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Abstract

Dwarf galaxies, fundamental ingredients of galactic dtmes in our Universe, are ubiquitous and
surprisingly heterogeneous systems. The study of suclctshije nearby groups is a powerful way of
investigating their formation and evolutionary mecharssmihe Centaurus /M83 group is denser and
in a more advanced evolutionary phase than our own Local @rbws being an appealing target for
the study of dwarf galaxies. Its more than 50 dwarf membeith different morphologies and stellar
contents, can still be resolved into individual stars (ahegrage Galactocentric distance~gf Mpc).

We use optical (HS/ACS) and near-infrared (VL/TISAAC) photometric data to derive physical
properties and evolutionary histories for sixteen dwanfshis group. Specifically, the predominantly
old populations of our target early-type dwarfs show mieigl contents that resemble what is found for
Local Group members. However, they intriguingly contaiwédo intermediate-age population fractions
than those found in morphologically similar dwarfs aroune Milky Way, thus being more comparable
to the M31 companions. We also apply our analysis technitputdse deeper photometric data available
for M31 early-type dwarfs. The star formation historiesivinl for our star-forming late-type dwarf
targets reveal that the star formation is quenched for gedeourrently found in the densest group re-
gions. The time-dependent spatial distribution of thestlat populations points toward a stochastic star
formation mode in these objects.

Our results show that the evolution of dwarf galaxies depandtheir mass but that it is, at the same
time, heavily influenced by the surrounding environmente Tentaurus AM83 group, along with other
nearby galaxy groups, deserves further attention in omleud to ultimately gain deeper insights into
the processes that regulate the evolution of dwarf galaxies

Zusammenfassung

Zwerggalaxien sind die fundamentalen Bestandteile galaiar Strukturen in unserem Universum
und sind allgegenwartige und erstaunlich verschiediggaysteme. Das Studium dieser Objekte in
benachbarten Galaxiengruppen ist eine leistungsfahigthddie, um deren Bildungs- und Evolutions-
mechanismen zu erforschen. Die Centaurfld®3 Gruppe ist im Vergleich zu unserer Lokalen Gruppe
dichter und befindet sich in einem fortgeschritteneren khtwngsstadium. Deshalb ist sie ein attrak-
tiver Ort um Zwerggalaxien zu untersuchen. lhre mehr alsug@hkorigen Zwerggalaxien besitzen ver-
schiedene Morphologien und Sternpopulationen und eieZgélarne konnen noch aufgelost werden (die
mittlere galaktozentrische Entfernung der Gruppe-étMpc).

Wir benutzen optische (H3ACS) und nah-infrarote (VLISAAC) photometrische Daten um die
physikalischen Eigenschaften und die Entwicklungsgesthivon sechszehn Zwerggalaxien in dieser
Gruppe herzuleiten. Die vorwiegend alte Population déndr’ Zwerge zeigt einen Metallgehalt ahnlich
desjenigen der Zwerge der Lokalen Gruppe. lhr Anteil anaghitten Populationen ist jedoch niedriger
als derjenige in morphologisch ahnlichen ZwerggalaxieMilchstra3ennahe, und sind eher mit M31
Begleitern vergleichbar. Wir wenden unser Verfahren autghiafere photometrische Daten von friihen
M31 Begleitern an. Die Sternentstehungsgeschichte unaktie Sterne bildenden spaten Zwerge zeigt
auf, dass die Sternentstehung fur Galaxien in den digreRegionen der Gruppe gedampft ist. Die
zeit-abhangige raumliche Verteilung ihrer Sternpopoieen weist auf einen stochastischen Sternentste-
hungsmodus dieser Objekte hin.

Unsere Ergebnisse zeigen, dass die Entwicklung von Zwkgjga abhangig ist von ihren Massen,
sie wird aber auch von ihren Umgebungen stark beeinfluss.d@ntaurus M83 Gruppe, wie auch
andere benachbarte Gruppen, benotigt weitere Aufmetksiatamit tiefere Einblicke in die Prozesse
gewonnen werden kdnnen, welche die Entwicklung von Zwedeggen bestimmit.
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“Equipped with his five senses, man
explores the universe around him and
calls the adventure Science.”

E. P. Hubble, The Nature of Science
(1954)

Introduction

If the taste of a cake depends primarily on its ingredieritentthe study of dwarf galaxies

deserves a very careful attention. These objects are inmEmEyed to be the smallest baryonic
counterparts of the dark matter structures in our Univelgst as cooking ingredients, they like
to congregate and form groups, or clusters, together weh thore massive counterparts. In
particular, the role of the cake in this Thesis is played lmyugs of galaxies, and as every good
cook would do, we will try to catch the secret details of amiguing recipe.

1.1 Why go for the dwarfs?

The definition of dwarf galaxy is not strict, and is generdifsed on luminosity and structural
parameters. The (somewhat arbitrary) limit for a galaxyeachlled dwarf isMy, ~ —-17 mag
(e.g., Grebel 2001), but more than a clear cut we observe tncom between the proper-
ties of stellar clusters, low-mass galaxies, larger spefsystems and disks of spirals (e.qg.,
Binggeli 1994; Kormendy et al. 2009). Dwarf galaxies arerdegly the most numerous type of
galaxy in the Universe, and since the first detailed studi¢sese smaller counterparts of the
well-studied giant galaxies, they have revealed an ung¢gdeaimount of intriguing properties.
These objects span a considerable range of morphologras)dsities, metallicities, gas con-
tent, kinematic properties, and thus discard the naive adlé®ing the simplest type of galaxy
just as a consequence of their small size.

As already mentioned, dwarf galaxies inhabit the smallagt thatter subhaloes i'eCDM
(i. e., Cold Dark Matter) cosmology, and appear to be the masdt matter dominated objects
in the Universe (see e.g. Wilkinson et al. 2004; Gilmore et2@07; Wolf et al. 2010). In
the current cosmological paradigm, dark matter structgresv hierarchically, in the sense
that the smallest gravitationally bound systems are thetfirse born, and successively merge
together to form larger objects. In particular, the mass$egé dark matter haloes depends on
the intrinsic physical properties of their constituenttfgdes. Those characterized as cold dark
matter are expected, as seen from cosmological simulatiofi®come non-relativistic (slow-
moving) soon after the Big Bang. In these simulations, h@rethey form haloes that may
be several orders of magnitude less massive than the leastdus observed haloes, and that
moreover are much more numerous (see Moore et al. 1999;Kbtpal. 1999). This is also
known as the “missing satellite problem”. One among the iptesgxplanations is that a large
fraction of such small haloes is actually not hosting visibaryonic matter and thus remains
undetectable for us, but on the other hand the physical méstha that lead to or truncate
gas cooling and subsequent star formation in such low-megsdatter haloes are still largely
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Figure 1.1:Left panel Phoenix, transition-type dwarf galaxy belonging to the&loGroup. Its predominantly
old population has a rather regular distributi®ight panel NGC 1705, late-type dwarf at a distance~@.1 Mpc
from us. Its actively star forming regions are bright andribisited in clumps (images taken from the web).

uncertain (e.g., Bullock et al. 2000; Kravtsov et al. 2004yr et al. 2007). However, in the
last few years an increasing number of extremely low-madsi@m-luminosity satellites has

been discovered in the vicinity of our Galaxy, the Milky Way\{), and of its giant neighbor

Andromeda (M31) (see e.g. Willman et al. 2005; Belokurovie2@06; Zucker et al. 2006a,b,
2007; Martin et al. 2009; Belokurov et al. 2010), which intpateviates the missing satellite
problem. A complementary solution for this discrepancyiieg by the observational limits
for the detection of these low-mass objects (Koposov ettl82Tollerud et al. 2008; Bullock

2010). The luminosity function of dwarf galaxies can thusyile constraints on cosmological
models, and the properties of the dwarfs may help us to utadetshe formation history of our
MW.

We briefly summarize the various flavors that dwarf galaxis lcave (see, e.g., Grebel
2001). Early-type dwarfs have a rather regular, elliptslaape, contain predominantly old
(= 10 Gyr) and intermediate-age (L Gyr) populations, and lack a significant neutral (HI) gas
content. This class is further divided into two subclasBegarf spheroidal galaxies have lower
surface brightnesseg & 22 mag arcseé) and total luminosities than dwarf ellipticals, which
show more pronounced central concentrations. The morgtoalbclass of dwarf irregulars
(or late-type dwarfs) is, on the other hand, named after thygical appearance. Their young
populations form in clumpy and scattered bright regionstamof an old population that is
less luminous, and more regularly distributed within théagya Dwarf irregulars do contain
large amounts of neutral gas (uptd.0°M,) and they usually show the presence of solid-body
rotation (see, e.g., Skillman et al. 1988). On the other haady-type dwarfs normally are
pressure-supported objects, although recent studiesdiewen the presence of rotation also
for some of these objects (e.g., Battaglia et al. 2008; Gehh 2010). An additional subclass
of this classification is constituted by the transitiongygwarfs, which have intermediate prop-
erties between early-type and late-type dwarfs. This tyfpgataxies is dominated by older
populations, but also contains small amounts of neutral gasas been suggested that these
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galaxies are undergoing a morphological transformatiemdborn as low-mass irregulars and
then slowly turning into spheroidals. This process coulddesed by an exhaustion or expul-
sion of the gas due to star formation, although neither otwiteprocesses would befeeient
enough to lead to a complete removal of neutral gas. Alteelgt external forces could act
on late-type dwarfs that are falling toward a group or a eusf galaxies, like for example
ram-pressure stripping by an intra-grgingra-cluster medium or tidal stripping by a massive
companion (see, e.g., Grcevich & Putman 2009). Althoughethee shortcomings for each of
these mechanisms (see the discussion in Grebel et al. 2083possible that a combination
of all of the mentioned processes contributes to the tram&ftion from late-type to early-type
dwarf. An example of how dierent types of dwarfs look like can be seen in Fig. 1.1, where
we show a predominantly old transition-type dwarf and a dweegular that hosts several star
forming regions.

For the sake of completeness, we mention that addition&styyd dwarfs are present in
our Universe, although we will not concentrate on them is gtudy. Ultra-faint dwarfs are
very faint dwarf spheroidals that, as mentioned beforeghast recently revealed their pres-
ence within our Local Group through the study of the SloanitBigsky Survey (SDSS, e.g.
Adelman-McCarthy et al. 2008). These objects (about twerggovered until now) are very
faint (down toMy ~—1.5) and difuse (down tq:, ~30 mag arcseé), which explains why their
discovery happened only in the last few years. More of thesraeuaiting to be found, and there
is a major &ort in this direction with the design of the latest surveyg(eLSST, PAndAS,
PanSTARRS, Southern Sky Survey). Finally, blue compactid{8CDs) and ultra-compact
dwarfs (UCDs) are, as suggested by their name, very coratedtand actively star-forming
objects.

Given the diversity that dwarf galaxies display, the stutitheir physical properties results
in an appealing task that can lead to a deeper understantitgywogalaxies evolve and of the
main processes that drive this evolution. Our cook’s pamad undoubtebly, in this case, the
Local Group we inhabit. Our closest neighborhood consista/o giant spirals, the MW and
M31 with similar masses of the order 6f10'°M,, with M31 being slightly more massive.
These giants are surrounded by more than 50 dwarf membersnany more may still await
discovery. Severalftorts have been made to analyze the physical properties dfxtbg com-
panions of the MW and of M31, ideal targets due to their praowirtthe turnover radius of
the Local Group is~ 1.0 Mpc, assuming a spherical potential, Karachentsev e0alR We
will briefly summarize the main properties of this delicicaemple, but first of all let us get
acquainted with the cutlery.

1.2 Resolved stellar populations

As mentioned before, the vicinity of the Local Group dwartiswas us, together with the use
of state-of-the-art instrumentation and the developmémsophisticated analysis techniques,
to delve deep into the secrets of their evolution. Stars plégndamental role in the under-
standing of galactic evolution, since they retain the imigriof evolutionary parameters such
as age, metallicity or initial mass function. A simple saelpopulation is defined as a group
of stars where all the stars have the same age and initialicaeoomposition. They will then
evolve diferently based on their individual masses. The recipe to raglaaxy however is not
that simple, and requires multiple stellar populationshwlifferent ages and possiblyfiirent
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Figure 1.2:Simulated CMD computed assuming a constant star formagitenfrom 13 Gyr ago until present-
day, and with metallicity increasing with time. The main Mdmnary stages are labeled (see text for their descrip-
tions), and stars of flierent ages are color-coded as indicated in the legend.d-igkien from Aparicio & Gallart
(2004).

metallicities. After all, a higher complexity level adds the flavor.

The goal of astronomers is, in this case, to measure andifyutite flux coming from
the stellar sources. The measurement of the brightnesapondsity intensity, of a star in a
particular wavelength range is called “photometry” (sesoalext Chapter). From such mea-
surements at éfierent wavelength ranges we can then infer the temperatdréhariuminosity
of a star, which is often reported as the logarithm of the flexmagnitude). The relation be-
tween luminosity andféective temperature (or spectral type) of a star charaeteriz physical
properties, as first discovered one century ago by Hertagpand Russel by studying Galactic
globular clusters (i.e., old stellar associations). Theseresearchers thus give their names to
the theoretical version of this relation, while its obseivaal counterpart is commonly called
color-magnitude diagram (CMD). The name stems from ther¢o, difference between mag-
nitudes in two bands, directly related to thiéeetive temperature of a star) and the magnitude
of a stellar object. As a star evolves, it will tracdtdrent and specific paths: volutionary
tracks) in the color-magnitude space, depending on its hitasshemical composition, and its
age (since its luminosity and temperature change with tilBg)ooking at the CMD of a simple
stellar population (i.e., stars found at approximatelyghme distance from the observer) we
are thus able to obtain important information about its dtwments. An example of a simulated
CMD is shown in Fig. 1.2.

The evolutionary stages of a stellar population can be prgefinmarized in the following
phases (also marked in Fig. 1.2). For a comprehensive géscriof stellar evolution, see
e.g. Salaris & Cassisi (2005). Stars spend most of theis lateng the main sequence (MS),
where they burn hydrogen in their cores. The amount of tinemsm this stage is connected
to the mass of a star. For example, stars with magsébl, remain on the MS for tens of
Gyr, while stars with masses 20M,, spend only a few Myr in this stage. A star along the
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MS is more luminous when its mass is higher, and its positiathis evolutionary phase also
depends on its chemical composition. A low-mass star egdlweard higher luminosities and
higher temperatures as the hydrogen burns in the core, fahnit¢ars with masses1.5M, the
temperature decreases. When hydrogen is consumed in tae stee, the evolutionary track
of the star on the CMD turns toward lower temperatures (M8dftiror MSTO). For stars with
masses 1.8 — 2.2M,, (depending on the chemical composition), the evolutiorsgmetoward
lower temperatures at an almost constant luminosity. These is called sub-giant branch
(SGB), during which the stellar envelope expands to coanteéhe contraction of the inert core.
There is a physical limit (Hayashi limit) that stops the dtam cooling further, and thus the
evolution now proceeds toward higher luminosities, butadlanost constant temperature. The
star now starts to burn hydrogen in a shell around the coris.phase is called red giant branch
(RGB), during which the star expands and loses mass, anavtdape turns from radiative
into convective. In these low-mass objects, the core cotstrgravitationally until the helium
becomes degenerate, and eventually it gets ignited in diosxe way (the so-called helium-
flash). This happens at the tip of the RGB (TRGB), whose lusitgonainly depends on the
helium-core mass. Since stars that ignite the helium in @megte way have all a similar
helium-core mass, the TRGB is widely used as a distanceatai¢particularly inl-band,
where the dependence on metallicity is minimal, see nexpt@na The star subsequently
experiences a core expansion and thus an envelope cootragtiich make its luminosity fade
and the temperature increase. This phase, where heliuntngdbin the core and hydrogen
in a surrounding shell, is the horizontal branch (HB). Dgrthe HB phase the stars keep a
nearly constant luminosity, but will be found affdirent positions depending primarily on their
metallicity, with metal-poor stars being hotter comparedrtetal-rich ones. The amount of
mass lost during the RGB phase also influences the locatianstdr along the HB, although
this mechanism is still poorly understood. Depending oniniteéal mass of the star, the time
needed to reach the HB will vary. In the case of old objegtd@ Gyr and Mg 0.9 — 1.0M,,
depending on the chemical composition), the HB will appedereded toward the blue end of
the HB, while for intermediate-age stars 1 — 9 Gyr and 0 <M< 2.0M,) the core helium-
burning phase will mostly concentrate on the red side (addled red clump, RC, overlapping
with old and metal-rich stars).

The situation is dterent for higher mass stars gv2.2M;). The helium ignition will in
this case not happen in a degenerate core, and the star eitidpss time to get to the core
helium-burning phase (less tharl Gyr). As the stellar mass increases, the star will be able to
subsequently ignite more and more massive elements inngs starting from the products of
helium (i.e. carbon and oxygen), continuing with neon atidai, and stopping at iron-peak
elements. For a star with&M < 20M,, the path along the CMD will be characterized by an
evolution toward higher temperatures every time that ortb@imentioned elements is ignited
in the core. After an element stops burning in the core andrbahe product of this burning
gets ignited, the star evolves back toward lower tempegatuthis leads to loops within the
CMD that are called blue loops (BL). For stars with massé#, the evolutionary time after
the MS phase is no longer than a few Myr. For masses aba@@M\,, the evolution in the
core is so fast that the outer envelope does not have time sighédicantly dfected, and the
evolutionary track has an almost constant luminosity.

On the other hand, when low-mass stars cease the core hielitmmg, they ignite a helium-
burning shell below the hydrogen-burning shell and evotweatrd lower temperatures and
higher luminosities. During this stage their track follotn® RGB sequence, but at slightly
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Figure 1.3:CMDs for three late-type dwarf galaxies atferent distances (images obtained with the Hubble
Space Telescope). Distance modulus and lookback time dge. of the oldest stars resolvable) are reported for
each object. The LMC lies at50 kpc from the MW, NGC 1705 is at5.1 Mpc, while 1Zw18 has a distance of
~18 Mpc. The &ect of an increasing distance is a decreasing depth of the ,GKIDfor the farthest object only
the brightest and youngest stars are resolvable. In theatgainel, stellar evolutionary tracks are overlaid to the
CMD (red: low-mass stars with M2M,; green: intermediate-mass stars witks®l < 7Mg; blue: massive stars
with M>7M,). Figure taken from Cignoni & Tosi (2010).

hotter temperatures. This is the so-called asymptoticd gieanch (AGB) phase. Depending on
its initial mass, a star could then be able to ignite carbah@tygen. While evolving toward
higher luminosities, the star will then become thermallgtable and experience a strong mass
loss. The end of its life the star will eventually cool dowrdiath as a white dwarf (if the final
mass is below- 1.4M,), an inert degenerate core that constitutes the stellanaatafter the
outer envelope has been expelled (planetary nebula phase).

When the light coming from a source is expressed as a fundifiomavelength (or fre-
guency), we call this a spectrum. A spectrum can be produgepliiting the electromagnetic
radiation of a stellar source by dispersing it through aalted spectrograph. The technique of
“spectroscopy” studies the position and the width of thecgpéabsorption lines in a spectrum.
Namely, these are caused by absorption of the stellar radiby the gas present in the star’'s
atmosphere. This phenomenon happens when the photonshieanghtt frequency to bump an
electron of an atom of a specific element present in the gas apigher energy level, with the
photon thus being absorbed by the gas. The intensity of drgpbe is a measure of the abun-
dance of an element, and can be used to derive the chemicalosition and the kinematics
of the stellar gas. The advantage of spectroscopy compargkotometry is that one can get
more detailed information about the chemical content ofaa sind moreover about its radial
velocity. It is rather complicated to derive the exact nleti&y of a star only from its position
on the CMD, since in many evolutionary phases stars wifiedint ages and metallicities have
overlapping positions (e.g., during the MS or the RGB, sse Blg. 1.2). However, a practical
drawback of spectroscopy is that a significant amount ofgnatgon time is needed to reach
the signal-to-noise ratio necessary to derive the mendipneperties. With the presently avail-
able instrumentation, it is only possible to acquire sgefdr individual RGB stars within the
boundaries of the Local Group, while spectra for bright sgiaats and for ionized gas regions
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Figure 1.4:Synthetic CMDs computed starting from the Padova stellaiugionary models (Marigo et al. 2008).
The star formation rate is constant over the galaxy’s lifieti and the metallicity is increasing with time. Stars of
different ages are color-coded as indicated in the legend. lkethpane) a theoretical version of the CMD is
plotted, while in theight panelwe show the conversion to the observational plane. CoudESy Pasetto.

(e.g., around hot and massive young stars or planetary aepboan still be obtained beyond
the Local Group. Photometry allows us, instead, to resaidéesidual stars down to the RGB
in stellar populations for objects as far ad5 Mpc. However, an increasing distance makes
the resolution drop, so that for the farthest objects onéylightest stars (supergiants, RGB
stars at the TRGB and AGB stars) are resolvable, and we ayeabie to extract the galactic
properties for a short lookback time. The take-home mesisatlat, the deeper the observed
CMD for a galaxy, the more information we are able to get alitsuéss massive and thus older
stellar populations, and thus about their past life. Thilustrated clearly in the example of
Fig. 1.3.

In Fig. 1.3 we can also see some evolutionary tracks, whiththedistinguish the various
features in a composite CMD. Originally, fiduciats ihean locus of a CMD sequence) derived
for the CMDs of Galactic globular clusters were comparecheo@MDs of target galaxies to
recognize their dferent stellar populations and the relative physical priogeer This is justified
by the fact that globular clusters are essentially simpidiast populations at a first approxi-
mation (although recent studies revealed an unexpecteg@legity also in these objects, see
e.g. Piotto 2009 for a review). In the past decades, sevevabpg have independently devel-
oped a number of theoretical models that reproduce evolatyotracks for stars of ffierent
masses (e.g., VandenBerg et al. 2000; Pietrinferni et &4 2Dotter et al. 2008; Marigo et al.
2008). We call isochrones those paths in a CMD that followet@ution of stars with a range
of masses but with the same age. The fiducials are thus nowngecoed in their role by
iIsochrones.

Since in this Thesis we will mainly concentrate on the phattiia properties of resolved
stellar populations, we introduce the most sophisticadetiused to derive the star formation
histories (SFHs) of dwarf galaxies. The technique of syiti@MD modeling was pioneered
some twenty years ago, and since then it has been furthelopedeand improved by many
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different groups (e.g., Tosi et al. 1989, 1991; Dohm-Palmer. 6i98I7; Aparicio et al. 1996;
Aloisi et al. 1999; Schulte-Ladbeck et al. 1999; Aloisi & tlerer 2001; Dolphin 2002; Harris
& Zaritsky 2002; Cole et al. 2007). Comparisons ofteient SFHs recovery methods have
shown that, within the observational and theoretical uaggties, the results are in excellent
agreement among each other (see, e.g., Skillman et al. Ro@¥&lli et al. 2010). This method
consists in the generation of synthetic CMDs with a larggeaof diferent physical properties,
starting from a set of theoretical isochrones. These se@\iDs are then converted from the
theoretical to the observational plane (an example is showig. 1.4), which is a delicate pas-
sage given the uncertainties involved in such transfolnati Moreover, the synthetic CMDs
have to take into account the observational errors and ipteienessféects that come with the
photometry process. The following step is to then staifificompare the observed number of
stars found in each evolutionary stage with the values prediin the simulated CMDs (usu-
ally this is done by subdividing the CMD into a grid, where #ee of each box depends on the
amount of information available from the observed CMD).Histway, the best-fitting solution
guantifies the amount of stars produced as a function of tinaggalaxy (i.e., the star formation
rate, SFR). We stress that an accurate age dating for a galarjy obtainable when the CMD
reaches the MSTO for the oldest stars. For a review aboutdatimique, its advantages and its
limitations, see e.g. Gallart et al. (2005); Cignoni & Td010).

1.3 The Local Group

Many dforts have been made to analyze the physical properties afwhaef companions of
the MW and of M31, ideal targets due to their proximity. Oul&s, the MW, is surrounded
by about 15 “classical” dwarfs (i.e., not considering theviyediscovered ultra-faints) within a
distance of 500 kpc, out of which about/3 are dwarf spheroidals and the rest dwarf irregulars.
The first thing to note is that these two subsamples haterdnt distributions within the entire
Local Group. Namely, dwarf irregulars are usually found ratager distances from the giant
dominant galaxy, whereas early-type dwarfs are locatedlyneghin the inner~300 kpc from
the giant spirals (e.g., Einasto et al. 1974; KarachentseV. 2002b). There are outliers to
this relation, namely the two Magellanic Clouds, which aregulars closer than 100 kpc to
the MW, and the early-type dwarfs Cetus, Tucana and And X\6dated at the edges of the
Group. More generally, the distribution of dwarf galaxiesikd be explained by environmental
effects that act on their evolution (e.g., Grebel et al. 2003) tl&& other hand, M31 has dwarf
irregular, dwarf spheroidal and dwarf elliptical comparsqthe MW has instead none of the
latter). A sketch of our Local Group is shown in Fig. 1.5.

The deep high-resolution images from the Hubble Space depes(HST) provided us, in
the past two decades, with a wealth of data on the resolvéidrgtepulations of Local Group
dwarf members. These deep observations permit us both todhbroad and detailed view of
the physical properties of dwarf galaxies and to inveséigpativ they form and evolve in this type
of environment (Grebel 1997; Mateo 1998; van den Bergh 18818toy et al. 2009). One of the
perhaps most astonishing properties discovered for suell shjects is that there are no two
dwarfs that are alike, as they exhibit a wide range of divexsdutionary histories (e.g., Grebel
1997; Mateo 1998; Dolphin 2002; Tolstoy et al. 2009). As akped in the previous Section,
deep CMDs permit us to derive the detailed SFHs for dwarfxgedain the Local Group. We
are thus able to put strong constraints on the star formafochs and star formatioffieiency
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Figure 1.5:3D distribution of Local Group members. Shown are a globawifupper panél, and a zoom-in
of both the MW and the M31 subgrougds\yer panelssee legend for the morphological type color-coding). The
axes are in units of kpc. Courtesy of K. Glatt.

for dwarf galaxies, provided that the photometry reachesttest MSTO.

None of the Local Group dwarfs of each morphological typeig in detail so far (i.e.,
within the accuracy of photometric age-dating technigsegms to lack an ancient population
with age> 10 Gyr, even though their fractions vary strongly from gglexgalaxy (e.g., Grebel
1997; Mateo 1998; Grebel & Gallagher 2004; Orban et al. 20@8toy et al. 2009). It is
interesting to find out that most of the early-type dwarfshe tocal Group contain mainly
old populations, which is the case for, e.g., Draco, Ursadvland Sculptor (see e.g. Grillmair
et al. 1998; Mighell & Burke 1999; Aparicio et al. 2001; Belani et al. 2002; Carrera et al.
2002; Ikuta & Arimoto 2002). On the other hand, there are disj¢hat also show prominent
intermediate-age populations (IARs1 — 9 Gyr) that make up for up te 50% of their stellar
populations, like the dwarf spheroidals Carina, Fornaxg LeLeo Il (e.g. Mighell & Rich
1996; Hurley-Keller et al. 1998; Gallart et al. 1999; Sawiat al. 2000; Dolphin 2002; Pasetto
et al. 2010) and the dwarf ellipticals NGC 205, NGC 185 and NI3CZ (Demers et al. 2003;
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Figure 1.6: Upper panels CMDs for three Local Group dwarfs, from exquisitely deem@gas reaching the
oldest MSTO (obtained with the Hubble Space Telescope). 5% transition-type dwarf, Leo A a late-type
dwarf, and Cetus a dwarf spheroidabwer panels Star formation histories (i.e., star formation rate asrecfion

of time) derived for the three galaxies with the synthetic @khodeling technique. Figure taken from Tolstoy
et al. (2009).

Nowotny et al. 2003; Davidge 2005).

The synthetic CMD modeling was preferentially performedWw early-type dwarf com-
panions, since it requires long exposure times and thussiere@ apply for closer objects. As
for late-type dwarfs, generally found in the outskirts of ttocal Group, their CMD-modeling
census has not yet been completed. For example, detailed &#ie already been determined
from deep CMDs for the Magellanic Clouds (e.g., Smeckerd+ztral. 2002; Harris & Zaritsky
2004, 2009; Noel et al. 2009; Sabbi et al. 2009), IC1613li{8kn et al. 2003), Leo A (Cole
et al. 2007), IC10 (Cole 2010). From these and other workseamlthat late-type dwarfs use
to form stars slowly over long periods, separated by shoespent phases, the so-called “gasp-
ing” regime (Marconi et al. 1995). The average SFR for Igqeetdwarfs is~ 10-*Myr—tkpc2
(Hunter & Elmegreen 2004). An example of the variety of SFétsLfocal Group dwarf mem-
bers is shown in Fig. 1.6 (where the SFHs are derived withyhthetic CMD modeling).

Regarding the chemical content of Local Group dwarf gagxiehas first been photomet-
rically estimated, and then spectroscopically confirmexd tiey all tend to be metal-poor, with
average iron abundance (JFg) values ofs —1.0 dex (see, e.g., Mateo 1998; Koch 2009). The
chemical composition of stars in MW companions has beenstedlied with detailed spectro-
scopic and kinematic data. All these objects show wide ri@tglspreads, which indicate their
capacity of retaining part of the material produced fromiatesvolution (e.g., Shetrone et al.
2001; Sarajedini et al. 2002; Tolstoy et al. 2004; Battagtial. 2006; Helmi et al. 2006; Koch
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Figure 1.7:Differential metallicity distribution functions for four Loc&roup dwarf spheroidals. Each of the
objects presents unique features. Figure taken from Helali €006).

et al. 2006; Bosler et al. 2007; Koch et al. 2007a,b; Gulkzdust al. 2009). Their metallicity
distribution functions (MDFs) often show a slow increaseacd higher metallicities and then
a steeper decline, but there are many individugiedences reflecting a wide range of complex
SFHs, as can be seen from the example in Fig. 1.7 (e.g., Helahi 2006; Koch et al. 2006,
2007a,b; Tolstoy et al. 2009). Detailed models of chemigalwtion have been developed and
applied to MW dwarf spheroidals (e.g., Lanfranchi & Matteu2004; Marcolini et al. 2006;
Marcolini et al. 2008; Revaz et al. 2009), and they are ablepooduce the shape of the ob-
served MDFs. The above-mentioned asymmetry of the MDFs avisteeper fall-fi on the
metal-rich side may be explained by an evolution that is leggd by supernova explosions,
stellar winds and galactic outflows (e.g., Dekel & Silk 19B&nfranchi & Matteucci 2004).
Moreover, detailed abundances for individual stars in ttg varf spheroidals can be ob-
tained spectroscopically with high-resolution and higinal-to-noise data. Mierent chemical
elements can then be used as indicators for the processksrofaal enrichment (e.g., the ex-
pulsion of gas from giant stars, planetary nebulae, or sugy@e) and of their time variation. In
particular, the relation betweenelements and mean metallicity [fF is a powerful tool to in-
fer the evolutionary history of a galaxy. Namely, it strongepends on the ratio of supernovae
type Il (i.e., stars with masses 8M, experiencing core-collapse after having burned all the
nuclear fuels until iron-peak elements, with a subsequataistrophic explosion and expulsion
of the envelope) to supernovae type la (i.e., white dwarf lminary system that accretes mass
from a red giant companion, until the degenerate core of Werfdgets ignited leading to an
explosion). The supernovae type Il produce significant artsaf e-elements and thus enrich
the intergalactic medium when they explode, on timescdl@sfew Myr, while the explosion
of supernovae type la depends on the time necessary forgtheriassive of the two stars to
reach the white dwarf stage (L0 — 10° yr). Supernovae type la produce significant amounts
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Figure 1.8:a-element (Mg and Ca) abundances plotted as a function oflliniyafor four dwarf spheroidal
galaxies and for MW disk and halo stars (color-coding as @l¢éigend). Open symbols refer to single-slit spec-
troscopy measurements, filled circles to multiobject sjescopy. For the latter, a representative errorbar is shown
on the left side of each panel. Figure taken from Tolstoy .g28110).

of iron, and as they explode tleelement abundance decreases, since no subsequent star for
mation episode is able to enhance again this value with cespehe iron abundance. When
we thus plot thex-element abundance as a function of/fe the onset of supernovae type
la explosions is seen as a “knee”, that indicates the amduwsmirechment achieved until that
moment by the galaxy (see, e.g., Matteucci & Brocato 199D)hd galaxy has been able to
retain metals before supernovae type la start to dominatedh production, then the position
of the knee will be found at a higher metallicity with respeca galaxy that has lost most of its
metals through, e.g., galactic winds, or that has had a Id®. 8FFig. 1.8 we show an example
of such a plot for both MW stars andfférent dwarf spheroidals, from which it is clear that all
of the objects considered have had varied SFHs. Moreowen this plot we can notice that
all the dwarfs have diierenta-element abundances, scattering from super- to sub-salaes
also within the same galaxy and having on average solar ¥gJug-e]~ 0.0) for metallicities
-1.5 g[Fe/H]<-1.0.

On the other hand, also the MDFs of the MW and of its dwarf spldef companions are
compared to each other, to look for possible connectiorthwérf galaxies similar to those ob-
served today have in the past contributed to build up thedfeddVIW-like giant spiral, then the
signature of such a process should be still imprinted in Herical composition of both types
of objects. For many years, it was believed that stars corfinorg dwarf spheroidals were not
able to reproduce the MDF seen for MW halo stars, since theg l@eking the low-metallicity
end ([F¢H]< -3.0) observed in the latter (e.g., Shetrone et al. 2001; Helral. 2006). How-
ever, recent studies have shown that with an increasing anodlwdata and most importantly
more accurate analysis techniques, this discrepancy ianyohore present (Starkenburg et al.
2010; Tafelmeyer et al. 2010). Moreover, stars with very toetallicities have also been found
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in MW ultra-faint companions (e.g., Kirby et al. 2008; Frebeal. 2010; Norris et al. 2010).
This is thus a confirmation that both this type of objects dreddassical dwarf spheroidals are
indeed candidate ingredients for the hierarchical bugdstiour Galaxy. The same accretion
mechanism is probably also taking place for similar systestasting from our companion M31
and going on with spirals outside the Local Group, which skiosvpresence of stellar streams
possibly stemming from the disruption of accreted dwarf pamons (e.g. Brown et al. 2006;
Martinez-Delgado et al. 2010; Mouhcine et al. 2010).

The estimation of metallicity is slightly morefticult for late-type dwarfs due to their larger
distance. Spectra for individual stars can be obtained ftmrlyhe brightest supergiants, and
more commonly their chemical content is extracted fromaegiof ionized gas (HIl regions,
surrounding young and hot stars) or planetary nebulae. $halwalue derived in these cases
is an oxygen abundance. Late-type dwarfs usually have derable metallicity spreads, and
in particular their localized actively star forming reggoehow a range of metallicity values
(e.g., Kniazev et al. 2005; Glatt et al. 2008a; Koch et al.84)0 To be able to compare the
oxygen abundance values to the metallicities found for theumevolved populations of early-
type dwarfs, one needs to convert it into a/ffeestimate (e.g., Mateo 1998). However, this
procedure is unavoidablyffacted by intrinsic uncertainties, and the best way of compar
metallicity for different morphological types is to derive them for the same tallbs popula-
tions (although the metallicities derived photometrigalie not as precise as the spectroscopic
ones). This is exactly what is done by Grebel et al. (2003 sthdy the metallicity-luminosity
relation for Local Group dwarfs (see also Mateo 1998). Theraamely, a linear relation be-
tween these two physical quantities, such that more lunsiminjects have also a higher mean
metal content. This can be intuitively explained if a higheninosity implies a deeper gravita-
tional potential well, or a higher SFR, such that the metalcbment is more ficient as is also
the capacity of the galaxy to retain the products of steNatwgion (e.g., Dekel & Silk 1986).
On the other side, as the study by Grebel et al. (2003) shotvexdensively discusses, late-type
dwarfs appear to be systematically more metal-poor condp@arearly-type dwarfs at a fixed
luminosity. The reason for thisfiset could be reconducted to an evolutionary transition (see
also previous Section), which would be supported by theenad that several transition-type
dwarfs share the same position with early-type dwarfs inntietallicity-luminosity diagram
(see Fig. 1.9).

Literature studies have also looked at possibly distiredtest spatial distributions of ¢ier-
ent stellar populations in both early-type (e.g., Stetsoal.€1998; Hurley-Keller et al. 1999)
and late-type (e.g., Dohm-Palmer et al. 1997; van Dyk et@81 Dohm-Palmer et al. 2002;
Weisz et al. 2008; Glatt et al. 2010; Sanna et al. 2010) dwaldxies. The first systematic
study of a large sample of early-type dwarfs was carried guitHarbeck et al. (2001), who
investigated morphological gradients based on HB and R@i8 &r a sample of nine galaxies.
They showed that if gradients are present they are alwaysthat the more metal-rich afat
younger populations are more centrally concentrated.rlostespectroscopic studies were able
to also confirm chemically, and in some cases also kinenigtickstinct subpopulations for
various dwarfs, like Fornax, Sculptor, and Sextans (e.glstdy et al. 2004; Battaglia et al.
2006). However, there are also cases for which such digtimgtilations were not found, but
only weak metallicity gradients as a function of radius wearesent (e.g., Harbeck et al. 2001,
Koch et al. 2006, 2007a,b). Theoretical models are able ptagxthe presence of metallicity
gradients and stellar subpopulations (e.g. Marcolini e2@08) as a product of the chemical
homogenization of the intergalactic medium and of the inbgemeous pollution by the explo-
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Figure 1.9:V-band luminosity left pane) and baryonic luminosity (i.e., corrected for baryon cimttion of

gas not yet turned into stargght pane) as a function of metallicity for Local Group dwarf membershe
metallicities are derived from old stellar populations.eTrrorbars in metallicity indicate the measured spread in
the metallicity distribution function, not the uncertajmf the measurement (which is typicaky0.2 dex). Filled
circles denote dwarf spheroidals, filled diamonds tramsitype dwarfs, and open diamonds late-type dwarfs. Note
the bimodality of the relation. Figure taken from Grebelle{2003).

sion of supernovae type la. Regarding late-type dwarfsiwind at the edges of the Local
Group, stellar populations of fiierent ages have also be found to show distinct spatial extent
The youngest stars are always located in clumps, prefatigritoward the center of the galaxy,
while the oldest stars are uniformly distributed along thwie galaxy’s body, reflecting the mi-
gration and redistribution of stars with time (see, e.gyi@aGaposhkin 1972; Isserstedt 1984;
Dohm-Palmer et al. 1997, 2002; Weisz et al. 2008). Lookinthatspatial distribution of the
youngest stars in fferent time steps, it can even be seen that the SFR variesdratichspace in

a way that suggests a stochastic, in some cases self-ptogagsar formation mode (e.g., Sei-
denetal. 1979; Weisz et al. 2009a,b). This picture gairteéusupport from abundance studies
in late-type dwarfs, which indicate that these objects atenell-mixed on global scales.

We already mentioned that dwarf galaxies are dark-mattenmiated objects, and their to-
tal mass can be computed from their velocity dispersiongrasg) a spherical symmetry and
virial equilibrium. It has recently been suggested that dwpheroidal galaxies share a com-
mon mass scale of 10’M,, within 0.3 kpc of their center (Strigari et al. 2008), reshdsed on
both classical and newly discovered ultra-faint objectswelver, caution should be used when
dealing with observational uncertainties and theoretisalmptions (see, e.g., Adén et al. 2009;
Collins et al. 2010), and more data are needed to definitaifiroo the suggested trend (for a
brief review, see e.g. Bullock 2010). Alternatively, we imigust have been looking at the
wrong recipe from the beginning, while the correct one dbtuibes not include the classical
Newtonian dynamics among the ingredients. More speciiciile theory of modified Newto-
nian dynamics (MOND, see Milgrom 1983a,b; Begeman et all}p8stulates a breakdown of
the classical dynamics for accelerations below a thresbfag~ 10-8cm s2. This is enough to
avoid the evocation of an unseen mass in order to explaiexample, the flat rotation curves
of spiral galaxies.
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This short introduction is not by any means supposed to goangrehensive picture of the
Local Group. For a complete overview, see the reviews by &rg®97); Mateo (1998); van
den Bergh (1999); Tolstoy et al. (2009) (and referencestherWe, however, now understand
a bit more about the ingredients of our own cake. At this poirty not to look at the recipes
of our closest neighbors to find out similarities anffetences?

1.4 Nearby groups of galaxies

Beyond the Local Group, both the integrated and the resgvederties of dwarf galaxies
in nearby groups have been studied extensively (e.g., Kardsev et al. 2002b,a; Trentham
& Tully 2002; Makarova et al. 2002; Karachentsev et al. 2002a 2004; Karachentsev 2005;
Makarova et al. 2005; Grebel 2007; Sharina et al. 2008; Banabét al. 2009; Weisz et al. 2008;
Dalcanton et al. 2009; Koleva et al. 2009; Crnojevic et BIL& Lianou et al. 2010). The main
purpose of most of these studies was to catalog and char&ctew objects in nearby groups
and to look for possible environmentdftects on galaxy evolution. Due to the distance, their
resolved stellar populations can be studied in detail ontif advanced space instrumentation
(HST), and even in those cases, only the brightest staresoévable within a distance ef18
Mpc (see Fig. 1.3).

The first goal of the mentioned observations is to deriveviddial distances for dwarf galax-
ies by taking advantage of the constant luminosity of the BRGI-band. Apart from their
distances, the study of the resolved stellar populatioagieep imaging fbers insights to the
SFHs of these systems. The first attempts of deriving SFHsyrithetic modeling beyond the
Local Group were already made more than a decade ago (e.gi.etTal. 1989, 1991; Dohm-
Palmer et al. 1997; Aloisi et al. 1999; Schulte-Ladbeck ei@89; Aloisi & Leitherer 2001),
and recently there has been an increastiigrein this kind of studies (e.g., Weisz et al. 2008;
Dalcanton et al. 2009; McQuinn et al. 2009; Tolstoy et al.2@hd references therein), but we
are still very far from having a complete census. Even thatgHimiting absolute magnitude
dramatically decreases with their distance, we can stikoke these galaxies down to compa-
rable sensitivity levels as we used to see much closer dvedaikiges in our own Local Group,
as recently as only a decade ago (e.g., Dohm-Palmer et a),18% the results of such studies
can still shed light on how dwarf galaxies evolve iffeient neighborhoods.

Are the SFHs of dwarf galaxies influenced by the surroundimgrenment? I.e., do loose,
filamentary structures (like the Canes Venatici Cloud orShalptor group, see Karachentsev
et al. 2003a,c) have similar properties in their galaxy pafpens as the denser, more evolved
groups we know (the Local Group itself, or the Centaurus Augree.g., Karachentsev et al.
2002b), or are there strikingf@ierences in the way they spend their lives? Until now, then®is
evidence for big dferences among the properties of dwarfs within diverse gajeaups (see,
for example, the extended sample analyzed by Sharina €d@8, &r the comparison between
the Local Group and the M81 group in Weisz et al. 2008). Thislarity could lead us to the
conclusion that internal properties like mass or stelladfeck are the ones governing the star
formation in these objects. On the other hand, the dwarixgaigpes do seem to depend on
environment. For example, very loose groups such as thetcigroup and Canes Venatici
Cloud host primarily late-type dwarfs (see Karachentsat.€003a,c), whereas more evolved,
higher density groups like the Local Group, the highly iating M81 group and the Centaurus
A group have a sizeable fraction of early-type dwarfs (Khestsev et al. 2002a,b). Ongoing
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and future studies should be able to answer this and marhefuguestions by looking closely
at nearby groups.

1.4.1 The Centaurus AM83 group of galaxies

The Centaurus M83 group of galaxies is, together with the more sparse $Soutpoup, the
nearest prominent galaxy group in the southern sky (locateah average Galactic latitude
of b ~ 20°). It consists of two smaller subgroups, whose dominanbaggedaare Centaurus A
(CenA, or NGC 5128) and M83 (NGC 5236), even though it is nesuicivhether they are reced-
ing from or approaching each other (e.g., Karachentsev. 208l7). The peculiar, radio-loud
giant elliptical galaxy CenA shows a very perturbed morplggland has probably undergone
several merger events in its recent past (e.g., Meier eB8B;IMirabel et al. 1999; Karachent-
sev 2005). It is found at a Galactocentric distance of 3.8 g et al. 1993; Karachentsev
et al. 2002b, 2007; Harris et al. 2009), while the giant 383 is at 4.8 Mpc (Karachentsev
et al. 2007). At these distances, the group members argestdlvable into stars. A sketch
of the group is presented in Fig. 1.10. Karachentsev et @0{Rfind an orbitalirial mass of
(6.4-8.1)x10"M,, for the CenA subgroup, with a mass-to-light ratiodf25M,/L,. The M83
subgroup shows instead values of3(@ 0.9) x 10'?M,, and~ 34M./L,, respectively. Finally,
the zero-velocity surface radius for the group lies &t4 Mpc.

Recent searches for new members of this group have beersipetblby Coté et al. (1997),
Banks et al. (1999), and Jerjen et al. (2000a). The currsnblimembers of the CenA group
contains 62 galaxies with radial velocities in the Local Graest frame o¥/, g < 550 km s?
and angular distances from CenA ©f30° (Karachentsev et al. 2007). When looking at the
luminosity function of the entire group, we can note thatre¢hae more luminous early-type
dwarfs than in our own Local Group or in the Sculptor groupexgsected for an evolved group
(Jerjen et al. 2000a; Rejkuba et al. 2006). Moreover, mamerfeont early-type dwarfs could
possibly be found if more sensitive surveys were availdbl@articular, we know now that the
Local Group contains about 20 dwarfs whhs > —10 (with many more probably still awaiting
discovery), while, due to its distance, only 4 such fainteckg have been detected so far in the
CenA group. The fraction of early-type dwarfs found withivetCenAM83 group is higher
than the fraction of late-type dwarfs, another indicationdn advanced dynamical state of the
group. With respect to the Local Group, this group is thusressdeand possibly more evolved
environment.

The CenAMS83 dwarf population, displaying a variety of morphologeasd stellar con-
tents, has already been studied in the past (Coté et al; ¥erachentseva & Karachentsev
1998; Banks et al. 1999; Co6té et al. 2000; Jerjen et al. 2@0Karachentsev et al. 2002b;
Lee et al. 2003; Karachentsev et al. 2004; Karachentsev; Bg&suba et al. 2006; Bouchard
et al. 2007; Grossi et al. 2007; Karachentsev et al. 2007gLaé 2007; Makarova & Makarov
2008; Sharina et al. 2008; Bouchard et al. 2009; Makarova 2089; Coté et al. 2009). Most
of the mentioned works concentrated on large samples ottshge diterent wavelengths, not
investigating their physical properties individually. & main conclusions from these datasets
are that the scaling relations (e.g., morphology-densigtallicity-luminosity) are compara-
ble to those observed in the Local Group and in other nearbypg. Rejkuba et al. (2006)
study the resolved stellar populations of two early-typ@ads/at both optical and near-infrared
(NIR) wavelengths. From the combination of these two dasa#ieey are able to disentangle the
galactic luminous AGB stars from the foreground contamisdelonging to the MW, and to
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Figure 1.10:3D distribution for members of the Centaurudv83 group (see legend for the morphological type
color-coding). The dwarfs studied in this Thesis are lath@ehe plot. Courtesy of K. Glatt.

guantify the amount of intermediate-age SFR for the twodtsglt turns out that the 1AP frac-
tions are quite low (up te- 15%) compared to some of the MW dwarf spheroidals. These are
preliminary results due to the low-number statistics, lvatiateresting if we look at them from
the perspective of possible environmentdéets on the evolution of dwarf galaxies. Bouchard
et al. (2007) find that in the CenA group there is an appareptigddl masses: the detected
galaxies have gas masses of aboutMg or they are not detected at all (which permits them
to put an upper limit of~ 10°M,). Bouchard et al. (2007) conclude that the CenA group envi-
ronment must favor anficient gas stripping from its dwarf companions. Howeverytakso
point out that the limits of the HI survey make it currentlygossible to detect transition-type
dwarfs in the CenA group (with no ongoing star formation bithweutral gas). Thus, knowl-
edge of only the stellar content of early-type dwarfs dodgelbus with certainty whether they
are “contaminated” by residual gas. Grossi et al. (2007) tlivad some of the CenA late-type
dwarfs contain an unexpectedly large fraction of neutral, gt are not able to find an ex-
planation for this trend. Bouchard et al. (2009) have ctdiéditerature data for dwarfs in the
CenA and Sculptor groups and analyzed them along with neereéisons. Again, there is no
significant ongoing star formation for early-type galaxi®&ouchard et al. (2009) investigate
the dependence of several physical properties (opticahlosity, neutral gas andddcontent)

on environment. In a similar way to the Local Group, they diie &0 confirm: that galaxies in
denser regions of these groups have, in general, lowervaludl; that the star formation in
these objects is lower; and that they probably formed ttieltas content earlier, with respect
to galaxies in low-density regions. However, these cotiaia with environment do not rule
out the simultaneous impact of internal processes thabasitdpe their evolution. Despite the
fact that the giant members of the group all show elevatadfsteation rates and hints for
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recent interaction events, thexfluxes of the late-type dwarf population do not reveal any sig
of enhanced activity with respect to other groups (Cot.€2009).

There is already a lot of information about the global apaeee of this cake and about its
fragrance, but we have a refined taste and we are thus keemvworkore about it. This is the
simple reason for this Thesis. The resolved stellar pojauatof the CenAVI83 dwarf ingre-
dients can still reveal a vast amount of details about theitaiticity content and stellar spatial
distribution, their SFHs, and about how these propertikegeado their home environment.

1.5 Motivation for this Thesis

e Dwarf galaxies are fundamental ingredients of our Univease ubiquitous and numer-
ous, and exhibit a considerable variety in their physicalpprties despite their small
sizes.

e The dwarf members of the Local Group have now been exteysstetlied, allowing a
more detailed understanding about the (internal and eatjepnocesses that shape their
evolution.

e How typical is the Local Group? Does dwarf galaxy evolutiongeed djferently in
other groups? To what extent does environmefica (dwarf) galaxy evolution, and to
what extent do intrinsic properties and processes domihate

e The Local Group being only one particular realization of age of possible environ-
ments, it would be a real pity not to aim for a more completéovi®f the evolution of
dwarf galaxies. Within a distance efl8 Mpc, it is possible to resolve the stellar popula-
tions of such objects, and it is desirable to investigate tiietime physical properties in
different neighborhoods in order to answer the above listediquses

e The Centaurus M83 group ¢4 Mpc from us) is home to more than 50 dwarf galaxies,
and dfers thus an appealing possibility to ultimately put furtbenstraints on the evo-
lution of these low-mass objects, and look for potentialiemmental influences on the
derived properties.

This Thesis is organized as follows. We present the da§?inwhere we also describe the
photometry reduction and analysis and show the derived CMDgsur targets. The six target
early-type dwarfs are analyzed §r3. We present our results about the metallicity content and
the metallicity gradients of their old stellar populatipasd estimate their IAP fractions. We
additionally study a sample of early-type companions of M3§. 4 with the same method used
for the CenA targets. In this way we check the validity of onalgsis tools, and at the same
time we look for common properties between the two groupsatdbges. Ten late-type dwarfs,
companions of both CenA and M83, are then analyze$i5n We derive their SFHs with the
synthetic CMD modeling technique and investigate theitiaphp resolved SFHs, discussing
our results as a function of environment. Our conclusioasammarized i§ 6, where we also
illustrate possible new recipes along the lines of the cakaied.



“One must still have chaos in oneself to
be able to give birth to a dancing star.”

F. Nietzsche, Thus Spoke Zarathustra
(1885)

Data analysis

This work is based on the light emitted at optical and NIR Viewgths by stellar sources in
nearby galaxies, which are close enough to be resolved (sg®ps Chapter). We will here-
after concentrate on thephotometricproperties, since spectra for individual stars such faint
(I ~24) are beyond the instrumental capabilities nowadays h@wother hand, integrated light
spectra for the studied galaxies could in principle be olef@dj although the physical proper-
ties of their stellar populations are less easily diser&aige with this method. We will not
consider in more detail this technique here, but we mentiah dwarf galaxies in the M81
group have been observed both through their resolved rsplaulations as well as in their
integrated light properties, and the results stemming fiteentwo analysis have been found to
be in very good agreement (Makarova et al. 2010). We are avfdhe existence of integrated
field spectroscopy observations for some of our target @gpg and transition-type dwarfs,
and we plan to compare the results presented below to thes&@gcopic studies (M. Koleva,
private communication).

One of the pioneers of automated point source photometry learge-Coupled Device
(CCD) images was P. Stetson, who developed a series of sg¢omated programs and tools
devoted to quantify the light emitted by stars in crowdeddBe{DAOPHOT, see e.g. Stet-
son 1987, 1994). A further version of this software was ideldiin the IRAE environment
(IRAF/DAOPHQT), permitting to perform aperture and PSF fitting toimoetry in a more flexi-
ble and interactive way (e.g. Davis 1993). Recently, A. Dolreated his own version of these
codes, specifically tuned for HST images (HSTPHOT, Dolpldid®, and more automated than
the previous versions especially in the PSF modeling anldarchoice of the PSF stars them-
selves. Later on, the ultimate package DOLPHOT was releagadh requires very little input
from the user and is now available for the main HST instruméhCS, WFPC2 and the newly
installed WFPC3, Dolphin 2002). In the next Sections, wégrer PSF-fitting photometry for
our datasets using the DAOPHOT software as well as the DOLPpHakage.

For this Thesis, HST archival data obtained from the STSdtiMission Archive (MAST?)
have been used as our optical dataset, while VLT proprietarg (Pl: H. Jerjen) were analyzed
for NIR wavelengths. We give below the details of our targead galaxies and of the data
analysis as follows: i§ 2.1 we describe the optical data, illustrate the photony@igess, and
present the resulting CMDs. Similarly, f12.2 we summarize the NIR observations, provide
the details of the photometry, and give the results for tlselved photometry. The material
presented in this Chapter is partly included in the follagvpapers: Crnojevic et al. (2010),

LIRAF is supported by the National Optical Astronomy Obseskias, which are operated by the Association of
Universities for Research in Astronomy, Inc., under coapiee agreement with the National Science Foundation.
2httpy/archive.stsci.edtist.
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Crnojevit et al. (2010b), A&A submitted, Crnojevic et £010c), A&A submitted, and Crno-
jevic et al. (2010d), in preparation.

2.1 Optical data

We look for existing HST observations of CenA group galaxiesrder to study their resolved
stellar populations. HST is the only telescope with whicls ipossible to reach faint enough
magnitudesl( ~ 29) and to still resolve individual stars in crowded fieldaatistance of 4
Mpc. This permits us to resolve at least the upper part of B8 Rr the most massive young
stars within a reasonably short exposure time. For exarti@eRC or HB apparent magnitude
at these distances Is~ 28, which requires an observing time 8.5 hours (or 12 full HST
orbits) in one filter to be observed (see, e.g., the deep HSE&rohtions of CenA presented in
Rejkuba et al. 2005).

We choose our targets starting from the catalogs compileddrgchentsev et al. (2002b),
Karachentsev (2005), Karachentsev et al. (2007). In therlat the mentioned papers there is an
updated list of all the dwarf members of the CéhI83 group, and moreover a series of CMDs
for those of them which were observed with the Wide Field ClehifWFC) of the Advanced
Camera for Surveys (ACS) instrument in order to obtain tbhetances (TRGB method, see
Chapter 1). The ACSBVFC consists of two chips with a total field of view efL1 arcmirt and
a resolution of 49 arcsefpixel. Observations with this instrument are availableXbidwarfs
in the CenA group (programs GO-9771 and GO-10235). Eachxgdlas a 1200 seconds
exposure in thd=606W filter (corresponding to th&/-band in the Johnson-Cousins system)
and a 900 seconds exposure in #@14W filter (corresponding to thé-band). This choice
of filters was made to optimally target RGB stars and to dateefTRGB (which has a fixed
absolute magnitude ih-band), which is the most prominent component seen for tigeta
galaxies. We decide not to consider observations carri¢dvidb the Wide Field Planetary
Camera 2 (WFPC2) aboard the HST, since its field of view is kmadhree of its chips have
lower resolution and itis less sensitive than the ACS. Easliudies of dwarfs in the CenA group
based on WFPC2 data were published by, e.g., Karachentaé(2002b), Karachentsev et al.
(2003b), Rejkuba et al. (2006).

Out of the dwarf galaxies observed with AQH-C, we choose six early-type dwarfs (com-
panions of CenA) and ten late-type dwarfs (five companiorSesfA and five companions of
M83) as our dataset. The main properties of the target gedaree listed in two Tables, depend-
ing on their morphology and on the subgroup to which theyrg(@ollowing the subdivision of
Karachentsev 2005). The properties for early-type dwadgeported in Table 2.1 as follows:
column (1): name of the galaxy; (2-3): equatorial coordesatl2000); (4): morphological de
Vaucouleurs type; (5)i-band magnitude at the TRGB (from Karachentsev et al. 20@7);
distance of the galaxy derived by Karachentsev et al. (2@0th)the TRGB method; (7): de-
projected distance from CenA, derived starting from thealadistance in column (6) and the
angular distance reported by Karachentsev et al. (2008pbfpfeground extinction in-band
from Schlegel et al. (1998); (9): absollBenagnitude from Karachentsev (2005); (10): absolute
V magnitude from Georgiev et al. (2008); and (11): tidal inflex, degree of isolation), taken
from Karachentsev et al. (2007); the latter was defined bya&aentsev & Makarov (1999) as

©; = maxlog(M,/D3)} +C, k=12,..N,
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for the galaxyi, where My and D, refer to the mass and deprojected distance of any of
its neighboring galaxies, respectively. This parametas thuantifies the maximum density
enhancement produced by the companions of the object uhdbr. $inally, the constar@ is
such that it is equal to zero when the Keplerian cyclic pedbthe target galaxy with respect
to its main disturber is equal to a cosmic Hubble time.

We then list the general properties of the late-type targ&bges in Table 2.2, which con-
tains the following columns: (1): name of the galaxy; (2-€juatorial coordinates (J2000); (4):
morphological type; (5-6): distance and distance modufieegalaxy derived by Karachent-
sev et al. (2007) with the TRGB method; (7): deprojectedatise from M83CenA, again
derived from the radial distance in column (5); (8) Galadticeground extinction irl-band
from Schlegel et al. (1998); (9): absoluBamagnitude (converted from Bouchard et al. 2009
with the distance modulus listed in column 6); (10): HI mabtsamed from diferent sources
(Banks et al. 1999; Beaulieu et al. 2006; Georgiev et al. 2@afichard et al. 2009); where
the HI flux values §y,, in Jy km s?) have been originally taken from (Banks et al. 1999), we
recompute the HI gas mass with updated values of the dis{anb#pc), given that the relation
between these quantities is the following

My, = (2356)( 105)D28H|

(see, e.g., Bouchard et al. 2007); (11): tidal index froma€aentsev et al. (2007); and (12)
references for the individual HI masses.

2.1.1 Photometry

We performed PSF-fitting stellar photometry using the ACSlute of the DOLPHOT package
(Dolphin 2002) for crowded field photometry. The reduced predprocessed.fitsfiles can be
downloaded from the HST MAST (i.e., Multimission ArchiveZjace Telescope Science Insti-
tute) web archive. The photometry can be run on either tlggrad, single pointing flat-fielded
images £ _flt.fits), or on the cosmic ray-cleaned imagesctj.fits). Moreover, the datasets ob-
tained from the archive already contain the images that@rected for geometrical distorsion
and combined from the flerent pointings (multi-drizzled images,drz.fit§. The photometry
can be performed on either theflt.fits or the «_crj.fits single images. It is recommended not
to perform the photometry on the drizzled images, sinces stadiferent locations in the field
of view can be resampled inftierent ways by the process, and the signal in adjacent psels i
correlated. We decide to work on thdlt.fitsfiles, since thesplitgroupsDOLPHOT task (see
below) assigns a wrong readout noise value toxtlog.fits images derived from the respective
«_flt.fits files, resulting in too high a signal-to-noise ratio for tleeices. The cosmic rays can
be then recognized and eliminated in the post-photometrygssing using appropriate quality
cuts (see below).

The preparatory steps for the photometry include the mgskithe bad pixels on the orig-
inal images #csmaskask), the splitting of each image into the twdtdrent chipsgplitgroups
task), and the (not mandatory) computation of the sky lesacékytask). The latter has been
discarded after some tests, since the program can cal¢h&sky while running the photom-
etry process automatically, and the preliminary compateatiid not improve the final quality
of the photometry. Finally, a first estimate of thfset between the reference image and the
single chips for each of the pointings and each of the filtasstb be evaluated using the task
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Table 2.1: Fundamental properties of the target early-tiyparf galaxies (companions of CenA).

OQ_QXV\ RA DEC T ltrcB D Dcena A Mg My 0
(J2000)  (J2000) (Mpc) (kpc)

KK189, CenA-dE1 131248 -414955 -3 2440+0.07 442+0.33 676+483 022 -1052 -1199 20
ES0269-66, KK190 131308 -445324 -5 2404+004 382+026 113+412 Q18 -1385 -1389 17
KK197, SGC1319.1-4216 1322@1 -423208 -3 2419+0.04 387+0.27 198+112 Q30 -1276 -1304 30
KKs55 1322124 -424351 -3 2421+0.03 394+0.27 176+450 Q028 -991 -1117 31
KKs57 134138 -423455 -3 2410+0.05 393+0.28 257+290 Q18 -1007 -1073 18
CenN 134802 -473354 -3 2410+0.04 377+0.26 399+24 027 -1089 -1115 09

Notes. Units of right ascension are hours, minutes,

andnsisc@nd units of declination are degrees, arcminutes, @sgé@nds. The
references for the reported values are Karachentsev (20@3arachentsev et al. (2007), and Georgiev et al. (2008h&absolute

V magnitude. The deprojected distance from CenA is computéus study.
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acsfitdistort This is then further refined during the photometry run. Weade the deepest
multi-drizzled frame (i.e., th&814W-filter exposure) as the reference frame for the photome-
try, as suggested in the DOLPHOT User’s Gdid€he parameters chosen for the photometry
also follow the prescriptions of the User’s Guide. The pamgithen locates automatically the
stars, adjusts the PSF (originally produced by TinyTim,sKti995) based on the image, iterat-
ing the photometry until it converges and applying the apertorrections.

The program runs the photometry simultaneously on all ofinpet images, giving as an
output a first block containing the combined photometry, @olldwing the blocks with the
results for the single input images. After the instrumentagnitudes, the output also contains
the transformed and calibrated magnitudes. The transtansto the Johnson-Cousins system
are made following Sirianni et al. (2005), and then chargedfer &iciency corrections are
applied. The output from the program also contains quabinameters for each star, both for
the combined photometry block as well as for the photometrgéch of the filters. The “object
type” tells whether a star is good or not: it has a value of Omihe star's shape is pointlike,
and its value increases when the star is sharp or extendede ®han “error flag” which has a
value of 0 only when the star is well recovered in the image, fior which the photometry is not
saturated or does not extend beyond the chip. The next gpaliameters are signal-to-noise
ratio andy. The sharpness parameter is negative when a star is too @hars the case for
cosmic rays or detector defects) and positive when it is xteneled (for example, background
galaxies), while a good star has a value of 0. Finally, thevding parameter quantifies how
much brighter (in mag) the star would be if isolated when mes as opposed to the true
measurement in which the light of the neighboring objélgas the photometry.

In order to reject non-stellar detections and to have a cleah sample of stars for our
CMDs, the stars that we then want to retain from the origihatpmetry have to simultaneously
satisfy the required cuts forfiierent quality parameters in both wavelengths. These lianés
the following: the “object type” has to be 2; the “error flag” is set to O; the object’s signal-
to-noise ratio has to be at least 5; its sharpness paraneséo bgsharg < 0.3; the crowding
parameter is set to a value lower than 0.5; and finallythas to be< 2.5. This selection choice
leaves us with fairly clean CMDs.

However, for some of the target late-type dwarfs (ESO381KL8247, ESO384-16 and
ES0269-58) the standard parameters for the photometry tgive satisfying results. More
specifically, the stars found in central, crowded regiores rajected by our adopted quality
cuts, resulting in a loss of information especially for tHadst young stars found in these
regions. For these galaxies, we change the DOLPHOT photgmatameter Forcel from
the value suggested in the User’'s Guide. This would nornfalige the code to retain only
“good” objects, meaning not too faint for the PSF determamginot too sharp or too elongated.
By changing this parameter, also shastended objects are classified as “good” objects in
the output of the photometry, so that the final photometry molv retain valid objects in the
crowded regions, but will also add spurious objects. Todttue latter, we apply stricter quality
cuts (using-0.2 < |sharg < 0.2), and remove spurious objects by hand when these selection
criteria are not enough (e.g., in the cases where pointldjects are detected in the tails of
saturated foreground stars). In this way, we do not loseiguednformation about the bluest
part of the CMD, with the only disadvantage of having a diagsdightly less clean.

3httpy/purcell.as.arizona.egdiolphof.
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Figure 2.1:Color magnitude diagram of the early-type dwarf KK189. Thetometry has been derived both
with the DOLPHOT packagddft pane), and with the IRAFDAOPHOT packager{ght pane). Representative
errorbars, as given by the photometry output, are showre ais&lCMDs.

DOLPHOT vs DAOPHOT

We just point out that DOLPHOT is not the only photometry gk that could be used for
analyzing our data. However, it has the advantage to be mdmnated and thus quicker
than, for example, DAOPHOT. Literature studies, moreosieow that the two packages do not
give significantly diferent results for PSF photometry (e.g., Monelli et al. 2@@i references
therein), although small discrepancies will always be @néslue to the dierent approaches
of the photometry programs. As a quick comparison, we dettiden the photometry with
IRAF/DAOPHOT for one of our early-type target galaxies (KK189).

We work on the drizzled images. We first firdl50 PSF stars (i.e., bright, not saturated,
evenly distributed on the image) with the task DAOFIND, atedldtively compute the PSF for
each filter until the subtraction of the PSF model to the starshe image leaves us with no
spurious features (e.g., oversubtracted stars or wings)théh run ALLSTAR to perform PSF
fitting photometry on the whole image. The resulting photoynéor each filter is calibrated
with aperture corrections and photometric zero-pointsnfi®irianni et al. (2005). We then
combine the two subcatalogs into a final list of stars with @aaXcorr and CataComb pro-
grams (P. Montegfiio, private communication). The quality cuts applied in ttase are: the
photometric errors given by the photometry program haveete 0.3; we sety < 3; and the
sharpness parameter has an absolute wal@e The final CMD is shown in Fig. 2.1, together
with the one derived using the DOLPHOT package (see pre\Bagsion). Note that the qual-
ity parameters have slightly fiierent definitions within the two photometry packages, buhwi
this combination of values the two CMDs still agree very weih each other, and show no
systematic dterences. It can be noticed that, in general, the CMD derividd RAOPHOT
shows a larger scatter in its features, and reaches sligiier magnitudes; on the other hand,
the photometric errors given by this program are also soraelager than the ones stemming
from DOLPHOT. Overall, the dierences are not significant (or at least less significant than
many other factors, see next Chapter) for the purposes aftady, and we will thus not return
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Figure 2.2:v- andl-band completeness curves for the least and most crowdaxiggin our sample, ESO443-
09 (left pane) and ESO269-58right pane), respectively. The dashed line shows the 50% completdaesk
Dots represent curves that were computed using stars freroehtral region of the galaxy, while crosses are for
stars located in the outskirts of the galaxy (see text foaitlt The completeness curve fall§ sore rapidly in
the case of ESO269-58, and it is steeper for the centralmegibthe galaxy, dominated by crowding.

to this point.

2.1.2 Artificial star tests

The DOLPHOT output includes photometric errors for each $iawvever, these errors do not
account for systematic errors of the point spread funcfldrus, extensive artificial star tests are
performed for each of the studied objects, using the samtoptatry parameters and quality
cuts of the original image, in order to estimate the photoimencertainties and to assess the
incompletenessfiects. For each galaxy, we addb — 10 times the number of observed stars
to the images (after quality cuts), distributing them eyeadross the ACS field of view and
such that they cover the whole color and magnitude rangeeobltiserved stars. Moreover, the
artificial stars are simulated also up+d mag below our detection limit, in order to take into
account objects that are actually fainter than what we ekséut that are detected because of
an addition of noise. The artificial stars we add are measomecht a time by the DOLPHOT
routine, in order to avoid artificial crowding. After runmgrthe photometry again with the
artificial stars, we apply the same quality cuts as before.

We then derive completeness curves as a function of magmitaud also as a function of
radius, since we are interested in the radial propertidseofalaxies’ stellar populations (see, in
particular, Chapter 3). We show an example of the magnitiegendent completeness curves
in both bands for the least crowded (ES0443-09, with a peakityeof ~ 2 stars per arcséc
corresponding te- 167 stars per.Q kpc&) and the most crowded (ES0269-58, peak density of
~10 stars per arcs&or ~ 2520 stars per.Q kp) of the studied galaxies in Fig. 2.2. Both these
objects are late-type dwarfs. The fraction of recovere@abjnever reaches 1 because of bad
pixels and cosmic rays. We can see that the completenessoiurecdecreasing more rapidly in
the case of a crowded field. At a 50% completeness level, g magnitude for ESO443-
09 is~ 27.2 mag ¢ 26.8 mag) for theV-band (-band). At the mentionettband magnitude,
the representativesiphotometric error amounts t00.18 mag in magnitude and0.23 mag in
color. For ESO269-58, the 50% completeness level is reaahe@6.2 mag ¢ 25.3 mag) for
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theV-band (-band), while the corresponding-Jphotometric errors for this-band magnitude
are~0.20 mag in magnitude and0.28 mag in color. In the same Figure, also the dependence of
the completeness on galactic radius is shown. We computathpleteness for two subsamples
of stars, which are located within and outside an ellipsessponding to an isophote level of
25 mag arcset in |-band (taken from Sharina et al. 2008), respectively. FdD&£3-09 the

two resulting curves dier very little, while for ESO269-58 the 50% completenesslé/~0.5

mag fainter for the outer sample than that for the centraldueeto the high crowding of the
central regions.

Considering the early-type dwarfs, the limiting magnitudken at a 50% completeness
level is at~27.3 (~ 26.8) mag in thevV-band for the least (most) crowded objects of this sample,
and at~ 26.4 (~ 26.0) mag inl-band. The mentioned galaxies are KKs55 and ES0O269-66,
with peak stellar densities of 390 and~ 1240 stars per.Q kp&. At a completeness level of
50%, the & extremes of the photometric errors amoun£t6.23 mag € 0.16 mag) inl-band
magnitude and&k 0.30 mag € 0.21 mag) inV — | color, for these two galaxies. The mean
photometric errors#1c0°) for all of the target galaxies are indicated by represemadrrorbars
in the CMDs in the next Sections.

2.1.3 Optical color-magnitude diagrams
2.1.3.1 Galactic foreground contamination

Before presenting our optical CMDs, we discuss the Galdsteground contamination issue.
The CenA group lies at a low Galactic latitude on the dbky~(20°), and is thus fiected by

a substantial amount of Galactic foreground stars actingpagaminants. To give a first esti-
mate, we use the TRILEGAL models (Girardi et al. 2005). TRBAL is a theoretical tool
that was initially meant to produce stellar isochronestlsstic photometry, and simulations of
stellar populations (star clusters and external galaxas) has recently turned into a Galaxy
population synthesis star counts model. The photometrybeaproduced for many flerent
broad- and intermediate-band systems, including nordstailones. At the sky position of the
target objects, and within the ACS field of view 8 x 3 arcmin), there are between 170 and
260 simulated foreground dwarf stars (depending on thexgaansidered). Additionally, the
TRILEGAL models provide the photometry of the simulatedstao that we are able to check
which regions of the CMD would be mosftacted by foreground stars. One has to carefully
compare the mentioned number of contaminants to what isisetie CMD of each galaxy.
Let us begin considering the late-type dwarfs. We show asxample the original CMD for
the dwarf ESO443-09 in Fig. 2.3: this is the least luminous-tgpe galaxy in our sample,
the one with the smallest number of detected stars and thei®btine objects mostfiected
by foreground contamination. We use a neighbor-countiggrdhm to compute a density di-
agram EHess diagram), overlay it to make the features in the CMD napgarent, and plot
the simulated Galactic foreground stars from TRILEGAL a$c¢eosses. Overall, the contam-
inant fraction is less than 10% and is onljexting the red part of the CMD. However, when
looking at the strip with magnitudes 23 | < 25 and colors in therange4 V - | < 1.3
(red supergiant or RSG region, see description below), warlgl see that the ratio between
number of dwarf galaxy stars (corrected for incompletenasd number of foreground stars is
quite high, as much as22% in this case. The same is true also for ESO381-18, ES@844-
KK182, KK196, HIPASS J1348-37, and ESO384-16, ESO269-é8pgctively with contami-
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Figure 2.3:Color-magnitude diagram of the dwarf irregular galaxy E®409 (black dots), overlaid by a Hess
density diagram of its stars (gray areas). Overplotted i@ @alactic foreground stars (red crosses), simulated
with the TRILEGAL models. We do not include incompletenee@s or photometric errors in the simulations.
The expected foreground contaminatidgfeats in particular the region above the tip of the red giaahbh (see
text for details). On the left side of the diagram, typical ghotometric uncertainties are reported.

nant fractions ot 20% and~ 25%,~ 12%,~ 11%,~ 13%,~ 16%, and~ 22%). For IC4247 and

ESO381-20, the CMDs are well populated, and the fractiona&@ic foreground objects in
the RSG region rather small (5% and 2%, respectively). Thegfound contamination is also
affecting the AGB region, although this is less critical thantfee RSG region. Below we will

see that this is particularly important for the early-typeadfs.

We thus decide to perform a statistical foreground subtracver the whole CMD for the
galaxies where the contaminant fractions are not negégWe adopt the following method: we
first randomly extract a subsample of objects from the ligboéground stars simulated by the
TRILEGAL models, in order to account for the incompletenessur observations (éierent
values for diferent color and magnitude ranges). Then, we consider thenadas galaxy stars
that are found in a circle around each simulated foregrounpelct, with a radius equal to two
times the error in color at that position in the CMD. If moramthone observed star is found
within that circle, we simply subtract one of them randonWe test this procedure a number
of times for the same galaxy, to check whether the randontelafithe subtracted stars would
change the overall shape of the RSG region, but it does natallfzi we point out that the
decontamination process for IC4247 and ESO381-20 wouleklek of our results unchanged
because the contaminants fractions are very low, so we @aacitito perform it in these cases.

The final result of this statistical “decontamination” wilé to slightly degrade the quality
of the fit when deriving their SFHs (see Chapter 5), withowvéner adding a significant bias.
On the other side, we expect the foreground contaminante tidiributed rather uniformly
across the ACS field of view, so their subtraction will notiepe the main features of the stellar
density maps presented in the next Chapters.

Coming to the early-type dwarfs, their predominant stgil@ulation consists of RGB stars
and a few AGB stars more luminous than the TRGB (see next@gctiwhen looking at
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Fig. 2.3, we already see from the CMD of ES0443-09 that theusnthof Galactic foreground
stars overlapping with the RGB region is very small. In theti@&hapter, we will derive photo-
metric MDFs starting from RGB stars, and thus this is the pftfie early-type dwarfs’ CMDs
in which we are most interested.

From Fig. 2.3 we also see that the contamination is not niéigidor the upper part of the
CMD above the TRGB, and this is especially problematic ferehrly-type dwarfs since their
number of luminous AGB stars is very low (see also Fig. 24y impossible from the optical
observations alone to thus clearly distinguish betweenA@8 stars and foreground contam-
inants. This point will be considered again below, where mestigate the contribution from
intermediate-age objects in more detail. We will discussdfects that Galactic foreground
stars could have on our resulting MDFs in Chapter 3, but gikiahthe predicted contaminants
are few in the RGB, we just mention here that we do not ste#ifyi subtract them from the
CMDs of our target early-type dwarfs.

On the other hand, we stress that the foreground contamméir these galaxies is sub-
stantial in the region above the TRGB, where intermedigte-luminous AGB stars are found.
Since the statistical decontamination is not a unique E®ideom the optical data alone itis not
possible to unambiguously estimate the numbef@ridue membership of these AGB stars, and
we have to use alternative methods if we want to obtain mageige information about their
IAPs. Previous studies have shown that luminous AGB stadicative of such an IAP, are
brighter in the NIR bands, and that the foreground is easiseparate from the galactic stellar
content with this kind of data (e.g., Rejkuba et al. 2006; &ast al. 2009). The combination of
optical and NIR data is thus a powerful tool to investigate/boch extent and at which ages the
target dwarfs produced their IAPs. This is the reason whynedyae data at these wavelengths
for our target early-type dwarfs. We will extensively retuo this point in the next Sections.

2.1.3.2 Early-type dwarfs

The CMDs of the six early-type target galaxies are shown @ Ei4, ordered by increasing
absoluteV magnitude of the galaxies. The number of stars in the finaér(afuality cuts)
photometric catalogs is 2720, 10401, 6684, 3675, 26713 a0648for KKs57, KKs55, CenN,
KK189, KK197 and ES0O269-66, respectively. The CMDs all shmraminent RGBs, where
stars may encompass a wide range of ages, starting with aggsuag as - 2 Gyr. An
accurate age-dating is not possible for these stars due to¢tallicity-age degeneracy present
inthe RGB (see below). The observations rea@b mag (-band) below the TRGB. The latter
is computed by Karachentsev et al. (2007) using the samsetdtaderive the distances of the
galaxies. We recompute the TRGB from théand luminosity function using a Sobel edge-
detection filter. We findgtres = 24.02+0.12, 2393+ 0.13, 2376+ 0.13, 2413+ 0.12, 2396+
0.13 and 2383+ 0.12 for KKs57, KKs55, CenN, KK189, KK197 and ESO269-66, respely,
where the errors come from a combination of observationeértainties and the luminosity
function binsize. Not surprisingly, our results agree witle results of Karachentsev et al.
(2007) (see Table 2.1, where we report the not dereddeneésjalalthough their technique
for estimating the errors is more accurate (see, e.g., Kardsev et al. 2007) and we will thus
continue to use the values given in their study.

Populations with ages of a few Gyr (“intermediate-age stard—9 Gyr) can be recognized
by several additional features including more luminous I@STRC and vertical RC stars, and
luminous AGB stars with luminosities greater than the TRGRBfortunately, the HST data
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Figure 2.4:Color-magnitude diagrams of the six early-type dwarf galastudied here, ordered by increasing
absoluteV magnitude of the galaxies. The main feature visible in alihef CMDs is a prominent RGB, while
luminous AGB stars are less numerous (see text for an egtifoaeach galaxy). Representative errorbars derived
from artificial star experiments are shown on the left sidthefdiagrams. At airband magnitude of 25, the 1
photometric errors (from artificial tests) ar®.1 mag in magnitude and0.15 mag in color (see text for details).

are not deep enough to reach the MSTOs or the RC stars of the l#dthese are below
our detection limit of~ 27 I-band apparent magnitude (the RC would be expected to have
a magnitude ok 28 in the same band). However, we can infer the presence enebf
IAPs from the presence or absence of luminous AGB stars. Feenger stars<{ 1 Gyr) are
definitely not present in these galaxies, as there are netsifgund in the region blueward of
the RGB (i.e., upper MS, or massive blue and red helium-bgraetars, see also next Section).

A quantitative evaluation of the amount of intermediate-atars, and how itfeects our results,

is presented in Chapter 3. Similar evidence of intermeeigeecomponents has also been found
in some of the dwarf spheroidals and dwarf ellipticals ofltbeal Group, such as Leo |, Leo I,
Fornax, Carina, NGC 147, NGC 185 and NGC 205 (e.g., Han eBAl7 Isee also Chapter 1).

In the CMDs of Fig. 2.4, we also show representative photdmetrors derived from arti-
ficial star tests. The (@) error is~ 0.1 mag in magnitude and0.15 mag in color at aih-band
magnitude of 2%0 for KKs57, 2555 for KKs55, 2550 for CenN, 25355 for KK189, 2545 for
KK197 and 2530 for ESO269-66. The RGB is thus partly broadened by phatoererrors
in the observed CMDs. However, the broadening does not cortiely from the errors, so
is also associated with the physical properties of the gedaxin particular, the color spread
across the RGB could stem from either age or metallicity. r&he a well known degeneracy
in this evolutionary stage, such that stars that are youaiggmore metal-rich may be found in
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the same RGB region as stars that are older and more metaltgeally, for a “simple” stellar
population a spread in age would produce a narrower RGB ataime metallicity than would
a spread in metallicity at a constant age (see, for exampleg&hBerg et al. 2006). Owing to
the relatively small number of luminous AGB stars above tR&B, we may assume that the
majority of the RGB stars belong to old populatiorslQ Gyr or older). Because of this, and
also because early-type dwarfs in the Local Group all dispiatallicity spreads, we assume
that the color spread across the RGB is predominantly calggexd metallicity range within
these galaxies. Our final goal is then to derive photometidsifrom the optical CMDs.

We want to stress that a spread in metallicity would imply phesence of an age spread
as well ¢ 1 — 2 Gyr), such that the first generation of stars born in thexyaleould have
time to evolve and pollute the surrounding interstellar med making it possible for the next
star formation episodes to produce more metal-rich stas, (8.9., lkuta & Arimoto 2002,;
Marcolini et al. 2006, 2008). This spread at such old agdsowever, not resolvable from the
upper part of the RGB alone, and from the optical data we cantonto put some constraints
on the age range of the IAPs from the number and brightnegsedtiminous AGB stars. The
unresolvable spread in age for old populations could hagedtiect of inflating the derived
metallicity spreads by 16 20% (as computed in the next Chapter). On the other side, the
possible presence of intermediate-age stars would &lleotahe metallicity spreads in a way
that depends on each individual galaxy’s characteristiog,it deserves more careful attention.
Both these aspects will be discussed in detail in the nexpt@ha

2.1.3.3 Late-type dwarfs

The CMDs for our ten late-type target galaxies, ordered [sphibe magnitude, are presented
in Fig. 2.5 (M83 companions in the upper panel and CenA comopann the lower panel).
For ESO443-09, ESO381-18, ES0O444-78, HIPASS1348-37, KKK& 182, ESO384-16 and
ES0269-58 we show the foreground subtracted diagrams (se®ps Section). The number
of stars resolved for the target galaxies is 1931 for ESQ@RL37312 for ESO381-18, 11370
for ESO444-78, 17813 for 1C4247, 19936 for ESO381-20, 32f1HIPASS1348-37, 7328
for KK196, 4079 for KK182, 17194 for ESO384-16 and 136298 E80269-58. The re-
ported numbers are the final values after the foregroundrdaconation, except for 1IC4247
and ESO381-20, for which we do not perform a subtractionoAlsown on the left-hand side
of each diagram are the mean photometric uncertaintiesdcn enagnitude bin, as derived
from the artificial star tests. In particular, the Error is~ 0.1 mag in magnitude and 0.15
mag in color at dierentl -band magnitudes for fierent galaxies, and more precisely:5bfor
ESO443-09, 280 for ESO381-18, 285 for ESO444-78, 280 for IC4247, 2335 for ESO381-
20, 2540 for HIPASS1348-37, 280 for KK196, 2555 for KK182, 2530 for ESO384-16, and
24.30 for ESO269-58. These error limits will be used in Chaptéo 8efine diferent stellar
subsamples.

The CMDs of all of the late-type dwarf galaxies exhibit th#daing evolutionary stages:

e upper MS: a blue plume of MS candidates (and blue heliumibgrstars) is found in the
color range of-0.5 < V — | < 0 and at magnitudes o¢f> 22 (Fig. 2.5). The youngest
and most massive stars detected in our CMDs have estimatsdég4 Myr (as derived
in Chapter 5);
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Figure 2.5:Color-magnitude diagrams for the ten late-type dwarf gakastudied here, ordered by (increasing)
absolute magnitude. The companions of M83 are shown irugper panel while the companions of CenA
are in thelower panel The galaxies ES0443-09, ESO381-18, ES0444-78, HIPAS&3333, KK196, KK182,
ES0384-16 and ES0O269-58 have been statistically “deconéded” from foreground stars. The main features
visible in all of the diagrams are the blue plume (main segaesnd blue helium-burning stars, very sparsely
populated for HIPASS1348-37, KK196, and ESO384-16), theeuped giant branch, the luminous asymptotic
giant branch (in all but for ESO443-09 and HIPASS1348-3'0 fam 1C4247 and ESO381-20 also a prominent
red supergiant region. On the left side of each diagramesgmtative & photometric errorbars as derived from
artificial star tests are shown.
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Figure 2.6: Color magnitude diagram of the dwarf irregular galaxy ESB28. Overlaid are Padova stellar
isochrones, with a fixed metallicity of=£.0008 and varying ages. Ages of 4, 8, 15, 20, 35, 55 and 85 Myr
(proceeding from the blue to the red part of the CMD) are dreaamagenta, ages of 130, 200, 350, 550, 800 Myr
and 1.3 Gyr are in blue, and ages of 4, 7, 10 and 14 Gyr are irsesdtéxt for details). Also plotted are selection
boxes (red) that separateigrent evolutionary stages (MS, BL, RSG, RGB and AGB, fromtilue to the red part

of the CMD). On the left side of the diagram, typicat pbhotometric uncertainties are reported. For example, they
are of~0.1 mag in magnitude and0.15 mag in color at a magnitude bt 25.35 (see text for details).

¢ helium-burning stars: massive stars with ages fro20 to 500 Myr are visible in the
CMDs in the so called “blue-loop” phase, burning helium ieitlcore. These evolved
supergiants comprise blu® -1 ~ 0 to 0.5) and red\{ - | ~ 1 to 1.3) supergiants.
The latter are however not prominent for the galaxies in Wi star formation was
low some~ 100 to 500 Myr ago (on the contrary, this feature is very welpypated for
IC4247 and ESO381-20);

e AGB: lower mass stars with ages betweef.1 and~ 9 Gyr are found along the RGB
and above its tip. The latter (luminous AGB stars) are wdlible at colors of B <
V-1 <25, except for ESO443-09 and HIPASS1348-37, which containfesv of these
objects;

e upper RGB: these are evolved stars with colors in the réhgke~ 1 to 1.8, and indicative
of intermediate-age and olg (1 — 2 Gyr) low-mass stars which have not yet commenced
core helium-burning. Up te 20% of the stars along the apparent upper RGB are in fact
faint AGB stars in the same age range as the RGB stars (e.gelDetral. 2001, see also
the discussion in the next Chapter).

To help the eye recognize the various features, we plot th® @#the galaxy ESO381-
20 in Fig. 2.6 and overlay Padova isochrones. We choose dligigtaof Z=0.0008 (which
roughly corresponds to [Ad]~ —1.4, assuming £=0.019), since this is the best-fit average
metallicity resulting from our synthetic CMD modeling (s€aapter 5). The isochrone ages
range from 4 Myr to 14 Gyr (from the blue to the red side of the @MWe draw the “very
young” ages (4 to 85 Myr, encompassing upper MS and most diltreehelium-burning stars)
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in magenta, the “young” ages (130 Myr to 1.3 Gyr, clearly silgmwvhere most of the red
helium-burning stars and the most luminous AGB stars lid)lue, and the “intermediate” and
“old” ages (4 to 14 Gyr, for which only the upper RGBs and lumia AGB stars are visible
at this photometric depth) in red. These isochrones wereated at the TRGB omitting the
thermally pulsing AGB stars, to avoid overcrowding in thetpM/e point out that the previous
color-coding of “very young”, “young”, “intermediate” arfild” ages is arbitrary, and simply
meant to illustrate the diverse features of the CMD, whichenescribed above.

In Fig. 2.6 we also show the selection boxes that separffereht evolutionary stages for
ES0381-20, which are used in Chapter 5. We seldtrdint evolutionary stages in the CMDs
following the stellar sequences for each individual galamgl referring to the Padova isochrone
models. The stellar content of each galaxy is divided in: REB, blue helium-burning stars
(or blue loop, BL), red helium-burning stars (or RSG), anchilbous AGB. We stress that the
upper RSG region is not well reproduced by the models, inéhsethat the observed stars are
redder than predicted (e.@beda et al. 2007, and references therein), and we thusvftiie
stellar sequence on the CMD to define our selection box.

The presence of manyftierent evolutionary stages clearly indicates the presehagm-
longed star formation, and each one represents a rangédlaf agees. Depending on the number
of stars that are found in each stage and depending on thedsukition that the CMD fbers,
it is possible to quantitatively constrain the star forroatiate (SFR) of a galaxy during its past
history. In the analysis of Chapter 5, our purpose is to @etlie SFHs of the target late-type
galaxies, making use of a code written by A. A. Cole.

2.2 NIR data

Within the ESO observing programme 073.B-0131 we collebtiRlobservations of 14 early-
type dwarfs in the CenA Group. We now choose to study in de&a# those galaxies that could
be fully resolved (due to good seeing conditions) in th&liat content from these observations,
and for which archival HST data are available, similarly toatvwas already done by Rejkuba
et al. (2006). The sample consists of three objects, nami€y8®, KK197 and ES0O269-66 (in
order of increasing luminosity). Their general propertiese already reported in Table 2.1.

Deep NIR images of the target dwarfs were taken in serviceemoth the short wavelength
arm of ISAAC NIR array at the VLT at ESO Paranal Observatoie Tield of view of the short
wavelength arm of ISAAC is .8 x 2.5 arcmirf and the detector has a pixel scale of4B
arcsec. Each galaxy was observed once inJ§aband using 4 coaverages of 35 sec exposures
at 15 dtferent dither positions, amounting thus to a total exposare bf 2100 sec per galaxy.
Ks-band images were taken at twdtdrent epochs with 7 coaverages of 12 sec exposures at
28 different dither positions, amounting to a total exposure tifné704 sec per galaxy. For
KK197 the Js-band observation had to be repeated because of violated)ssmstraint, while
for KK189 oneKs-band observation was repeated because other obserVabmséraints were
violated. The observing log is reported in Tab. 2.3, with fibéowing columns: (1): galaxy
name; (2): date of observation; (3): filter; (4): exposumeej (5): airmass; and (6): seeing of
the combined images.

The standard procedure in reducing IR data consists of diéntkaction, flat-field correction,
sky subtraction, registering and combining the imageddpmed by M. Rejkuba). The details
of ISAAC data reduction with IRAF are described by Rejkubale{2001). At the end of the
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Table 2.3: NIR imaging observing log.

Galaxy Date F &, AM Seeing
dd/mnyyy sec arcsec
KK189 21/04/04 Kg 2352 1.23 0.59

11/0504 Ks 2352 1.08 0.34
270504 Ks 2352 1.21 041
270504 Js 2100 1.11 0.44
KK197 140504 Ks 2352 1.44 043
1007/04 Ks 2352 1.11 047
100704 Js 2100 1.20 0.77
1907/04 Js 2100 132 0.44
ESO269-66 1D504 Ks 2352 1.20 041
31/0504 Ks 2352 1.12 0.34
310504 Js 2100 1.21 0.41

Notes. For each galaxy all the dithered sequences for bagnsfi(F) are listed in order of
observing dates. Airmass (AM) is given for the central imegeach sequence. Exposure
time (&xp) is in sec and seeing in arcsec as measured on the combingdsma

reduction all the images taken in a single dithered sequesgre combined. From now on
when we refer to an image ils-band orKs-band we always refer to these combined dithered
sequences, and we also drop the “s” subscript and just ugethenclature conventiof and
K-band.

2.2.1 Photometry

For all the targets PSF fitting photometry was done (by M. Reglj using the suite of DAOPHOT
and ALLFRAME programmes (Stetson 1987, 1994). The stepedoh galaxy target included
the following. For each image we detected all the point sesiend determined its PSF using
at least 30 relatively bright, non-saturated stars, wekag across the field (using the FIND,
PHOT and ALLSTAR tasks). For the observations in both filtescoordinate transformations
were derived with DAOMATCH and DAOMASTER. The complete dliat was then created
from the median combined image obtained with MONTAGEZ2, \Wwh&cdeeper than the single
images. In case of large variations of seeing betweffarént images, the worst seeing image
was not used in the median combination. PSF fitting photgmeting this star list and these
coordinate transformations was performed simultanecwslgach image using ALLFRAME.
The final photometric catalog for each galaxy contains algburces that could be measured
in both J-band and at least orte-band image. We further apply the following quality cuts to
the catalog: the photometric errors (as measured by ALLFEARte smaller than 0.3 mag in
both bands; the sharpness parameter has an absolute<vatuand we imposg < 1.5. The
number of stars from the NIR photometry in each galaxy is: @4189), 1505 (KK197) and
3428 (ESO269-66).

We have tied our photometry to the 2MASS photometric syst€argenter 200%)by

“httpy/www.ipac.caltech.ed@masgreleasesllsky/dogsec4b.htmy.
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Figure 2.7:3- andK-band completeness curves for the least and most crowdaxiggin our sample, KK189
(left pane) and ESO269-66right pane), respectively. The dashed line shows the 50% completdeesis Dots
represent curves that were computed using stars from theateggion of the galaxy, while crosses are for stars
located in the outskirts of the galaxy (see text for detaild)e overplot to the curves the best-fitting analytic
completeness functions as solid lines (Fleming et al. 199&2n for the most crowded field, the two curveSeti
very little.

matching all the point sources from 2MASS observed in oudsielith ourJ-band andK-
band detections. Zero points for each galaxy included thesorrection for the atmospheric
extinction. Typically more than 7 stars had 2MASS magnigjdesulting in errors of the order
of 0.02 to 0.1 mag in thd-band and 0.03 to 0.15 mag in tkeband.

2.2.2 Artificial star tests

Completeness and magnitude errors were measured usifigalrsitar tests. Fake stars were
added to each image using its measured PSF and adding thetexkpeise. They are located on
a grid, separated by at leastRSF in order not to increase the crowding artificially, footat
number of~5 — 10 times the observed number of stars subdivided into 3Q Rimstometry of

all the stars was then performed and typical photometrargderived as the fierence between
input and recovered magnitude. We also compute the pegeofaecovered simulated stars,
and test to which extent stellar crowdinfjexcts the completeness of the observations. KK189
is the least crowded galaxy of this sample, while ESO26%6&6nost crowded. We choose an
elliptical radius that divides the stellar sample into atcamrsubsample (which should be the
most dfected by crowding) and a subsample containing stars in ttekiois of the galaxies. To
define this radius, we use the stellar density profiles coetpint the next Chapter. KK189 is
off-center in the ISAAC field of view, so we can use the galaxytiingj (=tidal) radius, beyond
which almost only field stars are found. ES0O269-66 is moreredeéd than the field of view,
so we adopt the half-light radius (see again next Chapté®.cbmpleteness curves are shown
in Fig. 2.7, for bothJ- andK-band and for both central and external stellar subsampless.
function is well represented (see Fleming et al. 1995) byreatygical function of the form

el a(m-my
20 Ji+a2(m-mo)?|

We fit our completeness curves with this analytic functiamd averplot the best-fit solu-
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Figure 2.8:Optical (eft pane) and NIR (ight pane) dereddened CMDs for KK189. Representative photometric
errorbars are plotted on the left side of the CMDs. The blosses represent the Galactic foreground contamina-
tion as predicted by TRILEGAL models, while the red astesiake simulated using the Besangon models. Note
that the simulated data do not include corrections for pietioic errors, nor are corrected for incompleteness. The
models show that the optical CMD is heavily contaminateddrgdround objects in the region above the TRGB,
while in the NIR CMD is it easier to disentangle foregrouratstfrom the stars belonging to KK189.

tions in Fig. 2.7. Also in the case where the crowding is highamely for ESO269-66, the
completeness is not changing significantly as a functionatdaic radius. For example, for
ES0O269-66 the 50% completeness limit (in both bands) is ®0lY mag fainter for the exter-
nal subsample than for the central one. From now on we wil Besume the completeness to
be constant with radius. The photometric errors we derigeshown for each galaxy in Fig. 2.9,
along the CMDs.

2.2.3 Near-infrared color-magnitude diagrams

We already mentioned that the low galactic latitude of theAgroup p© ~ 20°) means that

a non negligible amount of Galactic foreground stars coitates the CMDs of our target
galaxies. In Section 2.1.3.1 we claimed that this contatiinavould not influence the results
about the metallicity content of our early-type target gegda, but it certainly doesfiect the
upper part of the observed CMDs. As pointed out in the pres/i®action, from the current
optical observations (see Fig. 2.4) we can exclude the pcesaf stars younger thanl Gyr in
these galaxies from the absence of an upper MS or superggasitisut above the TRGB of each
galaxy we can see a humber of stars that are probably lumi@G&sstars. They are the bright
tip of the iceberg of an IAP~{ 1 to 9 Gyr), which we expect to find at this position for metal-
poor stellar populations. For populations more metal-tf@dn [F¢H]~ —1.0, some old and
metal-rich stars may also be found above the TRGB, but ogetabjects are predominantly
metal-poor (as computed in the next Chapter), so we conthate¢he presence of such stars is
not significant in our sample.
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To show the #ects of the foreground contamination on our CMDs, we sinaulad expected
foreground using both the TRILEGAL models (Girardi et al08Dand the Besancon models
(Robin et al. 2003). The stellar population synthesis moeekloped by the Besancgon group
is used to elaborate a global view of the Galaxy includingasgital and evolutionary aspects.
The derived theoretical distribution functions are diecompared with survey observations
of different types (photometry, kinematics, abundance distabs), and permit thus to derive
observational predictions from an overall description aldstic structure and evolution. For
our purposes, the TRILEGAL and Besancon models produdéssioutputs, but there are small
differences in the implementation of the underlying physicslred in the simulations. An
example of the contamination on our CMDs is shown in Fig. 2/8.plot both optical and NIR
(dereddened) CMDs for KK189, and overplot the positionsaséfround stars predicted by
the two models (blue crosses for TRILEGAL and red asterisk8esancon), without taking
into account incompleteness and photometric errors. dustdmparison purposes, we only
plot stars simulated by Besancon models that have mas$e$5M,, since the TRILEGAL
models do not include them in their computation. These famy Yow-mass stars would have
the dfect of extending the Besancon plotted sequence to sligbdlger colors. We can notice
that at magnitudek, < 20.5 and colors)y — Ko < 1 (where only foreground stars are found),
the number counts resulting from the models are comparal#ach other, and similar to the
number of observed stars. We stress, however, that the sgole slightly dfferent results,
and in particular the Besancon model reaches slightlyeedadlors, but a comparison between
the models is beyond the goals of this study. Overall, it @crom the left panel that the
luminous AGB region is the mostiacted in the optical, and we have no way of determining
which stars belong to the dwarf galaxy and which are part@foneground.

The NIR CMDs for the target galaxies are presented in Fig. 2\@ have corrected the
magnitudes for foreground reddening, referring to the NEes derived from the Schlegel
extinction maps (Schlegel et al. 1998). For all of the gaaxihe upper part of the RGB is visi-
ble atJy > 23 andK, > 22, and the stars above this limit are likely belonging tarthePs. We
also overplot the 50% completeness limits in all of the panle further show three isochrones
on each CMD: the first has the lowest metallicity value fort th@axy (corresponding to the
lowest metallicity available from the isochrone set), teeand represents the median metal-
licity (derived in the next Chapter and found in Table 3.1)d @he last the highest metallicity
value found.

We compute the expected TRGB magnitude in both bands usadotimulae given in
Valenti et al. (2004), assuming the distance moduli derivethe previous Section and the
median metallicities which we derive in the next Chapteb(&a.1). The resulting values are:
Jotree= 2296+ 0.18, 2256+ 0.18 and 2256+ 0.18, andKytrgs = 2200+ 0.18, 2150+ 0.18
and 2152 + 0.18 for KK189, KK197 and ES0O269-66, respectively. We empteshat the
TRGB is not constant as a function of metallicity in thesedsann other words its luminos-
ity depends on the metallicity value of the galaxy and all of targets have a considerable
metallicity spread within them. However, as can be seen fterMDFs presented in the next
Chapter, most of the stars in a galaxy have metallicity \v@hreund the median value, so that
in the luminosity function of the galaxy the TRGB will stillebrecognizable as a fallfo(al-
though not a neat one, as would be the caskehband). We thus check our resulting values
by additionally plotting the luminosity function for bothrabds in Fig. 2.10. The luminosity
functions have been dereddened, and for each magnitudédimumber of predicted Galac-
tic foreground stars from TRILEGAL (similar to that given Bgsancon) has been subtracted,
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Figure 2.9:NIR (dereddened) CMDs of the target galaxies, ordered byeasing luminosity. Representative
photometric errorbars are plotted along the CMDs. The resheld lines indicate the expected position of the
TRGB as a function of metallicity (see text for details). Tgreen lines are isochrones with a fixed age of 10 Gyr
and spanning the metallicity range of each target galaxgyTave the following values: [Rd]= —-2.5, -1.52
and-1.1 (from the blue to the red side) for KK189; [fF§= —2.5, —-1.08 and—0.4 for KK197; [FgH]= -2.5,
—1.21 and-0.4 for ES0O269-66. The blue solid lines indicate the 50% cotepless limits.
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after considering incompleteneseets. The expected values derived with the Valenti et al.
(2004) formula using the median metallicities are shownign £.10 as arrows, and agree well
with the observations. We moreover overlay a line to thevesriodicating the possible range of
TRGB values stemming from the range of metallicities, agamputed following the Valenti
et al. (2004) TRGB calibration equation. In addition, theRNEMDs sufer from much larger
incompleteness and photometric errors than the optical €Nfy. 2.4), such that the most
metal-poor end of the RGB is below the detection limit in KIldhd KK197, while it is close
to detection limit for ESO269-66. As a reference, in Fig.\2ealso overplot stellar isochrones
on the CMDs to indicate the metallicity range of the galaxéesl we draw a dashed line passing
through the TRGB values computed from the lowest, the meaimhthe highest metallicities
found for each galaxy with the Valenti et al. (2004) formdiading a good agreement with the
theoretical isochrones (see next Chapter).

Also the NIR CMDs are contaminated by Galactic foreground,tbis time the luminous
AGB region is not as heavilyfected as it is in the optical observations (see right panel of
Fig. 2.8). The vertical feature extending fraly- Ko ~0.3to~ 1.0 in Fig. 2.8 and 2.9 and over
the whole magnitude range is mainly due to Galactic old diskdf stars Jo — Ko ~ 0.36),
Galactic RGB and RC stargd{— Ky ~0.65), and low-mass dwarfs with #10.6Mg, (Jo — Ko ~
0.85, Girardi et al. 2005). The fact that these stars are Higed in vertical sequences is due to
the range of distances and luminosities that they span.elméxt Chapter, for our analysis of
the stellar populations of the early-type target galaxieswill take advantage of the fact that
the Galactic foreground contamination is more easily racaple in the NIR CMDs to look
for AGB candidates.
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Figure 2.10:NIR luminosity functions for thelo- and Ko-bands of the target galaxies, ordered by increasing
luminosity. The numbers have been corrected for incompéste and Galactic foreground contamination. The
arrows indicate the predicted values for the TRGB at the aredietallicity of the galaxy, while the overlaying
lines show the range of TRGB values that stem from the spiieadstallicity (see text for details).






“We are all in the gutter, but some of us
are looking at the stars.”

O. Wilde, Lady Windermere’s Fan
(1892)

Early-type dwarfs

In the previous Chapter we have seen that the CMDs for egplg-tdwarf members of the

CenA group show a prominent RGB and little sign of an IAP, asaéed by the luminous AGB

population. We will now concentrate on the physical prapsrthat can be inferred from the
CMDs. We first consider optical data in order to study the theity content of these objects

(Section 3.1), and then analyze in more detail their IAPskbao NIR data for a subsample
of target dwarfs in Section 3.2. The material presentedisy@mapter is partly included in the
following papers: Crnojevic et al. (2010), and Crnojesté@l. (2010b), A&A submitted.

3.1 Optical data

3.1.1 Metallicity distribution functions

At the distance of the CenA group 8.8 Mpc on average, Karachentsev et al. 2007), there is no
possibility of obtaining individual stellar absorptiomdé spectra for red giants using the current
instrumentation within reasonable integration times (parelrrggin Table 2.1). Moreover,
genuine early-type dwarf galaxies usually do not contaunnad gas reservoirs or show ongo-
ing star formation. As a result, we cannot directly meashed present-day metallicity from
spectroscopy of HIl regions around massive young starsalligjra reconstruction of the SFH
from CMDs would be almost impossible, given the small amafnbformation that comes
from the RGBs alone.

The only tool we have for constraining metallicity in thigpgyof galaxy and at these dis-
tances is thus photometry combined with isochrones. Ondeawe a set of isochrones from an
evolutionary model, we can overlay them on the observed CMBshown in Fig. 3.1. In the
case of a single stellar population with a narrow RGB, oneld/try to find the one best-fitting
isochrone. However, early-type dwarf galaxies, at leaghénLocal Group, are known to have
wide spreads in their metallicities (e.g., Grebel 1997; &0at998). As our RGBs look quite
broad and there are no young population features in the CM@sgtars younger thanl Gyr,
as argued in the previous Chapter), we make the simplifieshgstson of a single, fixed old
age and then let the metallicity of the isochrones vary teectlve whole RGB color range. In
this way we are able to derive the metallicity of each starl@RGB via interpolation among
the isochrones. This method is widely used for studies adqmenantly old populations, for
which spectroscopy is not available (e.g., Durrell et aDRBarajedini et al. 2002; Rejkuba
et al. 2005; Harris et al. 2007; Richardson et al. 2009), tovdgphotometric MDFs.

In this method, there are some weaknesses that have to beitdkeaccount. First, we
have a small{ 22%, see e.g. Durrell et al. 2001) contamination from @d10 Gyr), low-
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Figure 3.1: Color-magnitude diagrams of the six early-type dwarf gissstudied in this paper, ordered by
absoluteV magnitude of the galaxies. Overlaid are Dartmouth steflachirones (green solid lines) with a fixed
age of 10 Gyr, shifted to the distance of the galaxies andeeeldlaccording to the values listed in Table 2.1. Their
metallicities have values of [Ad] = —2.5,-1.9, —1.3 and-0.7 (proceeding from the blue to the red parts of the
CMD). For KK197 and ES0269-66, the isochrone with/ffe= —0.4 is also shown, because of the broader RGB.
Drawn in red is the selection box within which we interpolatetallicity values for the individual RGB stars (see
text for details).

luminosity AGB stars that overlap with our RGB. With the dahle photometry it is impossible
to distinguish them from RGB stars, and our main concluseémasiot &ected by this inevitable
contamination since it would introduce a systematic biagatd slightly lower metallicities
within the investigated metallicity range. That is, we webhlave an approximately equally
overestimated number of stars for each metallicity bin. o8d¢ we observe luminous AGB
stars above the TRGB, which resemble an intermediate-ag|4moor population (going up
almost straight to higher luminosities), meaning thateéheill be a non-negligible contribution
from such stars also at lower luminosities, henffieaing the most metal-poor bins of our
resulting metallicity distribution functions. Thigfect has to be quantified more accurately for
each galaxy and is considered in the next Section.

In Fig. 3.1 we overplot on the observed CMDs, which have bdmnwa in the previous
Chapter, the boxes (in red) used to select the putative &tavghich we derive metallicities.
Their width in color is chosen by constructing Hess diagréonshe galaxies, so as to approxi-
mately contain stars that lie within+30 from the mean locus of the RGB. Their vertical size
is such that the stars in the selection boxes havelotometric errors of 0.1 mag in magni-
tude andk 0.15 mag in color, and go up to the TRGB (the apparent magnittitteedatter has
been adopted from Karachentsev et al. 2007). In the seleetgoin, thel-band completeness
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Figure 3.2:Normalized metallicity distribution functions of the siarly-type dwarfs, derived via interpolation
of isochrones at a fixed age (10 Gyr) and varying metalli¢ityerlaid (black lines) are the MDFs convolved with
the observational errors. Also plotted in the left uppeneois the median error on the individual values of/Hie
and the total number of stars considered (for details sep tex

is above the- 70% level and the theoretical isochrones are more widelgrs¢gd from each
other than at lower luminosities, providing a better resoluin metallicity.

In Fig. 3.1 we further show the adopted stellar isochroresert from the Dartmouth evo-
lutionary models (Dotter et al. 2008). We chose isochronew/hich the transformations from
the theoretical to the observational plane are based ohelynitnodel atmosphere grids, in fa-
vor of the empirical transformations (see Dotter et al. 2008details). This was decided after
some tests, in which we recompute the metallicity of a ses@étirones with dierent ages and
metallicities by using the empirical formula [fF= 1264+ 12.6(V — I)_g5 — 3.3(V — )%,
(Lee et al. 1993). This relation is based on Galactic glabcilaster fiducials, and it allows
one to infer the mean metallicity from the mean color of theBR& an absolute magnitude of
M, = —3.5. We find that the metallicity extracted with this methodigwchrones with a known
input metallicity are closer to the true values for the sehwynthetic transformations, and thus
adopt those for the subsequent analysis. We also chose nséteenhanced tracks, because
nothing is known about the level of tkeenhancements in our target galaxies. Theats of
this arbitrary choice will be discussed in the next Section.

The isochrones are shifted to the distance of each obseatagygand reddened by the re-
spective foreground reddening value. Distances and reuaiglgalues are taken from Karachent-
sev et al. (2007) and from the Schlegel extinction maps Edehlet al. 1998), respectively.
The Dartmouth set of evolutionary models is able to reprediine populations of old and
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Table 3.1: Metallicity values derived for the studied saenpil galaxies.

Galaxy Nree %cont <[F€H]>meq o[Fe/H],0bs o[Fe/H],int
KKs57 347 9 -1.45 046 028
KKs55 1748 2 -1.56 040 01
CenN 926 5 -1.49 040 Q15
KK189, CenA-dE1 526 5 -152 042 02
KK197,SGC1319.1-4216 6647 1 -1.08 049 041
ES0269-66, KK190 6668 .B -1.21 042 033

intermediate-age clusters particularly well, while otheydels generally fail to simultaneously
reproduce all features of the CMD for the correct, spectpsally measured metallicity (e.g.,
Glatt et al. 2008a; Glatt et al. 2008b; Sarajedini et al. 2008/fe choose a fixed age of 10
Gyr, and metallicities ranging from [Ad] = —2.5 to —0.3 in solar units. The implications of
this simplistic, single age assumption are discussed gildetthe next section. The isochrone
grid is finely spaced (@ dex steps), in order to get good interpolation values fohestar. We
interpolate linearly among the isochrones. We also onlgimestars that fall within the range
of our isochrone grid, while rejecting those with extrapethvalues (meaning values blueward
of the most metal-poor isochrone and redder than the mostimeth one), to avoid artificially
metal-poor or -rich extremes in the results.

After deriving the metallicity values for each RGB star thigh interpolation, we show in
Fig. 3.2 the MDFs for our galaxies (each normalized to thal totmber of considered stars).
The galaxies are again ordered by increasing absMuteagnitude. We chose not to correct
the MDFs for completeness, since the latter changes vely Vitithin the magnitude range
of the selection box. The errors in [fF§ we derived as follows: we performed 1000 Monte
Carlo realizations of the interpolation process, varying position of the stars on the CMD
within their respective photometric errors (assuming Geursdistributions), thus accounting
for random errors. We plotted the mediar ineasurement errors of the individual values
of [Fe/H] in the left corner of each subpanel. They range frer.26 to ~ 0.39 dex. The
vertical (random) counting errors of each histogram binensdso taken from the Monte Carlo
realizations. Finally, in the figure we also draw the MDFsvadwed with observational random
errors (black lines). Thefiects of the systematic errors (on distance and reddeningeof t
galaxy, taken from Karachentsev et al. 2007) on the MDFs i@idsed in the next Section.

All six galaxies contain populations that are on averageafv@ior, with median values
ranging from<[Fe/H]>mne= —1.56 to-1.08 (the median value is more meaningful since the
MDFs are not symmetric). There is no galaxy that appears itago stars with a metallicity
higher than [FgH] = —-0.4. This result is influenced by our choice of the selection, bmx
for clarity in Fig. 3.1 we also overplot (for the galaxies KK and ESO269-66) an isochrone
with [Fe/H] = —0.4; indeed, it can be seen how few stars lie redwards of thehieme, so we
conclude that our cutbis reasonable. On the other side, the few stars that lie laltgsnof the
bluest isochrone (see Fig. 3.1) have probably been scatiieeee by photometric errors. Some
may also be old AGB stars and some of them may be genuinely-peba RGB stars. We have
no way of identifying the nature of such stars in our photagneAs stated earlier, we simply
avoid extrapolating toward putative metallicities lowlean covered by our isochrones.

The spreads in metallicity are quite broad. The nominal earaf the metallicity covered
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in each galaxy aré\[Fe/H], obs ~ 2 dex, and typically reach from [Ad] = —2.5 to values

as high as [F#l] = —0.7 to -0.4. In the classical dwarf spheroidals in the Local Group, the
full spectroscopically measured RGB metallicity rangeicgfly exceeds 1 dex (e.g., Grebel
et al. 2003), so this wide range is in good agreement with whatmight expect. When cal-
culating a formal Gaussian dispersion, the metallicityeads derived here are on the order of
o[Fe/H], obs ~ 0.4-05 dex. This result requires some further attention. Thatveshave to
take the median error into account on the individual meti#jfiestimates, which comes from
both photometric errors and from the close spacing of thehisimes on the CMDs. This sim-
ply means that the true metallicity dispersion is in factroaer than derived. For a better
estimate of the global intrinsic spread of the galaxjfe/H], int, we thus subtract in quadra-
ture the median metallicity error from the observed dispers The final values range from
o[Fe/H],int ~0.10 dex to~ 0.41 dex. This implies that the observed broadening of the RGBs
is not only an &ect of photometric errors.

In Table 3.1 we summarize the results as follows: columnr{aine of the galaxy; (2): num-
ber of RGB stars for which we derive individual metallicitglues; (3): percentage of Galactic
foreground contaminants with respect to the number of gtafse selection box (see next Sec-
tion); (4): median [FAH] value computed from the MDF; (5): observed metallicitgmkrsion
of the MDF (from Gaussian fit); and (6): intrinsic metallicdispersion, after subtraction of the
median measurement error.

The six histograms shown in Fig. 3.2 show a slow decline imtle¢al-poor direction, and
a steeper slope on the metal-rich side. The results founel drer similar to what has been
observed in dwarf galaxies of the Local Group, both in terfmaetallicity ranges and of MDF
shape (e.g., Shetrone et al. 2001; Sarajedini et al. 200&tojoet al. 2004; Battaglia et al.
2006; Helmi et al. 2006; Koch et al. 2006; Bosler et al. 200@¢ket al. 2007a,b; Gullieuszik
et al. 2009). Theoretical models predict such a steep falbo the metal-rich end for the
MDFs, which can be explained by galactic outflows blowinggag and thus preventing further
enrichment in the galaxy (see, e.g., Lanfranchi & Matte@6€4). However, since in our work
we are only able to present results based on limited assongitecause of the age—metallicity
degeneracy, we do not compare the shapes of our MDFs to tleedreodels or to Local Group
members in more detail. We just note that the overall shapsedDFs resemble the MDFs
of Galactic dwarf spheroidals, which suggests that sinmelalutionary processes may have
governed their star formation and enrichment histories.

3.1.2 Possible sources of error

The results presented in Table 3.1 will unavoidably ffeced by the assumptions we made in
the first place, i.e. a single old age, a negligible contrdyuto the MDFs by intermediate-age
stars, and a scaled solar value for thelement abundances. We now discuss ftieces that
these assumptions may have on the derived results in ma det

Foreground contamination

For the HSTACS data used here, we do not expect a high number of unresbaekground
galaxies in such a small field of view. In fact, they will mgstie rejected by the DOLPHOT
quality cuts, leaving a contamination of the CMDs of lesstB& (see, e.g., Dalcanton et al.
2009).
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Figure 3.3:Top panel.Color-magnitude diagram of the dwarf spheroidal galaxy B&{black dots), overlaid

by a Hess density diagram of its stars (gray areas). Showrsaise expected location of Galactic foreground stars
(red crosses), estimated from the TRILEGAL models, andelection box within which we derived metallicities.
Central panelMetallicity distribution function of KK189, derived via terpolation of isochrones at a fixed age and
varying metallicity. The results are shown for 3fdrent ages (8, 10, and 12 Gyr), and the errorbars are computed
considering photometric errors. Also plotted in the leftrer is the median individual metallicity erroBottom
panel. As for the central panel, but keeping the age fixed at 10 Gyrvamying thea-enhancement abundance
([e/Felr -0.2,+0.0 and+0.4).
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Regarding Galactic foreground contamination, as alreaelgtioned in the previous Chap-
ter, we obtained estimates using the TRILEGAL models (@iratral. 2005). In the direction of
the CenA group and within the entire ACS field of view, there @n average 200 foreground
stars expected. In particular, we computed the percentagentaminant stars found in the
RGB selection boxes for each early-type galaxy, after akmmpletenessféects into account
(not all of the foreground stars would in fact be detectedngyibhstrument), and we report the
values in Table 3.1. They range from1% to~ 9%, depending on the total number of stars in
each galaxy.

In the top panel of Fig. 3.3 we take the galaxy KK189 as an exanWge plot a Hess density
diagram of its stars on top of the CMD to illustrate its maiattees more clearly, and overplot
the expected location of Galactic foreground stars deriv@th the TRILEGAL models. The
predicted contaminants are few and are relatively unifgaigtributed within the selection box,
so we decided not to statistically subtract them from our R&@Biple. Given the errorbars on
the MDFs, the few stars that would be subtracted in such seguwe would indeed not change
significantly our final results. With respect to the densitgp® presented in the next Section,
the lowest contour level is always well above the value meféifor foreground contamination.

It could be argued that the Galactic models are not alwayes tableproduce the observed
contamination perfectly. In particular, the TRILEGAL mdsl@inderestimate the amount of
objects with colorsvV — | > 2, partly because the contribution from thick disk and hasrss
is uncertain at these colors and partly because there ceuldtesolved galaxies among them.
However, the predicted star counts willtér in different color bins as a function of the slope
of the adopted Galactic IMF. Thus, the underestimationdtodors does not necessarily mean
that the models are incorrectly reproducing the contanunatt the position of our RGBs.

From Fig. 3.3, and as pointed out in the previous Chapter)sees&e that the contamination
is higher in percentage for the upper part of the CMD abovelrtR&B, since the number of
luminous AGB stars is very low. We underlined that it iffidult from the optical observations
alone to thus clearly distinguish between real AGB starsfanejround contaminants. This
point will be extensively considered again below, where mgstigate the contribution from
intermediate-age objects in more detail.

We also investigate the possible foreground contamindijoprojected halo stars of the
dominant galaxy CenA. This contamination may happen fordiharfs that are found at very
close projected distances from the giant elliptical, ah#ndase of KKs55 and KK19~(48
and~ 58 kpc, respectively). The RGB of CenA has been investigatetktail in a series of
papers (Harris et al. 1999; Harris & Harris 2000, 2002; Rigkat al. 2005) in order to derive
the MDFs for fields at dferent galactocentric distances (8, 21, 31 and 38 kpc). Ifsseae
that the halo of the giant elliptical extends further (seg,,&erhard 2010), out to the projected
distances at which KKs55 and KK197 are found, and that the Mbdpe of CenA will not be
very different from the more internal ones at these distances (eaagist2010), we may then try
to look for a possible contamination in the CMDs of our dwaififee photometric data collected
for CenA show a range in magnitude and color that is very sintd those of the dwarfs in our
study. Thus, if the contamination from the CenA halo starglsvant, we should tentatively
observe the RGB features of the giant elliptical even in oMOS, i.e. we should see a very
broad RGB with an extended metal-rich population (the peatafticity for the outermost field
of the galaxy is of [FH]~—0.6). This is not found for the closest dwarf in projection, K¥%s
which displays quite a narrow RGB, so we do not expect it torbe either for KK197. For
the sake of completeness, we checked the radial distribofithe most metal-rich stars found
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in the CMD of KK197 and find them to be centrally concentratias excluding a possible,
diffuse contamination from the CenA field.

Age assumption

In our metallicity derivation, we may be neglecting the Istepopulations younger than the
adopted age of 10 Gyr. In the CMDs of our targets (Fig. 2.4mestuminous AGB stars are
indeed visible above the TRGB. The RGB could be contaminbiethe stars coming from
these IAPs that are on the RGB or ascending to the AGB phase halving burned 6 the He

in their cores. This contamination will be mostly in the nigtaor part of the derived MDFs,
as relatively metal-poor, intermediate-age stars in tREIB/AGB stage would overlap the old,
most metal-poor isochrones (age-metallicity degenerd&ey) example, on the upper part of the
RGB a 10 Gyr isochrone with a metallicity of [FH]= —2.3 overlaps with a 4 Gyr isochrone
with [Fe/H]=-1.7.

From our optical data we can give a first rough estimate of thaber of luminous AGB
stars. However, we underline that the best way to look in rdetail at luminous intermediate-
age stars is instead to combine optical with near-infratetdi because they are more luminous
in the infrared and more easily separated from foregroumtbacoination in the latter (e.g., Re-
jkuba et al. 2006; Boyer et al. 2009). We will thus make usénefIR data to better constrain
the epoch and strength of the more recent star formatioro@gssfor our target galaxies in
Section 3.2. We now consider Padova stellar evolutionargietso(Marigo et al. 2008), since
the Dartmouth isochrones do not model stages later than @& phase. We select stars in
a box that extends (in magnitude) from0.1 mag above the TRGB (this is greater than the
photometric error in magnitude at these luminosities, sonake sure we are not picking RGB
stars upscattered by photometric errors) up thl mag above the TRGB. The range in color
goes from the bluest edge of the RGBMo- | ~ 3. This selection criterion should still retain
luminous AGB stars with ages from 1 to 10 Gyr, and with metdlés that are around the me-
dian metallicities derived for our galaxies (we assumettmai APs will on average be slightly
more enriched than the oldest and most metal-poor RGB stars)

We first compute the bolometric magnitudes for the candid&® stars with the empir-
ical correction formula by Da Costa & Armandfq1990) (forl-band magnitude). We then
construct the bolometric luminosity function for the AGBus, subtracting the number of pre-
dicted foreground stars for each magnitude bin. Since tecstunts from the TRILEGAL
models could be uncertain, we also try a second method,asuioiy the number of stars that
are found in a box with the same size of the AGB selection bokjust above it on the CMD.
The two methods give results that are almost identical.

Having done this, we can now use the empirical relation @erim Rejkuba et al. (2006)
(their Fig. 19), which connects the tip luminosity of the AGIBd their age (for ages 1
Gyr). This method gives us a rough quantitative idea aboaitftiiction of an IAP. Finally,
we use an approximation for the formula of the fuel consuamptheorem (Armandif® et al.
1993, originally from Renzini & Buzzoni 1986) to compute #gected number of luminous
AGB stars per magnitude, given their fraction relative te émtire galaxy population. We then
compare the results from our AGB counting to the predictimos this theorem, varying the
fraction of the intermediate-age contaminants until the ¥alues are similar.

With this method we obtain for each galaxy an estimate of tesgnce of stars with ages
in the range~ 4 — 8 Gyr. Younger stars are probably not present, as seen frondaia, if
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we assume our foreground subtraction is correct. The sesué as follows. For KK189,
KKs57 and KK197, the estimated fraction of the IAP relativehie entire population is 10%;
ES0269-66 has a probable fraction~o15%, while for KKs55 and CenN this number grows
to ~20%. All of the stated fractions could possibly be lower tgrto the true values, since the
luminous AGB phase is short, so this stage could be poorlyladed in the observed CMDs.
These numbers are lower than what is observed in those feal doup early-type dwarf
galaxies with pronounced intermediate-age star formdgaom, Leo |, Leo Il, Fornax, Carina,
NGC 205, NGC 147, and NGC 185, with fractions up~t®0%), but in line with previous
studies of other early-type dwarfs in the CenA group (Regkebal. 2006).

At this point, in our MDFs we simply subtract the fraction otermediate-age stars from
the metallicity bins that are more metal-poor than the mediatallicity. If we then recompute
median metallicities and spreads for each galaxy, we findfthdKK189, KKs57 and KK197,
the median metallicities values would not change signiflgasince there are few intermediate-
age stars, and the spreads would be slightly narrowés £ 10%); for ESO269-66 the new
median metallicity is higher by 5% and the spread is smaller by10%; finally, KKs55 and
CenN would be only slightly more metal-rick 2 — 3%), but the Gaussian metallicity spreads
would practically go to zero.

The assumption of one single age for the galaxies’ populatie also a strong simplifica-
tion. To account for the spread in metallicity, extended Skke needed. For early-type dwarf
galaxies in the Local Group, complex SFHs have been deraed jt was shown that no two
dwarfs are alike, not even within the same morphologicatyqé (Grebel 1997). Although
there are examples of Local Group dwarf spheroidals witklgmmenantly old and metal-poor
populations (e.g., Ursa Minor, Draco), the case of a siragleient starburst is quite unlikely for
most of them; on the contrary, large metallicity spreadshazeen detected, and the early star
formation appears to have been low and continuous (e.ga &wrimoto 2002; Grebel et al.
2003; Koch et al. 2006; Coleman & de Jong 2008; Koleva et &920Different models arrive
at different durations to explain the observed metallicity spieagl, Ikuta & Arimoto 2002;
Lanfranchi & Matteucci 2004; Marcolini et al. 2008). Assungithat the spread in metallicity
is predominantly due to a spread in age, we repeated thelitigtahterpolation process by
choosing the three most metal-poor isochrones to have aofageGyr, and the most metal-
rich ones an age of 8 Gyr. The result of this simple test is timbne would expect, the peak
of the MDF is less pronounced, and the intrinsic disperssoslightly larger ¢ 15% in dex).
However, since the observations are not deep enough tofagsita resolve the age—metallicity
degeneracy from photometry of MSTO stars, a single age isithplest assumption we can
make without going into pure speculation. Moreover, as mmeet earlier, metallicity is the
main contributor to the shape and width of the RGB; age hastass of an fect.

Having clarified this, our choice of setting the isochrone &@10 Gyr is arbitrary, but as
we can see from the central panel of Fig. 3.3, we may make sualsumption. We plot three
different MDFs for KK189: one is derived from our chosen age, therawo are derived from
ages slightly lower (8 Gyr) and slightly higher (12 Gyr) thidwe chosen one. It is clear that
we do not introduce a significant bias when choosing one remehage over a slightly older
or slightly younger one. Only in the case of an assumed yauage, there will be a higher
number of metal-rich stars, but this will not significantlyange the median metallicity value
(the amount of change is 5% in dex) or the shape of the distribution. The reason fa thi
relatively small dependence on age is that a decrease orceease in age by a few Gyr has
very little effect on the isochrones for these high ages. E.g., at the TR@GBrage in age from 5
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to 14 Gyr for isochrones with fixed metallicity translatewia shift of~0.1 mag inV — | color.
Similarly, the same shift in color is achieved with a changenetallicity from [F¢H]=-1.9 to
—1.5 for 10 Gyr isochrones. Hence a change in metallicity is nmoine noticeable, as it will
have a strongerfect on the isochrones.

a-enhancement

For our adopted set of isochrones, we chose not taxtsehanced tracks, because nothing is
known about the level of the-enhancements in our target galaxies. In the Local Grouwp, th
dwarf spheroidals present a broad rangefiF€] ratios at the metallicities of our galaxy sample
(e.g., Shetrone et al. 2001, 2003; Sadakane et al. 2004p6Geisl. 2007; Koch et al. 2008a).
In particular they can vary from sub-(fFe}~ —0.2) to super-solar {/Fe}]~ +0.4) values within
the same dwarf, and the observegHe] ratios show a correlation with the [fF§ ratios, such
that thea-element abundance tends to decrease for increasiyig][feg., Tolstoy et al. 2009;
Koch 2009). The exact shape of this relation depends on tiadslef the SFH (see Chapter 1
for a more detailed explanation about thEeets of supernovae explosions). Overall, as shown
in Fig. 1.8, the §/Fe] values for Local Group dwarf spheroidals scatter aramaverage value
of [a/Fe}~0.0 for —1.5 g[Fe/H]<-2.0.

We again try the simple test described above for a choiceftdrdint ages, and let the
element abundances vary for our isochrones. With a fixed &€ &yrs, we compute the
metallicities for isochrones again with/FFel= —0.2, +0.2, and+0.4. The resulting MDFs are
shown in the bottom panel of Fig. 3.3 far/Fel= —0.2, +0.0, and+0.4. Changing the--element
abundances by0.2 from the solar values gives a similar result as a changeen such that
lower (higher)x-element abundances would mimic a younger (older) set chismes, and the
median metallicities would accordingly be higher (lowey)less than~ 5%. When choosing
[a/Fel= +0.4, the median metallicity is lower by 30%, and the metallicity spread is almost
doubled. However, this is a rather extreme assumptioneghe most probable case is the one
where we have a spread @fenhancement values. This could again be included in oupagem
tation by choosing the most metal-poor and oldest isoclsrtmbave subsolar-enhancement,
and the most metal-rich and youngest to have super-aedathancement. Our simple test is
primarily intended to explore the parameter range. It destrates that the resulting median
metallicities would be slightly lower~ 15% in dex), while the metallicity spread would be
much greater (3-4 times) when a range®@He] values is considered.

Systematic errors

In our analysis, we adopt the values for distance and fotegtoeddening from Karachentsev
et al. (2007) and from the Schlegel extinction maps (Schiegal. 1998), respectively. These
are dfected by uncertainties 6f 7% and~ 10% of the values listed in Table 2.1. If we let one
of these two parameters vary within its errorbars, the ismoés overplotted on the observed
CMDs will all be shifted by the same amount.

We first test how the derived median metallicities and theattieity spreads change if
we change the adopted distance value within its errorbars.fivd that for distances higher
(lower) than the adopted one, the median metallicities @net (higher) by~ 10% (meaning
~0.10- 0.15 dex), while the spreads are also higher (lower:80%. Similarly, for higher
(lower) foreground reddening values the resulting mediamafticities will be higher (lower)
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Figure 3.4:Color-magnitude diagram of the dwarf spheroidal galaxy BB black dots), overlaid by a Hess
density diagram of its stars (gray areas). We show both Rated lines) and Dartmouth (green lines) stellar
isochrones, with a fixed age of 10 Gyr and varying metallioityFe/H]= —2.0, —1.5 and-1.0 (from the blue to
the red side).

by ~3% and the spreads lower (higher) b¥0%.

Stellar evolutionary models

As a test, we also repeated our entire analysis using Padoghrbnes (Marigo et al. 2008),
with an identical age and metallicity grid. The results anéeysimilar overall, from the shape
of the MDFs to the presence of metallicity gradients andrmlisistellar populations (see next
section), but the average metallicities found for eachxyatae systematically higher by0.3
dex on average. This can be clearly understood if we lookeatltferences that the two sets of
isochrones present in the upper part of the RGB. We show an@ran Fig. 3.4, where we plot
isochrones with a fixed age of 10 Gyr and varying metallicige(H]= -2.0, —-1.5 and-1.0,
corresponding t& ~ 0.0002 0.0006 and 0.002 for the Padova models, assuming02019).
However, a detailed comparison betweeftiedent theoretical models goes beyond the goals of
our work (for some examples, see Gallart et al. 2005; Gla#il.e2008a; Glatt et al. 2008b;
Goudfrooij et al. 2009; Sarajedini et al. 2009).

3.1.3 Stellar spatial distributions

We now look for metallicity gradients within the target gatype galaxies and for projected
spatial variations in their stellar populations.

3.1.3.1 Metallicity gradients?

To take into account that the galaxies do not have a perfeottylar shape, we consider el-
liptical radii from now on. The determination of the ellipty for each galaxy follows the
method of McLaughlin et al. (1994). In Fig. 3.5 we show theiwiatlal metallicity values for
the RGB stars as a function of elliptical radius. We plot tla¢aduntil the last ellipse that is
entirely contained within the ACS field of view, because dagond that point are incomplete
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Figure 3.5:Metallicities of individual RGB stars as a function of etigal radius for the six early-type galaxies.
The projected half-light radius, is plotted as a dotted line in each subpanel. A running meahgoints) is also
drawn for each galaxy.

in metallicity. That is, we could correct the number of ster@ccount for not observing the
entire area of the ellipse, but we could not have any meitglilcformation about the stars that
lie outside the instrumental field of view. For the galaxidss®5, KK197, and ESO269-66,
the instrumental field of view does not cover their whole ekt&¥Ve also overplot the projected
half-light radius for each galaxy, derived as describedwel

We compute projected, completeness corrected surfacéyprifiles from our RGB stars,
and fit them with 3-parameter King models (King 1962). Howetleese models only yield
poor results when we attempt to simultaneously fit both thig gentral parts and the outskirts
of the dwarf galaxies. We thus also derivband surface brightness profiles from star counts,
and fit them with Sersic profiles (Sersic 1968). This is a galirad exponential function of the
form

1(r) ~1(rn) exp[=(r/rn)"'"],

where the surface brightness is expressed in terms of ibtehishould be noted that some
authors use the indexinstead of In for this type of parametrization. The free parameters for
the Sersic profile are thdfective (half-light) radius;,, a shape parametarthat characterizes
the curvature of the profile and the surface brightness atabdeisr,. The values derived
here are reported in Table 3.2. We cannot make direct cosgpariwith the values previously
published for our sample of galaxies because such studresdsy surface brightness profiles
from different bands (Jerjen et al. 2000a) or perform the fit with a lkrapponential profile
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Table 3.2: Parameters from Sersic profiles.

Galaxy ra . n

KKs57 175+08 142+06 097+0.14
KKs55 453+0.6 439+06 079+0.04
CenN 233+06 225+05 073+0.05
KK189 168+05 149+04 088+0.06
KK197 681+15 472+10 060+0.05
ESO269-66 4%+06 436+05 076+0.04

a computed from surface brightness as a function of ellipteadius.

b computed from surface brightness as a function of “reducadiusr,.q = Vab (see text
for details).

(Sharina et al. 2008). The results derived in this work akertheless consistent with the ones
found in the aforementioned studies. For the sake of clanty have to underline that we
construct our surface density profiles as a function of &tigh radius. However, other authors
often define a “reduced radiusf,{g = Vab, with a andb as the semi-major and semi-minor
axes, respectively) to account for the ellipticity of théegg. For a small ellipticity, the two radii
are consistent with each other, but in the case of a hightieltyy they can difer substantially.
In our sample, the galaxy KK197 is very elongated so its “oedli half-light radius would
result in a lower value than the one computed from our profifles completeness, we apply
the correction for ellipticity to our derived half-light da and also report them in Table 3.2
(rhred)- We also use this information later, when looking foffelient stellar populations within
our galaxies.

Coming back to Fig. 3.5, it is not easy to see a possible trerttiése plots, so we also
compute and plot a running mean for each galaxy (in steps®arcsec). Simple linear fits
reveal flat or weak overall gradients. For KKs55, KK197, arfiC269-66, the results are
~-0.043,-0.09, and-0.17 dex per arcmin, respectively (er—0.036,-0.075 and-0.15 dex
per kpc). For the three remaining galaxies, which are lesnebed than the ones above, a weak
gradient is observed in the central regions, while in theoparts it tends to flatten (and the
statistics tend to worsen because of the small number &f stéine outskirts). We find that: for
KKs57, within the inner 40 arcsec, we have a gradientof0.18 dex per arcmin{—0.15 dex
per kpc); for CenN, the value is —0.078 dex per arcmin{—0.065 dex per kpc) in the inner
~40 arcsec; for KK189, within the inner30 arcsec, the linear fit gives-0.36 dex per arcmin
(~—-0.3 dex per kpc). Due to the large errorbars reported in Fig.\8e&dmay conclude that an
overallmetallicity gradient is definitely present for ESO269-6@iley KKs57 and KK189 only
show hints of a gradient in their central regions. Finally,ESO269-66 we have no information
about the stellar population of its nucleus, because itisesolved in the photometry.

We may further want to check whether there arffeslences in the stellar population of
the galaxies, as observed in some early-type dwarfs in tlvall®@roup. For each galaxy we
thus divide the stars with derived metallicities in two sangles. The firstriietal-pooj sub-
sample contains stars with metallicity values lower thalfr€/H]>eq —0.2), while the second
(metal-rich subsample has values higher thaifRe/H]>meq +0.2). We thus avoid any signif-
icant overlap for the subsamples, by excluding the valuesrat the peak of the metallicity
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Figure 3.6:Ratio of metal-rich to metal-poor stars as a function opéltial radius. These stars have metallicity
values> (<[Fe/H]>meq +0.2) and< (<[Fe/H]>meq —0.2), respectively.

distribution functions.

First of all, we check the results derived for the metaligtadients by plotting the ratio
of metal-rich to metal-poor stars as a function of elliptigaius (Fig. 3.6, where the errorbars
come from the Monte Carlo realizations described aboveg. rahio is decreasing overall with
radius for all of the galaxies. For KKs57, CenN, and KK18%s th valid out to a bit more than
thery, after which the ratio tends to be dominated by statistioare and fluctuations. These
stem from small-number statistics and our averaging ovegllgstical radius, thus not taking
asymmetric features into account. For the three other geathe ratio decreases over their
whole extent.

3.1.3.2 Population gradients?

For the two metallicity subsamples, we then detikeand surface brightness profiles from star
counts (corrected for radial incompleteness) and plot threRig. 3.7 (normalized to the total
number of considered stars). Indeed, for KK197 and ESOZ@«6 clearly see a fference
between the two subpopulations. To quantitatively testtivdrethe two subpopulations are
truly separated, we performed two-sided Kolmogorov—SavrtKS) tests, again varying the
metallicity of each star within its metallicity error. Inithway we could assess the robustness
of our results. The values derived from the KS tests are tegalong the surface brightness
profiles in Fig. 3.7: for KKs57, CenN, and KKs55, there is alyability of ~ 40% (i.e., less
than I significance level) that the two subsamples come from theegaanent distribution;
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Figure 3.7:Normalized surface brightness profiles as a function optdial radius. For each galaxy there is
a distinction betweemetal-poor(solid gray lines) ananetal-rich(solid red lines) stars (with metallicity values

< (<[FeH]>meq —0.2) and> (<[Fe/H]>mneq +0.2), respectively). We also report the result of a KS test @ th
cumulative distribution functions of the two subsamplasyiider to statistically assess whether they belong to the
same parent population or not (see text for details).
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Figure 3.8:Normalized metallicity distribution functions for the ienand outer regions of KK197 and E269-66.
The RGB stars are divided into two subsamples, respectwithydistances of < ry andr, < r < 2ry from the
galaxy center. For KK197 the data do not go outitg, 2o the second subsample contains stars with distances that
go fromr > ry, until the borders of the CCD frame (correspondingth35r,).

for KK189, this probability goes down te 10% (~ 20); finally, for KK197, and ESO269-66
the null hypothesis can be rejected (with a probability e§pectively, 5% and<< 0.01%),
thus these galaxies do show significantly separated subgdams. This is a robust result, even
though our subdivision into subsamples is arbitrary andddel distribution of the subsamples
partly overlaps, but with these data we have no way of ingattig whethemorethan two
stellar subpopulations are present.

Jerjen et al. (2000a) performed surface photometry irBthend R-bands of dwarfs in the
CenA and Sculptor groups. Their sample contains three ofjalaxies (KK189, KK197, and
ES0269-66). Jerjen et al. (2000a) had a slightly larger béldew for their observations than
provided by our ACS data, but the results are consistentovitk. It is particularly interesting
to look at theirB — R color profiles as a function of radius: for KK189 the color fieostays
constant, while for the other two dwarfs in common with owdst they become redder for
radial distances from the center greater than the projd@#dight radius. This supports our
results regarding an oldenore metal-poor population that dominates the outskirtthete
galaxies.

We can also divide the stars into two subsamples dependintpeandistance from the
galaxy center, e.gr, < r, andr, < r < 2r,,. This is done to compare the results for each galaxy
with a fixed physical quantity, the half-light radius, ancoimler to do these comparisons in the
future in other studies. We chose the ranges such that therenaugh stars in each sample.
The ACS data cover (at least)Zor (almost) all of our target galaxies. The only exceptisn i
KK197, for which the data cover less than,2so that the stars in the second subsample have
distances ranging from, up to~ 1.35r;,. We check for the less extended galaxies whether the
results change significantly when choosing a larger segtrdval ¢, < r < 3ry), but we do not
see any evidence of that. We then derive normalized (to tia& namber of considered stars)
MDFs for the two radius-selected subsamples. For the gadaxith no significant signature for
two different subpopulations, the normalized MDFs are indististalble within the errorbars,
but they show a marked filerence as expected for KK197 and ES0O269-66. We report the
normalized MDFs for the last two dwarfs in Fig. 3.8. That tla¢addo not cover the full extent
of KK197 within 2r,, does not change our conclusions, since a gradient is aldadyin the
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inner regions of the galaxy. KK197 and ES0O269-66 are claskdis dwarf ellipticals, they
are the most luminous galaxies in our sample, and they aegddovery close to the central
dominant galaxy of the group (see, e.g., Fig. 3.11).

However, in these kinds of analyzes one has to keep two asjpectind. First, by looking
at properties as a function of projected radius, possibteradial gradients can be averaged
out. We thus also compute area density maps for the two suyddsanm the following way.
At the mean distance of the group 8.8 Mpc), 1 arcsec approximately corresponds-{&02
kpc. We first count the number of neighbors withi®.03 kp&. This value is chosen to avoid
introducing any small-scale noise or artificial substruesy but to permit us to still recognize
overall features. Then we convolve the results with a sqgaceand get a final resolution of
0.01 kp@. The resulting density maps are shown in Fig. 3.9. The calalesis the same for
both subsamples of each galaxy, normalized to the peaktgemasiie of themetal-richsample,
and the values are reported in units of number of stars.pépc. We draw 10 equally spaced
isodensity contour levels starting at the gignificance level up to thes3significance level (&
for KK197 and ES0O269-66). In every case, the outer contoave lvalues of many~(5 on
average)r above the Galactic foreground level.

The density maps of the two subsamples in each galaxy do oot stniking diferences. In
each case, the subsamples’ distributions follow the elomgaf the galaxy. However, we can
see that thenetal-richstars tend to be more centrally concentrated thamtbtal-poorones
in KK197 and ESO269-66. There are some fluctuations and agynas within the galaxies,
to some extent caused by small-scale substructure and powliag in the outskirts. In the
most massive galaxies, the ACS gap between its two CCDs ildevi® the density maps (a
horizontal line at pixel y~2000), but this does nofttact their general features. For KK197, an
unresolved globular cluster is found near the position efdintral peak (Georgiev et al. 2008),
which may in fact represent a nucleus. For the nucleateckg&&0269-66, a depression in
the density map is seen at the center, because we chose ¢mlgiathe nucleus because of the
high crowding in that region.

The second thing that has to be mentioned is that, as seea pré¢kious section, there is a
non negligible IAP in some of our galaxies. The intermedege stars could, in principle, bias
the derived metallicity gradients. We thus have a qualigdbok at the radial distribution of the
luminous AGB stars. We computed the number of AGB and RGB g&®lected as described
in the previous Section) in elliptical annuli ef4 arcsec width. We corrected the counts for
radial incompleteness and also subtracted the estimatatieruof contaminants for AGB and
RGB separately. This has to be done because the amount tveetantamination is very
different for the two samples because of having fewer luminouB Afars than RGB stars.
We then computed the ratio between AGB and RGB stars anddzmesi it to be a function
of radius. The results are plotted in Fig. 3.10. The strongtdiations in these plots are just
reflecting the poor statistics. In almost every case, thie sdays nearly constant over the full
extent of the galaxy. Only for ESO269-66 do the inreR0 arcsec show a slightly higher
AGB to RGB ratio, revealing a small amount of intermediage-AGB stars concentrated in
the inner region of this galaxy. As discussed before, thisnger population would - at least
qualitatively - increase the number of apparently blue,atheoor RGB stars, thus biasing the
metal-poor subsample. Nonetheless, we see that the moed-maoét stars are clearly more
centrally concentrated (Figs. 3.7 and 3.8). On the othedh#re metallicity gradient that
we find for this galaxy is still significant, and it could be aveore pronounced if some of
the central stars that we identify as metal-poor RGB stare wefact more metal-rich, low-
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Figure 3.9:Density maps for the early-type galaxies, each dividedtintosubsamples. For each galaxy, the left
(right) panel showsnetal-poor(metal-rich stars with metallicity values (<[Fe/H]>med —0.2) (> (<[F€/H]>med
+0.2)). The color scale is the same for the two subsamples, dizeddo the peak density value of theetal-rich
one, and the density values are listed in units of numberasgier 01 kp&. Ten equally spaced isodensity
contours are drawn starting at the lip to the 3 significance level (& for KK197 and ES0269-66). The center
of each galaxy is indicated with a black cross, and its hgltitiradius with a red ellipse (see Sect. 3.1.3 for details).



3.1. Optical data 61

0.4 J 04
0 KKS57 KKS55 CenN 0.3
8 0.2 H 02
Il odlal,
o1 -0.1
o -0.2
0.4 04
0 KK189 KK197 E269-66 0.3
o
\§ O-; MMH, o|oce bevotatat ddtsiag #‘}HH ﬁﬁh&ﬁﬁ#ﬁﬁﬁ gll
- -0.1 o4
-0.2 -0.2
0 50 100 0 50 100 0 50 100

Radius [arcsec] Radius [arcsec] Radius [arcsec]

Figure 3.10:Ratio of luminous AGB to RGB stars as a function of ellipticatlius (see text for details on the
selection of the two subsamples).

luminosity AGB stars superimposed on the RGB.

3.1.4 Discussion

To illustrate where the early-type target galaxies aretkmtavithin the Centaurus A group,
we plot the position in the sky of the galaxies in this grougrig. 3.11, using the data from
Karachentsev et al. (2007). The left panel shows the digiab of dwarfs with positive tidal
index (i.e., belonging to the group) around the two gianag&s CenA and M83, which form
two distinct subgroups. In the right panel of the figure, werman around CenA, since all of the
early-type galaxies that we study belong to the CenA sulgrdhis is obviously quite a dense
region, because it contains approximately the same nunilgadaxies within a fixed radius as
our Local Group, with the diierence that the census for CenA is likely to be incompletg,(e.
Jerjen et al. 2000a, Rejkuba et al. 2006).

The six early-type dwarfs of our sample have quite a wide eéasfguminosities (see Ta-
ble 2.1), and their morphological types vary from dwarf spidals (KKs57, KKs55, CenN,
and KK189) to dwarf ellipticals (KK197 and ES0O269-66, thedabeing a nucleated galaxy).
What they have in common is the absence of any recent staafamm(as traced by &l or
young populations from CMD), and there is no significant antaf HI detected that would
allow for ongoing or future star formation. For example, Board et al. (2007) investigated the
gas content in three of our target dwarfs (KK189, KK197 an@®E&9-66) and find only upper
limits for their HI masses< 1.6, < 2.9 and< 1.0x 10°M,). Moreover, only upper limits can be



62 3.1. Optical data

35°S

40°S

o

° o]
KK197
KK189 ®. o®

DEC

KKS55 KKsS57

CenA

® o
0 [e) e]
45°S E260-66 o

420007 16/700,77 13n00M 13h30m 14hoom
RA RA
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galaxies studied here are located (as labeled in the plot).

found for the star formation derived fromaHemission: for KK189, KK197, and ES0O269-66
the values reported by Bouchard et al. (2009)<afe4 x 10°Myyr 1.

The metallicities derived here can be compared to the wo&hairina et al. (2008). These
authors derive the mean metallicities for a large samplesafloy dwarfs, among which there
are also our target objects. Sharina et al. (2008) applyrtigrecal formula [FeH]= —12.64 +
126(V—1)_35—-3.3(V-1)%, (Lee et al. 1993), which infers the mean metallicity from thean
color of the RGB at an absolute magnitude of M—3.5. Their derived values are all slightly
lower (~ 10— 15% in dex) than the values found with our isochrone intexppoh method, but
still consistent within the errors, if we consider théference £ 0.1 dex) between the empir-
ical metallicity scale from the above-mentioned formula dne one used in the Dartmouth
isochrone models. This discrepancy is also possibly dudifferent selection of stars for the
computation of the mean color of the RGB, but Sharina et 8082 do not explicitly state how
they selected their sample of stars.

Sharina et al. (2008) further plot the color spread as a fonaf luminosity and suggest
that the linear correlation between these two quantitieddcetem from a more intense star
formation in more massive galaxies, probably because cdetayas reservoirs. They do, how-
ever, note a very higbolor spread for the galaxy KK197, twice what could be expectedt$or
luminosity. Sharina et al. (2008) suggest this is the comsecge of a possible strong mass loss.
If we plot our derivedmetallicity spreads as a function of luminosity, KK197 indeed appears
to be slightly displaced from the linear relation shown by dther galaxies, and so does also
KKs57. Looking at the position of these two galaxies witlia group (Fig. 3.11), and also their
deprojected distance from CenA (see below), they are Idaatefar from the giant elliptical,
but we have no way of adding more information about possiil&enmental €ects because
nothing can be said about the orbits that the dwarfs had ipalse However, Bouchard et al.
(2007) point out that KK197 and ES0269-66 could both be imibeel by the close radio lobes
of CenA, through which they may pass during their orbits ahittv may have contributed to
the removal of the neutral gas content. In fact, ESO269-péas to have a particularly low Hl
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gas mass to visual luminosity ratio, suggesting that sortexrexl agent could have contributed
to the loss of its gas content. Although KKs55 is (in deprtigag located very close to CenA
as well, it does seem to contain a slightly greater fractiantermediate-age stars, as compared
to KKs57, KK197 and ES0O269-66. This could possibly implytttas galaxy may now be on
its first close approach to CenA.

Comparison with Milky Way early-type dwarf companions

Given the restricted amount of information we can derivenfithe data considered here, it is
difficult to make a detailed comparison to the dwarf galaxies pbaun Local Group. However,
there are some points that suggest that the smallest olnjetttsse two groups may have had
a similar history. Like the complex andftBrent SFHs seen in our neighborhood, we see that
the metallicity and stellar population properties in ougéd dwarfs difer from each other (e.g.,
median metallicity, metallicity spread, fraction of inteediate-age stars). However, it looks like
there are no purely old dwarfs in our sample such as Ursa Mbraico or Cetus in the Local
Group, although our sample is small and moreover the cer<LsA companions would need
to be extended to lower luminosities to make a definitiveestgnt in this direction.

In our results, all of the studied dwarfs are relatively metor, as is expected for galaxies
with such low luminosities. For comparison, dwarf spheatsdn the Local Group that lie in the
same range of luminosities have mean values ofHFe -1.9 to -1.3 (see, e.g., Mateo 1998;
Grebel et al. 2003; Koch 2009), hence on average slightlyemoetal-poor than our sample
(~0.15 dex, see Fig. 3.12). This smaltidirence could come from the measurement techniques,
on one hand detailed spectroscopy and on the other photoniuoreover, as mentioned in
the previous Sections, the metallicities derived hereatpokssibly be upper limits because of
our assumptions about age améetnhancement, so we conclude that on average there are no
significant diferences between the dwarfs of the two groups. Dwarf galawigaseven lower
luminosities have recently been found in the Local Groupgctvhave even lower metallicities,
but these objects are intrinsically too faint to be obselveithe existing surveys at the CenA
group distance. This naturally leads us to the metallikitpinosity relation, already analyzed
in detail for the Local Group and other environments by marthars (e.g. Mateo 1998; Grebel
et al. 2003; Thomas et al. 2003; Lee et al. 2007; Sharina 088; Kalirai et al. 2010). The
six early-type galaxies analyzed here have already bedumdied in the metallicity-luminosity
relation of Sharina et al. (2008, Fig. 9). They show that tkiation is very similar for the
dwarfs in the Local Group and those in other groups and in #ié Within a distance of 10
Mpc. They also comment on a few early-type dwarfs that shavetametallicities than all of
the others, pointing out that they resemble dwarf irregulatheir metallicity content and could
thus be in a transition phase. Among the galaxies with meitsglialues lower than expected,
there are the three galaxies in common with our study (KKE&HN, and KK189). In the upper
panel of Fig. 3.12, we again plot the metallicity-lumingsi¢lation with the small sample of
values derived in our study and adding the values for dwdréspdals that are companions
to the MW (taken from the literature compilation by Kaliraisd. 2010). There does not seem
to be any major displacement of our target dwarfs from a limekation that represents Local
Group dwarfs.

The other panel in Fig. 3.12 represents the metallicity aghatfon of the deprojected dis-
tance from CenA, and the same is reported also for MW dwarésptials. We compute the
distances from the host galaxy by considering the radiahdees listed in Karachentsev et al.
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(2007) and the angular ones derived by Karachentsev etQfl2{8). In this relation, our dwarf
spheroidals seem to resemble what is seen for MW compameitber the CenA nor the MW
companions show any obvious trend with galactocentri@adist from their massive primary
(other than increased scatter in close proximity to a maggaxy). The two dwarf ellipticals
KK197 and ESO269-66 are slightly more metal-rich, simitathte dwarf elliptical companions
of M31. There are no such objects in the vicinity of the MW.dfip, we also look for a possible
correlation of the metallicity with the tidal index (i.e.,naeasure of the degree of isolation of
a galaxy, with higher values corresponding to denser enments, see also previous Chapter),
but find no trend.

The last aspect investigated in our study is the possibleepiee of subpopulations with a
different metallicity content. For the Local Group, photontettietailed spectroscopic, and in
some cases also kinematic studies revealed dwarfs withcistibpopulations, but also dwarfs
that do not present any such trend, and only weak metalticagients. It it thus not surprising
to find such diversity also in the CenA group. Recent simaregiby Marcolini et al. (2008)
provide a convincing model for the formation of populatiomdjents and can even account
for the formation of subpopulations distinct in metalljcand kinematics. According to this
model, population gradients are the natural consequentte@tthemical homogenization of
the interstellar matter, together with the combined inhgam®ous pollution by supernovae type
la”, provided that star formation lasts for several Gyr. unt sample we have two cases (KK197
and ES0O269-66) where the metallicities are quite high arefevimoderate metallicity gradients
are found. Defining a metal-poor and a metal-rich subsanf@tacs, we do find evidence of at
least two subpopulations withféerent radial distributions, even though our separatiowéen
the subsamples is arbitrary. This could be tffee of a low, extended star formation at the
early stages of these galaxies’ lives, which would enrigh gshbsequent stellar populations.
Since these are the two most luminous galaxies, the reteotisome neutral gas due to deeper
potential wells could in principle help keep the star forimatctive for some Gyr. The possible
existence of small age gradients in old populations witrsag&0 Gyr cannot be resolved in
our data, since thefiect of age on the isochrones is too small and we have no othetava
disentangle age and metallicity on the upper RGB, but itnsosk certainly present and could
explain the observed metallicity spreads and gradients.

3.2 NIR data

3.2.1 Combined CMDs

Our goal is to use the combined HALCS and VLTISAAC data to reliably identify candidate
AGB stars. To do this, we first cross-correlate the optical HiR photometric catalogs. The
coordinate transformations are initially derived using tRAF tasksgeomapand geoxytran
Successively, the combined catalog is obtained with thgrarame DAOMASTER (Stetson
1987).

The combined lists of stars that have both optical and NIRghetry contain 115, 344, and
919 stars, for KK189, KK197 and ES0O269-66 respectively,iartde upper panels of Fig. 3.13,
3.14 and 3.15 we show both the optical and the NIR CMDs of tinelxioed list of stars for each
of the three galaxies. We note that these numbers are indeel lower than the numbers of
stars found in the optical photometric catalogs alone (se¢ 3.1.3.2). This is partly due to the
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Figure 3.13:Upper panel Optical and NIR (dereddened) CMDs for KK189, showing thedlat point sources
cross-identified in both catalogs. Also shown are the boges to select luminous AGB candidate stars, and the
resulting candidates are plotted as red circles. The abjeerked with a black cross are cross-identified in the
two datasets, but turn out to be probable background galafier visual inspection. Representative photometric
errorbars are plotted along the CMDs. The blue solid lingeéNIR CMD indicate the 50% completeness limit.
Lower panel Combined CMDs inVg- andKo-bands for KK189. The stellar sources and the symbols arsaime

as above. We also plot (green lines) the isochrones with d &ige of 10 Gyr and spanning the metallicity range
of the galaxy, with the same values as in Fig. 2.9. The bleslimave the same meaning as in the upper panel.
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Figure 3.14:Same as in Fig. 3.13, for the galaxy KK197.

fact that the ISAAC field of view is slightly smaller than th&€8 one, and partly to the higher
resolution and photometric depth of ACS. Unfortunatelys tarns into a loss of information
in the process of cross-correlation, since there could beesmismatches in the cases where
more than one optical source is found in the vicinity of a NtRirge. This is particularly true
for KK197 and ES0269-66, where the stellar density is highed from Fig. 3.14 and 3.15 we
see that the NIR foreground sequences are poorly populasalbe of such mismatches. To
avoid a loss of information for the part of the CMD in which we anost interested, we check
visually the positions of the stars that are found within sellection boxes (see below) in both
NIR and optical catalogs. As a result, we are able to add a feve mmatches to our combined
catalogs.

On the same CMDs, we also overplot the boxes used in bothab@ied NIR to select
candidate AGB stars. For the optical, the box extends fronagmtude oflotrcs— 07, Where
o is the observational error at that magnitude (in order neétect RGB stars with erroneously
higher magnitudes because of photometric errors), up Mtik —-5.5. The color range goes
from the bluest edge of the TRGBY® — I, ~4 (there are no stars redder than this value). This
should be the magnitude range that luminous AGB stars withvierage metallicity of the target
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Figure 3.15:Same as in Fig. 3.13 and 3.14, for the galaxy ES0269-66.

galaxies cover (see Rejkuba et al. 2006, and referencesriheFor KK197 and ESO269-66,
we choose to extend the optical selection box based on a tew with colorsVy — lp > 2.5
that have magnitudes below that of the TRGB derived from thdiam metallicity. These stars
could belong to the metal-rich population, as the TRGB hdagnslightly fainter magnitudes
at increasing metallicities (see, e.g., Fig. 3.1). For the,Nhe selection box contains all the
stars that are found above the TRGB in these bands, and réslwathe reddest foreground
stars of the vertical plume. Our final “AGB candidates” aresth stars that are simultaneously
found in the optical and the NIR selection boxes, and ardgidoh red on these CMDs. We also
overplot the 50% completeness limits to the NIR CMDs, in otdepoint out that we might be
missing the detection of a few luminous AGB stars with coldys- Ko, = 1.0 - 1.5. This is
true in particular for KK197 and for ESO269-66, which have @aenmetal-rich extension than
KK189. Given the number of stars in the low completenesregve estimate that there could
additionally be at least 10 undetected AGB stars for KK197 ardO for ESO269-66.

There are in total 13 AGB candidates for KK189, 41 for KK1901dr76 for ESO269-66.
For KK189, we can see that the four brightest candidates et&ckded from the rest of the
red dots, so we perform a visual inspection of the images andlede that they are barely
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resolved background galaxies. In general, the above egpombers are lower limits to the
total number of luminous AGB stars in the target galaxiegegithe NIR incompleteness limits.

The lower panels of Fig. 3.13, 3.14 and 3.15 show the compWdgi Kq versusK, CMDs
for the three studied galaxies. We plot the stars found irceimebined lists and mark in red the
AGB candidates. To show the expected TRGB position and ésstihe metallicity spread of
these galaxies, we also plot the same isochrones as in Big\when looking at the combined
CMDs, we notice that there are many objects that are fountiérreégion above the TRGB,
but are not identified as candidate AGB stars. These soureawnastly foreground contami-
nants, which are distributed all over the CMDs for these ntage combination, but some of
them might be unresolved background galaxies. In particB&racco et al. (2001) study deep
ISAAC observations to derive the number counts of unresbhigh-redshift galaxies. From
their Fig. 1 we estimate a number of galaxies of up 890 for our field of view, for magnitudes
18 < Kqy < 22 and distributed on the CMD as shown in their Fig. 3. Due &dbmbination
of high resolution HST data in addition to ISAAC images witttellent seeing, as well as to
the quality cuts applied to our PSF photometry, most of tigesaxies will be rejected from the
final combined catalogs, but there is still the possibilithaving a few high-redshift and com-
pact (i.e., point sources with star-like light profiles) taiminants among our AGB candidates,
although this cannot be clarified with the current data. Tijeais found at colorsy — Ky > 8
are indeed background galaxies, as confirmed by visual ctisipe

3.2.2 Intermediate-age populations

From the combined optical and NIR CMD analysis of the presi@ection, we are left with
9 luminous AGB candidates for KK189, 41 for KK197 and 176 f@@269-66. These stars
belong to the IAP of the target dwarfs, while a few old and meté AGB stars could be also
present for KK197 and ES0O269-66, given the red extensiohef RGBs. We stress that the
old and metal-rich stars in our sample are a very small péagerof the whole luminous AGB
population, given the low fraction of stars with [Fd< —0.7. Therefore, in the subsequent
analysis, we will neglect their contribution, thus considg all our AGB candidates to belong
to the IAP. We now want to look at their properties in more deta

Generally speaking, we only mention that with these datanbt possible to firmly separate
carbon-rich from oxygen-rich stars among our AGB candislatéowever, for such metal-poor
galaxies we would expect to find carbon-rich stars at calgrsK, > 1.5 (e.g. Kang et al. 2006,
and references therein), and a few stars with these colensideed present in all of our target
galaxies.

We check whether our stellar samples contain dust enshdo&@® stars. This kind of
objects are extremely faint or undetected in the opticaly ved at NIR wavelengths and thus
not easily detectable in th&band because of our observations’ incompletenéssts. We
thus search for stars which have godeband measurement but rbband counterpart, and
find two such objects in KK189, none in KK197 and one in ESO869-Of the mentioned
sources, in KK189 one is found slightly outside the limitirgglius, while the second is close
to the center but has a good measurement only for one of th&tiaands; in ESO269-66 the
dust enshrouded candidate also has a bad measurement if thieetwo bands. We can just
mention that these are candidates but could as well be Umeesbackground galaxies (see
previous Section).
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3.2.2.1 Variable candidates

We can also look for additional AGB candidates by considgvariability, which is an intrinsic
characteristic of luminous AGB stars. For all of the targelagies we have at least two ob-
servations in th&-band, so we use theftkrence between the stellar magnitudes fiecent
epochs (with~ 20 to~ 60 days between theftierent observations) as a variability indicator. For
a long period variable star, the typical maximum magnituidiecence is ot 0.1 to ~ 1.5 mag

in K-band, and the period is on the order~af (>3 days (see for example Rejkuba et al. 2003,
and references therein). We should thus expect to seeivasaif a few tens of a magnitude at
most, given the observing timescales for our targets (sbeZld).

For KK189, there are three observationsirband due to one repeated observation. There
are 36 days between the first and the last one (see Tab. 2.B)) ese barely enough to put
a lower limit on the number of possible long-period variagbléVe check whether there are
variations between any combinationkfband observations, but find none. We then also check
the whole combined list of sources, looking for stars thapldly a magnitude variation of more
than 3. We find two additional variable sources that lie just belbe/fower limits of the AGB
selection boxes, and thus include them in our AGB candidaesHowever, when checking
them on the images we find that their profiles look like thoseakly resolved background
galaxies. In Fig. 3.16 (top panel) we display tkeband magnitude tlierence between the
second and the third epochs, since these are the ones wi¢h seeing, for all the candidate
AGB stars except one, because it has a bad measurementdp-tiend. Shown (in green) are
also the two likely background galaxies.

The K-band observations of KK197 were taken 57 days apart, aree tirthe AGB can-
didates display variability (blue dots in the central paofefFig. 3.16). When considering the
entire sample, two stars that lie just leftward of the NIResgbn box, and are found inside the
optical selection box, are indeed variables by more tharigdeen symbols). We add the two
latter to the number of candidate AGB stars for KK197. Alsthis case, one AGB candidate
has a bad measurement in tkgband and is thus not shown in the plot.

Finally, for ESO269-66 the timescale for the observatiengery short, only 20 days. We
are able to see a variability of more tham fr only four AGB candidates, as can be seen from
the bottom panel of Fig. 3.16. No additional candidates i@uad for this galaxy.

3.2.2.2 Absolute bolometric magnitudes

We can now use the luminosity of the candidate AGB stars tetcaim their ages. This is
possible since in this evolutionary stage, at a given meitgilthere is no degeneracy between
position in the CMD and age. In particular, the maximum badtme luminosity in the sample
of AGB candidates can tell us when the most recent episod@aofamation took place in a
galaxy, with the further advantage that the metallicity elggence of the luminosity is weak
compared to the age dependence. We refer in particular tolBigf Rejkuba et al. (2006),
where an empirical relationship is found between age anolaiesbolometric magnitude of the
tip of the AGB, starting from data for LMC and SMC clusters.

We thus first compute the bolometric magnitudes of our lum&®GB candidates for each
galaxy. We can apply bolometric corrections to both ouragtand NIR results, and see
whether they give consistent values. Following Rejkubal .e2806) (see also their discus-
sion), we adopt NIR bolometric corrections from Costa & Falod 996) and optical ones from
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Figure 3.16:K-band magnitude éfierence from first to second observation (or second and thitidei case of
KK189), against combined dereddert€dhagnitude. The target galaxies are ordered by increasmipbsity. We
display the magnitude fierence for candidate AGB stars, plus for those stars thahlihe edges of the selection
boxes but show variability (green dots). For KK189, thedattirn out to be probable background galaxies after
visual inspection and have a black cross on top of the cisge {ext for details). Blue objects are AGB candidates
which vary more than@ between the two observations (or between any combinatiobsdrvations for KK189).
Finally, one AGB candidate is not shown for both KK189 and iR Eince it has a bad measurementin one of the
two plottedK-bands.
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Table 3.3: Magnitudes of the the most luminous (in bolornetragnitude) AGB candidates for

each galaxy.
Galaxy ID lo Ko Vo—lo Jo-Ko Mbolopt MbolNIR
KK189 4206 2369+0.03 2178+0.11 220 158 -414+018 -3.24+0.24
9323 2374+0.03 2187+020 232 165 -411+018 -3.10+0.25
92480 2366+ 0.02 2115+008 165 130 -404+018 -4.08+0.22
168 2376+0.02 2130+0.07 169 129 -395+018 -394+0.21
329 2371+003 2139+0.07 162 136 -398+018 -3.79+0.22
KK197 224 2274+ 002 2140+0.12 151 136 -476+ 017 -3.61+0.28
1361° 2314+0.02 2008+0.04 315 124 -475+017 -5.05+0.27
1316 2306+0.02 1927+0.02 234 206 -464+0.17 -537+048
1482 2345+0.02 2000+0.03 390 134 -463+017 -5.03+0.28
ES0O269-66 3689 2258+0.01 2015+0.04 194 122 -489+017 -4.86+0.32
2139 2268+ 0.01 2024+0.04 235 131 -489+ 017 -458+0.34
4406 2293+ 0.02 1999+ 0.03 337 117 -488+0.17 -5.07+0.32
3774 2293+0.02 1937+0.18 260 208 -470+0.17 -513+0.63
317¢ 2321+0.02 1992+0.03 192 130 -425+017 -5.01+0.34

Notes. The combined (ISAAC and ACS) and dereddened NIR aticebmagnitudes are given
with the photometric errors resulting from the photomepackage.

a Among three most luminous objects in the optical.

b Among three most luminous objects in the NIR.

Da Costa & Armandrfi (1990). The results for the three most luminous stars in bptical and
NIR wavelengths (which in some cases overlap) are repant@db. 3.3 as follows: (1): galaxy
name; (2): stellar ID from the combined catalog; (3): dessdtl apparert-band magnitude;
(4): dereddened apparelig-band magnitude; (5): dereddened optical color; (6): ddzedd
NIR color; (7) absolute bolometric magnitude computed frgptical values; and (8) absolute
bolometric magnitude computed from NIR values.

For KK189, the three most luminous stars in NIR have absdbelemetric magnitudes
ranging fromMpg nir ~—4.1+ 0.2 to~-3.8 + 0.2, while the values derived from the optical are
Mpolopt ~—4.1+0.2 to~—-4.0+0.2 (with one star in common between the two subsamples). The
optical data were taken about 20 days later than the NIR ti¢gdake the averagd,, from the
three most luminous AGB candidates, which &g nir ~—3.9 + 0.4 andMpgop: ~—4.1+ 0.3,
respectively. When putting these values on the age-atesbhlometric magnitude of AGB tip
relation of Rejkuba et al. (2006), we obtain an age of appnaxely 90 + 1 Gyr for the most
recent episode of star formation, indicating that there wea little activity in this galaxy other
than at quite old ages.

In KK197, the three most luminous AGB candidates hislyg nir ~ —5.4+0.5t0~-5.0+0.3
andMygopt ~—4.8+0.2 to~—-4.6+0.2. Two out of three stars are the same for the two samples,
and the optical data were taken between the Kaoand observations. The average values are
Mpoinir ~—5.1 £ 0.6 andMpgopt ~—4.7 + 0.3, respectively. These bolometric magnitudes lead
to ages o~ 2.0+ 1.5 Gyr and~5.0 + 2.0 for the last star formation episode.

For ESO269-66 the three highest luminosity values in NIRyesinom My nir ~—5.1+ 0.6
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to ~—5.0 + 0.3, while in optical they all are oMy opt ~—4.9 + 0.2 (with one common star out
of the three most luminous between the subsamples). Thaggalas observed with HST three
months later than in the NIR bands. As before we compute theage values for the NIR and
optical, Mpo,nir ~—5.1+ 0.8 andMpg|0pt ~—4.9 + 0.3, and derive from these values the time of
the most recent star formation, resulting i 2 1.5 Gyr and 30 + 1.5 Gyr ago.

We just stress that we may expect the bolometric valuediterdgiomewhat between the op-
tical and NIR results, given that the bolometric correcsiamy have dferences from one set of
bands to the other, and also considering the fact that oucesare possibly long-period vari-
able stars. However, in all of the cases we find a very gooceaggat between the two datasets.
We also point out that the optical bolometric correctiormrfrDa Costa & Armandid (1990)
are based on stars with colovs- | < 2.6, so for the three objects in KK197 and ES0O269-66
that have optical colors redder than this limit (see Tab) $8 corrections are highly uncer-
tain. We can however see that the resulting absolute bolametiues are consistent with the
ones derived starting from the NIR. The bolometric cormawdifrom Costa & Frogel (1996) are
instead valid for the entire range in NIR colors spanned hylisted stars. We conclude that
while for KK197 and ES0O269-66 the most luminous AGB starseheamparable bolometric
luminosities, and thus similar ages (with ESO269-66 gi\shghtly younger values), KK189
had no significant star formation over the la€ Gyr.

3.2.2.3 Spatial distribution

We show the positions of the candidate AGB stars in Fig. 3The coordinate system is the
one of the ISAAC instrument (in pixels), and there is completerlap with the field of view
of ACS since the latter is slightly larger. Red crosses iai¢he entire sample of NIR sources
(after applying the quality cuts). The AGB candidates amshas cyan diamonds, while blue
circles are assigned to candidate variable stars among @i sars and filled green circles
refer to those stars that are variable but are found outkeledlection boxes in the CMDs (see
previous Sect.). As a reference, we overplot the half-lightus and limiting galactic radius for
KK189 and the half-light radius for KK197 and ESO269-66 ceithe last two galaxies extend
beyond the field of view (values adopted from Tab. 3.2).

From the previous analysis of optical HST data, we find thatrttio of AGBRGB stars
stays roughly constant as a function of radius for KK189 adl 87, while for ESO269-66
there is an indication for the ratio being slightly highertive central part of the galaxy (see
Fig. 3.10). In Fig. 3.17, we can see that in KK189 the can@id&B stars are not symmetrically
distributed, and do not tend to cluster in the center of thexyaThis displacement is probably
due to the small number statistics and to an incompleteadsatnpling. In KK197 the luminous
AGB stars are smoothly distributed all across the galaxtynmstly found within the half-light
radius. Finally, although the AGB candidate distribution ESO269-66 is similar to that for
KK197, the former has a higher density of AGB candidates sncéntral part. For the last
two galaxies, we can notice that there are some “holes” irdisteibution of the whole stellar
sample, and these are due to bright foreground stars. licpart given the high density of
AGB candidates for ES0O269-66, these foreground stars nbiglrecluding the detection of
additional AGB candidates, up to as much~a% of the detected number.
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Figure 3.17:Stellar positions projected on the sky for the target gasfordered by increasing luminosity).
The pixel coordinates refer to the ISAAC field-of-view. Radsses indicate the NIR sources. The blue dashed
lines are, respectively, the half-light radius and theftiing radius for KK189 and the half-light radius for KK197
and ES0269-66. Cyan diamonds are candidate AGB stars, bteerk variable stars among the candidates, and
green dots are variable stars found just outside the setechioxes (see text for details). The white “holes” in the
distribution of stars for KK197 and ES0O269-66 are due tolidrigreground stars that are overlapping with some
possibly underlying galaxy stars.
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3.2.3 Discussion

We can now compare our results to what we know for early-typartigalaxies in the Lo-
cal Group. Among companions of the MW, there are many objbeiisdo show a substantial
amount of IAPs (stars with ages in the rangke-9 Gyr), like for example the dwarf spheroidals
Fornax, Carina, Leo | and Leo Il (see Grebel & Gallagher 200d &ab. 7 of Rejkuba et al.
2006). The stellar populations of the mentioned galaxiegain as much as 50% of IAPs,
where these estimates come from detailed SFH recovery fesp €MDs. Considering the
M31 companions, the dwarf elliptical galaxies NGC 205, N&Z5 And NGC 147 (e.g., De-
mers et al. 2003; Nowotny et al. 2003; Davidge 2005) do showespresence of IAP, but
among the dwarf spheroidals only Andll and AndVII containnaadl fraction of such young
populations (Harbeck et al. 2004; Kerschbaum et al. 200€nhe@lly, in dwarf galaxies with
more recent star formation these populations tend to be wentrally concentrated than the
older populations (Harbeck et al. 2001).

We mention again that previous studies have only been alpattapper limits on the Hl
gas mass of our target galaxies (see also Section 3.1.4)exaonple, Bouchard et al. (2007)
report values oMy, /Lg < 0.05, 001 and 0002 for KK189, KK197 and ES0O269-66, which are
comparable to the values found for Local Group early-typar@iswvith IAPs (see, e.g., Table 1
of Grebel et al. 2003) after considering the lower HI detacttimit at the distance of the CenA
group. Bouchard et al. (2009) estimate the current rateasffetmation (from kK emission)
to be< 0.4 x 10°M.yr~? for the target galaxies. These results all confirm their rolpgical
classification and absence of a significant amount of ongstisgformation.

When looking at the bolometric luminosities of the bright®&B stars of dwarfs in both the
Local Group and the CenA group, with our small sample we carfirco the results of Rejkuba
et al. (2006) and conclude that they are all in the same ranije,the exception of KK189
which shows a predominantly old stellar content. The plalgicoperties (total luminosity,
mean metallicity and metallicity dispersion, deprojeatiestance from dominant group galaxy,
see Tab. 2.1) of KK197 and ESO269-66 are indeed very sinul#rdse of Fornax and Leo I,
and so are also the bolometric luminosities of the brigha&B stars (e.g., Demers et al. 2002;
Menzies et al. 2002; Whitelock et al. 2009; Held et al. 20&4Ghough we are here considering
dwarf ellipticals while Fornax and Leo | are dwarf spherdsdaAs pointed out by Bouchard
et al. (2007), the two CenA group dwarf ellipticals might edxeen influenced by the radio-
lobes of CenA, in the sense that their proximity to the gidligtecal could have played a role in
the removal of their gas content. However, we stress thgtttel current deprojected position
of these galaxies can be known, and we do not have informabont their orbits so that it is
difficult to draw any firm conclusion about possibt&eets like ram-pressure stripping or tidal
interactions. KK189 is on the other hand located furtheryafiam CenA ¢ 670+ 480 kpc,
see Tab. 2.1) in our sample, and is thus more similar (in mcgtdrom the dominant group
galaxy, in its luminosity and metallicity content) to the sbdistant dwarfs of the Local Group.
Its last significant star formation episode is significamtlgler than for the other galaxies and
most probably its SFH was much less influenced by the cenisalt galaxy of the group.
The absence of any sizeable IAP younger than 9 Gyr is somehewpected in a system as
apparently distant from the dominant group galaxy (see, Bauchard et al. 2009), but on the
other side Tucana and Cetus in the Local Group present siah&racteristics to KK189 (see,
e.g., Monelli et al. 2010). As a reference, we recompute tpalected distances of the two
CenA dwarf companions AM1339-445 and AM1343-452 analyzethe previous study by
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Rejkuba et al. (2006). We find a distance from CenA-@00+ 330 kpc and~ 310+ 120 kpc,
respectively.

|AP fractions

We estimate the fraction of IAP with respect to the totallataiontent of our target galaxies in
the following way: we compute the ratio of the total numbelushinous AGB stars, derived in
the previous Section (also including the variable starsavad outside the selection boxes), to
the number of stars found in a box that extends down to 0.3 relgiithe TRGB in the optical.
The latter comprises both old RGB and AGB stars and also aeptage of intermediate-age
RGB stars and AGB stars that are still ascending along the .REB1ally, the number of stars
in the box extending below the TRGB has been subtracted fueat®d foreground stars, using
TRILEGAL models. The ratio computed in this way is callegl. The values for our target
galaxies are~0.07 for KK189; ~ 0.04 for KK197; and~ 0.11 for ESO269-66. We notice that
KK197 has a particularly lowP,, together with a very wide metallicity spread (see Tab..3.1)
KK197 must have been very active at old ages, before lootsrgas reservoir and thus stopping
to produce a significant amount of stars, and this could bectlyr linked to a possible tidal
interaction with CenA or a ram-pressure stripping eventigyintergalactic medium, although
the orbits for our target galaxies cannot be constrainegpaged out above.

The next step to evaluate the IAP fraction is then to constilar population models and
compare them to our observational findings. We use the Marasbdels (Maraston 2005) and
follow the procedure of Rejkuba et al. (2006). Namely, wd fissume that there are two main
subpopulations in our galaxies, one that is old (13 Gyr) &edecond one with an age of 1, 2,
4, 6 or 9 Gyr (one for each fierent realization). This is of course a first-order simpifion
of the true situation, since the star formation could alseel@oceeded more continuously or
in more than two episodes during the galaxies’ lifetime. &twer, we underline that with our
data we could be missing a certain amount of IAP and even yarustgrs, if we assume that
the star formation rate was, in some periods, so low that aerebble amount of AGB stars
was simply not produced. Thus, once again, we concludehbdtactions we derive are lower
limits for the true fractions of IAP.

The model we adopt has a metallicity off[J= —1.35, which matches well with all of the
galaxies in our sample, if we consider that the lifetimeshef AGB phase do not dramatically
change as a function of the smalfférences in metallicity among our target galaxies. We then
let the IAP fraction vary among theftirent realizations (from O to 1), and each time compute
the P4 ratio given by the models. When we compare the results toliserged values found
above, we find that KK189 has an IAP fraction-e15%; for KK197 we get an upper limit of
only ~ 5%; while for ESO269-66 the value we find is betweeb% and~ 10%. Compared to
the rough predictions given in Section 3.1.2, the curresiilte are slightly higher for KK189,
and lower for both KK197 and ES0O269-66. We check whetherwloisld change the results
about the metallicity content of KK189, and find that the namdmetallicity value does not
change, while the metallicity spread is smaller by a few @etc For the other two galaxies
there are no significant changes. We emphasize though teattrstudies have pointed out how
stellar evolutionary models tend to overpredict the nundfduminous AGB stars for dwarfs
with low metallicities, similar to our targets, by a factdras much as-3 -6 (e.g., Gullieuszik
et al. 2008; Girardi et al. 2010; Held et al. 2010; Melbourhale2010). This, together with
the arguments mentioned above, reinforces the idea thaesuits are lower limits for the true
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IAP fractions in these galaxies.

Having computed the IAP fractions, even considering thatéal fractions could be twice
or three times those derived here, we still can clearly saetttey are much lower than the
fractions found in similar objects of the Local Group. We arohe that the relative dierences
with the Local Group will not be féected by the model uncertainties, since the comparison is
observationally based, although the absolute values &f $ets might be larger. In particular,
we mentioned that the characteristics of KK197 and ESOZ58r6 similar to those of Fornax
and Leo I, but despite this similarity, the recent star farorahas proceeded at a much lower
rate for the (so far studied) objects in the CenA group. Thtedadenser, environment could
thus be responsible for the observed properties of its duwwarhbers. These results are again in
agreement to what is found by Rejkuba et al. (2006), which fland quite low IAP fractions
in two dwarf members of this group, that resemble the low hosity companions of M31. We
however stress that currently the sample is too small to firaver conclusions, and we would
need to have NIR data also for the other CenA dwarfs with imggiptical HST data.






“The aim of science is not to open the
door to infinite wisdom, but to set a
limit to infinite error.”

B. Brecht, Life of Galileo (1939)

M31 dwarf spheroidal companions

As seen in Chapter 3, although the early-type dwarfs of theAQgoup share the metallicity
content and spatial properties of their stellar distribtivith MW companions of comparable
luminosities, one characteristic that is clearlyfelient between the two samples is the content
of IAPs and the radial extent. Namely, several (abg8j @f the early-type dwarfs around our
MW show the presence of a substantial amount of recent stawatton (e.g., Fornax, Carina,
Leo I, Leo Il), up to~50% of their total stellar population. On the other handpathe CenA
companions studied until now (about half of the total nuntetected so far) seem to contain
low fractions of IAPs (up to- 15%, although these are likely lower limits to the true fraics).

If we compare these results to M31 dwarf companions, howekierconclusions are fiier-
ent: while the dwarf ellipticals NGC 147, NGC 185 and NGC 2@bcdntain significant IAP
fractions, the lower-mass dwarf spheroidals show verlgldt no signs of such a population.
And Il and And VII are the only two M31 dwarf spheroidals (odittlhe ~ 10 “classical’ ones)
that have been shown to have a few AGB stars more luminousthieahRGB (indicative of a
population aged- 1 — 9 Gyr, see respective Subsections). It is thus interestinqitlerstand
whether there are links between these two dwarf populatesm$what could be the reasons for
their similarities. We note that in the subsequent analyisesnewly discovered ultra-faint M31
companions will not be considered. HST archival data ardabta for And XI, And XIl and
And XIllII, but their CMDs are very sparsely populated and, exwer, we do not have such faint
objects in our CenA dwarfs sample. The material presentddsrChapter is partly included in
the paper by Grebel et al. (2010), in preparation.

4.1 Color-magnitude diagrams

Photometric properties of the M31 classical dwarf spheiagdmpanions have been studied in
a number of contributions over the last decade and befoge (dould & Kristian 1990; Ar-
mandrdf et al. 1993; Koenig et al. 1993; Da Costa et al. 1996; Armaffiéroal. 1998, 1999;
Grebel & Guhathakurta 1999; Da Costa et al. 2000; Harbeck 2081; Da Costa et al. 2002;
McConnachie et al. 2005; McConnachie & Irwin 2006; McCormaet al. 2007). In particu-
lar, attention has been given to their metallicity contesirfg Galactic globular cluster fiducials
or, in the case of McConnachie et al. 2005, theoretical iswe¥s), their age (as derived from
the HB), and the spatial properties of their stellar poporet. Although these galaxies are
very close to the MW, and thus it is not always possible todatheir whole spatial extent
with only one pointing with HST (for example, with the WFPCRACS instruments that were
used for some of the mentioned studies), it has been showsdhee of these objects do show
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4.1. Color-magnitude diagrams

Table 4.1: Fundamental properties of the dwarf spheroid@apanions of M31 considered for

this study.
Galaxy RA DEC t— M) D Dwmaz Ay My
(J2000) (J2000) (kpc) (kpc)
AndV 0110100 +4737378 2444+008 774+28 110+4 041 -96
Andlll 0035360 +3631316 2437+007 749+24 75+17 019 -102
And VI 2351520 +2434349 2447+007 783+25 269+6 021 -115
And | 0045460 +3802024 2436+0.07 745+24 59+23 018 -118
Andll 0116160 +3325257 2407+0.06 652+18 185+23 021 -126
And VIl 2326270 +5040408 2441+010 763+35 222+6 065 -133

Notes. Units of right ascension are hours, minutes, andnsisc@nd units of declination are
degrees, arcminutes, and arcseconds. The referencesefoephbrted values are Mc-
Connachie et al. (2005); McConnachie & Irwin (2006).

metallicity/age gradients in their populations, with stars that are igéligenore metal-rich or
younger being found in the more central regions of the dwasfapared to the metal-poor or
older ones. Very few spectroscopic measurements are blailar our target dwarfs. Coté
et al. (1999) obtained spectra for a handful of stars in Ananld were able to estimate their
mean metallicity and velocity dispersion. Guhathakurtale{2000) presented spectroscopic
results for five dwarf spheroidal companions of M31, degMineir integrated radial velocities
and MDFs. The SPLASH Survey (Spectroscopic and Photonmladridscape of Andromeda’s
Stellar Halo) is performing systematic spectroscopic mesasents of radial velocity and metal-
licity for individual RGB stars in several M31 dwarf sphetals (see e.g. Kalirai et al. 2010), in
order to disentangle a potential Galactic foreground or K&l contamination and thus study
more accurately their stellar content and their dynamicatses. We now want to apply the
same analysis method used for the CenA dwarf companion(saeter 3) to the M31 dwarf
spheroidals, in order to check its limitations as compaoexpectroscopic results and also to get
a homogenized sample of results starting from HST data. Wenaticonsider the M31 dwarf
elliptical companions here, since the presence of theisiBuld significantly bias the derived
metallicities.

Our sample has been chosen in order to have HST (WFPC2 or A@8nments) images for
each galaxy, so that their properties can be derived in a genmenus way. We have collected
archival data from the programs GO-5325 (And I), GO-6514dAh GO-7500 (And III), GO-
8272 (And V and And VI), and GO-8192 and GO-10430 (And VII) eTRSF photometry has
been performed by M. Frank (his Diploma Thesis, private camication) using the HSTPHOT
and DOLPHOT packages (Dolphin 2000, 2002), for the WFPC2A(d images respectively.
The quality cuts applied to the resulting photometry ardaliewing: the “object” type must be
1 (to avoid objects that are too sharp or extended); the sbraggparameter has to |sharg <
0.2; we requirey < 2.0; the crowding parameter (i.e., how much the star would bghter if
measured with no close neighbors) muskb&5 mag in both filters (generally WFPC2 FA450W
and F555W, except for And VII, which was observed in F606W B8#l4W with WFPC2 plus
F435W and F555W with ACS); the photometric errors as givethieyprogram must be 0.2
mag in both filters. The artificial star tests were performéith the same package, following
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Figure 4.1:Left panels.CMDs for three of the M31 target dwarfs, ordered by incregiminosity. Repre-
sentative photometric errorbars are shown gedént magnitudes along the CMDRight panelsWe overlay on

the CMDs the Dartmouth stellar isochrones with a fixed ageVee for each galaxy as explained in the text, and
listed in Tab. 4.2), shifted to the distances of the galaaiesreddened according to the values listed in Table 4.1.
Their metallicities are: [F&l] = —2.5,-1.9, -1.3, and for And VI also-0.7 (proceeding from the blue to the red
part of the CMDs). For And V, images were taken at two (simifesitions, and we thus show the CMDs for both
pointings.
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Figure 4.2:CMDs for the three remaining M31 target dwarfs, ordered layéasing luminosity (as in Fig. 4.1).
For And VII, we show both the CMD stemming from the WFPC2 okiaons and the one coming from the ACS
observations.
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the stellar magnitude distribution for each galaxy and agléd number of fake stars between
~10 and 20 times the number of the observed stars. The res@MDs for the target galaxies
are presented in Fig. 4.1 and 4.2. In the right panels of tlefigures, we overlay Dartmouth
stellar isochrones of fixed age and varying metallicitiest@nCMDs of the target dwarfs (see
also next Section). We plot the instrumental magnitudessiioav representative photometric
errorbars derived from the artificial star tests along theDSM

The target dwarf spheroidal companions of M31 span a rangerohosities and distances
from the dominant galaxy. We list their general properttes galaxies are ordered by increas-
ing luminosity) in Tab. 4.1 as follows: (1): name of the gala{2-3): equatorial coordinates
(J2000); (4): distance modulus (McConnachie et al. 20@); distance (McConnachie et al.
2005); (6): deprojected distance from M31, computed stgiftiom the distance in column (5)
and adopting an M31 distance of 7825 kpc (McConnachie et al. 2005); (7) extinction in the
V-band (from the NED database); and {8pand absolute magnitude (McConnachie & Irwin
2006).

4.2 Metallicity distribution functions and ages

We derive the photometric MDF for the target galaxies follogvthe procedure described in
Chapter 3. We choose the Dartmouth set of stellar evolutyomdels (Dotter et al. 2008),
given the good match they provide to old globular clustersamparison with other sets of
models (see, e.g., Glatt et al. 2008a,b; Sarajedini et &9R0Since the RGB dters from
the well known age-metallicity degeneracy, in which olded anore metal-poor RGB stars
overlap in the CMD with younger and more metal-rich starss ot easy to unambiguously
assign a metallicity to each star. However, we know that t{hygeu part of the RGB is more
sensitive to metallicity than to age, and much of the obsksgread in color of the RGB can
then be reasonably explained by a spread in metallicitygdhne photometric errors have been
subtracted, see previous Chapter). We thus choose a dimgleage for the stellar population
being studied, and interpolate the metallicity value facreRGB star using a range of stellar
isochrones with varying metallicity. We adopt/Fe}= 0.0, since nothing can be said about the
a-element abundance in these objects (see also the discuisglee previous Chapter). While
itis very likely that the ancient star formation (L0 Gyr) in dwarf galaxies is extended in time,
it is not possible to quantify the age range of their popataiwithout reaching the MSTO of
the oldest populations. The star formation could thus ingpile have lasted for 1 — 3 Gyr at
old ages, but we are not able to extract this information foamdata. More importantly, this
will not heavily afect our results (see previous Chapter).

As mentioned before and as can be seen from the CMDs of thet igadpxies in Fig. 4.1
and 4.2, almost all of the M31 dwarf spheroidal companiondiet here lack IAPs, as judged
from the absence of AGB stars more luminous than the TRGB.oHhe exceptions are And
Il and And VII, for which hints of such a population were obssat using both optical and
NIR photometry (Kerschbaum et al. 2004; Harbeck et al. 200dConnachie et al. 2007).
However, the fraction of the IAP is very low, as compared togwample other Local Group
dwarf spheroidal members like Carina, Fornax, Leo |, Leorthe dwarf elliptical companions
of M31. In the previous Chapter we showed that the early-tyarf companions of CenA
also contain very small amounts of luminous AGB stars, atichesed how much these IAPs
would change our results on the metallicity content of thgabdwarfs. We concluded that IAP
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Figure 4.3:0bserved luminosity functions for the M31 target dwarfse Thean luminosity of the HB (derived
from a Gaussian fit, see text for details) is shown with a galtblack dashed line. For And V and And VII, we
report the luminosity functions derived for each one of the tlatasets. For the WFPC2 observations of And VI,
the HB is at the limiting magnitude, so we cannot compute gammagnitude.
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Figure 4.4:Theoretical luminosity functions from Padova evolutionarodels (for the WFPC2 instrument, not
convolved with observational errord)eft panel. Luminosity functions with a fixed age and varying metalicit
Right panelLuminosity functions with a fixed metallicity and varyingafpased on the And | median metallicity).
We also show the location of the observed mean HB magnitudérfd | with a vertical black dashed line.

fractions of up to~ 15% would not significantly change our results, since theiareghetallicity
values derived would be underestimated by at mds¥ and the metallicity spreads would be
similarly overestimated by 10% (depending on the single cases). Finally, we stresdhbat
region of the RGB that lies immediately above the HB is undably contaminated by old AGB
stars in its bluest edge, and we thus decide to only applyrterpolation method to the upper
part of the RGB (down- 1.5 mag below the TRGB, see individual magnitude limits forleac
galaxy in the next Sections).

A further step that we can take is to give a rough estimate@tties of the target dwarfs.
While the CenA companions are too distant for the photometryeach the HB level, the
exquisite dataset of images obtained with WFPC2 and ACShi®iM31 companions is deep
enough to reach these limits, thus giving us further infdrameabout their stellar content. Once
the median metallicity value for a galaxy is derived (ussmchrones with an arbitrary age of 10
Gyr), we can compare theoretical luminosity functions hgthat metallicity with the observed
luminosity functions. To do this we adopt the Padova steNeiutionary models (Marigo et al.
2008), since their simulated luminosity functions alscetako account phases more evolved
than the RGB (i.e., HB stars), contrary to the Dartmouth ngd&his is fundamental, since
the HB is the most prominent feature in our observed lumigdsinctions. The RGB bump
will mostly be blended, partly due to photometric errorsthathe red part of the HB at the
low metallicities ([F¢H]< —1.0) and at the old ages displayed by these dwarfs, while the AGB
bump is more dticult to observe due to the short time spent by stars in thisgphad due to
the low number of stars itself (see e.g., Alves & Sarajed8899; Rejkuba et al. 2005). After
deriving the observed luminosity function for each galastyadwn in Fig. 4.3), we fit the peak of
the HB feature with a Gaussian. We then repeat this proceditineghe theoretical luminosity
functions (reddened and shifted to the distance of the t@yglexies according to the values
of Tab. 4.1), and by comparing the mean magnitudes founduftections of diterent ages we
assign an indicative age to the observed HB. The positioheoHB in the luminosity function
does depend on both metallicity and age of the considerectgaHowever, for a simple stellar
population with a low mean metallicity, the dependence efHB luminosity on metallicity is
less pronounced than the dependence on age. As can be seeinérexample in Fig. 4.4, a
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Table 4.2: Metallicity and age values derived for the dwalferoidal companions of M31.

Galaxy Nree age <[Fe/H]>med ofFe/H],0bs ofFeH].int [Fe/Hliw olFe/H]i
(Gyn)

And 'V 135 10 -175 044 041 -2.20 05
And Il 83 8 -171 025 021 -1.78 027
And VI 279 12 -1.42 029 026 -1.50 -
And | 216 12 -1.23 028 026 -145 037
And I 142 10 -1.43 051 050 -1.64 034
And VIl (WFPC2) 556 10 -1.46 040 023 -1.40 -
And VII (ACS) 698 10 -141 036 033 -1.40 -

* Arbitrary values (see text for details).

Notes. The literature metallicity values have the follogvireferences: McConnachie et al.
(2005) for And VI and And VII; Mancone & Sarajedini (2008) fénd V; and Kalirai
et al. (2010) for And I, And Il and And III.

shift of ~+0.05 mag for the peak of the HB in the luminosity function cop@sds to an age step
of ~3 Gyr (from 10 to 13 Gyr) or to a metallicity fference of~0.8 dex (from [F¢H]=-1.8 to
—1.0). Although we first derived the metallicity of the targetsng isochrones with fixed age
of 10 Gyr, this will not influence the result since, when cadesing the upper part of the RGB,
a change of 2 Gyr in the isochrone’s age only brings about agghen metallicity of~0.05 dex.
Finally, once the age of the target galaxy has been detednwe proceed to recompute the
median metallicity and metallicity dispersion using isammtes with the updated age value. The
resulting MDFs are shown in Fig. 4.5. We note that both Galdoteground contamination
and stars belonging to the M31 giant stellar stream are goifgiantly afecting our results
(see the Sections for And | and And VII).

The derived values for the M31 dwarf spheroidal companioesr@ported in Tab. 4.2 as
follows: (1): name of the galaxy; (2): number of stars for ehhive derive the metallicity; (3)
estimate of the age from the HB mean magnitude; (4): medighi]ivalue from the MDF; (5):
observed metallicity dispersion (from a Gaussian fit); {8lxinsic metallicity dispersion (after
subtraction of the measurement error); (7): most recentgohetric literature value for the
mean [F¢H] (Grebel & Guhathakurta 1999; Mancone & Sarajedini 2008itai et al. 2010);
and (8): metallicity spread given in literature.

We will now present and discuss the results for each of thexgzd separately.

42.1 AndV

And V is the least luminous object in our sample. There arera@sting discrepancies in the
mean metallicity values found for this galaxy in the litera Armandrd et al. (1998) give the
first photometric estimate of the metallicity in And V, withr@sulting mean value of [FAd]~
—1.5 dex. We note that Guhathakurta et al. (2000) targeted ichaiy RGB stars in some of
the M31 dwarf spheroidal companions (And V, And Ill, And VIidaAnd |) and derive their
metallicity. Although they show the resulting MDFs, they dot report their mean values.
A further photometric study by Davidge et al. (2002) conelsidhat the mean metallicity, as
derived from the slope of the RGB, is much lower, M- —2.2 dex. McConnachie et al.
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Figure 4.5:Metallicity distribution functions of the target M31 dwarfderived via interpolation of Dartmouth
isochrones at a fixed age (see Tab. 4.2) and with varying licétalPlotted in the upper left corner is the median
error on the individual values of [Ad], and the total number of stars considered (for detailstsedext). For
And V and And VII, we report the results derived for each of the available datasets. Note that, compared to
the other datasets, the binsize is larger for the MDF of thé@FAnd VII observations due to the larger median
metallicity error for the former.
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(2005) then find a metallicity value similar to the result ofandrdt et al. (1998), by starting
from the VandenBerg et al. (2000) stellar evolutionary nieded a new set of data. The latest
result comes from the WFPC2 observations that we use formalysis: Mancone & Sarajedini
(2008) use Galactic globular cluster fiducials to get a meatalticity of [Fe/H]~—2.2 dex for
And V, with a metallicity spread of 0.5 dex. A tentative gradient in its HB population was
found by Harbeck et al. (2001) by looking at WFPC2 data.

There are two, nearly entirely overlapping, HBIFPC2 pointings for this galaxy, and the
two datasets are (unsurprisingly and reassuringly) simifae mean HB magnitudes derived
from the luminosity functions shown in Fig. 4.3 are respasii F555W = 25.43 (dereddened,
corresponding to an absolute value of 0.49) &5V = 25.46 (corresponding to an abso-
lute magnitude of 0.51), with dispersion values-d.1 in both cases (after measurement error
subtraction). Given the similar datasets, we average tbemtedian metallicity values found
for RGB stars brighter thaR555V = 235 in the two samples and arrive at a final value of
[Fe/H]~-1.75+ 0.41. Isochrones of 10 Gyr have been used, consistent with Bhm&pnitude
found and in agreement with the results of Mancone & Saraj€d008). This value is slightly
more metal-rich than the one obtained by Mancone & Saraj€f8) using the same dataset,
although it lies in the middle of the range of values foundha titerature ([FEH]~ —2.2 to
~ —=1.5). Also the metallicity spread we find is in agreement wite lancone & Saraje-
dini (2008) value. This little dference in the metallicity values is partly due to th&etent
metallicity scale between the globular cluster fiducials(Z& West 1984) and the Dartmouth
isochrones. The latter do not adopt an empirical scale bapabe [F¢H] values starting from
the solar abundances given by Grevesse & Sauval (1998)hwésailt in [F¢H] values in good
agreement~ 0.1 dex) with the Zinn & West (1984) scale. Finally, the smaliatepancy be-
tween our results and the literature ones could also be die wlightly younger age of And V
with respect to the globular clusters.

4.2.2 Andlll

The HSTWFPC2 data analyzed here were first studied by Da Costa @08i2], in the third of
a series of papers dedicated to three M31 dwarf spheroidabanions (And I, And Il and And
[I1). Based on globular cluster fiducials, they found a meagtathicity value of [F¢H]~ —1.88
dex for this galaxy, with a dispersion of only0.12 dex. This value is in agreement with a
previous photometric estimate by Armanfiret al. (1993) ([FgH]~ —2.0) and with the value
subsequently found by McConnachie et al. (2005) ffffe —1.7). The study of Harbeck et al.
(2001) and Da Costa et al. (2002) do not reveal the presengeadfents in the RGB or HB
stellar populations of And Ill. Kalirai et al. (2010) deria®d compare photometric and spec-
troscopic results for some of their target M31 dwarf sphdatsi (And I, And Il, And I11). Both
photometry (i.e., the position of the stars on the CMD) aretspscopy (i.e., radial velocities)
are used to identify the stars that most probably belongedalttarf galaxy. Their results show
that photometric (derived starting from the VandenBergle2@06 stellar evolutionary mod-
els) and spectroscopic metallicities for the probable mamskars are in good agreement with
each other above a value of [FB~ —2.2, within the uncertainties involved in the two meth-
ods (see their Fig. 9 and the respective discussion). Thieviihae found for the photometric
mean metallicity for And Il is [FEH]~ —1.78 and its metallicity dispersion 0.27 dex, in good
agreement with previous estimates.

The luminosity function of And Il is compared to theoretit@minosity functions, which
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suggest its average age to b8 Gyr, thus slightly younger than the other dwarf spheraidal
from the sample. This confirms the estimates from previotisoas (e.g., Da Costa et al. 2002;
McConnachie et al. 2005). The mean dereddened HB magnitedend/ isF555WV = 25.35
(absolute magnitude of 0.47), with a dispersion~00.12. The median metallicity value we
derive for the sample of RGB stars wifb55V < 230 is [FgH]~ -1.71 + 0.21, in good
agreement with all the literature values mentioned above.

4.2.3 AndVI

Using Galactic globular cluster fiducials, Armanfiret al. (1999) estimate the photometric
metallicity of this galaxy to be [F&l]~ —1.58 dex with a dispersion of approximately 0.3 dex.
Subsequently, with the same method and féedent dataset, Grebel & Guhathakurta (1999)
give a slightly higher value{—1.30 dex), while McConnachie et al. (2005) find [A¢~ —1.50
using the VandenBerg et al. (2000) evolutionary models. écgpscopic MDF for this galaxy
has been derived by Guhathakurta et al. (2000), which shopesak at [FgH]~ —1.5 dex, a
more metal-rich tail and a considerable spread. Harbedk @Q91) find strong and significant
gradients in both the HB and RGB populations for this galaxynf an analysis of the same
dataset as we study here, and attribute them primarily talfregty (which they find to have a
mean value of —1.6 dex based on fiducials).

From the luminosity function of And VI, we find that an averaage of~ 12 Gyr is the
preferred value for this object. The mean dereddened madmifior the HB is found to be
F555W = 2535, which turns into an absolute value-00.63 with a dispersion (after photo-
metric error subtraction) of 0.14. Using 12 Gyr old isoctes@and considering only RGB stars
with F555W < 235, the resulting median metallicity is [Fé¢]~ —1.42 dex and its dispersion
0.26 dex, thus not inconsistent with the literature valuesitioned above. We indeed confirm
the significant metallicity spread already spectroscdlyitaund by Guhathakurta et al. (2000).
Note, however, that although Guhathakurta et al. (2000)hasige that the metallicity spread
and the width of the RGB in And VI are clearly larger than thoSAnd V, these results are not
confirmed by our findings.

424 Andl

The first photometric estimate of the metallicity of And | vgagen by Mould & Kristian (1990),
who report a mean value of [Fd]= —1.4 + 0.2 dex. As for And Ill, the photometric dataset
we consider for this galaxy comes from the study carried guba Costa et al. (1996, 2000,
2002). The CMD of And | shows a HB that is predominantly red with a blue extension.
Da Costa et al. (1996) derive a photometric estimate of Andtallicity using fiducials from
Galactic globular clusters. The derived mean value igHFe —1.45 dex, while the internal
metallicity spread has a total range ©f0.6 dex as estimated from the width of the RGB,
and an internal metallicity dispersion ef0.21 dex. They further analyze the properties of
the HB to quantify its age. By computing theffdirence between the mean color of the HB
and that of the red part of the HB, they are able to estimateganch~ 9.5 + 2.5 Gyr for
the dominant population of And I. They find a radial gradienthe distribution of HB stars
with the bluer ones being found preferentially beyond thee gadius of the dwarf. However,
when computing the mean metallicity of the RGB foftfdrent radial subsamples of stars, they
find no evidence for a radial gradient in abundance. Thesdtsesre confirmed by Harbeck
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et al. (2001), who find tentative gradients in both the HB a@&BRpopulations. However, the
number of stars used in this analysis is very low, and a maenebed spatial coverage would
be required to draw firmer conclusions about the existenggaifients. McConnachie et al.
(2005) find a mean metallicity value of [Ff= —1.4 dex for And I. In the study by Kalirai
et al. (2010), particular attention is given to the membigrsifi the target stars in And | (the
closest dwarf to M31, also in projection), which is partlyntaminated by MW foreground
dwarfs and partly by the giant stellar stream that And | liese to. By using both photometric
and spectroscopic data (as explained above), they showhihabntamination of this sample
by Galactic foreground stars is fairly low. On the other hastdrs belonging to the giant stellar
stream are easily recognizable because of their highelliogiees ([Fe/H]> —0.9) with respect
to the ones derived for the stars belonging to the dwarf, awdlse they are predominantly
found at larger radii (the spatial coverage of their obsana of And | goes well beyond the
galaxy’s core radius). The resulting mean metallicity i/l j~ —1.45, while the metallicity
spread is 0.37. These values are in excellent agreementheiffhotometric estimates given by
Da Costa et al. (1996).

We find an age for And | ot 12 Gyr. The mean observed magnitudé&BE55V = 25.21,
corresponding to an absolute (dereddened) magnitudeddd4 and with a spread (after pho-
tometric error subtraction) of 0.09. We next derive the MDF for And | based on RGB stars
brighter thanF555W\ = 235, to avoid the contamination from AGB stars along the |lefesf
the RGB (see also Da Costa et al. 1996). The median metaNiaitie reported in Tab. 4.2 is
slightly higher than the previous photometric estimatasaso the latest spectroscopic value,
as also for And Il (next Section). Kalirai et al. (2010) shdvait stars with [F&d]> -0.9 in
their sample in fact all belong to the M31 stream. Our sampleschot, however, reach the
outer parts of And Il where the M31 stars are located (see Higi 7), so the contamination
from the M31 stream should be minimal in our sample. Even whemmedian metallicity is
recomputed without taking into account stars with/Hie: —0.9, we find that its value does not
significantly change. Hence, we consider this small disanep in metallicity to be due to the
isochrone models used.

425 Andll

The first photometric estimate of the mean metallicity fordAhwas given by Koenig et al.
(1993), who report a value of [Ad] ~ —1.6 with a spread of 0.4 dex. Coté et al. (1999)
subsequently analyzed a spectroscopic stellar samplaifogalaxy, obtaining a mean metal-
licity value of [FgH]= —1.47 dex with a spread of 0.35 dex. The HS;WFPC2 images for
this galaxy where analyzed in the second of a series of patrrst M31 dwarf spheroidal
companions (Da Costa et al. 1996, 2000, 2002). We use the dataset in order to derive
And II's MDF and age. The mean metallicity value derived foistgalaxy by Da Costa et al.
(2000) is [Fe¢H]= —1.49 dex, with a large dispersion ef0.36 dex. Interestingly, they also
point out that the derived MDF can be fitted well by a double ponent, with the first one
having a mean metallicity of [Fe]~—1.60 dex and the second, less prominent one, displaying
a value of [FgH]~ —0.95 dex. In the same study, it was suggested that And Il couhtiaao
both an old population and an intermediate-age one, givemibrphology of the HB and the
possible presence of luminous AGB stars. A small number dfarastars is indeed found by
Kerschbaum et al. (2004) for this object. Finally, Da Costale(2000) showed that the HB
population has a spatial gradient, although this is not se¢he RGB population. Harbeck
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et al. (2001) later also considered the same data but didntbsignificant gradients in the two
subpopulations. In their study, McConnachie et al. (20@85)gn a value of [F&l]~ —1.5 dex
to the mean metallicity of And Il, starting from the Vandem@et al. (2000) stellar isochrones.
Perhaps the most interesting study of And Il is by McConmadtial. (2007). The authors
analyze a new photometric dataset, from which they condhdea RC (stemming from the
superposition of red HB, RGB and intermediate-age heliumming stars) is definitely present
in And Il, the first to be observed in the M31 dwarf spheroidahpanions. Their data provide
a large spatial coverage of the target galaxy and they aeetatdhow that the RGB popula-
tion has an old and extended component plus a slightly yaufiye~ 3 Gyr) subpopulation,
with the latter being more centrally concentrated. They firehn values of [F&l]~ -1.5 and
[Fe/H]~—1.0 for the two subpopulations, respectively, with the laélep having a larger spread.
Finally, McConnachie et al. (2007) suggest that the two meert subpopulations are likely to
be dynamically separated (although kinematic data areawetedsupport this claim). The mean
metallicity value derived for this galaxy by Kalirai et aqQ10) is [F¢H]= —1.64 dex, with a
dispersion ot~ 0.34 dex, however their MDF does not show signs of a double coipo They
attribute this to the limited spatial coverage of their daiid respect to the McConnachie et al.
(2007) ones.

We derive an age estimate of this galaxy~df0 Gyr by comparing the luminosity function
of And 1l to the theoretical ones. We use this age as an arpitralue to derive our MDF,
since it is likely to be biased given that there are two dittage components in this galaxy
(see the detailed analysis by McConnachie et al. 2007). Témnrmagnitude of the RC for
And Il is F555WV = 24.89, which can be translated to an absolute magnitude @68 with
a dispersion otrgssgy = 0.09 (after subtraction of photometric errors). The MDF shawn
Fig. 4.5 comes from the RGB stars that h&®&55V = 23.0, in order to avoid as much as
possible contamination from the presence of AGB stars, la@desulting median metallicity is
[Fe/H]~-1.43 dex. This value is slightly higher than the literaturesan&lso our MDF clearly
shows signs of a double component, and a double Gaussiaadg te peak metallicity values
of [Fe/H]= —1.51 and [F¢gH]= —0.94 dex for the subcomponents, in excellent agreement with
the results of Da Costa et al. (2000) and McConnachie et@D.AR

4.2.6 AndVIl

There are only two photometric estimates for the metajlimitAnd VII. Grebel & Guhathakurta
(1999) give a mean value of [f#]~ —1.40 dex starting from fiducials, which is subsequently
confirmed by the study of McConnachie et al. (2005). No furtrelysis has been performed
for this object. And VIl presents a very well populated HBddhis is particularly true for its
red part (see Fig. 4.2). We note that And VIl lies at a Galdatitude of onlyb ~-10°, making
it the most foreground contaminated object in this samplewéVer, as we show in Fig. 4.6
by using the Besancon Galactic models (see also previoaptél), this does not significantly
influence our results. The modfected part of the RGB is just its upper, reddest edge in the
ACS observationsy{10% contamination). Even if we were to subtract the Galdoteground,
the net &ect would only be a slightly smaller number of stars in the¢hmost metal-rich bins
of our MDFs, and a mean metallicity value that is lower by a fExcent.

The mean HB magnitude we find hereA855V = 259 from the ACS data (the WFPC2
observations are not deep enough for us to estimate the HBogmpsee Fig. 4.3). This trans-
lates to an absolute magnitude of 0.7 and the dispersion kakia of 0.1. However, when
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Figure 4.6:CMDs for And VII (from both WFPC2Jeft pane] and ACS right panel| observations). Repre-
sentative photometric errorbars are shown fiedént magnitudes along the CMDs. We overlay on the CMDs the
predicted Galactic foreground contamination (obtainetth wie Besancon models) as red crosses. The simulated
stars do not include incompleteneseets or photometric errors.

comparing the observed luminosity function for And VI refeal in Fig. 4.3 to the theoretical
ones of the Padova stellar evolutionary models (shown in&ig), we can clearly see that a
discrepancy is present. And VIl would need to be older thar8 Gyrand at least as metal-
rich as [F¢H]~ —1.0 at the same time, in order for the models to reproduce therobd HB
luminosity. If we were to adopt an age of 13 Gyr, then the te@sgimetallicity would bdower
and not higher, so this would not solve the issue. The proldentd be hidden in the evolu-
tionary models (specifically, in the transformations frdmadretical to observational plane) for
this particular choice of filters. Alternatively, anelement enhancement could also mimic an
older age (see also previous Chapter), but the Padova nuhlalst simulate isochrones with
values diterent from solar, and this is a question that only accuragetspscopy would be able
to answer. A scatter in the-element abundance values is observed from spectroscdgy\of
dwarf spheroidal companions (see Fig. 1.8), so a small ex@maant of these elements (up to
[a/Fe}~ +0.3) cannot be excluded. And VII definitely deserves more &tianstarting from a
more extended radial coverage and proceeding with a detstilely of the HB, or possibly the
RC in case IAPs are present.

We thus compute the median metallicity for the two sampleS§Aand WFPC2 obser-
vations) using isochrones with an arbitrary age of 10 Gyr. dMasider stars brighter than
F555W = 235 for the ACS observations and stars brighter tR844W = 22.5 for the WFPC2
ones. The two resulting values agree very well with eachradee Tab. 4.2), and with the
previous literature estimates mentioned above. In Fig.wesplot the MDF derived from the
WFPC2 observations with a larger binsize compared to therdDFs, because the median
metallicity error for this dataset has a slightly highemaal The metallicity dispersion computed
starting from the WFPC2 data is just slightly smaller thandhe derived from the deeper ACS
data. This could be due to thefldirences between stellar isochrones produced foerdnt
filters, but also due to observational errors.
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Figure 4.7: Theoretical luminosity functions from Padova evolutignarodels (not convolved with observa-
tional errors) Left panel.Luminosity functions with a fixed age and varying metalliciRight panel.Luminosity
functions with a fixed metallicity and varying age (based amdA/Il median metallicity). We also show the
location of the observed mean HB magnitude for And VIl withestical black dashed line.

4.3 Discussion

The sample of M31 dwarf spheroidal companions we presenesantirely from HST data
and the photometry of this exquisite set of data has beeonpeedd in a homogeneous way in
our analysis. The derivation of the MDFs was done using thénbmuth stellar isochrones, that
have recently proven to be a very good match to old globutestets, see also Section 4.2. The
MDFs for some of these objects have been previously presemtthe literature, but mostly
with the use of Galactic globular cluster fiducials, and méwe such a large sample. Other
studies (e.g., McConnachie et al. 2005) have derived tletsital parameters and integrated
guantities for our entire sample of targets, including treammetallicity, but without producing
MDFs and starting from ground-based data. Finally, the ongg8PLASH Survey makes use
of both photometry and spectroscopy to accurately deriwesiphl parameters for the M31
dwarf companions (including the newly discovered faintgnéut this is still far from being
completed. With this analysis, we can further check thediigliof the method presented in
Chapter 3 for deriving MDFs, and moreover estimate the afesiotarget objects thanks to
the depth of the available photometry.

It almost goes without saying that the MDFs we derive are ety \different from one an-
other, again supporting the evidence that dwarf galaxies éxtremely diverse SFHs. As can be
seen from Tab. 4.2, the results we obtain with our method @nemglly in good agreement with
previous literature values. In the cases wherfgedénces exist, we find no indications for any
systematioffset between our values and the ones found in literature i ffegehces depending
on the individual cases. Both in the case of And VI and And YHg comparisons were made
with the values found by McConnachie et al. (2005), wheredéaiBerg et al. (2000) isochrones
were used. The fierences in the mean metallicity are still less thahl dex. We underlined
an interesting discrepancy between the theoretical anadliberved luminosity functions for
And VII, which makes it dificult to estimate the age for this object. This galaxy definite
deserves further study. We also note that for this objectave inot only deep photometric data
that reach below the HB level, but also a second datasetsthaich shallower, thus very similar
to the sample we have for the CenA early-type dwarf companitmthis way, we verify that
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the results derived from the two datasets are in very googeagent, although the metallicity
spread derived from the shallow dataset is lower~bf.1 dex. In the previous Chapter, we
already mentioned that our resulting metallicity spreagsmaost probably lower limits to the
true ones. The dierence we find for the two And VIl datasets quantifies the uacdy of
our method, as it probably comes both from the stellar eialary models as well as from the
observational errors.

Moving on to the other galaxies of our M31 sample, the mearaltna@ty we find for And
V has a value in between the (discrepant) ones previousingm literature. Our result is
slightly more metal-poor than the latest literature valliee latter comes from using the same
dataset but from adopting Galactic globular cluster fids¢iso the diference could be due to
the diferent metallicity scales involved and the younger age weféinthis galaxy with respect
to globular clusters (see the discussion in the And V Sektidnd I, And Il and And Il have
their photometric MDFs derived by Kalirai et al. (2010), ed®n a combined photometric and
spectroscopic analysis. Our MDFs for And | and And IIl areitamto their results, while for
And Il Kalirai et al. (2010) do not find a bimodal distributidimat has, however, been observed
in previous studies (e.g., Da Costa et al. 2002; McConnaattak 2007). They justify this result
as most probably due to the limited spatial coverage of thieservations. The latter could be
one of the reasons for the smalffédrences between the Kalirai et al. (2010) mean metallgcitie
and the ones we find for these three objects. THeminces are more pronounced for And | and
And Il, in the sense that our values are more metal-rick By dex, but this is still a very good
agreement if we consider the age uncertainty and tiierdnt sets of isochrones employed (in
the case of Kalirai et al. 2010, these are the VandenBerg 2086 ones). While for And I
our metallicity spread is larger than the one of Kalirai e(2010) (due to the more metal-rich,
and probably younger component that they do not resolvealseeMcConnachie et al. 2007),
for And | and And Il our spreads are slightly smaller, indiog again that we are probably
obtaining lower limits to the true values.

Comparison with Centaurus A early-type dwarf companions

Last but not least, we can compare these results to whatverkabout the MW dwarf spheroidal
companions, and to what we derived for the CenA early-typarieompanions. As mentioned
in the introduction of this Chapter, if we consider dwarfagaés from the three subsamples
which lie in the same range of luminosities, the most stgldifference among them is that the
CenA dwarfs (or at least the ones for which the IAP was andlyzeletail), together with the
M31 companions, both show the absence of a significant IA®nibt at all clear what the rea-
son for this diference could be. It could be that the M31 and CenA environspastopposed
to the MW one, have somehow truncated the star formationeaf §mallest (and closest) com-
panions earlier. In the MW surroundings, there is evidewceafmild trend of the amount of
IAPs with distance from the dominant group galaxy, with theHest dwarfs having a slightly
higher percentage of IAPs (see, e.g., the discussion in eanBe&rgh 1999; Da Costa et al.
2002). Environmental processes, such as ram-pressypisgifrom a hot corona or from the
intra-group medium, or even the UV flux from the dominant grgalaxy, could be responsible
for the observed trend (e.g., Grebel et al. 2003). M31 is kntamhave a higher stellar density
than the MW at a radius of 20 kpc, and the large amount of substructures observed irnsM31
halo suggest a very active accretion history (see, e.girdat al. 2010, and references therein).
At the same time, the elliptical CenA has also experiencedtamtial mergers in its recent past
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and shows the presence of radio lobes, and the surroundigp gs believed to be a dense
environment that possibly favors ram-pressure strippgig imaking gas retentionfiicult for

its dwarf members (see the discussion in Chapter 3). Thdwsioa is that some process must
have somehow lead to a loss of gas, thus halting the star famma the M31 and CenA dwarf
companions earlier than in the MW subgroup (we underlinettie@l AP fractions are confirmed
to be very low only for five early-type dwarfs around CenA, sdlier studies will be necessary
to confirm this trend). It is however extremelfiitult to disentangle possible external causes
from the internal processes that influence the evolutionaiarf galaxy. On the other hand,
recent studies have not only proved that the brightest oMB& dwarf spheroidal companions
have much larger half-light radii than MW dwarfs of similantinosity (McConnachie & Irwin
2006), but also suggest that their populations are dynadijmmader, and thus they might reside
in less dense dark matter haloes (Kalirai et al. 2010; Coblinal. 2010). This would imply a
substantial dterence in the physics of these small objects.

We plot some of the fundamental properties of our targetdgdan Fig. 4.8, and compare
them to the MW and CenA companions (see also previous Chapighe top panel, we show
again the luminosity-metallicity relation, and add thewesd found here for the M31 compan-
ions. As expected, they nicely follow the linear relationrd for the MW dwarfs. The amount
of metal-enrichment observed in a galaxy namely dependssanass, since a low-mass ob-
ject is at the same time producing stars lefgiently compared to a more massive object,
and is also less capable to retain the products of stelldutwo (e.g., galactic outflows). The
luminosity-metallicity relation seems to be universalpasved for MW and M31 companions
(see, e.g., Kalirai et al. 2010), and as also seen for dwatfsde the Local Group (e.g., Sharina
et al. 2008). The central panel shows the dependence oflitiggain the deprojected distance
from the dominant group galaxy (computed starting from tis¢éatices of McConnachie et al.
2005), and confirms the absence of a trend for this relatisrgl@ady seen in the previous
Chapter. Finally, we check whether there could be simi&win the relation of half-light radius
versus luminosity. We transform the values found for theACdwarfs and reported in Tab. 3.2
from units of arcsec to units of pc, depending on the indigldyalaxy distances, and plot the
results (together with the MW and M31 values listed in Kaletal. 2010, who also show a
complete plot of all the MW and M31 companions) in the bottaanel of Fig. 4.8. There is no
striking evidence for the CenA dwarfs being larger than th&/ dr M31 counterparts, except
maybe for KKs55 and for the two dwarf ellipticals (ESO269&&1 KK197). In the analysis
of the previous Chapter, we also did not find any definite apdependence of the amount of
IAPs in our targets. The entire discussion about which d@spse commonly shared by the
M31 and CenA dwarfs and what makes therietent from the MW companions thus remains
an open and intriguing question, that definitely deserveabéu attention.
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Figure 4.8:Top panel Median metallicity plotted as a function of absoléuminosity. Central panel Median
metallicity plotted as a function of deprojected distamoef the dominant group galaxBottom panelHalf-light
radius plotted as a function of absoludtduminosity (see text for details). Blue symbols are for thdIMiwarf

spheroidal studied in this Chapter, black symbols reptetbenCenA group dwarfs studied in Chapter 3 (open

symbols for dwarf spheroidals and filled circles for dwalipgicals), while red symbols denote the MW dwarf
spheroidal companions.



“The heaventree of stars hung with hu-
mid nightblue fruit.”

J. Joyce, Ulysses, (1922)

Late-type dwarfs

In the previous Chapters, we have shown how we can deriveepiep like the metallicity
content, the spatial distribution and the star formatios@&ges of the intermediate-age and old
populations for early-type dwarf galaxies. For the CenAugrdhe drawback of our analysis lies
in the fact that the information available from the resolggellar populations of these objects
is limited by their distance from us. As already seen in Céaptl.3.3, late-type dwarfs are
more generous in the amount of information that can be extldficom their CMDs, since the
young stellar populations permit us to reconstruct in diétair most recent{ 1 Gyr) SFH. In
Section 5.1 we describe the synthetic CMD modeling methed disr this study (which was
developed by A. A. Cole, who also derived the SFHs discussehis Chapter), and present
separately the results for the M83 and CenA subgroups. Itidpes.2 we then study the spatial
distribution of the stellar populations distinct (in agey the individual target galaxies. The
material presented in this Chapter is partly included infthiewing papers: Crnojevic et al.
(2010c), A&A submitted, and Crnojevic et al. (2010d), irparation.

5.1 Recent star formation histories

Starting from Padova stellar evolutionary models (Marigale2008), the adopted code (see,
e.g., Skillman et al. 2003; Cole et al. 2007) builds synth€iDs with a wide range of phys-
ical parameters. We make assumptions about the initial fuassion (IMF) and the binary
fraction. In particular, the chosen IMF is log-normal betned.08 and 1 M (Chabrier 2003)
and it follows a Salpeter power-law above 1, MFor the binary fraction, prescriptions from
Duquennoy & Mayor (1991) and Mazeh et al. (1992) are usedtabe® moduli and redden-
ing values are taken from Karachentsev et al. (2007) (deémieethe TRGB method) and from
the Schlegel extinction maps (Schlegel et al. 1998) resmdgt Where available, we also use
literature values to constrain a priori the present-day sbundance computed starting from
oxygen abundances (available for IC4247, ESO381-20 and&Kdee below for details).

We do not make any assumption about a possible age-mdtali@ation. This would,
in fact, not change the amount of star formation, but it woslightly affect the age and
duration of each star formation episode. Due to the low armof@innformation available
from the CMDs, any attempt to impose such a relation would lbérary and poorly con-
strained. We initially choose 5fiierent isochrone metallicities to construct the syntheitids
(Z = 0.0001,0.00024 0.0004 0.0006 and M01).

We also choose not to take into accouriatiential reddening internal to the galaxies. This
is almost certainly present, due to the presence of (nobtmlif distributed) young stars. How-
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ever, Cignoni & Tosi (2010), in their review paper about $tamation modeling techniques,
show that the #ects of not taking dferential reddening into account for the SFH reconstruction
are minor and not systematic, as compared for example todtyeted foreground reddening
value. Moreover, since we are dealing with metal-poor dwatéxies, the amount of dust is
generally low.

Finally, we make use of the artificial star tests to take imtmaint photometric errors and in-
completenessfiects in our observations. We can now look for the synthetid 8fat produces
a CMD that has the maximum likelihood to match with the obsdrene. This is done explor-
ing the parameter space via a simulated annealing algo(dbstribed in Skillman et al. 2003;
Cole et al. 2007). This procedure gives for each galaxy the &Feach chosen time interval
(SFH), and a corresponding best-fit metallicity value. Wevskthe results in Fig. 5.1, 5.3, 5.5,
and 5.6.

The first thing to point out is that we plot the SFHs with a latemic age axis. This is done
because the age resolution decreases with increasing hgeadk bins will be broader when
there is less information available from the CMD, and fineevehthere is more. For example,
in Fig. 2.6 we see that the oldest MSTO detectable in our datesible for stars no older than
~50 Myr (I ~26). For the recent SFH we can then rely on the upper MS andtitet ihelium-
burning phases. The CMDs do not reach the HB (which at thestardgies would be expected
at anl-band magnitude of 28). Also, the RC is not recognizable in our data. This mehat t
for ages older thar 1 Gyr it is very dificult to put any firm age constraint on star formation
episodes from the evolved population alone. We can put @ingt on the intermediate-age
SFR ( 1 to ~ 9 Gyr) by looking at luminous AGB stars, but we are not ablegsoive any
bursty episode of star formation at these ages, and so tleelting become very large as age
increases. Each bin size is thus considered as a horizorddbar.

The vertical errorbars for the star formation, shown in thpar panels of Fig. 5.1, 5.3, 5.5,
and 5.6, come from the maximum likelihood process, and eiieall of the values that produce
solutions within b- from the best-fit star formation value. In the lower panelsalg® report
the evolution of metallicity as a function of time. Unfortately, due to the age-metallicity
degeneracy for the old stars of the RGB and due to the limitaduat of information for
younger ages, it is very filicult to constrain the metallicity for our target galaxiese us
underline that only the mean metallicity values derivedrat@ble, while the evolution with
time and potential metallicity spreads cannot be analyzrgdfarther from the available data.
However, for all of the galaxies the best-fit metallicity mnsistent with the other information
available, and it shows an almost constant metallicity &aluer the whole galaxy’s lifetime.
The errorbars in metallicity show the range, in each ageftom the 1" to the 90" percentile
from the best-fit SFH.

As an additional test, we compute the total number of stairséd during the whole galaxy’s
lifetime from our SFH, and compare it to estimates of thelatehass coming from the total
luminosity and an assumption for the stellar mass-to-ligiiio. The latter has normally a
value of ~ 1 for gas-rich dwarf galaxies (e.g., Banks et al. 1999; Rea@ré&tham 2005,
and references therein). Coté et al. (2000) analyze dwadulars in the CenA and Sculptor
groups. We have one galaxy, ESO381-20, in common with tlenpde. Looking for the best-
fit stellar mass-to-light ratio from their HI rotation cusghey derive values larger than14
to ~ 4) for some of the galaxies including ESO381-20, so we detdmlditionally assume a
stellar mass-to-light ratio of 2 when computing stellar sgassfor our sample. We find good
agreement between the results for the the tvikeent estimates, and we list the exact values in
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the individual galaxies’ description.

We note however that there is disagreement between oueddi¢H] values and previous
literature works (Karachentsev et al. 2007, Sharina et@8?, in the sense that our values
are higher for all of the target dwarfs. In those studies, rtirean metallicity of the target
galaxies was computed through the empirical formula by lteg. €1993) considering stars on
the upper RGB. The aforementioned formula is valid only feadmminantly old populations,
while in our target galaxies there is clear evidence forrmetiate-age stars. This younger
stellar components will bias the old RGB in the sense thatllithe highly contaminated by
intermediate-age RGB stars, which have bluer colors thdfR@B stars at a fixed metallicity
and luminosity (see, e.g., Cole et al. 2005). When adopliad te et al. (1993) formula, RGB
stars younger thar 10 Gyr will thus be considered to be old, metal-poor RGB stamsl the
resulting metallicity will be underestimated by about Q.8lex. In addition, faint AGB stars
along the RGB locus can bias the derived metallicities torexously low values.

To better understand the SFH, we also present some pararteefacilitate the comparison
of the results among individual galaxies and to other liteastudies (e.g., Scalo 1986; Weisz
et al. 2008). We compute the ratio of the SFR in a certain tieveod to the average SFR during
the galaxy’s lifetime If;9o Over the last 100 Mythsqg Over the last 500 Myih, over the last 1
Gyr, andby 4 for ages older then 1 Gyr ago). We also derive the fractiorsdars formed from
0 -1 Gyr (fig), from 1 -4 Gyr (f4c) and from 4— 14 Gyr (fi4c), to assess theffeciency of
the star formation process inffirent time periods. These parameters would have the faitpwi
values if a constant SFR were adoptdg; = 0.07, f;.c = 0.36 andf;4c = 0.57. The values
that we derive for these parameters, together with tharietverage metallicity values, are
reported in Tab. 5.1, as follows: column (1): name of the x)gl§2): average SFR over the
whole lifetime; (3): bioo; (4): bsoo; (5): big; (6): bia; (7): fis; (8): fas; (9): fiss; and (10):
average metallicity over the whole lifetime.

We now comment separately the results obtained for eachidhdil galaxy.

5.1.1 The M83 subgroup
ES0443-09, KK170

The faintest and least dense galaxy in our sample is ESO243His object also contains the
smallest amount of HI gad;, ~10’M,,, Georgiev et al. 2008), and it is the most isolated one,
having a tidal index of-0.9 (Karachentsev et al. 2007, see definition in Chapter 2}listance
from us is 597+ 0.46 Mpc, and its deprojected distance from M83 2+ 0.4 Mpc (computed
using the radial distance and the coordinates from Kardsheret al. 2007). ESO443-09 has
not yet been studied indd We detect only~ 1900 stars in its CMD (Fig. 2.5). ES0O443-09
indeed contains very few massive MS stars and no evidenag@rily ongoing star formation
as judged from its CMD. There is, however, a considerablsgmee of BL stars, on top of
the old component seen in the RGB; the RSG and an IAP (lumiA@B) are almost absent.
Hence, overall this galaxy exhibits the properties of adgpiransition-type dwarf (e.g. Grebel
et al. 2003).

The SFH derived for ESO443-09 and shown in Fig. 5.1 confirrasttiis galaxy has been
almost constantly active in its early history, althoughhnét low average SFR~(0.0008 +
0.0007M,yr~1). From now on we adopt a standatdCDM cosmology withty = 137 Gyr,

Ho = 71 km st Mpc™, Q, = 0.73 andQ,, = 0.27. If we assume that the galaxy was born
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Table 5.1:Star formation parameters derived for our sample of lape-tyalaxies (companions of M83 and CenA).

Om._m.Xv\ <SFR> UHoo Umoo UHO UHEO ._"“_.O ._"hO ?.N_O A_H_H@\_l_”_ >
(102Mgyrt) (dex)

ESO443-09, KK170 ®8+0.07 648 302 091 101 011 006 083 -146+0.14

ESO381-18 B5+026 171 093 191 095 013 011 076 -140+0.13

ESO444-78, UGCA365 .063+036 066 048 040 107 003 011 086 -1.37+0.21
1C4247, ESO444-34 01+066 090 089 142 (099 010 006 084 -143+011

ES0O381-20 ¥0+048 436 341 176 092 015 006 079 -145+0.17
HIPASS J1348-37 24+005 156 178 173 088 012 028 060 -1.50+0.07
KK196, AM1318-444 @®0+0.11 - 099 066 104 007 019 074 -143+0.25
KK182, Cen6 010+0.14 572 678 337 085 024 035 041 -146+021
ESO384-16 ®O+0.23 014 054 037 109 003 027 070 -097+0.15
ES0O269-58 9+393 012 031 021 111 001 022 076 -098+0.20

Notes. Theb parameter is the ratio of star formation rate over the inditéime period (0.1, 0.5, 1 and from 1 to 14 Gyr respectivily)
the average star formation over the whole lifetime; thgarameter is the fraction of stars born in a certain timevwaig0— 1, 1- 4
and 4- 14 Gyr).
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Figure 5.1:Upper panels Star formation histories derived for two of the studiedagés in the M83 subgroup
(ESO443-09 and ES0O381-018, ordered by increasing absohdaitude). For each galaxy, the star formation rate
is plotted as a function of time, with the oldest age beingranléft side and the most recent time bin on the right
edge of the (logarithmic) horizontal axis. Note that theg#zthe time bins is variable, due to théfdrent amount

of information obtainable from each CMD for each stellarlationary stage. The black dotted line indicates the
mean star formation over the whole galaxy’s lifetime. Theédetted line for ESO381-18 indicates the alternative
star formation history solution obtained when restricting metallicity range in the parameter space (see text for
details). Lower panels Metallicity as a function of time, with the same axes corti@nas above. The black
dotted line represents the mean metallicity over the gédifgtime. Note that the metallicity evolution is poorly
constrained.
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~ 135 Gyr ago, the fraction of stars that had formed by 8 Gyr agodwicorresponds to
z~11) and by 5 Gyr agoz(~ 0.5) is ~ 60% + 10% and~ 75% + 10%, respectively. This is
just a rough estimate, since we cannot derive preciselygbefthe oldest stellar populations
with these data. A fairly large fraction-(10%) of stars was however formed in the last Gyr.
In particular, the values d;oo andbsyg (Tab. 5.1) are quite high, showing a non-continuous
episode of star formation from 10 to 200 Myr ago.

The metallicity is fairly constant within the errorbars. \ever, for this and for almost all
of the other galaxies (except for ESO381-20), the presantrdlues appear to be slightly lower
than the average ones. We will return to this issue in the 8aksection.

We first compute the total stellar mass by integrating thikesteass produced by our SFH,
which yields 11 x 10’'M,. We note that this is not a precise estimate, since we areufet s
tracting df the mass of the stars that dieff due to their evolution. This implies that we are
overestimating the stellar masses+b©$5%. Starting from thé-band luminosity and assum-
ing a stellar mass-to-light ratio of 1 or 2, we obtain valué9.8 x 10'M,, and 16 x 10'M,,
respectively, thus consistent with our SFH derivation.

ESO381-18

ESO0381-18 is another rather isolated gala®y=£ —0.6), found at a deprojected distance of
~1.1+0.1 Mpc from M83 (computed using the radial distance from Khestsev et al. 2007).
As for ESO443-09, neutral gas has been detedikg ¢ 3x10’M, Banks et al. 1999; Georgiev
et al. 2008), but there is no evidence of ongoing star foronafpoorly populated upper MS,
not observed in H). Also the BL and RSG phases are very sparsely populated, @ump of
AGB stars is visible in the CMD in Fig. 2.5, which contains &at®f ~ 7300 stars. ESO381-18
has a particularly high stellar density, with a peak stelimsity of 909 stars perDkpc (down

to the limiting magnitudé ~27) in its central regions.

This galaxy formed 55% 3% of its stars prior to 8 Gyr ago, while 7243% were in place
5 Gyr ago. The SFR was higher than the average value@®008+ 0.0007M,yr-* at more
recent times (seb;go andb;g). The derived SFH in Fig. 5.1 suggests the occurrence of two
strong recent bursts, the first from 600 Myr to 1 Gyr ago andsgwnd one, shorter, from 20
to 100 Myr ago.

Some dificulties were met when deriving the SFH for this galaxy. Intipafar, the color
of the old RGB and young BL populations and the TRGB were ndl fiteed by isochrones
with the average metallicity that we derive for this galasgd Tab. 5.1), and with the reddening
and distance modulus adopted. We thus first tried to sligitinge the reddening and distance
modulus. The best-fitting values found to reproduce thervksgeCMD wereE(B — V) = 0.1
instead of 0.06, and{— M), = 28,56 instead of 283+ 0.14, which is still consistent with the
original value within the errorbars. LEDAeports an internal extinction value in tigeband
of 0.42 mag due to the inclination of the galaxy, which maylaxppart of the discrepancy.
However, the region above and redward of the RGB in the besyfithetic CMD does not
match the observed one well. We plot the Hess diagram for &ét@ ahd the best-fit model
in Fig. 5.2 to show where the fit yields poor results. Note thedize is big due to the low
number statistics. The discrepancy is partly due to insbescies in the isochrone models,
which cannot reproduce simultaneously the colors of RGB R8&BL stars at these low

httpy/leda.univ-lyon1.ft.
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Figure 5.2: Hess diagrams (displayed using ACS filters) for ESO318Rahel a). Data. Panel b). Best-fit
synthetic model, with a reverse color scale with respedi¢odiata to facilitate comparisoRanel c). Difference
between the data and best-fit modednel d).Significance of the dierence between the data and best-fit model.

metallicities (e.glUbeda et al. 2007), together with the poor number statisficsthe possible
presence of dierential reddening.

Another point is that the metallicity seems to be decreasiitly time (see Fig. 5.1), and
the problem is again related to the color of the RGB, whichaswell fitted by the chosen
set of old isochrones. The metallicity value for the RGB (aghlasZ ~ 0.004 if we compare
its color to models) is well above the values one would expacsuch a small galaxy, also
considering the low metallicity of the young populations derive with the SFH recovery
([Fe/H]~-1.4, corresponding td ~0.0008). Apart from the reddening issue, another plausible
explanation could be am-element enhancement at early times, which would make thB RG
redder. We perform the following test: we run the SFH recpyepcess again, but this time
with a restricted range of metallicitieZ (= 0.0004 0.0006 and 0.001). This will force the
metallicity to vary very little, thus not giving us any infoation about the chemical evolution
itself, but it will show how much the RGB color issue cdifieat our derived SFH. The results
show a synthetic CMD that is almost identical to the first cared the SFH (plotted in red in
Fig. 5.1) is comparable to our originally derived SFH withie errorbars. The second oldest
time bin changes slightly to a higher SFR, but this age rasgeany case quite uncertain, and
the overall features (the two recent burst episodes) drelstrly distinguishable. Also the two
most recent time bins show little change, but this is dueédilgher metallicity imposed (with
respect to the first model). We thus conclude once againtieaderived SFH is fairly robust,
but the constraints on the metallicity are weak.

Finally, we compare the stellar mass found from the SERAX40’M,) with a mass estimate
coming from the galaxy’s luminosity and an adopted stellassato-light ratio of 1 or 2. We
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find values of 2 x 10'M,, or 4.4 x 10’M,, respectively, thus again matching well the result of
our SFH (even after correcting for the evolutionafieets).

ESO444-78, UGCA365

The dwarf irregular ESO444-78 is the closest one to M83 withir sample (only 110+ 500
kpc deprojected distance, again adopting the values byt Karachentsev et al. 2007), and is
also located in the densest environment, with respect tottier targets of our study(= 2.1).
According to LEDA, also in this case there is a high interndiretion in theB-band due to the
inclination (0.88 mag). As the previous two galaxies, ES948 contains little neutral gas (see
Tab. 2.2), but it was detected inaAHCOoté et al. 2009). From the CMD alone 11400 stars),
the old stellar component seems predominant, while theréear, smoothly distributed stars in
the young and intermediate-age phases, with a smaller ntratien in the luminous AGB.

Indeed, ESO444-78 formed already 65586 of its stars more than 8 Gyr ago, and 828%0
more than 5 Gyr ago. The fraction of the galaxy’s total stedtantent formed prior to 8 Gyr is
the largest for this galaxy, compared to the others in thepganThe average SFR for ESO444-
78 is ~ 0.0063+ 0.0036M,yr ). For ages younger than 8 Gyr, ESO444-78 seems to have
experienced an almost constant and low level of activitg (&&b. 5.1), with only 3% of its stars
born in the last Gyr. The current SFR is estimated to be er®000032Myr~! from its one
HIl region (Coté et al. 2009). We do not plot this value ie BFH of Fig. 5.3, since we are not
able to recover a significant SFR for the youngest time kid@ Myr). Also in this case, the
metallicity seems rather constant, excluding the time gtwieen 1 and 2 Gyr ago, which has
a lower value. This could be easily due to the fact that theret much information for these
ages in the CMD, so it may not be relevant.

The stellar mass from the derived SFH ig¢ & 10'M,. Assuming a mass-to-light ratio
of 1 or 2 to estimate the galaxy’s stellar mass, together isttuminosity, we find values of
2.7 x 10'M,, and 53 x 10’M,, respectively. These masses are slightly lower than thenfiass
estimate: for this galaxy, we may be overestimating the hoass end, given that the SFR at
ages older thar 4 Gyr is particularly uncertain due to the low amount of imi@ation obtainable
from the CMD.

IC4247, ESO444-34

IC4247 has the highest stellar density in our sample, witeakstellar density of 1040 stars
per Q1 kpc& (down to the limiting magnitudé ~ 27). This galaxy is located at a deprojected
distance of~ 280+ 400 kpc from M83, with a positive tidal index (see Tab 2.2 neutral
gas content iy, ~3.5 x 10’M,, (Banks et al. 1999; Georgiev et al. 2008), and this galaxy is
detected also in b (Lee et al. 2007). In the CMD in Fig. 2.5, the RGB, luminous AGrs,
blue and red helium-burning stars, and some upper MS starslearly visible, with a total
number of~ 18000 recovered stars. As for ESO381-18 and ESO444-78dhagy has a high
internal extinction due to its inclinatio§ ~0.74 mag).

The recovered SFH is shown in Fig. 5.3. The average SFR0101+ 0.0066M.,yr1.
This galaxy formed~ 65% + 5% of its stars prior to 8 Gyr ago and80% + 5% of its stars
more than 5 Gyr ago. 1C4247 was certainly not constant in RR,Sut the most prominent
feature recognizable here is the episode of enhanced staation that lasted from 500 Myr
to 1 Gyr ago. Other short-lived enhancements in the SFR ameisghe last few tens of Myr.
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Figure 5.3:Same as Fig. 5.1, for the galaxies ESO444-78, 1C4247 and 85@3 (ordered by absolute increas-
ing magnitude). The red dots report the current star folwnatate derived from bl observations reported in the
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references).
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An estimate of the star formation within the last100 Myr is given by the far ultraviolet
(FUV) non-ionizing continuum. 1C4247 is included in the sdenof Lee et al. (2009), who
consider nearby luminous and dwarf galaxies to compare s Slerived from | and FUV
observations. In Fig. 5.3 we plot the SFR derived from FU\ &nd it to be consistent with
our results. At the present day, there is not very much stardtion occurring as seen from the
CMD, and we do not extend our SFH to ages younger than 10 Mya.Hohflux coming from
the interstellar medium in the central region of the galaakén from Lee et al. 2007) can be
used to compute the current SFR. In particular, the reldigtween K flux and SFR can be
written as (see Bouchard et al. 2009, and references therein

L(Ha) i

Moyr
1.26 x 10*%ergs st oY

where the K luminosity (in erg s?) is given byL(Ha)= 4nd?F(Ha), andd is the line of
sight distance (in cm), whilE (He) is the flux (in erg st cm™?).

This value turns out to be 0.0045M,yr~1, and we show it as reference in Fig. 5.3, even
though it refers to an age bin that we do not plot (the lifetohenassive ionizing stars and thus
of Ha emission isg 10 Myr). We mention that, as for ESO381-18, it was rathdialilt to
match the color of the RGB with the other features in the CMihaisochrone-fitting process.
We thus had to use a value B{B — V) = 0.12 instead of 0.06, and the distance modulus was
rearranged toni— M), = 2833 instead of 288 + 0.21, which is still within the errorbars. As
discussed before, adjustments in the metallicity valuesldvoot lead to any major change in
the derived SFH.

The value of [FgH] looks constant over the history of IC4247. The mean valyeeH]=
—1.43+ 0.11 dex is lower than the value we derive from the oxygen abucemof Lee et al.
(2007) ([F¢H]= —1.03+ 0.2). The HIl regions of this galaxy are rather small and cotretad
in its central parts, and their enhanced metal content isdthsequence of a recent short episode
of star formation, which shows the inhomogeneity of the @nrient process. If the youngest
populations have a higher metallicity, it is venyfidiult for us to recover this information just
from the few MS stars, which are degenerate with age and ledtabnd are blended with
the BL at the faintest magnitudes of our CMD. More in geneggagn though the interstellar
medium is enriched by star formation episodes, dwarf gataare not always able to retain the
enriched gas (Lanfranchi & Matteucci 2004; Marcolini et2006, 2008). Furthermore, they
are often not well mixed (e.g., Kniazev et al. 2005; Glattle@08a; Koch et al. 2008a,b).
1C4247, with its high stellar density, follows this trendgving some young “pockets” more
enriched in the central regions where the potential is deepe

From the SFH of IC4247 we estimate a stellar mass4#&110°M,. Considering, instead,
its luminosity and a stellar mass-to-light ratio of 1 or 2, get values of @ x 10°M, and
1.3 x 10°M,, respectively, thus consistent with the previous estimate

SFR=

ESO381-20

The irregular galaxy ESO381-20 is located in the outskiftshe CenAM83 group and is
rather isolated (its tidal inde® is negative, Karachentsev et al. 2007). Its distance agifoyn
Karachentsev et al. (2007) i48+ 0.37 Mpc, its deprojected distance from the closest massive
neighbor (M83) is~1.1+0.1 Mpc. Its CMD (Fig. 2.5) contains 20000 stars, and shows an old
RGB, an intermediate-age luminous AGB and young MS, BL an@ R&rs. This galaxy has



5.1. Recent star formation histories 107

a)

m814

255 25 245 24 235 23 225 22

mfo ol
i
®

265 26 255 25 245 24 235 23 225 22

265 26

H

02 0 D.i 04 ﬂ,t-i 08 1 12 14 1.6
m606-m814 m606-m814

m814

265 26 255 25 245 24 235 23 225 22
= Ty
245 24 235 23 225 22

T
] w ]
02 0 02040608 1 121416 020 02040608 1 121416
m606-m814 m606-m814

Figure 5.4:Hess diagrams (displayed using ACS filters) for ESO318+®4nel a). Data. Panel b). Best-fit
synthetic model, with a reverse color scale with respedi¢odata to facilitate comparisoRanel c). Difference
between data and best-fit modBanel d).Significance of the dierence between data and best-fit model.

a very high content of neutral gabl(;, ~2 x 1M, Banks et al. 1999; Georgiev et al. 2008),
which extends much further than the apparent optical gal@ikegre is thus a high potential to
form stars, and indeed itsdtHmaps shows regions of very active star formation (Lee et0#fl72
Bouchard et al. 2009). Some of these star forming regions $eeoincide with local maxima
in the HI distribution (Coté et al. 2000). The extinctiomedto the inclination is about 0.57 mag
in the B-band (taken from LEDA). ESO381-20 is also the only galaxghimi this sample that
contains a globular cluster (Georgiev et al. 2008).

ES0381-20 seems to have experienced a relatively highntanis star formation during its
lifetime (with an average of 0.007 + 0.0048M,yr~1), which then increased substantially from
10 to 500 Myr ago. This increased star formation activity wee than twice the average rate
(see also the parametlyy in Tab. 5.1). Following the recent discussion by McQuinnlet a
(2009), we may definitely say that this is a period of a globedmirst for the galaxy. The result
does not change if we consider only the average SFR overshe $aGyr, as McQuinn et al.
(2009) do to avoid “contamination” from old ages. We will theer discuss this starburst in the
following Sect. We report in Fig. 5.3 the estimate of the Skhe last~ 100 Myr, derived from
the FUV continuum by Lee et al. (2009), which is in good agreetwith our results. For the
most recent age bin (for this galaxy we are able to derive B {8r ages as young ast Myr),
the value derived here is consistent with the SFH deriveddoycBard et al. (2009) considering
the H flux of the galaxy € 0.006+ 0.002M,yr~%, shown in Fig. 5.3), but a factor of two higher
than the K SFR inferred by Coté et al. (2009). After a visual examorabf the HIl regions
selected in the two papers, we conclude that the discrepaagybe due to a slightly ffierent
selection of the emission regions, which summed up to gigddtal flux. The star formation
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in the last few Myr has a value consistent with the average f861R our SFH, as confirmed by
the presence of only few MS stars compared to blue and redrhddurning stars. We note that
the SFRs derived from FUV and fromaHliffer from each other. Lee et al. (2009) show that,
for dwarf galaxies, there is a systematic discrepancy batwbkese two methods of deriving
SFRs. In the case of ESO381-20, this seems to be due simphg tia¢t that the two tracers
represent dferent star formation timescales. Alreadp0% + 5% of the stars of ESO381-20
were formed more than 8 Gyr ago, while 7@%6% were in place 5 Gyr ago, but a substantial
fraction was formed in the last Gyr (see Tab. 5.1).

Finally, in Fig. 5.4 we show the Hess diagrams for the obse@&ID and the best-fit syn-
thetic CMD. We can see that, given the higher number of staithis galaxy, the resulting Hess
diagrams are divided into smaller bins than in the case of 818 (Fig. 5.2), from which
the information needed to reconstruct the SFH is then eteduan the case of ESO381-20
the overall fit is better, with the biggest discrepanciesveen the data and the synthetic CMD
being found in the less populated and mosficlilt to model regions (upper BL, upper RSG
and luminous AGB).

Also in this case, the [7E] value seems to be fairly constant during the entire galaxy
lifetime. For comparison with our results, the oxygen atamos of the HIl regions derived by
Lee et al. (2007) are combined into a mearyHevalue using the empirical formula found by
Mateo (1998), and the result isl.4 + 0.2 dex, consistent with our value within the errorbars
(see Tab. 5.1). However, there are strong variations in #heeg for the individual HIl regions
(the nominal range is from [[Ad]= —1.87 t0—0.90). These findings would support the previous
interpretation of the high metallicities found for the twdl Hegions of IC4247, indicative of an
inhomogeneous enrichment, in contrast with the value wee&om the SFH recovery.

For ESO381-20, the total stellar and dynamical masses veen@uted in Coté et al. (2000)
via modeling of its rotation curve. They get a value &  10°M,, for the stellar mass, with
a best-fit stellar mass-to-light ratio of 2.3 and a total rtaskght ratio of about 20. From our
method the result is 1 x 10°M,, thus slightly lower. If we recompute the mass starting from
the B-band luminosity and assuming a stellar mass-to-light i@l or 2, we get values 6f0.9
and~ 1.8 x 108M,, respectively. This is consistent with our SFH. Since thetldef our CMDs
is limited, it is plausible that in our resolved stellar sfwde are losing part of the mass coming
from the oldest population, which results in a lower masswbempared to the intergrated
light study of Coté et al. (2000). As a check, we use the GXIlrkodels (Kotulla et al. 2009)
with our derived SFH as an input to compute the resultind totainosity of the galaxy, which
turns out to be almost identical to the true one reported m Z2.

5.1.2 The CenA subgroup

HIPASS J1348-37

Within the CenA subgroup of late-type dwarfs, HIPASS J1348s the faintest one (together
with KK196, see Table 2.2), and the galaxy with the lowestsitgn Due to its large depro-
jected distance from CenA-Q.1 + 0.7 Mpc, computed starting from the radial distance found
in Karachentsev et al. 2007), we also try to compute its depted distance from M83, and
find that HIPASS J1348-37 is actually closer to the lattenttzaCenA ¢ 1.0 + 0.5 Mpc). The
subgroup membership of our late-type targets was initadigned following the classification
of Karachentsev (2005). However, with the new and more peedistance measurements of
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Figure 5.5:Same as Fig. 5.1, for three of the studied galaxies in the Geigroup (HIPASS1348-37, KK196
and KK182, ordered by increasing absolute magnitude). &tielots report the current star formation rate derived
from Ha literature observations.
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Karachentsev et al. (2007), HIPASS J1348-37 (togetheratithr two galaxies of this subsam-
ple, namely KK182 and ESO384-16) is found to have a negatlatindex 1.2, Karachentsev
et al. 2007) instead of the positive one that was reporteddergapers, and thus turns out to
be a rather isolated galaxy. In our subsequent analysis, iiveamsider this information, as
explained more in detail in the next Section.

HIPASS J1348-37 contains a fewl0’M,, of neutral gas (Banks et al. 1999; Georgiev et al.
2008), but has not been studied i Met. Its CMD, presented in Fig. 2.5 and containing300
stars, indeed shows very little sign of recent or intermtedéaye star formation, as judged from
the absence of MS stars and presence of a small number of Bk ,@R8 luminous AGB stars.
As ESO444-78 in the previous sample, from the charactesistiits CMD HIPASS J1348-37
could be classified as transition-type dwarf (e.g. Grebal.€2003).

We derive the SFH for HIPASS J1348-37, although the inforomastemming from the
CMD is mainly based on the old RGB stars and on a few interniedige stars, and plot it in
Fig. 5.5. It is not possible to derive the SFR for ages youtiggn~ 60 Myr, and the average
SFR from ages older than that4s0.0014+ 0.0005M,yr-%. Assuming the formation epoch
of the galaxy to be around 135 Gyr ago, we estimate that HIPASS J1348-37 has formed
~35%=+ 5% of its stellar content by 8 Gyr age £ 1.1), and~ 55%=x+ 5% by 5 Gyr agoZ ~0.5).

In particular, this galaxy has been slightly more activasnast~ 1 Gyr of life, as also indicated
by the parameters listed in Table 5.1, with moderate entments of the star formation 80
and~ 400 Myr ago. The star formation episode-at00 Myr ago is very uncertain, because this
is the oldest age where the blue loop stars are included iGNMI2 and it may indicate increased
noise at the lower end of the CMD instead of a real increas¢ainfgrmation. However, the
enhancement in the250— 1000 Myr range is real because of the large number of starseon t
blue side of the RGB (they are too blue to be ancient, metat-pars).

The average metallicity of HIPASS J1348-37 derived from $&fv¢H recovery is [F#l]=
—1.50+ 0.07. We compute the total stellar mass for the galaxy as inténa@qus Sections, and
find a value of 19 x 10’M,, from our SFH (with the reminder that this value could overeate
the true one by 25%, because we do not take into account stars that alreagyl ¢heir lives).
On the other hand, if we consider tBeband luminosity and assume a stellar mass-to-light ratio
of 1 or 2, we can estimate the stellar mass to 8ex@0’M,, to 1.7 x 10’M,,, which is consistent
with the previous estimate.

KK196, AM1318-444

As faint as HIPASS J1348-37, but with a higher stellar dgn&iK196 is the next object con-
sidered in our sample, with 7300 stellar sources detected. Although its CMD preseatsifes
similar to HIPASS J1348-37 (Fig. 2.5, few BL and RSG starshwismall stellar concentration
in the luminous AGB region), KK196 is located much closer en@, at a deprojected distance
of ~ 260+ 390 kpc and in a denser environme6ét € 2.2, Karachentsev et al. 2007). It thus
has properties similar to ESO444-78 and 1C4247 in the M8@aup, however, KK196 is not
detected in HI (e.g., Karachentsev et al. 2007). Curioublg,dwarf shows almost no sign of
a MS in its CMD, but it has an bl detection from Lee et al. (2007). Finally, LEDA reports an
internal extinction value due to inclination 8 ~0.50 mag for this galaxy.

We show the result of our SFH recovery in Fig. 5.5. As for HIBAR 348-37, we were not
able to constrain the most recertl(00 Myr) SFH from the information in the CMD alone. The
average SFR is 0.002+0.0011M,yr~1, with an enhancement a400-900 Myr ago, preceded
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by ~ 1 Gyr of low activity. In the period- 3.5 - 7 Gyr ago, KK196 also experienced a SFR
slightly higher than the average one, although at such ad ag do not have the resolution to
see smaller fluctuations. Overall, this galaxy has not beey active in the most recent period
(see Table 5.1), and theaHdetection mentioned above can be the result of a short, ok,wea
burst of star formation, which does not produce enough stave significantly detected in the
CMD. Indeed, if we look at the HST image of KK196 and check veheur detected stars are,
the (small) central region wherenHvas detected by Lee et al. (2007) is not resolved. From the
Ha data we are able to compute the current SFR for KK196 (forildetae the Section about
IC4247), which has a value of 0.0046+ 0.0004M,yr~1, and which we also plot in Fig. 5.5
although it is not comparable to our results. KK196 has fa®@Y+ 5% of its stars more than

8 Gyr ago, while 60%: 5% were formed more than 5 Gyr ago.

From the SFH recovery, we derive an average metallicityevalu[FgH]= —1.43 + 0.25,
which is in excellent agreement with the value we computeistafrom the oxygen abundance
listed in Lee et al. (2007) ([FEl]= —-1.43 + 0.02). If we compute the total stellar mass for
KK196 from our SFH, we get a value of 2x 10’M,; when we assume a stellar mass-to-
light ratio of 1 or 2 and compute the total stellar mass stgrtiom theB-band luminosity, the
values are ® x 10'M,, and 17 x 10’M,, thus slightly higher than our first estimate. As for the
case of ESO444-78, we might be overestimating the low-mad®ethe SFH due to lack of
information from the CMD.

KK182, Cenb

The CMD for KK182 (Fig. 2.5) has some 4100 stars, and shows a fairly well populated
MS/BL region, although there are comparatively few RGB and hous AGB stars. This
galaxy has a high deprojected distance from CerAR.0 + 0.6 Mpc) but it is actually closer
to M83 (~ 1.3 + 0.3 Mpc), with a negative tidal index that makes it a quite isedaobject
(Karachentsev et al. 2007). KK182 contains a moderate ahufureutral gas<{ 5 x 10’'M,)
and has also been detected ia (COté et al. 2009). The internal extinction (due to ination)
given by LEDA isAg ~0.78. Finally, the optical image of KK182 reveals a peculiarigular
shape for this object.

When deriving the SFH for this object, we notice that thenmiediate-age and old popula-
tions provide very little information (Fig. 5.6). The avgeaSFR for this dwarf is the lowest of
this sample, and has a value-00.001+0.0014M,yr~1. KK182 has experienced most of its star
formation in the past 0.5 Gyr, with many short-lived episodes of star formatierilQ — 100
Myr in duration), the strongest of which had strengths oksaMimes the average SFR. This is
reflected in the high values bfqg, bsoo, andb,g reported in Table 5.1. KK182 thus formed only
25%=+ 5% of its stars more than 8 Gyr ago, while 32%#6 were in place 5 Gyr ago. This result
is extremely similar to the SFH for ESO443-09 in the M83 sobigr, the latter being also a very
isolated object. The star formation value we derive for thengest time bin (resolving ages of
~4 Myr) is not in disagreement with the value that Coté e{2009) find starting from the &
flux of this galaxy ¢ 0.0004M,yr2, see also Fig. 5.6), considering it§-center star forming
region. Their study does not give errorbars, but it is likiblgt the two values are similar once
the observational errors are considered.

The metallicity content of this galaxy is low and in line with luminosity ([F¢H]= —1.46+
0.21). The stellar mass as obtained from the SFH.3x110'M,,. If we compute again the
stellar mass from the luminosity of KK182 and a given stefterss-to-light ratio (1 or 2), we
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Figure 5.6: Same as Fig. 5.5, for the galaxies ESO384-16 and ESO269r88réa by absolute increasing
magnitude). The red dots report the current star formattamderived from kit literature observations.

get 15 x 10'M,, and 30 x 10'M,,. In this case we are thus slightly underestimating theastell
mass, and this is likely to happen because of the small nuofll#éd RGB stars present in the
CMD.

ESO384-16

ESO384-16 is considered to be a transition-type or lerdrcdivarf (e.g., Jerjen et al. 2000a;
Beaulieu et al. 2006; Bouchard et al. 2007), with a ratheulaggelliptical shape and a high
central stellar density~(9 stars per arcséc The latter characteristic marks the separation be-
tween early-type dwarfs and dwarf lenticulars (see alsalibeussion in Beaulieu et al. 2006),
together with a higheMy, /Lg ratio than the typically close to zero ratio for early-typeaifs.

In the mentioned study, the neutral gas mass is reported tdB&M,,, and its spatial distribu-
tion is described as asymmetric. For this reason, Beauliali @006) suggest that ESO384-16
is actually falling toward the center of the group. Bouchar@l. (2007) also suggest that this
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galaxy may be experiencing a mild ram-pressure strippiog fthe intra-group medium, based
on the properties of its HI content. In its CMD, which ha&7200 stars, we identify an overden-
sity of luminous AGB stars above a prominent RGB, but the Bl BR$G regions are sparsely
populated, indicating very little presence of recent stamfation. However, this galaxy was
detected in 4 by Bouchard et al. (2009). ESO384-16 is located halfway betwthe dominant
giants of the group, at a deprojected distance bD + 0.4 Mpc from CenA and-0.9+ 0.4 Mpc
from M83, and has a negative tidal index (Karachentsev €t0f)7). According to Georgiev
et al. (2008), ESO384-16 hosts two globular clusters.

When deriving its SFH, we immediately notice that this gglaas been one of the most
active in our CenA sample, with an average SFR- @006+ 0.0023M,yr1. As reported in
Table 5.1, the parametby is the only one being 1, meaning a SFR higher than the average
for ages older than 1 Gyr ago. About 358%6% of the stars in ESO384-16 were born more
than 8 Gyr ago, and 60% 5% more than 5 Gyr ago. The recovered SFH (Fig. 5.6) shows two
episodes of enhanced star formation, one taking plazZ®0— 400 Myr ago, and an older one
occurring between 2 and 3 Gyr ago. However, for the latteragkes, there is a high uncertainty
given that the main feature in the CMD is the RGB, clearly degate in age and metallicity.
In fact, we have to slightly change the initial values of digte and reddening reported in
Table 2.2 to find the best-fitting synthetic CMD for our SFHaeery. The new values we adopt
areE(B - V) = 0.12 (instead of 0.08), andan(— M), = 28.18 (instead of 228 + 0.14 found
by Karachentsev et al. 2007), which however lie within the®drars of the previous values.
Coming to the most recent star formation, for ages as yourgtddyr ago our SFR lies on the
upper limit of the Hr measurement given in Bouchard et al. (2009) (who report eent6FR
of ~0.00023+ 0.00006M,yr1). These authors find that thext¢mission in ESO384-16 is quite
faint and dffuse, thus being in agreement with the evidence from itsvedgopulations.

As mentioned before, the age-metallicity degeneracy inR@& phase makes it flicult
to constrain the average metallicity for ESO384-16. Caarang) the relatively high average
SFR for this galaxy, the best-fit result of [IFg= —0.97 + 0.15 is appropriate for its luminosity
(related to the total mass). We estimate the total stell@srt@be 8 x 10’M,, from our SFH,
while the values derived assuming a stellar mass-to-ligti of 1 or 2 are  x 10’'M,, and
5.6 x 10'M,, respectively. The reported values are consistent with eéer, if we consider
that the number obtained from the SFH is likely to be ovenested and that the information
extracted from the CMD is limited for this object.

ESO269-58

ES0O269-58 is perhaps the most intriguing object in this danas can already be seen from its
rich CMD (~ 136000 stars). While relatively few BL and RSG stars aregem this galaxy,
the most prominent features are a very broad RGB and an extyemell populated luminous
AGB region (see Fig. 2.5). This peculiar irregular galaxpwh a prominent dust lane in its
central regions, and contair25 x 10°M,, of neutral gas. There exists only one measurement
of the Hx flux for this galaxy, carried out by Phillips et al. (1986)./Hx emission is extremely
weak. ES0O269-58 also has an internal extinctioAgf 0.50, according to LEDA. Its position
within the CenA subgroup is rather central, being onl$00+ 50 kpc away from CenA and
with a tidal index close to 2 (Karachentsev et al. 2007). RinBS0O269-58 contains as many
as 8 globular clusters (Georgiev et al. 2008).

The average rate at which ESO269-58 has been forming stdrs iEghest in our sample
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(~0.07 + 0.04Moyr™1). Just as KK196 and ESO384-16, this object had a SFR higherttie
lifetime average value just for agesl Gyr ago. ES0269-58 formed 45%3% of its stellar
content more than 8 Gyr ago, and 63%#6 more than 5 Gyr ago. The SFH recovery of this ob-
ject has been made morditiult by the high crowding exhibited by this object. Its petHlar
density is~ 10 stars per arcsé¢down tol ~27), and the & photometric errors at a magnitude
of I = 25 are already 0.15 mag in magnitude and 0.24 mag in cologhnimas the fect to
significantly broaden the observed features in the CMD. Tds&0ored broadening could in part
also be due to dierential reddening, but the fact that the TRGB is not stedciiong the red-
dening vector, and that the MS does not look heavilg@ed, points toward ordinary crowding
effects. We find new best-fitting values for the reddening anddte&nce modulus, namely
E(B-V) = 0.15 instead of 0.10, anan(— M), = 27.80 instead of 2B0+ 0.16. As can be seen
from the SFH plotted in Fig. 5.6, ES0O269-58 experienced d&aeced star formation between
~ 3 and 5 Gyr ago, which was followed by a rapid chemical enriehinThis is confirmed by
the curvature of the RGB and the metal-rich extent of the hous AGB (see Fig. 2.5), and the
resulting mean metallicity ([Fel]= —0.98+ 0.20) is in agreement with the absolute luminosity
of this galaxy. A second, mild enhancement occure®2D0 Myr ago, but overall the activity
of this galaxy has been much lower than the average SFR iashé IGyr (the fraction of stars
born in this period is only 1%, see Table 2.2). The #tux reported by Phillips et al. (1986) is
compared to the most recent bin of our SFH, being howeventyligmaller than our derived
value.

We mention that Davidge (2007) also studied the resolvdidspopulations of ESO269-58
in its outskirts, using ground-based optical data. Thigdgteports a mean metallicity value of
[Fe/H]~ —1.8, derived by comparing the RGB to stellar isochrones. Thdysalso concludes
that ESO269-58 harbors a small IAP (with stars not youngan th Gyr), which accounts for
a few percent of the galaxy’s stellar mass. According to Bgei(2007), these stars are the
result of an episode of enhanced star formation no more tharGyr ago. The reason for
the discrepancy between this study’s metallicity value amdresults could be due to the blue
extension of the RGB. Davidge (2007) does not resolve stausger than 1 Gyr, while our
CMD shows such populations (the depth of the CMDs are corbpgraAs a test, we look at the
stellar spatial distributions of a sample of stars alongaine edge of the RGB BV -1
0.9) and of a second sample of stars along the mean locus of tBe(B& < V — | < 0.9),
at a magnitude of ~ 25. The latter is clearly distributed across the whole spaixtent of
the galaxy, while the bluer stars are more centrally comaéed, and indicative of a younger
population. It is thus plausible that Davidge (2007) intetpd them as truly metal-poor RGB
stars.

We compute the total stellar mass stemming from the recdv8FeH, which results in a
value of 88 x 10°M,. On the other hand, when we assume a stellar mass-to-lighiofal or
2, the expected stellar mass values are betwder 10®M,, and 21 x 1®M,,. The explanation
for this small discrepancy is most probably again comingiftbe dificulties in the analysis of
the degenerate RGB.
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5.2 Spatial distribution of stellar populations as a function
of time

Dwarf irregulars are known to have scattered, clumpy regafractive star formation, with the
less massive dwarfs usually containing only one such acéig®n (for a review, see Grebel
2004, and references therein). This is, for example, refteict the shape these galaxies show
when imaged in 4. We now want to look for possible filerences in the spatial distribution of
stellar subpopulations.

The stellar subsamples into which the CMDs of the galaxieslarided were described in
Chapter 2, and are (ordered by increasing age): MS, BL, RS&B And RGB. For each of
the subsamples, only stars with photometric errors smtiban~ 0.1 mag in magnitude and
~0.15 mag in color are considered, since some features in the<3Dngly overlap when the
photometric errors are larger (e.g., MS and BL stars, see2®%). This limit also corresponds
to a~ 80% completeness level. We report in Fig. 5.7 and 5.8 theigemaps of the five
mentioned stellar subsamples for eight of the target lgte-galaxies. For HIPASS J1348-37
and KK196, the number of stars in the MS, BL and RSG stagesaeasmall to draw density
maps, so we do not plot them for the mentioned objects. AIS0IBR-16 lacks a significant
MS population for which we can derive density maps (see ER). 5

We compute density maps for the subsamples in the followiag Wihe target galaxies are
located at distances betweer and~ 6 Mpc, at which 1 arcsec corresponds-t6.02 — 0.03
kpc. We assign to each star of a given evolutionary phaseuimdar of neighbors found within
~ 0.03 - 0.07 kp?, depending on the distance of the galaxy (value chosen $athae do
not add too much substructure but we still retain the ovdealtures). We then convolve the
result with a square grid. The final resolution of the densigips is 01 - 0.02 kp&. For each
map there are 10 equally spaced isodensity contours. Theayfisim a - significance level,
or 0.50- where the number counts are too low , up to the peak signifeckevel, diferent for
each map and indicated in the caption of Fig. 5.7 and 5.8. Dhalzars indicate the stellar
density for each subsample, in units of stars p&c. To facilitate comparisons among the
stellar subsamples, we show with a black cross the centbeajdlaxy (i.e., coordinates listed
in Tab. 2.2), and with an ellipse the projected major axisumat the isophote level 25 mag
arcsec! in |-band (taken from Sharina et al. 2008).

The youngest stars (MS in a range fl0 to 20 Myr and BL in a range of 10 - 20
to 150 Myr) are mostly concentrated in small “pockets” clos¢he the center of the galaxy.
Given typical lifetimes of star forming complexes (00 Myr, see e.g. Dohm-Palmer et al.
1997, and references therein), it is reasonable to assuahéhtdse stars are still close to their
birth place. They appear to form preferentially close to ¢katral regions of the galaxies,
where the potential is deeper. In some of the targets (eSPD423-09, ES0444-78, ESO381-
20) the most recent star formation episode took place iniameatjsplaced from the center (as
shown in Fig. 5.7 and 5.8), while the BL stars reveal a sinot&icentered activity region as
well as activity in the galactic center. For populationsasithan a few hundred Myr, the stellar
distribution evens out. The RSG stars are approximatély to~400-500 Myr old and appear
slightly more smoothly distributed. Finally, the interniee-age and old populations (luminous
AGB and RGB) are distributed basically over most of the gakagxtent, with a quite regular
elliptical shape. This reflects the migration and redistiidn of stars within the galaxy over
long timescales. It is interesting to note that ESO381-20aheery broad distribution for both
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Figure 5.7:Density maps for four of the M83 late-type galaxies (ESO893ES0381-018, ES0444-78, and

IC4247, ordered by absolute magnitude), each divided irsfeiar evolutionary phases. These are: MS, BL, RSG,
luminous AGB and RGB, ordered by increasing age. The std#asity values are listed along the colorbars, in

units of number of stars perDkpc. 10 equally spaced isodensity contours are drawn startittgealo signif-

icance level up to the peak significance level. For the sublgamith an asterisk, the number counts are low and

thus the contours start at theb@ significance level. The peak levels are: for ESO443-09=18&o, BL=3.50,
RSG=20, AGB=1.40", RGB=30; for ESO381-018: MS2¢, BL=3.80-, RSG=3.80-, AGB=3.60", RGB=40; for
ES0444-78: MS20, BL=2.50-, RSG=30", AGB=30", RGB=40; for IC4247: MS=2.60, BL=4.70, RSG=50,
AGB=4.20, RGB=4.70. The center of each galaxy is indicated with a black crosst dsl a reference among

different frames, we also overplot the ellipse corresponditigg@rojected major axis radius at the isophote level

25 mag arcseg in |-band (taken from Sharina et al. 2008).
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Figure 5.8:Same as Fig. 5.7, for one of the M83 companions (ESO381-2d)fa three of the CenA com-
panions (KK182, ESO384-016 and ES0O269-58, ordered by afesatagnitude). 10 equally spaced isoden-
sity contours are drawn starting at the $ignificance level up to the peak significance level. The pdeadls
are: for ESO381-20: MS30-, BL=3.50", RSG=3.40", AGB=3.50, RGB=3.70-; for KK182: MS=2¢-, BL=3.40,
RSG=2.60, AGB=2.5¢0-, RGB=3.1c; for ESO384-16: MS1.50, BL=3.40-, RSG=3.40-, AGB=3.70-, RGB=4.77;

for ESO269-58: MS2.70, BL=4.70, RSG=4.50, AGB=5.40-, RGB=5.50".
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Figure 5.9: Density maps for one of the M83 companions (ESO381-20)dduiinto diferent evolutionary
stages. These are: in the top row BL stars; in the middle rov Rfars; in the bottom row luminous AGB
stars. For each panel in each row, there is an age range aatidli The color scale is the same within each row,
normalized to the peak density of the densesilflest) subsample, and the stellar density values ard bdtag the
colorbars (in units of number of stars pet &pc). For each map there are 10 equally spaced isodensity asntou
starting at the & significance level up to the peak significance level. The peais are (from the youngest to the
oldest sample): B£1.60,, 1.60,, 3.20-, RSG=1.30, 3.20-, AGB=2.30, 3.10~. The center of the galaxy is indicated
with a black cross.

BL and RSG stars. This is due to the fact that it experiencedoag burst of star formation
in the last~ 500 Myr, that must have taken place over the whole spatiangxdf the galaxy.
A similar behavior is seen also for KK182, although less prorced. We note that the RGB
sample is likely to be contaminated by a fraction of interraggtage and old AGB stars, which
are less luminous than the TRGB.

We now discuss in more detail the helium-burning and lume®@B samples. The position
of a star in a CMD is determined, among other parameters, byaad metallicity, which in
some evolutionary stagestier a degeneracy, meaning that older and more metal-posrastar
found at the same location as younger and more metal-rick Sthis is particularly true in the
RGB phase. Moreover, for the MS older and younger stars fdhee mass occupy roughly the
same position on the CMD. On the other hand, in their BL and R@&@es, stars with flerent
ages are well separated in the CMD (see Fig. 2.6). Givennlair galaxies we do not resolve
metallicity variations with time, we can safely assume tth& age-metallicity degeneracy is
minimal and we can assign to each star in the BL and RSG phasgjla age based on its
position in the CMD. We want to use this information to betiaderstand the distribution of
stars at dierent lookback times, and see how the stellar populatiane\alving.

We adopt the method described by Dohm-Palmer et al. (19%8gdarate the BL, RSG and
AGB samples into older and younger subsamples, using PatieNar isochrones as reference.
We then again compute density maps as described befordint@dor three age subsamples
for the BL stars, and two subsamples for RSG and luminous ABI is because it is easier
to separate ages for the BL as compared to the other two evwduy stages. We stress that for
the luminous AGB phase the age determination for ag&sGyr is quite uncertain, since stars
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with different ages almost overlap in the region above the TRGIB Vh— | color-magnitude
space. We thus cannot evaluate precisely the age of tha di@&sbin, and the age reported in
the plot is just indicative. We report one example for thisckof density maps (ES0O381-20),
which is plotted in Fig. 5.9.

For all of the studied objects, the youngest populationsigaen generally found in concen-
trated, actively star forming regions, while the stars witter ages are more broadly distributed.
Theoretical expectations tell us that such complexes cae tiameters up to several hundred
pc in size, and contain OB associations and open clustara dscussion, see Appendix A in
Dohm-Palmer et al. 1997). The former will quickly dissolvétfin ~ 10— 30 Myr), but their
stars will remain in the complex fer50— 100 Myr, while open clusters are more long-lived and
disrupt after several hundred Myr due to internal dynamics not easy to put observational
constraints on the lifetime of such complexes, because waairable to follow them closely
for long enough timescales. For Sextans A, Dohm-Palmer €@02) find a lower-limit age of
~100 Myr, based on the spatially resolved SFH derived from 8kss In our sample, ESO381-
20 is the only galaxy that contains a substantial BL popaoiatsuitable for this kind of study,
so we will now concentrate on this object.

ESO381-20

ESO381-20 experienced a strong enhancement in star famiatthe last- 500 Myr, approxi-
mately three times higher than the average value. ESO3&lsBXontains a higher number of
BL stars as compared to the other galaxies in our sample harsdite can take a closer look at
its spatially resolved SFH.

Fig. 5.9 shows how the location of the peaks in stellar dgnsithe BL phase changes
with time. However, it is not straightforward to compare tiensity maps to each other. When
sorting the subsamples by age, we are considering stargifignent masses, and so the star
formation needed to produce the observed densities wilifberdnt. We thus have to normalize
the density maps for the IMF, and to do so we use the relatiessribed by Dohm-Palmer et al.
(1997). We zoom in on the central region of the galaxy, reastethe density maps for the BL
subsamples, this time with a resolution 0d0 kpc&, and finally normalize them to get units of
Mo Myr~1 0.11 kpc2. The results are shown in the upper panel of Fig. 5.10.

We can see that the galaxy has kept forming stars overalititis age range, with several
localized enhancements. This supports the idea of seffggating stochastic star formation
(see Seiden et al. 1979; Dohm-Palmer et al. 2002; Weisz 20@8), for which the star forma-
tion is intermittently turning on andfbin adjacent cells within the galaxy. It is not clear what the
main mechanism is that triggers this mode of formation. Tileihce in the interstellar medium
may locally enhance the gas density above the thresholddof@mation (Elmegreen et al.
1996), or the reason could lie in the balancing process lestweating (from stellar feedback)
and cooling (inéicient at low metallicities) of the interstellar medium (&hita 2000). These
mechanisms would lead to large star forming complexes, svtdss of up to several hundred pc
and lifetimes o~ 100 Myr. As mentioned before, some of the HIl regions in ESD28 coin-
cide with HI peaks. Looking at Fig. 5.10, we can see how th&peastar formation are moving
as time proceeds, but unfortunately the low number of stettsa youngest bin only permits us
to detect the two most prominent, intensively star formiagions. The peaks have diameters
of ~ 100 pc, thus consistent with the expectations. For referetine physical distance from
the center of the galaxy (black cross) to the highest depsiak in the rightmost panel 1s0.8
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Figure 5.10:Upper panel. Spatially resolved star formation history for the centedion of ESO381-20, as
from BL stars of diterent ages (as indicated in the subpanels). The SFR peraaitsindicated on the colorbar,
with the same color scale for all of the subsamples. The angesolution of the maps is marked with a red square
in each subpanel. The center of the galaxy is indicated whkaek cross. Just as a reference amoritgint
frames, we also overplot the ellipse corresponding to thgpted major axis radius at the isophote level 25 mag
arcsec! in I-band (taken from Sharina et al. 2008pwer panel.Spatially resolved star formation history (via
synthetic CMD modeling) of ESO381-20 within the last 1 Gyre ¥élect two subsamples of stars, found in the
“inner” and in the “outer” regions of the galaxy, by lookintthe density maps of the BL stars (Fig. 5.9, see text for
details). The star formation rate for each region (nornealito the area of the considered region) as a function of
time is plotted, with the oldest age being on the left side thrdresent time on the right side of the (logarithmic)
horizontal axis.
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kpc. Their duration is more flicult to determine, given the small timescale resolvable ctve
however notice that the peaks of star formation in the yosth@ge bin are already present, even
though with a lower fficiency, in the 36- 80 Myr panel, so activity there has lasted for at least
~ 80 Myr. Several of the smaller peaks present in the oldest bin are disappearing in the
young ones, but adjacent cells are seemingly turning onreTth@es not seem to be any obvi-
ous spatially directed progression of the star formatiom filmm these data it is not possible to
draw firm conclusions. A high-resolution HI map would be tielpo study in more detail the
substructures in this galaxy (see, e.g., Weisz et al. 2008B)note that similar star formation
characteristics and timescales have also been found in iotegulars, e.g., the LMC (Grebel
& Brandner 1998; Glatt et al. 2010), and may be typical fosthgalaxies.

Moreover, star formation may be overall enhanced withimgi#t scales for long time pe-
riods (~0.5 - 1 Gyr, see e.g. Dohm-Palmer et al. 1997, McQuinn et al. 200$),to a global
starburst in the galaxy. ESO381-20 seems to have expedesuzh a high star formation pe-
riod, and this was recent enough that we can try to look at plagiadly resolved SFH within
different parts of the galaxy, as derived from synthetic CMD ntinde Following McQuinn
et al. (2009), we separate the galaxy in two smaller subnsgiand we do that according to
the BL density maps in Fig. 5.9. We consider the inner regmobd the one where the star
formation activity has been high in the lastLtO0 Myr, producing a high density of BL stars.
The outer, currently less luminous, region is the one whtaes gyounger than 130 Myr are
found, but excluding the previously mentioned centraloagWe then want to see whether the
enhancement in star formation ha$eated the galaxy as a whole, possibly with intermittent
episodes, or whether it was localized in the central regia.compare the SFHs derived for
these two subsamples, scaling them for the area of the rgg@od plot them in the lower panel
of Fig. 5.10. The outer region is producing overall fewerstompared to the central one, but
apart from that we do not see any obvious trend from the déi®fHs. On the contrary, the
SFR is randomly varying with time around the average valwenEhough the area normalized
SFHs clearly show that the star formation in the faint reggoon average more than two times
lower than in the bright region, it still is enhanced by a daaf two with respect to the average
SFR of the faint region itself. This simply tells us that tHeserved burst of star formation was
a period in which the whole galaxy produced stars at a highter, and the phenomenon was
not only localized to the currently bright central region.

5.3 Discussion

Just as the dwarf irregular galaxies of the Local Group, &ngett objects of our sample show
considerable variety in their SFHs. The galaxies studied kever a range of 2.5 mag in
magnitude, they have neutral gas masses of feiwtd@ew 1M, and the sample includes
galaxies with both positive and negative tidal indices.

For almost all of our sample dwarfs, a period of old star farara(> 5 Gyr) at the lifetime
average rate is followed by a lower-level activity for intexdiate ages, with some exceptions
where there is pronounced intermediate-age activity,(E§0384-16 and ES0269-58). We
emphasize that episodes of enhanced star formation cosbdb@ present at these old ages,
but the time resolution of our CMDs does not allow us to receueh episodes. Only in the
last~ 1 Gyr are we able to resolve increased star formation agtabbve the average rate,
for which ESO381-18 and ESO381-20 are the most striking @k@sn The enhancements
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in star formation found for all of the galaxies are usuallyaatbr of 2-3 times the average
lifetime value. For some cases the situation Bedent. For example, in ESO444-78 the star
formation activity is high only for the first few Gyr, after udh it stays rather constant and
always below the average value. Coté et al. (2009) sugigaisthis object could be a transition-
type galaxy, given the absence of strong eémission. Its SFH resembles that of Local Group
transition-type dwarfs such as Phoenix or LGS3 (see, e.@lptn et al. 2005), with two
major diferences. First, ESO444-78 is almost three magnitudestbritffan these Local Group
dwarfs, and second, its neutral gas content is also highafféstor of 10- 100 (see our Tab. 2.2
and Tab. 1 in Grebel et al. 2003). However, we are not able teemere detailed comparisons
between these objects, since our photometric depth doepemwtit us to resolve enhanced
star formation episodes at ages older tkdnGyr. On the other hand, for HIPASS1348-37 and
KK196 the SFR remains lower than the average SFR in the finstsdpsequently proceeds with
mild peaks, and almost disappears in the ta400 Myr. Given that there is andddetection
for KK196 (although HI gas is not detected), out of these twgects only HIPASS1348-37
is a candidate transition-type dwarf. In the cases of ES&¥Band ES0O269-58, the SFR
was more pronounced betweer? and~ 3 — 4 Gyr ago, after which the SFR has been well
below the average value but shows a single peak a few hundyeddd. ESO384-16 is indeed
classified as a transition-type dwarf and, given their gnties, ES0O269-58 should also be
(see the respective Subsections). Both galaxies conte@madeylobular clusters, although like
ESO0444-78 the neutral gas content and the luminositiesaagerl than those of Local Group
transition-type dwarfs.

The derived SFHs (Fig. 5.1, 5.3, 5.5 and 5.6) seem to confiergéneral trend found for ob-
jects in the Local Group, with quite long periods of star fatian (~ 100 to 500 Myr) separated
by quiescent epochs when the star formation is low but catigtactive (“gasping” regime,
Marconi et al. 1995). ThaverageSFRs are of the order 61072 to ~6 x 102Myyr1, which
is slightly higher than the values found for Local Group disaegulars in the same magnitude
range, but comparable to the sample of objects in the M8tadtieg group studied by Weisz
et al. (2008). Given the high activity seen for the giant gea in the CenA group, Coté et al.
(2009) also look for enhancements in the SFR of its dwarf nemiwith respect to the Local
Group, but they do not find evidence for this using therentSFR. Note that we are looking at
lifetime average values, rather than the current rate.lligjrme of our targets seem to have
formed at least 50% of their stellar content befarel (< 8 Gyr ago). These are all the M83
companions, while for the CenA subsample the fraction asdtarmed more than 8 Gyr ago
is generally smaller, 25% 45%. We however point out that two of the CenA companions that
were originally classified as such are actually isolate@atsj that are closer to M83, and we
thus exclude an obvious correlation with environment. th@re plausible that we are seeing a
variety of SFHs, just as observed in the Local Group. Namelihe LG we have cases where
most of the dwarfs’ stellar content were formed at ancianes & 10 Gyr), but also cases
where the bulk of star formation occurred at ages younger ttinat (e.g., IC1613 or Leo A, see
Skillman et al. 2003; Cole et al. 2007). We will come back tis foint later.

The position of our ten galaxies in the CeiM83 group and a blow-up of the CenA and
M83 subgroups are shown in Fig. 5.11 (the positions are thkem Karachentsev et al. 2007).
An important diference between the two subgroups is that the M83 subgrouppessed to
the CenA subgroup, contains many more dwarf irregularswahio blue). A high number of
gas-rich dwarf irregulars is often taken as sign of a reddyiwinevolved group. Apart from
the dwarfs that are likely bound members of the two subgrowpsalso plot the positions of
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galaxies with negative tidal indices (i.e., isolated dwgrbf which there are six within our
target sample. We would like to compare the properties ofitharfs studied, also bearing in
mind their position within the group. The most isolated cbgeare ES0O443-09, ESO381-18,
ES0381-20, HIPASS1348-37, KK182, and ESO384-16, locateddeprojected distance of
> 900 kpc from either M83 or CenA. Some of these galaxies aptpdaave undergone periods
of enhanced star formation in the last few hundred Myr (rn&detb their lifetime average), while
others show an extremely low SFR in the same time range. Th#ras no clear indication for
an environmental influence on their evolution. Internalggisses may shape the star formation
in these small objects as suggested by ESO381-18 and IC4247e(M83 sample) having
similarly shaped recent SFHs, even though the first one i®tly quite isolated while the
second one is the second closest to the dominant galaxywesdti a dense environment. The
same is also true for HIPASS1348-37 and KK196 in the CenA $anapd a very similar SFH
is shared also by ESO384-16 and ES0O269-58.

A puzzling property of the CenM83 group is the higher neutral gas mass to visual lumi-
nosity ratio of its members (Grossi et al. 2007), as comptrdéae Local Group or the Sculptor
group, which are both less dense environments. When coirgijdgalaxy density, the strip-
ping of the neutral gas from the dwarfs would thus in prineibeé more favored in the CenA
environment (e.g., Bouchard et al. 2007). This issue isnsktely discussed by Grossi et al.
(2007), who are unable to find a definite answer. Bouchard. €2@07) study the HI content
of ESO444-78 and, from an asymmetric elongation of the Hridistion, conclude that ram-
pressure stripping could be at work for this object. The sauatkors derive a similar conclusion
also for ESO384-16, which they suggest to be falling towhedsenter of the group from asym-
metries in its HI distribution. When we compute the ratiolté present-day neutral gas content
over the lifetime average SFR for our targets, we see thd$444-78 and 1C4247 (located
at deprojected distances©1.04 kpc and- 280 kpc from M83, respectively) it would take3.5
Gyr to consume their entire HI amount at this rate. In the Cenlbgroup, ES0269-58-320
kpc from CenA) would need only 350 Myr to exhaust its neutral gas content, while the other
CenA companion with positive tidal index, KK196, has no Hégietected. This could be a hint
of a possible environmentaffect on the neutral gas content of these dwarfs, since thgigsala
of our sample that currently have a negative tidal index simstead highMy,/ <SFR> ratios
(> 10%9). The exception is ESO384-16, which had/a,/ <SFR> ratio of 850 Myr but, as
mentioned before, this object could possibly be experrepam-pressure stripping (Bouchard
et al. 2007). Lee et al. (2007) and Coté et al. (2009) do ndtdiny obvious trend of the neutral
gas fraction as a function of tidal index or distance from dioeninant galaxy (the first work
considers projected distances, while the second one upesjeleted distances), using data for
many dwarfs in dferent nearby groups. On the other hand, Bouchard et al. J2id@hat the
neutral gas fraction is generally lower in denser enviromisieén agreement with our results, so
the overall trend seems to be unclear.

We further analyze the specific properties of our targetdascion of diferent parameters.
In Fig. 5.12 we plot the average SFR as a function of absolwgnitude, tidal index and
deprojected distance from the closest giant galaxy. Firatloif we assume that to first order
light traces the baryonic mass, then we expect the averaBei&be linearly increasing with
luminosity (see, e.g., Grebel 2004, and references thelaitheed, this is what we see from the
top panel of Fig. 5.12, however ES0O269-58 seems to be areoidii this relation. Namely,
its average SFR is higher than that found for galaxies oflammagnitude. There is no clear
correlation between the average SFR and the tidal index ofjalaxies, and the same is also
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Figure 5.13:Absolute B luminosity plotted as a function otigper panélthe fraction of stars formed in the past
0- 1 Gyr (fig), 1 - 4 Gyr (f4c) and 4- 14 Gyr (f14c); (lower pane) the ratio of SFR to the lifetime average SFR
over the last 100 Myrlti00), 500 Myr (bsoo) and 1 Gyr bi). The black open circles represent the CenA subgroup
late-type dwarfs, the black filled circles are M83 subgrowgmbers, red triangles indicate Local Group late-type
dwarf members and blue squares the M81 group late-type dwddimberg IX is a candidate tidal dwarf, and we
mark it with an additional blue circle since this object ig adypical dwarf galaxy (see text for details).

true for the deprojected distance. For the latter, we pktiktances based on the original group
classification, and then also add the recomputed data goirttse three CenA companions that
are actually closer to M83 (HIPASS1348-37, KK182, and ESH38). If we consider these
three objects as part of the CenA subgroup, it could be plestibclaim that a mild trend
is present, where the SFR is decreasing with increasingrdistfrom the dominant galaxy.
However, after recomputing their distances from M83, naclkorrelation is seen between
SFR and distance, only a scatter in the values of the sampie.absence of a trend seems
reasonable if we bear in mind that the positions of the gataxi the group have changed with
time, and so the present-day position is not necessarikgatide of the distance from other
galaxies in the past. We have no way of reconstructing theqrbgs of our sample galaxies
within the group. Also in this case, ES0O269-58 appears tonbaudlier given its high average
SFR. This result still holds if we use the SFRLgratio instead of the SFR alone.

We also computed parameters to quantify the amount of staxafiion in certain time peri-
ods, relative to the average value, and the fraction of si@ns at recent, intermediate-age and
old epochs (Tab. 5.1). We now want to investigate how thesanpeters behave as a function
of luminosity, tidal index and deprojected distance from3aV& similar study has been done
by Weisz et al. (2008), concentrating on M81 and Local Growgarflirregulars with a larger
luminosity range than the one considered here. HoweveGiBs and the adopted techniques
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are similar, so their sample can be compared to ours. Theytbnd any clear trend of the
luminosity with any of the parameters, and the values foritieracting M81 group and the
Local Group do not reveal any substantiafelience. They conclude that, given that the av-
erage SFR within their galaxy sample is almost consistetit aiconstant SFR over a Hubble
time, the observed intrinsic scatter in the parameters mdigate the stochastic nature of the
star formation process for these objects. We consider tlagiga from their sample (both from
the M81 and the Local Group) that are in the same luminositgeas those in our sample, and
investigate the cited parameters as a function of lumipoSme of our results are very similar
to theirs. For example, we do not find any correlation betwaesoluteB luminosity andf
(fraction of stars formed in certain time periods)ofratio of the SFR in a certain time period
to the lifetime average SFR) parameters, which are plottédg. 5.13. We show the values for
dwarf galaxies belonging to threefidirent groups (Cern/M83 group, Local Group and M81
group), and we do not see a clear trend in their values. Wethatene of the M81 group mem-
bers (Holmberg IX) is classified as a candidate tidal dwaHisType of dwarf is supposed to
have formed out of the baryonic material coming from a closeraction episode of the parent
galaxy (in this case, the spiral M81), and thus a tidal dwhadiutd be a dark matter-free object
(e.g., Toomre & Toomre 1972; Duc et al. 1997, 2000). One ofphruliarities of tidal dwarfs
is that they contain very few old populations (most probatdyning from the parent galaxy),
and a more pronounced young population, born after theaati®n event. They will thus not
share the common properties of a typical dwarf galaxy, andeegde to mark Holmberg IX as
an outlier in the relations discussed here.

We further plot the tidal index as a function of theandb parameters in Fig. 5.14. If we
do not consider Holmberg IX, we can see that there is a cleadtbetween the tidal index and
both b1go andbsg (Which tells us how active a galaxy has been in the past 10Gaadvyr,
respectively). There is also a hint for such a trend Wit but less pronounced. The conclusion
is that galaxies with a positive tidal index have generadlgl b low activity in their recent SFHs,
while the ones which are more isolated have a rangeftd@rént properties. The result confirms
what has already been found by Bouchard et al. (2009) abeutuirent SFR being lower
in denser environments. They use a large sample of dwarfseirLocal Group, the CenA
group and the Sculptor group, relating the dwarfs’ physraperties to the local luminosity
density. Considering the fraction of stars born dfedent ages, thé,c and i, parameters
present a larger scatter for a tidal indgx0.5. This translates into a common property for
galaxies embedded in a denser environment, namely thathiéney all formed most of their
stellar content more than 4 Gyr ago. On the other hand, geddixat are currently sitting in less
dense environments have a larger range of valuegdaand f14.

As a last step we also plot the deprojected distance from éh@rdhnt group galaxy as a
function of thef andb parameters in Fig. 5.15. For this quantity, only data forGeeaAM83
group are shown. We can see that the results are similar tmgsefound for the tidal index. All
the dwarf galaxies that are located closer th&00 kpc from a giant galaxy clearly produced
stars at a rate much lower than the lifetime average SFR itagite 1 Gyr. Their more distant
companions, on the other hand, produced stars with a randgfefent rates. Thisfiect is
particularly pronounced within the last 100 Myr. As befattas still holds when considering
the fraction of stars born atfikerent times. We conclude that the star formation in latetyp
dwarfs has a considerable range of properties in the fieldewose objects that live in an
environment with a high galaxy density and close to a giatdxyahave their star formation
suppressed within the last 1 Gyr. The details of the SFHsokitlourse depend on the details
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Figure 5.15: Deprojected distance from the dominant subgroup galaxiid€eiCenA or M83) plotted as a
function of: pper panél the fraction of stars formed in the pastQ0lL Gyr (fig), 1 — 4 Gyr (fsg) and 4— 14
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and 1 Gyr big). The black open circles represent the CenA subgroupygiedwarfs and the black filled circles
are M83 subgroup members. Red symbols indicate the distanatwe recompute for three of the CenA subgroup
members, as they actually are closer to M83 than to CenA (sed-&. 5.12).

of the galactic orbit within the group, but the orbits of oargets are unknown due to their
distances. As discussed in the previous Chapter, ramypeessripping could be a possible
culprit for the observed suppression of star formation & @enA group. We have already
seen that the environment alsidexts the SFHs of the early-type dwarf members of the group.
Bouchard et al. (2009) suggest that the proximity to a langmler of galaxies (i.e., a dense
group environment) could be accompanied by a dense enotgyigatactic medium in order
for ram-pressure stripping to happen. According to thenottar possibility is that galaxies

in a dense environment have a higher fraction of ionized lgasause of a higher ionizing flux
coming from the neighboring galaxies.

Regarding the metallicity results, we emphasize again whidt the current data we are
not able to constrain the metallicity evolution with timedathat our photometric metallicities
are uncertain, but we can provide lifetime average valuesstMf our targets are metal-poor
([Fe/H]~ —1.4 dex). This suggests that the galaxies may have been losatlghed within
small-scale regions during periods of intense star formmatas can be seen from theiwH
emission, but that they afterward have experienced strgatyen of newly formed metals from
star forming regions. The ejection can happen through gelnds and SNe explosions (see
e.g. Bradamante et al. 1998), and the dwarfs may have alsetadsome primordial gas during
their lifetime. Alternatively, the enriched gas may stédl Im a hot phase, and thus not possible
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to detect at optical wavelengths (e.g., Recchi et al. 200062 It is indeed likely that dwarf
galaxies embedded in a dominant dark matter halo, but wityoloéc masses as low as the ones
in our sample{ 10®My,,), will not be able to retain almost any of the metal-enrichad coming
from the star formation episodes (Mac Low & Ferrara 1999).al§e note that two of the most
luminous galaxies in our sample, ESO384-16 and ESO269h@, $lightly higher metallicities
([Fe/H]~ —1.0 dex) with respect to the others, thus showing a hint of a iiretgluminosity
relation. Previous studies indeed suggest that the natglluminosity relation for galaxies
in other groups and clusters is similar to the one found inLibeal Group. We have already
shown that this holds for our sample of early-type dwarfe Skapter 3). We note that Sharina
et al. (2008) consider the same dataset that we study, anputerthe metallicities of the target
dwarfs with the empirical formula by Lee et al. (1993), calesing stars on the upper RGB.
They find an &set between early-type dwarfs and late-type dwarfs, sirtalthe one displayed
by MW companions (Grebel et al. 2003). However, as suggéstddct. 5.1, their metallicities
for the dwarf irregulars may be underestimated. Unfortelyait is difficult to compare our
results to theirs in more detail, or to the metallicitiesriddor our early-type sample. This is
because we used the Dartmouth stellar evolutionary modelgur previous study, while for
the SFH recovery we adopted the Padova set of models (sihgéh@se models cover the full
range of ages that we need). As already discussed in Secfidh ghe use of the two models
gives metallicity results that fier by approximately 0.3 dex (judging from the upper part ef th
RGB). Moreover, the estimate of the metallicity for the atpe dwarfs includes the youngest
stars, while the metallicity values for early-type dwardsree only from their old populations. It
is thus not possible to compare the metallicities derive@hapter 3 to the ones derived in this
Chapter, because the involved models yielfiedent results due to theirfiéerent input physics
and to the dierences in the transformation to the observational plaime theoretical quantities
(like temperature and luminosity).



“Now is no time to think of what you
do not have. Think of what you can do
with what there is.”

E. Hemingway, The Old Man and the
Sea (1952)

Summary and outlook

Dwarf galaxies are fundamental ingredients for the assgwitthe present-day Universe. De-
spite their small size, they surprise us with a variety of photogies, chemical compositions
and evolutionary histories. Their physical propertiesagenuch complex within our own Lo-
cal Group, as they are still unexplored beyond its boundah¥ith state-of-the-art observing
instruments and analysis tools, in the last decades we leavedd many of the nuances of
dwarfs inhabiting our backyard. With this study, we go beyaur doorstep and explore the
techniques that will help us to unveil the secret mechangalaxy formation and evolution.
By looking at dwarfs in nearby groups of galaxies, we canaettthe information embedded in
their resolved stellar populations, which trace their pastiory. We are particularly interested
in the role that the surrounding environment plays in thdwgian of these objects. This Thesis
is one of the first studies to look at the resolved stellar patpns of dwarfs in nearby groups
in great detail.

The Centaurus M83 group has been the main character of this Thesis. It isobilee
closest galaxy agglomerates to us (located at an averagacksof~ 4 Mpc), and shows
characteristics very similar to the Local Group. Howevkere is also evidence for it to be
an environment that is more dense in galaxies and perhapsniora advanced evolutionary
stage compared to our own. More than 50 dwarf memberdi@rdnt morphologies and stellar
contents form two subgroups around the dominant giantspg@lealiar elliptical CenA and the
spiral M83). The Centaurus/M83 is thus a very appealing target in which to study thesdlsma
objects and to seek possible similarities difetiences with dwarf populations in other group
environments.

For our study, we use both archival optical data from the H&TS instrument) and pro-
prietary NIR data taken at the VLT (ISAAC instrument). Wefpem stellar point-source pho-
tometry on these images and derive CMDs for sixteen targatfdwelonging to the Centaurus
A/M83 group. Although the CMDs are not as deep as those obtaif@abLocal Group mem-
bers (due to their larger distance), we are able to studytiasigal properties and the evolution-
ary histories of the target dwarfs with the help of theowdtisochrones. More specifically, we
derive photometric metallicity-distribution functionsyestigate the presence of radial metallic-
ity gradients and quantify the amount of intermediate-agefsrmation for our six early-type
dwarf targets. Furthermore, we test the validity of our gsialtechniques on the deeper CMDs
of six low-mass M31 early-type companions that show sintlaracteristics as our target ob-
jects. For our ten late-type dwarf targets, we reconsthit recent £ 1 Gyr) star formation
histories in detail and study the time-dependent spatsfidution of their stellar populations.
We then look for a connection between the derived propeatesthe location of the targets
within the group.
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We can summarize our results as follows.

e Early-type dwarfs

We studied deep HSACS images of four dwarf spheroidals and two dwarf ellipgda
the CenA group. These are the deepest photometric datalalegib date for CenA dwarf
members. They allow us to investigate their metallicity teom and to put constraints
on their star formation episodes through the study of tresolved stellar populations.
Our goal is to estimate whether there are similarities ietences with the early-type
dwarf population of our own Local Group, and thus to bettedarstand the interplay
between internal processes and external forces in shapiag dalaxy evolution. With
the current instrumentation, spectra for individual RG& stt these distances4 Mpc)
cannot be obtained, and thus the only possibility to lookatad at stellar metallicities is
to take advantage of their photometric properti€kis is the first time that photometric
metallicity distribution functions are derived for dwardlgxies outside the Local Group
On the other hand, early-type dwarfs were originally belgvo have simple star for-
mation histories given their absence of neutral gas ancthtestar formation. However,
some of the Local Group early-type dwarf members have redeagnificant amounts of
intermediate-age populations, and furthermore there éndency for dwarfs more dis-
tant from the dominant giant galaxy to have higher fractiohsuch populations. Some
external gas removal mechanism could thus be acting on tesa&ies, perhaps also
leading to a morphological transformation from late-typearly-type dwarf. The study
of intermediate-age populations in early-type dwarfs @rbg groups is fundamental in
order to shed light on how external forces influence the dsvavolution in diferent
environments.

The optical CMDs of the CenA early-type dwarf companionssshooad RGBs without
any evidence of young<( 1 Gyr) populations, so we assume a predominantly old age
for their stellar content. We note that our target galaxies @xhibit a small number
of luminous AGB stars above the tip of their RGBs, indicatbdfean intermediate-age
population ¢ 1 — 9 Gyr). However, a precise quantification of such populatisnnot
possible from optical data alone, given that the Centaurgsofip lies at a mean Galactic
latitude ofb ~20°, and is thus fiected by Galactic foreground contamination. To derive
photometric metallicities for the luminous red giants im eample, we chose Dartmouth
isochrones, since they have been shown to provide an emtétiéo the full extent of
CMDs of both old and intermediate-age star clusters. Fixinegage of the isochrones
at 10 Gyr and assuming a solar-scatedlement abundance, we allowed the metallicity
to vary and interpolated between the isochrones to obtaividual metallicity values
for stars on the RGB. We further estimated the amount of biasir results due to the
presence of intermediate-age stars (which we estimatectuatfor~ 10% to~ 20% of
the entire population), and found that the metallicity spisewere likely to be the result of
this contamination for two of the target galaxies. For theeobbjects, we show that the
presence of extended early-star formation episodes (wdrelndeed very likely) and a
range ofw-element abundances would eventually broaden the derietalliity spreads,
and make the median metallicities lower b§5%.

In terms of metallicity content (derived from the optical Ol)), the CenA early-type
companions resemble the properties of Local Group dwatisy Bre moderatelynetal-
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poor (<[Fe/H]>= —-1.56 to-1.08), andmetallicity spreads are observéaor almost all of
them (internal dispersions of[Fe/H]= 0.10 - 0.41 dex). The CenA companions follow
closely the luminosity-metallicity relation originallyistovered for Local Group mem-
bers and subsequently found to extend also to other neaxlisoements. The shapes
of the resulting metallicity-distribution functions arevevall very similar to the ones
spectroscopically derived for Local Group dwarfs, and stesm the combination of
supernovae-driven enrichment and galactic outflows. A ndetailed comparison is not
possible because of the intrinsic uncertainties of ounya@mmethod. Some of our targets
additionally show the presence of metallicity gradients] also of statistically distinct
stellar subpopulations (in metallicity), which is agaimgarly observed for Local Group
early-type dwarfs and can be reproduced by the theoretiodeis. We do not find any
clear trend in median galaxy metallicity versus tidal inde®. degree of isolation) or
versus (present-day) distance from the central galaxyefjtoup. While the orbits of
our target galaxies are not known, this suggests an impaméan of internal processes
(governed by galactic mass) in the shaping of the physicgdgaties of these dwarfs.

However, an intriguing dierence emerges when we look at the intermediate-age pop-
ulations of the early-type dwarfs in CenA in more detail. T this, we exploit the
combination of our deep high-resolution optical images ldifd data, where the Galac-
tic foreground contamination is more easily separable ftioengalactic populations and
where upper AGB stars appear more luminous. NIR obsenstom available for three
of our target early-type dwarfs. We select common stars filtercombined optical and
NIR CMDs, and isolate candidate luminous AGB stars in ougets. We then com-
pute the absolute bolometric magnitudes for the most lunsmAGB candidates of each
galaxy, and correlate the values obtained with the age afnibst recent significant star
formation episode in these galaxies. We find that the mositesignificant star forma-
tion episode took place betweer? and~9 Gyr ago in the target dwarfs. By comparing
the number of candidate luminous AGB stars to stellar elahary models, we are able
to compute the fraction of intermediate-age populatiorsfand values of up te- 15% of
the total population. These values could be higher by a fattvo/three, if we consider
the observational limitations and the recent literatusedssion about the uncertainties in
theoretical models. When comparing our results to dwaebgas of the Local Group, we
clearly see that despite sharing similar physical progerind positions within the two
groups,the objects in the CenA group tend to have lower intermedigte population
fractions(the relative diferences are noti@cted by model uncertainties). These results
confirm previous literature work on two early-type CenA diampanions. We suggest
that this diference might be due to environmentékets, which lead to the earlier loss
of the neutral gas for the dwarfs in this dense group. Thimsgareferentially to be the
case for objects that are closest to the dominant ellipGealA. However, we stress that
our sample, together with the two objects considered in thatimned previous study,
consists of only five galaxies.

According to the CenA membership list by Karachentsev €28l07), there are sixteen
early-type dwarf companions to CenA. For five of these objdtie results presented in
Rejkuba et al. (2006) and complemented in this Thesis gigaiht toward a low fraction

of intermediate-age populations in them. For the remaitinmge dwarfs studied here,
we have indirect evidence that this trend is still true. We ttaus claim that at least half
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of the early-type dwarfs (so far detected) in this group hneairtstar formation halted at
some point within the last 9 Gyr. For the Local Group, the same statement is true for
about 13 of the classical dwarf spheroidals around the Milky Way. t@& other hand,
all of the M31 dwarf spheroidal companions lack a significatérmediate-age stellar
component (with the exception of the three dwarf ellipsgalt is thus interesting to try
to understand whether there could be similarities betweenaoget objects and the M31
dwarf companions, and we decided to further investigategbpect (see below). Coming
back to the CenA group, there are six additional early-typwarts that have so far not
been observed with the HST, and two that have WFPC2 obsengathich, however,
only cover part of the galaxy bodies). The next step of thegmestudy will thus be to
propose both HST optical observations of these objectstwémewly installed WFPC3
instrument, and further, to follow them up with NIR data qgthe VLT/HAWK-I instru-
ment, more sensitive and with a larger field-of-view than A&4. There are additionally
four other M83 early-type companions for which the same otag®ns would be rec-
ommendable, given the fact that this subgroup has a muclr learly/-type to late-type
dwarfs ratio and is thus probably in a less advanced evalatiostage than the CenA
subgroup.

We emphasize again that this is one of the first studies inhwhtermediate-age popula-
tions for dwarfs in nearby groups are investigated fromitiesolved stellar populations.
The theoretical stellar evolutionary models, which areipalarly challenging to cali-
brate for the delicate stage of luminous AGB stars, wouldnitefy benefit from this
kind of study, helping to put further constraints on the ndies of this evolutionary
phase. The natural extension of this work would then be tudeother nearby groups
of galaxies, in order to be able to additionally target dsesenvironments (e.g., the loose
Sculptor filament or the as yet unvirialized Canes Venatiou@) and investigate the ef-
fects of environment on dwarf galaxy evolution. In these keglved groups, one would
in principle expect higher fractions of intermediate-agpyiations, if we assume that the
environment is what causes thifext in the CenA group. It would, finally, also be de-
sirable to complete the galactic census of the G888 group itself, which would most
probably reveal quite a number of early-type members fathenMg ~-12 (e.g., see the
luminosity function reported by Jerjen et al. 2000a), alijio this is an observationally
challenging task.

M31 early-type dwarf companions

We have considered six dwarf spheroidal companions of M3ighy just like the stud-
ied CenA dwarfs, lack significant amounts of intermediage-populations. Our aim is
to understand whether the environment they live in is th@rdufor the truncation of
their star formation at recent epochs. The data consideyee: @ntirely from HST ob-
servations, and we can check our photometric metallicgyridbution function derivation
method using the CMDs of these objects. We thus prothddirst homogeneous sample
of observations for which metallicity distribution furatis are derived by applying the
same data processing and analysis technique througl@uéen that spectroscopic metal-
licities of individual RGB stars are available from liteuat for some of the M31 targets,
by studying these objects we can additionally test our phetac results against the pre-
cise spectroscopic estimates. We find very good agreemdrdaanfirm that our derived
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metallicity spreads are likely to be lower limits of the tnsdues. Due to the depth of the
CMDs (thanks to their vicinity), we are additionally ablegiwe an estimate for the age of
these objects. We do this by comparing the observed luminfusictions to theoretical
ones produced with the Padova stellar evolutionary motle#sé include the HB stage in
their simulations). We underline that And VII, among the M&inpanions, is a particu-
larly interesting target. Namely, we find that its observadihosity function is not well
represented by any combination of age and metallicity ofttieeretical models, which
could stem from uncertainties in the model calibrationsrti@rmore, And VII shows
hints of an intermediate-age population, but a detailedlyarsaof its stellar populations
with a complete radial coverage of the galaxy is still migsend follow-up observations
are going to be proposed for this object.

Recent studies suggest that the dwarf spheroidal M31 coimpamight possess larger
half-light radii with respect to their MW counterparts, atiit they might inhabit less
dense dark matter haloes. This could be partly due to exteffects, such as ram-
pressure stripping from a dense intra-group medium or agtd/ flux from the domi-
nant spiral, or could exotically arise fromfiirent underlying physics. What is the reason
for the observed structural properties and for the apparentation of star formation in
these objects? The comparison between the properties oflMIBTenA companions do
not straightforwardly provide a definitive answer to thisdmating dilemma. This is an
additional reason for which more observational data shbeldbtained for both of the
environments studied.

Late-type dwarfs

As for our early-type targets, it is interesting to studyelagpe dwarfs in environments
different from the Local Group to understand the mechanismabat influence their
evolutionary histories. Late-type dwarfs have undergauemt star formation and this
is reflected in their CMDs, which show a wealth of informatfon these young stellar
populations. Our ten target objects showf@lient luminosities and neutral gas contents,
and reside at dierent locations within the group (two close to the giantadit83, two
close to the giant elliptical CenA and six isolated objeatshie outskirts of the group).
This is thus a very suitable sample to look for possible emritental &ects on galac-
tic evolution. We perform synthetic color-magnitude deaxgrmodeling for each object,
which is a powerful tool for extracting the star formatiomeras a function of time, and
we do this by starting from Padova stellar isochrones. Gikierfair amount of luminous
young stars, the star formation histories we derive areilddtéor the past- 1 — 2 Gyr,
while for older ages the time resolution becomes coarsestilLiallows us to give aver-
age values for the star formation. The lifetime averagefstanation values range from
~ 1073 to ~ 10°Myyr1, which are typical values for low-mass galaxies. The irhvi
ual star formation histories appear to be veryadent from each other, with some of the
target dwarfs having already formed most of their stellartenot more than 8 Gyr ago,
some others having been significantly active only at rederdd, some being possibly in
a transition phase from late-type to early-type morphal@gyl some having just expe-
rienced a strong burst. Overall, the general trend is ongerthe star formation takes
place rather constantly over the galaxy’s lifetime, witblghl enhancements of 2-3 times
the average value lasting up to 300-500 MyVith this method, it is also possible to
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derive an average value of metallicity for our targets @lijh we lack the CMD depth to
be able to put constraints on its time evolution), and thetuah out to have a metal-poor
stellar content. The late-type dwarfs studied do seem tovich metallicity-luminosity
relation, but a more detailed comparison to CenA or Localu@rearly-type members is
made dificult by the uncertainties stemming from the analysis metratlbecause of the
different theoretical models involved.

We have presented the stellar spatial distribution forsstdirdifferent ages within our
galaxies, in order to study how star formation proceeds @sehobjects. We confirm
previous results about the oldest populations being maended and having a regular
shape compared to the youngest stars, which show a moreguistgbution. This trend
reflects the migration and redistribution of stars withia talaxy with increasing time.
Specifically, an analysis of the youngest populations ofswascore helium-burning stars
allows us to spatially resolve the recent star formatiotohiss for one of our targets. The
positions in a CMD of stars found in this evolutionary stage, aamely, not degenerate
for age and metallicity, and thus permit us to assign to e&ahas specific age with
high precision. From the density maps of these young starsanehen infer that this
galaxy recently experienced a prolonged period of highfstanation activity involving
the galaxy as a whole, with several localized and shortdlaghancements. We conclude
thatthe actively star forming regions have sizes-d00 pc and lifetimes c¢100 Myr,

in excellent agreement with literature studies of otheyset dwarf irregulars, and thus
suggesting a stochastic star formation mode for the taagettype dwarf galaxies. The
overall similar properties in the star formation historéslifferent galaxy groups (Local
Group, CenAM83, the interacting M81 group), and the intrinsic scattethie parameters
characterizing the star formation support this scenario.

The dwarfs studied have average star formation rates Bfigigther than their analogues
in the Local Group, but comparable to those in the M81 groug. fWWdl no significant
differences among the three groups of galaxies when lookingeaataxies’ individual
star formation #iciencies at various epochs and also looking at the shapeeasttr
formation histories themselves. If we consider their ageratar formation rates as a
function of tidal index or of deprojected distance from thesest giant galaxy, we do not
find any trend. This is a reasonable result, given that theageeproperties depend on
the whole galaxy’s history, and we only have information ahihe current position of
the objects within the group because their orbits are unkné¥owever, we compute the
ratio of the star formation in the last0.5 — 1 Gyr to the lifetime average value and we
find that it correlates with environment, confirming pre\s@tudies. Namely, dwarfs that
are closest to the dominant giant galaxy and found in a desrseronment have lower
such ratios compared to the more isolated objects. We candbnclude thathe star
formation within the last-1 Gyr is quenched in dense group environments, while more
isolated objects show a vast range offelient historieqi.e., their evolution is primarily
regulated by intrinsic properties).

Finally, the neutral gas content of the sample dwarfs alss deem to befiEected by the
group environment: galaxies within denser regions have ehnhawer ratio of neutral
gas mass to average star formation rate than the isolateddoneneaning that they will
exhaust their gas reservoirs more quickly. Also for latgetgwarfs, we notice that there is
a tight interplay between internal and external procedsasregulate their evolutionary
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histories. It would certainly be interesting to look at theutral gas mass distribution
for these objects in more detail, since it extends furthertioan the stellar populations.
Distortions or asymmetries in its distribution would inase our understanding of the
possible external forces that act on these galaxies. jnwatl look forward to comparing
the star formation histories we derive from the resolvetlast@opulations to the ones
obtained from integrated spectra for some of our targetxgzda These data are already
being analyzed, and will be extremely useful for the catibraof the latter method,
which is the only method available for disentangling thepambies of galaxies beyond
~18 Mpc.

Take-home message

Although the dwarf galaxies studied here exhibit physitelracteristics that are on the whole
comparable to those of the Local Group members, our resigtgest that the (dense) Ceti83
environment could have played a role in the suppressiorsavitarf companions’ star forma-
tion. This is a very interesting result which certainly dess more observational evidence.
The CenAMS83 group has proven to be a very promising target, in whiehrésolved stellar
populations of the dwarf members can be analyzed to ultimbegter understand the details of
galactic evolution. The study presented in this Thesis kshthwis be an appetizer, and stimulate
the curiosity for the research that has started to be purwetkarby groups of galaxies that
cover a range of diierent environments.
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