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Zusammenfassung

Sterne werden nicht isoliert sondern in Gruppen, bekarmSéérnhaufen ge-
boren. Sternhaufen sind beobachtet worden in einer Vielzah Galaxien
und unterschiedlichsten Umgebungen. Ihre Existenz &rtifarmationen tiber
die Geschichte der jeweiligen Galaxie und der ensprectmende
Sternentstehungsprozesse. In den letzten Jahren sinth&iéen in aktiven
Umgebungen detailliert untersucht worden wahrend solaheruhigeren
Umgebungen weniger Beachtung fanden. Unter allen undestymgebungen
konzentrieren wir uns hier auf 5 Spiralgalxien die keine éinhen von externer
Storung aufweisen: NGC 45, NGC 1313, NGC 4395, NGC 5236 aa@ M793.
Sternhaufen in diesen Galaxien wurden photometrisch lobdtemit dem Hubble
Space Telescope (HST) und spektroskopisch mit dem Veryel Begtpscope (VLT).
Die Analyse der Sternhaufen, ihrer Masse, ihres Alters tmeriAusdehnung
zeigt dass die Bildung von Sternhaufen ein noch nicht albdessener Prozess
ist, der von den lokalen Bedingungen abhangt.  Die beobtaint
Leuchtkraftfunktionen der Sternhaufen weisen Werte aaifrdubereinstimmung
mit dem erwarteten Werr ~—2 sind. Wir konnten eine wichtige Anzahl von
Sternhaufen in NGC 45 identifizieren. Ihre Eigenschafterden photometrisch
und spektroskopisch analysiert. Die Ergebnisse der Pheit@rdeuten darauf
hin, dass diese Kugelsternhaufen zu einer einzigen metedla Population
gehoren. Die spektroskopischen Beobachtungen bestatities fur die 8 hell-
sten Haufen. Die gemessenen Geschwindigkeiten deutenaafdder Bulge
Kinematik hin. Eigenschaften des Absorptionsspektrurasda Alter von der
Grossenordnung Gigajahre ungffe] Werte geringer als in der Milchstral3e aber
ahnlich zu denen in anderen Zwerggalaxien in der lokalerp@e vermuten.



Abstract

Stars do not form in isolation, they form in groups known as stusters. Star
clusters are seen in a wide range of galaxies and envirosmEmeir presence re-
veals the history of the host galaxy and the processes daitésmation. During
the last years star clusters have been deeply investigatedlient environments,
while the properties of star clusters in more quiet envirenta have received
less attention. Among all unperturbed environments wedamu5 spiral galax-
ies with no signs of external perturbations: NGC 45, NGC 13GC 4395,
NGC 5236 and NGC 7793. Star clusters lying in these galaxere wbhserved
through HST imaging and VLT spectroscopy. The analysisarfduster masses,
ages, sizes, and their positions on the galaxies, showestthaluster formation
iS an ongoing process that depends on the local conditiohg. observed star
cluster luminosity functions show values consistent winéxpected ~-2. We
found an important number of globular clusters in NGC 45. iTpeoperties are
analyzed through photometry and spectroscopy. Photoreaggests that these
globular clusters belong to a single metal poor populatiBpectroscopy con-
firmed this for the 8 brightest ones. Velocities indicateohal bulge kinematics.
Absorption spectrum features indicate ages of the orderyoa®@d fr/Fe] values
lower than the Milky Way globular clusters, but similar to aiivgalaxies in the
local group.

Vi
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Chapter

Introduction

During the XVII century astronomers started to observe séverbulous objects. Due
to the limitations of visual observations with telescopéthat time, their nature was un-
known. It was in 1755 when Immanuel Kant in his book “UnivérSatural History
and the Theory of Heavens” suggested the possibility of thstence of entities of
stars, which later Alexander Von Humboldt on his book Kosr{i#45), calledisland
Universes

In 1784 the comet hunter Charles Messier compiled a catdlogro stellar objects
(nebulous objects) in order to avoid confusion with possiéw comets. Sir William
Herschel was the first to study the properties of those nebubbjects. In 1850 Rosse
suggested that some of the nebulous objects could be cothpdss#ars. Nowadays
it is known that some of the nebulous objects are star enssmmiwt related with the
Milky way (i.e. galaxies) and the rest are objects which bglto our Galaxy (mostly
planetary nebulae and star clusters). Since then, staedus the Milky Way have
been extensively studied, however we still do not know iftikky Way star clusters are
typical for a spiral galaxy or just a special case.

In this manuscript a star cluster is considered as an enseohistars gravitationally
bound, sharing common properties such as ages and abusdaHcsorically, in the
Milky Way, star clusters have been separated in two apdsrditierent classes : globular
clusters and open star clusters.

Globular clusters are roughly spherical witH2a.0° members and mass ranges from
10* up to 16 Solar MassesNl,) (Kissler-Patig 2000a Milky Way globular clusters can
be divided into two sub-populations. One population (mptar) is associated with the
halo, (e.gMorgan 1959 Kinman 1959 Zinn 1985 Ashman & Bird 1993 Barmby et al.
2000 and the other one (metal-rich) associated with the bthgdk disk (e.g.Minniti
1995 Coté 1999. Although the origin of these populations is still a matédebate, it
is believed that each population is associated wifetent epochs or mechanisms of star
and star cluster formationKissler-Patig 2000a

Open star clusters are star ensembles with almost no ceatregéntration, with a few
tens to thousand of stars, with masses lower tharsbr masses and mainly observed
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in the galaxy disk.

However, it is not very clear where one classification endbsvamere the other begins.
Examples of ambiguous classification (see Figl) are listed inStetson(1993. The
panorama beyond the Milky Way is even less clear. GlofBlae clusters in the Large
Magellanic Cloud show ages and masses which have no coarténphe Milky Way
(Elson & Fall 1985. Beyond the local group there are several examples of kisrecs
which have no counterpart in the Milky Way. For exampie)tzman et al(1992 found
several star clusters in the starburst galaxy NGC 1275 xgaléich is a recent merger),
with ages of the order of £Oyr and masses in the range of°10 10°M,,. In a galaxy
merger (the Antennae galaxiedjhitmore & Schweize (1995 observed blue massive
star clusters. They interpreted them as the younger cqartesf the Milky Way globular
clusters and eventually, if they live long enough, they widog¢ expected to evolve into
globular clusters.

Figure 1.1: Left: Typical Milky Way globular cluster: NGC 6093 (Image obtaih
from the Hubble heritage).Center: NGC 6791. This star cluster was considered to
be nor globular cluster, nor an open star cluster (Image Bemmhard Hubl web page:
httpy//www.astrophoton.cofin  Right: One of the most known open star cluster since
ancient times: The Pleiades (Image courtesy of Robert @efrdim astronomical picture
of the day 2006 January 9).

Among the several environments in which star clusters haea lfound, the proper-
ties of star clusters in isolated spiral galaxies are leastk. This lack of knowledge
does not allow us to understand if the Milky Way star clustgoydation corresponds to a
typical population for a spiral galaxy or if it is a rare case.

While many works have focused on massive star clusters aid ehvironments,
the properties of the low mass star clusters (i.e. open Btatecs) are almost unknown
outside the Local Group. Although, they are not as brighthesmassive star clusters,
they are still observable by the HST. Several questionsirenranswered i.e. How long
do they survive? What are the mechanisms that trigger tbemdtion? What are the
relations between star clusters and their host galaxy? Hothel compare among other
similar galaxies? Is there any relation between the foiwnadif the massive star clusters
and the low mass ones? Do they show any relation betweensizes, masses and the
original dust cloud from which were formed? Do the star dustiocated in the same
galaxy show similar or dierent properties?

In order to address these questions, and achieve insigtites# questions, this thesis
focuses on five unperturbed late type galaxies and theirckiater populations through
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HST imaging and VLT spectroscopy. It is structured in théofeling way:

Chapter2 focuses on a faint and isolated galaxy: NGC 45. Because a$ttetion
of this galaxy it is used for investigating how unperturbedeavironment can be and still
trigger star cluster formation. Itis in this galaxy where titoundary condition of the star
cluster selection criteria are tested and adopted for tlieesample. We found a modest
population of star clusters not very massive showing mastdée lower limit comparable
with the open star clusters of the Milky Way. Also we inveatighow long will the star
cluster live in this galaxy, although the results are not/v@nclusive due to the small
number of detected star clusters. The discovery of 19 giolzlusters is analyzed and
the specific frequenéyderivedSy = 1.4 — 1.9 which is high for the galaxy type.

In chapter3 the analysis is extended to 4 more spiral galaxies. All gatakave
similar spiral classification, similar distance and no ol sign of external perturbations.
We look at ages and masses of the star clusters on each gatiyeacompare their local
and global properties (i.e. galaxy to galaxy comparisorsdifierent areas in the same
galaxy). From this is concluded that the star cluster foiomat a very localized process.
We also analyze the luminosity function (and we found rifedént results compared with
previous studies). The presence of most massive clustersamadyzed and corresponds
to size of sampleféects. Also a shallow increase in the star clusters masswesize is
seen. We were not able to derive confident estimations of idraion times from the
age distribution, nor give a definitive answer whether éudisruption is predominantly
mass-dependent or mass-independent.

In chapter4 the thesis focuses in the analysis of the old globular alysteulation
previously found in NGC 45. The analysis is done by spectipg@nd it is concluded
that the globular clusters have sub-solar metallicitigh gimilar values found in previous
work in galaxies near by NGC 45 (e.@Isen et al. 2004 In this chapter we close the
circle getting a general understanding of the propertigd@fld and young star cluster
populations in NGC 45.

1.1 Star clusters

Before to start with the chapters where the work is writtewplld like to give a small
review on what is relevant to this work.

1.1.1 Star cluster formation and disruption
Formation

One of the first ideas about the origin of globular clusters feamulated byPeebles &
Dicke (1968. They suggested that the smallest gravitationally utetebuds, produced
just after recombination from isothermal perturbationsuld be identified as the pro-
genitors of globular clusters. Latdfall & Rees(1985 argued that globular clusters are
formed in the collapsing gas of a protogala®garle & Zinn(1978 suggest that star clus-
ters are formed in transient protogalactic fragments taldirfto the galaxy.Schweizer

For the definition of the Specific Frequency see Ed.
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(1987 poses that some of the star clusters (and globular clystemg form in galaxy
mergers.Ashman & Zepf(1992 suggest that some of the globular clusters are formed
during the interaction or mergers of galaxi¢tarris & Pudritz(1994 argued that glob-
ular clusters formed out of dense cores within supergiariecutar clouds.Elmegreen
(1999 suggested the possibility of star cluster formation aseqoence of the molecular
cloud formation from the compressing waves of the arms o$iel galaxies. Evidence
favoring this scenario is seen in NGC 45 where star clustdrsrevfound in a galaxy
without evidence of external perturbation (see chapfekee et al.(1999 proposed that
star clusters form in bursts at the merging interfaces a®gatactic clouds collide.

It is still a matter of debate if there is an unique mechanisat triggers the molecular
cloud collapse, and therefore star cluster formation. Thegar scenario would explain
the several globular cluster populations found in in gltipis (e.g.Coté et al. 200¢as
well as the young massive clusters in interacting systemgs$ehweizer 1987Ashman
& Zepf 1992 Zepf & Ashman 1993Kumai et al. 1993 Whitmore 2003. However,
young massive star clusters have been found in spiral galge.g.Larsen & Richtler
1999 indicating that galaxy mergers (i.e. violent environnsgrare not the only mecha-
nism which leads to massive star cluster formation.

While the mechanism considered to cause cloud collagislfrom author to author,
there is a general consensus that the mechanism by whicklgsiers (i.e. open star
clusters, young massive star clusters, and globular ci)séee formed is the same, and
their apparent dierences are only due to theférent conditionsEImegreen & Efremov
1997 in the environment of the molecular clouds. Under this agstion, a massive star
cluster will be formed in a high pressure environment, whilew mass star cluster will
be formed in a low pressure environment.

Therefore, the origin of star clusters is in the moleculauds which initially are
in equilibrium between the gravitational force (gravibai@l potential energy) and the
internal pressure (mostly kinetic energy). When molecalauds are compressed, they
become unstable and start to collapse. Dense regions torstars first. The less dense
regions of the surrounding cloud will be blown up as a coneaqe of the young massive
stars, stellar winds and, supernova explosions. With thgelérg of the surrounding
cloud, the star formation ends. This scenario is supporyeabbervations of star forming
regions and star clusters hidden inside the dust cloud, Rresrembedded star clusters.
For a review of embedded star clusters kada & Lada(2003.

Disruption

Several mechanisms are involved in star cluster disruptidine first one in the life of a
star cluster is the gas removal phase on which the stelladlsrempel the remanent gas,
reducing the cluster mass and the binding energy, exparndagluster and, eventually
dissolving it (e.gGoodwin 1997. Lada & Lada(2003 suggest by comparing the number
of embedded star clusters with the open star clusters in fliey M/ay, that 90-95% of
the embedded star clusters will emerge from molecular d@sdunbound systems. This
early disruption stage in the star cluster life is known adint mortality”. However, the
“infant mortality” phase is not the only stage in star cludiees that may disrupt them.
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Since star clusters do not live isolated they have to faceitgieonal interactions with
the galactic bulge, or disk crossingitzer 1987. Also they are fiected by spiral arms
crossing (e.gGieles et al. 2007aand interactions with molecular clouds (eSpitzer &
Harm 1958 Gieles et al. 2006h

Theses processes increase the kinetic energy of the stdrs olusters, expanding
the cluster sizes, decreasing the binding energy and, age donsequence, some of
the stars in the cluster will reach the escape velocity atide®ive the cluster. This will
reduce the star cluster mass and, eventually will disrupstar cluster.

Since observations are snap-shots of the current stareclagolution of the host
galaxies, it is necessary to look at the entire propertiethefstar clusters in order to
derive the rate of star cluster disruption. This is achidwetboking at the number of star
clusters versus star cluster ages and masses. Theseigqaartt compared with models
and empirical laws. Three major assumption are taken irtolad:

e The Initial Mass Function (IMF) (i.e. the initial distridon in mass of the star
clusters). Observations suggeBtriiegreen & Efremov 199Hunter et al. 2003
Bik et al. 2003 de Grijs et al. 2003Zhang & Fall 1999 that the cluster Initial Mass
Function (IMF) is a power law of index ~ —2.

e The star cluster formation rate (i.e. how many clusters fpen unit of time),
which could be, for example, a constant rate (Bgutloukos & Lamers 2003or
a Gaussian burst (e.@vhitmore et al. 200§

e The third assumption is how clusters are disrupted. Tui@@int approaches are
currently adopted. The mass-dependent approach from ttrectd group” (e.g.
Boutloukos & Lamers 20Q3Gieles et al. 2006HLamers et al. 2005h) and mass-
independent from the “Baltimore group” (efeall et al. 2005Chandar et al. 2006
Whitmore et al. 200y

The “Utrecht group” considers a magnitude limited samplevbich the star cluster
disruption time depends on the initial mass of a clustelk/lfsiswherey = 0.62 (Lamers
et al. 2005p. It also considers the decrease of the cluster mass dueltar svolution
(i.e. mass lost due to the stellar winds) and tid&ets (i.e. encounter with other objects
in the star cluster orbits such as the galaxy disk, molealtards, etc) for a cluster older
than 10 yr which already survived the infant mortality. The expecstope of the age
distribution of a bandpass-dependent star cluster sanggle fgom~ —0.8 up to~ —1.4.
Initially, it was assumed that clusters disrupt instantarsty attyis (Boutloukos & Lamers
2003, but later on the disruption was treated in a more realigéig on which star clusters
loss mass in gradual fornhémers et al. 2005a

The “Baltimore group” considers that star clusters areugited in two phases. A
rapid mass-independent phase for the first #) modeled as a constant number loss
dN/dr o 77, wherey = —1; which is defined as 90% of infant mortality. And a longer
term mass-dependent phase mimicking tfieats of two body-evaporation (i.e. constant
mass loss), modeled as the time dependence resulting fronbday relaxation for a
cluster in the tidal field of the host galaty = Mg — pieyt, Whereue, ~ 2 x 10°Mgyr—!
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(Fall & Zhang 200). The main observational support for the “Baltimore growapé
observations from the Antennae galaxiéghjtmore & Schweizer 1995the only galaxy
where it is possible to make mass and magnitude selectiteriariconsidering a high
percentage of completeness of the sample.

In figure 1.2 both groups analyzed the same data, obtaining similartseslifering
in their interpretations. Data corresponds to star clastethe Small Magellanic Cloud.

In the left panel the original data froRafelski & Zaritsky(2005 is shown. Central panel
corresponds to the "Baltimore groupCkandar et al. 20QGnalysis and, the right panel
corresponds to the analysis done by the “Utrecht” groRafelski & Zaritsky (2005
found a slope otIN(t)/dt = —2.1. They normalized the sample with the number of field
stars that were formed at each bin. The “Baltimore grouphtba slopedN/dt « —0.85
(Chandar et al. 20Q6and, the “Utrecht group” found a slomN/dt o« —0.84 (Gieles

et al. 2007h. Both groups did not normalize the distributions Rafelski & Zaritsky
(2005 did. The “Baltimore group” interpreted the slopgé&l/dt as evidence of constant
star cluster mass loss, and the value of the slope was gimtipared with the Antennae
and Milky Way dN/dt values ¢ —1), concluding that star clusters these three galaxies
follow similar disruption behaviors.

The “Utrecht group” interpreted th#N/dt slope as result of the magnitude limitation
of the Rafelski & Zaritsky (2005 sample. They also pointed out that is not possible to
compare theRafelski & Zaritsky (2005 sample with the Antennae sample because the
Antennae sample is mass limited, white@felski & Zaritsky(2005 sample is magnitude
limited.

Independent of the mass-limited or magnitude-limited dapnipe key point is whether
the star cluster disruption is mass dependent or mass indept Distinguishing be-
tween these two scenarios is not possible nowadays. Mokedjliservations are mag-
nitude limited and the only galaxy where is possible to useaasimited sample is the
Antennae galaxy.

It is important to discriminate whereas the sample is magdeiimited of mass-
limited. Direct comparison of both samples without furtltensiderations will lead to
non valid conclusionsChandar et al(2006 considered star clusters whit masses grater
than 1Mg but ignoring that the sample fronR&felski & Zaritsky 200% is limited by
magnitude and therefore, it is no possible to compare wehAthtennae data/Nhitmore
& Schweizer 1995 which is mass limited.

The “Utrecht group” does not consider that often observatiare not limited only
by one filter magnitude (like in the case of these thesis) auwglly is a mixture of two
or more magnitude limitations. In the other hand the datehef“Baltimore group” is
mainly based in the Antennae, which is a very special galagjta obtain a mass limited
sample in a dierent galaxy is a challenging task due to the actual instntitimaitations.

In this thesis in Chapte3 we tried to elucidate these two groups disruption scenarios
however considering the present data, we were not ableémgionclusive answer. Thus,
the disruption controversy will not be solved until extrdyngeep data can be acquired in
a galaxy with high star cluster formation rate (i.e. a stesbgalaxy). It will be necessary
to cover a wide range of star cluster masses consideringregty low masses from a few
hundred of solar masseMg) up to 16 — 10’ M. With a wide range in mass and high
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Figure 1.2: Left: Number of star clusters versus age (agelulision) for star clusters in
the Small Magellanic Cloud (SMC) considering two Simplell&tePopulation models:
GALEV and Starburst99 frorRafelski & Zaritsky(2009. Center: Age distributions of
star clusters in SMC (open triangles), the Milky Way (filleidctes) and the Antennae
(filled triangles) fromChandar et al(2006. Note that the three age distributions are
described by power law™! and is the main argument in favor of constant star cluster
mass loss. Right: Age distribution of the SMC star clusterselol orRafelski & Zaritsky
(2005 sample fromGieles et al(2007h

number of clusters it will be possible to make a selection assnas well as in magnitude
and therefore, compare both scenarios.

1.1.2 Properties and applications of star clusters

At the distance of the galaxies which have been studied #ntktasis, the stars that com-
pose the star clusters are not resolved and each star cisiseen as a single source.
Therefore, instead of focusing on the individual properté the star clusters, this the-
sis focuses on their collective properties, revealingrimi@tion about their host galaxies
and, making possible comparisons between them. Some ofaharsl globular cluster
applications and properties are:

e Star clusters as star formation and galaxy environment teas: Stars do not form
in isolation, they form in associations which are the stastdrs. Therefore, by studying
the star cluster ages it is possible to reconstruct the padiosmation i.e. the star forma-
tion history in the host galaxy. However, there are limdas which must be considered,
such as the completeness of the sample (i.e. the limit urgilseample is reliable). By
looking at the number of clusters versus age it is possiblgetove how much time a
star cluster of 1#HMg will live. This time is known as the star cluster disruptiome
(Boutloukos & Lamers 2003 The disruption time is an indirect measurement of the
violence of the environment in which star clusters are kedan their host galaxy. The
disruption time is expected to be shorter for violent envinents because two body en-
counters are more likely in interacting galaxies (e.qg. Itidaves, cloud encounters, etc)
than in more quiet (e.g. non interacting) galaxies. Therd@tetion of the disruption
time is important for the study of the past star cluster fdramain the galaxies because
most of the old star clusters will be disrupted. If thi$eet is not taken into account,
the past star cluster formation will be underestimated.rdfoee, by considering the star
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Galaxies NGC 4038 and NGC 4039 ¢ Detail
Hubble Space Telescope * Wide Field Planetary Camera 2

PRC97-34b + ST Scl OPO « October 21, 1997 « B. Whitmore (ST Scl) and NASA

Figure 1.3: One of the most famous interacting galaxies: NIB88 and NGC 4039,

The Antennae. This figure shows how star cluster formatiooralk in galaxy mergers
due to the compression of the interstellar media, triggetie molecular cloud collapse
and star cluster formation. Most of the objects shown hezestar clusters. Blue objects
are young star clusters and the orange ones are young stersllying behind the dust.
Since those clusters are formed in this highly perturbeit@mmnent most of them will be

disrupted by interactions with the surrounding environtvaamd the nearby star clusters.

cluster formation rate, the star cluster disruption rdte,time that a cluster will remain
bound, the observed star cluster ages and, the limitatibtitesample; it is possible to
reconstruct part of the past star cluster formation. Wergited this for our five galaxies,
but unfortunately with the present space telescope (HSIE)tble distance of our galaxy,
we were not able to calculate a good estimation of this timevextheless, we were able
to reconstruct (under the data limitation) part of the p&at sluster formation on our
galaxies.

e Luminosity functions: This property quantifies the number of objects per luminos-
ity unit. For young star clusters, the luminosity functigroften expressed as the number
of star clusters versus magnitude (logarithmic lumingsatyd it is described by a power-
law distribution: N(L)dL « L™ with —a ~ —=2. It is a powerful tool that gives indirect
information about the range in masses of the star clustees€pt day mass function).
It also defines the brightest star cluster luminosity, altfifothe brightest object often is
brighter than the expected value, makingiffidult to understand if the brightest clus-
ter was formed by a special mechanism or is only a size-optasifect Hunter et al.
2003 Larsen 200p In this thesis we simulate star cluster luminosity fuoiet using
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the deriveda values and the brightest star cluster on each galaxy canfeimed as a
size-of-sample féects (see chapt&).

e Star clusters as merger tracerdvlassive star clusters, which survived interactions
with their host galaxy, are observed in gas rich mergers Wljtmore & Schweizer
1995 Schweizer 199/ Galaxies showing signs of previous interactions shovbuglo
lar clusters with ages similar to the merger remanent @ohweizer & Seitzer 1998
Goudfrooij et al. 2001 Therefore merger events leave imprints in the local dexbu
cluster systems making possible to trace back those events.

e Globular cluster color distributions and specific frequepcWhen more than one
filter is available, it is possible to study the color distions of the globular clusters. The
color distributions have been mainly studied in elliptigalaxies (for a recent compre-
hensive study on this kind of galaxies see the ACS Virgo @uSturveyCoté et al. 200%

It has been found that globular clusters generally showdnitathdistributions in elliptical
galaxies (showed first bgepf & Ashman 1998 This bimodality argues in favor of dif-
ferent mechanismes, origins and, metallicities of the glabaluster sub-populations. The
studies of globular clusters in spiral galaxies are mordlefging than in ellipticals be-
cause of the dust lying in the galaxy disk causes reddenimgrtbeach object and makes
its correction more diicult. Due to this, the number of spiral galaxies in which gillalp
clusters have been seen is much smaller than ellipticakigslaTherefore, the globular
cluster studies are mostly reduced to the Milky Way, M31 arBBMAnN extra caveat
of the colors must be pointed out: An increase of ages showdhee &ect than an in-
crease of metallicities in the integrated light of the glabwlusters. Eect known as the
age metallicity degeneracy (efgaber 19721973 Rose 1985Renzini & Buzzoni 1986
Worthey 1994. In order to break thisféect at least 4 colors covering a wide range in
wavelength are needed. The best way to avoid tfieceis through spectroscopic studies
as it is done in this thesis in chapter

The specific frequency of globular clusters is a magnitudighted quantity which
allows to compare dlierent globular cluster populations infldirent galaxies under the
same condition. It was defined biarris & van den Bergli198]) as :

SN = Ngg x 10°0#<(Mv+15) (1.1)

WhereNgc is the total number of globular clusters in the galaxy &g is the visual
magnitude of the host galaxy. The specific frequency is hifgreelliptical galaxies than
for spiral galaxies.

1.1.3 The environments of the star clusters

In this subsection | briefly discuss where star clusters haen found. It is far from be
a complete review on the subject, but at least should givedadader an idea of what
is going on; moreover, where this thesis fit in. Thereforés bias toward young star
clusters in spiral galaxies. For more complete reviews pesgto look atWhitmore
(2003, Larsen(2004H for young star clusters artdarris(1991), Ashman & Zepf(1998
andBrodie & Strader(2006 for globular cluster reviews.
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During the last 15 years extragalactic star cluster stuakassbeen mainly focused on
massive star clusters. Early studies were done in non-mgajaxies such as NGC 1569
and NGC 1705.@Q’Connell et al. 1994 M82 (O’'Connell et al. 1995 and in 9 starburst
galaxies Meurer et al. 199p However, systematic studies started with the obsemstio
of merging galaxies and whether globular clusters weregofsirmed {Vhitmore 2003.
Shortly after, the studies were expanded toward young ressir clusters in starburst
galaxies and later expanded toward spiral galaxies andffinegular galaxies.

Galaxy mergers

It is in this environment where the most spectacular stestetupopulation results have
been obtained. For exampleytz (1991 found young globular cluster candidates in the
merger remanent NGC 359Holtzman et al(1996 found blue objects in NGC 6052
which are likely to be comparable in mass to Milky Way gloldhusters.Carlson et al.
(1998 found young star clusters in NGC 1275 with colors which ssgdghat they are
a single-age populationWhitmore et al.(1993 found “40 blue point-like objects” in
NGC 7252 with colors, spatial distributions, and sizes catifgbe with the hypothesis
that these objects formed after the collision of two spiedégies.Schweizer et ak1999
found 102 star cluster candidates in NGC 3921, concludiatyttie star clusters or the
progenitors experienced the same violent relaxation asuthénous matter of the two
merging galaxies. All previous examples correspond to Bremgmnants, but the most
spectacular due to its close distance, the text book exarigpthe ongoing merger of
NGC 403839 (Whitmore & Schweizer 1995the “Antennae” (See Fid.3), which con-
firmed the possibility for globular clusters to be formed iengers.

Galaxy mergers have shown that in these violent environsriéetstar cluster forma-
tion blooms and that the formation of young massive startetagi.e. the young coun-
terpart of the globular clusters) is more likely, althougtsinot the only environment on
which they form.

Starburst galaxies

Starburst galaxies show high rate of star formation. Sanegtithe starburst is stimu-
lated by small interaction with nearby galaxies, accretiboompanion satellite galaxies
or internally stimulated, and since star clusters traceoiingoing star formation, they
have been also observed in this environment. For examptlgicentral region of spi-
ral NGC 253Watson et al(1996 found few massive star cluster®arth et al.(1995
found star clusters in the ring of NGC 1097 and NGC 6951. A fasnexample of a star
burst galaxy is M82 whergan den Bergh{1971) found bright knots. Later®’Connell
et al. (1995 confirmed the previous result and they found 100 star alsistdost of the
previous galaxies show some evidence of interaction wiglr teighbors, but starburst
galaxies can also be observed without any interaction withreeighbor as it is the case
of NGC 5253. In this galaxydarris et al.(2004 concluded that the star cluster formation
was not triggered by an interaction because NGC 5253 is thatésd.

Starburst galaxies are the proof that massive star clusteration is not exclusive
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of merging galaxies and a hint that massive star clusters f@here strong star forma-
tion occurs. In this thesis we study an isolated starbursixgdNGC 5236, we confirm
massive star clusters previously detected_bysen & Richtler(1999 and we add new
candidates.

Dwarf and irregular galaxies

Among the irregular galaxies, young star clusters weredadarone of the closest one:
The Large Magellanic Cloud (e.@hapley & Lindsay 1963Searle et al. 1980van den
Bergh 1981 Elson & Fall 1985. Several star clusters were found in | Zw INgurer
et al. 1995. Two highly studied dwarf (starburst) galaxies are NGCA®.g.Arp &
Sandage 19850’Connell et al. 1994de Marchi et al. 1997Hunter et al. 2000and
others) and NGC 1705 (e.llelnick et al. 19850’Connell et al. 1994Maiz-Apellaniz
2001 Billett et al. 2002 Vazquez et al. 2004 Conti & Vacca(1994 found blue knots
in the dwarf galaxy He 2-10 which contains two starburstargi Several star clusters in
irregular galaxies where found tBijllett et al. (2002.

Dwarf and Irregular galaxies also show young massive stetels and star clusters,
however most of the galaxies are starburst galaxies or tfeejnanteraction with other
galaxies.

Spiral galaxies

Spiral galaxies correspond to 60% of all galaxies in lowsitgnregion of the universe
(Binney & Tremaine 198)¢ They are galaxies like the Milky Way and M31. They con-
tain a prominent disk composed of stars, gas and, dust. Artiengroperties of the disk
the most characteristic one are spiral arms. Spiral arm§laneents in which stars are
continuously being formed. The spiral arms shoWetent shapes, lengths and, promi-
nence from one galaxy to anoth&iiiney & Tremaine 198)/

Two of the best studied spiral galaxies are M31 and M33. M&hd@vn since ancient
times. The first work was the identification of nebulous otgexs globular clusters by
Hubble(1932. Almost half a century latadodge(1979 made a catalog of 403 star clus-
ter candidates and latetodge et al(1987) found that some of these clusters were young
clusters.Barmby et al(2000 found several young star clusters from globular clustér ca
alogs andBeasley et al(2004 2005 noted that several globular clusters showed young
star cluster type spectra. The latest work was don&iignke & Hodge(2007). They
found intermediate and old open clusters, also evidendeeddme rate of star cluster de-
struction as in the Milky Way and, they extrapolate a totahber of 80000 star clusters
in M31. M33 has been studied for almost 50 yedtditner (1960 observed the colors
and magnitudes of the star clusters in both galaxies. Shere several compilations of
star clusters in M33 have been published (&lglnick & D’Odorico 1978 Christian &
Schommer 19821988 Mochejska et al. 199&handar et al. 1992001 Sarajedini et al.
200Qamong others).

More systematic studies involving several spiral galaxieder the same observa-
tional constraints have been donellgrsen & Richtlen1999; Larsen(1999; Larsen &
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Richtler (2000; Larsen(2004h 2002 and this thesis, for the young star cluster popula-
tion and byOlsen et al(2004); Chandar et al2004); Rhode et al(2007) for the globular
cluster population. These studies compare the propetrtige star clusters in their host
galaxy as well as the properties of their host galaxies. Apoairtant result from these
studies is that the luminosity function of star clustersvslvaluesa ~ 2 (Larsen 2002
we also found similar values in this work, and the globularstér specific frequency
in spirals seems to correlate best with the Hubble type afgetotal ration, rather with
galaxy luminosity or galaxy mas€handar et al. 20Q04howeverRhode et al(2007) con-
clude that the specific frequency of metal-poor globulasteuincreases with the galaxy
mass. But, from the spectroscopic analysis in NGC 45, ther ailits globular clusters
and, the derived specific frequency suggest that NGC 45 dudsliow the conclusions
drawn byRhode et al(2007)

Spiral galaxies have shown that the formation of massivectitaters may occur not
only in starburst galaxies, also in “normal spiral galakies

Concluding remarks

Star clusters are present in almost all kind of galaxies.aR#gg the young massive star
clusters, their presence in several environments has Ingestigated and the possible
limits of their formation in unperturbed galaxies and dviendgular galaxies have been
widely explored. However, the low mass extreme is by far rempdly investigated. Up
to now Billett et al. (2002 and Eskridge et al(2008 have investigated the star cluster
population in unperturbed dwdrfegular galaxies. A direct complement to this work
is the chapter of this thesis where the low luminosity unperturbed galaxy@45 is
shown to have similar star cluster properties, despiteabethat is a spiral galaxy.

Here is the original driving of this theslsut instead of investigating dwarf and irreg-
ular galaxies, this work investigates spiral galaxies Whace unperturbed . One of the
advantages presented here are that the galaxies were ethssing the same instrument
(HST) and the data is directly comparable without bias dufferent instrumental setup
and data limitations.

1.1.4 Deriving ages

Prior to finishing this introduction it is worth to explaingimodels and the methods used
for age and mass derivations in this thesis.

Simple Stellar Population (SSP) models

If we took one of the Milky Way globular clusters with knowngperties (such as mass,
age, and chemical composition) and we put it outside thd trcaip, we will not see the
individual stars that compose it. We will see the combingtitlii.e. the integrated colors
as the addition of thefiects of the light from each star.

If the integrated light is the only information that we cart fyjem this star cluster, Is it
possible to recover the previously known properties? Maegaf we could calculate how
the individual properties wefare at earligtater times we can therefore calculate how the

12
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integrated light will change with time. This idea was origly posed byCrampin &
Hoyle (1961 and it was the beginning of Simple Stellar Population medathough the
first formal work was made byinsley (1968. The main idea behind the Simple Stellar
Population models is that star clusters are composed byidugil stars sharing the same
chemical composition (formed from the same cloud) and agen@d at the same time).
Three basic ingredients form the Simple Stellar Populatimtlels: Stellar evolutionary
tracks, stellar atmosphere models and the Initial Mass tiam¢IMF). Stellar evolu-
tionary tracks describe the evolution in time of the lumitgshe surface gravity, the
bolometric luminosity and, magnitude (according to selvpess-band definitions) of a
star for a given mass and chemical composition considewrgrshooting” (e.gFagotto
et al. 1994#,c; Bertelli et al. 1994 Girardi et al. 200Dor not considering it (e.gcassisi
et al. 1998 VandenBerg et al. 2000

Simple Stellar Population models combine evolutionargksawith either stellar at-
mosphere models or observed spectral libraries Bryggual & Charlot 2003Maraston
1998 and the Initial Mass Function describes the original dhstion of stellar masses
(e.g.Salpeter 1955Miller & Scalo 1979 Kroupa et al. 1993Chabrier 2003

The models are computed by integrating the contributiomefindividual stars. Two
different techniques are used: The isochrone synthesisGhigsi et al. 1988Charlot
& Bruzual 199) and the fuel consumption approadRenzini & Buzzoni 1986Buzzoni
1989 Maraston 1998Maraston et al. 2004 In the first one, the isochrones are computed
up to the end for an instantaneous-burst stellar populatnahthe properties of the stellar
populations interpolated from a set of stellar tracks. Toad method considers that the
contribution of stars in any given post main sequence statfetintegrated luminosity of
the simple stellar population is directly proportional bhe amount of fuel burned during
that stageRenzini & Buzzoni 198K For a discussion of both method $eenzini(1994.

In the first two chapters of this thesis we use Simple Stel@uRation models for
star cluster age and mass derivations. Two models are usédigqurpose. GALEV
Anders & Fritze-v. Alvensleberf2003 and Girardi (Private communications) models
based orGirardi et al.(200Q 1996. GALEV models are based on isochrones from the
Padova group and model atmosphere spectra frejgune et al(1997, 1998, consider-
ing Salpeter and Scalo IMF and, including gaseous emisgtomission lines contribute
to the broad band fluxes in an important way during very earbjugionary stages of star
clusters in regions with strong ongoing star formation. this reason, GALEV models
are used as the main age-mass theoretical model and theliGnadels used as compar-
ison results.

However, Simple Stellar Population models have limitagjomcluding the Simple
Stellar Population models chosen here. Stars in the ststectuare formed purely stochas-
tic by consumption of the available amount of gas, and a&w bf small (open) clusters,
this dfect has a direct implication of the assumption for the ihgtallar mass function
(i.e. modeling the number of stars and their masses whidlosih the cluster). Since the
theoretical evolution of stars is based on a discrete grimadses, approximations must
be assumed in order to fit the gaps between the discrete nmggsraOnly systems more
massive than- 10°Mg, show low impact of the stochasticity of the initial mass fiioi.
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3DEF-method

This method compares the energy distributfonkthe observed star clusters with those
predicted by the models (see Figurd).

12 T T T T T T T T
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Figure 1.4. Example of theoretical Spectral Energy Distidns (SED) in magnitudes
as function of wavelength for STARBURST99 models. The agéhefcluster in Myr
is indicated and the model corresponds to a cluster witiainitass of 16Mg at the
distance of M51. Figure frorBik et al. (2003.

Three quantities of the observed star clusters are unkndg:age, the mass and,
the internal extinction towards the clusters. For this psgpthose quantities are mini-
mized using a? minimum criteria i.e.x? = x?/v, wherev is the number of degrees of
freedom. Thus, the number of observed bandpass combiratiast be the same number
of bandpass in the Simple Stellar Population models.

To use this method, it is necessary to know the distance tgdahexy where the
clusters lie in order to correct the model magnitudes anéxtiaction toward the galaxy,
although extinction is not extremely necessary becausentiteod itself can calculate
the extinction as a fit parameter. Nevertheless, we coadexnie photometries by galactic
extinction law Schlegel et al. 1998and we limited the internal extinctioB(B — V) up
to 3 magnitudes.

The method creates a grid in age (which depends on the moglebsglution), extinc-
tion (applied to each single point of the model between thédii.e. 0 and 3 magnitudes)
and, mass. Regarding the mass: the models are calculatadixed cluster initial mass
which is later scaled according to the observed magnitudigs. grid is compared with

2Magnitude as function of wavelength is a distribution knagran energy distribution.
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the observations using minimug? criteria and the output corresponds to the mass, age
and, extinction of each individual star cluster.

The method has the limitation that it requires accurate grhetry, which can be
challenging when star clusters are not isolated, and tlghit may be contaminated by
the neighbor objects leading in an overestimatioderestimation of their masses and
ages. The masses derived by the method are luminous massesidrived from the
photometry). Therefore, even if the model considers daj&atd which are contributing
to the total mass of the clusters (e.g. neutron stars) theianwod those objects in the real
clusters may change and thus the mass will be underestimataeerestimated. Also a
fixed metallicity shall be assumed. We note that the meiigili;n principle can be left
as a free parameter and later on (from the minim¢finthe value can be used to derive
the individual star cluster metallicities. However, thiged not ensure that the output will
have a physical meaning. For this reason always the métaliachosen to be the closest
one from the literature and the individual star cluster ifietdes are assumed to be the
same.

An extra limitation need to be point out. The method tendsstigm the same age to
several star clusters at ages where the color of the modaigeh This is seen, for exam-
ple, at 13 yr and 5x 10° yr in the Fig. 3.6. This efect can lead to the misinterpretation
of a burst at those ages, while in reality it is just an artifsficthe method.

The Lick/IDS spectra system

The Lick/IDS system was developed with the purpose of predictingdiiide. absorption
features in the globular cluster and elliptical galaxy $f@cstrengths in the integrated
light of stellar populations, as function of age and metayli It was first developed by
Burstein et al(19849, refined byGorgas et al(1993, completed byWorthey (1994,
expanded to four new indices Byorthey & Ottaviani(1997 and updated with new
index definitions byTrager et al(1998. It consists of 25 index definitions from the IDS
database which contains absorption-line strengths of 3&ixips, 38 globular clusters,
and 460 stars based on 7417 spectra in the 406000 A region observed at the Lick
Observatory from 1972 up to 1984. The method consists of une@sthe diference
of flux between the absorption feature (molecular or atorai) the adjacent pseudo-
continuum featureBc,. The pseudo-continuum is defined as:

A2
Fo= [ Fadi/te - ) (1.2)
1

whereFp is the mean flux in each continuum passband. The boundartas passbands
are defined byl; and A, (indicated by the brown lines in figurg5), The continuum
level in the feature passband is obtained by interpolateiwéen the mean fluxes in each
continuum passbandF¢ in figure1.5).

The molecular indices are expressed in magnitudes and defie

1 2 F
M = —2.5Iog[ f 42
A2 =1 Jy Fea

1

(1.3)
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Figure 1.5: Graphical definition of an index. The top figurewsh a typical spectra of a
globular cluster. In the bottom a zoom of the top figure is sihowthe region of the index
HpB. Fp are the regions where the pseudo-continua are calculateslcrbsses show the
two starting points on which the pseudo-continuum will besidered. The black arrows
indicate where are,Fand

The atomic index is expressed in Angstroms and defined as:

A2
E =f (1— m)d/l (1.4)
A Fca

The LickIDS system has been widely used. However, it is a challentisg to
obtain accurate measurements. The spectra must have aidygth t® noise ratio, the
velocity of the object must be know accurately and, the spaoust be free of artifacts
from the process of the treatment of the data.

Without these considerations it is highly probable thaidad ages and abundances
values derived in the stellar population models will notalid® the observed object in-
dices and thus the object ages and abundances will remairownk
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Chapter 2

Imaging of star clusters in unperturbed
spiral galaxies with the Advanced
Camera for Surveys: |. The low
luminosity galaxy NGC 45

Astronomy & Astrophysics, 2007, 464, 495
M. D. Mora, S. S. Larsen & M. Kissler-Patig
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I. The low luminosity galaxy NGC 45

Abstract

Star clusters are present in almost all types of galaxiege tte investigate the star clus-
ter population in the low-luminosity, unperturbed spiralaxy NGC 45, which is located
in the nearby Sculptor group. Both the old (globular) andngpetar-cluster populations
are studied. Previous ground-based observations havestegghat NGC 45 has few if
any “massive” young star clusters. We aim to study the pdipmaf lower-mass “open”
star clusters and also identify old globular clusters tlatlad not be distinguished from
foreground stars in the ground-based data. Star clustems identified usingJBV |
imaging from theAdvanced Camera for Surveys (AG8) theWide Field Planetary
Camera 2 (WFPC2pn board théHubble Space TelescapErom broad band colors and
comparison with simple stellar population (SSP) modelsragy a fixed metallicity, we
derived the age, mass, and extinction. We also measureaddhesrfor each star cluster
candidate. We identified 28 young star cluster candidatdsleihe exact values of age,
mass, and extinction depend somewhat on the choice of SSBIsn@ck find no young
clusters with masses higher than a few 10809 for any model choice. We derive the
luminosity function of young star clusters and find a slopexof —1.94 + 0.28. We
also identified 19 old globular clusters, which appear toehawnass distribution that is
roughly consistent with what is observed in other globulaster systems. Applying cor-
rections for spatial incompleteness, we estimate a spé@ficiency of globular clusters
of Sy=1.4-1.9, which is significantly higher than observed foreotlate-type galaxies
(e.g. SMC, LMC, M33). Most of these globular clusters appedrelong to a metal-poor
population, although they coincide spatially with the oo of the bulge of NGC 45.
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2.1 Introduction I. The low luminosity galaxy NGC 45

2.1 Introduction

Especially since the launch of the HST, young star clustave lbeen observed in an in-
creasing variety of environments and galaxies. This iretudteracting galaxies such as
NGC 1275 (e.gHoltzman et al. 1992 the Antennae system (e\hitmore & Schweizer
1995, tidal tails (e.g.Bastian et al. 2005¢ but also some normal disk galaxies (e.g.
Larsen 2004pa This shows that star clusters are common objects thatocemih all star-
forming galaxies. It remains unclear what types of evenggér star cluster formation
and the formation of “massive” clusters in particular. Ishmseen suggested that (at least
some) globular clusters may have been formed in galaxy me(§ehweizer 198); and
the observation of young massive star clusters in the Aieamd elsewhere may be an
important hint that this is indeed a viable mechanism, algfronot necessarily the only
one. In the case of normal spiral galaxies, spiral arms m&y stimulate the molecular
cloud formation ElImegreen 1994and thus the possibility of star cluster formation.

While a large fraction of stars appear to be forming in clissieitially, many of these
clusters (~90%) will not remain bound after gas removal and dispersa aftl0’ years
(Whitmore 2003. This early cluster disruption may be further aided by nlass due
to the stellar evolution and dynamical procesdea (2009, so that many stars initially
born in clusters eventually end up in the field.

Much attention has focused on star clusters in extreme@mwvients such as mergers
and starbursts, but little is currently known about star stiad cluster formation in more
guiescent galaxies, such as low-luminosity spiral galaxi€éhe Sculptor group is the
nearest galaxy group, and it hosts a number of late-typeigalaith luminosities similar
to those of SMC, LMC, and M33Qote et al. 199) One of the outlying members is
NGC 45, a low surface-brightness spiral galaxy with M —17.13 and distance modulus
(m- M) = 2842+ 0.41 Bottinelli et al. 198%. This galaxy was included in the ground-
based survey of young massive clusters (YMCSs) in nearbwlspafLarsen & Richtler
(1999, who found only one cluster candidate. Several additiahélglobular cluster
candidates from ground-based observations were four@lssn et al(2004, but none
of them has been confirmed.

In this paper we aim at studying star cluster formation is gfalaxy using the advan-
tages of the HST space observations. We identify star ckiiteough their sizes, which
are expected to be stable in the lifetime of the clus8pitger 1987. Then we derive
their ages and masses using broadband colors with the tiomigathat this method im-
plies, such as models dependenates Grijs et al. 200p Also we study how the choice
of model metallicities fiects our results.

This chapter is structured in the following way, beginningSect. 2.2, we describe
the observations, reductions, photometry, aperture ciores and, artificial object ex-
periments. In Sect2.3 we describe the selection of our cluster candidates, th@ co
magnitude diagram and their spatial distribution. In S8ct.we describe the properties
of young star clusters. In Sec2.5we comment on the globular cluster properties, and
Sect.2.6 contains the discussion and conclusions.
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2.2 Data and reductions I. The low luminosity galaxy NGC 45

2.2 Data and reductions

Two different regions in NGC 45 were observed with the HST ACS Wid&lKidannel
on July 5, 2004. One pointing included the center of the galaxogo = 00"14™0°.30,
82000 = —23°10'04”) and the other covered one of the spiral armgdo = 00714M143.90,
62000 = —23°1229"). For each frame, two exposures of 340 seconds each wergextqu
through the filters F435W~( B) and F555W £ V), and a pair of 90 and 340 seconds was
obtained through the filter F814W (). In addition, for each pointing, two F336W U-
band) exposures of 1200 s each were taken with the WFPC2. TBdrAages are shown
in Fig. 2.1, including the footprint of the WFPC2 exposures. Due to thelter field-of-
view of WFPC2, only part of the ACS frames have correspondlirgand imaging.

Following standard “on-the-fly” pipeline processing, t@rACS images were driz-
Zled using the MULTIDRIZZLE taskioekemoer et al. 2002n the STSDAS package in
IRAFL. For most of the parameters in Multidrizzle we used the defalues. However,
we disabled the automatic sky subtraction, because it didvack well for our data, due
to the highly non-uniform background level. The WPFC2 insagere combined using
the CRREJ task and standard parameter settings.

2.2.1 Photometry

The source detection was carried out in the A5V images using SExtractor V2.4.3
(Bertin & Arnouts 1996. The object coordinates measured in B35y frame were
used as input for the SExtractor runs on the other two ACSdgarAn area of 5 connected
pixels, all of them are more than 4 sigma above the backgrouas defined as an object.
From the output of SExtractor we kept the FWHM measured ih éiter and the object
coordinates.

Aperture photometry was done with the PHOT task in IRAF, gigime SExtractor
coordinates as input. This was preferred over the SExtractgnitudes because of the
greater flexibility in DAOPHOQOT for choosing the backgroungbsaction windows. We
used an aperture radius of 6 pixels for the ACS photometrj¢chwimatches the typical
sizes of star clusters well at the well distance of NGC 45 (ISAGFC pixel ~ 1.2 pc).
The sky was subtracted using an annulus with inner radiugpofeds and a 5 pixel width.

Because th&g33gy €xposures were not as deep as the ACS exposures, we used the
ACS object coordinates transformed into the WFPC2 framerderoto maximize the
number of objects for which 336y photometry was available. We defined a transforma-
tion between the ACS and WFPC2 coordinate systems usingE@MAP task in IRAF,
and transformed the ACS obiject lists to the WFPC2 frame wighGEOXYTRAN task.
Each transformation typically had an rms of 0.5 pixels. Thasformed coordinates were
used as input for the WFPC2 aperture photometry. We used =eB gperture radius,
which is the same physical aperture as in the ACS frames. ®tetg were converted

LIRAF is distributed by the National Optical Astronomical €vatory, which is operated by the
Association of Universities for Research in Astronomy,, lmeder cooperative agreement with the National
Science Foundation.
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2.2 Data and reductions I. The low luminosity galaxy NGC 45

Figure 2.1: The two F435W ACS images of NGC 45 with the HST WERE336W)
pointings also indicated. The arrows indicate the north.
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Figure 2.2: Photometry errors of the detected sources. pheuae radii used for the
photometry are 6 pixels for the ACS data and 3 pixels for WEPC2

to the Vega magnitude system using the HST zero-points tiakenthe HST web pade
and based on the spectrophotometric calibration of Vega Bohlin & Gilliland (2004).

We identified a total of 14 objects in common with the ACS datd the WFPC2
chips. For the Planetary Camera (PC), we were not able to fip&d@mmon objects to
determine the correct transformation.

2.2.2 Object sizes

Measuring object sizes is an important step in disentaggiiars from extended objects.
We performed size measurements on the ACS data. For thisgrirpe used the ISHAPE
task in BAOLAB (Larsen 19989 ISHAPE models a source as an analytical function (in
our caseKing 1962profiles) convolved with the PSF. For each object Ishapesshiam

an initial value for the FWHM, ellipticity, orientation, gptitude, and object position,
which are then used in ay? iterative minimization. The output includes the derived
FWHM, chi-square, flux, and signal-to-noise for each obj#ut a residual image. A
King concentration parameter o£80, fitting radius of 10 pixels, and a maximum cen-
tering radius of 3 pixels were adopted as input parametersf@ape. These results are

httpy/www.stsci.edfhsyacganalysigzeropoints
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2.2 Data and reductions I. The low luminosity galaxy NGC 45

described in Sec.3.

2.2.3 Aperture corrections

Aperture corrections from our photometric apertures tderemce (145) aperture should
ideally be derived using the same objects in all the fram&@hose objects should be
extended, isolated, and easily detectable. In our caseviissmpossible because most
of the objects were not isolated, and the few isolated ones we faint in the WFPC2
frame. For this reason, we decided to create artificial elddrobjects and derive the
aperture corrections from them. We proceed for the ACS &snel

First, we generated an empirical PSF for point sources i\@® images, using the
PSF task in DAOPHOT running within IRAF. Since we want to beedihat we are only
selecting stars in the PSF construction, we used ACS imalgdse dsalactic globular
cluster 47 Tuc¢*. We selected 139, 84, and 79 stars throughBhgssw, Vrsssw, and
Irs1aw filters with 10 sec, 150 sec, and 72 sec of exposure time, cégply. We could
not use the same objects in all the filters because the AC®&&iave dferent pointings
and exposure times. The selected stars were more or lessrahyifdistributed over the
CCD, hut we avoided the core of the globular cluster becatzss there were crowded
and saturated. We used a PSF radius of 11 pixels and a fittitagsraf 4 pixels on each
image. This was the maximum possible radius for each staowitbeing &ected by the
neighboring one.

Second, models of extended sources were generated usB4@eAB MKCMPPSF
task Larsen 1999 This task creates a PSF by convolving a user-suppliedigiaii our
case the empirical ACS PSF) with an analytical profile (hekdrg 1962 model with
concentration parameteyya/rcore = 30) with a FWHM specified by the user. The result
is a new PSF for extended objects.

Third, we used theKSYNTHtask in BAOLAB to create an artificial image with
artificial extended sources on it.

For the WFPC2 images we proceeded in a similar way, but we tieediny Tim
(Krist 1993 package for the PSF generation. We kept the same PSF draasefer
the ACS images. We then followed the same procedure as foh@& PSF. Aperture
corrections were done taken into account the profile usesiZermeasurements (King30)
and the size derived from it for each object. Since sizes measured in the ACS frames,
we assumed that objects in the WFPC frames have similar. sikpsrture corrections
were corrected from 6 pixels for the ACS data and 3 pixels f&6iRE2 to a nominal’45
(where aperture corrections start to remain constantjeefe aperture. The corrections
are listed in Tabl.1

Colors do not change significantly as a function of size. Fiainle2.1, we note that
an error in size will be translated into a magnitude errog. €.3 pixel of error in the
measured FWHM correspond Amm = 0.07 which, translated into mass, corresponds to a
7% error. We also keep in mind that adopting an average d@neover each small size

SGlobular clusters’ half light radii are in the range 1-10 pe; clusters will appear extended in ACS
images at the distance of NGC 45
4Based on data obtained from the E'SO-ECF Science Archive Facility.
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2.2 Data and reductions I. The low luminosity galaxy NGC 45

Table 2.1: Aperture corrections as a function of object §&HM).

(1) 2) 3) (4) )
FWHM(piX) Ugszav[mad Brazsv[mad Vesssw[mad Irgiaw[mad
WEPC ACS ACS ACS
0.20-0.75 -0.050 -0.053 -0.046 -0.054
0.75-1.50 -0.168 -0.167 -0.153 -0.163
1.50-2.15 -0.358 -0.343 -0.337 -0.345
2.15-2.75 -0.517 -0.506 -0.491 -0.505

range (0.20-0.75, 0.75-1.50, 1.50-2.15, 2.15-2.75) daodnce an additional uncertainty
in mass of~ 8%

The other systematiciect on our measurements is that aperture correction changes
for the diferent profiles. We adopt a King30 profile, fitting most of oujeaks best. For
comparison we give some examples of thkee below. For an object of FWHND.5
pixels, the aperture correction varies fraim = —0.036 [mag] (3% in mass) considering
a KING5 profile up toAm = —0.205 [mag] (17% in mass) considering a King100 profile.
For an object of FWHM1.2 pixels, the aperture correction varies fraim = —0.045
[mag] using King5 (4% in mass), up ttim = —0.437 [mag] (35% in mass) considering a
King100 profile. And for an object of FWHM2.5 pixels, the aperture correction varies
from Am = —0.078 (7% in mass) considering a King5 profile upim = —0.645 [mag]
(45% in mass) considering a King100 profile. Thus in gené@kixact size and assumed
profiles will cause errors in mass.

2.2.4 Artificial object experiments

We need to estimate the limits of our sample’s reliabilityringnitudes and sizes. In the
following we investigate how factors such as the degreemfdmg and the background
level dfect the detection process and size derivation. To do so, wedati0O artificial
objects and repeated the analysis for edlent sub-regions in the ACS images: “field
I” was centered on the bulge of the galaxy, “field II” includadcrowded region with
many young stars, and “field 11"’ covered a low-backgroundioa far from the center
of the galaxy (see Fig2.3). Each field measured 1000 x 1000 pixels, and the artificial
objects were distributed in an array of 10 by 10. A randomt $l@tween 0 and 20 pixels
was added to the original object positions. In this way, theimmum separation between
objects is 60 pixels.

The artificial objects were built using an artificial PSF asal#ed in the second
step of the aperture correction. Objects with a fixed magritwere then added to a
zero-background image (as in the third step of apertureecton). Finally we added
this image, containing the artificial objects, to the sceeimage using the IMARITH
task in IRAF. This was done for objects with magnitudes betwsBr4351v)=16 and
M(Br43sn)=26 and diferent FWHM (0.1 pixels (stars), 0.5, 0.9, 1.2, 1.5, and 1x8Ip).
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2.2 Data and reductions I. The low luminosity galaxy NGC 45

Figure 2.3: Artificial objects added to the science imagee iree diferent test fields
are shown, starting from the right and going clockwise: drie{high background, and
crowded background), Field Il (young star-forming regioRleld 11l (low background
region).

The recovering process was performed in exactly the samesviy the original science
object detections (SExtractor detection, aperture phetgmand Ishape run). Figu4
shows the fraction of artificial objects recovered as a fionobf magnitude for dferent
intrinsic object sizes and for each of the three test fieldseX¥pected, the completeness
tests show that more extended objects are mdfieuli to detect at a fixed magnitude.
Fields 1l and Il show very similar behavior, perhaps notpsigingly, since the crowded
parts of field Il cover only a small fraction of the test fieldhérhigher background level
in Field | results in a somewhat shallower detection limiut for all the fields the 50%
completeness limit is reached betweerBisy)=25 and mBgazgy)=26.

The artificial object experiments also allow us to test tHiabdity of the size mea-
surements. In Fig.2.5we plot the average value of the absolutfedence between the
input FWHM and the recovered FWHM as a function of magnituntetiie three dter-
ent fields. More extended clusters show bigger absoldterdnces between the input
and output FWHM at fixed magnitude compared with the lessnelee@. Uncertainties
are generally larger in the crowded and high backgroundnegiIn Field 1, the artifi-
cial object tests give an averagdfdrence between the input FWHM and the recovered
one ofo=0.006 pixels for an object with NBg4351v)=20 and FWHM(input}0.5 pixels.
The corresponding errors at Bs3sy)=23 and mBgaszgy)=24 arec=0.06 pixels and
0=0.12 pixels, and a 50% error&0.25 pixels) is reached at BE435v)~25. The rela-
tive errors also remain roughly constant at a fixed magnifadenore extended objects;
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Figure 2.5: Absolute value of the average of the input FWHM #re recovered value
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The 0o observed in the fields Il and lll @®r435v ~ 255 means that no objects were
recovered in these bins.
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Figure 2.6: Histogram of the size distributions from ISHAREh a zoom in to the
extended objects (bottom) and SExtractor (top). The ddittedshows the size selection
criteria.

for FWHM=1.8 pix the 50% error limit is at n{r43sy)=24.6.

2.3 Selection of cluster candidates

For the selection of star cluster candidates, we took adgenof the excellent spatial
resolution of the ACS images. At the distance of NGC 45, oné& Aixel (@’05) cor-
responds to a linear scale of about 1.2 pc. With typical hgitit radii of a few pc (e.qg.
Larsen 2004rn young star clusters are thus expected to be easily rexalgri as ex-
tended objects. However, the high spatial resolution ampdhdef the ACS images also
add a number of complications: as discussed in the previettsos, our detection limit
is atB ~ 25.5, or Mg ~ —3 at the distance of NGC 45. Clusters of such low luminosities
are often dominated by a few bright stars, so it can fgcdit to distinguish between
a true star cluster and chance alignments of individual f&dds along the line-of-sight.
Therefore, we limit ourselves to brighter objects for whiehiable sizes can be measured.
We adopt a magnitude limit of Bg435y)=23.2, corresponding thlg ~ 5.5 and to a size
uncertainty of~ 20% for objects with FWHM< 2.5 pixel. Only one object (IB9) has a
larger FWHM than this.

In an attempt to improve our object detection scheme, we oitedize estimates from
ISHAPE and SExtractor. In Fig.6 we plot the distribution of size measurements for all
the objects withBraasy < 23.2.

The SExtractor sizes show a peak around FWA\, corresponding to the PSF
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Figure 2.7: Object FWHMs as measured by ISHAPE and SExiradtdled circles
are objects considered extended by both methods. Oper<in@re considered as ex-
tended objects only by SExtractor and triangles are obtsidered extended only by
ISHAPE.

FWHM, while the ISHAPE distribution peaks at 0 (recall tha¢ 1SHAPE sizes are cor-
rected for the PSF). We adopt the size criterid&® H Msex > 2.7 andFWH Mspape >
0.2 to select extended objects. In FB.7 we plot all objects with at least one condition
fulfilled. From this figure it is evident that several objewatsre considered to be extended
according to the SExtractor sizes, while the ISHAPE fit yiglchear-zero size. Such
objects might be close groupings of stars where SExtradsdrs/the size of the whole
group, while ISHAPE fits a single star. On the other hand gtlaee very few objects that
are classified as extended by ISHAPE but as compact accaal®gxtractor.

Obijects that fulfill both conditions are considered to bedtsster candidates. Objects
that fulfill only one condition are considered to be possiilesters. Objects that did not
pass any condition were rejected (i.e. classified as stadsthe objects were visually
inspected to avoid contamination by HIl regions. Finallydfects were rated as star
cluster candidates and 64 as possible clusters, while S8eskt“possible” star cluster
were considered as stars by ISHAPE and 2 as stars by SExtrBobdon the 66 star clus-
ter candidates, 36 have 4-band photometry and 30 have on§/(8®and) photometry.
In the following, only star cluster candidates are congddor the analysis.

2.3.1 Young clusters vs globular clusters

In Fig. 2.8the color magnitude diagrams are shown for star clusterdidates and pos-
sible clusters. Two populations can be distinguished: Aupettpn of blue (and prob-
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Figure 2.8: Color-magnitude diagram for objects in NGC 4be Teft side corresponds
to all objects withBrazswn,VEsssy and, lrg1av ACS photometry and the right side corre-
spond to objects with 4-band photometry (ACS filters plszgy from WFPC2). Filled
circles are extended objects (i.e. star clusters) seldpte®Extractor and Ishape, while
open circles are objects that did not pass one of the sizetieelecriteria. The dashed
line is the TO of the old MW globular clusters systemy i ~ —7.4.
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Figure 2.9: Star cluster spatial distribution from the eemf the galaxy at dierent ra-
dius. Top: Cumulative distribution with radius. Bottom: fdber of objects per radius
and globular cluster spatial completeness.

ably young) objects withVrsssw — lpgiav < 0.8 (with a main concentration around
VEssaw — Irs1aw ~ 0), and a red populatiodesssy — Irs1av > 0.8, concentrated around
VEsssw — lrs1aw ~ 1 (globular clusters). Two blue clusters brighter thgssy = 21
(My ~ —7.5) are found. The red objects have colors consistent withetlexpected for
old globular clusters and are all extended according to thwtSExtractor and ISHAPE
size criteria.

The spatial distribution is shown in Fig@.9for all the clusters with 3-band photom-
etry (ACS field of view). Globular clusters are concentratedards the center of the
galaxy, and their number decreases with their distance.omtr&st, young clusters are
distributed in the outer part of the galaxy showing 2 majancamtrations at 78 arcsec
and 190 arcsec. Young clusters are associated with stamfgmagions, therefore it is
more likely to find them in spiral arms like the first concetitma rather than in the cen-
ter. The second concentration corresponds mainly to theteckidetected in the second
pointing covering one of the spirals arms and young regions.

Spatial completeness is 100% up to 20 arcsec radius. Beyorcgec, the com-
pleteness drops down to 20% at 200 arcsec radius. For allleteanpss corrections, we
assume the non-covered areas to be similar to the coveradhea respects.

The detection of young and globular star clusters do not difgrentially with ra-
dius. Therefore the central concentration of the globulasters is not an artifact of
detection completion.

Assuming that the covered area is representative of thecavered area and that the
number and distribution of star clusters are similar in tba-novered area, we expect
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2.4 Young star clusters I. The low luminosity galaxy NGC 45

that the observed tendency of globular clusters being dédctiwards the center of the
galaxy and the young ones toward the outer parts will remain.

In the following we discuss the young clusters and globulasters separately. Our
sample includes 36 star clusters with UBVI data (28 young dtesters and 8 globular
clusters) and 11 globular clusters with BVI data. We will distcuss further the ages nor
masses derived for the globular clusters since they ardiaipleedue to their faingzzan
band magnitudes. Only for completeness we show their dbages and masses in the
table2.3

2.4 Young star clusters

In this section, we discuss the properties of young clustensore detail.

2.4.1 Colors

TheUgszen—Brassw VS. VEsssy— | pg1an two-color diagram of NGC 45 young star cluster
candidates (not reddening corrected) is shown in EigjQ Also shown in the figure are
GALEV (Anders & Fritze-v. Alvensleben 200ESP models for dierent metallicities.
Age increases along the tracks from blue towards redderscolde “hook” atVesssy —
Irg1anv~ 0.5 andUg33sn — Brassy~ —1 corresponds to the appearance of red supergiant
stars at~ 10’ years and is strongly metallicity dependent. Many of thestelts have
colors consistent with very young ages 10 years), and some older cluster candidates
are spread along the theoretical tracks.

The cluster colors show a considerable scatter comparédtfigtmodel predictions,
significantly larger than the photometric errors. For yamgpbjects, the scatter may be
due to random fluctuations in the number and magnitude ofupergiant stars present in
each clusterGirardi et al. 199% Reddening variations can also contribute to the scatter,
and for the older clustersz(1 Gyr), metallicity dfects may also play a role since the
models in each panel follow a fixed metallicity.

Generally, the cluster colors seem to be better describeadalels of sub-solar metal-
licity (Z=0.004 and Z£0.008). Considering that the luminosity of NGC 45 is intediage
between those of the small and large Magellanic clouds, vghinimdeed expect young
clusters to have intermediate metallicities between tlysieal of young stellar popula-
tions in the Magellanic clouds.

2.4.2 Ages and masses

One of main problems in deriving ages, metallicities, andsea for star clusters in spi-
rals is that we do not know the extinction towards the indmaldobjects Bik et al. (2003
propose a method known as the “3D fitting” method to solve phidlem. This method
estimates the extinction, age, and mass by assuming a fixedlioiy for each single
cluster. The method relies on a SSP model (in our case GALEMVmaisg a Salpeter
IMF, Anders & Fritze-v. Alvensleben 2093which provides the broad-band colors as a
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Figure 2.10: Color-color diagram of NGC 45 star cluster d¢dagts, uncorrected for
reddening. Each line corresponds to SSP GALEV modelsfidréint metallicities for a
Salpeter IMF and ages from 1 Myr up to 10 Gyr. The arrow coadp to an extinction
of 1 mag.
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Figure 2.11: Reddening-corrected color-color diagram GQN45 star clusters. Each
cluster was corrected according to the lowgsmetallicity-fitted model. All the theoret-
ical tracks are plotted for 4 fierent metallicities. See Tabl@s2 and2.3for the derived
values.

function of age and metallicity. The algorithm comparestidel colors with the ob-
served ones and searches for the best-fitting extinctiangasstep of 0.01 (B — V))
and age for each cluster, using a minimyfcriterion. Finally the mass is estimated by
comparing the mass-to-light ratios predicted by the moffelsa fixed metallicity) with
the observed magnitudes.

In Fig. 2.11we plot the model tracks for 4 metallicities, together wiib tluster col-
ors corrected for reddening, according to the hédftting for the diferent metallicities.
The 3D fitting method will move the clusters in the oppositeclion with respect to the
reddening arrow in Fig2.11, finding the closest matching model.

From HyperledaRaturel et al. 2003 the internal extinction in B-band for NGC 45
is Az = 0.34, based on the inclination and the morphological galayge tiaken from
Bottinelli et al. (19995. AssumingAg = 1.324x Ay from Rieke & Lebofsky(1985, we
expectE(B - V) ~ 0.08. The mean derived extinction for the clusterg({8 — V) = 0.04
for Z = 0.008 andZ = 0.004,E(B - V) = 0.05 forZ = 0.02, andE(B - V) = 0.1 for
Z = 0.05. These values agree well with our derived value. Consigéhat some clusters
lie in the foreground and some in the background, the extinatalue from the literature
agrees well with the extinctions we derive for our star @ust

The 3D fitting method was applied for all clusters with 4-bamdtometry assuming
in turn for different metallicities (20.004, Z0.008, Z0.02, and Z£0.05). To explore
how the assumed metallicityffacts the derived parameters, we plot the cluster masses
in Fig. 2.12 against cluster ages for all the models. In a general owerefeeach plot
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2.4 Young star clusters I. The low luminosity galaxy NGC 45
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Figure 2.12: Mass as a function of cluster age. All star elusindidates with masses
greater than 100 solar masses are plotted here. Filleésiack young clusters. The lines
represent a cluster 6435V = 231 at diferent ages and masses for each metallicity.

we see concentrations of clusters around particular aggs,near logfge/yr) ~ 7.2
and~ 8 in the Z=0.008 plot. These concentrations are not physical, butausartifacts
due to the model fitting (seBik et al. 2003. In particular, the concentration around
log(Age/yr) ~ 7 is due to the rapid change in the integrated cluster colotisad age
(corresponding to the “hook” in Fi@.10. The figure again illustrates that the exact age
at which this feature appears is metallicity dependent.

Independent of metallicity, FigR.12 shows a concentration of young and not very
massive clustersM < 10°M,) around 168 yr. At older ages, the number of detected
cluster candidates per age bin (note the logarithmic age)stecreases rapidly. Thisis a
result of fading due to stellar evolution (as indicated kg sblid lines), as well as cluster
disruption (see Seck.4.9.

2.4.3 Sizes

The young cluster candidates detected in NGC 45 are gendéralimass, compact ob-
jects. The average size (from ISHAPE) is FWHI16 + 0.2 pixel, equivalent to a
half-light radius of R¢¢= 2.0+ 0.2 pc (errors are the standard error of the mean). These
mean sizes are somewhat smaller than those derivegisen(20043 for clusters in a
sample of normal spiral galaxies, which typically rangerfra—5 pc. Previous work on
star clusters has shown that there is at most a shallow abaelbetween cluster sizes
and masses. For example, young star clusters found in NGE& I32Bepf et al.(1999

and byLarsen(20043 in a sample of nearby spiral galaxies show a slight coicelat
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Figure 2.13: Hective radius vs mass (top) and age (bottom). The curve orsttpe
fitting of a power-lawReft = a* MP

between their radii and masses, altholggstian et al(2005g8 do not find any apparent
relation between radii and masses in Mbarsen(20044 derived the following relation
between cluster mass and sify = 1.12 x (M/My)%10 pc. For a cluster mass of 40
Mg, which is more typical of the young clusters observed héis dorresponds to a mean
size of 2.2 pc. Thus, the fliierence between the cluster sizes derived by other studies of
extragalactic star clusters and those found for NGC 45 herglme at least partly due to
the lower cluster masses encountered in NGC 45. Of coursse®in the literature stud-
ies also need to be carefully considered. For exaniaesen(20043 excludes the most
compact objects, which might cause the mean sizes to bensgtstally overestimated in
that study.

Figure2.13shows the ffective radius versus mass and age for the cluster candidates
in NGC 45 (mass estimates are foe@008). The plotted line is the best-fitting relation
of the form :

Ref = ax MP (2.1)

wherea = 0.24 + 0.16 andb = 0.29 + 0.08 are the best-fitting values. As in previous
studies, there is a slight tendency for the more massiveetkifo have larger sizes, but
our fit has a large scatter and the constants are not tightistaned. Therefore we sug-
gest that the NGC 45 sample cannot be taken as strong evidéacsize-mass relation,
but it does not contradict the general shallow trends foarmther studies.
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Figure 2.14: Age distribution (top) and mass distributidrclosters (bottom). The line
is the fitting line of slopea = —1.26 + 0.09.

2.4.4 Cluster disruption time

Boutloukos & Lamerg2003 defined the disruption time as
tais(M) = t§'*(M/10* M), (22)

wheretd's is the disruption time of a cluster with an initial mass of lQ,. The constany
has been found empirically to have a value of abost0.6 (Boutloukos & Lamers 2003
If a constant number of clusters are formed per unit timegtaont cluster formation rate)
and clusters are formed in a certain mass range with a fixestleclinitial mass function
(CIMF), which can be written as a power law

N(M) ~ M™¢, (2.3)

then the number of clusters (per age interval) detectedeabaertain fixed magnitude
limit depends only on fading due to stellar evolution, agjl@s there is no cluster dis-
ruption. When cluster disruption becomes significant, bakavior is broken and the
number of clusters decreases more rapidly with time. Inshigle scenario, no dis-
tinction is made between cluster disruption due to varidisces (interaction with the
interstellar medium, bulgdisk shocks, internal events such as two-body relaxatarg,
it is assumed that a single “disruption time-scale” app(ie&h the mass dependency
given above).

Under these assumptions, the timescale on which clusterpdign is important can
be derived from the cluster age- and mass distributions;iwdiie both expected to show
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2.4 Young star clusters I. The low luminosity galaxy NGC 45

a break: .
t 1 t
Iog(;r—ggs) =17 v log [1%8} + 0.4y(Myet — V“m)l (2.4)
Meross 1 dis
Iog( 108 ) =1 " ¢ |Og{14?.8] + 0.4(Myef — V|im)l (2.5)

(Egs. 15 and 16 iBoutloukos & Lamers 2003 In these equationd/;, is the detection
limit, and myes is the apparent magnitude of a cluster with an initial mask0bM, at an
age of 16 years, the subscript “cross” is the breaking point betwéenctuster fading
and the cluster disruption arddgives the rate of fading due to stellar evolution.

Figure 2.14 shows the age- and mass distributions for young clusteridates in
NGC 45. Figure2.14shows no obvious break in either the mass- or age distrilmitim
order to see a hint of a break, it would be necessary to indlueldowest-mass aymt
youngest bins, but as discussed above, the age determimatie highly uncertain be-
low 107 yr, as is the identification of cluster candidates with massfeonly ~ 100M,.
Considering that the sample is80% complete at ni{435W)= 232, it is unlikely that
completenessfiects can be responsible for the lack of a break in the massaged
distributions. Furthermore, many of the objects with agelow ~ 10’ years may be
unbound and not “real” star clusters. We may thus considéry&@rs as an upper limit
for any break and therefortgoss < 107 years. Similarly, we may put an upper limit of
log M¢ross © 2.5 on any break in the mass function. Nevertheless, consgi¢hie slope
value and assuming = 2.0, we derivedy = 0.73 = 0.09 that agrees with the value
found in other studies.

In Fig. 2.15we plot the detection limit (in mass) vs. age B, = 23.1. From this
we derived/ = 0.97 and M(mes — Bim) = —0.782. Fixingy = 0.6 and using Eq. 15
from Boutloukos & Lamerg2003, we get log(s/10°) < 0.05 and finally :

logtgis < 8 + 0.6 log M¢/10* (2.6)

wheretyis is in years and mass is M. Since the young clusters in NGC 45 generally
have masses below 1M, the disruption times will accordingly be less tharf @ars,
and it is therefore not surprising that no large number ofotdusters are observed (apart
from the old globular clusters).

2.4.5 Luminosity function

Figure 2.16 shows the luminosity function of young star clusters in NG&; the lu-
minosity function without correction for incompletenes®. for all the clusters with
Brazsw < 23.2, and the completeness-corrected luminosity functionafgource with
FWHM=1.2 pixels. The histogram was fitted usipgwith a relation of the form

logN = aMg + b, 2.7)

which yielda=0.37+0.11,b = -7.9 + 2.5. This can be converted to the more common
representation of the luminosity function as a power4iWLg)/dLg = SLg%, using Eq.
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Figure 2.15: Detection limit for all ages and masses for ateluof Brasgy = 231
represented by the dashed line. The solid line is a lineav fiiit relation.

4 from Larsen(2002):
a =—(25a+1), (2.8)

which yieldsa = —-1.94 + 0.28.

This value is in agreement (within the errors) with slopasfibinLarsen(2002 and
other studies of2.4 < o < —2.0 for a variety of galaxies. It is also consistent with the
LMC valuea = —-2.01 + 0.08 from Table 5 in_arsen(2002.

Alternatively, the slope of the luminosity function may bstimated by carrying
out a maximum-likelihood fit directly to the data points, shavoiding binning ffects.
Such a fit is sensitive to the luminosity range over which thegr law is normalized,
however. A fit restricted to the luminosity range of the atustincluded in our sample
(2117 < Brassy < 23.08) yieldsa = —1.99 + 0.40, in good agreement with the fit in
Fig. 2.16 If we restrict the fitting range to objects brighter thBgussy = 225 we get
a steeper slope, but with a larger errar= —3.2 + 0.8. Likewise, allowing for a higher
maximum luminosity in the normalization of the power-lawdancluding a correction
for completeness also leads to a steeper slope. In congjuki® luminosity function is
probably consistent with earlier studies, but the small beinof clusters makes itficult
to provide tight constraints on the LF slope in NGC 45.

2.5 Globular clusters

In this section we comment briefly on the globular clusterSi@C 45.
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1 a= —-194 + 0.28 —

Figure 2.16: Brs3sy band luminosity function of the cluster candidates. Thehdds
histogram is the uncorrected luminosity function, whiles tholid histogram is the
completeness-corrected one. The solid line representpdhver-law fit of the form
dN(L)/dL a L* to the corrected LF for a cluster FWH#M..2 pixels.

2.5.1 Sizes and color distribution

For all extended objects with observed coloi® 9 (Vesssy — Irgiav) < 1.2 (i.e. globular
clusters), we measured an averd&HM = 1.7 + 0.4 pixels from ISHAPE, which is
equivalent to a half-light radius &.s = 2.9+ 0.7 pc (errors are the standard error of the
mean). These sizes well agree with the average half-lightissfound byJordan et al.
(2009 in the ACS Virgo Cluster SurveyRe s = 2.7 = 0.35 pc).

Due to the age-metallicity degeneracy in optical broaddbeolors (e.g.Worthey
1994, we cannot independently estimate the ages and meiabiaf the globular clus-
ters. Itis still interesting to compare the color distribat of the globular cluster candi-
dates in NGC 45 with those observed in other galaxies, (ealphardt & Kissler-Patig
1999 Kundu & Whitmore 2001 Larsen et al. 2001 To do this we transformed the ACS
magnitudes to standard Bessel magnitudes, followingsitianni et al.(2005 recipe.

In Fig. 2.17the color ¥ — I) histogram of the NGC 45 GCs is shown. Most of the
objects havé/ — | < 1.0, with a mean color of — | = 0.90+ 0.01. Three objects have
redder colors i — 1) > 1), with a mean color o — | = 1.05+ 0.02. Thus the majority
of objects in NGC 45 fall around the blue peak seen in galaxiesre globular clusters
exhibit a bimodal color distribution. e.g. globular clustef NGC 45 are very likely
metal-poor “halo” objects (e.gissler-Patig 2000

2.5.2 Globular-cluster specific frequency

Harris & van den Berglt1981) defined the specific frequenS8y as

SN = Ngc10P#(Mv+15) (2.9)
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Figure 2.17: Histogram of th& — | color distribution for globular clusters in NGC 45.

whereNgc is the total number of globular clusters that belong to tHebgaand My, is
the absolute visual magnitude of the galaxy. The 19 glolulisster candidates detected
in NGC 45 provide a lower limit on the globular cluster speciiiequency ofSy =
1.4+0.15, using for NGC 45%/1 o7 = 10.66+0.11 from the HyperLedadatabaseRaturel
et al. 2003 and applying a correction for foreground reddeningh@f= 0.07 mag (using
Ag = 0.09 from Schlegel et al. 1998nd assuminghg/Ay = 1.324; Rieke & Lebofsky
1985.

A more accurate estimate needs to take the detection canpks and incomplete
spatial coverage into account. The globular cluster lusitgdfunction (GCLF) gener-
ally appears to be fit well by a Gaussian function, and thd tatenber of clusters can
therefore be estimated by counting the number of clustaghter than the turn-over
and multiplying by 2. This reduces thé&ect of uncertain corrections at the faint end of
the GCLF (but of course introduces the assumption that theFafDes indeed follow a
Gaussian shape). Here we adopted the mean turnover of daskiegafrom Table 14 in
Carney(200]) atMto = —7.46+0.08, i.e.V = 21.03. This is indicated by the horizontal
line in Fig.2.8

With these assumptions we calculatdgc F = 13f; in the observed field of view.
An inspection of Fig2.8 suggests that our estimate of the GCLF turn-over magnitude
may be too bright, with only 6 (one third) of the detected otgedalling above the line
representing the turn-over. This could mean that the distam underestimated (note
the large uncertainty a£0.41 mag on the distance modulus), or that the GCLF does not
follow the canonical shape.

Shttpy/leda.univ-lyon1.fr

41



2.6 Discussion and conclusions I. The low luminosity galBiyC 45

In any case, since our ACS frames cover only part of NGC 45etmeimbers need
to be corrected for spatial incompleteness. For this paspees drew a circle centered in
the galaxy through each globular cluster, and we countedglbaular cluster as /ifc,
wherefcis the fraction of that circle falling within the ACS field ofew. In this way we
estimated that at leablexpected= 7 + 3 more globular clusters would be expected outside
the area covered by the ACS pointings. Finally, the totaheged number of globular
clusters Noc = NocLF + Nexpected in NGC 45 isNgc = 20_*2 and the specific frequency
iSSn = 1.5j8:§. If instead the 19 clusters are corrected for spatial indetapess directly,
we estimate a total of 26 globular clusters &@d= 1.9+ 0.7.

In marked contrast to the relatively modest population afmgpstar clusters, NGC 45
shows a remarkably large population of old globular clisster its luminosity. We de-
rived specific frequencies @y = 1.9+ 0.7 andSy = 1.5t8:§, depending on how the
total number of globular clusters is estimated. This isificantly higher than in other
late-type galaxies, e.gAshman & Zepf(1998 quote the following values for late-type
galaxies in the Local Group: LMCSy = 0.6 = 0.2), M33 Sy = 0.5+ 0.2), SMC
(Sn = 0.2), and M31 §y = 0.9 + 0.2). Does this make NGC 45 a special galaxy? Did
something happen in the distant past of the galaxy? Glololuaters are distributed in a
similar way to the Milky Way halo globular clusters (i.e. cemtrated toward the center).
The globular cluster color distribution (Fi2.17) suggests that most of them share the
same metallicity, except three that might represent a “lntia peak”. Thus, most of the
globular clusters in NGC 45 may be analogues of the “halogéoixlusters” in the Milky
Way or, more generally, the metal-poor globular clusterytaiion generally observed in
all major galaxies (e.gissler-Patig 20000

2.6 Discussion and conclusions

We have analyzed the star cluster population of the neat®yype spiral galaxy NGC 45.
Cluster candidates were identified using a size criteriaking advantage of the excel-
lent spatial resolution of the Advanced Camera for Survey®a@ard HST. In fact, the
high resolution and sensitivity, combined with the modestashce of NGC 45, mean that
the identification of star clusters is no longer limited by ability to resolve them as
extended objects. Instead, as we are probing farther dosveldister mass- and luminos-
ity distributions, the challenge is to disentangle realgitsl clusters from the random
line-of-sight alignments of field stars. The high resolntedso means that the ISHAPE
code may fit individual bright stars in some clusters insteathe total cluster profile,
which can be quite irregular for low-mass objects. Thus, ghg on a combination of
ISHAPE and SExtractor size estimates for the cluster detectThe detection criteria
are conservative, and it is possible that we may have misseé slusters. The ages and
masses were then estimated from the broad-band colors, rhgarson with GALEV
SSP models.

Our ACS data have revealed two main groups of star clustax&Gia 45. We found
a number of relatively low-mass<(10* M) objects that have most probably formed
more or less continuously over the lifetime of NGC 45 in itskdisimilar to the open
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clusters observed in the Milky Way. We see a high conceotradif objects with ages
< 10’ years, many of which may not survive as systems of total hegahergy. The
mass distribution of these objects (FR14) is consistent with random sampling from a
power-law. The lack of very massive (young) clusters in NGGrhy then be explained
simply as a size-of-sampldfect. We do not see a clear break in the mass- or age- dis-
tributions, and therefore cannot obtain reliable estismatiecluster disruption times as
prescribed byBoutloukos & Lamerg2003. However, we have tentatively estimated an
upper limit of about 100 Myr on the disruption timg) of a 1¢* M, cluster. Also, we
do not see any evidence of past episodes of enhanced closteation activity in the age
distribution of the star clusters, suggesting that NGC 4%t been involved in major
interactions in the (recent) past. Thus, star cluster ftionan this galaxy is most likely
triggeredstimulated by internalféects, such as spiral density waves.

Small number statistics, uncertain age estimates, andithieutty of reliably iden-
tifying low-mass clusters prevent us from determining aataicluster disruption time-
scales. If our estimate of the disruption time is corre@nth is somewhat puzzling that a
large population of old globular clusters are also obsersette a 10M, cluster should
have a disruption time of only 400 Myrs. Given that the globular cluster candidates
are usually located closer to the center than the youngetkjsine might expect an even
shorter disruption time unless disruption of young clusisrdominated by mechanisms
that are not active in the center, such as spiral density svavencounters with giant
molecular clouds. We note that more accurate metallicity age measurements for the
globular clusters will require follow-up spectroscopy.
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(1)

(2)

®3)

(4)

(5)

(6)

()

(8)
|

9)

ID RA DEC B o V o o
2000 2000 F435W F435W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV  FWHMI EB-V) EB-V) EB-V)
F336W F336W (pix) (pix) (pix) (pix) £0.008 Z=0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Age/yr) log(M/Mg) log(M/Mg) log(M/Mg) log(M/Mo)
z=0.05  z=0.008 2=0.004 Z=0.02 Z=0.05 Z=0.008 Z2=0.004 Z=0.02 z=0.05
1 0:14:15.46 -23:12:48.11 21.442 0.007 21.290 0.007 20.630 0.007 £
20.728 0.024 4.660 1.500 1.430 0.890  0.25 0.21 0.07 ™
0.41 7.08 7.29 7.48 6.73 3.69 3.83 3.81 364 N
2 0:14:14.95 -23:13:17.73 22.518 0.013 22.532 0.013 22.581 0.023 §
22.249 0.059 3.330 0.390 0.450 0.280  0.00 0.10 033 &2
0.35 7.90 6.89 6.60 6.60 3.41 2.64 2.75 284 &
3 0:14:14.92 -23:13:23.83 22.816 0.024 22.962 0.024 22.887 0.038 o
21.585 0.053 4.880 0.650 0.720 1.290 0.00 0.00 0.00 G
0.00 6.69 7.20 6.66 6.71 2.35 2.90 2.27 2.42 o
4 0:14:14.70  -23:13:20.37 22.652 0.018 22.666 0.021 22.989 0.033
21.725 0.050 5.780 0.700 0.780 0.650 0.00 0.00 0.08
0.10 6.66 6.74 6.60 6.60 2.36 2.36 2.38 2.47
5 0:14:15.40 -23:13:55.51 22.174 0.011 22.224 0.011 21.707 0.012
21.801 0.049 3.250 0.830 0.750 0570  0.04 0.02 0.00
0.00 7.72 7.80 7.83 7.73 3.52 3.54 3.58 3.56
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Table2.2 cont.

(1)

(2)

3)

(4)

(5)

(6)

(7)

(8) 9)
I

ID RA DEC B o \Y; o o
2000 2000 F435W F435W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV  FWHMI E(B-V) EB-V) EB-V)
F336W F336W (pix) (pix) (pix) (pix) Z£0.008 Z0.004 Z0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age'yr) log(Age/yr) log(Age/yr) log(Age/yr) log(M/Mg) log(M/Mg) log(M/Mg) log(M/Me)
Z=0.05  7=0.008 Z=0.004 2=0.02 Z=0.05 Z=0.008  z=0.004 Z=0.02 Z=0.05
6 0:14:15.00 -23:13:50.93  22.183 0.012 22.224 0.014 22.049 0.020
21.906 0.063 5.800 1.720 1.890 1.940  0.00 0.00 0.00
0.41 7.91 7.90 7.81 6.60 3.56 3.55 3.52 3.08
7 0:14:14.17 -23:13:20.00  22.814 0.022 23.106 0.024 22.874 0.035
22.514 0.097 5.370 1.000 0.720 1.120 0.00  0.05 0.21
0.00 7.81 6.91 6.64 7.38 3.19 2.45 2.47 3.01
8 0:14:11.63 -23:12:18.28  22.837 0.016 22.240 0.013 22.306 0.025
21.199 0.883 4.910 1.170 1.780 2.260 037  0.29 0.41
0.43 6.60 6.68 6.60 6.60 2.93 2.78 2.91 3.01
9 0:14:02.07 -23:07:58.54  22.340 0.017 22.061 0.017 21.547 0.019
24.114 0.486 9.490 3.700 4.080 3.880 0.00 0.00 0.02
0.01 8.70 8.60 8.51 8.40 4.13 4.02 4.05 4.02
10 0:14:94.67 -23:09:22.27  22.718 0.018 22.604 0.020 22.44  0.040
21.616 0.061 20.170 0.580 0.960 1.670 0.02 0.04  0.00
0.19 6.80 7.20 6.75 6.67 2.52 3.03 2.42 2.74
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Table2.2 cont.

1) 2 3) 4) (5) (6) (7) (8) )
ID RA DEC B o \Y o | o
2000 2000 FA35W FA35W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV  FWHMI E(B-V) EB-V) EB-V)
F336W F336W (pix) (pix) (pix) (pix) Z0.008  Z0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Age/yr) log(M/Mg) log(M/Me) log(M/Mg) log(M/Mo)
Z=0.05  Z=0.008 Z=0.004 Z=0.02 Z=0.05 7Z=0.008  7=0.004 Z=0.02 7=0.05
11 0:14:02.66 -23:09:33.45 22971 0.016 22.104 0.010 251 0.022
21.792 0.040 3.260 0.400 0.350 0.670 031 024 0.33
0.35 6.60 6.60 6.60 6.60 2.83 2.65 2.79 2.89
12 0:14:14.03 -23:10:00.62  21.823 0.013 21.657 0.016 31.69 0.026
20.816 0.040 5.630 2.290 3.930 2.890 0.10 0.03 0.22
0.24 6.70 6.81 6.60 6.60 2.92 2.87 2.98 3.07
13 0:14:02.55 -23:10:32.22  22.917 0.015 22.997 0.022 22.85 0.060
21.759 0.048 6.860 0.690 0.940 2.660 0.00 0.00 0.00
0.05 6.74 7.20 6.70 6.72 2.35 2.87 2.27 2.48
14 0:14:01.45 -23:10:05.05  22.491 0.014 22.655 0.017 22.54 0.029
21.332 0.039 3.440 0.780 0.910 1.870 0.00 0.00 0.00
0.00 6.71 7.20 6.67 6.72 2.48 3.02 2.41 2.56
15 0:14:01.45 -23:10:04.85  22.416 0.013 22.542 0.016 %2.12 0.027
21.208 0.033 6.380 0.980 0.950 3.040 0.00 0.00 0.00
0.00 7.20 7.20 6.74 6.83 3.04 3.09 2.52 2.75
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Table2.2 cont.

1) 2 3) 4) (5) (6) (7) (8) )
ID RA DEC B o \Y o | o
2000 2000 FA35W FA35W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV  FWHMI E(B-V) EB-V) EB-V)
F336W F336W (pix) (pix) (pix) (pix) Z0.008  Z0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Age/yr) log(M/Mg) log(M/Me) log(M/Mg) log(M/Mo)
Z=0.05  Z=0.008 Z=0.004 Z=0.02 Z=0.05 7Z=0.008  7=0.004 Z=0.02 7=0.05
16 0:14:01.15 -23:10:21.52  22.362 0.014 22.103 0.013 21.57 0.018
22.472 0.091 4.640 1.660 1.820 2.270 0.00 0.00  0.00
0.00 8.44 8.60 8.47 8.37 3.92 4.01 4.01 3.99
17 0:14:02.37 -23:10:59.48  23.081 0.020 22.981 0.024 22.80 0.039
21.913 0.042 2.770 0.460 0.620 0.750 0.00 0.02 0.00
0.14 6.80 7.20 6.74 6.70 2.36 2.87 2.28 2.56
18 0:14:02.83 -23:11:10.11  22.638 0.019 22.438 0.020 21.95 0.025
22.350 0.084 5.340 2.010 1.680 1.430  0.13 0.10 0.00
0.00 7.94 7.99 8.13 8.03 3.66 3.63 3.64 3.63
19 0:14:01.65 -23:10:58.16  21.781 0.011 21.816 0.013 21.83 0.020
20.603 0.024 6.240 0.480 0.730 0.550 0.00 0.00 0.00
0.05 6.70 7.20 6.67 6.67 2.78 3.32 2.70 2.88
20 0:13:56.63 -23:08:48.94  22.624 0.020 22.329 0.018 21.86 0.020
23.047 0.183 5.570 2.430 2.470 2.670 0.00 0.00  0.00
0.00 8.70 8.60 8.51 8.40 4.02 3.90 3.91 3.90
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Table2.2 cont.

1) 2 3) 4) (5) (6) (7) (8) )
ID RA DEC B o \Y o | o
2000 2000 FA35W FA35W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV  FWHMI E(B-V) EB-V) EB-V)
F336W F336W (pix) (pix) (pix) (pix) Z0.008  Z0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Age/yr) log(M/Mg) log(M/Me) log(M/Mg) log(M/Mo)
Z=0.05  Z=0.008 Z=0.004 Z=0.02 Z=0.05 7Z=0.008  7=0.004 Z=0.02 7=0.05
21 0:13:57.52 -23:09:15.97  22.441 0.014 22.334 0.017 P2.38 0.032
21.159 0.029 12.280 1.360 1.820 2.780  0.00 0.00 0.00
0.09 6.70 6.77 6.68 6.65 2.55 2.55 2.48 2.68
22 0:13:56.78 -23:08:58.02  22.761 0.015 22.872 0.018 22.30 0.031
21.699 0.036 8.440 0.520 0.680 3.980 0.02 0.06 0.00
0.08 7.08 7.23 7.30 6.84 2.81 3.05 3.03 2.74
23 0:13:59.86 -23:10:22.19  22.409 0.018 22.504 0.020 P2.77 0.041
21.186 0.038 9.580 0.790 0.970 1.490 0.00 0.00 0.00
0.01 6.60 6.67 6.60 6.61 2.44 2.42 2.38 2.46
24 0:13:59.88  -23:10:23.29  22.140 0.015 22.252 0.016 2250 0.032
21.163 0.043 13.540 0.950 0.990 1.080 0.00 0.00  0.05
0.07 6.65 6.74 6.60 6.60 2.55 2.56 2.53 2.62
25 0:13:59.72 -23:10:23.64  22.494 0.014 22.432 0.015 21.55 0.018
22.248 0.069 3.770 0.980 1.260 2.200 0.03 0.02 0.08
0.10 8.20 8.11 7.99 7.87 3.74 3.63 3.72 3.72
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Table2.2 cont.

1) 2 3) (4) (5) (6) (7) (8) 9)
ID RA DEC B o \Y o | o
2000 2000 F435W F435W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV FWHMI EB-V) EB-V) E(B-V)
F336W F336W (pix) (pix) (pix) (pix) Z0.008 Z=0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Agelyr) log(M/Mg) log(M/Mg) log(M/Mg) log(M/Me)
Z=0.05  7=0.008 Z=0.004 2=0.02 7=0.05 7=0.008 2=0.004 2=0.02 7=0.05
26 0:14:01.90 -23:11:30.50 21.165 0.008 20.967 0.009 PL.27 0.014
19.818 0.018 5.160 1.570 2.430 2.040 0.04 0.00 0.06
0.08 6.60 6.66 6.60 6.60 3.06 2.97 3.03 3.12
27 0:14:00.38  -23:10:51.70 22.476 0.012 22.416 0.013 22.18 0.018
22.320 0.059 2.990 0.380 0.410 0.460  0.00 0.00 0.00
0.00 8.00 8.00 7.84 8.00 3.52 3.49 3.44 3.60
28 0:13:59.37 -23:10:32.15 21.385 0.008 21.324 0.008 0.94 0.011
20.944 0.028 5.530 1.420 1.440 1.510  0.03 0.00 0.00
0.00 7.87 7.93 7.81 7.72 3.95 3.93 3.89 3.88

(2): Cluster ID; (2): RA; (3): DEC; (4), (5), (6), (7), (8),9(10), (11): Photometry and the error in magnitude unit&)( FWHM derived using SExtractor
for the F435W band in pixels; (13), (14), (15): FWHM derivesing ISHAPE in pixels for each band.; (16), (17), (18), (1®xtinction derived for each
metallicity model.; (20), (21), (22), (23):Cluster Agesigted for each metallicity model in Log(yrs).; (24), (2528), (27):Cluster masses derived for each
metallicity model in solar masses. All the valuesinid correspond to the best fit value for each cluster.

SUOISN|oUO2 pue UoISSNISId 9°Z

S DAXIeb Ausouiwn| moj ayl |



0S

(1)

(2)

®3)

(4)

(5)

(6)

()

(8)
|

9)

ID RA DEC B o Vv o o
2000 2000 F435W F435W F555W F555W F814W F814W

(10) (11) (12) (13) (14) (15) (16) (17) (18)

U o FWHMB  FWHMB  FWHMV  FWHMI  E(B-V) E(B-V) EB-V)
F336W  F336W (pix) (pix) (pix) (pix) Z0.008  Z0.004  Zz0.02
(19) (20) (21) (22) (23) (24) (25) (26) en g
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Agelyr) log(M/Mo) log(M/Mo) log(M/Mo)  log(M/Mo) @
Z=0.05  7=0.008 Z-0.004 2-0.02 Z=0.05 Z=0.008  2z0.004  Z0.02 Z=0.05 ¢
29 0:14:12.89 -23:11:46.79  21.528 0.007 20.360 0.004 §9.45 0.004 o
22.727 0.078 2.980 0.300 0.240 0.350 0.65 057 000 §
0.61 8.71 8.90 10.18 8.60 5.52 5.50 6.10 552 £
30 0:14:14.82 -23:13:21.23  20.714 0.005 20.443 0.005 89.51 0004 o
19.861 0.014 10.750 0.630 0.560 0.580 0.34 0.39 0.14 &
0.40 7.08 7.21 7.07 6.83 4.18 4.42 3.85 410 %
31 0:14:04.22 -23:09:49.63  22.749 0.016 22.520 0.015 2137 0012 £
21.999 0.054 3.890 1.180 1.200 1.360 0.43 0.38 0.26 2
0.42 7.08 7.30 7.19 6.96 3.49 3.61 3.36 346 g
32 0:14:01.28 -23:09:38.08  21.707 0.011 20.989 0.008 £9.95 0.007 3
21.871 0.056 4.950 2.370 2.410 2.670  0.00 0.00 002 T
0.00 9.20 9.35 9.05 8.96 4.97 5.05 4.95 493 2
33 0:14:03.64 -23:10:44.86  21.981 0.011 21.358 0.009 $0.35 0.009 3
22.250 0.059 3.270 0.790 0.790 0.890  0.13 0.07 014 3

0.11 8.95 9.06 8.86 8.76 4.77 4.68 4.80 4.75
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Table2.3cont.

1) 2 ) (4) (5) (6) (7) (8) 9)
ID RA DEC B o Vv o | o
2000 2000 F435W F435W F555W F555W F814W F814W
(10) (11) (12) (13) (14) (15) (16) (17) (18)
U o FWHMB FWHMB  FWHMV FWHMI E(B-V) EB-V) E(B-V)
F336W F336W (pix) (pix) (pix) (pix) Z0.008 Z=0.004 Z=0.02
(19) (20) (21) (22) (23) (24) (25) (26) (27)
E(B-V) log(Age/yr) log(Age/yr) log(Age/yr) log(Agelyr) log(M/Mg) log(M/Mg) log(M/Mg)  log(M/Mg)
Z=0.05  7=0.008 Z=0.004 Z=0.02 7=0.05 7=0.008 2=0.004 2=0.02 7=0.05
34 0:14:03.91 -23:10:54.72 21.225 0.007 20.452 0.005 79.36 0.005
21.585 0.035 3.270 1.070 1.060 1.040 0.24 015 0.25
0.23 8.95 9.10 8.86 8.73 5.26 5.14 5.29 5.23
35 0:14:03.53  -23:10:48.80 22.263 0.012 21.643 0.009 B0.71 0.010
22.087 0.061 3.490 1.020 1.030 1.040 0.49 0.68 0.45
0.94 7.75 6.91 7.81 6.60 4.29 3.79 4.32 3.99
36 0:14:01.52 -23:10:06.25 22.226 0.012 21.564 0.009 20.54 0.008
22.367 0.078 3.080 0.860 0.960 0.960 0.56 0.00 0.00
0.00 7.99 9.26 9.05 8.92 4.57 4.75 4.70 4.68

For column descriptions see Talde?
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Table 2.4: Globular clusters with 3 band photometry.

1) 2 3) 4) (5) (6) (7) (8) ) (10) (11) (12) (13)
ID RA DEC B o v o | o FWHMB FWHMB FWHMV FWHMI
2000 2000 FA35W F435W F555W F555W F814W F814W SExtracts) (pISHAPE (pix) ISHAPE (pix) ISHAPE (pix)
37 0:14:08.84 -23:11:58.16 22.244 0.013 21.604 0.009  30.4%.008 4.120 1.750 1.840 2.270
38 0:14:07.07 -23:10:33.77 22456 0.017 22199 0.015 21.59.016 5.730 3.150 2.690 2.140
39 0:14:05.77 -23:10:06.71 21.996 0.013 21.389 0.010 20.42.010 5.450 2.760 2.890 2.870
40 0:14:06.93 -23:10:47.15 20.602 0.006 19.978 0.005 $9.03.005 5.120 1.530 1.580 1.600
41 0:14:04.97 -23:10:15.83 22290 0.014 21.605 0.010 20.64.010 4.530 1.790 1.870 1.890
42 0:14:04.18 -23:10:34.09 21.671 0.008 20.997 0.007 $9.98.006 3.640 1.040 1.120 1.280
43 0:14:04.94 -23:10:54.28 21.267 0.007 20.524 0.005  B9.48).005 3.650 1.170 1.220 1.260
44 0:14:04.17 -23:10:53.98 21.295 0.008 20.560 0.006 B9.38.005 3.970 1.610 1.550 1.540
45 0:14:04.67 -23:11:18.17 22.388 0013 21480 0.009 20.53.008 4.450 1.410 1.510 1.500
46 0:14:04.01 -23:11:06.07 22566 0012 21.793 0.010 20.78.010 3.200 0.750 0.940 0.930
47 0:14:04.40 -23:11:16.11 22453 0.020 21.700 0.015 £0.680.015 9.680 7.250 7.570 7.170

Column (1): Globular cluster ID. Column (2): RA. Column (EC. Columns (4), (5), (6), (7), (8), (9): Photometry and &neor
in magnitude units. Column (10): FWHM derived using SExwador the F435W band in pixels. Columns (11), (12), (13): HW

derived using ISHAPE in pixels for each band.
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Il. Star clusters in five late type spirals

Abstract

Our goal is to investigate the formation of star clusterselatively unperturbed en-
vironments. To do this, we studied the five nearby spiralxdata NGC 45, NGC 1313,
NGC 4395, NGC 5236, and NGC 7793. We obtained images of ttexigal and their
star cluster systems BV using theAdvanced Camera for Surveys (AG8) the
Wide Field Planetary Camera 2 (WFPC@p board theHubble Space Telescap&rom
a comparison of the broad-band colours with simple stetbutation (SSP) models, we
derived for each galaxy individual properties for the awstsuch as masses, ages, and
sizes, as well as global star cluster systems propertids asithe age distribution, lu-
minosity function, and disruption time for clusters. Weritied about 600 star cluster
candidates in the five galaxies, spanning typically ages f8&® Myr up to 1 Gyr and
masses from OM,, up to 1¢ M,. We used the cluster age distribution to reconstruct
the recent star formation history of each galaxy, and olesksignificant variations from
galaxy to galaxy. We further derived the luminosity funotiof the young star clusters,
and found slopes around ~ -2 (similar to the ones found in previous studies) and the
brightest star cluster magnitudes consistent with a randampling of the luminosity
function without involving an upper mass cui:o Finally, the sample includes only a
handful of old globular clusters in each galaxy from whichdegive low globular cluster
specific frequencies.
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3.1 Introduction Il. Star clusters in five late type spirals

3.1 Introduction

The formation of star clusters accompanies the formatiostarfs in the evolution of a
galaxy. Yet, the final ratio of stars to clusters is obsereedary considerablyHarris
199] and it remains unclear which factors influence this ratindérstanding this aspect
is, however, important to progress in our general undedsatgrof star formation in galaxy
and the formation mechanisms of star clusters.

A particular aspect is the influence of environment and howhnthe latter fects the
star cluster formation. We have evidence that violent staning events, such as galaxy
mergers and starbursts, greatly stimulate star clusterdtion (e.gHoltzman et al. 1992
Whitmore & Schweizer 1993 arris et al. 2004Bastian et al. 2005c But such events
are not a necessary conditions for the formation of statelsissince it is also observed
in dwarf galaxies (e.gelson & Fall 1985 Conti & Vacca 1994 Billett et al. 2002 and
spirals Larsen & Richtler 1999 Does the ratio of stars to clusters depend on the star
formation intensity? Will it be high in galaxies that formstrs at low rates?

But the ratio of stars to clusters is not only dictated by thenfation mechanism, it
is also a function of the destruction processes, in padictile ones thatfiect young
star clusters at early stages of their evolution. Disruptimes of young star clusters as
a function of their properties (e.@outloukos & Lamers 20Q3-all 2004 2006, or as
a function of the interactions between them and their smdog media such as spiral
arms and molecular clouds (e@ieles et al. 200620073 have attracted considerable
interest in the last years. Are destruction processes the dnizers for the varying star
to cluster ratios observed in galaxies?

In this paper, we investigate both the formation and disomphistory of star clusters
in relatively unperturbed environments: normal, nonfiatéing disk galaxies. We build
on our first example NGC 49Mora et al. 200Y, and extend the analysis to four more
spiral galaxies: NGC 1313, NGC 4395, NGC 5236, and NGC 7728.s@mple includes
late-type galaxies with both grand-design and flocculeimakgtructure, spanning a large
range in area-normalized star formation rataréen & Richtler 200Pand cluster surface
density as determined from ground-based observations. iflionime the extinction, all
galaxies are close to face-on orientation and all have dasimiistance modulus of (m-
M)~28.

The five galaxies of our sample have been previously studmu the ground by
Larsen & Richtler(1999; Larsen(1999; Larsen & Richtlen2000. Massive star cluster
candidates were found, supporting the fact that they can && an ongoing process, as
well as in a star formation bursts. The authors found thai odistars to clusters correlates
with the star formation rate, and that the formation of youngssive star clusters is
favoured in environments with active star formation. Tharfation of massive young star
clusters in starburst or mergers may be the extreme case ofeageneral phenomenon.

Taking advantage of the excellent spatial resolution of Aldlwanced Camera for
Surveys (ACS) on board of HST, we investigate in this work tiogstar cluster proper-
ties such as sizes, ages, masses, disruption time-sdalespmpare between the galaxies
of the sample. The work is structured as follows: the obsims, data reduction, pho-
tometry and completeness analysis are described in S&din Sect. 3.3 we detail our
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3.2 Observation and reductions II. Star clusters in fivetigte spirals

NGC 1313.1 NGC 1313.2 oy NGC 13133

NGC 4395_1

NGC 5236_2 v Y NG

Figure 3.1: ACS colour images for all pointings of our galaample, with over-layed
WFPC?2 field-of-view. The arrows indicate North.

star cluster selection criteria, before showing the celoolour and colour—magnitude
diagrams for the star clusters in Se@.4. In Sect. 3.5 we discuss the properties of
individual clusters, such as masses, ages, extinctionasumed sizes. In Sec8.6 and
3.7, we turn to global properties of the systems and presentttreckister luminosity
functions, and star cluster age distributions, respdgtive Sect.3.8and3.9, we briefly
get back to extended objects, and old globular clusteralliginn Sect.3.10 we discuss
our results and draw some conclusions.

Throughout this work, we frequently followed procedurested and outlined in our
pilot study of NGC 45 {ora et al. 200y and refer to this paper for details.

57



3.2 Observation and reductions II. Star clusters in fivetigte spirals

Table 3.1: Pointing coordinates and exposure times for ét@xges in our sample. For
NGC 45 seeMora et al.(2007)

Galaxy RA DEC F336W F435W F555W F814W Date
(J2000) (J2000) sec sec sec sec D.M.Y
NGC 13131 03:18:24 -66:28:22 2800 680 680 676 19.05
NGC 13132 03:18:17 -66:31:49 2800 680 680 676 .05
NGC 13133 03:17:42 -66:30:40 2800 680 680 676 DB.05
NGC 43951 12:26:00 +33:31:02 2400 680 680 430 15.05
NGC 43952 12:25:45 +33:34:26 2400 680 680 430 1®.05
NGC 52361 13:37:00 -29:49:40 2400 680 680 430 B7.05
NGC 52362 13:37:06 -29:55:30 2400 680 680 430 @B.05
NGC 77931 23:57:41 -32:35:20 2400 680 680 430 12.04
NGC 77932 23:58:04 -32:36:10 2400 680 680 430 12.04

Table 3.2: Summary of galaxy properties.

NGC 45 NGC 1313  NGC 4395 NGC 5236 NGC 7793

type? SA(s)dm SB(s)d SA(s)m SAB(s)c SA(s)d
Bf 1137+011 966+041 1084+026 782021 971+015
B-vT 0.71 049 046 066 054

AL 0.09 047 008 029 008
(m-M)o 2842+ 0.411 2822 2813 2784+ 015" 276+0.2°
[Fe/H] - - - - -1.226
[12 + log(O/H)] - - 848+013  89-918 -

z - 0.008 - - -

T 0.28 112 021 177 121
TL(U)T 0.24 147 007 223 115

a Retrieved from the NASAPAC Extragalactic Database (NED);Paturel et al(2003 retrieved from Hyperleda?
Schlegel et al(1998 retrieved from NEDBottinelli et al.(1985; 2de Vaucouleur§1963; 3Karachentsev & Drozdovsky
(1998; “de Vaucouleurg1979; SCarignan(1985; 6Karachentsev et a(2003; “van Zee et al(1998; 8Bresolin &
Kennicutt(2002); °Larsen et al(2007). 1%Larsen & Richtler(1999. 1Larsen & Richtler(2000).

3.2 Observation and reductions

The galaxies were observed with the HST ACS Wide Field Chaane the WFPC2.
The pixel scales are 0.08nd 0.1'for the ACS and the WFPC2, respectively. For each
galaxy two diterent regions were observed, with the exception of NGC 1848vhich
three pointings were obtained. All ACS pointings togethéhwhe WFPC2 footprint are
shown in Figure3.1 Exposure times and pointing coordinates are listed in€ral

The ACS images, after the standard “on-the-fly” pipelineutihn, were drizzled
using the task MULTIDRIZZLE taskoekemoer et al. 20Q02n the STSDAY PyRAF
package. We used default parameter values but disablingutioenatic sky subtraction
due to the highly non-uniform background level. The WFPC2ages were combined
using the CRREJ task with standard parameter settings.
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3.2 Observation and reductions II. Star clusters in fivetigte spirals

3.2.1 Photometry

Sources were detected in the deepest ACS b¥pgk4y) using the SExtractoBertin &
Arnouts 1996 package and setting the detection threshold to 5 connedtets 4 sigma
over the background. The coordinates of the detected shjeste used as input for the
SExtractor runs in the other two ACS bands.

The aperture photometry iBVI was performed with the PHOT task (using the
SExtractor coordinates as input) in IRAFAt the distance of our galaxies-% Mpc),
the ACS pixel size corresponds 4o 1pc, while typical star cluster sizes are a few pc.
As a compromise between the object size and crowding, we fosdékde photometry an
aperture radius of 6 pix (with the sky determined in an angBlpix wide at 8 pix radius).

The Ugasgy-band photometry was performed on the WFPC2 images. Hevewaés
used the ACS object coordinates, transformed (usi2@ common objects and the task
GEOMAP) into the WFPC2 frames, to identify the objects. Tla@s$formed coordinates
were accurate te0.5 pix rms, and were used as input for the WFPC2 apertureptiot
etry. The aperture photometry and sky determination in théP@2 images were done
using the same physical sizes as used for the ACS images: &ppiture radius (sky
annulus at 4 pix, 2.5 pix wide) for the WFPC2; and 6 pix apertadius (sky annulus at
8 pix, 5 pix wide) for the Planetary Camera (PC).

The counts were converted to the Vega magnitude system thengST zero points
taken from the HST web pag®ased on the spectrophotometric calibration of Vega from
Bohlin & Gilliland (2004. Also Charge Transferficiency corrections were applied to
the Ugszew band following the updated version Bblphin (2000.3

The aperture corrections were performed in the same way Boia et al.(2007):
we created 6 artificial source types withfdrent FWHMSs: 0.2, 0.5, 0.9, 1.2, 1.5, and
1.8 pixels. On each of them, we performed the aperture diwrefrom 6 pixels up to
a nominal 1745 reference aperture for the ACS and the WFPC2, and thugedeain
empirical relation between the object sizes and their apertorrection. In this way,
we corrected the photometry of each object according toizs. sBecause the object
sizes were only measured in the ACS band (and not in the WFR@G#&E), we assumed
that objects have the same size in théband as on the F435W images. The aperture
corrections that we derive as a function of FWHM (in pix) are:

AM|:33aN =-0.234x FWH MB +0.069
AMEg43sy = —0.226x FWHMg + 0.059
AMEgssgy = -0.225x FWH My + 0.067
AMEgg1av = —0.226x FWHM, + 0.060

(3.1)

For an object size FWHIM1.8 pix, we extrapolated the aperture correction from the
equation3.1

YIRAF is distributed by the National Optical Astronomical €vatory, which is operated by the
Association of Universities for Research in Astronomy,, lmeder cooperative agreement with the National
Science Foundation.

2httpy/www.stsci.e¢ghsyacganalysigzeropoints

Shttpy/www-int.stsci.edfinstrumentgvfpc2/Wfpc2_cte/dolphin.cte.html
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3.3 Star cluster selection Il. Star clusters in five late typigals

Finally, for each galaxy, we adopted the galactic foregdoextinction according to
Schlegel et al(1998 (values listed in Tabl8.2).

3.2.2 Size measurements

As a next step, we disentangled extended objects from pkésources by measuring
their physical sizes (as opposed to FWHM on the images). Whis performed using
the ISHAPE task in BAOLAB lLarsen 1998 each source was modelled usindglig
(1962 profile with a concentration parametes 30, convolved with the instrument PSF
(as derived from images of the globular cluster 47 Tuc Mega et al.(2007) for details).
For each object the output of ISHAPE included the physicalH®V chi-square of the
fitting, flux, signal to noise, and a residual image. Thesessare discussed below in
section3.5.4and3.9.1

3.2.3 Completeness tests

We quantify the reliability of the derived magnitudes anzesiusing a series on com-
pleteness tests.

For these tests, we selected the most crowded field for edakygégpointing 1 in
all cases) and added 300 artificial objects in threfedint regions: 100 objects were
added at random position in each of a Igntermediatethigh-background region. We
followed the process describe in more detaildfora et al.(2007) and finally compared
the number of added and recovered stars in each field.

For each galaxy, the limiting magnitude as a function of,sasevell as the uncertainty
on the size as a function of magnitude are shown in Big. As expected, extended
objects are more flicult to detect than less extended ones. For objects with F\WH!E
pix, we computed a 50% completeness betwdensy ~ 24.5 and 25.3 mag.

As for the sizes, we show the average value of the absoltiereiice between the
input and recovered FWHM. We notice that extended objectsdre crowded galaxies
(NGC 7793 and NGC 5236) have greater uncertainties tharathe sxtended objects in
less crowded galaxies at the same magnitude. On average csiz be measured with an
accuracy 0o~0.2 pix down to about one magnitude above the 50% complatiuih |

3.3 Star cluster selection

3.3.1 Sample selection by size and brightness limit

We based the selection of star clusters on the object sizk,dsomeasured by ISHAPE
and by SExtractor. Similar to the procedureMora et al.(2007), we exclude all point
sources and consider as star cluster candidates all extejkcts.

The ISHAPE and SExtractor size distributions display narpgaks, with the vast
majority of objects at FWHMO.2 pixels and FWHM2.7 pixels, respectively (see Fig.
3.3). These are considered to be point sources, and we definbdkie thresholds as our
cut-on for star cluster candidates. This corresponds taiphlysizes of roughly 0.3 pc
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Figure 3.2: Top: Completeness in object finding as a funatiomagnitude for our four

galaxies. Bottom: Average absolutegfdrence between the input and recovered FWHM

as a function of object magnitude.
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Figure 3.3: Histogram of the objects sizes in the full samgdemeasured using ISHAPE
(bottom) and SExtractor (top). The dotted line shows ous sedection criteria.

and greater at the distance of our sample, which should rbi@x any star cluster. The
largest objects have sizes up to 10 pc, similar to the lardesters observed in the Milky
Way.

In a second step, we apply an absolute magnitude ffubdhe complete sample.
In order to do so, we determined the limiting magnitude (&b6mpleteness) for the
worst case (extended objects in NGC 7793) t&/bgssy = 22.5. This corresponds to an
absolute magnitud®esssy ~ —5.1 at the distance of our sample and we apply it to the
rest of the galaxies.

In summary, we selected for our further analysis objectseneatended ther0.3 pc
in size, and brighter than5 mag in M, as star cluster candidates. The number of objects
detected in the ACS fields and the sub-group included in th®®@4-fields are listed in
Table3.3

3.3.2 Selection of old star cluster in the colour—-magnituddiagrams

We focussed in this work on young stellar clusters, but witdss the population of old
globular clusters further below.

In order to identify the population of old globular clusténsour sample galaxies, we
used the colour—magnitude diagrams, shown in Bid. In the case of face-on spiral-
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Table 3.3: Number of selected star clusters in the ACS and @2feld-of-views.

Galaxy in ACS fields inthe WFPC2 fields

NGC 1313 703 246
NGC 4395 78 44
NGC 5236 880 219
NGC 7793 167 79

galaxies, disentangling the old from young star clusterutedon is a challenging task,
as youngreddenedstar cluster might exhibit similar colours to old globuldusters.
Reddening will, however, make the star clusters appeateiaiso that by imposing both
a colour and magnitude cut, we can recover the bright fraaifdhe old globular cluster
population.

In order to do so, we have chosen B35y — VEsssy colour—magnitude diagrams,
most capable of separating the two populations. The cleseparation between young
and old cluster candidates is seen in NGC 5236, where thegystancluster population is
seen aBr43sy — VEssaw ~ 0 and the globular cluster candidates hBy&@3sy — VEsssw ~
0.7. As expected, below the turn-over magnitude of the glalellsster luminosity func-
tion (GCLF, marked as dashed line in F8g4) reddened young cluster increasingly scatter
into the globular cluster colours .

For further analysis (see Se&.9), we use the case of NGC 5236, the clearest case,
to adopted the selection criteria for globular cluster edaues: Brassy — Vessay > 0.5
andVessay < (M- M)o + VI, — 0.2 whereVro = —7.46 + 0.08 from Carney(2001).

I.e. we restrict ourselves to candidates brighter the thmrlasity function turn-over.

These criteria yield 4 globular cluster candidates in NG@3land NGC 7793, 8
globular cluster candidates in NGC 5236, and none in NGC 4395

3.4 Colour—colour distributions

The determination of ages, masses and internal extinatiwartls our candidate clusters
relies on colour—colour diagrams that we briefly presentiis $ection.

In Fig. 3.5the colour—colour diagrams (corrected for foregroundnetitbn but not
for internal extinction) are shown for all the galaxies. BlenStellar Population (SSP)
models from GALEV Anders & Fritze-v. Alvensleben 200and Girardi (private com-
munication} for different metallicities are overplotted.

Ages are increasing along the tracks from blue towards reclleurs . The feature
aroundVessgy — lpg1av ~ 0.5 andUgs3gy — Brsssy ~ —1 is strongly metallicity depen-
dent and corresponds to the appearance of the red supesgienat 10yr. In general star
clusters have colours which are in agreement with the thieat¢racks. Some prominent
features are:

“httpy/pleiadi.pd.astro jisoc_photsys.0fsoc acshrgindex.html
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L 1 | NGC 5236 (WFPC2) | NGC 5236 (ACS) |
18 [ NGC 4395 (WFPC2) | NGC 4395 (aCS) | 1. o _

VF555W

0 05 1 0 05 1 0 05 1 0 05 1
B vV

F435W ' F555W
Figure 3.4: Braszsy — VEsssw colour—magnitude diagrams for star cluster candidates in
the ACS and WFPC2 field-of-view. Blue dots are young startelusandidates while the
red open circles marked our globular cluster candidatesh&alines shown the GCLF
turn-over magnitude of the Milky Way GCLRVlyto ~ —7.4. The diferent limiting
magnitudes correspond to the absolute magniwigde= —5.1 cut adapted to the distance
of each galaxy.

64



3.4 Colour—colour distributions Il. Star clusters in fivéeléype spirals

2 A T =
B 15 Gyr T 7
L7 T i
or T ]
10 T ]
£ i I T ]
S R S S R
. 27 ! T ]
D§ i 1 1
[ 15 Gyr T 7
R Jﬁ T i
or }Jf " : I .
i . * T i
J L ’ hetpas b
I 3.9 My® " % + ]
| %{ —+ -
-2 [ R }_X\_{ I %ﬂ [ L R R L
-1 0 1 -1 0 1

VF555W B lFBMW

Figure 3.5: colour—colour diagrams of the young star clusémdidates in NGC 1313,
NGC 4395, NGC 5236, and NGC 7793. The arrow in each plot repteghe extinction
correction ofAy = 1.0. The plotted tracks correspond to GALEV and Girardi Simple
Stellar Population models for ages from 3.9 Myr up to 15 GybjeOts above the tracks
are objects with large error in thérs3gy band. Also objects with small sizes and small
masses (see the last paragraph of se@iér).

¢ In the case of NGC 4395 star clusters are seen in two grougsatdrzzey —
Brsssw ~ —1 (corresponding te- 3.9 - 10 Myr) and the other aiF33en — Brazsw = 0
(corresponding te- 3 x 108 yr). According to the position of the clusters and the model
track there are no clusters older thar? @

e In the case of NGC 7793, star clusters are seen along the rtradks uniformly
distributed. NGC 7793 does not show clusters redder Yhagsy — lgg1av > 1.2.

e NGC 5236, as well as NGC 1313, show star clusters concedtedtdtermediates
ages, mostly around 100 My¥¢sssy — Irgiaw ~ 0.6). Several star clusters are seen
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3.5 Ages, masses and sizes Il. Star clusters in five late BipEs

below the model tracks (Mrss5n — IFg1av > 1.0), consistent with being reddened, very
young star clusters.

e NGC 1313 shows a minor concentration of intermediate agetens alVgssgy —
lrg1anv ~ 0.2 andU F33en — Brazsy ~ —1.0.

3.5 Ages, masses and sizes

3.5.1 Fitting ages, masses and internal extinction simulteeously

In this section, we discuss in more details the ages, mabsegrocess of deriving them,
and the sizes of the star clusters.

One of the main problems in deriving ages and masses is trertamty of the in-
ternal extinction toward the individual star clusters. sTimiakes it impossible to compare
directly observed star cluster colours and magnitudes @& models. This can be
solved using a method known as “3D fittingBik et al. 2003. The method relies on
Simple Stellar Populations (SSP) models (broad band celasra function of age for
fixed metallicities) and compares model colours with theeolesd ones, searching for the
best fitting extinction and age for each star cluster, usimgramum y? criteria. Masses
are derived using the mass-to-light ratios predicted byrbdels in combination with the
reddening-corrected observed magnitudes and an assustadagi modulus. The extinc-
tion toward individual clusters was fitted in stepsE{B — V) = 0.01 introducing some
discretisation in the ages and masses.

Two different SSP models were used for comparison: the GAL&ANdérs & Fritze-
v. Alvensleben 2008and the Girardi (private communication) modets.The GALEV
models are based on the SSP modelSdifiulz et al (2002 including gaseous contin-
uum and line emission assuming a Salpeter or Scalo IMF (s1whirk we used only
the Salpeter IMF). The models have an age range from 3.98 Mo ul5.9 Gyr for
all the metallicities ranging from 20.0004 to Z0.05. The Girardi SSP models are
based on a combination of stellar evolutionary tracks feimardi et al.(2000 (low and
intermediate-mass star8ertelli et al.(1994 andGirardi et al.(1996), all including con-
vective overshooting and assuming radiative opacitias fglesias et al(1992. Girardi
models have an age range from 3.98 Myr up to 17.7 Gyr for thaliiwgties Z=0.004
and Z=0.019; and an age range from 63 Myr up to 17.7 Gyr for the nieitads Z=0.001
and Z=0.03.

In Fig. 3.6we plot the derived cluster masses against cluster agesiféive galaxies,
as function of four diferent metallicities from the GALEV and the Girardi modelks; r
spectively. The discrete extinction and age grids creaifgestand gaps at fixed ages (see
alsoBik et al. 2003 Bastian et al. 2005&Gieles et al. 2005Fall et al. 2005 Whitmore
et al. 2007and others).

In the case of the Girardi models witk=B.001 and Z0.03 a concentration of clusters
in one or two bins around 63 Myr is seen in all galaxies. Thidaat is due to the fact
that most of these piled clusters have ages younger thargdsepmovided by the model

Shitpy/pleiadi.pd.astro jisoc_photsys.Ofsoc.acshrgindex.html
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Figure 3.6: Mass as a function of cluster age as derived usimgfixed metallicities.

Top: GALEV models. Bottom: Girardi models. See text for deta

and the method assigned the youngest available age on thel.m8thr clusters with

0.019 from Girardi

ages older than 1 Gyr are not seen in any metallicities eXoept
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Table 3.4: Median internal extinction E(B-V) towards tharstlusters.
Galaxy E(B-V) E(B-V) E(B-V) E(B-V)
pointing 1 pointing 2 pointing 3 all fields

NGC 1313 0.15 0.15 0.14 0.15

NGC 4395 0.00 0.00 - 0.00
NGC 5236  0.10 0.08 - 0.08
NGC 7793  0.00 0.00 - 0.00

where two clusters are seen at almost 10 Gyr. Excluding @inaodels for Z0.001 and
Z=0.03, we observe in NGC 5236 and NGC 1313 that the star ctuater distributed
more uniformly across the ages with respect to the three gtlaxies.

The Girardi and GALEV SSP models have two metallicities imomon: Z=0.004
and Z0.020.019. A comparison of the results from these show that tlyegeawell
in age and mass derivations. The maiffetence are the gap sizes which are wider for
the Girardi than for the GALEV models, and the older clusfersd in NGC 5236 for
Z=0.019 which are not seen for=D.02 GALEV.

We found 6 star clusters with masses greater th&Mg0 4 in NGC 1313 and 2 in
NGC 5236. Among the 4 star clusters in NGC 1313, three arenm@on withLarsen
(1999: ID: n1313-379, n1313-275 and, n1313-780 which corredporthis work to the
object ID= NGC13133_7, NGC13132.50 and, NGC1313 _4 respectively. The other
object is IDENGC13132_39. One of the two massive star clusters in NGC 5236, (the
object ID= NGC52361_4) is probably contaminated by a neighbour and might not be as
massive as derived, nevertheless, and for completenésgbiect is listed in the Table
3.11 The other object is the object HNGC52362_82.

3.5.2 Internal extinction

As mentioned above, the 3D fit code returns the extinctioerinal to the galaxy toward
the individual clusters. In Tablgd.4 we show the median internal extinction for the star
clusters for each pointing and the total median extinctioa given galaxy.

Clearly, towards the detected clusters, the internal etitin is low with very little
variations between pointings in a galaxy: medifB — V) = 0 for NGC 4395 and
NGC 7793, and mediaB(B — V) = 0.1 — 0.15 for NGC 1313 and NGC 5236.

These median extinction values explain why in NGC 4395 andCN'@93 no objects
are located below the model tracks in the colour—colour rdiag, while in NGC 1313
and NGC 5236 some objects are (seeFh).

We note that far less clusters are detected in NGC 4395 and RGG than in the
two other galaxies. If this was due to extinction, the mediatinction would be at least
as high as in the two other galaxies. Thus, we rather intetipieas a physicalféect: the
small number of clusters may be due to low overall star-faionarates and gas densities
in these galaxies, which in turn implies a low amount of dust,extinction.

68
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3.5.3 Cumulative age distributions

We compare the star-cluster age distributions in tifiedint galaxies by comparing their
cumulative age distributions. We summed the clusters friwhayoung, the ages for a
single case being derived using a fixed metallicity and givexlel.

First, we examine whether the star-cluster formation hysi®a local process or can
be averaged over an entire galaxy. In RBg/, we show for each galaxy the cumulative
distribution for each pointing, and note that the clustanfation history varies more
from galaxy to galaxy than spatially inside a given galaxyeling in mind that some
variations exist inside a given galaxy, we neverthelessdesfident to average over an
entire galaxy and compare the star-cluster formation héstdoetween galaxies.

Second, we examine the influence of our assumed fixed métabic the formation
histories as represented by our cumulative age distribsitid-rom literature work (see
Table3.2) we know the galaxierotto share the same metallicity. In Fi§.8, we assume
the same metallicity for each galaxy, derive the ages (Ws8IB&ALEV model in that case)
and compare the cumulative distribution. Clearly, the smsimetallicity influences the
shape of the cumulative distribution but does not removegeneral trend that might
be present (e.g. NGC 4395 shows for all assumed metalligtyagp rise at young ages,
NGC 5236 shows a much steadier increase in all cases).

Finally, we verify that the model used to derive the ages da¢significantly #ect
the shape of the cumulative age distribution (see &@top panels) and show the overall
comparison between the cumulative age distributions diteeyalaxy in Fig 3.9, bottom
panel. Indeed, the cumulative distributions using ageisel@&from the Girardi model do
not significantly difer from the ones using ages derived by the GALEV models.

For the final comparison (Fig.9, bottom panel) we assigned to each galaxy the
metallicity as found in the literature. The cumulative aggrébutions clearly dier. We
quantified this by running Kolmogorov-Smyrnov tests (K-St$¢ between the distribu-
tions (testing for single maximal deviations). All K-S teseturned D values greater than
0.2 and P values near 0, indicating that the distributioffedsignificantly.

Quialitatively, NGC 1313 and NGC 5326 show a steadier risén@fcumulative dis-
tribution, indicating a more continuous cluster formatinistory. Taken together with
the significantly higher number of young star clusters foimthese two galaxy when
compared to the three others, indicates that they maimtaangteadily high star-cluster
formation over the last few hundred Myr. This in turn coulglkn the higher median
extinction (due to the presence of more gas and dust).

The three other galaxies (NGC 45, NGC 4395 and NGC 7793) amacterised by
shallower distributions, with a clear rise at very young a¢ens of Myr). Together
with the lower number of clusters detected, this lead to titerjpretation that the young
star-cluster population in these galaxies is dominated bgcant increase in the star-
formation activity. However, we note that the age distiitng will also be &ected by
possibly diferent disruption time-scales in theférent galaxies (see Seét7).
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Figure 3.7: Normalized cumulative star-cluster age distrons for each pointing in
each galaxy. Ages were derived here using the GALEV modealsadiixed metallicity
per galaxy. Variations in the cumulative distribution aggkr from galaxy to galaxy than
inside a given galaxy.

3.5.4 Sizes

The size distributions for the young star cluster cand&latere derived in Sec3.2.2and
the median sizes for each galaxy are shown in Tale

We note that sizes derived in this work are slightly smalemtinLarsen(20043.
The reason for this is likely the fact that in our sample wéiide star clusters with masses
lower than 100V, while in Larsen(2004g the mean sizes were derived for star clusters
with masses greater than 1000,.

Also, the size distribution might be partly influenced by gdwnpleteness criteria,
as the most extended objects are rejected and the sizéodlistn gets slightly biased
towards smaller sizes. For example: of the artificial stasters created in NGC 7793
with a magnitudé/gsssy = 20 ~ 30% with FWHME=1.8 pixels were not recovered, while
only ~ 5% of the objects with FWHMO0.5 pixels were not detected.

Yet, the slight biases do not prevent the investigation gfrafation between size and
mass. In similar previous studies (eRpstian et al. 2005kL_arsen 2004xr the relation
between sizes and masses for young star clusters was alreadjigated, and a slight
trend for more massive star cluster to be more extended wamifoWe considered the
masses derived assuming the metallicities from Tat2e

Figure 3.10shows the young star cluster candidate sizes plotted dghimsnasses.
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Figure 3.8: Left: Normalized cumulative cluster distribumis according to GALEV.
Right: The top and the middle panel correspond to the nomedlcumulative cluster
distribution for Girardi models. In the bottom, the norrzelil distributions for all the
galaxies considering the closest metallicities from ttexditure.

A function of the form:

Reft = ax (M/Mo)P 3.2)

was applied for each galaxy and the values obtained from thermam y? fitting are

shown in Tables.6.

Table 3.5: Young star cluster mediaffiextive radii.

1) @ @ @ ©)
Galaxy RtV RigB Rl < Re >
pc pc  pc pc
NGC 45 20 17 29 22:04
NGC 1313 271 248 270 263+0.07
NGC 4395 185 152 207 181+0.15
NGC 5236 194 163 209 188+0.13
NGC 7793 197 162 218 192+0.16

1 Mora et al.(2007)
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Table 3.6: Size cd&cients.
(1) Galaxy name. (2),(3) “a”and “b” are the derived valuesrirEq. 3.2 (4) Metallicity
used for the derived mass in the 32

1) (2) 3) (4)
Galaxy a b Z
NGC 45 017+ 0.13 034+0.09 0004
NGC 1313 M+01 025+003 0008
NGC 4395 23+0.16 029+0.07 002
NGC 5236 B3+0.05 021+0.01 Q02
NGC 7793 B4+ 0.07 016+0.01 0004

As in previous studies, we observe in all galaxies a sligéridrfor the more massive
objects to be more extended in all galaxies. A physical pm&tation could be that mas-
sive star clusters form in higher pressure environment tharlower mass ones, which
also form less bound and, therefore are mdfecked by the disruption than higher-mass
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counterparts.

From Table3.5 all galaxies share similar meaiffective radii of the star clusters,
except NGC 1313 where the meadifieetive radius is higher (see also Fi§.10, due to
the fact that above 1000, the range of sizes at a given mass is significantly broader
than in the other galaxies.
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Figure 3.10: Hective radius versus mass of young star clusters. The lmesspond to
fits of the formRet; = ax M/MgP.

We note also that the slopes of the power-law fits are significateeper than the
values ¢ 0.10) reported in previous studies. This might be partly dutheodiferent
mass range probed here. However, we caution that the iidlialfithe size measurements
may be questionable for the lowest-mass clusters, whosmdity profiles tend to be
dominated by a few individual stars. Therefore, the impuréeof stochasticféects on the
size determinations at low mass needs to be taken into acaodrurther investigated.

3.6 Luminosity functions

The star cluster luminosity functions for four of our five geaks are shown in Fig.11
The one for NGC 45 was presentedNiora et al.(2007). Data were corrected with the
completeness function calculated for an object of FWHNI.2 pixels. Each histogram
was fitted by minimumy? with a relation of the form:
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3.6 Luminosity functions Il. Star clusters in five late tygerals

Table 3.7: Luminosity function cdicients. (1) Galaxy name, (2), (8)andb codficient
from Eq. 3.3 (4) « slope of the luminosity function, (5) expect&sssy magnitude

of the brightest star cluster from the extrapolation of tiaihosity function, (6),(7),(8)

V mean, V median, and- of the brightest star cluster from the simulated luminosity
functions. (9) ObserveWrss5y magnitude of the brightest cluster. (10),(11) Mass and
age of the observed brightest star clusteMiniand yr respectively. (12) Metallicity used
for mass and age derivations.

(1) (2 ®3) 4) (5) (6) (7) ®) 9) (10) (11 (12
Galaxy a b a Vexp Mpean ppmedian oo Vops  logMass  log Age z
NGC 45 0.37+0.11 -7.89+0.37 -1.930.3 20.792.29 18.63 18.93 157 20.697 2.97 6.66 0.004
NGC 1313 0.430.04 -8.28+0.87 -2.080.1 19.131.14 17.08 17.26 1.15 15.856 5.22 6.60 0.008

NGC 4395 0.220.01 -5.69+1.7 -1.720.2 19.535.28 16.43 16.74 1.93 19.541 3.97 7.08 0.02
NGC 5236 0.550.04 -10.6:0.92 -2.380.11 19.221.06 18.02 18.21 1.01 18.062 4.72 7.39 0.02
NGC 7793 0.480.05 -7.60+1.25 -1.990.13 19.4%2.13 17.01 17.24 1.49 18.190 4.66 7.64  0.004

1 from Mora et al.(2007)

logN =aMg +b (3.3)

The slopeawas then converted to the slope of the luminosity functiepresented as
a power-landN(Lg)/dLg = BL%, usingae = —(2.5a+1). All fitting results are summarised
in Table3.7.

The luminosity slopes derived for NGC 1313 and NGC 5236 amgieement with
the values derived iharsen(2002: a1313 = —2.01+ 0.12 andasp3s = 2.25+ 0.12; the
slightly steeper slope in NGC 5236 seems to be confirmed bgtady. Overall, we find
luminosity slopes compatible witta ~ —2, in agreement with the values reported in the
literature for the young star cluster systems.

We further compared the expected magnitude of the briglstasters as predicted
from the luminosity functions with the actual observed esluSuch a comparison indi-
cates whether a special physical mechanism is requirethédiormation of the brightest
clusters, or whether they can be explained simply by thedidee sample.

We simulated 1000 times each galaxy luminosity functionsatering the observed
number of star clusters with magnitudes randomly selecpeth i1, = —5.1, the obser-
vational cut-¢f magnitude of the sample. The results are summarised in Bable

For all galaxies we found a good agreement within the erreta/éen the observed
and the expected brightest cluster. NGC 1313 presents aptexe, as the observed
value is~ 3 magnitudes~ 30-) brighter than the prediction. We conclude that generally
the brightest star clusters in the luminosity function doteded by size-of-samplefects
(Hunter et al. 200Band correspond to a stochastic sampling of the luminositgtion
(seeLarsen 2002 However, some galaxies seem to produce brighter staectusin that
respect we note that NGC 1313 also showed clusters of lavgeage sizes. Although a
connection is not demonstrated here, it might be an iniegesispect to investigate fur-
ther. It should be noted that a physical truncation of thetelumassfunction might still
exist, even if the luminosity function is limited by size-eAmple &ects. One signature
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Figure 3.11: Luminosity functions for our galaxy sample. lid&tistograms are the
uncorrected luminosity functions while the dashed hisiotg are the completeness
corrected luminosity functions. Straight lines represtet power-law fit of the form
dN(L)/dL a L* to the corrected histograms.

of such a physical limit to the MF is a steepening of the LF atlitight end Gieles et al.
20064, as hinted at in the case of NGC 5236.

3.7 Cluster disruption

In following section, we investigate the disruption timelss of the clusters. We adopt
the simplified description of cluster disruption developg@outloukos & Lamer$2003,
and thus assume that the “disruption time scalg’of a cluster with initial mas$/ can
be parametrized as

tais(M) = t35(M/10*Mo)?, (3.4)

Wheretgis is the disruption time of a M, cluster. The constant was found by
Boutloukos & Lamerg2003 to have a value close to 0.6 (see alsomers et al(2004
20053b)).

Boutloukos & Lamerg2003 defined this in an empirical way, assuming that clusters
are formed in a constant number per unit time within a certaass range, and with a fixed
cluster initial mass function in the form of a power-law. @ndhese assumptions, the
number of clusters per age interval, which are detectedeabaertain fixed magnitude
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3.7 Cluster disruption Il. Star clusters in five late typaalsi

limit, will depend only on the fading due to stellar evolutjas long as there is no cluster
disruption. As soon as cluster disruption becomes signifj¢his behavior is broken and
the number of clusters decreases more rapidly with time.

Considering Egs. 15 and 16 froBoutloukos & Lamerq2003 the time scale on
which cluster disruption is important can be derived frothei the cluster age or mass
distributions:

oo 55) - 152

M 1
| ( cross) _
°d 104 1-y0

In these equationd/;in, is the cluster detection limit anahq+ is the apparent magnitude
of a cluster with an initial mass of 0V, at an age of 1®years, the subscript “cross”
denotes the breaking point between the cluster fading amaltister disruption and
gives the rate of fading due to stellar evolution. These tties are related each other by
the following equation:

IOg(Mcross/104) = 0.4(Mret = Viim) + ¢ IOg(tcross/log) (3.7)

The scenario described above makes no distinction betwasteicdisruption due to
interaction with the interstellar medium, buldisk shocks, internal events such as two-
body relaxation, and assumes that a single “disruption-Soade” applies. Furthermore,
this formulation does not account for the apparently madspendent loss of very young
objects, sometimes dubbed “infant mortality” (eF@ll et al. 200%. This process is be-
lieved to operate mostly within the first few Qears.

In Fig. 3.12we plot the age distributions for the star clusters in ouaggalsample
limited by a magnitude cut o¥rss5y = —5.1. Several bin widths were tried but none
revealed any obvious breaks in the age distributions. Tivasselected an intermediate
bin width of Alogt = 0.35. We then fitted straight lines of the form Iﬂo = axlogt+b,
and found slopes in the rangd.22 > a> —-1.43.

The derived values are inconsistent with the expected slapee ~ —0.7) for a
cluster age distribution which assumes no star clusteoldiisn and limited by a V-band
magnitude (se&ieles et al. 2007b For U-band limited magnitude samples the slopes
are expected to be —1. Also, in the above described scenario, and assumiag).62
anda = -2, the values are somewhat shallower than the disruptigre dlar aV-band
limited sample, which is expected to be-1.6.

As it was shown inLamers et al(20053, the process of fading and star cluster dis-
ruption is not a process on which the break between this tagestsuddenly occurs, it is
a continuous process which gradually goes from the fadirigeotluster regime up to the
cluster disruption regime, and an approximation of strialgtes (one for each regime)
is valid when these two regimes are well defined. Therefdiis,riot surprising that the
derived values are in between these two regimes becausesthptibn regime may be
present, but it is impossible to disentangle it from the rigdiegime, probably as con-
sequence of using a magnitude-limited sample, as well aseofarct that older objects

dis
log (;%8) + 0.4y (Myef — Vlim)l (3.5)

tdiS

e IOg(l%B] + 0.4(myet — Vim) (3.6)
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3.8 Radial distributions Il. Star clusters in five late typérals

(which are more likely to beféected by disruption) get redder and end up below our limit
detection.

An additional disruption mechanism has been discussed/hiymore et al.(2007).
From observations of young star clusters in the Antennagxgathese authors find evi-
dence for a constant fraction (about 90%) of the clustemsgokeist per unit logarithmic
age interval up to at least 4@ears. This mass-independent disruption has been named
“infant mortality”. For amass-limitedsample, this results in an age distribution with a
logarithmic slope of = log(1— IMR), i.e. a = —1 for an “infant mortality” rate of 90%.
However, for anagnitude-limitedsample we would expect a slopeat —1.65 (for IMR
= 90% and a V-band limited sample), significantly steeper tharobserved values. Our
observed slopes 6f1.22 to—1.44 would require infant mortality rates of less than 75%
— 85% for ages up to 1 Gyr.

In summary, the slopes of our cluster age distributions @vesteep to be explained
by fading alone, but our data do not allow us to clearly datish between the relative
importance of mass-dependent and mass-independenttastup

A e e
-4 - -
. NGC 4395 a=-1.42+0.20
s F b=3.92+1.53 7
H —— ]
8 T
10 |- | | L | 5
4 -
S NGC 7793 a=-1.370.18
. T b=3.78+1.38 i
| S—
= T
L8 I 7
g w0k | | | ]
>~ 4 ]
% = NGC 5236 a=-1.43+0.21
S 6 F e b=4.71+1.63 ]
— . -
s [ S ]
| | \T _
-10 [ I f
4 - -
. NGC 1313  a=-1.22+0.12
s v —— . b=3.20+0.92 7
F I —m .
8 - T —
o v vy ey g
7 8 9

log (Agelyr)
Figure 3.12: The age distributions for our galaxy sampleekicorrespond to the best

fitting of the form log &) = ax logt + b.

3.8 Radial distributions

In the following section, we discuss the radial distribatiof the young star clusters in
four galaxies (NGC 45 being presentecdMiora et al.(2007)). Since our images do cover
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3.8 Radial distributions Il. Star clusters in five late typérals

the galaxies asymetrically, a spatial completeness davrefirst needed to be computed.

3.8.1 Spatial completeness correction

We evaluated the spatial completeness as a function ofsddgiusing concentric circles
(centred on the galaxy) with increasing radius in steps 6f &l the entire ACS FOV
was enclosed the largest circle. For each ring, we compbtdéaction covered by the
ACS field of view. Each star cluster was assigned to a ring antthé¢ corresponding
spatial completeness correction.

3.8.2 Radial distribution of the surface density

In Fig. 3.13 we plot the completeness-corrected surface density ofciiigters as a
function of radius, as well as the completeness as funcfitimecradius (solid lines).

For three galaxies the centre was covered by the ACS images (100% complete-
ness was reached in the center of the galaxy). For NGC 523@aihéing did not cover
the central part of the galaxy. Further, note that the bunmapses of the completeness
lines are due to the fierent ACS orientations for each pointing. For each galaxg, w
evaluated the completeness-corrected radial surfacétidsnmofile over nine bins. The
bins were defined from the centre outwards to the most distaster in our sample.
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Figure 3.13: Radial surface density profiles of the startelss corrected for complete-
ness. Solid lines show the spatial completeness corretiguercent) described in sec.
3.8.1 Dashed lines show the power-law fits to the profiles.
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3.9 Globular clusters II. Star clusters in five late type agir

Table 3.8: Derived values from E3.8
(1) Galaxy names. (2), (3) “a” and “b” are the derived constalues, (4) e-folding
distance in arcsecond

1) 2 (©) (4)
Galaxy a b e - folding
NGC 1313 -0.0082+ 0.0007 -1.0+01 53+5
NGC 4395 —-0.0018+ 0.0009 -2.7+0.1 241+120
NGC 5236 —-0.0029+ 0.0006 -1.3+0.1 150+31
NGC 7793 -0.005+0.001 -18+01 87+17

For a qualitative comparison between the galaxies, we fitezhch completeness-
corrected radial surface density profile (distance beimggli, surface density being loga-
rithmic) a line of the form:

logN =aR+b (3.8)

The results of the fits are listed in TalBe8.2 We notice that the surface density
profiles for young star cluster span a very wide range in oorpsad galaxies: from
almost no radial dependence in NGC 5236 and NGC 4395 (i.eogeneous formation of
star clusters with radius), to very concentrated distrdouin NGC 7793 and in particular
in NGC 1313. In the latter, the surface density increasesnoydrders of magnitude
towards the centre over the innel kpc.

3.9 Globular clusters

We discussed above the more prominent young star clustgrbribfly described in this
section the old globular clusters found in the sample gataxi

As mentioned in Se8.3.2 we considered globular cluster candidates to be objects
with V < V1o — 0.2 and colours $F435N - V|:555N)0 > 0.5.

3.9.1 Total number of globular clusters

In order to derive the total number of globular clusters im covered area (inner 6-8
kpc), we took into account the detection completené&xting our sample as well as the
spatial incompleteness. For the detection completenessjsed the values derived in
section3.2.3 For the spatial completeness correction we used the metbsctibed in
section3.8.1

We then extrapolated the total number of globular clustees the full globular clus-
ter luminosity function. We assumed that the globular @ugiminosity function in our
galaxies follows the “universal” Gaussian shape and, follg Jordan et al(2006, that
the Gaussian dispersion is described by the followingimiat
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o = (1.12+ 0.01) - (0.093 0.006)(Mpg g + 20) (3.9)

Given the small number of observed objects (0 to 8) the ealadipn is necessarily
uncertain. The evaluated approximate uncertainties tatceaiccount the errors in the
dispersion, the magnitude of faintest globular clustedaiate with respect to the lumi-
nosity function turnover (indicating the fraction of theéabarea of the Gaussian that we
observed), as well as the error in the globular cluster lasity function turnover given
the known distance. We maximised and minimised these) @rrors to derive the uncer-
tain span in our evaluation. Our expected total numbersadfidar clusters are tabulated
in Table3.9.

Specific frequencies
Harris & van den Berglt1981) defined the specific frequency as
S = Ngc1 P (Mv+15) (3.10)

where Nsc is the total number of globular clusters that belong to tHesgaand M, is
the absolute visual magnitude of the galaxy.

Figure 3.14: Stamps of all the globular cluster candidattedaled in our sample. First
row: NGC 1313, second and third row: NGC 5236, and forth ro@QN7793.

As mentioned above for the total number of globular clustéue to the small number
of candidates detected, the specific frequencies are atdyisubject to large uncertain-
ties. Our derived values are given in TaBI&.
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Table 3.9: Total numbers of globular clusters and speciéiqidencies in the observed
region

(1) Galaxy name. (2) The observed number of globular clastandidates (for stamps
of the globular cluster candidates see Fi§.14), (3) o derived from E®.9, (4,5)
Maximum,minimum number of globular clusters derived by imasing/minimizing all
assumption, (6) Average of the faintest and the brightesbudar cluster luminosity
turnover, the error reproduces the minimum of maximum nurobelusters. (7) Derived
specific frequencyNote that all values are given for the observed regionsthe.inner
6-8 kpc of the galaxies.

(1) (2) 3) 4 0 (6) (7)

bright i
Galaxy ¢ o Nog™ NEN Npop SN

NGC1313 4 103+0.04 3 11 T+ 4 01+01
NGC5236 8 115+002 31 55 43t12 027+014
NGC7793 4 093+0.02 12 22 1A5 063+0.36

In order to compare these values wglobal values as found in the literature (e.g.
Harris 199), we would need to estimate the total number of globulartehssnot only
in the observed region but over the whole galaxy. In primgigle could use the surface
density profiles and extrapolate them to large radii, buehaw indication out to which
radii these would hold. Instead, as a rough estimate, wademthe Milky Way, a late-
type galaxy in the luminosity range of our sample, that habisut a third to half of its
globular clusters in the inner 6 to 8 kpc. Thus, global spe&@iéquencies for our galaxies
might be two to three times larger than derived for the inegians.

The specific frequencies listed Tat8e9 lie well below 1, i.e. in the range of low
specific frequencies. Even if these were doubled or tripecktiect global values, they
would be in the range 0.5 to 1 as expected for late-type geda(geeHarris 199). For
NGC 5236,Chandar et al(2004) derived in a previous studyy of 0.6+ 0.1, about twice
our inner value, in good agreement with our estimate for thbaj value.

We conclude that the (low) number of globular clusters oleties within the ex-
pectations for the type of galaxies in our sample.

Globular cluster sizes

From ISHAPE measurements (see S82.2 we calculated the mearffective radii of
the globular cluster candidates. The values are shown iteTahQ Our values are
slighter larger than the average half-light radius founthimm ACS Virgo Cluster Survey
(Jordan et al. 20Q5but in good agreement with the median size3(2 pc) of the Milky
Way globular clusters.

Note that within the errors, the globular cluster (as opgdsdghe young star clusters)
in NGC 1313 do not display abnormal sizes.
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Table 3.10: Red star cluster medteetive radii.

) @ 6 @ 5)
Galaxy RagB RegV  Regl < Ref >
pc pc pc pc
NGC 1313 03 339 356 332+0.15
NGC 5236 315 299 288 301+0.08
NGC 7793 208 307 298 301+0.03

3.10 Summary and discussion

We have analysed the star cluster populations in five nequibogl galaxies. Candidates
were selected applying a size criterion. Ages and masses degived from broad band
colours and compared with SSP models. Thanks to the ext&l{&a resolution we were
able to observe compact young star clusters down to masgles ofder of 20(M.

The properties of the young star clusters show considecdiéesity. The star cluster
formation history shows galaxies forming young star clisstather homogeneously over
the last Gyr, as well as galaxies with increased clusterdtion activity on short periods.
The galaxies with a rather continuous star cluster formasibow a higher number of
young star clusters (by almost an order of magnitude) tleabttes forming star clusters
in bursts. The specific frequency of old globular clustensesp to be normal (i.e. low)
for these late-type spirals in our sample. In this respée,four galaxies studied here
contrast with the case of NGC 4M¢6ra et al. 200Y, in which we found an unusually
high S, for a late-type galaxy of 1.4 - 1.9.

We have tried to investigate the star cluster disruptiordirigpalone is clearly ruled
out, but we were not able to distinguish between mass-depmrmthd mass-independent
disruption, i.e. characterise the exact disruption law.

The spatial distribution of star clusters also varies dyéatour galaxies. Some galax-
ies appear to form star clusters homogeneously over thegg-Briobed in our study, while
other show the young star cluster density to be (very) peakrs the galaxy centre.

The star cluster luminosity functions support earlier fingdi in the literature and are
compatible with power-law distributions with a slope ofand —-2. The brightest clusters
are compatible with a random sampling of the luminosity fimcgiven the size of the
samples. NGC 1313 presents an exception with the brightestlksisters being about
three magnitudes brighter than expected.

In this regard, it is worth noticing that NGC 1313 also digglalightly large size (or
a larger scatter in sizes) for its young star clusters, asdolgefar the most concentrated
spatial distribution of star clusters. Potentially, amotbr additional star cluster formation
process is at work in this galaxy.

Finally, we analysed the (small) population of globularstér candidates in our
galaxies and found it to be normal both in terms of number ¢géab and specific fre-
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guencies, as well as in the sizes.
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D RA DEC X y B I \ s 1 I U
J2000 J2000 Pix Pix F435W F435W F555W F555W F814W F814W F335W
lia FWHMB FWHMB FWHMV FWHMI E(B-V) E(B-V) E(B-V) E(B-V) E(B-V) E(B-V) Tog(Age/yr)
F336W pix pix pix pix 2-0.004 2-0.008 2-0.02 7-0.05 7-0.004 2-0.019 2-0.004
log(Age/yr) log(Age/yr) log(Age/yr) log(Age/yr)  log(Age/yr)  log(M/Mo)  log(M/Mo)  log(M/Ms)  log(M/Mo)  log(M/Mo)  log(M/Mo)
7=0.008 2-0.02 7-0.05 2-0.004 2-0.019 20.004 2-0.008 2-0.02 7-0.05 2-0.004 2-0.019
NGCI3131.1  3:18:35.8632  -66:28:03.459 2429.980 757.311 21.418 00.01 21.405 0.011 21.364 0.012 20.258
0.032 19.080 1.300 1.210 1.430 0.000 0.000 0.000 0.180 0300  0.120 6.950
6.850 6.770 6.700 6.700 6.750 3.410 2.860 2.770 3.100 3.400 0103
NGC131312  3:18:33.6487  -66:27:43.434 1951.000 794.048 21.362 90.00 21.093 0.008 20.307 0.006 21.168
0.053 5.080 2.030 1.780 1.320 0.000 0.150 0.170 0.190 0.120 12100 6.900
8.280 8.160 8.020 8.400 8.150 4.290 4370 4.350 4340 4.450 5004
NGC13131.3  3:18:32.4677  -66:27:32.069 1683.567 807.000 22.647 30.02 22.439 0.020 21.890 0.017 22.209
0.107 5.690 1.590 1.230 1.100 0.000 0.200 0.140 0.090 0.220 .0900 6.860
7.660 7.830 7.990 7.800 8.100 3.390 3.440 3510 3.600 3.650 7103
NGC131314  3:18:33.4053  -66:27:32.911 1752.953 717.063 21.153 30.01 20.853 0.010 20.279 0.011 21.333
0.060 13.750 6.660 6.410 7.220 0.000 0.130 0.210 0.220 0.070  0.280 7.940
8.610 8.340 8.230 8.850 8.350 5.110 5.080 5.040 5.030 5.230 2605
NGC131315  3:18:33.7834  -66:27:47.653 2032.560 821.021 21.407 30.01 21.159 0.011 20.542 0.010 21.244
0.053 11.010 4.170 3.850 4,550 0.000 0.160 0.210 0.230 0.130  0.240 7.570
8.180 8.090 7.990 8.300 8.100 4.360 4.460 4530 4550 4550 6704
NGC131316  3:18:30.8600  -66:27:33.740 1619.000 991.545 22.467 10.02 22.168 0.018 21.229 0.011 22.039
0.099 14570 4570 4500 6.480 0.440 0.650 0.490 0.630 0.600  0.530 7.050
7.080 7.200 6.970 7.000 7.250 4.240 4.100 4,000 4.090 3.980 2104
NGC13131.7  3:18:31.0300  -66:27:55.795 2014.263 1188.420 22574 210.0 22.346 0.017 21.878 0.015 22.530
0.133 5.780 2.060 1.930 1.130 0.000 0.170 0.000 0.000 0.210 .0000 7.780
7.990 8.440 8.320 8.000 8.550 3.650 3.670 3.780 3.760 3.800 19903
NGC13131.8  3:18:31.8406  -66:28:10.642 2320.923 1248.120 22.161 160.0 22.078 0.015 21.969 0.017 21.212
0.059 3.270 0.540 0.730 0.730 0.000 0.170 0.240 0.350 0.320 .3500 6.770
6.770 6.680 6.620 6.750 6.650 2.730 2.710 2.710 2.910 3.020 9702
NGC131319  3:18:30.9189  -66:28:00.003 2081.302 1241.000 22.454 190.0 22.195 0.016 21.556 0.012 22.051
0.090 7.640 3.170 3.130 1.850 0.000 0.190 0.580 0.590 0.180 .1400 6.790
7.910 6.600 6.600 8.000 8.050 3.190 3.840 3.300 3.380 3.950 9803
NGC13131.10  3:18:34.0503  -66:28:42.311 3003.000 1325.275 22.000 0170. 22.100 0.016 22.076 0.019 20.562
0.035 3.500 0.760 0.460 5.220 0.060 0.160 0.020 0.160 0.220 10200 7.080
7.080 7.200 6.900 7.150 6.950 3.330 3.190 3.110 3.120 3.450 19502

First row: 1.- Galaxy ID: Namé=ield_N. 2.- RA (J2000). 3 - DEC (J2000). 4.- X (pix). 5.- Y (pix). Bg435y. 7.- Error ofBg435y photometry. 8.- Same as 6 but Mgs55y. 9.- Same as 7 but for
VEsssw. 10.- Same as 6 but foggi4y. 11 Same as 7 but fdggiay. 12.- Same as 6 but fadg336y. Second row: 1.- Error dflp33y photometry. 2 FWHMg according to SExtractor. 3FWHMg
according to Ishape. 4FWH M, according to Ishape. 5WHM, according to Ishape. 6.- Extinction derived using GALEV sideringZ = 0.004. 7.- Same as 6 but f@r= 0.008. 8.- Same as 6 but

for Z = 0.02. 9.- Same as 6 but far = 0.05. 10.- Extinction derived using Girardi consideriig- 0.004. 11.- Same as 10 but fér= 0.019. 12.- Log of the star cluster age derived from GALEV for
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Chapter I

Spectroscopy of globular clusters in

the low luminosity spiral galaxy
NGC 45

Astronomy & Astrophysics 2008, 489, 1065
M. D. Mora, S. S. Larsen & M. Kissler-Patig
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NGC 45 globular clusters.

Abstract

Extragalactic globular clusters have been studied intalip galaxies and in a few
luminous spiral galaxies, but little is known about glolutdusters in low luminosity
spirals. Past observations with the ACS have shown that N&libdts an important pop-
ulation of globular clusters (19) as well as several youagdusters. In this work we aim
to confirm the bona fide globular cluster status for 8 of 19 glabcluster candidates and
to derive metallicities, ages and velocities. VEDRS2 multislit spectroscopy in combi-
nation with the LickIDS system was used to derive velocities, constrain meitéis and
[a/Fe] element ratio of the globular clusters. We confirm thedbglar clusters as bona
fide globular clusters. Their velocities indicate halo olgeuike kinematics, with little
or no overall rotation. From absorption indices such gsty and H5 and the combined
[MgFe] index we found that the globular clusters are metal-po@H]Z-0.33 dex and
[a/Fel<0.0 element ratio. These results argue in favor of a pojmatf globular clusters
formed during the assembling of the galaxy.
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4.1 Introduction NGC 45 globular clusters.

4.1 Introduction

Globular clusters are present in almost all kinds of gax@bservations of extragalactic
globular cluster systems have shown that globular clustsgiems can often be divided
into (at least) two sub-populations, although the origirihgfse remains unclear. In the
Milky Way and M31, the metal-poor globular cluster sub-pagions display halo-like
kinematics and spatial distributions (eZjnn 1985 Ashman & Zepf 1998Barmby et al.
200Q Perrett et al. 2002 while the metal-rich globular clusters may be associat&d
the bulge angbr thick disk (e.gMinniti 1995; Barbuy et al. 1998Coté 1999 Bica et al.
2006. The globular cluster sub-populations in elliptical géds show many similari-
ties to those in spirals, and some of the metal-rich clusteag have formed in galaxy
mergers (e.gAshman & Zepf 1992 Some of the metal-poor (“halo”) clusters may have
been accreted from dwarf galaxid3q Costa & Armandrfi 1995 or in proto-galactic
fragments from which the halo assembl&eérle & Zinn 1978 A major challenge is
to establish how each one of these mechanisms may fit intcatfaeligm of hierarchical
structure formation (e.gsantos 2003

One important step towards understanding the roles of mgrgnd accretion pro-
cesses is to extend our knowledge about globular clusteraity diferent galaxy types,
such as dwarf galaxies and late-type spirals, in a rangevifoements. Studies of glob-
ular clusters in spiral galaxies are mordidult than in early-type galaxies because the
globular cluster systems are generally poorer and appparmosed on an irregular back-
ground. Consequently, most studies of extragalactic dgohriusters have focused on
elliptical galaxies.

In spite of the similarities, there are also importartfetiences between globular clus-
ter systems of large ellipticals and those of spirals likeeNtilky Way. Elliptical galaxies
generally have many more globular clusters per unit hostgdluminosity (i.e., higher
globular clusterspecific frequencieblarris & van den Bergh{1981) than spirals), and
on average the globular cluster systems of ellipticals aseermetal-rich Kissler-Patig
et al. 1999. The best studied globular cluster systems in spiral gegaaxre those associ-
ated with the Milky Way and M31. Globular clusters in M31 appsimilar to those in
the Milky Way in terms of their luminosity functions, metalties and, size distributions
(Crampton et al. 1985 errett et al. 2002Barmby et al. 2002 M33 has a large number
of star clustersChristian & Schommer 19821988 Chandar et al. 20Q1but many of
them have young ages and there may be only a dozen or so trally”’ “flobular clus-
ters Sarajedini et al. 2000 The Magellanic Clouds are also well-known for their rich
cluster systems, but again only few of these are truly oldbgkr clusters. The Large
Magellanic Cloud has about 13 old globular clustelshfison et al. 1999which how-
ever show disk-like kinematics. The Small Magellanic Cldwad only one old globular
cluster, NGC 121.

The globular cluster populations in low luminosity spirate almost unknown. The
guestion of how these clusters formed (and their host galasgnain unanswered.
Considering that those kind of galaxies remain almost uogeed during their life, it
is probable that we are observing their first population obglar clusters and therefore,
we can approach to the conditions in which the host galaxes ¥ormed.
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The nearby Sculptor group hosts several late-type galaxi@sse globular cluster
systems are potentially within reach of spectroscopic masiens with 8 m telescopes
in a few hours of integration time. A previous study of the slaster population in the
Sculptor group was done [Isen et al(2004. They observed several globular cluster
candidates, finding 19 globular clusters in four galaxiessinof them metal-poor with
[a/Fe] lower than the Milky Way globular clusters.

In this paper we concentrate on the late-type, low lumigasitral galaxy NGC 45
in Sculptor, in which we have previously identified a surpigéy rich population of old
globular cluster candidates in HBYCS imaging. NGC 45 is classified as a low luminos-
ity spiral galaxy withB = 11.37+0.11 andB-V = 0.71 (Paturel et al. 2003 It is located
at~ 5 Mpc from us, (h— M)p = 2842 + 0.41 (Bottinelli et al. 1985, in the periphery of
the Sculptor group. In chapt@r(Mora et al. 200y we found 19 globular clusters located
in projection with the galaxy bulge, which appear to belanthe metal-poor population.
Those 19 globular clusters yieldS, of 1.4 — 1.9, which is high for a late-type galaxy.

In this paper we focus on 8 of those 19 globular clusters. Védyaa them through
spectroscopy to confirm or reject their globular clustetustaand to constrain ages and
metallicities.

4.2 Candidates selection, observation and, reductions

4.2.1 Globular cluster selection

In Mora et al.(2007) we identified cluster candidates as extended objectsy asuariety

of size selection criteria based on the BAOLABHAPE (arsen 1999and SExtractor
(Bertin & Arnouts 1996 packages. We found 19 extended objects fulfilling the color
criteria Q8 < V-1 < 1.2, with magnitude®/ = 195 up toV = 225 that were interpreted
as globular clusters. The detected globular cluster cateidhad a mean color ¥f— |

= 0.90, consistent with a metal-poor, old population. The meaf-light radius of the
globular cluster candidates wégs = 2.9 = 0.7 pc (error is the standard error of the
mean), similar to that of globular clusters in other galaxie

4.2.2 Observations and reductions

The spectra were acquired in service mode on the ESO periagiig the ESO Focal
Reduceflow dispersion Spectrograph (FORS2) through the Multeobjspectroscopy
mask exchange unit (MXU), which is mounted in Kuegéh2 VLT telescope at Cerro
Paranal Chile. We used the GR880B+22 which has a wavelength range from 3330
A up to 6210 A with a dispersion at the central wavelength (485 of 0.75 A/pixel.
Because of the globular cluster positions, we were only @lgiace 8 globular clusters on
the MXU. Extra 16 filler slits were placed on young star regidhe galaxy bulge, the sky
and one star. On each object a slit of’1\didth was placed and MXU observations were
done in 7 Observing Blocks (OBs). A sample of these spec&al@wn in Fig4.1 For
the calibration, we acquired 6 Lid0S standard stars froM/orthey et al(1994) in long
slit spectra mode using the same configuration of the glolllster observations (for a
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log of the observations see Taldlel). The six standard stars were selected according to
their spectral type (i.e. K3lll, GOV, G5IV, F5VI, K31V andA3V), covering the range

of spectral types expected in a globular cluster. Each atangas observed in 3 exposure
sets with a small fiset in the direction of the slit in order to avoid bad pixeldha final
combined spectra.

Table 4.1: Log of the observations. The second column itelcthe observed mode:
Multi-object spectroscopy mask exchange unit (MXU) andd.slit spectroscopy (LSS).

Object Mode N of exposurestime Obs type
NGC 45 MXU 17x (3x1200s) Science
NGC 45 MXU 2x 1095 Science
HD180928 LSS % 1.00s Lick std
HD195633 LSS % 1.00s Lick std
HD165195 LSS X (3% 3.00s) Lick std
HDO003567 LSS X 5.00s Lick std
HD221148 LSS % 1.00s Lick std
HDO006695 LSS X% (3% 0.63s) Lick std

The spectra (science and standard stars) were reducebifisesubtracted, flat field
corrected, optical distortion corrected and, wavelengliibrated) using the ESO Recipe
Execution Tool v3.6 (ESO-REX) Typical rms from the distortion corrections were of the
order of 0.4 pixels and the wavelength calibration accuEdaye model applied during
the wavelength calibration was of the order of 0.08A.

In the following section we explain the radial velocity mesmnents. We only focus
on the globular clusters because filler spectra were tod failhave reasonable radial
velocity measurements.

4.3 Radial velocities

Radial velocities were first derived for the standard st&isice each standard star was
acquired in a set of 3 consecutive exposures, we derivedadttial velocity on each single
exposure. This was accomplished by cross correlating avaoeity elliptical galaxy
template fromQuintana et al(1996 with each spectrum using tieXCORIRAF? task.
Each single spectrum was shifted to zero radial velocity@mdbined into a high signal
to noise standard star spectrum.

Globular cluster spectra taken in the same OB were combineldjng 7 spectra for
each globular cluster. Each one of them, in combination Withhigh signal to noise
standard star spectra, were used to derive the globulatecluslocities through cross

Ihttpy/www.eso.orgsci/data-processingoftwargcpl/esorex.html

2|RAF is distributed by the National Optical Astronomical €vatory, which is operated by the
Association of Universities for Research in Astronomy,, lmeder cooperative agreement with the National
Science Foundation.
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Figure 4.1: Samples of the spectra. The spectra have bdeddii the O radial velocity
and an @fset in flux has been added for best clarity of the sample. Soigleihdex
passband are indicated at the bottom of the panel.

correlation using th&XCORIRAF task. On each cross correlation we select a region
of 200 A width centered in the Ca Il +K, HB and, Hy features. An extra region from
5000 A up to 5500 A was also considered for cross correlatie.note that the cross
correlations between standard-star types A and K; and thtmulglr cluster spectra were
particularly dtficult, most likely because such stars provide a poorer mattiretoverall
spectrum of a globular cluster. Thistect, combined with the low signal-to-noise of
the spectra (especially for the globular clusters ID 45 dDdi¥) caused the velocity
measurements to be more uncertain when based on these stars.

In Fig. 4.2we show histograms of all the individual velocity measuretador each
cluster. We adopted the average of the distribution as tta Viglocity value of each
globular cluster. The error was obtained from the standavibtion divided by the square

91



4.3 Radial velocities NGC 45 globular clusters.
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Figure 4.2: Distributions of velocity measurements of thabglar clusters.

In Fig. 4.3we show the position of the globular clusters with overgdtisovelocity
contours fromChemin et al(2006. The sub-panel on the bottom and the sub-panel on
the right shows the projected velocity as function of RA arieD The panels show that
our velocity measurements are consistent with no overtdtiom of the globular cluster
system. Globular clusters located near the center of tlexgahow velocities consistent
with the observed H | gas velocities fro@hemin et al(2006. The greatest dierence
between the globular cluster velocities wi = 71 + 16 knys. It corresponds to the
difference of velocity between the globular clusteef® and 47, which also show the
largest errors. Therefore, globular cluster velocities @ainly concentrated between
V=430 — 480 krys, as is seen in Fig.3.

The velocities of the GCs clearly do not match the isovejocdntours ofChemin
et al. (2006, and we thus exclude that the GCs are associated with tkecdimponent
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Table 4.2: Derived velocities of the globular clustersis the standard deviation and N
corresponds to the number of measurements.

ID Vel(km/s) o N

33 455+3 19 37
34 470+3 17 35
35 450+4 25 35
40 459+5 32 35
42 467+3 17 34
43 485+4 23 35
45 503+9 55 33
47 432+13 77 33

of NGC 45. The velocity dispersion s = 20 + 4 kys, which is significantly larger
than the measurement errors (Tadbl®) and smaller than other similar galaxies like M 33
(Chandar et al(2002 found values oftr = 54 + 8 for disk/bulge globular clusters and
o = 83+ 13 knys for halo globular clusters). Therefore, we conclude thatglobular
cluster velocities in NGC 45 are indicative of halo- or bulige kinematics, with little or
no overall rotation.

4.4 Lick index calibrations

In the following we estimate abundances for our globulastedusample using the LigioS
system of absorption line indices. We used passband defisifromTrager et al(1998
taken from G. Worthey’s web pagi@hich includes the old definitions froWorthey et al.
(1994 and H; and H, definitions fromWorthey & Ottaviani(1997).

The Lick/IDS system is designed to measure absorption features sueN a3, Fe,
Mg, G (molecular bands) and blend of absorption lines prtesesid populations. These
features were used to construct a library from several staserved at the Lick observa-
tory. Six of these standard stars were taken during the wéisens that are presented in
this work. Due to our instrument configuration, the standdads spectra, as well as the
globular cluster spectra, have higher spectral resolutian the original LicKDS sys-
tem. Thus, we must carefully degrade our spectra in ordertomthe LickIDS spectral
resolution. One way to quantify theftBrence between our instrumental system and the
original Lick/IDS spectra is to measure the FWHM of narrow spectral featihée mea-
sured the FWHM of the sky lines in our sky spectra and we foutypiaal FWHM=4.9
A. This value was used as input for the code used for the indexations.

The indices were measured using the GONZO code fPoizia et al(2002. Briefly,
GONZO degrades the spectra to the IIEK index system with a wavelength-dependent
Gaussian kernel in order to match the resolution fidfarthey & Ottaviani(1997).

3httpy/astro.wsu.edwortheyhtml/index.table.html
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Figure 4.3: Main panel: Position of the bona fide globularstdts with overplotted
isovelocity contours fronChemin et al(2006. Arrow indicates the north and East is on
the left. The sub panels on the bottom as well as on the rigiw she globular cluster
velocity projections of the main panel as function of RA arle@respectively. Blue lines
indicate isovelocity lines for 480 kfe and 452 kifs. The straight line crossing the main
panel has the purpose of illustrating the velocity changesnat is projected as function
of RA and DEC on the sub panels. Numbers next to the isovglooittours indicate the
velocity in knys.

GONZO also derives the uncertainties of the indices by damig the Poisson statis-
tics on each pixel from the error spectra. These statistiesuaed in the addition of
random noise when creating artificial science spectra aradunag the indices on these.
For further details on GONZO, sétuzia et al(2002.

In the comparisons between our standard stars and thdDilsystem, we assumed
that the transformation between our measured XK indices and the standard values
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Table 4.3: Calibration summary of the Lick Indices. Tiénd TiO, were not measured
due to the fact that our standard-star spectra do not cogélri®s wavelength. ZP corre-
sponds to the zero point needed in order to match the/lD&ksystem and- corresponds

to the error which was calculated considering the standewvation divided by the square
root of the number of measurements.

Index ZP o Units
CN; 0.0301 00123 mag
CN, 0.0364 00087 mag
Cad227 878 00830 A
G4300 08417 02467 A
Fe4383 6260 02155 A
Cad455 553 01183 A
Fe4531 835 02359 A
Fe4668 -0.0715 02840 A
HB 0.0515 01234 A
Fe5015 583 02394 A
Mg -0.0116 00034 mag
Mg> -0.0149 00062 mag
Mgp 0.2932 00501 A
Fe5270 ®M598 00563 A
Fe5335 @400 01041 A
Fe5406 @729 00581 A
Fe5709 342 00667 A
TiO; - - mag
TiO, - - mag
Héa 0.1376 03270 A
Hya -0.4629 03295 A
Hoe 0.6445 01504 A
Hye -0.1960 01333 A

was linear with a slope of unity, so that only afiset is needed to match the standard
Lick/IDS system. Also we avoided possible changes of the slopetodoutlier measure-
ments (which were impossible to identify because of the kmahber of the observed
standard stars).

The zero-point fisets are given in Tabk.3and a comparison between our measure-
ments and the LigkDS system is shown in Fig4.4. The reader may note that we do
not list values for the TiO indices because the TiO indicesevaritside the wavelength
coverage.
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Figure 4.4: Comparison of Worthey Li¢S indices with the one measured by us after
zero-point dfset correction. Lines represent the one-to-one comparison

4.5 Results

4.5.1 Age diagnostic plots

In this subsection we discuss the results of the indices uneaents and their compar-
isons witha/Fe models fronThomas et al(2003 andThomas et al(2004). We adopted
the index [MgFe] = y/Mgb x (0.72 x Fe5270+ 0.28 x Fe5335) which is¢/Fe] inde-
pendent defined bfhomas et al(2003. We also adopted fronGonzalez(1993 the
< Fe>= (Feb270+ Fe5335)2 index definition. Figurel.5show the age metallicity di-
agnostic plots for the Balmer line indice@Hya, Hyg, Hoa and, Hg against [MgF€]
All our globular clusters show [MgFe}alues less than or equal to 2 A, which makes
them metal poor.

Ages are poorly constrained and depend on the Balmer lirgk fosehe comparison
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Figure 4.5: Age diagnostic plots. The over-plotted gridcesponds to SSP model from
Thomas et al(2004 for [a/Fe]= 0.0. Dotted lines correspond to metallicities/ff=
-2.25,-1.35,-0.33, 0.0, 0.35 and, 0.67 dex. Solid lines correspond to agés2f3, 5,
10 and 15 Gyr.
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with models, but the metallicities are consistently sulasswvith [Z/H]<-0.33. In the
left panel of Fig. 4.6 we show the average iron versus Mg2 over-plotted with models
from Thomas et al(2009 for [a/Fel=-0.3, 0.0 and, 0.3; and ages of 5 and 15 Gyr.
The panel shows globular clusters located in the sub-sodaltitity region with values
lower than [ZH]=-0.33 corroborating the same result of Fi§g5and, despite the great
uncertainties, the globular clusters seem to be betteridesicby models with sub-solar
[a¢/Fel=0.0,-0.3 element ratios. This conclusion becomes less strong wieetwio Fe
index are plotted separately versus Mgb as it is seen in thigatend right panels of
Fig. 4.6. For the Fey7pindex, globular clusters showt[Fel< 0.0 while for the Fesss
index, globular clusters are scattered betwe@8 <[a/Fe]< 0.3. The derived values
of [a/Fe] element ratios and metallicities seems to be consistightvalues found by
Olsen et al(2004 in 4 Sculptor galaxies. They concluded that all globularstgrs in
the Sculptor group have [A¢]< —1.0 (we found values for NGC 45 [Rd]< -0.3) and
values 0f-0.3 = 0.15 <[a/Fe] < 0.0+ 0.15 for the measured globular clusters.

4.5.2 Comparison with photometric ages

In spite of the uncertainties of the star cluster metaléisitand ages, it is worth to com-
ment how ages and metallicities derived here compare wilptavious ages and metal-
licities assumed irMora et al.(2007). As a reminder, irMora et al.(2007) we used
GALEV models Anders & Fritze-v. Alvensleben 2003onsidering 4 metallicites:
Z=0.004, 0.008, 0.02, and 0.05 which are equivalent tgHlFe —0.7, 0.4, 0, and+0.4.

In the present work, we have 3 globular clusters83, 34 and, 35) in common with our
previous work.

In Table4.4 we show the [ZH] values calculated for each index and its mean value
calculated from the age diagnostic plots. We do not exteipages nor metallicities of
globular clusters lying outside the model grids. Errorsemvealculated considering the
highest and lowest values for each index within the erros.balso, if the error bar (or a
part of it) lie outside the model grids, we do not extrapoitesalue and we considered
the farest point of the grid as the maximum (or minimum) ewalue. Therefore, errors
lie within the grid values. We found that the derived metdils agree on each index
and we concluded that the most adequate metallicity for agen@ass derivations with
photometry is Z0.004 of the GALEV models.

In Table4.5we show individual ages derived from the age diagnosticsdiat each
Balmer index, and the mean value considering all BalmecewliWe do not extrapolated
values outside the model grids and errors were calculatébdeirsame way as we did
in Table4.4. The last two columns show the derived ages from GALEV (aiersng
Z=0.004). Ages derived from photometry do not agree with tHeesderived using
spectroscopy. Photometric ages were underestimated,atechwvith the spectroscopic
ones. This underestimation is more dramatic for the glaoballaster ID=35 where the
photometric age do not share the same order of magnitude apéetroscopic ones. This
result is not entirely unexpected, since old globular érssare faint in the U-band, which
provides much of the leverage for age determinations. Eurtbre, model uncertainties
and degeneracies in dgeetallicity/reddening all combine to produce larger uncertainties
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Figure 4.6: Top left panel: IrorFe> as function of Mg2. Top right panel: Eggindex
versus Mgb. Bottom central panel: §3g5 index versus Mgb.
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Table 4.4: Metallicities from age diagnostic plots. Colufi): Globular cluster ID.
Columns (2) to (6): H. The index used for its derivation is shown between bracket
Column (7): average /A

1) (2) 3) 4) 5) (6) (7)
ID  Z/H(Hg) Z/H(Hya) Z/H(Hop) Z/H(Hoa) Z/H(Hye) <[Z/H] >
33 _ 1‘1+O.40 _ 1'15+O.45 _ 1‘0+0.65 1 15+0.60 —1 2+O.4O _ 1.124—0.5

34 —0.55 0 9+—()9260 -0.75 _0.55 ~0.50 5 9¥8.'5’9
- 0.45 o -840 - . 0.30 - 0.40 - 836
w0y Ovin . Lo el o
42 _10188? —1.15035 _0918%? -1 05_49065’0 _ _10318471%
~_035 . . -Y9_0 .30 Y9 031

0,15 Q4 .
0.40 040 8% 0.30 0.40 0.36
43 0757, -08'GL  -04S 0451 08798 06485
45 -0.15'96> _(035t095 - - —0.4%070  _0.30r07
47 O 6+70].'6%5 0351888 0 35+0.55 0318%8 0'40:—8:89

—¥r_0.80 TMeOY_1.05 - —Y9~_1.00 —YY_110 TYTY_099

Table 4.5: Derived ages in Gyr from age diagnostic plots.u@al (1): Globular cluster
ID. Columns (2) to (6): Derived ages. The index used for itsvdéon is shown between
brackets. Column (7): Average age. Columns (8) and (9): Algeised from GALEV.

) 2 (©)] “4) ®) (6) (7 ®) C)

ID Age(Hs) Age(Hya) Age(Hor) Age(Hoa) Age(Hyr) <Age> log(Age/yr)  Age
33 4777 58752  357% 5458 72753 532707t 90603 1147167

s ogglh T TV TR bl giobll o5l
s sons aslt - oo aem asoll ool ooosl
42 5991 o538 3gil gt ~ em2i® - -
13 445l 5685 1432 1773 55t g7zt - -
45 1678 p7vibh - 2 5488 Ssebos _ B
47 agjgfg 2.51L3 - 2674 20t 3.50;%}5235 - -

on the photometric ages for old globular clusters.

4.6 Discussion and conclusion

Although uncertainties on the age estimates for our sanfgebular clusters in NGC 45

remain large, we were able to constrain their metalliciaesl o/Fe abundance ratios.

These showed that the globular clusters in NGC 45 are metal porroborating the

metal poor population deducted from the globular clustésrean Mora et al.(2007).
Assuming that the globular clusters are tracer of star ftionaevents, considering

that NGC 45 is an isolated galaxy, probably a backgroundcblajed, not a true member

of the Sculptor groupRuche & Carignan 1988it is puzzling how these entities formed

in this galaxy. Whiting (1999 suggested that NGC 45 once made a close pass by the

Sculptor group, getting close to NGC 7793 and transferringuiar momentum. This

would have been excited the globular cluster formation inO\M5 but there is no record
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of this in the globular cluster population. Therefore, thiriation of the globular clusters
must be happen at early times probably when the galaxy asseémb

The globular cluster velocities and the velocity dispersibthe system argue in favor
of a real association between the globular clusters and dlexyg bulge. The velocity
distribution of the GC population seems to be dominated bgoen motions, although
it would be desirable to corroborate this statement witthferrvelocity measurements of
the remaining 11 candidates.

The sub-solard/Fe] values derived here are unlike those typically obseivetd GC
populations (e.gPuzia et al. 2005 including those in the Milky Way. However, we note
that they are consistent with those derivedQigen et al(2004). It is also of interest to
note that dwarf galaxies in the Local Group tend to show lg#saaenhanced abundance
ratios than the Milky Way$bordone et al. 2009 olstoy et al. 2008 This may point to
important diferences in the early chemical evolution in thedgedént types of galaxies,
and is potentially an argument against the notion that amfigotion of the GCs in large
galaxies could have been accreted from minor galaxiesairtalthose observed today.

One possible explanation for the relatively low/Fe] ratios of the GCs in NGC 45 is
that the formation and assembly of the Hildge component took longer than in major
galaxies like the Milky Way. This would allow time for Type $aipernovae to appear and
enrich the gas with greater amounts of Fe.
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Chapter

Conclusions

The work presented here deals with star clusters in five timberd spiral galaxies and
aims to explore the star cluster formation (and their pri@®r in environments similar
to our galaxy. We think that the most spectacular resultsecioom the most unperturbed
galaxy, NGC 45. Despite its small young star cluster popiatNGC 45 shows a rich
number of globular clusters with properties similar to tiregular galaxies in the Local
Group.

We would like to stress the homogeneity of the data used sttigsis. It allowed
comparisons without introducing bias due téfeiient observing instruments, observing
conditions and analysis techniques. It is for this reasahttie comparison of the global
star cluster properties become an important point of theésith A remarkable result of
this thesis is the expansion of the star cluster studiesrtisistae low mass ones. For the
first time we are observing star clusters with masses ancepiep similar to the Milky
Way open star clusters. Herewith, the principal resultshid thesis are listed and the
future perspectives discussed.

5.1 Synopsis

In this section the results of this work are summarized.

Ages and Masses: Low mass star clusters were found in all galaxies. They wagg-i
preted as Milky Way open star cluster counterparts. In theeomass extreme, only two
galaxies showed star clusters with masses greater titagoldy masses. These clusters
are located in a starburst galaxy (NGC 5236) and in a gala’ty astrange morphology
(NGC 1313).

The environment and the star cluster formation: Comparisons of cumulative age
distributions from diferent galaxies and regions, lead us to the conclusion tkeasttr
cluster formation is a process that strongly depends orotted tonditions. Two galaxies
showed similar star formation histories: NGC 45 and NGC 488Bough, both galaxies
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share the lowest number of detected star clusters. Therdfwir similar star formation
histories can be a result of low number statistics.

Sizes: Star cluster sizes where derived in this work. There is shaéndency that most
massive star clusters tend to be more extended.

Luminosity functions:  On each galaxy the luminosity function shows slepe = -2,
supporting the idea of an universal mechanism of star aldistenation. The detection
of the brightest star cluster on each galaxy is explainedasmsequence of the random
sampling of the luminosity function.

Disruption times: The present data do not allow us to derive the disruption,time
nor discriminate between whether the disruption scenarimass-dependent or mass-
independent. Nevertheless, in this work is pointed out $keat cluster age distributions
are influenced by more than one filter and this caveat must h&dared in further anal-
ysis.

Globular Clusters: Globular clusters were detected in 4 of the 5 galaxies anehext
sively analyzed in one galaxy: NGC 45. This galaxy hosts la pigpulation of globular
clusters. The analysis of the observed colors showed anaggihdistribution which
corresponds to a metal poor population. This was later aogefirfor 8 globular clus-
ters through spectroscopical analysis. Their spectrasti@lpha abundance ratios lower
than the observed in the Milky Way, M31 and M33; but similadtgarf galaxies in the
local group, suggesting that globular clusters in NGC 4t after the appearance of
the Type la supernova.

The kinematic of NGC 45 globular clusters is compared wigvmus studies of the
H I velocity distribution. We noted that globular clustersNGC 45 do not follows the
H | rotation map. Therefore, it is concluded that globularstérs do not show signs of
overall rotation and their kinematics correspond to halbuige like kinematics.

5.2 Outlook

During the research of this work, several questions wereghoEhose question, | believe,
are the main directions for future researches.

e How unperturbed are the unperturbed environments? lItlisagtiopen question
that needs to be further investigated. The question can tesskd by looking
at the star cluster populations in low luminosity galaxisgng a combination of
ground base and space observations. HST archive, the @olyH8T ofand the
new space telescope (JWST) can be used to identify the stsied on these
galaxies. Depending on the available passbands, simiaarehes to the work
presented here can be done and the masses and ages of thesstas can be de-
rived. Ground base spectroscopical observations will leel tis obtain kinematic
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information of the detected star clusters. 3D spectroscapybe use to understand
properties of the surrounding media on which star clusierslle. Does the sur-
rounding media shows a chaotic kinematic compared with thenkatics of the
star clusters? How do the star cluster kinematics compamngrthem? So far
we do not fully understand the relations between the enmiert kinematics and
star cluster ages. First approach are studies of embeddedlssters l(ada &
Lada 2003 and the disruption time approach, however if there aretiligienvi-
ronmental conditions which prevent star clusters to be dpremain to be further
investigated as well as the relation between star clustes agd the kinematics of
their surrounding media.

e Is the star cluster disruption a mass-limited or mass-iaeddpnt process? This
point is related with the previous one. A mass-limited di$ian scenario will in-
dicate that star clusters will be disrupted according tdrthess. Massive star
clusters (more gravitationally bounded) will have betteareces to survive interac-
tions with the surrounding media compared with the ones lwitler masses (less
gravitationally bounded ), hinting a relation between the@unding environment
and the star clusters. However, a mass-independent d@nugtenario will hint
that star clusters disruption is independent of the levera¥itational boundness
and thus not beingfBected by the surrounding media.

e Globular clusters in low luminosity galaxies need to beaysdtically investigated.
Spectroscopical observation aiming at the star clusterkatics and globular clus-
ter abundances are needed to answer the questions: How #reyfavmed? Are
they metallicities similadifferent to the host galaxy? Do the globular clusters in
this kind of galaxy have a kinematic hot halo? Is there aimldbetween the more
massive star cluster and the lowest mass one? Do they forinebsaime mecha-
nism?

Since the detection of globular clusters in low luminositlaxies are done con-
sidering magnitudes and sizes criteria HST (or JWST) tele=t are the ideal tool
since they are notféected by the distortion of the earth atmosphere, making the
identification of extended objects (such as globular ctg$tecliable. Globular
clusters lying on those galaxies are faint, large teles@wpeneeded (VLT, ELTS)

in order to obtain reliable spectra and answer the posediqugs

e The early stages of star cluster formation in spiral gak&ee almost unknown.
A natural evolution on the research presented here will besthdies of the dust
clouds in spiral galaxies and their embedded star clustén$ortunately in order
to investigate this we have to wait a few years until ALMA isidable.

5.3 Concluding remarks

This thesis is a record of the exiting times that we are liviAgime where human kind
was starting to observe star clusters similar to the PlsjelBme where we were trying to
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understand if the Milky Way was typical or unique spiral gglaA time which may lead

to the understanding of the processes involved in the dismpf the star clusters and
how their stars finally end up being single stars like the $tnope that this contribution
helps to better understand the formation and evolutioneo$ s spiral galaxies. However,
it has posed more questions than answers. | hope that thestéiaquand answers will
inspire new researches.
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