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Abstract

Stars do not form in isolation, but rather out of a hierarchical structure set by the turbulence of the interstellar medium.
At the densest peak of the gas distribution, the star formation process can produce young star clusters (YSCs), which are
gravitationally bound systems of stars with mass between ~100 and 106 MSun and typical size of few parsecs. At larger
scales, clusters are themselves arranged into cluster complexes, on scales of hundreds of parsecs and up to kiloparsec scales,
which are usually referred to as ‘star-forming clumps’.
Observations of local star-forming galaxies show that YSCs form over a wide range of galactic environment. However,
it is not yet clear if and how the galactic environment relates to the properties of star clusters. I present the results obtained
by studying the YSC population of the nearby spiral galaxy M51. We find that the cluster mass function, dN/dM, can
be described by a power-law with a -2 slope and an exponential truncation at 105 MSun, consistent with what is observed
in similar galaxies in the literature. The shape of the mass function is similar when looking at increasing galactocentric
distances. We observe significant differences, however, when comparing clusters located in the spiral arm with those the
inter-arm environments. On average, more massive clusters are formed in the spiral arms, as also previously found for the
YSC progenitors, the giant molecular clouds (GMCs). Finally, we see that clusters are more quickly disrupted in denser
environments, as expected if their disruption is mainly caused by tidal interaction with dense gas structures like the GMCs.
I have also undertaken the analysis of the interplay between galactic scale properties and larger star forming units,
the stellar clumps. The analysis has been conducted in a sample of 14 low-redshift starburst galaxies, the Lyman-Alpha
Reference Sample (LARS). The elevated star formation rate densities of such galaxies allow to form clumps with densities
comparable to clumps at high-redshift, typically more massive and denser than what is normally observed in the local
universe. The clumps in the LARS galaxies contribute to a large fraction to the UV flux of the galaxy itself (in many galaxies
> 50%), resulting in galaxies which appear ‘clumpy’. In agreement with formation theories we observe that clumpiness is
higher in galaxies with higher SFR surface density and dominated by turbulent gas motion.
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Le cose tutte quante
hanno ordine tra loro, e questo è forma
che l'universo a Dio fa simigliante.
(Dante, Paradiso I)
All things whate'er they be
Have order among themselves, and this is
form,
That makes the universe resemble God.
(Dante, Paradise I)

to Chiara

Abstract

Stars do not form in isolation, but rather out of a hierarchical structure set by
the turbulence of the interstellar medium. At the densest peak of the gas distribution, the star formation process can produce young star clusters (YSCs),
which are gravitationally bound systems of stars with mass between ∼ 100 and
106 M and typical size of few parsecs. At larger scales, clusters are themselves arranged into cluster complexes, on scales of hundreds of parsecs and
up to kiloparsec scales, which are usually referred to as ‘star-forming clumps’.
Observations of local star-forming galaxies show that YSCs form over a wide
range of galactic environment. However, it is not yet clear if and how the
galactic environment relates to the properties of star clusters.
I present the results obtained by studying the YSC population of the nearby
spiral galaxy M51. We find that the cluster mass function, dN/dM, can be
described by a power-law with a -2 slope and an exponential truncation at
105 M , consistent with what is observed in similar galaxies in the literature. The shape of the mass function is similar when looking at increasing
galactocentric distances. We observe significant differences, however, when
comparing clusters located in the spiral arm with those the inter-arm environments. On average, more massive clusters are formed in the spiral arms, as also
previously found for the YSC progenitors, the giant molecular clouds (GMCs).
Finally we see that clusters are more quickly disrupted in denser environments,
as expected if their disruption is mainly caused by tidal interaction with dense
gas structures like the GMCs.
I have also undertaken the analysis of the interplay between galactic scale
properties and larger star forming units, the stellar clumps. The analysis has
been conducted in a sample of 14 low-redshift starburst galaxies, the LymanAlpha Reference Sample (LARS). The elevated star formation rate densities
of such galaxies allow to form clumps with densities comparable to clumps
at high-redshift, typically more massive and denser than what is normally observed in the local universe. The clumps in the LARS galaxies contribute to
a large fraction to the UV flux of the galaxy itself (in many galaxies > 50%),
resulting in galaxies which appear ‘clumpy’. In agreement with formation theories we observe that clumpiness is higher in galaxies with higher SFR surface
density and dominated by turbulent gas motion.

Sammanfattning

Stjärnor bildas inte ensamma utan i grupper som kan innehålla från något
hundratal till flera miljoner stjärnor. Vissa av dessa grupper kommer upplösas inom några miljoner år, vilket är en relativt kort tid jämfört med galaxers livstider) medan de tätaste grupperna kommer att fortsätta vara bundna av
sin gemensamma gravitation. Sådana bundna stjärngrupper kallas stjärnhopar.
Generellt sett har de storlekar mellan 1 och 10 parsek (pc) (1 pc är ungefär
3 ljusår) och massor från ca 100 till 1 miljon solmassor (M ). Stjärnhopar är
även de belägna i grupper som kallas hop-komplex eller stjärnbildande klumpar. Stjärnhopar och klumpar har observerats i alla närbelägna galaxer som
bildar stjärnor (dvärggalaxer, spiralgalaxer, galaxkollisioner) oavsett hur den
lokala miljön där de bildas ser ut. Det är dock inte klart hur olika miljöer inom
galaxer kan påverka hur stjärnhopar och klumpar bildas och utvecklas: mitt
arbete har som målsättning att besvara denna fråga.
Det första projektet fokuserade på att studera stjärnhopar i spiralgalaxen
M51. Från observationer med rymdteleskopet Hubble (Hubble Space Telescope, HST) beräknade vi åldrar och massor för ∼ 3000 hopar detekterade i galaxen och vi kunde uppskatta att 20% av stjärnorna bildades i bundna hopar. Vi
fann en karakteristisk maximal hopmassa som var ∼ 100000 M i M51 men
den massan kan vara olika mellan olika galaxer och även mellan olika regioner
inom samma galax. Vi såg också att hoparna upplöstes snabbare i regioner där
gasdensiteten var högre.
I det andra projektet analyserade vi sambandet mellan galaxegenskaper och
egenskaperna hos stjärnbildande klumpar inuti dem. I den här studien använde vi en uppsättning galaxer med förhöjd stjärnbildning, som liknar galaxer
observerade i det fjärran universum. Vi studerade totalt 1400 klumpar i 14 galaxer, och fann att klumpar är mer massiva och har större påverkan på galaxens
utseende i galaxer med högre stjärnbildningstäthet och vars gas är mer turbulent. Vi drar slutsatsen att mångfalden av miljöer som finns i galaxer har en
effekt på stjärnbildningen genom att aktivt påverka bildningen av stjärnhopar
och klumpar.
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1. Introduction

The subject of this thesis is the study of star formation on the scales of star
clusters and cluster complexes. More specifically we aimed at understanding
how the environment (e.g. gas and star formation rate densities) affects the
process of star formation, via the characterization of its most massive bound
products, the young star clusters, and, on larger scales, of associations of many
clusters.
The work presented in the papers at the end of the thesis can be divided
in two main projects. The first one (Papers I and II) is the study of the young
star cluster populations of the nearby spiral galaxy M51 and builds on the data
from the Legacy Extra-Galactic UV Survey (LEGUS) a Treasury program of
the Hubble Space Telescope (HST). LEGUS is an imaging campaign that observed 50 nearby (at distances < 50 Mpc) galaxies, including M51, in optical
and NUV bands (see Calzetti et al., 2015). The second project (Papers III
and IV) is the study of star-forming clumps (i.e. associations of clusters) in a
sample of local (z ∼ 0.03 − 0.2) analogs of high-redshift galaxies, the LymanAlpha Reference Sample (LARS), observed with HST (see Östlin et al., 2014).
One of the main goals in studying the LARS galaxies is the geometrical characterization of the escape of Ly-α radiation on sub-galactic scales inaccessible
in high-redshift galaxies. In a similar way, in my work I characterized the
properties of star-forming clumps at smaller scales than what usually achievable at high-redshift but in systems which as high star formation rates as highredshifts systems.
The structure of the thesis follows this main division, since, even if clusters
and cluster complexes are aspects of the same process at different scales, their
study evolved differently. After a general introduction about hierarchy in the
star-formation process and about the reason why the study of clusters and
clumps is important in a wide picture of star formation, I present in Chapter 2 the details of the two main analysis carried out in my papers, namely
photometry (to obtain sizes and luminosity of sources) and broadband fitting
of the spectral energy distribution (to obtain ages and masses of clusters and
clumps). Then I dedicate Chapter 3 to the study of young star clusters and
Chapter 4 to the study of star-forming clumps. Each of those two chapter
starts with a brief historical introduction, presents the main properties of clusters and clumps and then discuss the recent progresses and the questions that
11

remain still un-answered. In presenting recent studies from literature, also the
contribution of my papers is put in the broader context. This is done in Chapter 3 for the results of Paper I and II, and in a separate chapter (Chapter 5) for
Paper III and IV.

Differences from the Licentiate thesis
This thesis is based on the unpublished Licentiate thesis titled Young Stellar
Clumps and Clusters in the Local Universe, defended on June 15, 2017 and
written by the same author. The present introductory chapter and Chapter 3,
concerning the literature about young star clusters and my contribution to the
field from Papers I and II, was kept very similar to what written in the Licentiate thesis, with the addition of new figures (Fig. 1.1, 1.2, 1.3, 3.1 and
3.2), the addition of updates to the results of Paper II (which was completed
and published meanwhile) and the addition of recent publications in the field
(including figures from the recent review on star clusters by Krumholz et al.,
2018). The Licentiate was defended on mid-2017 and therefore only small
modifications were needed in the overview of the field. Chapter 4 builds on the
Licentiate thesis chapter about high-redshift galaxies but is widely expanded
in all its sections and figures. Chapter 5 is entirely new, since it deals with presenting data and results form the last works of my thesis. Chapter 2, dealing
with data-analysis methodologies, is entirely new for the first part concerning
photometry, while in the second part it mainly builds upon the licentiate (in the
sections about broadband SED fitting), with the addition of some updates (e.g.
Fig. 2.2).

1.1 Hierarchical Star Formation
The process of star formation involves many different physical mechanisms at
different scales. It proceeds in a non-uniform fashion and this can be easily understood looking at optical images of some of the galaxies studied in this thesis
(Fig. 1.1). Despite different galaxy morphologies, in all cases the light distribution is not uniform. Neglecting the effect of dust absorption, we can say that
the light traces a non uniformity in the star distribution inside the galaxy. This
is particularly true when looking at the blue light, coming mainly from young
massive stars, and at the red spots, which corresponds to Hα emission coming from regions where very young stars are able to create regions of ionized
hydrogen (HII regions). Young stars are not spread over the entire galaxy, but
rather they are concentrated in some regions, that can be both extended (like
spiral arms of some galaxies) or compact.
12

Figure 1.1: Optical composite images of galaxies studied in the papers of this
thesis, showing episodes of recent star formation, observed with HST: (a) M51,
(b) ESO338-IG04, (c) Mrk 259 (LARS01). In all cases young sources (blue and
pink spots) are distributed in a clumpy fashion. M51 spans 7 × 10 arcmin, which,
at an assumed distance of 7.66 Mpc, correspond to ∼ 15 × 22 kpc. ESO338-IG04
spans 15 × 11 arcsec, which at an assumed distance of 37.5 Mpc correspond to
∼ 2.7 × 2.0 kpc. LARS01 spans 19 × 12 arcsec, which at an assumed distance of
120 Mpc correspond to ∼ 11 × 7 kpc. Image credits: NASA, ESA, S. Beckwith
(STScI), and the Hubble Heritage Team (STScI/AURA) (a); J. Melinder (b) and
Östlin et al. (2014) (c).
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If we zoom in into one of these star-forming regions we see that those are
complex systems of stars and gas with clustered regions of star formation, as
illustrated for the spiral galaxy M51 in the cover figure of this thesis. Zooming again we would finally resolve single stars, many of which are located in
bound star clusters. This is only a general example, but, in fact, observational
evidence suggests that star formation is a process happening in a self-similar
hierarchical way in space and time, at many scales, from stellar to galactic
ones (e.g. Elmegreen, 2010). Feitzinger & Braunsfurth (1984) and Feitzinger
& Galinski (1987) were among the first to recognize the hierarchical structure
of large-scale star formation regions.
The reason why star formation is hierarchical can be found looking at the
progenitors of the stellar structures. Detailed studies of star forming regions in
the Milky Way and in nearby galaxies revealed that stellar clusters (and stars in
general) form out of gas which is, in turn, organized in hierarchical structures,
whose main elements are the giant molecular clouds (GMCs). GMCs are extended transient structures made, as the name suggests, of molecular gas, but
also of neutral gas and dust (McKee & Ostriker, 2007). On large scales, they
are organized in big complexes of filamentary morphologies, usually located
in regions of high density (Grabelsky et al., 1987; Elmegreen & Elmegreen,
1987; Engargiola et al., 2003; Wilson et al., 2005). On small scales they host
high density clumps, which are the sites of star formation. Two examples of
sub-structured GMC complexes in the Milky Way are shown in Fig. 1.2. The
fragmentation of these gas complexes is regulated by the turbulence in the gas,
while it has also been suggested that shocks between GMCs are a trigger for
the creation of dense cores where star formation can take place (see e.g. Fukui
et al., 2018).
Gas turbulence has been invoked also to explain the very low efficiency
of the star formation process. Observations show that most of the gas in star
forming regions is not converted into stars. In gas clouds supported by supersonic turbulence, at any time most of the mass is in structures that have
too low density to collapse (Mac Low & Klessen, 2004; Elmegreen & Scalo,
2004), leading to low-efficiency star formation in a straightforward way. The
theory of the turbulence-regulated gas is supported by the observations of nonthermal linewidths in GMCs of the Milky Way and nearby galaxies (Fukui
et al., 2001; Engargiola et al., 2003; Rosolowsky & Blitz, 2005), interpreted
as signs of supersonic turbulence. Also simulations confirmed that under specific circumstances turbulence can inhibit star formation at the observed levels
(Klessen et al., 2000; Li & Nakamura, 2004). Finally, analytical models based
on turbulence have been able to reproduce the main properties of star formation
(Padoan, 1995; Elmegreen, 2002, 2003; Krumholz & McKee, 2005).
The hierarchy observed in gas structures is in turn translated into the stel14
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Figure 1.2: Two examples of GMC complexes. (a) Part of the Taurus Molecular Cloud (the upper-right part of the filament is known as Barnard 211, while
the lower-left part is Barnard 213) as observed in sub-mm wavelengths by the
Atacama Pathfinder Experiment (APEX) telescope (shown over a visible-light
background). The field of view of the figure is 50.11 × 56.71 arcmin. (b) NGC
1333, part of the Perseus Molecular Cloud Complex, as traced by 13 CO(1 − 0)
by the SEQUOIA array at the FCRAO telescope. In both cases substructures
and cores where star formation will take place can be spotted. Image credits:
ESO/APEX (MPIfR/ESO/OSO)/A. Hacar et al. (a); Pineda et al. (2009) (b).
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lar products (stars, associations and clusters) and evidences of it have been
found at both large and small scales. The LEGUS survey observed hierarchy
in the spatial distribution of stars (Gouliermis et al., 2015, 2017) and clusters
(Grasha et al., 2015, 2017a). In the two Magellanic clouds galaxies, studying
positions and ages of stars, associations and clusters, a higher clustering has
been found for younger structures (Gieles et al., 2008; Bastian et al., 2009). In
a similar way, the study of cluster populations in a sample of six more massive
galaxies in the LEGUS sample has shown an age-distance correlation which
scales exactly the same way as predicted by a turbulence-driven star formation
(Grasha et al., 2017b). At smaller scales, substructures have been observed
inside currently forming clusters, suggesting that the resulting clusters will be
formed out of these substructures (Testi et al., 2000; Feigelson et al., 2009).
Another well-observed phenomenon is the mass segregation, i.e. massive stars
observed preferentially in a dense core inside the clusters. If this is a primordial effect (meaning that the massive stars have formed in that way) and
not dynamical (massive stars move towards the centre of the cluster due to
two-bodies interactions) it could be another sign of the fractal structure of star
formation. The real origin of mass segregation is however still a debated topic
(see e.g. Section 2.2 of the review by Portegies Zwart et al., 2010).
Another sign of the turbulence-driven hierarchy of star formation is given
by the mass function of cluster populations. The mass function describes
the distribution of the cluster masses as the number of cluster per mass bin,
dN(M)/dM. In the study of nearby galaxies it has observed that cluster mass
function has generally the shape of a power law with a −2 slope (e.g Piskunov
et al., 2006; Chandar et al., 2010b; Whitmore et al., 2010; Baumgardt et al.,
2013; Fouesneau et al., 2014) which is expected from a hierarchy (Elmegreen,
2010). A more detailed description of cluster mass function is given in Section 3.2.1.
In conclusion, star formation results in a distribution of structures with a
gradient of masses, radii and densities, according to the hierarchical structure.
Not all these structures are bound, some will disperse over the first ∼ 10 Myr of
life, while some other will survive for timescales of ∼Gyrs. In the next section
I give a definition in terms of physical scales and dynamical status for the starformation structures studied in this thesis. This definition and terminology will
be used in the remainder of the thesis as well as in the papers presented.

1.1.1

Remark on Names and Scales

The two kinds of sources mainly studied in this thesis are star clusters and
star clumps. Examples of both are given in Fig 1.3. We consider star clusters
as bound structures on scales of ∼ 1 − 10 pc and we call clump an unbound
16

association of multiple clusters close to each other, and therefore part of the
same star-forming region. We do not have a strict size definition for clumps,
as in the thesis and in the papers we study clumps on scales from ∼ 10 pc to
∼ 1 kpc in radius.
Since in literature multiple definitions exists of such structures, it is important
to define correctly the object of study before proceeding.
Definition of a Cluster
When studying clusters or cluster populations, two main definitions are normally used. The first one considers the cluster as an over-density of stars in
a arbitrarily small region, where a normal density would be a uniform distribution of stars. This definition is therefore entirely based on the “appearance"
of the cluster in the sky and, while easy to use, does not have a strict physical
meaning. The second instead considers the cluster as a gravitationally bound
collection of stars and therefore refer to its dynamical status. It is a physically
more strict definition (even if clusters can change their dynamical status with
time) but it relies on an information, the dynamical status of a cluster, which
is not always easily measurable. It does not exist a “correct” definition among
those two, and therefore whether to use one or the other can be chosen according to what is the interest of the study (or which data are available). On the
other hand, it is also clear that, even if in some cases both definitions could
be applied to a certain object, the definitions are in general very different and
the use of one over the other in the study of a cluster (sample) can lead to
very different results. When choosing a definition for the sample of study it is
important to be clear about it, in order to avoid confusion.
One example of the difference that the two adopted definition can bring,
concerns the fraction of stars forming in clusters, an interesting quantity in the
context of star formation on galactic scale (see section 3.2.3). Applying the
first (visual) definition in the study of a star formation region would result in
the conclusion that almost all stars form in a clustered environment (e.g. Lada
& Lada, 2003). If, on the other hand, only the bound clusters are considered,
only a minority of stars forms in that environment (e.g. Bastian, 2008; Bressert
et al., 2010). Another related case where this ambiguity in the definition would
lead to different (or even wrong) conclusions concerns cluster evolution. It is
usually observed a drop in cluster number with age, such that the number of
clusters seems to decrease very rapidly in the age range 1 − 10 Myr. Considering only bound clusters, this decrease would require a mechanism for strong
and quick cluster disruption like a sudden gas expulsion, also known as the
“infant mortality” process (Lada & Lada, 2003, other hypotheses for the early
cluster evolution are collected in the review by Longmore et al., 2014). How17
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Figure 1.3: Typical spatial extensions of clusters and clumps. Panel (a) shows
the Galactic young massive cluster at the centre of the NGC 3603 star-forming
region as seen by HST, spanning ∼ 10 pc. A star cluster of roughly the same size,
still observed by HST but in the M51 galaxy, at a distance of ∼ 8 Mpc is shown
in panel (b). Panel (c) shows a star-forming region inside the Large Magellanic
Cloud, as observed in optical wavelengths by the Very Large Telescope (VLT).
The region spans ∼ 1 kpc and it is made of star clusters and cluster complexes
on smaller scales of 10-100 pc. A star-forming region of the same physical size,
observed with HST at a distance of ∼ 100 Mpc in the galaxy LARS01, appears as
a collection of clumps where the substructures of sizes < 100 pc are washed out
(d). In the course of this thesis (and of the related papers) we usually refer at the
object in panels (a) and (b) as star clusters, while the star-forming regions shown
in panel (c), when only partially resolved as in panel (d) are called clumps. Note
that at even larger distances the entire emission of panel (d) would be seen as a
single structure, which we would call, also in this case, clump. Image credits:
NASA, ESA and the Hubble Heritage (STScI/AURA)-ESA/Hubble Collaboration (a); ESO (c).
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ever, if the cluster sample is selected only visually and therefore it also includes
unbound compact associations, the drop could be simply explained by the dispersion of those unbound sources into the field. Once this difference is clear,
current observations do not need to invoke a strong disrupting mechanism to
be described, as bound clusters do not dissolve so quickly. Disruption rates
and models are anyway still debated (e.g. Longmore et al., 2014).
In the remainder of this review I will refer to the term “cluster” indicating gravitationally bound stellar over-densities with radii in the range 1-10 pc
and masses between some hundred and ∼ 107 M . Objects with similar sizes
(but usually lower masses) which are already unbound at formation will be referred to as “compact associations”, in order to discriminate them from “OB
associations” which can have sizes up to hundreds parsec. The young bound
clusters have been historically named in many ways, and none of them have
been really definitely imposing over the others. Super star clusters (SSC) has
been one of them and still is used, in particular referring to the most massive
clusters. Young massive clusters (YMC) and young stellar clusters (YSC) and
two other commonly used names, and I will mainly use the latter throughout
this thesis.
Definition of a Clump
While star cluster are usually well-defined objects, the same is not true for starforming clumps. As can be seen in panel (c) of Fig. 1.3, when star-forming
regions can be resolved in detail, it makes clear that they are characterized
by the presence of stars, ionized gas and clusters. However, in many cases,
such structures are studied at lower physical resolution, especially when they
are used to study star formation at high redshift. What can be seen at lower
resolution are semi-resolved structures which basically are cluster complexes
and which we call clumps. Due to the hierarchical structure described above,
they have self-similar structures at different resolutions and as a consequence
they are studied at different ranges of physical scales. The clumps studied in
this thesis range from radii of ∼ 10 pc to radii of ∼ 1 kpc and are in general
gravitationally-unbound structures.

1.2 Why study young star clusters
Once understood that clusters and clumps form as a consequence of the hierarchical structure of star formation, I summarize in this section why it is
interesting to study them.
The main reason why star clusters are important probably reside in the
growing evidence that a large fraction of star formation happens in clustered
19

environments (even if not all of these environments evolve as bound clusters,
see e.g. Lada & Lada, 2003 and Fall, 2004). This directly implies that understanding cluster formation is necessary to also understand star formation.
Clusters have the advantage of being more luminous than single stars, and
therefore can be identified and studied at much greater distances, broadening
the range of galaxies where star formation can be studied in detail. Their stellar content has, with good approximation, uniform properties, in particular age
and metallicity, which make them a proxy for the galaxy properties at a certain
time and position and can therefore unveil environmental dependences in the
properties of star formation. In addition, some of them are long-lived structures, able to survive for Gyrs, allowing the study of star formation histories in
single galaxies.
Local starburst and merger galaxies (where on average the cluster population is more numerous and massive, see e.g. Bastian et al., 2013; Whitmore
et al., 2010) are in some way similar to the high-star forming galaxies of the
early universe. The cluster populations of these systems could therefore help
understanding what happens at high redshifts. More in general, the finding
of young massive clusters in all kinds of galaxies, across different morphologies and luminosities (see e.g. Larsen, 2006a), pushed the idea that globular
cluster-type objects are still forming in the local universe. Understanding them
would imply understanding how globular clusters formed and evolved. However, even if simple and appealing, the straight link from young clusters to
globular clusters presents a number of still unsolved issues, from the shape
of the mass function to the presence of multiple populations (and multiple
metallicities) inside single globular clusters (see Gratton et al., 2012; Bastian
& Lardo, 2018, for a review) and not in their younger counterparts, makes this
field still alive and debated. Also whether YSC can survive for cosmological
timescales, evolving into Globular Cluster objects, is still a matter of debate
(see e.g. Pfeffer et al., 2018).
Another important aspect related to the study of YSCs concerns the feedback, responsible for the suppression of global star formation rates and for
the formation of a multi-phase interstellar medium (e.g. Hopkins et al., 2012;
Goldbaum et al., 2016). Since a large fraction of massive stars are formed in
clusters and most of the ionizing radiation and mechanical energy comes from
such stars, YSC are the main driver of feedback in galaxies. The impact of stellar feedback on the galaxy can be so important that it may facilitate the escape
of UV radiation into the intergalactic medium (Bik et al., 2015, 2018; Herenz
et al., 2017). For this reason, understanding the feedback process is fundamental also for what concerns the escape of radiation from galaxies at high
redshift and therefore even the reionization of the universe (Bouwens et al.,
2015). Cluster feedback can be very important in the case of dwarf starburst
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galaxies, where feedback and radiation from very massive clusters (up to 107
M ) can have an impact on the entire morphology of the galaxy. Despite having such a big effect on the galaxy and its surroundings, simulations found
that the escape of UV radiation is possible only after clearing the dense clouds
surrounding the very young star clusters (Dale, 2015; Howard et al., 2018). If
we assuming that SNe dominate the gas clearing, this is achieved only after
∼ 3 − 4 Myr, and a significant UV photon escape cannot be achieved (Yajima
et al., 2011; Kim et al., 2013; Ma et al., 2015). Observations suggest that in
fact the high density of the natal environment can suppress an energy-driven
feedback (Oey et al., 2017). A better understanding of how the star formation
and feedback processes occur during the very first few years after massive stars
are born is needed to answer this question.
All possible studies and analyses using cluster to shed light on the star formation, rely on a basic knowledge of cluster themselves, for what concerns
their formation, subsequent dynamical evolution, and ultimate fate. Even if
clusters may appear as quite simple objects, easily described by a bound collection of 103 − 107 stars, building realistic models able to describe their structure and evolution has proved to be a major challenge. N-body simulations
in the last 20 years have been able to build realistic systems which consider
the effects of stellar evolution, external gravitational fields and rapidly varying
internal potentials, particularly important for the early evolution of clusters
(Joshi et al., 2000; Giersz, 2001; Kroupa & Boily, 2002), but a full understanding has not been reached yet. At a smaller scale, YSC are also a preferred
place to study the universality of the stellar IMF (Ashworth et al., 2017).
Up to now, I have discussed the interesting aspects of the study of clusters. At larger scales (for what concerns both sizes and masses), the study of
clumps, even if developed historically on separated tracks, still retain most of
the interesting aspects described above. Clumps can be observed in even more
distant galaxies than clusters and, because of the poorer resolution achievable
at high-redshift, they constitute the building blocks of high-redshift star formation. The interest to study such systems, and more in general the clumpiness
of star formation, has lately grown due to the evidences that at high redshift
galaxies have on average more irregular, asymmetric and clumpy morphologies (Glazebrook et al., 1995; Driver et al., 1995, 1998; van den Bergh et al.,
1996; Im et al., 1999). Those peculiar galaxies are not common at lower redshifts (Lotz et al., 2004; Cassata et al., 2005; Overzier et al., 2010; Cameron
et al., 2010) and what is observed in an increasing in clumpiness going to
higher redshift (Elmegreen et al., 2005b). All these evidences suggest that
star formation has on average happened in a more clumpy fashion in the past.
Their characterization is therefore of fundamental importance for understanding how the star formation process evolves with redshift. In addition, it has
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been proposed that some of those system can survive for timescales of ∼Gyrs
and slowly migrate towards the centre of the galaxy, contributing in the formation of a bulge, while the rest of them are dissipated creating the disk (Bournaud et al., 2007a; Elmegreen, 2008). Their evolution can therefore shed light
on the evolution of the shape of galaxies into what we observe in the present
Universe.
As mentioned before, the main goal of studying clusters and clumps in
my work was the understanding of how the star formation process at their
scales is affected by the galaxy environment. Nevertheless, many of the aspects
described in this section are mentioned in the Papers and in the following of
the thesis.
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2. Methodologies

Many different properties can be used to study star clusters and clumps. Some
properties are observables, i.e. they can be directly derived from the observations (usually from simple photometry or spectroscopy). These include, for
example, magnitudes and sizes. Another class of properties can be derived
from the observations only through modeling. These are, for example, mass,
age and extinction. Before dealing with the description of literature studies of
such properties (which will be extensively done in Chapters 3 and 4), some of
the basic methodologies for deriving cluster photometric and physical properties (used both in the papers of this thesis and in literature) are briefly explained
in the current chapter. This chapter is therefore mostly aimed at readers who
are not familiar with the analysis of star clusters and clumps.

2.1

Photometry

Multi-band photometry was used to derive the luminosity of clusters in different near-UV and optical bands. In the study of star-forming clumps in Paper III
the clump size was also derived via photometry. The procedures used are not
specific for the study of clumps and clusters and can in principle be used for
analyzing single stars or distant galaxies. Nevertheless, they were optimized
for the study of clusters and clumps at the distance of our target galaxies.
The easiest way of measuring the luminosity of sources is via aperture photometry. This means, in practice, counting the flux inside a circular aperture
(for stars and clusters, but which can be elliptical, especially in the study of
distant galaxies), centered on the source itself. The radius of the aperture is
usually chosen in order to contain as much flux as possible, but trying to avoid
contamination from nearby sources. In the analysis of clusters in M51 (Papers
I and II) we used circular apertures of 4 px in radius (corresponding to ∼ 6
pc at the distance of M51), as in doing so we include more than 50% of the
flux of a typical cluster, as is shown in Fig. 2.1. The flux inside the aperture
includes both the flux of the source and of the background. The background
flux is removed by measuring the flux in a region with small contribution from
the source. In doing this it is assumed that the background emission is uniform
and for this reason region where the background is estimated is chosen close
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enough to the source. In M51 we measured the background in a circular annulus with internal and external radii of 7 and 8 px respectively (see Fig. 2.1).
Finally, also the flux outside the selected aperture is taken into account. Isolated sources are used to estimate the fraction of the source’s flux outside the
aperture. This correction, called ‘aperture correction’, can be different from
filter to filter, due to the different shapes of the point spread function (PSF) in
various filters and instruments, and depends also on the shape (i.e. the radius)
of the source. In M51 we estimated an average aperture correction for every
filter by measuring the photometric growth curves of some isolated clusters of
different sizes. Another method tested in the LEGUS analyses was to derive
an aperture correction for each source based on its size. A simple estimate
of the size based on aperture photometric analysis is the concentration index
(CI), which is usually defined (e.g. in LEGUS) as the difference of magnitudes
measured in radii of 1 and 3 pixels. Via tests on synthetic sources of various
radii, it is possible to relate the value of the measured CI to the size of the
source (see e.g. Fig. 4 in Adamo et al., 2017).
An alternative way of performing photometric analyses involves fitting a
light profile to the source. In case of stellar photometry this method goes under
the name of PSF photometry (the light distribution of un-resolved stars is the
PSF) and is very useful in crowded field, where stars would contaminate eachother measurement in case of aperture photometry. A similar method can be
used to measure at the same time the flux and size of more extended sources.
As an example, in the study of star-forming clumps in the LARS galaxies
(Paper III) we assumed that clumps are described by circular Moffat profiles
(which will be discussed in Section 3.2.5) with γ = 3 and that the observed
sources are described by the convolution of such profiles with the instrumental
PSF. The size and flux of each source was derived by finding the best fit model
to the data. In our case we also fit the background emission as a 1-degree
polynomial added to the source model, i.e. measured in the same region as
the source. It is however possible to estimate the background level outside
the source regions and remove it before fitting the source, as other studies in
literature have done (see e.g. the characterization of Hα clumps in Fisher et al.,
2017b).

2.2 SED fitting
The most common method to derive properties of unresolved young clusters
and clumps (i.e. when is not possible to use the single stars for the analysis)
is the spectral energy distribution (SED) fitting, which is the comparison of
their flux and color properties with the expectations from templates. The data
needed for SED fitting are either spectral or multi-band observations. Spectra
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Figure 2.1: left panels: examples of a cluster (top) and a star (bottom), as observed in filter F555W in the M51 galaxy. The green circles are centered on the
sources and have radii of 4 (solid), 7 (dashed) and 8 (dotted) pixels. Right panel:
median flux growth curves of reference isolated clusters (blue) and stars (orange).
The major difference between the two is that the flux of the stars is all concentrated within ∼ 5 px radius, while clusters are more extended and therefore their
integrated flux grows more slowly. The green lines correspond, as for the left
panels, to radii of 4, 7 and 8 pixels. As can be observed from the right plot, the
radius at 4 px used for the photometry includes more than 50% of the source flux
both in the case of clusters and stars.
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provide better information for each source and are in general preferred. However the coverage of cluster/clump spectra per galaxy is usually limited to few
objects and broadband (and narrowband) imaging is often used for the study
of large populations, like we did for example in the works presented in this
thesis. When multi-band fitting is used, the number and type of different filters
available has a strong impact on the possibility of deriving specific properties.
The use of integral field spectrographs, if capable of enough spatial resolution
(and if the galaxies under study are close enough), can cover the gap between
these two types of data, providing good quality spectra for a large number of
sources at the same time.
Before giving details on how the SED fitting was done in our papers, I
briefly describe, in the following paragraphs, some theoretical assumptions
needed to build model spectra of clusters, based on the current understanding
of stellar evolution.

2.2.1

Instantaneous Burst Assumption

One important assumption upon which the whole SED analysis is based in my
work is the Instantaneous Burst Assumption. As the name suggest, it assumes
that all the stars in a cluster form at the same time, i.e. they are coeval. This
in practice implies the use of simple stellar population models (SSPs) in the
comparison with the data. SSP models require no age or metallicity spread
between the stars of a cluster. They also assume a fixed shape of the initial
stellar mass function to describe the initial distribution of star masses (see next
section).
The choice of SSP models strongly affects the results of the fit, therefore
it needs to be justified with high confidence. It can be argued that, due to
the hierarchical fashion of star formation discussed in the introduction, it is
expected that stars inside clusters do not form all at the same time. Rather,
at their inside, subregions will collapse and form stars separately, leading to
an intrinsic age-spread. The real question is therefore how large is this age
spread: if short enough it may possibly have no visible effect. It is observed
that the cores of star forming regions are coeval (age spreads within 3 Myr,
see Massey & Hunter, 1998). Even if regions at the borders of these cores
could form stars later (possibly also due to internal feedback from the cores
of star formation), it is also true that, being less dense, they disperse in short
timescales (∼ 10 Myr). The dense cores are what will be left of the cluster after
the gas expulsion from the star forming region, and for them the assumption of
the instantaneous burst seems appropriate. The observation that young massive
cluster are free of their natal gas already ∼ 3 Myr after birth is another strong
evidence for the reasonability of the instantaneous burst assumption, since after
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that short time the material for forming new stars inside the cluster is missing
(Hollyhead et al., 2016). The assumption therefore seems to generally hold to
the study of clusters older than ∼ 3 Myr.
A possible objection concerns intermediate-age and old clusters. It is
known that globular clusters host multiple stellar populations, with age spreads
of the order of 200 Myr - 1 Gyr inside a single cluster (e.g. Piotto, 2008; Milone
et al., 2008, 2009). The formation mechanism of these multiple populations is
still poorly understood but it apparently puts a strong limit on the use of the
SSP. However, while many models that try to explain the presence of multiple
populations in GCs require large age spreads in YMCs, observations suggest
that their approximation to a SSP is in general justified (e.g. Cabrera-Ziri et al.,
2014, 2016).
The star-forming clumps analyzed in Paper III and IV of this thesis are
in most cases complexes made out of multiple clusters. They can therefore
contain clusters with different ages, even if we expect the age spread to be
limited by the fact that clusters in a clumps are part of the same star-forming
regions. The results of Paper IV suggest that most of the clump are very young
(a large fraction of clumps have derived ages below 10 Myr) and therefore that
either the age-spread is very narrow or that very young clusters dominate the
mass of clumps.

2.2.2 Assumption on the IMF
Another important assumption is on the stellar initial mass function (IMF) i.e.
the shape of the stellar mass distribution. The pioneering studies by Salpeter
(1955) pointed out that stars form with a fixed distribution of masses that follow a power law function, dN ∝ M γ dM, with slope γ = −1.35. Since then,
many efforts were made to test the universality (or non-universality) of the
distribution, in different conditions and environments (see e.g. Bastian et al.,
2010, for a review). Up to now, general consensus has been reached on a
power law slope γ = 1.3 for masses larger than 1 M . The low-mass part of
the function is instead more difficult to constrain and therefore many different models have been proposed to describe it (Miller & Scalo, 1979; Kroupa,
2001; Chabrier, 2003; Da Rio et al., 2009). All the models agree on a flatter
slope which is usually described either as a log-normal shape, i.e.


(log m − log mc )2
(2.1)
dN ∝ exp −
2σ 2
where mc and σ are the characteristic mass and variance of the distribution
(Chabrier, 2003), or with a multiple power law, e.g. dN ∝ M −0.3 for 0.08 <
M < 0.5 M and dN ∝ M 0.7 for M < 0.08 M (Kroupa, 2001).
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Different assumptions on the IMF lead to different fractions of high over
low-mass stars. The evolution of a star, and therefore also the evolution of its
luminosity, is strictly dependent on its mass and this is why is so important
to have a precise description of the mass distribution. SSP models usually
consider Salpeter (1955), Kroupa (2001) or Chabrier (2003) IMFs. The two
latter ones have basically the same shape but different parametrization, while
the Salpeter one has a different low-mass shape This difference is translated
only in a different normalization of the resulting mass–to–light ratio (which
can be corrected a posteriori) and, because of this, all 3 functions are used in
the literature.
A critical issue of the IMF is its statistical sampling. Low-mass clusters
are affected by stochasticity caused by an uneven sampling of the high-mass
part of the IMF and can have therefore important variations in their integrated
flux for a given age/mass (Fouesneau & Lançon, 2010; Silva-Villa & Larsen,
2011). Studies of stellar isochrone evolution have shown that red supergiant
stars dominate the light budget of clusters already at ≈ 7 Myr (e.g. Maíz Apellániz, 2009) and is therefore at red wavelengths that young low-mass clusters
should expect the strongest variations. SSP models however are built assuming that the IMF is fully sampled. This implies that observed low-mass clusters cannot, in principle, be compared to those models and in the analysis their
color will on average fluctuate around the expected values. Fitting techniques
based on bayesian statistics that also sample stochastically the IMF (e.g. de
Meulenaer et al., 2013; Anders et al., 2013; Fouesneau et al., 2014; Krumholz
et al., 2015b) avoid this problem. Analyses based on deterministic χ 2 fitting
should instead be careful when considering low-mass clusters. Restricting the
analysis to high-mass clusters, with masses M & 5000 M (as done in Paper
I and II), allows to use also χ 2 techniques with confidence (e.g. Bastian et al.,
2012). This same problem does not affect clumps, whose large masses ensure
that also the high-mass part of the IMF is sampled.

2.2.3

Stellar Models

The standard method of analyzing the observed SEDs is the comparison to
models. In addition to the assumptions already described in the previous sections, building SSP requires two main ingredients. The first is a stellar evolution prescription, given by libraries of stellar evolutionary tracks. These tracks
describe the stellar evolution from zero-age main sequence (or from pre-MS in
some cases) to the evolved states of stars (the asymptotic giant-branch, AGB,
phase of the low and intermediate-mass stars or the core carbon ignition of
high-mass stars). The two main libraries are the Padova and the Geneva ones
and they differ for what concerns equations of state, opacities, chemical abun28

dance and also evolutionary details.
In addition to those, libraries of individual stellar spectra, able to describe
stars at any position in the HR diagram, are necessary to built the integrated
spectrum of the stellar population. These libraries can be theoretical, observational and semi-empirical. They should be able to cover wide ranges of metallicities, wavelengths and also have a good spectral resolution. Starburst99
(Leitherer et al., 1999; Vázquez & Leitherer, 2005) and Bruzual & Charlot
(2003) for example, provide models with spectral evolution of stellar populations with resolutions of few Å in most of the optical range (3000 − 9500 Å).
While the models mentioned above rely on the description of individual stars,
recently it was developed a set of models which takes into account the fact that
most of the stars are in multiple systems: the Binary Population and Spectral
Synthesis (BPASS) code combines stellar evolution models with libraries of
synthetic atmosphere spectra including binary evolution in modelling the stellar populations (see Eldridge et al., 2017, for the most recent update of the
models). The general effect of considering binaries is to cause a population
of stars to look bluer at an older age than predicted by single-star models. In
Paper IV we compared ages and masses resulting from fitting the SED with
Starburst99-Geneva tracks and with BPASS tracks, finding an older (on average) population in the BPASS fit. A comparative test of 7 models created with
different combinations of stellar tracks and models (both single-star and binary
models) is given in Wofford et al. (2016).

2.2.4 Reddening and Nebular Emission
Real stars are not isolated systems, as they live surrounded by dusty and gaseous
environments. The light that they produce can be absorbed, scattered or reprocessed by the surrounding medium. For this reason, when comparing the
cluster spectra from models with the observed ones, two more factors should
be taken into account.
Dust contribution has the effect of a wavelength-dependent attenuation and
is modeled via an extinction curve k(λ ). Dust is usually treated as a screen in
front of the star light, and the reddened spectra are obtained via:
fobs (λ ) = fint (λ ) · 10−0.4 k(λ ) E(B−V ) ,

(2.2)

where the color excess,
E(B − V) = (B − V)observed − (B − V)intrinsic
gives the strength of the extinction. Several extinction curves have been proposed in the literature, of which the most common ones are the Milky Way
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(Cardelli et al., 1989), the LMC (Misselt et al., 1999), the SMC (Gordon &
Clayton, 1998) and the Calzetti, or starburst (Calzetti et al., 2000). Their
shapes are presented in Fig. 2.2(a). Extinction is higher at smaller wavelengths and this is the reason why a young stellar cluster, if very dusty, can
lose most of its blue light, looking like an old, dust-free system, as exemplified
by Fig. 2.2(b). This effect, called age-extinction degeneracy, is very critical in
cluster dating analyses.
The gas surrounding the stars realistically contributes to the total budget of
the light we receive. It is therefore important to consider also nebular lines and
continuum emission from the leftover gas of the cluster formation. For very
young systems, considering nebular emission is crucial, as already pointed out
by Bergvall (1985) and later further discussed in Bergvall & Östlin (2002),
since neglecting this additional emission can lead to wrong age estimates (as
an extreme example for high-z galaxies see Schaerer & de Barros, 2009). Although the nebular treatment is fundamental to obtain reliable parameters estimates of young clusters (Zackrisson et al., 2001; Adamo et al., 2010), when
only broadband informations are available data are usually unable to disentangle the gas conditions, which are therefore set a priori. A difficulty in considering the nebular emission from clusters comes from the spatial displacement
that the nebular emission can have, compared to the stellar emission. On small
spatial scales this displacement can affect the photometric estimation of the
nebular flux contribution, as noticed in the analyses of Paper IV.

2.2.5

Fitting the Best Model

Once all models and assumptions discussed in the previous sections have been
considered, the comparison between the observed data and the model spectra,
leading to parameter estimation, can be done in different ways. If a wellresolved spectrum is available, the comparison with models can be done on
the base of single emission lines (some of which are sign of very young stars)
or also fitting the full spectrum (Cabrera-Ziri et al., 2014, 2016). In most of
the cluster studies in local galaxies, however, in order to be able to consider
populations of several tens (or several hundreds) of clusters, SED broadband
fitting is considered. The galaxy is observed in a series of broadband filters,
and the flux observed in each of the filter is used as a point of the SED analysis.
This analysis requires a reasonable number of different filters, at least one for
each of the properties left as free parameters.
In the simplest case the best fit model is selected via a least−χ 2 , i.e. minimizing the function:

N f ilters 
Fobs,i − b × Fmodel,i (x1 , x2 , ..., xn ) 2
2
,
(2.3)
χ (x1 , x2 , ..., xn ) = ∑
σi
i=1
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Figure 2.2: (a) Extinction curves compared. MW curve is shown for 3 different
values of RV = AV /E(B − V ): 3.1 (solid red), 5.0 (dashed red) and 2.0 (dotted
red). LMC and SMC are shown in black (dashed and solid lines respectively),
while the starburst (Calzetti) is shown as a solid blue line. All curves have higher
extinction at higher frequencies. The main difference between the curves is the
presence or absence of the bump at 2175 Å. Figure taken from Calzetti (2001).
(b) The effect of the extinction on the spectrum of a young cluster (blue curve) is
to made it similar to the spectrum of older clusters (red curve): in the context of
broadband SED fitting this effect is called age-extinction degeneracy. The green
dashed spectrum is produced reddening the blue spectrum with a Cardelli et al.
(1989) extinction curve with E(B − V) = 0.5.
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where Fobs,i is the observed flux in filter i with its uncertainty σi , Fmodel,i is
the template flux in the same filter (obtained convolving the model spectrum
with the bandpass function of the filter), b is a normalization constant and
x1 , x2 , ..., xn are the n free parameters considered. The choice of filters is critical, because different wavelength are more sensitive to different age ranges.
Anders et al. (2004) tested the accuracy in deriving ages, masses, extinctions
and metallicities using different combinations of optical and near-infrared filters. U and B band resulted in being critical for very young clusters (in order
to break the age-extinction degeneracy) as also the presence of at least one
near-IR filter, especially for clusters older than 1 Gyr, for constraining the
metallicity. Metallicity is the most difficult property to be derived correctly
and, even when the fit provided the right results, uncertainties were relatively
much bigger than for other parameters (the age-metallicity degeneracy is a
major drawback for the analysis of clusters younger than 200 Myr). For this
reason metallicity is set as a fixed parameter in many studies.
In all the papers presented in this thesis, the SED fitting was done in a deterministic way, via a least−χ 2 method. In the analyses of the LEGUS collaboration we used Yggdrasil SSP models (Zackrisson et al., 2011), which take
SSP models available in Starburst99 as input to run Cloudy (Ferland et al.,
2013) and obtain a realistic evolution of the nebular emission line and continuum, produced by the ionized gas around the clusters. In particular, we used
as reference Padova-AGB tracks and we decided to set only age, mass and extinction as free parameters, fixing metallicity, IMF, extinction curve and all the
nebular parameters a priori. For M51 (Paper I and II) we considered a fullysampled Kroupa (2001) IMF, with stellar masses between 0.1 and 100 M , a
solar metallicity and a Milky Way extinction curve (Cardelli et al., 1989). We
used the spectral bands UV , U, B, V and I, which provide a wide enough coverage of the spectrum, as suggested by Anders et al. (2004).
On the other hand, the SED fitting of the clumps in LARS galaxies (Paper IV)
was done in a slightly different way: two narrowband filters measuring Hα
and Hβ emission are used to estimate the nebular contribution to the emission
in all the bands, which is then subtracted. The nebular-subtracted broadband
data (in F140LP and F150LP filters of the Solar Blind Channel and in bands
U, B and i) are fitted with SSP models obtained from Geneva tracks, Kroupa
(2001) IMF and fixed metallicity and extinction curve chosen ad hoc for each
galaxy. For comparison, in Paper IV, the same SED-fitting was repeated using
SSP models generated by BPASS. In both LEGUS and LARS SED fitting processes, age and extinction of the clusters were left as free-parameters, along
with the mass of the clusters, which was derived by the normalization of the
best-fitted model.
We have presented here a deterministic method of comparing observations
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and models in order to derive cluster properties, since this is the one used in
the analysis of my papers. However other relevant methods have been implemented and are currently used, which instead use stochastic models. One example is the Stochastically Lighting Up Galaxies (slug) code (da Silva et al.,
2012), which implements bayesian inference for comparing models with observations (Krumholz et al., 2015b). slug has been used on 2 galaxies of the
LEGUS sample and results have been compared to the standard deterministic approach (Krumholz et al., 2015a). The overall properties of the cluster
population for clusters with masses larger than a few 103 M in the two cases
resulted being similar.
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3. Young Star Clusters

3.1

Historical remarks

The observation and study of star clusters have ancient origin: some overdensities of stars can be easily seen even by naked eye from the ground (the
Pleiades are probably the most famous example of this) and with the advent of
the telescope hundreds of them were observed. The first comprehensive study
of star cluster can be attributed to Sir William Herschel, who, at the beginning of the 19th century, published a series of paper discussing the different
appearances that clusters may have. It was him introducing the still used term
globular clusters (GCs) for describing the richest and most concentrated of
them (Herschel, 1814). The term open clusters (OCs) made its appearance a
century later, to designate star cluster which were not globular clusters (Shapley, 1916). The distinction was in principle only based on their morphological
appearance, which is good enough to easily separate the two classes.
Very soon it was noticed that the two classes were found in two distinct regions of the sky, i.e. the open cluster coinciding with the position of the galactic disk and the globular cluster with the galactic halo (Shapley, 1916), while
present-day studies confirmed that they are two physically distinct classes, for
what concerns both metallicity (Zinn, 1985; Friel et al., 2002), age (Wielen,
1971; Marín-Franch et al., 2009) and mass function (McLaughlin & Pudritz,
1996; Elmegreen & Efremov, 1997; Piskunov et al., 2008). These differences
can be summarized as the GCs having lower metallicities (subsolar), older ages
(on the order of 1010 years, while OCs are not usually older than ∼ 108 yr) and
larger masses (typical mass around 105 M ). Also the shape itself of the mass
function is different, as the mass function of OCs can be described by a simple
power-law with slope ∼ −2 while the same behavior is observed only in the
high-mass part of the GC mass function. The low-mass part of GC is flat up to
∼ 105 M . The difference in shape probably reflects an evolution of the mass
function of GC with time, but the hypothesis of a common initial cluster mass
function seems unlikely, as even the most massive OCs found in the galactic
disk have masses below 105 M (Davies et al., 2007; Brandner et al., 2008;
Froebrich et al., 2009), an order of magnitude lower than the most massive
GCs (Meylan & Mayor, 1986). Because of this, it has longly been thought
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that the two classes were distinct and separated, with the GC properties possibly indicating very different conditions of star formation in the early universe
(Peebles & Dicke, 1968; Fall & Rees, 1985).
This view changed with the advent of new instruments and with the observation of external galaxies. Interestingly enough, it turned out to be much easier to study populations of clusters in external galaxies than in the Milky Way,
where observations are limited by high extinction and are therefore restricted to
a small volume around the Solar System. The Large Magellanic Cloud (LMC),
for example, despite being smaller and less luminous than the MW, hosts a
large number of “young massive clusters” (YMC), i.e. clusters with masses
comparable to the masses of GCs and ages comparable to the ages of OCs
(Hunter et al., 2003; de Grijs & Anders, 2006). Some of those young clusters in
the Magellanic Clouds have received attention since the 1960s (Hodge, 1961)
while even more massive young “knots” were observed some years later in the
starburst galaxies M82 and NGC 1569 (van den Bergh, 1971; Arp & Sandage,
1985) and in the galaxy mergers NGC 7252 and NGC 3597 (Schweizer, 1982;
Lutz, 1991). The presence of a young massive population of clusters (even
if at the time they were not resolved in size) reinforced the idea that globular
clusters could still form in the present universe, without needing some special
conditions of the early universe (Schweizer, 1987, amongst the firsts).
The launch of the Hubble Space Telescope (HST) and its observations of
the local galaxies was a complete breakthrough in the study of stellar clusters,
starting from the study of the population of bright blue clusters in NGC 1275.
Holtzman et al. (1992) found that those clusters were very young (ages <
100 Myr) and massive (M > 106 M ). The exquisite resolution of Hubble allowed the study of the crowded regions of the Magellanic clouds and confirmed
that the “blue” knots observe in local galaxies were quite compact (< 15 pc)
and therefore true clusters. Since then, the interest in the study of YMCs has
grown exponentially. Initially with the findings of huge populations of them in
the local mergers and starbursts such as the Antennae galaxies (Whitmore &
Schweizer, 1995), NGC 7252 (Miller et al., 1997) and NGC 3256 (Zepf et al.,
1999). Immediately after with the finding of massive young clusters also in
nearby spirals (e.g. Larsen & Richtler, 2000) and dwarf galaxies (e.g. Meurer
et al., 1995; Östlin et al., 1998; Billett et al., 2002).
The properties of the clusters in such different galactic environments turned
out to be quite similar, even if the most massive clusters (M> 106 ) were found
only in the starbursts and merger galaxies, where the cluster population was
more numerous. This uniformity in the properties and ubiquity of the cluster
populations reinforced the older idea that YMCs are the young counterparts
of GCs and that their study can give an insight of formation and evolution
of the old globular clusters. Theoretical studies tried to build a theoretical
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background for linking these classes of objects (Ashman & Zepf, 1992; Fall
& Zhang, 2001). At the same time, the apparent continuum of young cluster
properties (e.g. Bressert et al., 2010) suggests that open clusters can simply
belong to the less-dense and less-massive part of the YMC distribution. This
idea found evidence also in our Galaxy, as YMC-like object started being discovered in the Milky Way thanks to near-IR cameras (Figer et al., 1999; Clark
et al., 2005; Davies et al., 2007).
Nowadays, the study of clusters benefit from the availability of multiwavelength observations, especially at lower frequencies than optical. Radio
interferometers, for example, are now able to resolve gas structures at the scale
of GMCs in the local universe, helping a comparison between clusters and their
progenitors. In the near future, the launch of the James Webb Space Telescope
(JWST) will possibly help the study of clumpy galaxies at high-redshift and
the study of still embedded cluster systems in the local universe.

3.2

Main properties of YSC

Cluster properties can be broadly divided in two types: the ones coming directly from photometry, like for example the luminosity distribution of a cluster population, are the easiest to obtain and do not need strong assumptions
or modeling. For these reasons they are widely studied in literature. However,
they are the manifestation of underlying physical properties and processes, like
the mass distribution or the cluster disruption, which, on the other hand, usually require more data and more assumptions to be derived (see Section 2).
In this chapter I will describe how the cluster properties are studied, starting
for the physical properties (masses, ages and cluster formation efficiency) and
moving later to the study of luminosities and radii.

3.2.1

Mass function

With the name “cluster mass function” (CMF) is indicated the distribution of
cluster masses, usually considered as the number of clusters per mass bin,
dN(M)/dM. When specifically referring to the initial CMF (ICMF), one wants
to consider the mass distribution at the epoch of the cluster formation. Not all
the clusters in a galaxy form at the same time and, during their lifetime, they
experience dissolution mechanisms that can eventually cause their disruption.
These processes modify the shape of the mass function, making it evolve from
an initial CMF. An evolved mass function contains therefore informations both
on the star formation mechanism and on the evolution process of stellar products. I leave the description of the disruption of star clusters in the next section
and I focus now on the ICMF as probe of the star formation process.
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As already pointed out in the introduction, the cluster mass function has
been measured to be a power law dN(M) ∝ M β dM with a slope β ≈ −2 in
many different galaxies and for several orders of magnitude of cluster masses,
from low-mass clusters (103 − 104 M ) in the Milky Way (Piskunov et al.,
2006), in the Magellanic Clouds (Baumgardt et al., 2013; de Grijs & Anders, 2006) and in M31 (Fouesneau et al., 2014) to clusters with masses of
∼ 105 −106 M in nearby spirals and starburst galaxies (Chandar et al., 2010b;
Konstantopoulos et al., 2013; Whitmore et al., 2010). This shape presumably
originates from the hierarchical structure of star formation. In a hierarchy the
mass is represented at all levels of logarithmic intervals, such that the total
mass at each level is the same as the mass at any other level. Following the
treatment in Elmegreen (2010), this can be summarized as:
M × N(log M) × dlog M = constant × dlog M,

(3.1)

from which follows:
N(log M) ∝ M −1

→

N(M) ∝ M −2 .

(3.2)

The observed ICMF seems therefore to confirm the hierarchical model of star
formation. Another sign that this hierarchy controls the star formation even before the clusters have been formed, is that the mass function of cluster-forming
cloud clumps, observed in at millimeter/sub-millimeter wavelengths, have also
shown a similar mass function with −2 slope (Reid & Wilson, 2005; Rathborne
et al., 2006)
Despite the almost universality of the −2 power law mass function, it was
recently discussed that this description may be incomplete. Larsen (2006b)
have pointed out the observed dearth of massive YSCs if a single power law
fit of slope −2 is used to describe the upper-part of the mass function. Gieles
et al. (2006a) have proposed the Schechter function as a better description of
the YSC mass function in local galaxies. The Schechter function contains a
characteristic mass, Mc , above which the likelihood to form massive clusters
goes exponentially to zero, i.e.:
dN(M) ∝ M β · e−M/Mc .

(3.3)

In recent years this truncation at high masses has been confirmed in many local galaxies (see Section 3.4 for a detailed summary). The characteristic mass
is not universal, as it has been observed to vary from galaxy to galaxy, from
∼ 104 M in M31 (Johnson et al., 2017a) to ∼ 106 M in the Antennae system (Jordán et al., 2007) (see Fig. 3.1). It spans orders of magnitude, implying
that the process must be regulated by internal (gas) properties of the galaxies themselves. The presence of this truncation sets a limit in the formation
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Figure 3.1: (a): Comparison of mass functions of clusters younger than 1 Gyr
in different galaxies, from Portegies Zwart et al. (2010) review. The results are
taken from Larsen (2009) (Large Magellanic Cloud, cluster rich spirals, and cluster poor spirals), Gieles (2009) (M51), Zhang & Fall (1999) (the Antennae galaxies), and Vansevičius et al. (2009) (M31). The cluster mass functions are compared to a Schechter function (Eq. 3.3) with Mc = 2.5 · 105 M (dashed curves)
and Mc = 106 M (dotted curve). (b): Updated Mc values in function of the
host galaxy average ΣSFR . An empirical relation (dotted black curve) was found
by Johnson et al. (2017a) using only the galaxies with filled symbols. M51 is
plotted twice, using both the values from Gieles (2009) and the new values from
Paper I. The values of Mc for the other galaxies are taken from Jordán et al.
(2007) (Antennae), Adamo et al. (2015) (M83), Hollyhead et al. (2016) (NGC
1566), Adamo et al. (2017) (NGC 628) and Johnson et al. (2017a) (M31). Figure
adapted from Johnson et al. (2017a).

process of high-mass compact structures. While, according to hierarchical
model, massive structures can be formed at bigger spatial scales, for example
the star/cluster complexes (e.g. Bastian et al., 2005a), something prevents the
formation of massive bound structures.
An important caveat is that, given the shape of the mass function, when a
cluster population is studied most of the sources have low masses. The larger
is the cluster population, i.e. the more clusters are considered, the more the
mass function is sampled to higher masses (Hunter et al., 2003): this effect
is known as the size–of–sample effect. This implies that, for a pure power
law mass function, the maximum mass of a cluster in a galaxy depends on the
number of clusters of the galaxy, i.e. by the size–of–sample effect. But in case
of a Schechter function, it is also the truncation that regulates the maximum
39

observable mass. This difference is very important as it defines how massive
clusters can form in a galaxy. An examples of how the size of the sample
affects the high-mass study of the mass function can be seen comparing the
study of the cluster population in M51 in Papers I and II: when studying the
mass function of the entire population it is possible to confirm a truncation
in the function, but this is not the case if the function is studied in individual
sub-regions of the galaxy due to poor statistics.
Similarly to clusters, a truncation at high masses is observed also in the
GMCs, the progenitors of YMCs. The mass function of GMCs can as well
be described by a power law, with slopes ranging from ∼ −2.5 to ∼ −1.5,
and in most cases the presence of a truncation is preferred over a continuous
slope (see e.g. Rosolowsky, 2005 for GMCs in the local group, and recently
Colombo et al., 2014a for M51 and Freeman et al., 2017 for M83). GMCs are
gaseous structures which on average contain hundred times more mass than
stellar clusters. In the same way, the characteristic truncation mass is ∼ 100
times bigger than the respective one of clusters. Accounting for the star formation efficiency, i.e. the fraction of gas that is converted into stars, and for cluster
formation efficiency, i.e. the fraction of stars which is formed in bound clusters, it is reasonable to think that only 1% of the GMC mass ends up in cluster
mass. In this scenario GMC and cluster truncation masses could be strictly
related, and the second would be a consequence of the first. For this reason the
combined studies of clusters and of product of star formation at different ages
(e.g. GMCs and sub-millimeter clouds) can be of fundamental importance (see
e.g. Schinnerer et al., 2017; Freeman et al., 2017 and Section 3.4).

3.2.2

Cluster disruption

YSC are gravitationally bound systems, which can survive for several Myr.
While they move within the galaxy, they can evolve, losing part of their mass,
and eventually be disrupted. Many different mechanisms can contribute to
cluster dissolution. They can be divided in processes caused by stellar evolution (see e.g. Lamers et al., 2010) and mass losses due to dynamical evolution
(e.g. Portegies Zwart et al., 2010, for a review). Stellar evolution dominates
the mass-loss at very young cluster ages. A first process that could perturb the
boundness of a cluster at birth is the expulsion of residual gas from star formation, by stellar winds or supernovae (Hills, 1980; Goodwin, 1997; Baumgardt & Kroupa, 2007; Khalaj & Baumgardt, 2015). The expulsion of compact remnants can also account for considerable mass-loss of young clusters
(Lamers et al., 2010). At later times, dynamical processes stars being important, both internal ones like two-body relaxation (Vesperini & Heggie, 1997;
Baumgardt & Makino, 2003; Gieles & Baumgardt, 2008) and external ones
40

like shocks due to the encounter with the galaxy disc or with GMCs (Spitzer,
1958; Ostriker et al., 1972; Wielen, 1985; Gnedin & Ostriker, 1997; Gieles
et al., 2006c). For massive clusters close to the centre of a galaxy, dynamical
friction can cause their inspiral into the centre itself (Brockamp et al., 2014).
These mechanism are either internal (like stellar evolution or two-body relaxation) or external (encounters with disk or GMC) processes. The importance of
this difference is the dependence on the environment where the clusters evolve.
Internal processes can be considered as independent on the galaxy conditions
and therefore universal for all clusters in any galaxy. Environmental dependent
processes, on the other hand, will have different impact on different galaxies
(or on different regions of the same galaxy).
The timescales of the mentioned mechanisms can also be very different,
such that some of them will not affect the clusters for the first hundreds Myr.
For what pointed out in the introduction concerning the possible evolution of
YSCs into GCs, these long-timescale processes play a fundamental role to
understand the survival ratio of massive systems. I will now give a short description of the processes mentioned above, highlighting in particular what are
their main dependencies and timescales. Some of the processes (e.g. shocks
due to the encounter with the galactic disk) refer explicitly to studies and conditions relative to the Milky Way, as they were at first studied to understand
the evolution of local GCs. Nevertheless they can easily be extended to the
evolution of clusters in other galaxies.
Gas expulsion
Clusters form in very dense gas cores. Due to the low efficiency in the conversion of the molecular gas into stars, a large gas fraction remains in the
cluster after its formation and the gas is eventually removed by stellar winds
of massive O and B stars, or by supernovae. The expulsion of the gas perturbs the gravitational potential lowering it, and hence some of the clusters
may result being unbound. Lada & Lada (2003) noticed a dearth of clusters
surviving the first 10 Myr and explain it by gas expulsion, calling this phenomenon “infant mortality”. Baumgardt & Kroupa (2007) studied the impact
of gas expulsion in function of star formation efficiency ε, timescale for gas
removal and strength of an external tidal field. The authors found that, in case
of instantaneous gas-loss, only systems with elevated star formation efficiency,
ε & 40% can survive this phase. Accounting for longer gas-loss timescales and
for weak external tidal fields allows clusters to remain bound even in the case
of lower star formation efficiencies (ε ≈ 10 − 20%). In general the fraction of
bound systems increases with increasing gas-loss timescales, increasing star
formation efficiencies and weaker tidal fields.
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Portegies Zwart et al. (2010) raises some issues complicating gas expulsion
models. One complication comes from the clumping of stars and gas during
the star formation process. It is reasonable to think that the central dense part
of cluster can be depleted of gas while the outskirts of the cluster are still gasrich. Another open problem, related to the feedback process, is the efficiency
of the gas removal by winds or supernovae. While for low-mass systems the
mechanical energy injected by winds from O stars and by supernovae is probably enough to expel all the gas not consumed by star formation (Baumgardt
et al., 2008), for very compact or massive objects this energy is not enough.
Krause et al. (2016) found that stellar feedback processes are not able to expel
a significant amount of gas for systems with M ∼ 105 M and rh ∼ 1 pc, unless
ε is very high.
Observations confirm that the high density of the natal environment can
suppress an energy-driven feedback Oey et al. (2017), but, on the other hand,
Hollyhead et al. (2015) find massive clusters already free of gas at ages of
few Myr, i.e. before the first supernova explosion. Examples of clusters in
the early stage of their evolution, in the process of clearing their natal gas
cloud are shown in Fig. 3.2. Longmore et al. (2014) discuss that whether the
expulsion of residual gas by feedback processes affects the boundness of the
clusters depends on the division between gas expulsion and gas exhaustion. In
case of high-density environments, local star formation efficiency can be very
high, leading to the local exhaustion of gas. Gas exhaustion could therefore
nicely explains the observations of Hollyhead et al. (2015). On the other hand,
less dense systems are gas-rich and therefore stars are kept together by the
gravitational potential of the gas. In this second case gas expulsion would
cause the disruption of the clusters, but it could be argued that such systems
have never been bound.
Stellar evolution
In the hypothesis of stars following a Kroupa (2001) IMF and if only ∼ 10% of
the neutron stars and black holes produced in the evolution of massive stars are
retained within the clusters, stellar evolution reduces the mass of a star cluster
by ∼ 45% during a Hubble time (Baumgardt, 2016). At young ages, after the
gas expulsion, stellar evolution dominate the loss of mass in a cluster and this
process is entirely determined by internal conditions. However, in presence of
an external tidal field, the expansion caused by the mass loss can destabilize the
cluster. If the cluster has low enough density, it can completely dissolve due to
this stellar evolution driven mass-loss (Vesperini & Zepf, 2003). Otherwise the
mass-loss induced by stellar evolution can be considered efficient for the first
hundreds Myr, after that other dynamical processes start being more effective.
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Figure 3.2: Star clusters in the M83 galaxy at different early stages: (a) still
embedded, (b) partially embedded, (c) exposed. Blue, green and red colors trace
B-band, Hα and I-band respectively. The circles shown have radii of 10, 20, 40
and 80 pc. Figure taken from Hollyhead et al. (2015).

Two-body relaxation
Two stars can exchange part of their energies in close encounters. As a result,
one of the two can gain enough energy to escape the gravitational potential of
the cluster. Due to the high stellar density in clusters, this process produces
an effective steady mass-loss. The process can be enhanced if the cluster is
immersed in an external tidal field as the escape energy is lower in this case.
Despite this mechanism constantly reduces the mass of the cluster, it is very
ineffective for isolated clusters. Stars with higher velocities spend most of their
time far from the cluster centre, reducing the possibility of encounters which
can make them gain the energy necessary to escape (Baumgardt et al., 2002).
Baumgardt & Makino (2003) calculated the dissolution time of a cluster with
N stars moving on a circular orbit at a distance R from the centre of the galaxy
with circular velocity VC :

x

−1
R
N
VC
TDiss
=k
[Gyr]
ln(0.02 N) [kpc] 220 km/s

(3.4)

where the parameters k and x depends on the mass profile of the cluster. The
dissolution results slower at larger distances form the centre. If eccentric orbits
are accounted for, the dissolution time can decrease of a factor 1 − ε, where
ε is the eccentricity. Typical timescales for dissolution due to relaxation are
longer than 1 Gyr. Two body relaxation is therefore negligible for YSCs but it
can be important for their evolution into GCs at later times.
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Disk shocks
When clusters pass through the galactic disk, they experience a tidal heating
caused by different accelerations in different parts of the cluster. The timescale
for disk-shock dissolution depends both on internal quantities like the velocity
dispersion or the distances between stars in the cluster, and on external, like the
velocity of the cluster passing the disk and the potential shape of the disk (Eq.
7-72 of Binney & Tremaine, 1987). For an infinitely thin disk and assuming
Milky Way galactic properties in the solar system neighborhood (Bovy & Rix,
2013) the dissolution time for a 105 M cluster is ∼ 20 Gyr. This value is only
valid for impulsive encounters with the disk. Accounting for slower encounters
gives longer dissolution times, confirming that disk shocks have a negligible
influence on the evolution of YSCs, and even of GCs. This agrees with N-body
simulations, which show that disk shocks can have a non-negligible impact
only on systems within few kpc from the galactic centre (Vesperini & Heggie,
1997).
Molecular cloud encounters
Similarly to what happens in disk shocks, transient tidal forces caused by the
close passage of GMCs to clusters can increase the internal energy of the latter
leading to their disruption, as already noted by Spitzer (1958). This process is
very important for young systems, especially if they spend a considerable part
of their early life in environments of elevated star formation, where the density
of clumpy gas structures is high (Kruijssen, 2014). As an example, Wielen
(1985) and Gieles et al. (2006c) found that the dissolution of clusters in the
solar neighborhood has been dominated by molecular cloud encounters.
Not only close encounters can cause mass-loss. Gieles et al. (2006c) considered the cumulative effect of distant encounters, deriving an expression for
the dissolution time of a cluster with mass MC and half-mass radius rh


1
MC
,
(3.5)
TDiss ∝
3
rh Σn ρn
which is inversely proportional to he mass density of GMCs, ρn (defined as
the number density of GMCs in the environment times the typical mass of a
GMC), and the typical surface density of a single GMC, Σn . The dissolution
time in this case depends on the cluster mass, but only via the cluster density
MC /rh3 . Considering a cluster with mass 104 M and a typical GMC mass of
105 M , a dissolution timescale of ∼ 100 Myr is found for solar neighborhood conditions, in accordance with the observed lifetimes of clusters there
(Boutloukos & Lamers, 2003). The short timescale derived in the solar neighborhood suggest that GMC encounters can be a fundamental process for the
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disruption of young clusters. Since it strongly depend on galactic properties,
its impact can change considerably from galaxy to galaxy. This process has in
fact been proposed as the dominant dissolution factor for YSCs in M51 (Gieles
et al., 2006c) but, on the other hand, it is not a dominant factor in the LMC due
to the lower density of GMCs (Baumgardt et al., 2013)
Empirical models for cluster disruption
From the observational point of view, the dissolution of clusters is usually observed in YSC studies as a decreasing number of sources per time range, when
going from young to old ages. Two main empirical models have been developed to describe the observed dissolution of clusters. The mass–independent
disruption (MID) model (e.g. Fall et al., 2009) considers that all clusters lose
the same fraction of their mass in a given time. This implies that the disruption
time of clusters is independent on the cluster mass, i.e. masses of all clusters
declines gradually with the same power law in age. This scenario was initially
put forward to describe the age distribution of clusters in the Antennae galaxies
(Fall et al., 2005; Whitmore et al., 2007) and can be modeled as:
 λ
t
M(t) = Mi
ts

⇒

ṀMID =

λM
t

(3.6)

where Mi and ts are the initial mass and time and λ ≡ log10 (1 − FMID ), with
FMID is the fraction of mass lost each age dex. On the other hand the mass–
dependent (MDD) scenario assumes that the lifetime of a cluster depends on
its mass with a M γ dependence, where γ has been observed to have a value
γ ∼ 0.62 (Lamers et al., 2005). In this case less massive cluster have shorter
lifetimes:
M 1−γ
(3.7)
tdis = t0 M γ ⇒ ṀMDD =
t0
where t0 is a timescale set by the environment. This model was proposed to
describe the cluster age distributions in the SMC, M33 and M51, considering
only instantaneous cluster disruption in Boutloukos & Lamers (2003) and was
later updated to include also gradual mass-loss by Lamers et al. (2005). It can
be physically motivated by a GMC encounter disruption. In fact, considering
a radius-mass relation r ∝ MCλ for clusters (Larsen, 2004) and substituting into
equation 3.5 used for describing the timescale of clusters due to GMC encounters, gives:
1
γ
(3.8)
M ,
tdis ∝
Σn ρn C
with γ = 1 − 3λ , which has the same mass dependency described for MDD.
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Figure 3.3: Plot showing the difference in the age function shape between the
MID (Baltimore) and MDD (Utrecht) models, taken from Lamers (2009). In the
MID model a slope of −1 is shown, in accordance with the observations of the
cluster population in the Antennae galaxies. In the MDD model is sketched also
a cluster dissolution caused by gas expulsion during the very first Myrs.

These two scenarios can be discriminated via the analysis of the age function, as they produce different age distributions. Considering a mass–limited
sample of clusters, Lamers (2009) compared the age function shapes in the
two cases (see Fig. 3.3). The MID implies a constant and steady decrease,
with a slope depending on the fraction of mass loss per age dex (the slope of
−1 plotted is for an initial −2 mass function and for a 90% disruption rate in
each age dex). The MDD model instead, when considering dissolution due
to GMC tidal fields acting on ∼ 1 Gyr timescales, includes a range of ages
where the dissolution is not effective yet and the age functions remains constant. Disruption start being effective at an age which is dependent on the
external environmental conditions. When disruption sets in, the age function
start decreasing also in the case of MDD.
Cluster disruption also affects the shape of the mass function, which evolves
differently if a MID or a MDD scenario is considered. Fall et al. (2009) study
the expected mass functions from the two models and compares them with the
data of the Antennae galaxies (Fig. 3.4). The Initial −2 power law mass function keeps the same shape in the MID case, only shifting to lower masses. On
the other hand for MDD it bends at low masses, with a bending strength that
depends on the environment via the parameter t∗ (here the dissolution time for
a 104 M cluster). The evolution of the CMF in the antennae seems better
described by the MID scenario, but that does not seem to be the case for all
galaxies. Age disruption models in local galaxies are a highly debated topic
(for M51 see for example Gieles, 2009 and Chandar et al., 2016).
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Figure 3.4: Evolution of the mass function in a MID (left panel) and in a MDD
(right panel) scenario. In both cases data of the Antennae galaxies have been
compared with the model expectations. Models consider a −2 power law as the
initial mass function. Figure taken from Fall et al. (2009).

An alternative approach has been put forward by Elmegreen & Hunter
(2010) who focused on studying the expected age and mass distributions of an
evolving cluster population. They tested different models of cluster disruption,
including rapid total disruption of clusters, slow mass loss due evaporation,
rapid disruption by cloud collisions, rapid partial disruption and also combinations of different models. The derived evolved mass function and the relative
number of clusters at different ages were compared to ones observed in nearby
galaxies. The novelty of the approach, however, was the inclusion of disruption
processes with a time-dependent strength. The results of the analysis showed
that the successful models in reproducing the observed age and mass distributions had mass-loss timescales which increase linearly with cluster age. This
increase was not part of any previous disruption model. Elmegreen & Hunter
(2010) suggested therefore a model in which most cluster disruption happens
in the dense environment where the YSCs are also formed. Later in time cluster complexes start dispersing in the galactic environment and the disruption
processes become less effective. This idea is motivated by the hierarchy of star
formation in space and time discussed in the introduction.
Also the semi-analytical model developed by Kruijssen et al. (2011) considers YSC disruption as function of the environment. The combined effects
of clusters moving away from their dense birth sites and of preferential disruption of clusters in dense environments produce an average disruption rate that
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decrease with time. Both works strongly suggests the importance of environmental conditions, both at galactic and at YSC local scales, in regulating the
evolution of YSCs.

3.2.3

Fraction of stars formed in clusters

An important metric to study the star and cluster formation process is the cluster formation efficiency (CFE or Γ), i.e. the fraction of stars born in bound
clusters (firstly defined by Bastian, 2008, see also Adamo & Bastian, 2015).
It is a quantity that directly relates the cluster formation to the entire star formation process. Γ has been derived for numerous galaxies (Larsen & Richtler,
2000; Goddard et al., 2010; Silva-Villa & Larsen, 2011; Adamo et al., 2011;
Cook et al., 2012) and has been found to span a big range of values, from few
percent to ∼ 50%. The efficiency seems to systematically vary as function of
the star formation environment, such that galaxies with elevated surface densities of star formation, ΣSFR , have also high CFE.
Kruijssen (2012) provided a self-consistent model for predicting the CFE
of a galaxy (building on previous works by Elmegreen, 2008 and by Bonnell
et al., 2008). The basic idea of the model is that long-lived clusters come from
regions of elevated star formation efficiencies, which become stellar dominated
before the expulsion of gas by feedback processes truncates the star formation.
The low gas fraction in these systems led to a small variation in the potential
after the gas itself is expelled and the clusters remain bound. The prediction of
this models mainly depend on the gas surface density (plus additional parameters controlling the star formation prescription, the state of gas and GMCs,
feedback from star formation and the star formation timescale). Via a conversion factor Σgas -to-ΣSFR based on the Schmidt-Kennicutt relation (Kennicutt,
1998) it is possible to derive Γ from input value of ΣSFR . Considering some
standard galactic parameters is possible to derive a theoretical Γ−ΣSFR relation
(Kruijssen, 2012).
The predictions of (Kruijssen, 2012) follow the general observed trends, although some scatter remains (Fig. 3.5). Scatter could be either caused by physical differences in galaxies with the same observed ΣSFR , by internal variations
of ΣSFR within galaxies, or by uncertainties in the determination of Γ. Physical
differences can reasonably account for some of the scatter observed. The default Γ-ΣSFR relation shown in Fig. 3.5 is a prediction based on a (reasonable)
choice of parameters. Differences in galactic environments could cause variations up to a factor ∼ 2 − 3 around the relation (see Appendix C in Kruijssen,
2012 for further discussion of the Γ sensitivity on the input parameters).
On the other hand, uncertainties in the derivation of the observed Γ values
contribute to the scatter. The main problem is a general inhomogeneity in the
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Figure 3.5: Relation between the SFR surface density, ΣSFR , and the cluster
formation efficiency, Γ as modeled by Kruijssen (2012) (black solid curve) 3σ
uncertainties on the model predictions are plot with dotted lines. Data from different galaxies (from Goddard et al., 2010; Annibali et al., 2011; Adamo et al.,
2011; Ryon et al., 2014; Lim & Lee, 2015; Adamo et al., 2015; Johnson et al.,
2016) are compared to the predicted trend. Figure taken from Paper I.
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analysis techniques, as well as other assumptions. The age ranges considered
when measuring the observed cluster mass can change in function of the available data on the SFR (different SFR tracers are sensitive to different timescales
of star formation). The possibility of avoiding contamination from unbound
sources can also affect the time range chosen. In deriving a value for Γ is
reasonable to consider only bound stellar systems and avoid unbound stellar
associations. In practice, it can be very difficult to differentiate between these
two types of objects. A solution usually adopted is to neglect the very young
sources, up to ∼ 10 Myr. After that time most of the unbound associations have
been dissolved and therefore the chances of being considering bound systems
is much higher. In addition to the age range, also the mass function is not chosen uniformly. A shape for the mass function has to be assumed in order to
convert the observed cluster mass to the total cluster mass. Commonly used
shapes are a simple −2 power law, truncated at some high-mass (e.g. Adamo
et al., 2015) and a Schechter function (e.g. Johnson et al., 2016). Related to
the mass function, an important source of error is the stochastic sampling of
the mass function. It is usually the case that CFE values are derived working
with a low number of young clusters. Not accounting for stochastic sampling
of the mass function would result in a big underestimation of the uncertainties
on the final value.
In the last years, studies of the CFE have starting including the analysis
of spatially resolved regions inside single galaxies. This is for example the
case for Adamo et al. (2015), where cluster properties were studied in function
of galactocentric distance, finding a CFE that decrease going from the centre
of the galaxy to the outskirts. Comparing kpc-scale results with predictions
from the Kruijssen (2012) model can be challenging, because, as discussed
by Johnson et al. (2016), some of the assumption used in the model could
fail at these scales. Johnson et al. (2016) conducted a detailed analysis of
CFEs in different environments inside M 31, bringing some changes to the
Kruijssen (2012) model. The modifications they propose can predict quite
accurately Γ at sub-galactic scales. A fine-tuning calibration is however needed
in order for the model to predict correctly all the data. Another important result
found in the sub-galactic CFE analysis by Johnson et al. (2016) is that the midplane pressure of the galactic disk is an important driver of cluster formation
efficiency.

3.2.4

Luminosity function

Luminosity functions (LFs) of cluster populations can be derived directly from
photometric observations, without the need of modeling and assumptions, as
described in Section 2. For this reason many information are available about
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luminosity functions in external galaxies. Many efforts have been spent to
understand the LF shape and properties, in function of age and mass of YSCs.
Whitmore et al. (1999) were among the first studying the YSC luminosity
function, focusing on the Antennae system. They found that it can be fitted by a
power law, recovering a slope of ≈ −2. A few years later Larsen (2002) found
the same result analysing the YSC luminosity function in 6 nearby spirals. In
following studies power laws with similar slopes were proved to be a good
description of the clusters luminosity functions in many different galaxies and
environments (de Grijs et al., 2003; Whitmore, 2003; Larsen, 2006a).
Despite this similarity in shape, the slope was measured to be, on average, steeper than −2 (e.g. Dolphin & Kennicutt, 2002; Elmegreen et al., 2002;
Larsen, 2002) and to cover a broad range of values (approximately from −1.8
to −2.8). The observed variations are usually within few sigmas from the −2
power law model but show two systematics. The first is that LFs get steeper at
brighter magnitudes. This has been observed in different galaxies (Whitmore
et al., 1999; Benedict et al., 2002; Larsen, 2002; Mengel et al., 2005; Gieles
et al., 2006a,b; Hwang & Lee, 2008) and is illustrated in Fig. 3.6, where slopes
of the LF of different galaxies at different magnitudes are compared. At high
luminosities the slope seems always steeper than −2. Because of the different
slope at high luminosities, in some cases has been pointed out that a fit with
a double power law is a better description (e.g. Haas et al., 2008). A second
observed trend is the steepening of the LF in redder filters (Dolphin & Kennicutt, 2002; Elmegreen et al., 2002; Gieles et al., 2006a,b; Haas et al., 2008;
Cantiello et al., 2009).
The observed properties of the LF originate from underlying physical properties of the clusters. As pointed out before, the LF is in general easy to characterize from an observational point of view. Intrinsically, however, it is result
of many generations of YSCs formed and evolved within the galaxy. In order
to understand what do the observed luminosity function imply in terms of mass
and age properties of the clusters, it is necessary to model it with known star
formation histories and assuming a CMF. This can be done in different ways,
but all the analyses rely on 2 fundamental properties, which are a mass function model and a mass–to–light conversion model. A first type of modeling
can be purely analytical, as the one used by Fall (2006) to describe the almost
universal shape of the LF and the steepening trend observed towards redder
filters. In order for the LF to be derived analytically, only simple cases can
be considered. This requires strong simplifying assumptions, in particular that
either the YSC masses or mass–to–light ratios have a fixed value for the entire
population or a power law distribution (Fall, 2006).
Semi-analytical models still need some analytical assumption (usually on
the mass function) but then rely on stellar models to convert the mass into a
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Figure 3.6: slopes of a power law fit of the LFs of YSCs in different galaxies as
function of the absolute magnitude range considered in the fit. The data are taken
from Whitmore et al. (1999); Larsen (2002); Dolphin & Kennicutt (2002); Gieles
et al. (2006a); Mora et al. (2007); Haas et al. (2008); Hwang & Lee (2008). The
figure is taken from Gieles (2010).
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luminosity distribution (e.g. Haas et al., 2008; Larsen, 2009; Gieles, 2010).
In this way also complex cases can be modeled and specific quantities can be
derived and compared to observations. For example, in Haas et al. (2008) semianalytical models were used to derive how the maximum mass of the cluster,
the disruption and the cluster formation history affect the bending magnitude
of the LF (described with a double power law fit). Different models were
used to find which value of those parameters result in a bending magnitude
compatible with the observed one. In a similar way Larsen (2009) derived
the expected cluster maximum luminosity from different mass functions and
disruptions. The magnitude of the brightest cluster of a galaxy is an important
quantity to measure, because it is very easy to obtain in many systems (also
at distances where clusters are only barely resolved) but, as shown in Larsen
(2009) it can be a proxy for the mass and disruption properties of the cluster
population (however, note that is also affected by the size–of–sample effect).
Deriving the shape of a LF from a semi-analytical model is quite easy. I
highlight here the main steps following the example given in Gieles (2010).
First of all the distribution of initial masses Mi needs to be defined. For a
Schechter CIMF the probability of forming a cluster with an initial mass between Mi and Mi + dM in the time range between t and t + dt is given by:
dN
= A Mi−2 e−Mi /M∗
dMi dt

(3.9)

where A is a constant scaling with the cluster formation rate CFR and M∗ is
the characteristic truncation mass of the Schechter function. This initial function can be evolved into a present day mass distribution of clusters via a factor
∂ Mi /∂ M which accounts for cluster disruption. A luminosity distribution relative to the evolved mass function can be acquired multiplying the latter the
the mass–to–light ratio ϒ (which is age dependent):
dN
dN
=
ϒ(t).
dLdt
dMdt

(3.10)

The observable LF is then found integrating all the populations of clusters over
all ages, i.e.
Z
dN
dN
=
dt
(3.11)
dL
dLdt
The mass–to–light ratio ϒ(t) needs to be taken from SSP models and therefore
Equation 3.11 needs to be solved numerically. The integral gives the exact
shape of the luminosity functions and also other related properties can be derived, like the slope at every luminosity, α(L)
α(L) = −

d log(dN/dL)
d log L

(3.12)
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or the relative contribution of clusters of different age ranges to the luminosity
function at each L. These quantities are shown in Fig. 3.7 for Schechter and
−2 power law ICMFs both with and without cluster disruption. The main
differences between the models predictions can be divided in four classes:
High luminosity end: the main difference between LFs coming from underlying power law mass functions (left column of Fig. 3.7) and Schechter
mass functions (right column of Fig. 3.7) is at high luminosities. In the
first case the slope of the LF stays −2 also for bright sources, while in
the second case the LF gets steeper at high luminosities, with slopes that
can be very different from −2.
Low luminosity end: mass-dependent disruption flattens the low luminosity
part of the LF, both for in the case of power-law and Schechter mass
functions (middle row of Fig. 3.7).
Differences between bands: some models predict that the LF behavior changes
from one band to another. This is true for all the Schechter mass function models (right column of Fig. 3.7). For those it is generally true that
the LF at a certain magnitude is expected to be steeper for redder bands.
MDD seems to introduce a small band difference also in the power law
mass function model (bottom left panel of Fig. 3.7).
Age dependence: a property that can change a lot is the relative contribution
of clusters of different ages to the luminosity of the LF at a fixed magnitude. This quantity is reported at the bottom of all panels of Fig. 3.7.
The relative contribution of clusters of different ages can be the same at
all magnitudes (as can be seen in the top left and middle left panels) or
change as function of magnitude.
It must be concluded that the study of the LF is a powerful tool to test the
underlying mass and age distributions of cluster populations.

3.2.5

Cluster profiles and radii

Another important property of a cluster beside its age and mass is the internal
structure, i.e. how stars are distributed. In general, clusters have stellar densities which decrease going from the centre to the outskirts. They generally
present only moderate differences both in term of sizes (i.e. cluster radii) and
shapes of the density profile. Elson et al. (1987) found that the light profiles of
YMC can be fit with a function:

−γ/2
r2
(3.13)
I(r) = I0 1 + 2
a
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Figure 3.7: Luminosity functions (dN/dL) derived from semi-analytical modeling under different assumptions for the ICMF (−2 power law, left column, and
Schechter, right column) and cluster disruption (first row: no disruption, second
row: MID, third row: MDD). Mid-panels show the slope of the function and
bottom panels show the relative contribution of cluster of different ages to each
luminosity. The blue, green and red curves are for simulated B,V and I bands.
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where a is a characteristic radius and γ was found to be between 2.1 and 3.35.
This functional form is often referred to as the Elson-Fall-Freeman (EFF) or
Moffat profile. This profile shows no truncation at large radii, which is instead the case for GCs (for a comparison between the two see Schweizer et al.,
2004). An hypothesis which may explain this difference is that the truncation is caused by tidal fields during the cluster evolution. EFF profiles seem
a good description also for very massive clusters. Bastian et al. (2013) analyzed the cluster population of NGC 7252, containing clusters more massive
than 106 (and even a cluster with mass ∼ 108 M ), finding that the profiles
were best fitted by EFF profiles. Two of the cluster studied had power law
profiles extending for several hundred parsecs, but their effective radii do not
exceed ∼ 20 pc in any case. The structure of young clusters is different from
the one of associations, with the former hosting a central concentrated core,
missing in the associations (Maíz-Apellániz, 2001). However, Maíz-Apellániz
(2001) found that some clusters host also extended halos which can mimic the
structure of associations. This result reinforces the warning discussed in Section 1.1.1 about the difficulty in distinguishing bound clusters from compact
(but also possibly unbound) associations at young ages. The profile of clusters
is anyway not universal. As an example, NGC 3603 and R136 are two clusters having the same age, mass and density. The profile instead is different, as
NGC 3603 shows a truncation around ∼ 1 pc (Moffat et al., 1994) while R136
has a shallow power law profile (e.g. Mackey & Gilmore, 2003). Due to the
young ages of the clusters the difference cannot be due to evolution, but set by
the formation conditions.
Larsen (2004) provided one of the first systematics studies of the structure
of extragalactic YSCs, in 18 nearby spirals. He found that the distribution of
effective radii Reff , i.e. the radius containing half the light of the cluster, has a
peak close to 3 pc. This is in accordance with more recent studies, e.g. Ryon
et al. (2015) and Ryon et al. (2017) derived a Reff distribution peaked at 2.5
pc for the cluster populations of M83, NGC 628 and NGC 1313. Variation
of the Reff have been studied in function of other properties. Larsen (2004)
already investigated a mass-radius relation, finding that, if existing at all, it
must be very shallow. In particular the relation is shallower than a M ∝ R1/3 ,
implying that more massive clusters have on average higher densities. Ryon
et al. (2015) found a Reff vs. age relation, with older clusters being larger, but
studying the evolution of the profile they could not find a steepening of the
profile when evolving towards older ages. Dividing the clusters in age bins,
they found that young clusters (age < 100 Myr) do not present a mass–radius
relation, in accordance with Larsen (2004), but in older clusters (100-300 Myr)
a mass–radius relation, consistent with constant density, appears.
Due to the fact that young clusters are usually found in very crowded fields,
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Figure 3.8: Mass-radius relation for star clusters in nearby galaxies, compiled
form literature data by Krumholz et al. (2018). The data samples used are from
the following studies: K13: Kharchenko et al. (2013), PHAT: Johnson et al.
(2012) and Fouesneau et al. (2014), R15: Ryon et al. (2015), R17: Ryon et al.
(2017), C16: Chandar et al. (2016), B07: Barmby et al. (2007), BH18: Baumgardt & Hilker (2018), MG07: McCrady & Graham (2007), L18: Leroy et al.
(2018), MW YMC: compilation of data made by Krumholz et al. (2018).

the study of their profiles and radii in extragalactic environments is still very
challenging. Nevertheless, the possibility of studying large statistical samples
is very useful for constraining average radial properties and dependencies of
clusters, helping understanding their structure and their dynamics. In a recent
review collecting all data available in literature in terms of cluster masses and
radii, Krumholz et al. (2018) showed that only considering clusters over several
orders of magnitudes in masses allows to infer a mass-size relation, as can be
appreciated in Fig. 3.8.

3.3 Studies of the cluster population in M51
The work included in Papers I and II concerns the study of the cluster population of the galaxy NGC 5194, also known as M51a or the “Whirpool” galaxy.
In order to contextualize my work, I briefly give in this section an overview of
the main properties of M51 and of the results of previous studies of its cluster population. M51a is a spiral (SAbc according to the NASA extragalactic
database, NED) galaxy, observed almost face-on (inclination angle i ≈ 20◦ ,
Colombo et al., 2014b) at a distance of 7.66 Mpc (Tonry et al., 2001). M51 is
interacting with the companion galaxy NGC 5195 (M51b) and the interaction
is probably the cause of an intense star formation process sustained for hun57

dreds of Myrs (simulations by Dobbs et al., 2010 suggest that the interaction
started ∼ 300 Myr ago). The two galaxies constitute the M51 system. For the
rest of this thesis I will use the name M51 referring mainly to the spiral galaxy
M51a. Products of this star formation process are the observed populations of
star clumps complexes (Bastian et al., 2005a), HII regions (Lee et al., 2011)
and also the cluster population analyzed here. As an introduction to my work,
I briefly summarize the various works and results related to the analysis of the
cluster population in this galaxy of the past years.
The first study of blue high-brightness stellar associations in M51 was conducted by Georgiev et al. (1990), while Larsen (2000) was the first to specifically look for compact YSC in the galaxy. The first studies relied on broad
and narrow-band imaging with the Wide-Field Planetary Camera 2 (WFPC2)
on board the Hubble Space Telescope (HST) which covered only small parts
of the galaxy but allowed a wide spectral coverage in the optical, from UV
to NIR bands (Bik et al., 2003; Bastian et al., 2005b; Gieles et al., 2005; Lee
et al., 2005). Later HST observations with the higher resolution and sensitivity
Advanced Camera for Surveys (ACS) covered uniformly the entire galaxy (and
also the companion) in the B, V , I and Hα bands. These data (used also in my
work) allowed the extraction of a complete cluster population of M51 from
which precise luminosity function analyses were carried out (Scheepmaker
et al., 2007; Haas et al., 2008; Hwang & Lee, 2008). Soon after, the coverage
of the galaxy with the WFPC2 F336W (U band) filter was extended, allowing
precise age measurements for the entire cluster population in the same area
covered by the ACS mosaic (Scheepmaker et al., 2009; Hwang & Lee, 2010;
Chandar et al., 2011).
The large data sets collected for M51 were used by different groups to
create catalogs containing luminosity, ages and masses of the cluster population. Different methods for extracting the cluster members, for calculating
photometry and for deriving ages and masses resulted in different catalogs.
Nevertheless most of the studies agree that, at first order, a power law function
with slope close to −2 is a good fit for the mass function. A truncation at high
masses was proposed both from direct analysis of the mass function (Gieles,
2009) and from a truncation observed in the luminosity function (Gieles et al.,
2006b; Haas et al., 2008). However the eventual presence of such truncation is
still highly debated (e.g. Gieles, 2009 and Chandar et al., 2011). Also the analyses on cluster ages reached different conclusion about the cluster disruption
in M51. Some works observed a mass function which evolves in time in consistency with a MDD model (e.g. Gieles, 2009), in others the age distribution
seemed to favor a MID model (e.g. Chandar et al., 2016).
My work is based on the analysis of the cluster population in M51 using UV and U band HST observations acquired with the sensitive Wide Field
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Camera 3 (WFC3), as part of the Legacy Extragalactic UV Survey (LEGUS).
LEGUS is a HST Treasury program aiming to understand star formation at
the the cluster level, an intermediate scale between single stars and the galactic scale. The LEGUS dataset includes the coverage of 50 nearby galaxies in
UV , U, B, V and I bands. The UV and U band observations are taken with
the WFC3, allowing deep and high-resolution photometry also in the UV part
of the spectrum. Due to its intense star formation, M51 is one of the galaxies
hosting the largest cluster population. In addition, its peculiar dynamics caused
by its interaction makes it one of the most interesting cases of the sample.

3.4 Challenges and Progress of Recent Studies
The disagreement found in previous studies of the cluster population of M51
highlights the open questions concerning the study of cluster populations. First
of all, understanding in detail the shape of the mass function is fundamental to
understand if the larger cluster masses are just set by the size-of-sample effects
or by a truncation mass. In the first case the mass distribution is universal and
any galaxy, if waiting long enough, will be able to form very massive clusters.
On the opposite, in the second case the formation of very massive clusters is
affected by physical processes that may depend on environmental properties,
implying that some galaxies will never form massive clusters. This have implications also on the GC populations: if GCs are evolved YSCs, galaxies which
cannot form massive clusters will not even be able to yield a GC population.
A second aspect to study is cluster disruption, which helds a major role in the
evolution of YSC into GC populations. Understanding which are the main
drivers of cluster dissolution in different galaxies and what are the necessary
timescales allow us to put constraints on the possible evolution of the YSCs
into GCs. Another fundamental open question is which fraction of stars is
born in bound clusters, as discussed in Section 3.2.3.
In my work I have tried to answer these 3 main questions building and
studying a catalogue of the YSC population of M51. I will now discuss briefly
my results, comparing them with the status of the field, based on some recent
studies. For details about how the cluster catalogue was derived I invite to
read Sections 2 and 3 of Paper I included to this work and Chapter 2 of this
introduction.

3.4.1 Mass function and maximum mass
Analyzing the mass function, I found that a Schechter function with a power
law slope of β = −2.01 ± 0.02 and a truncation at Mc = (1.00 ± 0.12) · 105
M represent the best fit to it. I derived an evidence for existence of the
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truncation at high masses also from the analysis of the luminosity function
and from the comparison between the observed mass and luminosity distributions and Monte Carlo populations simulated according to different models.
The value of Mc derived is a factor ∼ 2 smaller than what previously found
(Gieles, 2009) but still within 2σ . Mass function truncations have been suggested (and in some case confirmed) in many other galaxies in recent years,
and the Mc found in M51 seems to be in line with truncation masses found
in similar galaxies, such as M83 (Mc = 1.6 ± 0.3 × 105 M , Adamo et al.,
2015), NGC 628 (Mc = 2.03 ± 0.81 × 105 M , Adamo et al., 2017) and NGC
1566 (Mc = 2.5 × 105 M , Hollyhead et al., 2016). These results confirm
the findings of Larsen (2009) which, from the analysis of cluster luminosities,
masses and ages, derived evidences that the mass function in spiral galaxies
can be approximated by a Schechter function with an average truncation at
Mc = 2.1 × 105 M . My work also showed that part of the ambiguity about the
existence of a truncation mass is due to different methods of analysis. When
the mass function is binned (like for example in Chandar et al., 2016) variations
from a power law at high masses could be all shrunk into a single point of the
function, which has very low statistical significance in a fit. Other parametrizations of the function, for example the cumulative form, are more appropriate
to be able to spot the small difference that can appear at high masses due to
the truncation. In my work I have shown how a function that results well-fitted
by a single −2 power law in the binned form can actually have an exponential
truncation.
Galaxies have been found to have truncated mass functions with very different values of Mc . M31, for example, does not host very massive clusters, its
mass function is well described by a Schechter function with Mc = 8.5 × 103
M (Johnson et al., 2017a). On the other hand, the system NGC 4038/4039
(the Antennae galaxies) has a mass function which follows a power law behavior up to masses larger than 106 M (Jordán et al., 2007 derived a value
of Mc ≈ 2 × 106 M using the mass distribution values from Zhang & Fall,
1999). Johnson et al. (2017a) derived an empirical correlation between Mc and
the average ΣSFR fitting a power law. Using data from M31, M51, M83 and
the Antennae the authors found that the correlation holds for over 2 order of
magnitudes in both of the variables (see panel (b) of Fig. 3.1). They suggested
that interstellar pressure could be a main driver of the correlation observed.
We point out that this correlation was inferred by 4 data-points only.
If a correlation between the value of Mc and the environment exists, it
should be possible to find it also in sub-galactic regions. Adamo et al. (2015)
divided the cluster population of M83 in radial bins finding that the values of
Mc decrease moving outwards from the galaxy centre. The authors noticed
that this trend is the same of the average gas surface density (which decreases
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moving outwards in the galaxy) and therefore that Mc could be related to the
average gas density. I conducted a similar study on the clusters of M51 in my
second paper. Despite the decrease in Σgas moving towards the outskirts of
the galaxy, there is no such trend in Mc . The truncation masses are all similar
within 2σ , suggesting that the gas density alone cannot be the regulating factor of the mass truncation. This result is further discussed at the end of next
Section.
Comparison with GMC masses
The comparison between the properties of clusters and the ones of their progenitor structures, the GMCs, has proved recently to be a fruitful and promising method to understand the star formation process. Concerning the study of
M83, Freeman et al. (2017) showed that the mass function of GMCs follows
the same radial trends observed in the YSCs by Adamo et al. (2015). There
seems to be a strong correlation between cluster and GMC properties. In M51
the central ∼ 9 kpc region of the galaxy was covered with radio-interferometric
observations capable of studying molecular gas at the GMC scales. Using the
masses derived by Colombo et al. (2014a) I compared the mass functions of
GMCs and YSCs. In both cases the mass functions are shallow (with slopes
β > −2) near the centre of the galaxy, and steepens moving outwards. No
trend is observed in the truncation mass, which for GMCs is ∼ 107 M and for
YSC ∼ 105 M everywhere.
Even more interesting is the comparison of the arm and inter-arm environments. The cluster mass function of the clusters in the spiral arms is
shallower (β = −1.82 ± 0.07) than the mass function in the inter-arm region
(β = −2.14 ± 0.06). The same difference is observed in the respective mass
functions of GMCs (β ≈ −1.8 and −2.5 respectively). As already pointed out
by Colombo et al. (2014a), a similar result for GMCs was predicted by numerical simulations (Dobbs & Pringle, 2013) considering a two-armed spiral
galaxy including a spiral potential, self-gravity, heating and cooling of the ISM
and stellar feedback. The cumulative mass function retrieved from the simulated GMCs (shown in Fig. 3.9) has a steep constant decline for the inter-arm
sources and a shallower and truncated shape for the arm sources. Streaming
motions associated with the spiral potential has been proposed as a possibility
to lower the gas pressure outside the GMC, leading to higher stable masses in
the arms (Meidt et al., 2013; Jog, 2013).
The comparison of cluster and GMC mass distributions suggests that in
order to have a model explaining the cluster mass function, dense gas needs
to play a major role. Recently, Reina-Campos & Kruijssen (2017) derived
a simple, self-consistent analytical model that predicts the maximum mass61

Figure 3.9: Cumulative mass distributions of the GMCs extracted from the arm
(blue) and inter-arm (green) regions of a simulated two-armed galaxy. The distributions show a difference which is retrieved in the GMC (Colombo et al., 2014a)
and cluster (my work) populations of M51. The simulation is presented in Dobbs
& Pringle (2013), while the plot is taken from Colombo et al. (2014a).

scales of GMCs and clusters. The model is based on the idea that these masses
can be limited either by shear or by stellar feedback. In a differentially rotating
disk, the maximum collapsing mass is initially set by shear and is equivalent
to the Toomre (1964) mass, MT , given by:
MT =

4π 5 G2 Σ3g
κ4

(3.14)

where Σg is the gas surface density and κ is the epicyclic frequency. The
collapse of this mass happens under a characteristic timescale which, in environments with low Σg and low shear, can be larger than the time necessary to
massive stars to destroy the collapsing cloud. In the case of feedback stopping
the collapse, the maximum mass will not be MT , but only a fraction of it. This
collapsed mass is taken as the maximum GMC mass achievable, MGMC,max ,
while the maximum cluster mass is derived considering the fraction of gas
converted into stars, i.e. the star formation efficiency ε, and the fraction of
stars being born in bound clusters, i.e. the cluster formation efficiency Γ. The
maximum cluster mass is therefore simply:
Mcl,max = εΓMGMC,max
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(3.15)

The strength of the model is that it only depends on 3 parameters, the gas
surface density, the epicyclic frequency and the velocity dispersion of the gas.
It can therefore easily be applied to cluster (or GMC) studies.
Particularly interesting is the case of M83, where the model predicts correctly MGMC,max , Γ and Mcl,max at various distances from the centre of the
galaxy (Reina-Campos & Kruijssen, 2017, see Fig. 3.10). In M83 the gas
collapse seems to be entirely determined by the Toomre collapse. In Paper II, I
used the model to predict the maximum cluster mass at different galactocentric
radii in M51. The predicted maximum masses are pretty much uniform, and
the observed cluster truncation masses fit into the predicted ranges within the
errors.

3.4.2

Disruption

The study of cluster disruption in the local universe is still a debated topic.
Conclusions reached in recent studies have been quite different from one another, often also when referring to the same galaxy. Different methods of deriving ages and different age intervals used in the analyses increased further the
difficulty in comparing results from different studies. I will start by summarizing the most recent results on some nearby galaxies, leaving their implications
for later.
As described in Section 3.2.2, a way of studying cluster disruption is via
the age function, dN(t)/dt. When fitted with a power law, dN/dt ∝ t γ , its
decline indicates the strength of disruption. For example, the cluster population in the Antennae system shows an age function which can be fitted by a
power law with slope γ = −1, implying that 90% of the clusters are disrupted
in each logarithmic age bin d logt (Whitmore, 2009; Whitmore et al., 2010).
Cluster populations in other galaxies, however, have proved to behave quite
differently. M31 hosts a cluster population whose age function is compatible
with being flat (γ ∼ 0) for the first ∼ 70 − 100 Myr. After 100 Myr the distribution starts declining due to an observational completion limit, and possibly
also to disruption (Fouesneau et al., 2014). At young ages, however, no sign
of the rapid and strong disruption observed in the Antennae can be seen in this
galaxy. LMC is a more intricate case. Chandar et al. (2010a) found an age
distribution well described by a single power law with slope γ = −0.8. Baumgardt et al. (2013), collecting together all major public cluster catalogues of
the LMC, re-estimated the cluster ages and derived a shallow age distribution
in the age range from 10 to ∼ 200 − 300 Myr (γ = −0.3). de Grijs et al. (2013)
also considered different cluster studies, and, independently from Baumgardt
et al. (2013) found an age function consistent with them and inconsistent with
Chandar et al. (2010a). The cause of this discrepancy in the results could be
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Figure 3.10: Comparison between prediction of the models by Reina-Campos &
Kruijssen (2017) and observations of GMC and cluster populations in M83. In
the first panel the predicted GMC masses in the Toomre (pink squares) and feedback (orange circles) cases are compared with the observations by Freeman et al.
(2017) (green and blue circles). The shaded bands account for a fiducial uncertainty range in the predictions. The same color-coding is using in the comparison
of the cluster masses, bottom panel. In both cases we expect the maximum mass
to be set by the Toomre mass. In the middle panel the cluster formation efficiency Γ is predicted using the prescription in Kruijssen (2012). Figure taken
from Reina-Campos & Kruijssen (2017).
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the differences in binning the data and in the age range considered. The choice
of different binnings can cause differences in the derived indices (in my work
I find differences of ∼ ±0.1 on the value of γ) and for this reason the use of
multiple binnings, or of maximum-likelihood techniques can improve the reliability of the results. Most of the differences are anyway due to the age range
considered. Specifically, the age function is usually observed to get steeper after a few hundreds of Myr. Also the bins at very young ages sometimes show
a steep decline (due to the difficulty of detecting bound clusters as described
in Section 3.2.2). The discrepancy therefore suggests that a single power law
is not usually a good description for the age function.
Multiple power law age functions have been observed in NGC 1566 (Hollyhead et al., 2016), NGC 628 (Adamo et al., 2017) and M51 (Paper I). In all
cases the function has a steep decrease in the age range 1-10 Myr, followed
by a shallower decline between ∼ 10 − 200 Myr (with the slope γ between 0
and −0.3). At older ages the function gets steep again, but these are the age
ranges where the incompleteness of these mass-limited samples starts. These
studies are not able to study disruption at old ages. Summarizing the results
presented up to this point, it seems that in most of the local spiral galaxies, the
observed cluster population present an age function with a steep initial decline,
probably caused by the inclusion of unbound sources which shortly dissolve,
followed by a quite shallow decline up to ages a few hundreds of Myr. After
that, disruption starts being more effective, but this effect is usually blended
with the incompleteness of the catalogues. Other types of galaxies can instead
have very different age functions like the Antennae, for example. Fig. 3.11
is an up-to-date collection of age function slopes for clusters in galaxy disks
which shows the broad range of recovered slopes. In the figure, the power-law
slope is named αT instead of γ. Fig. 3.11 also demonstrates that the cluster selection greatly affects the age function (as already pointed out in Grasha
et al., 2015 and Adamo et al., 2017). Cluster catalogues containing compact
associations (sources belonging to class 3 according to the morphological classification described Adamo et al., 2017 and in Paper I) have on average steeper
slopes. This can be interpreted as a sign of stronger disruption but it can be
caused by compact association being already unbound at birth (as discussed in
the introduction in Section 1.1.1).
As for the mass function, variations internal to single galaxies were studied
also for the age function. One of most notable cases is the one of M83, where
Silva-Villa et al. (2014), studying the age function in 7 different pointings inside the galaxy, found power-law slopes ranging from γ = −0.1 to γ = −0.6.
In my work (Paper II) I also find a slope which varies internally to M51, from
γ = −0.50 in the most internal part of the galaxy to γ = −0.27 in the outskirts.
When comparing the age function in the arm and in the inter-arm regions the
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Figure 3.11: Collection of slopes of the cluster age function (αT ) in function of
the age range used for deriving them. The sample used refer to cluster studies
in nearby disks and are divided in ‘exclusive’ catalogues, i.e. samples excluding
the objects that do not pass morphological tests for compactness and roundness
(as defined, e.g. in Adamo et al., 2017) and catalogues which include them (‘inclusive’). References are as follows: F14: Fouesneau et al. (2014), SV14: SilvaVilla et al. (2014), R14: Ryon et al. (2014), C17: Chandar et al. (2017), A17:
Adamo et al. (2017), L17: Linden et al. (2017), M18: Messa et al. (2018b,a)
(Papers I and II), P18: Piskunov et al. (2018). Figure taken from Krumholz et al.
(2018).

66

difference gets even bigger as the slopes are γ = −0.73 and γ = −0.15 respectively. Interestingly, the value of the age-function slope seems to correlate
with the gas surface density, such as denser regions are associated to steeper
slopes (i.e. stronger disruption). An opposite results to those was found in
M31, where the slopes results being the same in all the regions studied within
the PHAT survey (Fouesneau et al., 2014). These results suggest that big variations on the effectiveness of the cluster disruption process can be found inside
a single galaxy. The dependence on the density of the environment seems a
reasonable explanation of them, however a complete understanding of the process is still missing.

3.4.3

Cluster formation efficiency

As described in Section 3.2.3, the cluster formation efficiency, Γ, measures
how much of the star formation takes place in bound clusters. In recent years
much effort has been put in both modeling it analytically and observing it in
nearby cluster populations. Initial measurements of Γ showed that galaxies
with higher average SFR density, ΣSFR , also have higher CFE (Goddard et al.,
2010; Silva-Villa & Larsen, 2011; Adamo et al., 2011; Cook et al., 2012). This
empirical relation was modeled by Kruijssen (2012) and tested on the same
observations. The model is self-consistently able to predict the CFE in a galaxy
from only few properties, i.e. the gas surface density Σgas , angular velocity
Ω and the Toomre (1964) parameter Q, depending on Σgas , Ω and the gas
velocity dispersion σgas . The predicted CFE generally increases with Σgas , but
at high surface density the dependence flattens, because the CFE starts being
limited by the disruption effect of GMC tidal fields on the clusters, particularly
effective at high gas densities. In the standard conditions found in most of the
local galaxies, Ω seems to have very little effect on the predicted CFE. Only
at high densities (Σgas & 102.5 M /pc2 ) the increase of the angular velocity
affects the CFE, lowering it. With an increase of the Toomre Q, which reflects a
higher stability of the disk, CFE also increases. A useful correlation, generally
used in cluster population studies, is with the SFR density (see Fig. 3.5).
Most of the observational work of the recent years found that Γ follow the
trend predicted by the Kruijssen (2012) model. These includes M83 (Adamo
et al., 2015), M31 (Johnson et al., 2016), NGC 1566 (Hollyhead et al., 2016)
and M51 (Paper I). A work that apparently did not find compatibility with the
model was presented by Chandar et al. (2015). The authors analyzed the mass
functions of seven star forming galaxies and normalize those by the galaxywide SFR of the galaxy. In the hypothesis that at high SFR more stars form
in clusters, the galaxies with higher values of SFR are expected to have higher
normalized mass functions. Instead no correlation with SFR was found, and
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this led the authors to conclude that the observations were incompatible with
the Kruijssen (2012) model.
Kruijssen & Bastian (2016) explain the apparent incompatibility between
the model and Chandar et al. (2015) observations, going through 3 main pitfalls that commonly affect the derivations of Γ. The first concern the distinction
between bound clusters and unbound associations. As almost no star forms in
isolation, we can say that stars always belong to aggregations at birth. Considering clusters with ages < 10 Myr, as it was the case in Chandar et al. (2015),
highly increase the chance of contaminating the sample with unbound associations, leading to wrong derived values of CFE. This bias could increase the
number of candidate clusters in galaxies with small fractions of bound systems
(and small SFR), causing a flattening of the CFE dependence on the SFR. Even
considering too old clusters could be problematic, as after ∼ 100 Myr disruption processes start to strongly affect the clusters. Clusters in higher-density
environment would be the most affected ones. In addition, it can be difficult
to state if the SFR assigned to old clusters reasonably reflects the SFR at the
epoch of their formation. It is probably true for spirals but not for starbursts,
for example. Another issue is the choice of the parameter to be compared to
Γ. The model of Kruijssen (2012) is based on the gas surface density, which
can also be converted into ΣSFR . Chandar et al. (2015) instead, use the SFR to
normalize the mass function in their analysis. The conversion from the SFR
density to the total SFR and vice-versa requires an assumption on the galaxy
radius. In Chandar et al. (2015) a constant radius for all galaxies have been
assumed, and as a consequence ΣSFR ∝ SFR. Kruijssen & Bastian (2016) discuss a mass–dependence on the radius, which brings ΣSFR ∝ SFR0.4 , to be
more accurate. The effect of the pitfalls described above is plotted in Fig 3.12,
where the data of Chandar et al. (2015) are compared with predictions made
assuming a different fraction of included unbound associations and different
conversions from ΣSFR to SFR. When the assumptions used in Chandar et al.
(2015) are included in the Kruijssen (2012) model, the same model predicts a
curve which matches quite well the best fit to the data.
CFE variations were studied also inside single galaxies, in particular in
M83 (Silva-Villa et al., 2013; Adamo et al., 2015) and M31 (Johnson et al.,
2016). In M83 the value of Γ was observed to decline with the galactocentric radius. The same trend is observed for the gas surface density, and in fact
the observations follow qualitatively the Kruijssen (2012) model. More complicate is the scenario in M31, where in some region the CFE seems far off
the model predictions (cfr. Fig. 7 in Johnson et al., 2016). Johnson et al.,
2016 argue that the standard galactic parameters used to derive the fiducial
model in Kruijssen (2012) are not always valid. They found out that tweaking
some parameters to more accurate values for the galaxy under investigation,
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the agreement between prediction and data was improved. We tried a subgalactic analysis of CFE also in M51 (Paper II), finding values of Γ between
20 and 30% approximately, and without finding any trend with the average
ΣSFR in each radial bin. In general we find Γ values which are consistent with
the Kruijssen (2012) within uncertainties. The lack of a trend with ΣSFR can
be due to the small range of ΣSFR values probed by our data, together with the
possible effect of differential cluster disruption on the Γ measurements.
In conclusion, the Kruijssen (2012) model has proved to be able to reproduce the CFE values observed in nearby YSC populations, starting from the
gas properties of the host galaxies. It has also its limits, in particular if only
one set of standard galactic assumptions is considered in the comparison with
many galaxies. Explaining the scatter of the observed data around the curve is
a challenge for the future years.

3.4.4 Other studies
Even if they were not discussed before in this review, there are also other ways
in which clusters can be studied. Clusters can be used to study the dynamics of
the galaxy that hosts them, bringing observational evidences to eventual simulation studies. For example, in M51 Chandar et al. (2011), studying the ages of
clusters located in the feathers of one of the spiral arms, were able to deduce
that the density-wave theory is not the correct way of explaining the spiral-arm
formation in M51 (the same conclusion was suggested by the simulations of
Dobbs et al., 2010). Schinnerer et al. (2017) carried out a multi-wavelength
analysis on a restricted part of a spiral arm, comparing radio, infrared and optical data in order to study the clumpy star formation at different age stages,
from GMCs to protoclusters to exposed clusters. Since no age trend of these
systems can be established, even in this case the authors conclude that the
density-wave theory does not seem able to explain star formation in the spiral
arms of the galaxy. A work similar to the two studies just mentioned, based
on studying the age trends of clusters close to the spiral arms, was carried
out inside the LEGUS collaboration and reached similar conclusions (Shabani
et al., 2018). Another interesting cluster study based on cluster positions in
function of their age has been carried out recently on the cluster population of
NGC 628 (Grasha et al., 2015). The authors studied the “clustering” of YSC
via a two-point correlation function. All clusters are born in “clustered” environment and then disperse in the galactic environment with time. The authors
found that clusters of different morphologies also have different timescales
over which they disperse, suggesting that their morphological appearance is
also a sign of their physical status. The study has been expanded to include the
cluster populations of six different galaxies (Grasha et al., 2017a).
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Figure 3.12: Variations of a CFE–SFR relation in the Kruijssen (2012) model
due to two main factors: the inclusion of unbound structures (blue and red curves)
and of different conversions ΣSFR to SFR, one considering a constant radius for
galaxies (dotted lines) and one assuming a correlation to mass in agreement with
galaxies on the main sequence (dashed line). The value on the y-axis measures
the height of the normalized mass function. In case CFE depends on SFE this
value should also increase with SFR. Data from Chandar et al. (2015) and the
best fit to the data are overplotted. The plot proves that in the hypothesis of
inclusion of 90% of the unbound structures and of a “main sequence” ΣSFR to
SFR conversion, the model is in agreement with the best fit to the data. Figure
taken from Kruijssen & Bastian (2016).
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These examples simply present different methods of studying cluster population, and also of using cluster informations to study the galactic dynamics or
the properties of star formations. In particular, studies which considers different wavelengths, for example studies comparing the positions and properties
of GMCs and YSCs (e.g. Grasha et al., 2018), seem to be promising for a
comprehensive understanding of the star formation process.
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4. Star-forming Clumps

4.1
4.1.1

General properties of clumps at low and high redshift
Historical remarks

Many studies on star formation at the scales of cluster complexes have initially
been done via observations of galactic and extragalactic HII regions, as such
systems are very efficient in converting the high-energy emission of young
stars into optical radiation, which is more easily observable (see Shields, 1990,
for a review). HII regions span a wide range of sizes and morphologies (Kennicutt, 1984), from the small compact region in the Orion nebula in the Milky
Way (diameter of ∼ 5 pc) to the high-surface-brightness 30 Dor nebula in the
LMC galaxy (diameter of ∼ 300 pc), to the multiple core complex NGC 5471
in the M101 galaxy (diameter ∼ 600 pc). They can be used to study the properties of the gas surrounding star forming regions or to study the products of
star formation themselves. The dependence of the properties (sizes and luminosities) of extragalactic HII regions on the properties of host galaxies was
explored by Kennicutt (1988); Kennicutt et al. (1989) but remained restricted
to the nearby universe.
The launch of the Hubble Space Telescope, in addition to paving the way
for the study if extragalactic young massive star clusters (see Section 3.1),
allowed, thanks to its exquisite spatial resolution, the detection and study of
substructures in high-redshift galaxies. What it revealed was something unexpected: galaxies at high-redshift are morphologically very different from the
star-forming galaxies observed in the local universe. High-redshift galaxies
are more irregular. This irregularity includes asymmetry, but also the presence
of big clumpy structures that in some cases dominate the morphology of the
galaxy. A consequence of this irregularity is that, while in the local universe
most of the galaxies can be described into the Hubble sequence, many galaxies at high redshift do not have low redshift counterparts for what concerns
their morphologies, and new classes have been defined to describe them. One
first class of high-z galaxies are “chain galaxies”, firstly recognized by Cowie
et al. (1995) as objects dominated by a linear sequence of clumps, without a
red central bulge and exponential light profile. Other similar systems are instead dominated by only one big clump found at one extremity of the galaxy,
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which is otherwise observed as a linear diffuse emission. This other class was
called “tadpoles galaxies” (van den Bergh et al., 1996). In some cases the
galaxies are simply made of an oval or circular collection of giant clumps,
without any bulge or exponential light profile, and have therefore been called
“clump clusters”. A special case of the clump clusters is when the galaxy
is made by only two clumps, resulting in a “binary galaxy”, called “double
clump galaxy”. Example of this classes of galaxies, as well as spiral and elliptical galaxies observed at high redshift, are collected in Fig .4.1. It is worthy to
point out that even galaxies hosting a bulge and a clear spiral structure, like the
local spirals, in high redshift observations are characterized by the presence
of bright clumps. Not only galaxies with peculiar clumpy structure exist at
high-z, but they actually represent a big fraction of the observed galaxies. In a
morphology-based classification of the galaxies in the Hubble Ultra Deep Field
(UDF), Elmegreen et al. (2005b) found that among almost 900 galaxies, only
100 are ellipticals and 269 spirals, the rest (∼ 60%) being chains, tadpoles,
clump clusters and double clumps. This is only a morphological classification and different classes are not necessarily associated to physical differences
(double clumps can simply be a smaller version of clump clusters, or also chain
galaxies can be similar to clump clusters but seen from a peculiar angulation,
see e.g. Dalcanton & Shectman, 1996; O’Neil et al., 2000; Elmegreen et al.,
2004). However even a simple morphological classification demonstrate that
galaxies at high redshifts are dominated by the presence of clumps.
The advent of the HST era brought also a more detail knowledge of the
substructure of clumps at zero redshift (e.g. Kennicutt et al., 2003; Bastian
et al., 2005a). However, most of the effort in studying star-forming clumps
in recent years was put into understanding how star-formation evolves with
redshift, as we will see in the following sections.

4.1.2 Typical sizes and masses of clumps
Differently from star clusters, which are gravitationally bound systems, clumps
are just the largest physical scales of the clustering given by the hierarchy in the
star formation process. They can be studied at various scales, from the cluster
scale to the galaxy one, spanning ∼ 2 orders of magnitude in size and consequently spanning orders of magnitudes also in luminosities and masses. In this
chapter I present the average properties of clumps across different redshifts
and resolutions, with particular emphasis on the theories and observational evidences related to the high-redshift star formation. Concerning the study of
star formation at different redshifts, caution should be taken when comparing
high-z galaxies with the local ones, since, due to redshift, we observe the distant galaxies in their rest-frame UV light. It is known that there is the tendency
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Figure 4.1: Examples of different galaxy morphologies from the Hubble UDF.
Each line shows 4 examples of a morphological class as defined by Elmegreen
et al. (2005b). Images are from the i775 band and the horizontal line in each stamp
represents 0.5”. Plot adapted from Elmegreen et al. (2005b).
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for star-forming galaxies to look more clumpy at higher frequencies, which
may in part explain the differences observed. However the clumpiness at high
redshift is on average more extreme than locally, as can be measured from the
contrast between the intensity of clump and inter-clump regions (Elmegreen
et al., 2009b). However, some chain and clump cluster galaxies are observed
down to the local universe, indicating that these peculiar morphologies are not
only the result of band-shifting.
High redshift clumps have sizes ∼ 0.1 − 1.5 kpc and are very massive,
ranging from 106 to 109 M (e.g. Elmegreen et al., 2007). Studies of lensed
samples and of samples with high sensitivity allowed a more resolved analysis
concluding that the typical clump mass is ∼ 5 × 107 M (Dessauges-Zavadsky
et al., 2017a; Soto et al., 2017). This is much smaller than the 108 − 109 M
masses previously identified in low resolution observations (Guo et al., 2012;
Tacconi et al., 2013). Clumps ages range around 100 Myr but can reach also
ages of ∼ 1 Gyr (e.g. Elmegreen et al., 2009a). Their densities are high (∼8
times the disk density) and many of them host high star formation events, with
SFR ∼ 0.5 − 100 M /yr (Förster Schreiber et al., 2011; Genzel et al., 2011).
These characteristics make them bigger and more massive, but also denser than
star complexes in local galaxies. Low-redshift clumps have typical sizes of 100
pc (but they cover a wide range from ∼ 10 pc to ∼ 1 kpc) and typical masses ∼
105 M (Kennicutt et al., 2003; Bastian et al., 2005a). The difference to highredshift sources are certainly in part caused by the different physical resolution
at which they are observed, but studies comparing them at the same physical
scales confirm that even when observed at > 100 pc scales low-redshift clumps
are on average less dense.

4.2 Recent Progress in the study of high-redshift clumps
4.2.1

Clump mass function

I reviewed in Sections 3.2.1 and 3.4.1 the properties and studies of the cluster mass function in nearby galaxies. Its power-law shape with a slope of −2
observed over a wide range of different galaxies is universally considered as
an indication of the hierarchy of the star formation process, and in particular
it is expected if turbulence is one of the driving mechanisms of the process
by inducing the fragmentation of gas clumps via turbulent cascade. Due to
turbulence being a scale-free process, a similar mass distribution would be expected even moving to larger physical scales. However, no attempt to study the
mass function on clump scales was done until recently. When studying highredshift clumps, a difficulty in characterizing a mass function is given by the
average low number of sources per galaxy, which requires to consider together
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clumps of different galaxies. The overall sample of clumps with reliable mass
estimates is however non-uniform: Dessauges-Zavadsky et al. (2017a) pointed
out both the lack of spatial resolution and sensitivity as factors affecting the
determination of intrinsic clump masses. The limiting resolution scales of ∼ 1
kpc achievable with HST at z > 1 (in non-lensed samples) yield blending effects and, as consequence, lead to mass overestimating factors larger than ∼ 5
(Tamburello et al., 2017; Cava et al., 2018). The sensitivity threshold used
for selecting clumps has an even stronger effect on the mass determination,
because it biases the detection of clumps at the low-mass end of the mass distribution. The effects of both spatial resolution and sensitivity on the derived
clump properties were tested by Tamburello et al. (2017) on the mock Hα
observations obtained from the simulations of clumpy disk galaxies in Tamburello et al. (2015).
Despite the difficulties of having a uniform sample, Dessauges-Zavadsky
& Adamo (2018) considered a controlled sample of clumps hosted in highredshift star-forming galaxies (including both lensed and un-lensed systems
but considering them separately), studying the mass function of the entire
sample of clumps, which resulted well-described by a power-law with slope
ranging from −1.5 to −1.78 in function of the subsample considered (lensed
or un-lensed) and of the binning technique used in the analysis. By means
of Monte Carlo simulations, the authors created synthetic clump populations,
sampling the redshift and SFR parameter space covered by observations, sampling masses from a power-law function with a slope of −2 and assigning
random ages to the clumps in the age range 1 − 300 Myr. In order to account
for the sensitivity cuts and resolution limits in the observations, the synthetic
sample of masses was converted into observed luminosities in the z band and
both a sensitivity cut and an artificial blending of the sources were applied.
This exercise showed that the blending of sources has a stronger effect only at
low clump masses, compared to high ones, and that the sensitivity cut considerably affects the slope of the measured mass function by making it shallower
than the intrinsic one. Accounting for these effects resulted in an ‘observed’
synthetic mass function with slope ≈ −1.6, consistent with the observations.
The mass function of clumps at high redshift seems to confirm the origin from
a −2 power-law function set by the scale-free turbulent process.

4.2.2

Clump luminosity function

As described in Section 3.2.4 the luminosity function of clusters can be studied
as a proxy for the underlying cluster mass function. The same can be done in
the case of clumps luminosity function. The luminosity function of clumps in
the redshift range z ≈ 0 − 5 was studied in Livermore et al. (2012, 2015) where
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its possible evolution in function of redshift was explored. In both works the
analysis was based on the study of HII regions of physical scales ∼ 0.1−1 kpc.
Livermore et al. (2012, 2015) fitted the observed luminosity functions with a
Schechter function, assuming a fixed slope for the luminosity function and
analyzing how the exponential truncation at high luminosities, L0 , varies with
redshift. The slope was kept fixed at a value of −1.75, which is the retrieved
value of the GMC mass function’s slope in Hopkins et al. (2012) simulation.
The retrieved characteristic high-luminosity truncation, measured in 4 different
+0.9
+1.8
· 1043 erg/s at
· 1041 erg/s at z = 0 to 1.3−0.8
redshift bins, varies from 2.5−1.2
z > 3. This results in an empirical relation describing the redshift evolution of
the high-luminosity truncation (Livermore et al., 2015):


L0
= (2.0 ± 0.7) · log(1 + z) + (41.0 ± 0.2)
(4.1)
log
erg/s
Caution should be taken when considering these face results, as the slope used
for the fit does not seem to be a good description of the luminosity function at
all redshifts (see Fig. 10 of Livermore et al., 2015), but nevertheless the value
of L0 does show a redshift evolution.
The observed LHα can be converted via simple assumptions into a clump
mass. Livermore et al. (2015) for example uses an empirical relation between
the Hα-derived SFR and mass of local molecular clouds, SFR(Myr−1 ) = 4.6±
2.6 · 10−8 M (Lada et al., 2010), valid for high density gas, and thus appropriate for star-forming clumps. In this way the evolution of L0 reveals an underlying redshift evolution of the typical clumps masses. We analyze in more
detail the redshift evolution of the mass function in the next section.

4.2.3

Cosmological evolution of star formation properties

Summarizing what introduced in Section 4.1, there is a clear evidence that
galaxies at high redshifts are clumpy and that the properties of their clumps,
even accounting for the difference in resolution and sensitivity, are different
from the ones of clumps in the local universe. The fraction of clumpy galaxies
evolves with redshift and rises from z = 8 to z = 2 (which coincides with the
peak of star formation in the history of the Universe) to decline afterwards to
the present time (Shibuya et al., 2016). When talking about clumpiness we
usually refer to the ratio between the UV emission of clumps and that of the
host galaxy. Guo et al. (2015), for example, defines as ‘clumpy’ the galaxies
with at least one off-centered clump which account for > 8% of the galaxy UV
emission. They found that ∼ 60% of the galaxies at z ∼ 2 are clumpy according
to this definition. While initially star-forming clumps were associated with
mergers and interactions among galaxies, the evolution trend found by Shibuya
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et al. (2016) is inconsistent with both observed and simulated evolutions of
major and minor mergers (Hopkins et al., 2010; Lotz et al., 2011; RodriguezGomez et al., 2015), and needs an alternative explanation. The hypothesis of
mergers as condition for the formation of clumps was ruled out also by the
evidence that a large fraction of z ∼ 1 − 2.5 galaxies are dominated by ordered
disk rotation (Förster Schreiber et al., 2009; Wisnioski et al., 2015; Rodrigues
et al., 2017).
The current standard interpretation of the formation of high-redshift clumps
is that they are the result of gas collapse due to gravitational instabilities in the
disk, which, having a very high gas-fraction, triggered by intense cold gas
accretion flows, can fragment on scales larger than the ones in the local universe (e.g. Dekel et al., 2009; Forbes et al., 2014). This scenario is supported
by the observation of high-redshift galaxies with rotation-dominated, highly
turbulent, strongly star-forming, gas-rich and marginally stable disks (Förster
Schreiber et al., 2009; Tacconi et al., 2013; Wisnioski et al., 2015; DessaugesZavadsky et al., 2015, 2017b; Harrison et al., 2017; Turner et al., 2017; Girard
et al., 2018) and is successfully reproduced by numerical simulations (Ceverino et al., 2012; Bournaud et al., 2014; Tamburello et al., 2015; Behrendt
et al., 2016; Mandelker et al., 2017).
In the context of this gravitational instability scenario, clump properties
should change as function of galaxies, evolving and becoming on average less
gas rich and turbulent. Livermore et al. (2015) explored the possibility of a
redshift evolution of clump properties. As mentioned in Section 4.2.2, they
found a typical threshold clump Hα-luminosity which evolves with redshift
and they converted it into a typical clump mass. This mass is M0 = 4 · 107
M at z = 0 and evolves up to M0 = 3 · 109 M for z > 3. Assuming that
M0 is related to the mass required for collapse on a scale R, the Jeans mass
and that clumps form in marginally-stable disk, described by a Toomre (1964)
parameter Q ≈ 1, Livermore et al. (2012) showed that (assuming a turbulent
velocity power-spectrum):
M0 =

3π 3 G2 Σ30
2 κ4

(4.2)

and therefore that the maximum clump mass depends on the disc surface density Σ0 (a combination of the gas surface density Σg and of the stars surface
density Σ∗ ) and on the epicyclic frequency κ. Using the evolution trends of
those quantities as predicted by the simulations of Dutton et al. (2011) and
Geach et al. (2011), Livermore et al. (2015) found expected M0 values at different redshifts consistent with the observations (Fig 4.2). In the much broader
context of a theoretical model of galaxy evolution, where gravitational instability and star formation are considered, Forbes et al. (2014) found via 1D
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disc simulations that the Toomre Q value at any time naturally adjust itself to
be marginally stable (Q ∼ 1) across all the disk and, as a consequence of the
galaxy evolution, the Jeans mass decreases with time from z = 2 to z = 0.
The redshift evolution of clump masses is however still a debated topic.
Dessauges-Zavadsky & Adamo (2018) found that actually no trend is observed
when clump masses from different catalogs are plotted in function of the host
galaxy’s redshift, in the redshift range z = 1 − 3.5 (see panel (b) of Fig. 4.2).
On the other hand, Dessauges-Zavadsky et al. (2017a) point out that there
are evidences for a maximum clump mass set by the stellar mass of the host
galaxy, such as more massive galaxies can host more massive clumps (see also
Elmegreen et al., 2013). Even if the characteristic mass scale for fragmentation
is independent on the disk mass, this result can arise if processes of clump mass
growth are considered, e.g. clump mergers. More massive disks form on average more clumps which, taking into account the hypothesis of merger growth,
increase the probability of clump-clump mergers and, in turn, the probability
of forming more massive clumps (Tamburello et al., 2015). The most massive
clumps predicted at high redshift by theories and simulations are on the order
of ∼ 109−9.5 M (Tamburello et al., 2015; Mandelker et al., 2017). On the
other hand, a non-negligible number of clumps masses were observed above
the 109.5 M limit (Förster Schreiber et al., 2011; Guo et al., 2012), which is
difficult to explain by the lack of spatial resolution alone, since in that case
many massive clump would need to be blended together in the observations.
Inspecting those very massive clumps one by one it turns out that most of them
coincide or are found very close to the centre of their host galaxy and also have
on average redder colors than the rest of the samples: it has been suggested that
they are the results of the merger of massive clumps which formed in the disk
and migrated to the centre of the galaxies, as better described in Section 4.2.4.
Considering the same clump samples used for studying the evolution of
the maximum clump mass, Livermore et al. (2015) explored the evolution of
the ΣSFR of the clumps. This quantity is dependent on the physical resolution
achievable (see e.g. Fisher et al., 2017b and Paper III) and in this case was
measured on clumps of radii in the range 0.1−1 kpc, finding a best fit evolution
trend given by:


Σclump
log
M /yr/kpc2


= (3.5 ± 0.5) · log(1 + z) − (1.7 ± 0.2)

(4.3)

This trend also can be understood in the context of the gravitational instability
scenario and of the evolution of galaxy properties across redshifts. Relating
ΣSFR to Σgas via Kennicutt (1998) relation and separating the disk surface den80
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Figure 4.2: (a): Maximum clump mass (M0 ) and typical SFR density (Σclump )
as derived by Livermore et al. (2015) (filled symbols) compared to the predicted
values at different redshifts (dashed line and shaded regions). A description of
both observations and expected values are given in detail in Livermore et al.
(2015) and more briefly here in the text. (b): Clump mass in function of the host
galaxy redshift for various samples (Elmegreen et al., 2013; Adamo et al., 2013;
Wuyts et al., 2014; Cava et al., 2018). Plot taken from Dessauges-Zavadsky &
Adamo (2018).
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sity into the star and the gas contribution, Livermore et al. (2015) found:
n
 
fgas (1 + fσ )
(4.4)
ΣSFR = A Σ0
fgas (1 + fσ ) + 2(1 − fgas )
depending on Σ0 and on the gas fraction, defined as:
fgas =

Σg
Mgas
≈
Mgas + M∗ Σg + Σ∗

(4.5)

In Eq. 4.4, fσ = σ∗ /σg ≈ 2 is the ratio of the velocity dispersion of the stars to
that of the gas (Korchagin et al., 2003). Assuming a cosmological fgas evolution trend fgas ∝ (1 + z)2 (Geach et al., 2011), the expected ΣSFR are consistent
with the Σclump found by Livermore et al. (2015), and the evolution of clump
SFR density can therefore be explained by the evolution of the galaxy properties (Fig. 4.2a).

4.2.4 Age evolution of high-redshift clumps
One of the most interesting open questions concerning high-redshift clumps
is related to their survival and evolution inside the host galaxy. It is currently
still not clear whether and to what extent the UV clumps, that we observe to
dominate the morphology and the light budget of high-redshift galaxies, can
contribute to the evolution of galaxies themselves, from more irregular systems
to the disk (and elliptical) systems we observe today. One proposed scenario
is that clumps may survive as singles structures and, due to dynamical friction
and tidal torques, slowly migrate toward the centre of the galaxy, where they
would eventually coalesce, contributing to the formation of the galalctic bulge,
while the dissolution of some clumps would then form the disk (Noguchi,
1999; Bournaud et al., 2007b; Elmegreen et al., 2005a; Elmegreen, 2008). This
scenario requires the survival of these structures (which are gravitationally unbound) for timescales of 10 times the dynamical time, i.e., ∼ 0.5 − 1 Gyr. Both
analytical and numerical studies can lead to completely opposite fates for the
clumps depending on the initial conditions and assumptions made. Clumps can
be either rapidly disrupted by stellar feedback (Murray et al., 2010) or survive
long enough so they can spiral inward (Krumholz & Dekel, 2010). In section 4.1.2 we pointed out that typical ages of high-redshift clumps are ∼ 100
Myr. However, many of the observations are biased against older clumps, because, due to the redshift, sources observed in the HST i − z bands correspond
to rest-frame UV sources and its known that UV brightness start quickly declining after ∼ 100 Myr form the burst of star-formation, i.e. after the death
of O-B type stars. Nevertheless, some observations finds clumps up to ∼ 1
Gyr (e.g. Guo et al., 2012), in particular roughly 50% of the clump clusters
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and 30% of the chain galaxies host red and massive clumps that can be considered young bulges. These systems have similar ages, compared to star-forming
young clumps, but larger masses (Elmegreen et al., 2009a).
A second observational implication of the models is that on average older
clumps should be found closer to the centre of galaxies. In recent years, much
was done on the census and the photometric characterization of clumps (e.g.
Swinbank et al., 2007, 2009; Livermore et al., 2012, 2015), but little was explored on their evolution. Some works suggested an age dependence of clumps
in function of their position in the galaxy, supporting a migration scenario (Guo
et al., 2012; Adamo et al., 2013; Cava et al., 2018) but those observations remain limited to the study of a bunch of galaxies only, and a statistical picture
is still missing.
In the evolution models of clumpy galaxies into the galaxies observed in
the local universe a special place is occupied by globular clusters. As pointed
out in Section 3.1, these are very old systems (ages between 9 − 12 Gyr) that
formed at high redshifts (z ∼ 1.5 − 4). Shapiro et al. (2010) explored the possibility that z ∼ 2 star-forming clumps are the formation sites for the old GC
populations observed locally, focusing on three main GC properties: stellar
population, spatial distribution (and kinematics) and the number and distribution of masses. Shapiro et al. (2010) showed that the metallicities of local
metal-rich GCs are the same of z ∼ 2 clumps. The association of GCs with
both the bulge and the thick disk of galaxies can be explained by the evolution
theories cited above, where high-redshift clumps can migrate toward the centre of the host galaxies to form proto-bulges. In this process, clumps possibly
transport with them the cluster population that they host. A part of it will be
lost in the disk and will form the disk-associated GC population. Finally, even
the number of GCs and their mass function shape are compatible, under simple assumptions, with the clump populations at z ∼ 2 (for the evolution of GC
mass function see Jordán et al., 2007). These findings, obtained for the average
properties of star-forming clumps in z ∼ 2 galaxies, have been confirmed also
in the study of single galaxies. Adamo et al. (2013) showed that the clump population of the lensed spiral galaxy Sp 1149 (at redshift 1.5) could lead to the
formation of star clusters which can survive several Gyr and therefore evolve
into GCs. They also noted that the large majority of these surviving clusters
are formed inside the long-lived most massive clumps.

4.2.5

Extreme star-forming regions in high-redshift galaxies

The study of lensed galaxies has recently broadened the sample of high-redshift
galaxies studied at sub-galactic scales which, in some cases, can be resolved
down to ∼ 30 pc (see e.g. Johnson et al., 2017b). In addition to the spatial res83

olution improvement, the lensing allowed the observation of galaxies at very
low surface brightnesses. In a study of faint galaxies at redshift z = 6 − 8 revealed by the Hubble Frontier Fields program, Bouwens et al. (2017) retrieved
galaxy sizes and luminosities comparable to the ones of star cluster complexes,
like 30 Doradus, and, in some cases, of super star clusters (Reff = 10 − 30 pc,
MagUV ∼ −15). Similar properties are found for galaxies at redshift ∼ 3 and
∼ 6 in Vanzella et al. (2017b,a, 2019). The compactness of those systems
implies an extreme SFR density, up to ∼ 300 M /yr/kpc2 , higher than what
usually observed even in high-redshift clumps (e.g. Livermore et al., 2015). A
possible interpretation is that what observed are actually single compact starforming regions, which are as bright as to outshine the host galaxy (Bouwens
et al., 2017; Vanzella et al., 2019). Such star forming complexes are so massive and dense that we may wonder if what observed are the progenitors of the
globular clusters we observe in the local universe (Vanzella et al., 2017a). It
also may be the case that those extremely lensed systems are not special, but
are revealing the structure of high-redshift clumps at lower scales than usually
reached by observations.

4.3 Low-redshift studies of clumps
As summarized in the previous sections, the characterization of clumps properties in galaxies at high-redshift is strongly affected and biased by the lack in
spatial resolution and in sensitivity, problems only partially solved by considering highly lensed samples. For this reason, studies of clumps in local galaxies can still be significant for understanding clumps properties at high-redshift
and to study their redshift evolution. Kennicutt et al. (2003) and Bastian et al.
(2005a) were among the few to characterize star cluster complexes populations within star-forming galaxies at z = 0, outside the Local Group. Typical
masses for clumps on physical scales of ∼ 100 − 250 pc are found to be between 3 × 104 and 3 × 105 M , comparable to the masses of super star clusters.
Interestingly, clumps show a strong correlation between mass and size, unlike
what found for isolated clusters. Bastian et al. (2005a) found that in the spiral galaxy M51 the slope of the clumps mass-size correlation is similar to the
one found for GMCs, implying that the correlation is due to the imprint of the
progenitor GMC onto the complex forming within it.
One of the most complete collection of star-forming clumps luminosities in
nearby galaxies was given recently by Cook et al. (2016), which observed thousands FUV star-forming regions in 258 nearby galaxies (D ≤ 11 Mpc) with
GALEX, at physical scales in the range ∼ 20−500 pc. Cook et al. (2016) were
able to build a luminosity function for each galaxy and to derive its power-law
slope, even if in some cases the small number of sources prevented to retrieve
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a significant one. The slopes found cover a wide range of values, from −2.8 to
−1, even if in most of the cases the slope is in the range −1.4 to −2.0, resembling what found for star clusters (e.g. Gieles, 2010). In the same work, the
authors looked for correlations between the slope of the luminosity functions
and the properties of the host galaxies, like galaxy morphology, metallicity,
stellar mass, SFR and SFR density. As a net result, only low-to-moderate correlation were found. The stronger correlation found was with ΣSFR , and, in
more detail, shallower power-law slopes were found in galaxies with higher
ΣSFR . Considering the luminosity function a proxy for the underlying mass
function, this result would imply that galaxies with higher SFR density can
form, on average, more massive clumps.

4.3.1 Local analogs of high-redshift galaxies
In the previous sections I showed that redshift galaxies are very different from
local ones. The main differences are the morphology, for what concerns their
appearance, and peculiar gas conditions for what concerns the physical status. Finding nearby galaxies that resemble, for some properties, the distant
ones would help the study and the understanding of star formation at high redshift (which in turn also implies understanding star formation under extreme
conditions). As pointed out before, mergers galaxies on average do not provide a good description of high redshift galaxies. Even if evidences for tidal
structures can be found in some galaxies, clump cluster morphologies are generally different from morphology of interacting galaxies and the clumps are
not remnant of mergers whose debris are too dim to be observed (Elmegreen
et al., 2009b). Galaxies rather grow due to a smooth gas inflow (Bournaud &
Elmegreen, 2009). Dwarf irregular galaxies, on the other hand, seem to better
resemble the high-z galaxies. A big difference is the total galaxy mass and luminosity, which for clump clusters are similar to local spirals, and therefore up
to 100 times bigger than in dwarfs. But in terms of gas fractions and velocity
dispersions dwarf galaxies seem to nicely represent clumps clusters galaxies
(Elmegreen et al., 2009b). Local dwarf are anyway not a perfect analog of
high-z clumpy galaxies not only for their restricted sizes, but for the evolution
timescale. SFRs in local dwarfs are usually small, implying a slow galaxy evolution. On the other hand high-z clumpy systems have extreme star formation
episodes, comparable to the local starburst systems. This series of similarities
and differences between distant and local galaxies suggest that it does not exist
a local class of galaxies that can be used by default as a high-z analog. However some galaxies can resemble some of the high-z properties. The choice
of high-z analogs should therefore be based on the properties that wants to be
studied.
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An important sample of local analogs which helped testing the gravitational instability scenario for clumps on scales of ∼ 100 pc is the DYNAMO
sample (Green et al., 2014), a collection of z ∼ 0.1 galaxies with high gas
fractions and velocity dispersions (fgas = 20 − 40%, Fisher et al., 2014; σHα =
30 − 80 km/s, Green et al., 2014; Bassett et al., 2014), thus resembling the
properties of high-redshift systems. Fisher et al. (2017b) studied the sizes and
luminosities of the clumps in the DYNAMO sample finding that the clumpiness, parametrized as the relative Hα luminosity of the brightest cluster over
the host galaxy Hα luminosity (following Guo et al., 2015), increases in function of both the ratio of dispersion rotation velocity and of the specific SFR
(SFR divided by the mass of the galaxy). A study of the clump sizes in the
same galaxies found that the normalized mean clump radii correlate with both
the gas fraction and the dispersion-to-rotation velocity ratio, and that larger
clumps are found in region of higher gravitational instability, where Toomre
Q < 1 (Fisher et al., 2017a). All these results are consistent with a model
where self-gravity is at the origin of large clumps and with the observations
of larger clumps and higher clumpiness in high-redshift galaxies with high fgas
and velocity dispersions. In addition, Fisher et al. (2017a) also tested mergers and non-axisymmetric instabilities as possible causes of the clump formation, verifying that they are disfavored scenarios. The study of the DYNAMO
analogs of high-redshift gas-rich and turbulent galaxies was therefore able
to validate the model of gravitational instability as origin of massive clumps
and galaxy clumpiness by characterizing with high-precision both clumps and
galaxy properties and is therefore a good example of the potentiality of the
study of samples of analogs of high-redshift galaxies.
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5. LARS

In Section I described how the study of nearby galaxies with properties similar
to the ones of high-redshift systems can be useful to shed light on what regulates the star formation process across different redshift. My work collected in
Paper III and Paper IV concerns the study of a specific sample of low-redshift
galaxies, the Lyman-Alpha Reference Sample (LARS). In this chapter I initially characterize the sample and the data used and then present some of the
results of Paper III and IV in light of the clumps studies introduced in Chapter 4.

5.1

Sample Description

The Lyman-Alpha Reference Sample consists of 14 star-forming galaxies in
the redshifts range 0.028 − 0.18. The galaxies were selected to have high Hα
equivalent widths, EW(Hα)> 100 Å, and FUV luminosities ranging between
log(νLν /L ) = 9.2 and log(νLν /L ) = 10.7. The range of FUV chosen
encompasses that of high-redshift Ly-α emitters (LAEs, e.g. Nilsson et al.,
2009), GALEX-selected LAEs (Deharveng et al., 2008), and z ∼ 0.3 GALEXselected Lyman-break galaxy (LBG) analogues (Hoopes et al., 2007; Overzier
et al., 2008). The galaxies were selected to be highly star-forming and therefore galaxies whose FUV light is dominated by strong active galactic nuclei
(AGN) were excluded from the sample. In order to do so, only galaxies with
narrow Hα line widths were kept in the sample (line-of-sight FWHM< 300
km/s) and their position on the BPT diagram (Baldwin et al. 1981) was also
considered (see Fig. 5.1). In reducing the sample to 14 galaxies only, priority
was given to galaxies at lower redshifts and with archival HST data. Luminosities, redshifts and EW(Hα) values of the LARS galaxies are shown in Fig. 5.1.
The selection criteria used led to a sample dominated by compact systems,
mainly of irregular morphology. Studying the Hα kinematical properties of
the LARS galaxies, Herenz et al. (2016) classified only 2 out of the 14 galaxies as rotating disk. The remainder were almost-equally divided between 5
perturbed rotators and 7 galaxies with complex kinematics (the classification
was done following the classes proposed by Flores et al., 2006). This result is
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(a)

(b)

Figure 5.1: Panel (a): FUV Luminosities of the LARS galaxies in function of
redshift (top) and Hα equivalent width (bottom). Panel (b): BPT type classification of the LARS galaxies (purple diamonds) compared to the SDSS DR7 spectroscopic database and to the starburst-AGN dividing lines according to Kewley
et al. (2001) and Kauffmann et al. (2003).

reinforced by the study of the optical morphology which also concluded that
LARS galaxies’ morphology is consistent with the one of merging systems,
and irregular or starburst galaxies (Guaita et al., 2015; Micheva et al., 2018).
LARS galaxies were observed with many telescopes and instruments. My
work of Paper III and IV was based on multi-band observations with HST.
In particular, all galaxies were observed with F140LP and F150LP long-pass
filters of the solar-blind channel (SBC) camera and with a combination of 3
broad-band filters in the optical bands corresponding to bands U, B, and I of the
Johnson-Cousins system (for LARS01 to LARS12, excluding LARS03, these
correspond to WFC3/UVIS filters F336W, F438W and F775W). In addition,
line emission in Hα and Hβ were observed in HST narrow-band filters, and
Ly-α emission was imaged using a synthetic filter made from the combination
of SBC long-pass filters, namely F125LP-F140LP for LARS 01 to 12 and
F140LP-F150LP for LARS13 and LARS14. In addition to HST observations,
LARS galaxies were studied using the following facilities/observations:
• UBIK broadband imaging obtained at the Nordic Optical Telescope (NOT)
and at the Canada-France-Hawaii Telescope, in order to obtain deep surface photometry (Micheva et al., 2018).
• The 100 m Green Bank Telescope (GBT) and the Karl G. Jansky Very
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Large Array (VLA), in order to spectroscopically study the HI emission
from the neutral gas (Pardy et al., 2014).
• the Potsdam Multi-Aperture Spectrophotometer (PMAS) to study resolved Hα kinematics (Herenz et al., 2016).
The last two studies mentioned, in particular, were aimed at the characterization of the ISM inside and around the LARS galaxies.

5.2

Clumps in the LARS sample

Papers III and IV are part of the same project and were divided in function
of the analyses carried out. In Paper III we introduced the methodology used
for the photometric analysis of the sample and we focused on the photometric
properties of the sample, such as luminosity and clumpiness (the fraction of
galaxy UV emission from clumps). In paper IV we described the methodology used for deriving ages, masses and extinctions of the clumps via brad-band
SED fitting and we focused on the physical properties of clumps, including
their supply to the ionizing radiation produced in the host galaxy. The photometry and SED-fitting methodologies used were already described in Chapter 2
of this thesis. In the reminder of the current chapter the main results of Paper
III and IV are presented.

5.2.1 General clumps properties
In total we studied more than 1400 clumps in the 14 LARS galaxies. Of those,
608 clumps were detected with magnitude uncertainties less than 0.3 mag in
all the 5 broad-band filters. The clumps effective radii range from ∼ 10 to
∼ 500 pc, with a median radius of 70 pc. This indicates that even if all the
sources studied are cluster complexes, many of them are made by only few
clusters. Due to the different redshift of the LARS galaxies, we are sensitive
to different sizes from galaxy to galaxy. As an example, in LARS01, which
is the closest galaxy, we are sensitive to clump radii in the range 12 − 140
pc, while in LARS14, the most distant one, we are sensitive to clump radii
in the range 65 − 760 pc. The different physical resolution achievable in the
LARS galaxies has a similar effect on the clump luminosities and on the derived masses. Clumps are on average brighter in more distant galaxies. This is
an effect of clumps including more single clusters when the physical resolution
is poorer, as it was tested in Paper III using the nearby galaxy ESO338-IG04
and degrading its resolution in order to simulate its observation at the redshift
of different LARS galaxies. For the same reason, the median mass of clumps
in the nearer LARS galaxies are ∼ 5 × 105 M , and it becomes ∼ 106 − 107 in
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the four most distant galaxies. The typical masses are therefore smaller than
what found in high-redshift systems, as expected because of the smaller physical resolution achievable in LARS. In general, however, the mass distribution
of LARS clumps encompasses the entire range between 103 M and 109 M .
On the other hand, the clumps of the samples are very young, with a median
clump age of 4.7 Myr. These young ages are set both by the LARS galaxies experiencing recent episodes of intense star formation and by the selection
criteria of the sample, relying on observation in the FUV and U filters and
therefore bias towards young clumps. Finally, clumps have very little extinction, with more than 50% of the sample with EB−V < 0.1 mag.

5.2.2

Main results

Similarly to what found in other studies of clumps and clusters in nearby galaxies, the UV luminosity function of LARS clumps is consistent with a power+0.11
. If only
law with slope −2. More in detail we found a slope α = −2.08−0.12
the closest galaxies are considered (LARS01 to LARS09) the best-fit slope be+0.11
comes α = −2.19−0.12
. We divided the sample in two groups, on the basis
of the host galaxy ΣSFR , in order to test if the SFR density on galactic scale
is correlated to the luminosity of the clumps in the galaxy. We find that the
luminosity function is shallower in galaxies with higher ΣSFR . This result is
similar to what found in the clump study by Cook et al. (2016) and suggests
that higher SFR density can affect the clump formation by creating on average
brighter (and possibly more massive) clumps.
In Paper III we converted the clump UV luminosities into clump SFR values, using the relation in Kennicutt & Evans (2012), and we compared their
values to what found at different redshifts in literature studies characterizing clumps at similar physical scales. The importance of comparing SFRs of
clumps with the same resolution is, as explained in the previous section, due
to the resolution affecting the derived size and luminosities of clumps (as also
pointed out in Fisher et al., 2017b). We found that, on average, LARS clumps
have higher ΣSFR than clumps in local star-forming galaxies from the SINGS
sample (Kennicutt et al., 2003). In considering the redshift evolution of ΣSFR
(Eq. 4.3) derived by Livermore et al. (2015), most of the clumps in the LARS
sample have ΣSFR values consistent with expectation at redshift z = 1 − 2. The
LARS clumps with highest ΣSFR have values similar to clumps observed in
z > 3 galaxies.
LARS galaxies appear characterized by many clumps in the UV and we
estimated their contribution to the total UV emission of the host galaxy. We
did this in two ways, firstly considering all the clumps, summing up their UV
luminosity and dividing it by the host galaxy UV emission. A second way
90

was considering only the 5 brightest clump in each galaxy and dividing their
mean and median UV luminosity by the one of the host galaxy. In both cases
we refer to this ratio as ‘clumpiness’. We relate the clumpiness values we derive to galactic-scale properties, namely the galaxy ΣSFR and the ratio between
rotational and dispersional velocity of the gas in the galaxy (vs /σ0 ), obtained
by Herenz et al. (2016) via Hα observations. This last parameter quantifies if
the gas in the ISM is dispersion dominated or not. We found that clumpiness
is generally correlated with both vs /σ0 and ΣSFR , such as galaxies which are
more dispersion dominated (lower vs /σ0 ) and have higher SFR densities have
higher values of clumpiness. We find a possible correlation also with the escape fraction of Ly-α, the ratio between the Ly-α emission produced in the
galaxy and that one escaping from it. LARS galaxies with high values of Ly-α
escape fraction have also high clumpiness.
All the correlations found rely on small number statistics, as we only have
14 data in the sample, and would benefit from the inclusion of more galaxies in the sample. In addition, even if LARS galaxies span a wide range of
vs /σ0 values, they all have similar SFR densities. A broader dynamical range
in galactic-scale ΣSFR values would help to probe its effect on the formation
of clumps. Concerning this last consideration, an extension of the LARS sample (eLARS) consisting of 28 additional galaxies observed with similar HST
filter-sets will be presented in Melinder et al., (in prep). Those galaxies are in
the same redshift range as the LARS, allowing to resolve clumps at the same
physical scales, and have on average lower ΣSFR values, constituting a perfect
extension of the clumps study done on LARS.
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