ± 12.2 12.0 4_6

H86-182 14.6073 -72.6656 20.42 ± 0.16 9.2 ± 4.4 2.7 ± 1.3 20.48 ± 0.15 10.2 ± 3.3 44.7 ± 20.1 25.0 4_6

H86-186 14.9814 -72.3719 19.11 ± 0.06 6.2 ± 0.7 4.7 ± 0.5 19.06 ± 0.08 3.9 ± 0.4 22.5 ± 1.7 16.0 4_6

H86-190 15.1377 -72.2581 19.50 ± 0.32 2.1 ± 1.2 2.0 ± 0.8 19.72 ± 0.26 3.2 ± 1.4 17.1 ± 13.6 8.0 4_6

H86-191 15.2430 -72.5398 - - - 21.03 ± 0.30 6.5 ± 4.9 13.3 ± 5.3 10.0 4_6

H86-193 15.3260 -72.2283 21.35 ± 0.08 8.4 ± 3.7 3.5 ± 2.0 21.36 ± 0.08 7.6 ± 2.0 28.0 ± 13.4 12.0 4_6

H86-194 15.3105 -72.5506 20.25 ± 0.54 2.3 ± 2.2 2.0 ± 1.4 20.74 ± 0.11 7.7 ± 3.2 10.0 ± 1.4 8.0 4_6

H86-213 23.6721 -73.2746 20.22 ± 0.36 1.1 ± 0.3 2.0 ± 0.2 20.68 ± 0.32 1.7 ± 0.4 29.7 ± 12.9 12.0 3_8

H86-6 7.3467 -72.9988 22.25 ± 0.19 6.2 ± 3.5 4.3 ± 2.9 22.42 ± 0.11 8.0 ± 2.6 12.7 ± 1.5 10.0 3_3

H86-60 10.1858 -73.1180 - - - 21.34 ± 0.24 4.9 ± 3.7 9.2 ± 4.0 6.0 3_4

H86-74 11.3058 -73.2199 18.31 ± 0.12 3.5 ± 0.7 2.4 ± 0.3 18.34 ± 0.12 3.4 ± 0.5 44.4 ± 17.9 16.0 3_4

H86-86 11.7602 -73.3945 20.27 ± 0.42 1.4 ± 0.7 2.8 ± 0.9 20.34 ± 0.41 1.4 ± 0.5 10.8 ± 5.2 5.0 3_4

H86-87 11.7713 -73.3706 21.07 ± 0.23 5.6 ± 4.4 2.0 ± 1.5 21.34 ± 0.15 13.4 ± 11.2 24.5 ± 15.8 16.0 3_4

H86-97 11.9695 -73.2217 19.64 ± 0.13 5.0 ± 2.0 2.0 ± 0.7 19.80 ± 0.09 8.9 ± 2.4 25.8 ± 7.5 16.0 3_4

HW10 9.1296 -72.9866 22.23 ± 0.12 9.9 ± 3.0 2.0 ± 0.4 22.34 ± 0.15 14.5 ± 3.8 96.4 ± 45.7 50.0 3_4

Table C.1: Parameters derived by fitting the EFF and King profiles.
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EFF KING

ID R.A. Dec µ0 α γ µ0 rc rt rf Tile

(J2000) (J2000) (mag/arcsec2) (arcsec) (mag/arcsec2) (arcsec) (arcsec) (arcsec)

HW11 9.3803 -73.6131 21.78 ± 0.23 11.9 ± 6.9 2.0 ± 0.8 21.91 ± 0.24 17.7 ± 7.6 126.4 ± 107.4 64.0 3_4

HW14 10.0640 -73.8710 23.00 ± 0.14 23.6 ± 16.8 2.0 ± 1.5 23.13 ± 0.13 44.7 ± 32.0 114.3 ± 97.1 60.0 3_4

HW18 10.7491 -72.4121 21.07 ± 0.24 1.6 ± 0.5 2.0 ± 0.4 21.42 ± 0.25 2.7 ± 0.9 15.6 ± 7.2 8.0 4_4

HW22 11.6878 -72.0632 19.74 ± 0.10 4.0 ± 0.5 2.8 ± 0.2 19.66 ± 0.13 3.0 ± 0.3 57.3 ± 12.8 25.0 4_5

HW26 12.3886 -73.7053 15.17 ± 0.39 0.8 ± 0.1 3.2 ± 0.2 - - - 8.0 3_5

HW34 14.4662 -73.5455 - - - 21.37 ± 0.15 6.2 ± 4.3 9.3 ± 3.2 6.0 3_5

HW35 14.6820 -73.5834 20.60 ± 0.08 3.6 ± 0.6 2.7 ± 0.3 20.58 ± 0.08 3.0 ± 0.3 36.7 ± 10.9 12.0 3_5

HW36 14.7667 -73.8414 20.95 ± 0.27 5.6 ± 3.1 5.5 ± 3.6 21.00 ± 0.29 4.0 ± 1.5 13.1 ± 2.7 10.0 3_5

HW37 13.8725 -71.8852 - - - 19.96 ± 0.42 11.3 ± 8.7 19.8 ± 3.0 20.0 5_6

HW38 14.8576 -73.8170 22.45 ± 0.18 9.8 ± 7.6 2.7 ± 2.4 22.48 ± 0.18 10.8 ± 5.7 41.0 ± 36.0 20.0 3_5

HW40 15.1060 -71.2949 21.50 ± 0.08 7.1 ± 0.9 3.0 ± 0.3 21.47 ± 0.08 5.5 ± 0.5 64.1 ± 10.6 32.0 5_6

HW41 15.1485 -71.4601 22.45 ± 0.21 9.3 ± 4.6 2.0 ± 0.7 22.80 ± 0.17 18.4 ± 7.1 107.1 ± 86.5 50.0 5_6

HW43 15.2849 -71.7537 21.10 ± 0.16 5.4 ± 2.3 2.0 ± 0.7 21.22 ± 0.15 8.5 ± 2.7 35.3 ± 15.0 20.0 5_6

HW44 15.3429 -73.7883 21.45 ± 0.30 4.7 ± 3.7 2.0 ± 1.3 21.91 ± 0.14 14.3 ± 11.4 25.3 ± 14.3 16.0 3_6

HW48 16.2437 -73.6375 19.85 ± 0.10 3.7 ± 0.5 2.5 ± 0.2 19.80 ± 0.11 3.1 ± 0.3 72.9 ± 27.3 20.0 3_6

HW50 16.5115 -71.7110 21.72 ± 0.53 3.7 ± 3.4 2.0 ± 1.1 - - - 20.0 5_6

HW52 16.7359 -73.2362 20.88 ± 0.18 8.1 ± 4.6 3.0 ± 1.7 21.03 ± 0.11 14.0 ± 4.7 24.1 ± 3.0 20.0 3_6

HW53 16.7452 -73.5779 21.99 ± 0.08 5.5 ± 2.9 2.9 ± 2.0 22.04 ± 0.07 7.3 ± 2.8 14.3 ± 4.9 8.0 3_6

HW54 16.8157 -72.1007 21.94 ± 0.30 6.2 ± 4.9 2.0 ± 1.2 - - - 25.0 4_6

HW55 16.8292 -73.3783 22.17 ± 0.17 6.9 ± 4.2 2.0 ± 1.1 22.42 ± 0.08 17.6 ± 8.7 30.7 ± 10.2 20.0 3_6

HW59 17.2230 -73.2419 - - - 20.03 ± 0.23 2.1 ± 0.6 3.3 ± 0.1 3.0 3_6

HW61 17.4270 -72.2952 21.02 ± 0.19 6.5 ± 4.7 2.3 ± 1.7 21.11 ± 0.10 12.2 ± 4.7 21.3 ± 4.2 16.0 4_6

HW68 18.4701 -73.4165 21.19 ± 0.46 2.2 ± 1.5 2.0 ± 0.8 21.62 ± 0.39 4.1 ± 2.4 24.4 ± 22.2 12.0 3_6

HW74 19.2002 -73.1601 22.02 ± 0.24 8.4 ± 6.5 2.3 ± 1.7 22.10 ± 0.19 12.3 ± 5.7 38.5 ± 17.0 25.0 3_7

HW78 20.3360 -73.0942 19.49 ± 0.24 4.7 ± 1.4 4.8 ± 1.2 19.41 ± 0.34 2.6 ± 0.7 20.2 ± 3.2 16.0 3_7

HW8 8.4446 -73.6333 19.51 ± 0.28 3.4 ± 1.1 2.0 ± 0.3 19.66 ± 0.31 4.5 ± 1.2 100.9 ± 48.6 50.0 3_3

HW82 21.1158 -73.1707 19.25 ± 0.30 1.9 ± 0.6 2.0 ± 0.2 19.56 ± 0.29 2.7 ± 0.6 57.1 ± 26.5 25.0 3_7

HW9 9.1051 -73.0011 22.03 ± 0.15 4.0 ± 1.4 2.0 ± 0.5 22.22 ± 0.17 6.8 ± 2.4 28.1 ± 13.3 16.0 3_4

IC1611 14.9513 -72.3340 18.73 ± 0.09 6.5 ± 1.0 2.3 ± 0.2 18.73 ± 0.10 6.2 ± 0.6 184.5 ± 89.8 50.0 4_6

IC1612 15.0079 -72.3700 20.74 ± 0.18 11.0 ± 6.6 2.0 ± 1.0 21.07 ± 0.14 28.0 ± 19.4 72.7 ± 61.1 40.0 4_6

IC1624 16.3380 -72.0434 19.23 ± 0.06 12.1 ± 1.5 3.5 ± 0.4 19.21 ± 0.07 8.9 ± 0.8 70.1 ± 9.2 40.0 4_6

IC1662 18.1363 -73.4569 20.88 ± 0.15 11.8 ± 3.8 3.4 ± 1.0 20.87 ± 0.16 9.0 ± 1.9 72.7 ± 24.9 40.0 3_6

K1 5.3578 -73.7486 22.65 ± 0.08 38.3 ± 12.7 3.7 ± 1.4 22.65 ± 0.08 29.9 ± 6.0 160.6 ± 61.5 80.0 3_3

K11 9.1131 -72.4786 22.06 ± 0.10 18.6 ± 4.9 5.0 ± 1.5 22.03 ± 0.11 11.5 ± 1.9 58.6 ± 9.8 40.0 4_4

K13 8.9196 -73.5981 22.60 ± 0.17 19.9 ± 14.0 2.0 ± 1.3 22.84 ± 0.10 63.1 ± 50.0 90.0 ± 35.5 64.0 3_4

K15 10.0556 -72.6988 20.16 ± 0.05 6.3 ± 0.6 2.2 ± 0.1 20.16 ± 0.05 5.8 ± 0.4 223.6 ± 109.6 40.0 4_4

K16 10.1389 -72.7400 21.81 ± 0.07 12.5 ± 5.4 5.2 ± 3.2 21.81 ± 0.08 9.5 ± 2.3 26.8 ± 7.0 16.0 4_4

K17 10.2544 -72.5728 19.54 ± 0.07 7.7 ± 0.8 2.6 ± 0.1 19.50 ± 0.08 6.1 ± 0.5 169.4 ± 39.7 64.0 4_4

K21 10.3532 -72.8890 21.77 ± 0.08 27.3 ± 6.9 2.0 ± 0.4 21.81 ± 0.09 35.5 ± 6.5 292.0 ± 138.4 127.0 4_4

K25 12.0063 -73.4861 20.20 ± 0.22 6.0 ± 2.9 2.0 ± 0.7 20.35 ± 0.25 9.1 ± 3.6 59.4 ± 40.2 32.0 3_4

K27 12.0579 -73.8614 21.16 ± 0.08 12.0 ± 2.5 2.0 ± 0.3 21.27 ± 0.12 17.0 ± 3.5 132.5 ± 59.1 64.0 3_4

K28 12.9233 -71.9998 20.97 ± 0.05 20.1 ± 2.5 2.6 ± 0.3 20.96 ± 0.05 17.2 ± 1.4 272.6 ± 100.6 80.0 4_5

K30 13.1499 -72.1920 21.43 ± 0.14 21.9 ± 9.7 2.0 ± 0.7 21.51 ± 0.15 32.9 ± 10.7 176.5 ± 92.7 100.0 4_5

K31 13.2541 -72.8978 21.56 ± 0.09 43.7 ± 21.1 2.0 ± 1.0 21.61 ± 0.10 68.5 ± 26.8 230.5 ± 130.3 127.0 4_5

K34 13.8875 -72.8330 19.38 ± 0.04 16.9 ± 2.4 5.1 ± 0.9 19.36 ± 0.04 11.1 ± 0.8 47.5 ± 3.3 32.0 4_5

K38 14.4478 -73.4204 22.36 ± 0.10 41.6 ± 20.5 2.0 ± 1.0 22.42 ± 0.10 65.0 ± 24.5 228.3 ± 124.9 127.0 3_5

K4 5.7610 -73.6702 22.56 ± 0.07 14.6 ± 3.1 2.1 ± 0.3 22.60 ± 0.07 17.6 ± 2.5 181.8 ± 88.3 64.0 3_3

K42 15.1420 -72.3658 17.75 ± 0.13 2.6 ± 0.4 2.3 ± 0.2 17.73 ± 0.13 2.4 ± 0.3 80.4 ± 37.0 20.0 4_6

K43 15.2033 -73.3491 20.73 ± 0.12 7.8 ± 2.2 2.0 ± 0.4 20.87 ± 0.16 11.6 ± 3.1 76.5 ± 35.6 40.0 3_5

K44 15.5264 -73.9253 22.73 ± 0.09 52.7 ± 20.3 3.3 ± 1.4 22.73 ± 0.09 43.8 ± 10.5 254.2 ± 127.1 127.0 3_6

K45w 15.6973 -73.7384 20.63 ± 0.17 8.3 ± 3.3 4.1 ± 1.7 20.68 ± 0.15 7.4 ± 1.7 26.4 ± 4.0 20.0 3_6

K47 15.7982 -72.2721 18.88 ± 0.13 9.6 ± 2.5 4.6 ± 1.2 18.86 ± 0.16 6.0 ± 1.2 36.2 ± 6.4 25.0 4_6

K5 6.1770 -73.7546 20.85 ± 0.06 14.2 ± 1.8 2.6 ± 0.3 20.84 ± 0.06 12.3 ± 1.0 187.6 ± 55.1 64.0 3_3

K50 16.1512 -72.1611 19.73 ± 0.08 11.2 ± 4.8 3.1 ± 1.6 19.75 ± 0.08 11.3 ± 3.2 41.1 ± 19.4 20.0 4_6

K53 16.5568 -73.2973 20.62 ± 0.23 7.5 ± 4.6 2.0 ± 1.0 20.90 ± 0.07 27.5 ± 7.0 33.9 ± 1.6 32.0 3_6

K54 16.6988 -72.2725 19.67 ± 0.16 17.0 ± 6.2 5.1 ± 2.0 19.65 ± 0.19 10.2 ± 2.5 56.1 ± 12.7 40.0 4_6

K55 16.8846 -73.1217 20.89 ± 0.16 8.9 ± 2.8 2.3 ± 0.5 20.93 ± 0.17 9.6 ± 2.1 110.9 ± 55.1 50.0 3_6

K56 16.8670 -72.4927 20.61 ± 0.14 7.3 ± 2.5 2.1 ± 0.5 20.70 ± 0.13 10.3 ± 2.4 61.9 ± 24.4 32.0 4_6

K57 17.0552 -73.2583 21.41 ± 0.14 8.0 ± 4.7 2.0 ± 1.2 21.54 ± 0.12 13.8 ± 7.0 39.5 ± 27.7 20.0 3_6

K61 17.2663 -73.0870 20.86 ± 0.18 6.5 ± 3.2 2.0 ± 0.8 21.14 ± 0.12 16.6 ± 7.0 33.2 ± 8.4 25.0 3_6

K63 17.6987 -72.7935 20.39 ± 0.21 5.1 ± 2.2 2.0 ± 0.6 20.56 ± 0.20 8.0 ± 2.6 45.1 ± 21.1 25.0 4_6

K8 7.0067 -73.3039 21.97 ± 0.11 8.1 ± 2.2 2.0 ± 0.4 22.08 ± 0.13 11.3 ± 2.6 86.3 ± 42.7 40.0 3_3

K9 7.5033 -73.3790 22.44 ± 0.19 9.6 ± 4.6 2.0 ± 0.7 22.80 ± 0.13 20.6 ± 6.9 91.7 ± 48.6 50.0 3_3
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EFF KING

ID R.A. Dec µ0 α γ µ0 rc rt rf Tile

(J2000) (J2000) (mag/arcsec2) (arcsec) (mag/arcsec2) (arcsec) (arcsec) (arcsec)

L14 8.1683 -72.5803 22.43 ± 0.13 10.2 ± 3.5 2.3 ± 0.6 22.48 ± 0.13 12.3 ± 3.0 78.9 ± 35.4 40.0 4_4

L19 9.4240 -73.9055 22.72 ± 0.20 14.8 ± 13.7 2.0 ± 1.9 - - - 40.0 3_4

L28 10.7481 -72.5890 19.35 ± 0.12 5.4 ± 0.8 2.7 ± 0.2 19.32 ± 0.10 4.4 ± 0.4 73.3 ± 11.1 40.0 4_4

L31 11.6503 -72.7419 20.37 ± 0.08 5.7 ± 0.8 2.2 ± 0.2 20.38 ± 0.08 5.6 ± 0.5 124.3 ± 59.1 32.0 4_5

L33 11.8541 -72.8415 20.19 ± 0.17 6.5 ± 2.0 2.6 ± 0.6 20.21 ± 0.18 6.3 ± 1.4 64.7 ± 27.5 32.0 4_5

L48 13.3672 -71.3989 18.90 ± 0.14 9.6 ± 1.8 5.0 ± 0.8 18.85 ± 0.18 5.2 ± 0.8 38.7 ± 3.6 32.0 5_5

L51 13.7271 -72.1141 18.92 ± 0.17 4.8 ± 1.5 2.2 ± 0.5 18.99 ± 0.17 5.5 ± 1.2 56.3 ± 27.7 26.0 4_5

L52 13.8220 -73.5071 19.38 ± 0.07 4.6 ± 0.6 2.7 ± 0.2 19.35 ± 0.08 3.7 ± 0.3 54.3 ± 14.1 20.0 3_5

L56 14.3753 -72.2648 16.58 ± 0.11 5.7 ± 0.7 3.9 ± 0.3 16.46 ± 0.20 3.2 ± 0.5 41.6 ± 4.1 32.0 4_5

L65 15.2521 -72.7498 20.65 ± 0.31 6.7 ± 4.3 2.0 ± 0.8 21.11 ± 0.28 15.2 ± 9.2 72.4 ± 66.7 40.0 4_6

L66 15.4374 -72.5643 17.31 ± 0.12 7.1 ± 1.4 4.7 ± 0.9 17.24 ± 0.11 4.3 ± 0.5 26.3 ± 2.0 20.0 4_6

L80 16.8675 -72.7694 20.87 ± 0.11 10.6 ± 3.1 2.0 ± 0.4 20.97 ± 0.13 15.5 ± 3.6 94.0 ± 37.3 50.0 4_6

L91 18.2130 -73.1198 21.89 ± 0.09 15.1 ± 6.3 2.8 ± 1.3 21.92 ± 0.09 17.2 ± 5.1 57.1 ± 22.5 32.0 3_6

L93 18.2029 -73.4744 22.12 ± 0.06 15.5 ± 3.7 3.3 ± 0.9 22.11 ± 0.06 12.6 ± 1.8 77.6 ± 28.6 32.0 3_6

NGC152 8.2329 -73.1159 21.20 ± 0.07 24.4 ± 4.4 2.5 ± 0.4 21.20 ± 0.07 22.1 ± 2.6 320.0 ± 157.9 100.0 3_3

NGC176 8.9929 -73.1659 20.18 ± 0.11 16.4 ± 4.9 4.1 ± 1.3 20.17 ± 0.12 11.4 ± 2.2 67.9 ± 18.5 40.0 3_4

NGC220 10.1280 -73.4027 19.53 ± 0.09 11.4 ± 2.0 2.5 ± 0.3 19.52 ± 0.10 9.7 ± 1.2 200.0 ± 96.4 70.0 3_4

NGC222 10.1838 -73.3839 19.54 ± 0.17 8.0 ± 2.5 2.0 ± 0.4 19.62 ± 0.17 10.5 ± 2.2 132.2 ± 60.7 70.0 3_4

NGC231 10.2770 -73.3514 20.08 ± 0.16 9.4 ± 2.9 2.0 ± 0.4 20.25 ± 0.20 14.0 ± 3.6 152.9 ± 74.0 80.0 3_4

NGC241 10.8827 -73.4397 19.22 ± 0.16 7.4 ± 1.9 2.7 ± 0.5 19.19 ± 0.16 6.0 ± 1.1 91.8 ± 38.7 40.0 3_4

NGC242 10.9026 -73.4436 19.10 ± 0.19 4.6 ± 1.3 2.0 ± 0.3 19.27 ± 0.19 6.3 ± 1.3 86.7 ± 39.6 40.0 3_4

NGC256 11.4753 -73.5069 18.49 ± 0.11 14.1 ± 4.7 8.3 ± 3.7 18.57 ± 0.09 9.9 ± 1.4 21.9 ± 0.9 20.0 3_4

NGC265 11.7984 -73.4775 19.22 ± 0.06 12.8 ± 1.7 3.2 ± 0.4 19.20 ± 0.07 9.8 ± 0.9 96.7 ± 17.4 50.0 3_4

NGC269 12.0892 -73.5303 19.09 ± 0.04 7.0 ± 0.5 2.6 ± 0.1 19.07 ± 0.04 5.9 ± 0.3 119.4 ± 20.5 40.0 3_5

NGC290 12.8113 -73.1615 17.27 ± 0.22 2.3 ± 0.6 2.0 ± 0.2 17.49 ± 0.25 3.1 ± 0.7 77.7 ± 37.6 32.0 3_5

NGC294 13.2736 -73.3803 18.74 ± 0.03 11.4 ± 0.7 3.8 ± 0.2 18.71 ± 0.05 7.8 ± 0.4 62.3 ± 4.0 40.0 3_5

NGC299 13.3533 -72.1970 17.12 ± 0.12 6.5 ± 1.4 4.0 ± 0.8 17.06 ± 0.12 4.4 ± 0.6 30.7 ± 4.0 20.0 4_5

NGC306 13.5617 -72.2418 18.62 ± 0.17 8.3 ± 3.5 3.7 ± 1.7 18.75 ± 0.13 9.6 ± 2.3 24.7 ± 3.0 20.0 4_5

NGC330 14.0764 -72.4636 17.10 ± 0.10 13.3 ± 1.9 2.9 ± 0.3 17.07 ± 0.12 9.8 ± 1.1 185.6 ± 37.4 100.0 4_5

NGC361 15.5451 -71.6060 20.38 ± 0.05 19.2 ± 2.2 2.7 ± 0.3 20.38 ± 0.04 16.6 ± 1.1 196.7 ± 38.4 80.0 5_6

NGC376 15.9732 -72.8260 17.88 ± 0.19 12.5 ± 3.5 4.0 ± 0.9 17.85 ± 0.22 7.9 ± 1.7 69.5 ± 13.0 50.0 4_6

NGC416 16.9963 -72.3552 18.57 ± 0.09 9.2 ± 1.3 2.4 ± 0.2 18.54 ± 0.10 7.6 ± 0.8 286.0 ± 136.7 80.0 4_6

NGC419 17.0730 -72.8844 18.16 ± 0.04 15.1 ± 0.9 2.8 ± 0.1 18.11 ± 0.06 10.9 ± 0.6 240.3 ± 25.0 127.0 4_6

OGLE132 15.5551 -72.9679 - - - 21.29 ± 0.25 8.2 ± 6.2 20.8 ± 15.1 12.0 3_6

OGLE172 10.4508 -73.3919 20.87 ± 0.35 3.3 ± 2.4 5.3 ± 4.7 21.22 ± 0.08 5.5 ± 1.5 5.5 ± 0.2 5.0 3_4

OGLE28 11.3667 -72.8199 20.80 ± 0.30 1.9 ± 0.9 2.0 ± 0.6 21.19 ± 0.29 3.7 ± 1.9 13.6 ± 8.0 8.0 4_4

OGLE5 9.8419 -73.2580 22.16 ± 0.22 3.1 ± 2.0 4.2 ± 3.1 22.38 ± 0.09 5.5 ± 2.0 6.0 ± 0.5 5.0 3_4

OGLE53 12.3182 -73.2116 20.33 ± 0.17 3.0 ± 2.1 2.0 ± 1.5 20.56 ± 0.08 8.0 ± 6.0 10.2 ± 3.9 6.0 3_5

OGLE6 9.8885 -73.1815 19.62 ± 0.65 0.6 ± 0.3 2.0 ± 0.2 20.34 ± 0.42 1.1 ± 0.4 14.3 ± 6.2 6.0 3_4

RZ140 15.6803 -71.4808 22.04 ± 0.27 4.1 ± 2.2 2.0 ± 0.7 22.23 ± 0.26 6.5 ± 2.5 36.3 ± 20.3 20.0 5_6

RZ82 13.2911 -71.9957 21.75 ± 0.12 4.3 ± 1.2 2.6 ± 0.7 21.80 ± 0.12 4.4 ± 0.9 26.7 ± 10.0 12.0 4_5
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Figure C.2: SBPs derived as described in Sec.7.2. The red and blue lines represent the best fit obtained through the

EFF and King’s profiles, respectively.
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Appendix D

Supplementary material to the

Chapter 8

In the following the query we made on the Gaia EDR3 dataset:

SELECT

source_id,ra,dec,phot_g_mean_mag,phot_bp_mean_mag,phot_rp_mean_mag,bp_rp,parallax,parallax_error,

pmra,pmra_error,pmdec,pmdec_error,l,b,1.085736/phot_g_mean_flux_over_error,

1.085736/phot_bp_mean_flux_over_error,1.085736/phot_rp_mean_flux_over_error

FROM gaiaedr3.gaia_source

WHERE

abs(parallax)<3.0*parallax_error

AND

l>200 AND l<360 AND b<-10 AND b>-90

AND

pmra>-0.5 AND pmra < 3.0 AND pmdec > -2.2 AND pmdec < 2.2

AND

pmra_error<0.2 AND pmdec_error<0.2

AND

phot_bp_rp_excess_factor < 1.3+0.06*power(phot_bp_mean_mag-phot_rp_mean_mag,2)

AND

phot_bp_rp_excess_factor > 1.0+0.015*power(phot_bp_mean_mag-phot_rp_mean_mag,2)
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Figure D.1: Same as in Fig.8.4, but with a bin size of 0.2°×0.2° smoothed with a Gaussian kernel of σ = 0.2° (top panel)

and a bin size of 0.4° × 0.4° smoothed with a Gaussian kernel of σ = 0.5° (bottom panel).

AND

ruwe<1.3

AND

astrometric_excess_noise_sig<2

The following describes the polygon edges used to select RGB and RC stars by means of

TOPCAT:

isInside(bp0-rp0, g0, 1.0, 18.35, 1.1, 17.5, 1.25, 16.7, 1.65, 15.50, 2.1,

15.50, 1.6, 16.60, 1.35, 17.65, 1.15, 18.9, 0.9, 18.90, 0.9, 18.35)

D.1 Density maps of the outer LMC

In this section we show the density map of the LMC as depicted in Fig.8.4, with different choices

of bin size and width of the kernel function. To enhance the small substructures we adopted

narrower kernel function, while to have a global view of the outer LMC we set a larger bin size

and shallower kernel function.
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