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Abstract

Luminous Blue compact galaxies (BCGs) are metal-poor dygtive
star-forming systems, characterised by bright ultratiolend blue
luminosities. Hubble Space Telescope high-resolutiora detve revealed
that the luminous star-forming knots in these galaxies ammposed of
hundreds of young massive star clusters. In this work weapitess systematic
study of the star cluster populations in BCGs with importamplications
for the formation history of their host systems. The studiathgies show
recently increased star formation rates and a high fraciiomassive clusters,
probably as a result of minor/major merger events. The agehilisons have
a peak of cluster formation at only 3.0-4.0 Myr, unveilingraque sample of
clusters still partially embedded. A considerable frattad clusters (30-50
%), mainly younger than 10 Myr, shows an observed flux excessden
0.8 and 2.2um. This so-called near-infrared (NIR) excess is impossible t
reproduce even with the most recent spectral synthesis Is¢tiat include
a self-consistent treatment of the photoionized gas). Thgnoof the NIR
excess, which still remains unexplained, challenges oderstanding of the
cluster formation process under extreme conditions.

The results achieved in this work have produced importamglis into the
cluster formation process in BCGs. We suggest that the BGA{eagmment has
most likely favoured the compression and collapse of giasieoular clouds
into compact massive star clusters. The cluster formatibciericy (i.e., the
fraction of star formation happening in star clusters) in@&ds higher than
the reported 8-10 %, for quiescent spirals and local stanifty galaxies. Lu-
minous BCGs have a cluster formation efficiency comparabliiminous
infrared galaxies and spiral starburst nuclei (the avatagdue is~ 30 %),
suggesting an important role of the merger event in the etdstmation.
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1 Introduction

The formation of a star is a small event in the lifetime of a gglalthough it
involves processes which are barely understood yet. If Wagaour view on
the surrounding region of this star, we discover that thenéwever happens
in isolation, but is part of a network which embraces seveealborn stars.
However, we are still looking at very small scales! If we iaspthe galaxy in
its entire structure, we can easily recognise regions wdunielextremely active
in forming stars and others that are more or less quiesceptbfight knots
of star formation show clustered groups of stars. Some of {tieose who are
gravitationally bound, will slowly evolve together untiydamical factors or
external events will break the equilibrium between the merslof the system
and disperse the stars into the galactic field. Not all thkastgroups will
dissolve, however. Our galaxy, for example, shows us syst@hich have
survived bound for a hubble time, the so-called globulastelts (GCs).

In this simplified picture of the star formation process wa trace some
important factors: i) First, the formation of stars is a hrehical event. ii)
Second, at the nodes of this network, where the gas dengitths interstel-
lar medium (ISM) are higher, ensembles of stars are fornigtlaist, the dis-
persion of these knots happens in a gradual fashion and depém several
factors.

To distinguish among different stellar ensembles, we nedabk at the star
formation efficiency happening in these nodes. The star fiomafficiency
is the fraction of gas which has been transformed in starthelfformation
efficiency is low, transient stellar agglomerates and lddBeassociations (so
called because stars of O and B spectral type are used to &éing tire formed.
Higher star formation efficiencieg(30 %) are needed to form gravitationally
bound systems which will survive at least a few hundreds of Myfore they
dissolve (i.e. , young star clusters - here referred to assySthe formation
of a star cluster is at the top of the star formation procedskaeps imprints
of the mechanisms at work in the host galaxy.

The subject of this thesis is the study of the starburst pt@seand evo-
lution of a class of special dwarf galaxies in the local urseg the luminous
blue compact galaxies (BCGs). These are intriguing systéhes; show star-
burst activities unsustainable on long timescales andigan ancient story,
which started in a universe much younger than the one we wbteday. The
connecting thread between the study of these systems aiYétbe resides in
the burst of the star formation activity, which creates ntous star clusters
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and star cluster complexes in these galaxies. We will useltisters to trace
the history of the starburst from its beginning and the e€us&tirmation effi-

ciency, i.e. the fraction of star formation happening irr stasters. The link
between these statistical properties and the starbursttgomigh the environ-
ment of the host galaxies which plays its role as well.

We organise the thesis following the sahierarchywe observe in nature.
In Chapter 2, we dissect the different elements involvedéformation of a
cluster and a cluster complex. We will discuss the definibba cluster and
use two observational examples of hewborn star clustersfasence frames
for the studies of the YSCs in BCGs. The latter, in fact, appsgpoint-like
objects and are unresolved in our data. Some of the most tegqroperties
of YSCs are collected in Chapter 3. In this chapter, we witlu® mostly on
the assumptions made in our studies of YSCs and on theiststatiproper-
ties. We will also describe the different cluster disruptgcenarios currently
supported. The following chapter, Chapter 4, is dedicate@nainly obser-
vational) studies of the BCGs. We will focus on salient pmtigs of these
galaxies which make them interesting to study and undetstarChapter 5,
finally, we put into a wider context some of the common featueyealed by
the analyses of the YSCs in three luminous BCGs, Haro 11, ESAG83,
and Mrk 930.

1.1 My contribution to the papers included in this work

Paper I. In this paper, a comprehensive multiwavelength study efltimi-
nous infrared galaxy (LIRG) IRAS 19115-2124, dubbed the B&rgresented.
The system is a rare example of a triple galaxy merger. It isite @bscured
system at optical wavebands, but reveals numerous staeckrsots in the
infrared (IR). My contribution to this study has been theedé&bn and the
analysis of the star cluster population. The difficulty obthtudy has resided
in the interpretation of the observed IR cluster colors drel\tery limited
multiwavelength sample used for probing the cluster SEDsh&ve decided
to include this paper in the thesis because it is one of thdl smabers of
works on the analysis of YSCs in LIRGs so far available and bseshe IR
colors of the clusters suggests the presence of a flux expessiply similar
to what detected in the YSCs of the BCGs (as discusseayper Il to V)

Paper Il andPaper IV. In these two papers, | was responsible of most of
the data reduction, analysis, discussion, referencestbténature, and con-
clusions. | developed my owx?-fitting code. | tested uncertainties perform-
ing completeness tests and Monte Carlo simulations of@lsigtopulations. |
wrote all the sections of the two papers except Section 4Phper Il.

Paper Il . Using the synthetic spectral evolutionary models, aébksin
our group, | performed a series of tests to investigate thgaanof a self-
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consistent treatment of the photoionized gas emissiondrirtegrated light
of avery young star cluster. | led the discussion and wrotstiofithe contents
of the paper except the second paragraph in Section 2.1 ahgdiagraph of
Section 3.

Paper V. In this paper, | applied a similar analysis a®per || andPaper
IV. I led the data reduction, analysis, discussion, and wgitihthe Hubble
Space Telescop#iST) data and in general of the part of the paper related to
the star clusters analysis (Section 1, 2.1, 3, 4, 5.1, 542 28hd 6).

Paper VI. In this final paper, | used previous tested relations abkslin
the literature to investigate the nature of the starburstriinous BCGs. | dis-
cussed the results with scenarios available in the litezatuwas responsible
of the whole analysis and of the paper writing.






2 Young star clusters: formation and
early evolution

2.1 Introduction

Star formation is the basic channel through which galaxig loip their stel-
lar populations. This process proceeds in different waykeeiquiescently,
i.e., a small amounts of stars are formed constantly overiagpwhich can
be as long as the hubble time; or at such high rate that thesfysglies (gas)
can sustain the burst only for a very short lapse of time.

A close look into these star-forming regions reveals anglyicomplex
modes of star formation driven by the interaction betweavitgtional and
magnetic forces acting on the gas.

Nearby star-forming regions show us that star formatiorpkap in a clus-
tered fashion, i.e. stars form in ensembles, and the onedwané gravitation-
ally bound may survive as bound objects over a hubble times& kgstems
are commonly called star clusters and appear to be a typitebme of the
star formation process acting on large dynamical scales.

Observations in the Milky Way (MW), show that cluster forinathas pro-
ceeded more or less constantly in our galaxy. The most masteiNar clusters
are evolved stellar ensembles, i.e., globular clusters) (@t ages of a few
Gyr. Younger stellar systems, the so-called open clus@&),(have a wide
age range (usuall$0— 100 Myr or older) and smaller masses. In the spiral
arms and in the galactic centre, where star formation iyelgtoperating, it
is possible to observe also very young stellar clusters aggbs less than 10
Myr, which are still embedded or partially embedded in treudl of gas and
dust where they have formed.

In this chapter, we will focus on the formation and early ewioin of the
young star clusters (YSCs, with this term we will indicatr siusters younger
than several hundreds of Myr), using some of the main reaahgved from
studies of the nearby clusters, where it is possible to vesleir individual
components.

2.2 The hierarchy of star formation

Observational evidence suggests that star formation pdsca a self-similar
hierarchical fashion, both in space and time, from galactistellar scales
(see Elmegreen 2010, for a short review). Studies of youngf@taing re-
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Figure 2.1: The molecular gas map of the Orion complex by Wilson et al080
Contours and color scales show the velocity-integratezhsity of the CO(1-0) tran-
sition line. Monoceros R2 (centre-left region), Orion Awer central structure), and
Orion B (middle right agglomerate) all have an estimatedswdis- 10°M..,.

gions in the MW suggest that clusters form in giant molecdlends (GMCs,
see Lada & Lada 2003, for a review). GMCs are extended and ¢natregiruc-
tures formed by molecular and neutral gas and dust (McKeet&ikes 2007).
On large scales GMCs are organized in cloud complexes wiméhtary
morphologies and are mostly located in high density regilkes spiral arms
(Grabelsky et al. 1987; EImegreen & ElImegreen 1987; Engargiah 2003;
Wilson et al. 2005). These gigantic structures fragment GaMCs, which
then fragment into molecular clumps with masses up to sedéril., be-
ing the seeds where star clusters will form. The latter fragri@ther down
into dense molecular cores which are gravitationally boimthese cores, the
stars are born (Williams et al. 2000). Figure 2.1 shows a ocutde map of the
Orion GMC complex, which contains 3 famous star-formingioag of the
MW: Orion A, Orion B, and Monoceros R2 (Wilson et al. 2005). Ehmneen
(2008) suggests a relation between the density of a corepcumd the for-
mation of a star clusters in it, due to the enhancement of tdrefermation
efficiency (the ratio between the initial total gas mass amal tellar mass).
Star formation proceeds also in lower density regions btit &ilower ef-
ficiency. Stellar associations and agglomerates, formdbese low density
regions will thus be dispersed more easily.

Stars (small scales), associations (intermediate scddes, densities
regions), and clusters (large scales, higher densitiesalaformed in fractal
structures which are spatially more correlated at youngesaln the two
Magellanic Clouds (SMC and LMC) and other dwarf galaxiesdligtsi of the
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position of the field stars, the associations, and the alsigbow a higher
clustering for younger samples, and a clear smoothing ofottler fractal
structures (Gieles et al. 2008; Bastian et al. 2009a, 2010b)

Substructures have also been observed in the cores of tiurferming
clusters (e.g. Testi et al. 2000; Feigelson et al. 2009)gssiing that the re-
sulting system will be formed by the assembling of these sygtems. The
fractal nature of the forming cluster could explain the mssgregation phe-
nomenon observed in some YSCs (de Grijs et al. 2002; Goubkeetnal.
2004), i.e. massive stars reside preferentially in theraérdgion of the clus-
ter. Mass segregation can be primordial, i.e. massive &iarspreferentially
in the central most dense regions, or dynamical, i.e., wmastars migrate
toward the center because of two-body interactions. By @ mumerical
simulations, Allison et al. (2009) showed that substrueguzan dynamically
interact in shorter time-scales than homogeneous stafiritaitions (which
need, instead, a time comparable to the relaxation scgléBennell & Davies
1998), and produce mass segregation in very young stellatesk. The mas-
sive galactic YSC Westerlund 1 shows mass segregation andaion along
the Galactic Plane which can be explained if the system haseo by the
merger of subclumps (Gennaro et al. 2010).

2.3 The early evolutionary stage: cluster formation and
gas expulsion

The assembly and collapse of GMCs, which will eventually falostered
groups of stars, is an active field of current theoretical alpservational in-
vestigation and it has recently being reviewed by McKee & iRst (2007).
Currently, there are two main branches of theories to exsiar formation in
GMCs. The global models infer the triggering of star formatio an external
cause: shocks from supernova explosions, mid-plane pess¢shear in the
galactic medium), and gravitational instabilities. Thedbmodels advocate
internal triggering mechanisms, like UV-shielding (UV tig for ultravio-
let) from massive stars and/or turbulence and magneticsfiekegrnal to the
GMCs. In any case, the star formation efficiency in the stamfiog region
determines the survival probability of the newborn cluster

Lada & Lada (2003) define a cluster as a group of stars in a statieialf
equilibrium that is dense enough to survive against thecgjaltidal field and
the encounter with molecular clouds. Moreover the evapmréime (the lapse
of time necessary to dissolve the group) should be higher 168 Myr (typ-
ical age of an OC). From dynamical estimates, they find thabamgof~ 35
stars could be qualified as a cluster.

It is not trivial to make a clear definition of a cluster. Bregst al. (2010)
estimate that only26% of young stellar objects (YSO, accreting protostars
with circumstellar disks) in the solar neighbourhood aated in dense re-
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Figure 2.2: Cumulative distributions as function of the ratio age-tossing time [1)

of nearby systems for which estimates of the mags;,Rnd age are available (Gieles
& Portegies Zwart 2011). The panels show samples of diftexges, as indicated. The
value ofl1 = 1 is shown with a vertical dashed line. Some of the most kngstesns
are indicated in the corresponding cumulative fractiom&al Clusters withl > 1 are
believed to be bound.

gions, i.e. embedded star clusters, while most of the stans in a hierarchi-
cal fashion and will populate the galactic field. This resnipiies that only
a small fraction of the formed stellar agglomerates are itgonally self-
bound, i.e. star clusters.

A recently born cluster is embedded in the cloud of dust arsvgzere it
has formed. This early stage is commonly observed in theveddf SCs of
the MW (Lada & Lada 2003) and of the other nearby star-formingxdes. It
represents the most crucial moment in the lifetime of a elyskecause of the
dynamical changes acting on a timescale of a few Myr. The gttév radia-
tion produced by massive stars ionizes the remaining gasraade emitting
Hil regions, typically observed in young star-forming regidviereover, stel-
lar winds and supernova explosions produce feedback whicburs to expel
the remaining gas from the interstellar medium. Because atad gas are ini-
tially in virial equilibrium, after the gas expulsion (i,enass loss), the stars
will dynamically respond to the new gravitational potehtiepanding the ra-
dius of their orbits to reach a new equilibrium. Using cagales of YSCs and
associations of our galaxy, Lada & Lada (2003) observed th&o3ff the
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clusters do not survive the gas expulsion phase. In thalitez, this has been
referred to agnfant mortalityof a cluster.

If the gas expulsion happens instantaneously and more & bf the
mass is lost (star formation efficieney0.5) the system will disperse (Hills
1980). In reality, the gas expulsion, even if it happens amrtstime scales,
is not instantaneous, so the stellar system has some timespomd to the
varying potential (Bastian & Goodwin 2006; Larsen 2010).rkr@ compila-
tion of local galactic and extragalactic YSCs, OCs, OB aisdions, and loose
agglomerates, Portegies Zwart et al. (2010) observe thaffbetive radius
(Reft, or half light radius) increases as a function of the age efsystems,
indeed suggesting, a dynamical evolution of the clusters.

Interestingly, using the same set of data, Gieles & Porsefieart (2011)
infer an empirical relation to separate clusters from lcassociations, which
will eventually dissolve. For the latter the crossing timig,{s the time nec-
essary for a member of the cluster to cross the system) is tangér than
the age of the stars, so that the rdflo=Age/t;oss < 1. These systems are,
therefore, dynamically unbound. In Figure 2.2, we show & fstam Gieles
& Portegies Zwart (2011). The division between bound and undaystems
is more clear once the gas-expulsion phase is evell Myr). Although this
definition appears quite solid, it is, however, difficult fupdy to studies of star
clusters systems for which an estimate of the:Rs not available or impossi-
ble to obtain because of the limited available data.

5

2.4 Two instructive examples of star clusters at an early
stage

In this thesis, we will focus on unresolved extragalactic€g&nd GCs. Due to
the distance, these systems cannot be resolved in thegretiff components.
For this reason, studies of very young resolved clustersrobd in the MW
and in nearby local galaxiesc(3 Mpc) can be a unigue chance to look into
the details of their formation. Very young star clusterdia Milky Way show,
at ages below 6 Myr, a rapid and complex evolution from beiegpdy em-
bedded in the natal GMC to shining in an environment that ke lwleared
from the dust and the molecular gas.

We present here two instructive examples of resolved YSCH&adus
(hereafter 30 Dor) and NGC 602 (left and right panel in Fig2u®, and as-
sume that a considerable fraction of the unresolved Y S@Bextun Paper |
to VI have similar properties and morphologies.

Among the youngest and most massive resolved star clug@rBor in
the Large Magellanic Cloud (LMC) represents the best refereaaunder-
stand what a recently born very massive star cluster loéks 80 Dor is the
central region of the extended Tarantula nebula. Multihevgth studies of
this region have dissected the different components of tmeptex 30 Dor
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Figure 2.3: In the left-side image, a 3-color composition of the 30 Dagioa: the
bright UV radiation and high-speed material by the YSC ledatn the left centre,
blow into the clouds of gas and dust. The impact causes tharghdust to glow, and
triggers star formation (Credit: NASA, N. Walborn and J. it&ipellaniz (Space Tele-
scope Science Institute, Baltimore, MD), R. Barba (La P@keservatory, La Plata,
Argentina). In the right a 3-colodST composition of NGC 602 by Carlson et al.
(2007). The green dots mark the position of the PMS starstandhite circles of the
YSOs in the cluster. The latter are systematically locatetié outskirts.

environment. Walborn & Blades (1997) identified five diffietstellar popu-
lations in the region: in the bright core, early O-type stalsgch are part of
the compact star cluster R136 (central core of bright statlse left panel of
Figure 2.3); embedded massive YSOs in the north and wesinggand 3
more evolved stellar population groups in the southern aattin away in
the western region. The R136 cluster has a mass18°M., and is 3 Myr old
(Portegies Zwart et al. 2010 and references therein). Thigaucegion € 3
pc) is dust and gas-free. Recent studies (Crowther et aQ)28port that stars
more massive than the usually assumed theoretical limi20M\;, reside in
the core of R136, supporting the extreme nature of the sterdtion process
in very massive star clusters.

NCG 602 is a young~4 Myr) and rather low-mass (a few timé§*M..)
star cluster, located in a low gas density region of the SMfe (3arlson et al.
2007). This is a good example of a low mass cluster. OpttSiT imaging
data shows that the spatial distribution of pre-main secgietars (PMSs,
green dots in the right panel of Figure 2.3) coincide with plesition of the
main sequence (MS) massive stars (bright blue stars in thgajrand appear
to be coeval (i.e. the massive stars have reached the MS thieilower mass
stars are still in the contracting phas8hitzerIR imaging data allowed the
detection of a very young population of YSOs located preféadly at the
edges of the clusters (white circle in the right panel of Fég2.3). They are
of class type 0-l, i.e., accreting massive proto-stard) lifétimes much lower
than 1 Myr, implying that they have been produced recenttythat the star
formation has proceeded until now in this region.
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Both examples show some common features. The massive arteligbor
stars, which rapidly reach the main sequence and produmegstvinds and
UV radiation, ionize the intracluster gas and create bubaflel shells. These
Hil regions surround the optically bright core of stars andiSaamtly con-
tribute to the integrated fluxes. However, a large fractibthe stars is still
accreting material from their dusty disks (YSOs) or cortragc(in the PMS
phase). The edges of the clusters are places for triggerece@edmn 1998)
and progressive star formation (e.g Walborn et al. 2002isGaret al. 2007,
Bik et al. 2010; Martins et al. 2010). Because a large fractib YSCs in
blue compact galaxies are younger than 10 Myr, these two gbeacan be
considered as a framework for our analysis (see Chapter 5)
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3 Young star clusters: statistical,
physical, and dynamical properties

3.1 Introduction

In this chapter, we summarize some of the main propertidssoéxtragalactic
(mainly unresolved) star clusters. Because a fraction eintlare long-lived,
they can be used as tracers of the star formation historyeaf iosts. More-
over, star clusters are quite bright objects, easily oleskat great distances,
thus making it possible to study them even in galaxies oetid Local Group
(e.g. Holtzman et al. 1992). Galaxy encounters and starepisodes enhance
the formation of young star clusters (e.g. Whitmore & Schagell995, Holtz-
man et al. 1996; Alonso-Herrero et al. 2000; de Grijs et ad32QPaper I).
However, young star clusters are observed also in quiespéral galaxies,
where the star formation rate (SFR) is lower and constagt garth et al.
1995; Carlson et al. 1998; Larsen 2002; Bastian et al. 2005aMbal. 2009).
Massive star clusters form, during sporadic episodes, evdwarf galaxies
(NGC1569, Arp & Sandage 1985; NGC1705, Melnick et al. 198%e2-10,
Conti & Vacca 1994; SBS 0335-052E, Thuan et al. 1997; ESO3384G-0
Ostlin et al. 1998; Billett et al. 2002). Unlike the MW, wheressive YSCs
are rare (or possibly not detected yet, see Portegies Zwait 2010, for a
list of all the known YSCs in the MW), extragalactic YSCs sedmbe rather
massive (M- 10* — 10°M..) and compact (R f ~ 3 pc) (see Whitmore 2003;
Larsen 2010, for reviews), suggesting that they are likedygrogenitors of
the more evolved GCs.

3.2 The study of unresolved star clusters

Studies of unresolved YSCs are based on the analysis oftitegrated prop-
erties. In a simplified picture, a cluster can be thought dbawed from a gas
cloud, which eventually collapses and gives birth to thadsaf gravitation-
ally bound stars. The stars in the cluster can then be treatadiagle stellar
population (SSP), which evolves in time. The light we recdieen the clus-
ter is the integrated contribution from every star in thestdu By comparing
spectral evolutionary synthesis models to the integratexlgmetric proper-
ties of the cluster, i.e. the spectral energy distributi8&D), it is possible to
determine age, mass, and extinction of the YSCs. Below, seuds two of
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the main assumptions made in these models in detail andsatbsesalidity
of these assumptions in the modelling.

3.2.1 Clusters form in an instantaneous burst

The first assumption made is that all stars in the cluster forinie instan-
taneous burst, or in other words, that the stellar populaiocoeval. This
assumption is quite debatable because it seems to be dotathdy some
observational evidence. In the previous chapter, we désrlihat the star for-
mation is usually not instantaneous in star-forming regjand propagates
in a hierarchical fashion toward the outskirts where thergasoval has not
been very efficient. However, the densities and the stardton efficiency
in these most external regions are quite low, so after 10-¢2f) tey will be
dispersed. Only the core region, which is gravitationalyibd, will survive
after the gas expulsion. The cores of the star-forming regappear to be
coeval so there is a fairly good chance that, after all, tasumption is not
totally wrong (the spread is smaller than 3 Myr, see Masseyutier 1998),
for studies of clusters which have survived the gas expulgiase.

It is well known that some very massive CGs{M(°M..) of the MW and
of the LMC show multiple stellar populations of different rakéitity and age.
The age spread between the populations of the same clustefrear 200
Myr to 1 Gyr (Milone et al. 2008, 2009; Piotto 2008, for a rev)elt is still
under debate what causes such age/metallicity spreadrabéveories have
been proposed: (i) the merging of two star clusters withdarge differences
(Mackey et al. 2008); (ii) the formation of a second generabf stars from
the ejecta of first generation asymptotic giant branch (AG#Js (D’Ercole
et al. 2008); (iii) star cluster — GMC encounters, from whilol existing star
cluster accrete the newly formed stars (Bekki & Mackey 2009) inclina-
tion and fast rotation of the star members (Bastian & de MiGRD; (V)
globular cluster formation in mini-dark matter halos, whiwould favoured
the trapping of the AGB stars ejecta in the central region taedformation
of a second stellar population (Bekki 2006). None of thegmardos has been
observationally probed, and all the models show caveatfhdiee that some
of the MW GCs are very massive (M10°M..). If we consider that a GC has
suffered dynamical and stellar evolution mass-loss tremitial stellar mass
has obviously been much larger. Such massive YSGs{ 10°M,,) have been
detected (mainly in starburst galaxies) but are rather Mogeover, there are
evidence supporting that some of these massive galactitkeGystems are
instead the remnants of some dwarf ellipticals accretechbyMW. For the
lower mass GCs in the LMC, Milone et al. (2009) refer to a brodulg of
the MS in the color-magnitude diagram of these objects, iwBiastian & de
Mink (2009) could explain if stellar rotation and inclinai are included as
parameters of the synthetic models. In the latter case rdsepce of a second
stellar population is ruled out. However in a very recentlialtion, Girardi
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Figure 3.1: A simplified sketch of the IMF, in its general shape, i.e., povaw at
masses larger thenNL,, (logm = 0) and log-normal at lower.

et al. (2011) show that only stellar rotation is not enougéxplain the broad-
ening of the MS and a second younger stellar population idetkelo date,
no cases of multiple stellar populations have been found3€ ¥bservations.
Therefore, even if uncertain, the SSP assumption is stiimet!.

3.2.2 Assumption on the initial mass function

To model the SED of a cluster it is necessary to make some asisunop the
stellar population content and consider its evolution Wiithe related to the
lifetime of the stars.

Since the pioneering study conducted by Salpeter (1958ppeared evi-
dent that the distribution of the stellar masses followekargath. A power-
law function with a slope of- —1.35described quite well the numerical incre-
ment of the stars towards lower masses. This function isnexldp as initial
mass function (IMF). Since then, much effort has gone intifyiag whether
this slope would change as function of the environment (fdds, associa-
tions, YSCs, GCs, galactic scales, metallicities, redshifd of the mass range
(many reviews have been written on the subject, see Badtiain2010a, for
the most recent). Nowadays, there is a quite good agreeimantar stellar
masses larger thanM,, the IMF in star clusters and agglomerates is described
by a single power-law function with a Salpeter-like slope,,dN O mYdlogm,
with y ~ —1.3. At lower mass range, however, there is no agreement yet. Ob-

servations agree that the slope of the IMF becomes less atémper masses
i _ (Iogm—logrm;)2 .
and follows a so-called log-normal shape, i-eexp 202 wherem is

the characteristic mass aothe variance of the distribution (see Figure 3.1).
There is however still disagreement on the stellar mass athwthie slope
change (e.g. Miller & Scalo 1979; Kroupa 2001; Chabrier 208 Rio et al.
2009; Bastian et al. 2010a).
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Figure 3.2: An example of the diagnostic age versysM ratio by Goodwin & Bas-
tian (2006). In different coloured symbols and error bax&ess sample of YSCs, for
which dynamical mass estimates are available (see Goodwiastian 2006, and ref-
erences herein). The assumed SSP model is based on a Krokgadkltext), while
the red (dotted and dashed) lines represent the effect o83Remodel of different
star formation efficiency, assuming instantaneously gasilsion at 2 Myr. All the
clusters which are close or below the black line have noriv&l Different star for-
mation efficiency predict which of them will survive to thesgexpulsion phase. There
is only one cluster which sits above the model. This is the M82uster, known for
displaying evidence of a top-heavy IMF (Smith & Gallaghe®2))

In this thesis, the study of YSC properties has been donerasgua univer-
sal Kroupa IMF (Kroupa 2001). The universal Kroupa IMF is dedirto be a
multiple power-law relation (the slopes at low mass rangmbees flat and not
too far from a log-normal shape), i.e. f§(m) Om 9, a =2.3atm> 0.5M,

o =13at0.08<m<05M,, anda = 0.3 at 0.01 < m < 0.08M,. This
IMF is often used in studies of YSCs and has been tested imaearasions
where direct dynamical estimates of the cluster masseddemrederived (e.g.
Larsen et al. 2004; Bastian et al. 2006; Goodwin & Bastian 28@65rijs &
Parmentier 2007).

The luminosity-to-mass\W/M ratio correlates the mass of the cluster (re-
lated to the assumed IMF as well) to its luminosity in the gisband. SSP
models are used to compute thg/M ratio, assuming an IMF. The observed
Ly of a clusters is thus used to calculate its mass, once thefdlge system
in known. If the mass of the cluster is derived in an independay (from
spectroscopic analysis), it is possible to test the predity/M ratio, which
depends on the assumption made on the IMF. The diagram indFsg2ishows
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how the predicted /M for a Kroupa IMF changes as function of the clus-
ter age (plot from Goodwin & Bastian 2006). Clusters, whicé lacated in
the proximity of the solid black line, have a mass functiorichlagrees quite
well with the predictions made from a Kroupa IMF. Systemsjohtsit be-
low the predicted relations, are found only at ages-dfo Myr, these objects
have experienced lower star formation efficiencies and gnamically un-
stable. They appear to be unbound after the gas expulsioe jbees Chapter
1). Only one cluster does not follow the expected trend, ith82-F, in the
starburst galaxy M82. This cluster shows evidence of haviog-deavy IMF
(deficient in low mass stars, see Smith & Gallagher 2001 di8suof the IMF
in M82-F have been inconclusive (Bastian et al. 2007; des@iParmentier
2007, for a detailed review of the case), putting a warningossible IMF
variations in extreme starburst conditions. However, mather studies of
IMF variations in very massive star clusters have been weastul (Bastian
et al. 2006; Greissl et al. 2010).

The IMF has a statistical meaning, therefore, uneven IMF &amp
(stochasticity) in clusters less massive thHRM,., are expected to cause
important variation in observed integrated fluxes at longewelengths
(A > 0.8 um). Studies of the evolution of stellar isochrones (Maiz ez
2009, among many others) have shown that red supergianGgR®minate
the star cluster light at red and near-IR wavelengths as/ eaxl7 Myr.
Traditionally, SSP models are constructed by integratimg ¢ontribution
to the cluster’s light from all the stars populating a wellngded IMF,
normalized with respect to the mass of the cluster. This nakihchowever,
valid only if the stellar population has a total mass of atsteBPM.,
otherwise uneven sampling introduces important changtsicolors of the
clusters. In fact, the IMF describes a probability disttibo of the mass at
which stars form. This means that, in nature, the IMF sampbng purely
stochastic event. For clusters with masses not large entmufiily sample
the IMF, the colours of the clusters are dominated by fluatnataround the
expected values (see Cervifio & Luridiana 2004; Fouesneau &draf010).
At cluster ages between—®0 Myr, RSGs dominate the light at red and
near-IR wavelengths. If the observed cluster happens te &darger number
of RSGs than predicted by the model, this would be seen as@sgin the
observed flux ah > 8000A.

3.3 The cluster luminosity and mass function

3.3.1 The young star clusters

From studies of YSCs, it has been observed that the distibwif the
cluster mass can be approximated with a power-law functiothe type
dN(M)/dM = CM#, whereB ~ —2 (e.g. Zhang & Fall 1999; Bik et al. 2003;
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Hunter et al. 2003; de Grijs et al. 2003a). In many studiegidver, the mass
determinations are model-dependent or limited by the abhkil data and
the CMFs are determined over different mass ranges. Aneadimethod
to test the the cluster mass function (CMF) is to look at tteminosity
distributions, i.e. the cluster luminosity function (CLAssuming that the
CLF is built up of fully sampled CMFs formed at different agis resulting
CLF is supposed to have the same power-law shape.

In reality the observed CLFs have a large spread of power ldiges rang-
ing from —2.4 < B < —1.7 (e.g. Larsen 2002; Hunter et al. 2003; de Grijs
et al. 2003a; Mora et al. 2009; Whitmore et al. 2010, for agitsil CLF
and CMF in the Antennea system). Interestingly, some gedaltave a dou-
ble power law CLF, steeper than2.0 at the bright end, and approximately
—2.0 at the faint end. The bend occurs betwee&h0 and—10.0 mag (Larsen
2002; Gieles et al. 2006b,a). The steepening of the CLF (botirigle power
laws and for the bright-end of the double ones) could be ax@dibby a trun-
cation at high mass in the CMF (Larsen 2002), or in other waadsnit on
the maximum mass with which a cluster can be formed. Gielat €006a)
showed that galaxies with a double power law CLF impose phl$imits
on the maximum cluster mass. A steepening of the CLF as functidhe
wavelength is expected if there is a truncation in the CMi&sievolved stel-
lar populations are brighter at red wavelengths. Recelndigsen (2009) sug-
gested that instead of a sharp truncation in the CMF, a Stdrefcimction with
a characteristic mash|. ~ 2 x 10°M.,, and an index of-2.0 at the low-mass
end is a better representation of the CMF in quiescent sgaialxies. Shear
and/or regular patterns (like spiral arms) effectivelyitithe mass of GMCs
from which clusters form. In presence of merging events Wigichance the
compression and the star formation efficiency,Nhéhas likely higher values.
A Schechter-like CMF could explain the steepening of the Cttha bright
ends, why galaxies are able to form very massive clustetsyduy the most
massive young clusters scale with the global star formaditiniency of the
systems (Bastian 2008).

3.3.2 The globular clusters

Although GCs are believed to be the evolved counterpart@MBCs, they
show a different shape of the luminosity (mass) functioniciiwe refer to

as GCLF (GCMF). The GCLF (GCMF) has a log-normal shape with arath
constant turnover magnitude by = —7.4 (corresponding to a characteris-
tic mass ofVlc ~ 2 x 10°M,,, see bottom panels of Figure 3.3) (see de Grijs
& Parmentier 2007, for a review on the topic). It has been nleskthat this
turnover does not vary significantly in several nearby gakpsuggesting that
the same mechanism has shaped the GCLF in different galaxypements
(Jordan et al. 2007; de Grijs & Parmentier 2007). If one lcatkihe the spec-
tral mass (luminosity) function of GCs (i.eIN(M)/dM = CM, see upper
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Figure 3.3: The GCMF of the M87 and the MW by McLaughlin (2003). The usual
log-log distribution with a log-normal shape is clearly ebsble in the two lower
panels, respectively. Even if the distributions are noncimient in the bright and low
mass wings, the mass peak of the turnover is the same. Thespextsum distribution

is showed in the top panels. TV is the breaking-point between the two distribu-
tions.

panels of Figure 3.3) the distribution can be fitted by two pelaws with a
slope of~ —2.0 at the massive (luminous) bins, a break corresponding to the
Mc, and a flatteningr{ ~ —0.2 which variates from system to system) at lower
masses. Jordan et al. (2007) show that the GC spectral nstgbutions of
many galaxies can be better fitted with a Schechter functimhaascaling
characteristic mass ®* > a few10°M,,. Several possible scenarios are ad-
dressed by theoretical studies to explain the origin of tii&l & (GCMF),

a primordial origin, i.e. the GCLF has been established atithe the GCs
formed; as due to preferential disruption of the low massesys (de Grijs &
Parmentier 2007).

3.4 How are young star clusters destroyed?

There is a large disagreement related to the formation aniditewo of the
GCs and their similarity with YSCs. Cosmological simulascseems to sug-
gest that the primordial GCs have formed in dark matter haldsch have
subsequently been stripped (e.g. Kravtsov & Gnedin 2005hdlaenko &
Sills 2005). If this is the case, there is no connection betwtbe YSCs form-
ing at the present time and the ancient GCs.

The question whether the present-day star clusters wilisand become
GCs or GC properties have been shaped at the moment of theiation and
primordial evolution under different environmental caratis is by no means
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answered. A positive or negative answer to this questiohgiié important
clues to the star formation process as it was in the young aadalved uni-
verse, and how we can constrain this from the local examples.GCLF

(and MF) clearly shows that the lower mass objects have besfargntially

destroyed. On the other hand, YSCs show a CLF slope which tatiesly

close at the bright-end luminosity bins to the GCLF. Many efithave been
made to find traces of evolution in the CLF which could repréeses con-

necting thread between the two samples.

In this thesis we will not discuss further possible evolaéibrelations be-
tween the GCs and the YSCs. We will focus, instead, on theugwol and
possible disruption of a YSC after it has been formed.

As already discussed in the previous chapter, a large draofinewly born
YSCs are destroyed during the gas expulsion phase. This phedgant mor-
tality is mass independent, i.e. clusters of any mass caedteayed. After this
phase, which can last 10-20 Myr, the evolution of the YSCsghklig debated
(see Lamers 2009, for a short summary). Analysing the sanséeclpopula-
tions in several galaxies, two different scenarios haven lpreposed, which
are referred to as mass independent and mass dependeptidis(MID and
MDD, respectively).

The MID scenario (e.g. Fall et al. 2005; Chandar et al. 2006jtMére
et al. 2007; Chandar et al. 2010a,b) proposes that about 90starcclusters
dissolve for each dex of age, up to 1 Gyr. This phase is indegegraf the
cluster mass, as the gas expulsion and supernova feedbackihbounded
many of the clusters, which gradually dissolve. If this igtrthe YSCs are not
a reliable tracer of the properties of the host galaxy. Tleegtthe formation
and disruption (evolution) of a YSC is considered a locah¢a®d cannot be
used to constrain the environmental properties of the Wdttr 1 Gyr, this
disruption mechanism is over and the remaining clustersbeildestroyed
due to long-term interactions, e.g. two-body relaxatiorthis final phase the
lower-mass clusters will dissolve first.

On the other hand, the MDD scenario (e.g. Boutloukos & Lamé@32
Gieles et al. 2005; Lamers et al. 2005a,b; Lamers & Gieles 2Bi#es et al.
2007; Gieles & Bastian 2008; Bastian et al. 2009b) suggéstisthe clus-
ters, which have survived the gas expulsion, enter into eemaite phase,
where the stellar fading and internal dynamical interaxgtiare the only mech-
anisms at work (between 10 and 100 Myr). Gradually, the envirent and
internal interactions (two-body) act on the clusters anll, after a certain
lapse of time £1 Gyr), dissolve them. The disruption time scale is posi-
tively correlated with the mass of clusters (larger massese higher chance
to survive) and depend of the galactic environments, lidadg tidal field,
shocks by spiral arms and encounter with GMCs. Since thaptien is mass-
dependent, more massive clusters, after the gas expulkasephave rather
high chance of surviving and can be used to trace the staratarmhistory
of the host. An enhancement of the the SFR in the host will seiked in
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the cluster age distribution as a increasing of number ddaibjat the corre-
sponding burst age. Moreover, since the cluster and thdritesact, a shorter
or longer cluster disruption time-scale will give inforrat about the forces
operating in the environment.

Both scenarios are claimed to be supported by observatimddnce and
the convergence to a unified theory appears rather distaamyMncertain-
ties still affect the analyses, e.g., detection limits ompleteness, crowding,
spectral evolutionary models, etc. We have presented, hesienplified and
summarised view of the two scenarios. None of them can yeteprdether
or not the YSCs observed today are precursors of the GCs jmmodis a pri-
mordial (possible with dark matter?) origin of the lattes®ms in a medium
and under conditions not observed anymore in the local usgve

3.5 Relations between the host and its star clusters

The formation of a cluster appears to be correlated with tbpgaties of the
host galaxy. It is usually observed that galaxy mergersymednore numer-
ous and more massive clusters than quiescent spirals (L206&).Sampling
statistics (i.e., galaxies with a more numerous cluster populatiore lirsgher
chances to sample the CMF to higher masses) is a possiblanetigin for
this trend (Larsen 2002). However, the host environmenhigiays its role
in constraining the mass of the forming clusters (Gieled.2@6a). Using
numerical simulations of different host environments, tieir et al. (2010)
show that the shear in rotationally supported galaxies §pgrals) acts on the
collapse of the giant GMCs, causing them to fragment andufidwg the for-
mation of the less clustered OB associations and low-mas$eck. On the
other hand, the lack of rotation in dwarf galaxies and higlemal pressures
in merging systems favour the collapse of a single, massigigeavitationally
bound cluster. Numerical simulations show that possibis@@&ve formed in
strongly shocked media and high pressure fields, which hakareed the
gas compression and favoured the formation of more tighdlynid structures
(Elmegreen & Efremov 1997, Bournaud et al. 2008). Such canditare usu-
ally reached in galaxy mergers, where the very massive ystarglusters are
observed (Antennae system, Mengel et al. 2005; Arp 220,0/Vigt al. 2006;
the Bird galaxyPaper I)

Observed empirical relations between the properties ofdleg star clus-
ters and the SFR in the host support this scenario. Larsen BtlRiq2000)
firstly introduced the specific luminosity for young star stlers defined as
T =100¢ysterdLhost TL 9ives an estimate of which fraction of the total
galaxy light is produced by stars in clustered regions. Moee, this parame-
ter does not depend from the distance of the system, nor the imterstellar
absorption (if the clusters and the host have the same aragldening).
Using a sample of galaxies including quiescent spirals;fetaning irregular,
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starbursts and dwarf systems, they found that the speaifimhsity in theU
band, T_(U) and the SFR of the hosts were positively correlated atéigher
SFRs correspond a more numerous cluster population.

In a following work, Larsen (2002) found evidence of a posittorrela-
tion between the visual luminosity of the brightest stastsu (29" and
the density of the SFR in the host. The relation between thequamntities
can be understood if a higher SFR enables the formation oé massive
clusters. By means of numerical modelling, Weidner et &l0@) investigated
the physical conditions necessary to reproduce the raladgsuming that the
brightest cluster would be also the most massive. They wéed@beproduce
the observed relation assuming that a cluster populatidorieed within a
time scale of~ 10 Myr, following a CMF with a Salpeter power-law shape
(index~ 2.35).

Bastian (2008) enlarged the sample of Larsen (2002), inctudésolved
close-by star-forming regions and luminous and ultra-hous IR galaxies
(LIRGs and ULIRGS). Releasing the condition of the brightdgster being
also the most massive, he observed that the relation sh@ssdtatter if the
brightest youngest{ 10 Myr) clusters were used instead. Thig"9"*LSFR
relation holds for several orders of SFR values, suggestiagthe youngest
brightest cluster is a fairly good indicator of the preseRRSn the galaxy.
Monte Carlo simulations of cluster populations with a CMFpaiwer-law
—2.0 or a Schechter CMF with power-law2.0 and a characteristic mass of
a few times10°M,, where used to test different scenarios of cluster formation
efficiency. Using this relation, Bastian (2008) ruled outarsario where 100
% of the stars form in clusters with a CMF power-law of inde2.0. The
Larsen et al. relation appeared to be in better agreemenitsferk form with
a Schechter CMF and only 8 — 10 % of the stars reside in bound cluster
(cluster formation efficiency, ~ 0.1).

Finally, in a recent work by Goddard et al. (2010), it has befeserved that
the fraction of stars formed in bound star clusté€rgs higher for higher SFR
densities in the host. These observed relations clearlineuwtlscenario where
the cluster formation is intimately correlated with thergtamation process,
or in other words, that the birth of a cluster is a product oliaiversal star
formation process which operates on many scales of infensit
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4  Blue compact galaxies

4.1 Introduction

In this chapter, we present the main properties of the bluepeet galaxies
(hereafter BCGs). Observations of this class of galaxias fiest reported by
Haro (1956), but the term name of blue compact objects catae (Awicky
1963). They were described as stellar-like objects with simisline domi-
nated spectra. Several surveys conducted between the €@s880s, e.g. the
Palomar Sky Survey (by Fritz Zwicky and collaborators; thstfirublication
appeared as Zwicky et al. 1961); the First and Second Byur8kavey (the
first publication appeared in 1967 by Markarian, B. E.; thé\ss published
by Markarian et al. 1986); and the ESO/Uppsala Survey of thhson sky
(Lauberts et al. 1981, and references therein) detectedcagaising number
of these blue systems which caught the interest of the astrers for the pro-
duced intensity of the spectral emission lines. Sargent &rl8g1970) and
Searle & Sargent (1972) advanced the hypothesis that BC@s fweming
their first generation of stars, due to the low metallicitytemt detected. The
possible similarity between BCGs and high-redshift (hmyhsystems have
made these local bursting galaxies an always timely topic.

In the first section of this chapter, we will describe the nyatirysical and
dynamical properties of the BCGs. We will discuss diffeteiggering mecha-
nism for the ongoing starburstin these galaxies and thejegties at different
wavelengths. In the final section we discuss some siméarhietween BCGs
and high-z galaxies.

4.2 Properties of the blue compacts

BCGs are local systems, characterised by irregular moogjies and rather
high specific star formation rates (SFRs, e.g. Ostlin et @012 Gil de Paz
et al. 2003; Lopez-Sanchez 2010). They are also referred talagathxies
because of their prominent emission line spectra, simdahé Hi regions
observed in spiral arms (Melnick et al. 1985b). They span geai metal-
licities from 1/3 to~1/50 of the solar metallicity. They have probably experi-
enced a non-uniform star formation history in the form ofseplic starbursts.
In ground-based surveys, BCGs appear compact and show éidratsur-
face brightness due to the high star formation confined ircémral part of
the galaxies. The host systems, however, are fainter and exiiended, thus
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Figure 4.1: A schematic view of the different evolutionary scenariosamen dis,
BCGs, and dEs from Papaderos et al. (1996a). Scenario (dictsehat dls evolve
into BCGs when they experience a burst event. The two phbsestjing (BCG) and
quiescent (dl), can happen several times until all the gadban consumed and the
system evolves into a dE (Thuan 1985; Davies & Phillipps }988enario (2) sug-
gests that ram pressure stripping has removed the gas arsfoimraed dls into dEs
(Lin & Faber 1983). Scenario (3) proposes that BCGs form ftbm accretion of
metal-poor gas by dEs (Silk et al. 1987). The surface briggdrof the host galaxy is
higher in BCGs than in dls and dEs.

detectable only with surface photometry reaching fainplsmal levels, where
the starburst knots cannot outshine the underlying gaighy (e.g. Papaderos
et al. 1996b; Gil de Paz et al. 2003). It is in these extended@m luminos-
ity regions that a considerable fraction of the stellar nesgained in BCGs
reside (Marlowe et al. 1999).

Kunth & Ostlin (2000) reported a wide range Bfband luminosities for
BCGs,—12.0 <Mg < —21.0 mag. However, systems fainter thati7.0 mag
are usually called blue compact dwarfs (BCDSs).

According to the compilation made by Kunth & Ostlin (2000 8s, dwarf
irregulars (dlIs), dwarf ellipticals (dEs) and low surfacéghtness galaxies
(LSBGS) are all metal-poor systems. However, they are redido as different
classes of objects. The dEs clearly differ from the other deysfems because
of the dearth of gas and the absence of any current star fiomeattivity. In
some cases, BCGs, dlIs, and LSBGs show similar propertiesrighgn gas,
star forming, in the case of dls and BCGs they have irregutanphmlogies)
and any clear class separation is impossible. Since thaussaphase in BCGs
is a transient phenomenon, several evolutionary scenhaes proposed to
link these different classes of galaxies in a unified pic{gez Figure 4.1 for
a schematic view). If BCGs are experiencing a burst evenf this are the
likely quiescent counterparts (Thuan 1985; Davies & Pphid988). A few
transition between the dl and the BCG phase can occur bdfersystem
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has consumed/lost all the gas and becomes a dE. Lin & Faber)(4988est
a scenario where dis evolve into dEs because of the ram peessipping
which removes the gas. Finally, since BCGs show a low surfgicgtness
host, it has been proposed that the burst event could bedé@ysan infall
of metal-poor gas into a dE (Silk et al. 1987). Observatignabwever, these
evolutionary scenarios are not supported by clear difiegeim surface bright-
ness profiles among dls, dEs, and BCGs (higher in the latterPapaderos
et al. 1996a). Papaderos et al. (1996a) suggest that thelayidg evolved
stellar population produces different surface brightriisgibutions, because
it is affected by the changes in the global gravitationaéptal caused by the
transition from one phase to the next. However, Marlowe.€1.899) estimate
that to produce an expansion or contraction of the stellaufation, at least
50 % of mass loss or accretion it is required, a fraction tg fior the typical
gas and dark matter content of the dIs.

4.3 The starburst trigger

Since the luminous BCGs are undergoing a considerable etamafion

episode, their properties can be used to constrain how weastsir formation
proceeds in environments where the interstellar mediunhé&nically less
evolved. In the 70s, when these starbursting galaxies wese dbserved
and studied, it was suggested that they were producing fingigeneration
of stars (Sargent & Searle 1970; Searle & Sargent 1972). Menvéhe

photometric colours of the BCG outskirts reveal the preseoft a faint

evolved stellar population (e.g. Bergvall & Ostlin 2002;l @e Paz et al.
2003; Micheva et al. 2010), suggesting that these systemesdxperienced,
already in the past, intense starburst episodes inteddawquiescent periods
(e.g. McQuinn et al. 2010, and references therein).

Many BCGs, mostly the luminous (massive) systems, show elddence
of recent mergers or interactions with a close companiowi@3eet al. 1998;
Ostlin et al. 2001; Hunter & Elmegreen 2004). The merger exewb)ving
at least a gas-rich progenitor (LSBGs or-tloud), seams to be the starburst
trigger in several cases. Studies of the Melocity fields in 6 luminous BCGs
(My < —18.0 mag) have shown systems dynamically unrelaxed, with meltip
components, in some cases counter-rotating (Ostlin e0all)2 Not only the
gas, but also the stellar component seems to be dynamieatiyrped in these
galaxies. Long-slit and integral field (IFU) spectroscopgvglchaotic velocity
fields and in some cases decoupled gas and stellar kinenj@stin et al.
2004; Marquart et al. 2007; Cumming et al. 2008).

Hi surveys of BCGs reported many positive cases of the detectineutral
hydrogen around these active star-forming systems (eydorTat al. 1994;
van Zee et al. 1998; Pustilnik et al. 2001; Salzer et al. 200@ny BCGs
are rich in H gas or show Hcompanions, suggesting a triggering relation



26 Blue compact galaxies

between the burst event and the presence of the gas. Howlggdg not the
most efficient channel to trigger the starburst, as showrhbygas-rich dis
where star formation episodes are rather sporadic, or vihergas density is
below the critical value necessary to trigger star formrafi@n der Hulst et al.
1993; van Zee et al. 1997; Hunter & ElImegreen 2004). van Zee €1393)
observed higher centraliHiensities in BCGs then in other dwarf systems,
suggesting that other mechanisms act to efficiently consgghessgas in these
systems.

That the galactic environment in BCGs and in dwarf galaxiesdes (or
do not prevent) the collapse of the gas was suggested by tigemassive
young star clusters detected in these systems (O’'Connall 4094; Conti
& Vacca 1994; Meurer et al. 1995; Thuan et al. 1997; Billett let2802).
In particular, at the resolution achieved wtST, it was possible to resolve
the central starburst regions and knots of the BCGs in nuaseyoung star
clusters (Ho & Filippenko 1996; Ostlin et al. 1998; Hunteakt2000; Ostlin
2000). These massive starburst clusters were believed helpeedecessors of
the evolved globular clusters. Interactions and/or mergivents, involving at
least a gas-rich progenitor, provide physical conditiohéctv are favourable
for the formation of star clusters. Star clusters are eaktgcted in starburst
galaxies and merging systems, like M82 (de Grijs et al. 20RGC 3310
(de Grijs et al. 2003a,b), the Antennae (Whitmore & Schwei&95), the
Stephan’s Quintet (Gallagher et al. 2001), luminous IR jakalike the Bird
(Paper 1), and collisional rings (Pellerin et al. 2010).

The numerous young and massive star clusters, the pertudstdrior-
phologies, and the chaotic gas and stellar kinematics stu¢jgst at least the
luminous BCGs have recently undergone a merger or interaetient, which
has likely refurbished the galaxy with metal-poor (roughétween 10-20 %
of the solar metallicity) gas and triggered a vigorous stesbepisode. This
scenario is also supported by recent numerical simulatidrigvo gas-rich
dwarfs performed by Bekki (2008). The resulting merger spsthows a star-
burst dominated central region surrounded by a diffuse tlias population
halo.

4.4 Multiwavelength observations

BCGs have been studied in a wide range of wavelengths. Whksmost
important properties as a function of the considered waveba

4.4.1 The ultraviolet range: The Lya studies

It is known that short-lived, massive stars produce a capamount of ion-
ising photons (at wavelengttls < 912 A), which are easily reprocessed by
the gas (to a large extent formed by neutral Hydrogen) anditis¢ grains
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of the interstellar medium (ISM). The ky emission line, observable at the
rest frameA = 1216 A, is a resonant line, i.e., photons are easily absorbed
and re-emitted with the same energy,10.2 eV. This energgsponds to the
energy level between the ground state and the first excigéeel st neutral hy-
drogen. Because more than 90% of the ISM consists of hydrdlgehya is
expected to be the strongest recombination line inrebulae. For this rea-
son, in the late 60s, Partridge & Peebles (1967) proposedshef the Ly
emission line to detect the high redshift primordial gadaxiconsidered to be
metal and dust free. At higher redshift, thed_gmission frame moves into the
optical wavebands making it theoretically possible to obsgalaxies atz 2

to 6, using ground-based facilities. However, the firstmafits of detecting
Lya emitters at high-z failed (Pritchet & Hartwick 1987, 1990)izzling the
scientific community by the negative results. Charlot & F4#93), by mean
of modelling, suggested an anti-correlation between thelfty (related

to the dust production) and the &yemission. In this context, the metal-poor
BCGs were considered as a testbed for the solution of thelgukbke ad-
vent of ultraviolet (UV) detectors in space-based faefitmade it possible to
observe the most metal poor BCGs known (IZw18 and SBS 033&)0ib2
the far-UV (FUV) range. The spectra of the two BCGs showedrdigms of
damped Lyr absorption (Kunth et al. 1994; Thuan & Izotov 1997). However,
in other BCGs with slightly higher metallicities there wagasitive detection

of Lya in emission (e.g. Lequeux et al. 1995; Thuan & Izotov 1997; Kunt
et al. 1998). It was clear that a positive emission of the Liytivee was not re-
lated to the metallicity of the ISM in the starburst systent, b its dynamical
status (e.g. a staticiHmedium traps the Lyman photons, while on the other
hand, outflows facilitate the escape, see Kunth et al. 1998pfio-Tagle et al.
1999; Mas-Hesse et al. 2003). The positive correlation bextviiee kinematic
status of the ISM and the loy escape was also confirmed by the theoretical
studies of this line profile (see Verhamme et al. 2006). Ukig-resolution
HSTFUV, UV, and optical imaging data of BCGs and starburst systé has
been possible to map the tyin different regions of the same galaxy, showing
the complexity of the escape and the absorption mechanisye@tt al. 2005,
2007; Ostlin et al. 2009). Nowadays large surveys of Lymahakmitters at
high-redshift have been successful (Hu et al. 1998; Maih&tRhoads 2002;
Venemans et al. 2004; Gronwall et al. 2007; Ouchi et al. 26G8/es et al.
2010; Adams et al. 2011, among many others), however, thdoyestudies
pioneered by the BCGs put important constraints on the biageéch affect
such high-z studies.

4.4.2 Optical imaging and spectroscopy

Optical imaging and spectroscopy studies of the BCGs havénmuortant
constraints on the physical, kinematical, and dynamiagperties of this class
of galaxies. Many of the most important results have alrdssbn discussed
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or mentioned in the previous sections of this chapter. Wensaim here some
of the most important aspects.

BCGs were first observed on photographic plates as faifkarstike sys-
tems, however, their spectra where dominated by emissies tiypical of Hi
regions (Zwicky 1963; Markarian 1967a). The bright spectraission lines
were suitable for chemical abundance analyses, which atlaneasurements
of the very low metallicities in these systems (see for aa@Kunth & Ostlin
2000). Another important discovery made by means of spsobqmy was the
detection of the Wolf-Rayet (WR) emission features whichsslfied many
of the BCGs as WR galaxies (see Guseva et al. 2000 and reésrrarein).
Typically, WR signatures in the spectrum of a low metaligalaxy is a rare
phenomenon because the duration of the WR phase is shodeneaker
when the metallicity decreases. The presence of WR featiaesonsidered
a youth indicator for the ongoing burst in the BCGs. The ade¢@CD de-
tectors allowed a better spatial resolution of the BCGsfdgerbrightness
profile studies of BCGs revealed two main components in teBeegys: a cen-
tral metal-poor, almost dust free and blue starburst regimhredder colors
for the host system, indicating an evolved stellar popofa{Bergvall 1985;
Loose & Thuan 1986, among the first photometric analyses doneéQi
achieved data). However, because most of the luminous BC&oeated
at rather far distances-(30 Mpc). It was only with the resolution of thdST
cameras that the central bright starburst regions coulddmved in numerous
super massive star clusters (Ho & Filippenko 1996; Thuan. &t9817; Ostlin
et al. 1998). DeepdrSTdata have allowed the detection of not only young
star clusters but also more evolved globular clusters, wuirfg the general
picture of BCGs as evolved systems undergoing a recent gpistde, likely
triggered by a merging with a gas-rich system (Ostlin et 803 Paper II,
IV, and V). The star cluster analysis in BCGs is the main topic of this the
sis. Therefore, we invite the reader to see Chapter 5 for metalsl on this
subject.

4.4.3 The IR: the dust, the nebular emission and the dearth of
PAH

Due to the UV-excess and low metallicities detected in ma@B, it was
expected that these galaxies would be almost dust-free eidmyweven the
very metal-poor galaxy SBS 0335-052E contains approxiyaté®M., of
dust (Thuan et al. 1997, 1999). Fits to the mid-infrared (MéR&ctra of this
BCG suggested that75 % of the star formation in the system is hidden by
dust questioning the reliability of the cosmic star forroatrate estimated at
higher redshift using UV and/or optical fluxes.

Near IR (NIR) spectroscopy of local BCGs shows a complexrenvinent
(e.g. Vanzi & Rieke 1997; Vanzi et al. 2000, 2002; Izotov et24l09). The
spectra are usually dominated by nebular emission andreanti, and a cer-
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Figure 4.2: The left panel, features the galaxy metallicity versus the-84um color
diagram from Engelbracht et al. (2005). Filled squares ardales indicate galaxies
with PAH emission feature, whereas the open symbols areigalavith a dearth of
the aromatic emission lines. The latter sample containyB&s. A positive depen-
dency from the metallicity of the galaxy is observed. In tight panel, the equivalent
width of the PAH emission features atin is compared to the hardness of the UV
field measured from the ration of Ne and Si lines (from Engadht et al. 2008). The
deficiency of PAH correlates quite well with the increasirgdness of the field, sug-
gesting that the PAH molecules are destroyed by the latter.

tain quantity of hot dust (heated by the hard radiation pceduby massive
stars). They do not show evidence of stellar absorption, gxoe in some
case the CO lines, typical for the red giant and super gians sThe molecu-
lar hydrogen (H) lines are usually observed in the youngest starburstmegio
Integral field NIR spectroscopy confirms that the éission coincides spa-
tially with the youngest and still embedded clusters (coohpéll regions)
while the bright forbidden [Fe] line, produced in shocked regions of super-
novae ejecta, is observed in cavities depleted of gas ({Cxeat 2010).

NIR imaging of nearby BCGs reveals the optically hidden rtursting
regions, which are formed by numerous very young and stitbexfded star
clusters (Cabanac et al. 2005; Cresci et al. 2005; Vanzi &/&ze 2006).
In general, the NIR colors of these regions show an excessuéd to the
presence of hot dust heated by the hard UV radiation.

In the mid and far-IR (FIR) ranges, BCGs differ dramaticdilym metal-
rich galaxies. Polycyclic aromatic hydrocarbon (PAH) noolle emission fea-
turesat 3.3, 6.2, 7.7, 8.6, and 1uB are produced in a fluorescence reaction
with FUV radiation. As such, these features trace the FUWastBux and are
thus a measure of the star formation. This assumption, howegwes not hold
in low metallicity environment (below a third of the solarwa).

BCGs turn out to be devoid or have very low content of PAH einiss
(see left panel in Figure 4.2). To explain this deficiency seenarios have
been proposed: either the ISM is not sufficiently pollutechbavy elements,
mainly produced in late stellar phases, implying that thélPAolecules have
not been formed yet, or the hardness of the UV radiation fiakldestroyed
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the intermediate size dust grains, emphasising the extstaméormation en-
vironment of the young starburst (e.g. Engelbracht et al528adden et al.
2006). The analysis of other IR line ratio tracers have shawatl indeed, the
latter scenario is the most plausible (see right panel inrf€ig.2, and Madden
et al. 2006; Engelbracht et al. 2008, among many others).

SED modelling of MIR and FIR spectra of these galaxies supybis con-
clusion. Galliano et al. (2005) find very small ( 3-4 nm) sigledt grains, most
likely destroyed by shocks and hard UV radiations and a Sggmit millime-
tre excess in the dust SED which can be explained by very cat(diu= 5-9
K), contributing between 40 and 80 % of the total amount ot dusss.

4.4.4 The millimetre and radio windows

In general, the star formation process is correlated withatinount of molec-
ular gas (mostly k) available in a galaxy. Molecular CO is used as a tracer
of the H, gas, because the former is easier to detect. Millimetre aamp
to detect molecular CO in BCGs have been unsuccessful anaéh cases
only upper limits could be derived (Sage et al. 1992; Israal.€1995). The
deficiency of this molecule is not caused by a dearth of gaedd, as already
mentioned in the previous sections, BCGs have quite largerveirs of H
gas. Most likely the CO is destroyed in the photo-dissoaiategions or has
not formed because of the low metallicity of the ISM.

High resolution radio observations of BCGs with the Very leayrray
(VLA) have produced interesting insights of the starburstperties. Flux
measurements of BCGs obtained at wavebands between 0. cantidve ei-
ther a thermal or nonthermal origin. It is possible to digtiish the two cases
because thermal emission has usually a positive slope rathe SED, while
non-thermal emission has a negative slope.Typicallyntlaéradio emission
is associated with the compact and ultracompactrépions surrounding the
newly born star clusters and are used to estimate the ambiortining flux
necessary to produce such emission, and at last the amouordssive stars
assembled in the cores of these clusters. In this way, itssipte to identify
and estimate the masses of many embedded star clusteeddc#te central
starburst regions of the BCGs (Beck et al. 2002; Johnson &ukutky 2003;
Hunt et al. 2004; Johnson et al. 2009). Nonthermal emissiatsio observed
in BCGs. These fluxes are produced in shock fronts of supemramaants
and probes positive feedback and triggered star formatiopgmation in the
starburst area (e.g. McCray & Kafatos 1987; Cannon et abR00

4.5 Similarity between BCGs and high-z galaxies

BCGs are the most active star-forming dwarf systems in tbal loniverse. It
has been observed that BCGs may have accounted @20 of the total SFR



4.5 Similarity between BCGs and high-z galaxies 31

density at redshifd.4 <z< 1.0 playing an important role in the star formation
history (SFH) of the Universe (Guzman et al. 1997). Howeirethe local
Universe, their contribution has dropped drasticallyhsthat luminous BCGs
with high SFR have become rare objects (Guzman et al. 1997k @feal.
2004). At a distance of 100 MpcA#.03), we count only an handful number
of BCGs with a SFR higher thanM. /yr. The systems included in this thesis:
Haro 11 Paper I1), ESO 185-1G13Raper 1V), and Mrk 930 Paper V) are
starburst BCGs with SFR exceptionally high for local irrkeggalaxies. Local
luminous BCGs show similar physical conditions (low meét#ly and dust
content), morphologies (the compactness of the starbeggims), and acting
feedback mechanisms (e.g. Ostlin et al. 2009, Rager VI) to their higher
redshift counterparts.

High-redshift galaxy detections are biased toward the oosinous (mas-
sive), thus evolved, systems. However, in the local uneéhgese massive
galaxies have proceeded into a more quiet status, whilentladles systems,
like the BCGs show higher specific SFR. This observationahphenon has
been referred to as "down-sizing" effect.

Numerical and theoretical predictions based on the LambdéthQark Mat-
ter model of the Universe estimate, in fact, that smalleaxjak have formed
first, in growing perturbation scales and then accretedrimice massive sys-
tems (hierarchical growth) (Cole et al. 2000; Springel e8D5; Papovich
et al. 2005). Therefore, it is expected that primordial galsxare indeed,
dwarf and chemical not evolved systems, the so-calleddimgiblocks" sys-
tems, which accrete and merge into more massive units. Rebsarvations
of galaxies at very high-redshift{z7, i.e. at the reionization epoch) refer
to compact single or double nuclei systems with extendedlaelieatures
(Oesch et al. 2010). Some of these Z objects have also been detected at
longer IR wavelengths allowing to study their spectral ggetistributions
(SEDSs). The inferred SFRs are between 5 tdv20yr (Gonzéalez et al. 2010).
In general, they have estimated stellar massd€bf M., and fainter UV lu-
minosities than lower redshift Lyman break galaxies (Fistein et al. 2010).

Direct observations of high-redshift systems are limitgdh®e lack of ac-
cess to multiband data (some of the Lyman break studiesnaitedi to UV-rest
frame analyses), making the physical and evolutionarytcaims and proper-
ties like the cosmic SFR densitys for these very young systemeertain, as
they are usually based on UV-to-IR calibration factors (kewet al. 1999).
Systematic morphological studies of local Lyman break xjaknalogs con-
ducted by Overzier et al. (2008, 2009, 2010) suggest thageneland inter-
actions are the main channels of triggering star formagwen at high red-
shifts. However, for masses, metallicities, and SFRs, therfer et al. sam-
ple is more similar to the massive (thus evolved) galaxiesaghift z< 3 (e.g.
Shapley et al. 2004) than the low mass systems observed irch younger
Universe.
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Although BCGs cannot directly be compared to primordiabgads, they
have star formation modes which drastically differ from theal quiescent
galaxies (i.e., spirals). They clearly deviate in all thelraled relations based
on local higher metallicity systems and have environmethtigkvplay an im-
portant role in shaping their physical properties. In thghk prospective, the
studies of the BCGs challenge our interpretation of a youmgeause, where
the physical conditions were much more extreme.
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5 Young star clusters in BCGs: a
close look at the starburst phase

5.1 Introduction

In the 90s,HSTimaging of local dwarf starburst galaxies enabled the study
of numerous YSCs with sizes and luminosities comparableven déigher
than the 30 Dor cluster (e.g. O'Connell et al. 1994). The aged\of YSCs in
BCGs clearly showed the extreme youth of the cluster pojoust with ages
lower than 10 Myr (Conti & Vacca 1994). UV imaging studiesloé$e young
starburst galaxies revealed that the super star clust&&SgSMeurer et al.
1995) are the dominant source of the UV emission in thesshdsaracterised
by irregular morphologies and clumpy structures. It becatear that YSCs
are responsible of a considerable fraction of the star fotomand starburst
luminosity of these galaxies (Ostlin et al. 2003). HoweB&Gs are not truly
young galaxies. The detection of a considerable number oG@d (Ostlin
et al. 1998), confirmed that the host had already experieatteat starburst
episodes.

In this thesis, we focus on the study of the star cluster @imrs of 3
Luminous BCGs usingdST multiwavelength imaging data: Haro 1R4dper
1), ESO 185-1G13 FPaper IV), and MRK 930 Paper V). We have con-
structed SEDs of the star cluster populations, typicallyated in the active
star-forming regions and compared them with single steitgrulation mod-
els, in order to constrain ages, masses and extinctions. ae hise these
quantities to derive important insights into the procesthefcluster forma-
tion and evolution as well as the properties of their hostshis chapter, we
summarise some of the most interesting results achieved@nd questions
that remain open.

5.2 The properties of the star clusters

5.2.1 A special ingredient in our SSP models

In Chapter 2, we have shown that a newly born star clusterisgnded by a
luminous Hi region, caused by the hard UV radiation from the massive star
that ionizes the gas leftover from the natal GMC. In studiesroesolved
YSCs, itis thus necessary to include this contribution wheatries to model
the observed SED.
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Figure 5.1: IR-optical color diagram fronPaper Ill . The YSCs of SBS 0335-052E
are plotted. The black solid line shows our evolutionargkravhich includes stel-

lar continuum and photoionized gas emission (continuunliaed). The dashed blue
line is the corresponding Starburst99 model including o@gular continuum contri-

bution. In red is the Starburst99 track if only stellar cantim is considered. The 3
models clearly differ at very young ages. Only our model aproduce the IR colour
of the clusters, highlighting the need for a careful treattod nebular emission.

To perform the SED analysis of the YSC populations of BCGs weha
used the Zackrisson et al. (2001) spectral synthesis motleése models
predict combined SEDs of both stars and photoionized gas. aegpund
the star cluster, photoionized by the young massive stargributes both to
the continuum and with emission lines to the integrated diivaad fluxes of
the young systems. IRaper Ill we showed that for metal-poor galaxies our
models predict a longer lasted nebular phase, which camgéistbetween 10-
40% of the total near infrared (NIR) flux at around 10 Myr. Theaut of such
a nebular contribution is illustrated in Figure 5.1, whdre tolors predicted
by our models are compared with other available models. ©atymodels
are able to reproduce the observed IR colors of the 6 mas$EsYof SBS
0335-052, suggesting an important contribution to thd fata of the clusters
from the surrounding photoionized gas.

In Section 5.2.3, we will discuss the flux excess observed at0.8 um
in a considerable fraction of YSCs in our luminous BCGs. Wececahat, in
spite of the inclusion of the nebular SED, the observed flukélseoclusters
are too high to be reproduced by our models. This suggest#hatigin of
the excess in our cluster sample has to be attributed to stiraernechanism.

5.2.2 The spread in age and mass of the clusters

As described in Chapter 3, it is possible by means of a fewnagsans to cre-
ate models which can be used to study the physical propeitibe clusters,
e.g. age, extinction, mass.



5.2 The properties of the star clusters 35

log(M[Mo])

Me140p=25.1

log(age [yr])
Figure 5.2: Age-mass diagram frorRaper Il. Clusters which do not show any red
excess are represented by filled black dots. Clusters affdnt IR excess are shown
by red triangles. The blue diamonds are for clusters affduyea NIR excess. The lines
(see the insert) show the detection boundaries in termsapdad mass corresponding
to the magnitude limits reached at<0.2 mag in each filter. As already expected,
there are no clusters sitting below these limits.

We have used age-mass diagram to investigate the clustpenties in
BCGs. In Figure 5.2 we show the diagram for the BCG HaroRdpér II),
but similar features are observable in the diagrams of ther@® BCGs. In
general, we observe that the cluster populations are vamg all the 3
systems, probing burst ages of 30-40 Myr. In particular,aertbhan 60 % of
the star clusters are younger than 10 Myr, suggesting thattrburst is still
active at the present time in these BCGs. On the other haddiz6ks have
also been detected, supporting the ancient origin of thesterss. The cluster
masses span the range frdf to 10° M. In particular, we found the most
massive young clusters in Haro 11, i.e. the two very masanatskreferred
to as B and C, which we could not resolve into smaller clustEngey have
estimated masses &6’ M. In all the three host galaxies, we observe a re-
gion in the age-mass diagram corresponding to low me®&s<{10* M) and
very young age (below 3 Myr) which is not populated. Likely, are limiting
our analysis to the optically brightest objects, i.e., sys that are only par-
tially embedded by their natal cocoons (since deeply emixbdtlisters are
probably too faint to be detected).

In Chapter 2, we have shown that a certain lapse of time isatebdfore
the born cluster expels the gas from which it has formed. Risr ieason,
the youngest phases, when the cluster is still partiallyesdbd in its natal
molecular cloud, are difficult to explore. Lada & Lada (20033etved that
the embedded phase in young MW clusters lasts a few milliarsyé/ery
young clusters in the Antennae (Whitmore & Zhang 2002) systeith ages
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Figure 5.3: Age versus extinction diagram froReper IV. The blue (grey) asterisks
show each single cluster. Superimposed the mean extinesiimated at each model
age step with the corresponding standard deviations.

< 4 Myr, show a wide range of extinction values betw@dn< Ay < 7.6 mag.
Whitmore & Zhang 2002 identified an additional population refd’ clusters”,
which they interpreted as young embedded clusters. Amaag,tthe 2 Myr
old WS 80, with its extrem¥ — | = 2.92 colour, masg x 106M@ andAy, =7.6

mag, is the brightest infrared source in the Antennae sysiéey indicated
roughly 6 Myr as the age at which a young cluster has gotteaftride dusty
material left over from its parent cloud.

The age-extinction diagram (Figure 5.3) of ESO 185-1G13 bJestiows
that the clusters with higher extinction are systems yourigan 10 Myr.
Since these clusters are only observed at the redder wadelfseePaper
IV andV) they are likely still partially embedded. Similar trenasthe ex-
tinction distribution have also been observed in the oth@6B, Haro 11 and
Mrk 930, and in systems like the Antennae (Mengel et al. 2G0%) M51
(Bastian et al. 2005). In particular, for Mrk 930, we creadecdextinction map
of the galaxy using the extinction of the clusters determhiog SED fits, low-
resolution spectra, andddHp ratios, as obtained from ground-based nar-
row band imaging. We noticed that the extinction maps of thiexy agreed
fairly well on the average values, despite having been predwith different
techniques. Locally, however, only the resolution reachethb study of the
clusters allow us to explore extinction variations on @ustcales.

5.2.3 The near-IR flux excess in young star clusters

A large fraction of the clusters in all the three luminous BC&e affected
by a flux excess at wavelengths8000 A, which cannot be reproduced by
our stellar evolutionary models. The SEDs of these clustersypically well-
fitted by population synthesis models between 0.14 angdr@, but exhibit
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Figure 5.4: Two illustrative examples of the cluster SEDs of two YSC=eti#d by
a NIR flux excess in Haro 11 and Mrk930. The data are a combimafi HST and,
for Haro 11, of VLT data. The black dots are observed fluxes;dhen squares are
model fluxes. The corresponding best model spectrum isepl@thd the best-fitting
age and mass of the cluster are indicated) At 0.7um the observed fluxes sit above
the models. On the other hand, for these two clusters thetfietoptical data is fairly
good. In these clusters, masses and ages are estimatednbkitd)/ and optical data.

flux excesses by up to a factorsfLO at longer wavelengtha (>0.8um), the
so-called NIR excess (Figure 5.4). For these clusters we tharived ages and
masses using only the UV and blue optical data. YSCs with axedss have
a wide range of masse$@ ~ 10°M., ) and ages (between 1 ard30 Myr,
see Figure 5.2 andaper II, IV, and V).

The excess in | band (7A <0.9um), is not strong and could be over-
looked when only optical data are used. However, it intresuecconsiderable
overestimation of the age and mass with important implbcetifor derived
analyses, e.g. the cluster mass function, the clustermdisrutheories, etc.
Typically clusters affected by | band excess are all veryngp(x 6 Myr).
A dust photoluminescence bump at 0.740n®, observed in presence of very
strong UV fields, could indeed be the cause of this excess.

The IR excess in YSCs at ages below® Myr could be explained by dif-
fuse hot dust surrounding the clusters and/or a large &naaf YSOs and
PMS stars. We have discussed in Chapter 2 that stars comtirfaem in the
still dense and dusty regions surrounding the newborneisigsee Section
2.4). Delayed or triggered star formation processes ineland dusty regions
surrounding the cluster could explain a large fraction oésige YSOs con-
tributing in the IR spectrum of clusters a few Myr old.

The IR excess found in older YSGsX0 Myr) could be possible due to an
unexpectedly high contribution from red supergiant starhe SED or, for
low mass clusters, to an undersampled IMF, as discussed:tin68.2.2.
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Figure 5.5: The left panel shows the {U)-Zsgrrelation by Larsen & Richtler (2000)
from Paper VI. The sample by Larsen & Richtler (2000) is shown with bladrty
gles. The BCGs are added as purple dots. Th@JJ and theZsrr are higherin BCGs
and, in general, the trend suggests that the fraction ofessiproduced in these sys-
tems increases as a function of the SFR. The right panel metee M'9"eSLSFR
relation by Bastian (2008) frorRaper VI. The sample from Bastian is represented
by triangles and the squares. The the dwarf starburst sgstestuded in the Bastian
sample are represented by blue symbols. The BCGs are iadibgtpurple dots. The
green dotted line shows where galaxies should be if all 8tairformation happens in
clusters with a power-law CMF of index2.0.

5.3 The properties of the starbursts revealed by their
star clusters

As already explained in the Introduction (Chapter 1), thalfgoal of this
work is the study of the BCG environment as compared to otyyges of
galaxies observed in the local universe. Because massaivelgsters seem to
be a rather common product of these bursting galaxies, wethiad to verify
whether their environment can be compared to more massawda@ming
spirals or merging systems like LIRGs or the Antennae.

In Paper VI, we have tested whether BCGs follow claimed relations be-
tween the cluster population and their hosts, such as ttsteclspecific lu-
minosity in theU band, T (U), and the star formation rate denskyrg; the
V band luminosity of the brightest youngest clustef 81'®*! and the mean
star formation rate (SFR); the cluster formation efficieneysus thexsgr
(see Section 3.5). The sample of BCGs in this study has beesaised by
two members: ESO 338-1G04 from Ostlin et al. (2003) and SBSIERE
(Paper VI).

In Figure 5.5 we show the plots of two of the three relationgaduced in
Paper VI. From the T(U)-Zserrelation by Larsen & Richtler (2000), we see
that even though they have much higher SFR surface deniteeBCGs still
follow the trend, suggesting that the fraction of star foliorahappening in
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clusters is important and increases as function of the Sifhe M) 9"est

SFR relation by Bastian (2008), the 5 targets follow thedr&ven if they are
located above the relation (see purple dots in the diagrah®.most nearby
BCG in our sample, ESO 338-1G04, is the one with the largestetffThe
trend suggests that a higher SFR in BCGs enables the formaftroore mas-
sive (luminous) clusters than in quiescent spiral galaxies

In general, we notice that BCGs reproduce fairly well thatiehs, sup-
porting a scenario where cluster formation and environalgmbperties of
the hosts are correlated. They occupy, in all the diagranes regions of
higher SFRs demonstrating the extreme nature of the s&trbperating in
these systems. We suggestHaper VI that the BCG environment has most
likely favoured the compression and collapse of the GMCbkaaning the lo-
cal star formation efficiency, so that massive clusters lean formed. The
cluster formation efficiency (i.e., the fraction of starrf@tion happening in
star clusters) in BCGs is higher than the reported 8-10 %tcained from
quiescent spirals and dwarf starburst galaxies by Bas#@f8g). BCGs have
a cluster formation efficiency comparable to luminous IRagads and spiral
starburst nuclei (the averaged valueds80 %), suggesting an important role
of the merger event in the cluster formation.
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