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Zusammenfassung

Das Thema dieser Arbeit ist die Rolle der Umgebung und Wéwirkengen auf die Entstehung und
Entwicklung von Zwerggalaxien in nahegelegenen Gruppere ND81-Gruppe ist eine hochgradig
wechselwirkende Gruppe, die eine einzigartige Gelegehietiet, den Einfluss der Umgebung auf die
Eigenschaften ihrer Zwerggalaxienpopulation zu studieY¥ir verwenden die Tully—Fisher—Relation,
um nach mglichen Gezeiten-Zwerggalaxien in der M 81-Grugppsuchen. Keine potentiellen Gezeiten-
Zwerggalaxien wurden identifiziert. Darber hinaus leitenpliotometrische Metallizitats—Verteilungs-
funktionen her und untersuchen die Gegenwart von Met@tsjradienten bei neun Zwerggalaxien
fruhen Typs der M 81-Gruppe. Der Vergleich ihrer mittlefdetallizitatseigenschaften mit denen der
Zwerggalaxien in der lokalen Gruppe zeigt, dass dieseaiaelh. Nicht alle der Zwerggalaxien weisen
einen Metallizitatsgradienten auf, wie es fur die Zwexggien der lokalen Gruppe der Fall ist. Der
Anteil an leuchtkraftigen AGB-Sternen in jeder Zwerggadaist gering, wahrend ihr Bruchteil als
Funktion ihres Abstandes von der Galaxie M 81 keinerlei @reeigt. Die Resultate deuten darauf
hin, dass die untersuchten Eigenschaften durch interreeBse beeinflusst werden. Schlie3lich wurde
unter Verwendung der Galaktischen kugelformigen Zwdeggen die Methode der Herleitung der pho-
tometrischen Metallizitaten fir Zwerggalaxien ausgeetedie komplexe Sternentstehungsgeschichten
aufweisen. Die resultierenden mittleren photometrischimtallizitatseigenschaften befinden sich in
guterUbereinstimmung mit spektroskopischen Messungen, widhd& Unterschiede in den individu-
ellen Sternen groRer werden, je komplexer die Sterndmistgist.

Abstract

The topic of this Thesis is the role of the environment andrauttions on the formation and evolution
of dwarf galaxies in nearby groups. The M 81 group is a hightgracting group, offering a unique
opportunity to study the impact of the environment on shgie properties of its dwarf galaxy popu-
lation. We use the Tully—Fisher relation to search for ptgttidal dwarf galaxies in the M 81 group.
No potential tidal dwarfs were identified. Furthermore, vegivk photometric metallicity distribution
functions and examine the presence of metallicity gradiémt nine early—type dwarf galaxies of the
M 81 group. The comparison of their mean metallicity projesrivith those of Local Group dwarfs
shows that these are similar. Not all of the dwarfs show a Ity gradient, as is also the case of
Local Group dwarfs. The fraction of luminous asymptoticngibranch stars in each dwarf is small,
while their fraction as a function of their distance from &1 galaxy does not show any trend. The
results indicate that the studied properties are affeggddtbrnal processes. Finally, the method of de-
riving photometric metallicities is evaluated for dwarfl@des with complex star formation histories,



using Galactic dwarf spheroidals. The resulting mean phetdc metallicity properties are in good
agreement with spectroscopic measurements, while indavistar differences become larger the more
complex the star formation is.
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Chapter 1

Introduction

Dwarf galaxies are the dominant galaxy population in groapg in clusters of galaxies. Their mor-
phological types comprise both early— and late—type dwaldxdes. Early—type dwarfs include dwarf
ellipticals and dwarf spheroidals, while late—type dwanfslude dwarf irregulars and blue compact
dwarfs. The main difference between these two morpholbgypes is their gas content and star for-
mation activity. The late—type dwarfs are gas—rich objectd have on—going star formation, while
the early—type dwarfs do not have enough gas left and thumtdshow any on—going star formation
(Grebel 1999; Mateo 1998; Tolstoy, Hill & Tosi 2009).

The group that our Galaxy resides in is the Local Group. ThealL&roup consists of a few
massive galaxies, but the majority of its constituents avartigalaxies. Detailed photometric studies
of the Local Group dwarf galaxies have shown that these thggerienced a variety of star formation
histories while all of them contain an oldX10 Gyr) stellar population, they contain different fracto
of young K1 Gyr) and intermediate age (1 Gyr up to less than 10 Gyr) §&nebel & Gallagher 2004).
In addition, detailed photometric and spectroscopic stutliave shown that the mean metallicities and
metallicity spreads of Local Group dwarf galaxies cover demiange of values, with the tendency
of dwarf spheroidal galaxies to have higher stellar metisitis when compared to the dwarf irregular
ones, at a fixed optical luminosity (Grebel, Gallagher & Hat 2003). Furthermore, some dwarfs
show a strong population or metallicity gradient, in thessethat the young or metal rich populations
are concentrated towards the center of the dwarf galaxyewttier dwarfs do not show such a gradient
(e. g., Harbeck et al. 2001; Koch et al. 2007). Interestintlg population gradients and the metallicity—
luminosity relation are well understood in terms of the ptitd wells that can retain more metals and
sustain star formation the deeper they are (more massiagiga). On the other hand, the large variety
of star formation histories is dependent on many factorsretigimply understood the environment
in which the dwarf galaxies live may drive their evolutiopdristories, or their orbital properties or
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internal processes may play a major role.

Since the star formation and chemical evolution historiethe Local Group dwarf galaxies are
determined in progressively greater detail, the next steplavbe to compare their properties with the
ones of other nearby groups with very different environreemhe motivation for this work is to explore
the impact of the environment on the formation and evolutibdwarf galaxies, by studying the dwarf
galaxy population of the nearby M 81 group of galaxies.

1.1 The M 81 group of galaxies

The M 81 group of galaxies, which is named after the M 81 gakiiing at the center of the group,
is one of the nearest groups with a mean distance: df.7 Mpc (Karachentsev et al. 2002). It is
embedded in an extended filament of galaxies and includegélasies which are centered around
NGC 2403 and around NGC 4236, the two brightest galaxiesgahlath the galaxy M81. The M 81
group contains about 50 dwarfs of both early— and late—t@pgboucas, Karachentsev & Tully 2009).
This number should be considered as a lower limit, since is@dery of the very faintest and lowest
surface brightness galaxies depends on the detectiordiithie survey, as well as on the area on the sky
covered by the survey (Koposov et al. 2008; Chiboucas, Karstisev & Tully 2009). As an example,
the number of the Local Group members has been significamtheased owing to the Sloan Digital
Sky Survey and other surveys, going from roughly 40 dwarisr fgo these surveys to now roughly 60
dwarfs known, and this number is expected to increase evea with future surveys that cover a wider
range of the sky (Jerjen 2010; Willman 2010).

The M 81 group resembles the Local Group in many ways, e. gs averall morphological galaxy
content, but it stands out in one respect: the M 81 group iglayinteracting group. Atomic hydrogen
observations have revealed gaseous bridges which cotmedtiree core galaxy members of the group,
namely M 81, M82 and NGC 3077 (Appleton, Davies & Stepheng8v1Yun, Ho & Lo 1994). An
HI map of the central region of the M 81 group, which includes three main interacting galaxies, is
shown in the lower panel of Fig. 1.1, adopted by Yun, Ho & Lo94P The tidal bridge towards the
south connects the M 81 galaxy with NGC 3077, while the oneatda/the north connects NGC 3077
and M 82, as seen in the lower panel of Fig. 1.1. The Digitizkg Survey optical image of the same
central region is shown in the upper panel of Fig. 1.1 and shwevevidence of any tidal interactions
occurring among these three galaxies. Numerous HI clowgsteen detected to be bound to the group
and are located along these gaseous streams, thus thairistigought to be associated with the recent
interactions of the group (Brinks, Walter & Skillman 2008hyDioweth et al. 2008), which occurred
within the last 300 Myr (Yun 1999).

The strongly interacting environment makes the M 81 groujprgoortant nearby laboratory to study
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Figure 1.1: The upper panel shows a Digitized Sky Surveycaptmage of the central region of the
M 81 group that includes the galaxies M 81, M 82 and NGC 307 [blwer panel shows an HI map
covering the same region and reveals the gaseous tidakelsritigt connect the three core members of
the group. North is up and east is towards the left. The ceobjact is M 81, the south—eastern is
NGC 3077, while M 82 is towards the north. The figure is adoftech Yun, Ho & Lo (1994).
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environmental effects and the role of interactions in thenftion and evolution of its dwarf galaxy pop-
ulation. It has been suggested that dwarf galaxies may beefin these tidal streams, thus presenting
the opportunity to study the formation of such tidal dwarfagées within this nearby group. Tidal
dwarf galaxies are bound systems that are formed from theyngark matter—free material expelled
from the disk of their parent galaxy during the tidal int¢i@ac with a companion galaxy (Bournaud et
al. 2007; and references therein). Due to their formatioohrarism, tidal dwarf galaxies are expected
to contain little, if any, dark matter. This is their most ianfant distinguishing characteristic from
other dwarfs, such as dwarf spheroidals which are likelynttest dark matter dominated systems in
the universe with M/L ratios several 100s (e. g. Mateo 1998)addition, since tidal dwarf galaxies
are formed from the recycled material of their parent galagy are expected to be metal enriched
and to have unusually high metal abundances for their lusitinDuc & Mirabel 1998), in the case of
recent interactions where the signs of interactions alledstiectable. In the case where an interaction
is not obvious and given that the star formation history efgibtential tidal dwarf galaxy would further
shape its chemical evolution history, the stellar meti&jliof the tidal dwarf galaxy may be compared
to the stellar metallicity of its parent galaxy, althoughtliis case tracing the parent galaxy may be a
challenge.

There have been several potential tidal dwarf galaxiestifiteshin the M 81 group as well as new
stellar groupings. The tidal dwarf galaxy candidates ideltiolmberg IX and Garland (Makarova et
al. 2002; Sabbi et al. 2008; Croxall et al. 2009). These wagatified as such by examination of their
stellar populations and through their gas phase metakcitStellar populations analyses can indicate
whether there is recent star formation occurring in thel tilhearf galaxy candidate. The onset of the
recent star formation should be later than the epoch of tkedation between the parent galaxies of the
tidal dwarf galaxy candidate. One difficulty with identifi tidal dwarf galaxy candidates using their
resolved stellar populations is that there is an old pojarigiresent, in addition to the recent star for-
mation. A tidal dwarf galaxy inherits this old populatiomiin its parent disk galaxy, while the fraction
of this old population can reach up to 40% (Elmegreen, Kanf&a homasson 1993; Hunter, Huns-
berger & Roye 2000). Numerical simulations for the M 81 grofigalaxies show that the interactions
have occurred within the last 300 Myr (Yun 1999). The agesriefd for the recent stellar populations
in the case of Holmberg IX and Garland are consistent withatipes inferred through the numerical
simulations (Makarova et al. 2002; Sabbi et al. 2008). Inctme of their gas phase metallicities, when
placing these two objects, Holmberg IX and Garland, on th&ahi@ty—luminosity relation, they ap-
pear too metal rich compared to other group objects of theedaminosity with available metallicities
(Croxall et al. 2009). Furthermore, their gas phase meitidls are similar to the gas phase metallic-
ity of the M 81 galaxy. Therefore, their gas phase metalisiare consistent with Holmberg IX and
Garland having formed from the enriched material of the M &8thxgy.
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Within the Local Group and on a smaller scale, the Large andllSvtagellanic Clouds (LMC and
SMC, respectively) can be considered as the closest eldiganteracting galaxies. Specifically, the
Magellanic Bridge in between them indicates that they ateracting with each other and the Magel-
lanic Stream and Leading Arm additionally indicate an iat¢ion of the Magellanic System as a whole
with the Galaxy (Putman et al. 1998; 2003). The proposedipalymechanisms responsible for the
observed streams include ram pressure stripping and titldaictions. The Leading Arm identified
by Putman et al. (1998) argues in favour of a tidal interacbetween the Magellanic system and the
Galaxy as the dominant mechanism. However, new proper moigasurements place the LMC-SMC
system either on their first approach towards the Galaxy @rlong period eccentric orbit (Kallivayalil
et al. 2006a, 2006b; Piatek, Pryor & Olszewski 2008; Bestd.€2010), which would make tidal inter-
action between the Magellanic System and the Galaxy analyligcimary mechanism for creating the
Magellanic Stream and Leading Arm. Another scenario cotersisvithin the proper motion measure-
ments is that the LMC and SMC are not bound to each other, btitlle SMC came in to the Local
Group for the first time and while passing by the LMC, it triggg their interactions (Kallivayalil et
al. 2006b). An alternative formation mechanism for the Miagéc Stream and Bridge is that they orig-
inate purely from an interaction between the LMC and the SMiEh no need to have interacted with
the Galaxy a priori, and this mechanism agrees with the tegesults of the Magellanic Clouds proper
motion measurements (Besla et al. 2010). This formationhard@em needs in addition ram pressure
stripping in order to shape the Magellanic Stream and thelingaArm in their observed form.

Ram pressure is the pressure that a gas—rich galaxy feels itvimoves through the intergalactic
medium of a group or a cluster of galaxies. During this prectd®e gaseous component of the galaxy
is affected by stripping, if the ram pressure is higher thengravitational pressure which binds the gas
to the disk (Gunn & Gott 1972; for a review Boselli & GavazzioB).

PIGMVgQQl > 277G23tarzga37 (11)

wherepicw is the density of the intergalactic medium,Yis the velocity of the galaxy in the group
or cluster of galaxiesy ., is the surface density of the stars, aigl, is the surface density of the gas.

In the Local Group, the atomic hydrogen distribution of thelated dwarf irregular galaxy Pegasus
at the distance of 919 kpc from the Galaxy is reported to haareetary appearance, which is attributed
to the ram pressure stripping by the intra—group mediumet.tical Group (McConnachie et al. 2007).
This result is evidence for the existence of a Local Groug#group medium with an estimated density
at the distance of Pegasus between®l® 10~° atoms per cri(McConnachie et al. 2007). However,
recent studies by Kniazev et al. (2009) of the same galaxgfesgdwarf irregular do not confirm such a
comet-like appearance and thus the existence of an inbapgnedium. In the M 81 group, the atomic
hydrogen distribution of the dwarf galaxy Holmberg Il at tfistance of 475 kpc from the M 81 galaxy
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is reported to have a comet—like appearance, suggestihgathapressure from the M 81 intra—group

medium is acting on this dwarf. The estimated density of th&lNhtra—group medium at the distance
of Holmberg Il is larger thanv10-% atoms per crfy a value consistent with the X—ray properties of
small groups of galaxies (Bureau & Carignan 2002). An aigve explanation for the observed shape
of the HI distribution of Holmberg Il is that of a tidal intestion with a companion, possibly UGC 4483

(Bureau et al. 2004).

The combination of ram pressure stripping, tidal stirrimgl @osmic ultra—violet background on
gas—dominated dwarf galaxies is invoked in order to expia@ origin of the gas—deficient dwarf
spheroidals and the fact that that they are observed prefaig in the proximity of a massive galaxy
such as the Galaxy or Andromeda (Mayer et al. 2006, 2007; M29&0). The combination of these
processes may be responsible for transforming a gas-rieinfdava gas—poor dwarf spheroidal, by
stripping the gas and transforming the gas-rich dwarf fromtationally supported to a pressure sup-
ported system (but see also Grebel, Gallagher & Harbeck)200®lal stirring is the effect of the
repeated tidal forces acting on the dwarf galaxy by the pryrgalaxy, which can transform the dwarf
galaxy from a rotationally—supported to a pressure—supgosystem (Mayer 2010; and references
therein). The onset of the action of ram pressure stripgidgl| stirring and cosmic ultra—violet back-
ground on the gas-rich dwarf, or the redshift of the infaltliése dwarfs into the halo of a massive
galaxy, can explain the observed similarities and diffeesnof the dark matter and stellar population
properties among the classical dwarf spheroidals of thelL@coup (Mayer et al. 2007; Mayer 2010).
In the case of the M 81 group, there is the tendency for thg-esde dwarf galaxies to cluster around
the M 81 galaxy (Chiboucas, Karachentsev & Tully 2009).

1.2 Resolved stellar populations

Stellar populations that can be photometrically resolved individual stars provide a very important
and powerful tool to infer the evolutionary histories of @des. This is even more true in the case
of more distant galaxies, where any information throughcspscopy of individual red giants is not
possible even with the 8-10 m class telescopes. There arernumextragalactic surveys that make
it possible to study the resolved stellar populations ofxgak even as far as the Virgo cluster dis-
tance, owing to the high resolution of the Hubble Space Teles (Caldwell 2006). At the distance
of the Virgo cluster, it is possible to resolve only very lumous red giant and super—giant stars, while
for dwarf galaxies within the Local Group it has been able litatn deep color—-magnitude diagrams
(CMDs) down to and below the oldest main sequence turn off thi¢ use of Hubble Space Telescope
observations. Thus, the more distant an object is the Iéssnation one can have from its resolved
stellar populations. At the distance of the M 81 group, we regolve the stars that belong to the red
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Figure 1.2: The resolvable parts of a galaxy depending atistance. From left to right, the CMDs in
absolute V—-band magnitude versus intrinsic color are siHowa nearby late—type galaxy (at a distance
of 50 kpc) to more distant late—type galaxies (at distan€&sloVipc and 18 Mpc, respectively). In the
middle panel, evolutionary tracks are shown for low—masagsdh red, for intermediate—mass stars in
green, and for high—-mass stars in blue. The figure is adopbed €ignoni & Tosi (2010). Due to the
distance, the stars corresponding to the same evoluti@iase are pushed towards fainter magnitudes,
where such an effect becomes obvious in the CMD of the V-baaghitude versus the color. Due to
the telescope observational limitations, only the mostihaus part can be resolved when going to
larger distances. In the first panel, stars brighter thancmately —1 mag are saturated, therefore the
corresponding brighter evolutionary phases are not shown.

giant branch, the young main sequence and the blue loop drglper-giant stars. Therefore we can
measure ages and metallicities and derive the star formhistories to address the questions raised in
the previous section. The part of the CMD that is resolvablearious distances is shown in Fig. 1.2,

from left to right for more nearby to more distant galaxiedg@ated from Cignoni & Tosi (2010).

A simple stellar population is defined to be composed of steshave the same age and the same
metal abundance. A galaxy is composed of stars of differgas and metal abundances, thus it is far
from a simple stellar population. The composite stellarybatons present in a galaxy can be regarded
as a linear combination of simple stellar populations dedént ages and metal abundances. All dwarf
galaxies studied so far in detail contain old populatiord iaraddition they may contain intermediate—
age or young populations, depending on their star formdtistories. Furthermore, the fact that there
are populations of different ages present leads to a stataiospread in chemical abundances. Alterna-
tively, such spreads in chemical abundances can be getierailghomogeneous enrichment (Marcolini
et al. 2008).

Photometric studies of resolved stellar populations aeel irs order to derive their star formation
and chemical evolution histories. The star formation hist@an be obtained by comparing the observed
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features of a color magnitude diagram (CMD), which is thegdien of the magnitude of a star as a
function of its color, with a model CMD. In practise, the diyn®f stars within defined boxes along
the observed CMD is compared with the density of the syrtlstirs drawn from the model CMD and
within the same defined boxes as in the observed CMD (for &wnesee Aparicio 2002). The boxes
are regions in the CMD that have a certain size of color andadmitude, thus defining a grid in the
CMD. The sizes of these boxes in the CMD can be chosen in twaw&ither with constant sizes of
the color and magnitude (uniform grid), or with variableesiof the color and magnitude (“a la carta”
grid). The former uniform grid is more objective in choosithg sizes of the boxes, while the second
“a la carta” grid takes advantage of our a priori knowledgeliferent evolutionary phases along the
CMD, thus sampling in a different way the well and poorly kmoewolutionary features in the CMD
(Aparicio 2002). Synthetic populations are constructadgia set of stellar evolution models, adopting
an initial mass function and applying a star formation antiengical enrichment law (Gallart, Zoccali
& Aparicio 2005; Cignoni & Tosi 2010).

The main evolutionary phases a star goes through are tlmvfolj. The main sequence is the
phase where a star spends most of its time and in this phaseng bydrogen in its core. When the star
develops a shell of burning hydrogen around a core of nomitgithelium, then this marks the sub—
giant branch phase. This phase is very short for intermediatl high mass stars, thus the probability
to observe a star in this phase is low. In the red giant brahelsea star, burning hydrogen in a shell
and having developed a helium core, undergoes an increase lafminosity at a constant effective
temperature. At the tip of the red giant branch, the onset@hilium burning in the core starts, and
in the case of the low mass stars this is done through therhdlash. The horizontal branch phase
is when the star burns helium in the core, while in additicgr¢his a shell of hydrogen burning. The
phase of burning helium in the core and hydrogen in a shebiliea blue—loop in the case of higher
mass stars. The asymptotic giant branch phase is when aastateveloped a core of carbon and
oxygen, while there is a shell of helium and a shell of hydroda the early asymptotic giant branch
phase, the main energy input comes from the helium burniagstmell around the carbon—oxygen core.
In the thermally—pulsating asymptotic giant branch ph#se energy comes from the hydrogen shell
burning with the change from the helium—shell to the hydmghell burning marking the onset of the
thermally—pulsating asymptotic giant branch phase. Atrastallicity, the stars in the early asymptotic
giant branch phase have bluer colors than the stars in thgiartlbranch phase of the same age. Thus,
there is an overlap of the asymptotic giant branch starsateatnetal—-rich with the red giant branch
stars that are slightly more metal—poor, and that would eausystematic in the determination of the
metal abundances using the color of the red giant brancé star

There are different features in the CMD that can be used asadenetallicity indicators (for a
review see Gallart, Zoccali & Aparicio 2005). These feasunee shown in Fig. 1.3, which shows the
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Figure 1.3: The color-magnitude diagram of a synthetic asitp stellar population, assuming a con-
stant star formation rate from 13 Gyr ago to date, and a n@tgllinearly increasing from Z=0.0001
to Z=0.02. The various phases a star goes through duringadtatmn are marked. The color coding
corresponds to stars of different ages. The figure is addptekparicio & Gallart (2004). The phases
noted are the following. MS: main—sequence; RGB: red giaamdh; RC: red clump; HB: horizontal
branch; BL: blue—loop; AGB: asymptotic giant branch.

CMD of a synthetic composite stellar population color codedording to age and is adopted from
Aparicio & Gallart (2004). In particular, the main sequeriasen—off is a reliable age indicator for
a simple stellar population. In galaxies with multiple ktelpopulations or extended star formation
history, the multiple main sequence turn—offs give the agges of the populations present in a galaxy.
In addition, the blue-most and red-most edges of the maineseg below the oldest main sequence
turn—off can be used to infer the metallicity range preseiatgalaxy. The red giant branch and its slope
are rather sensitive to metallicity. The horizontal brasiers can be used to infer the distances, because
the horizontal branch luminosity in stellar populationdesl than approximately 8 Gyr is expected to
be independent of age and only mildly dependent on metgll{Gallart, Zoccali & Aparicio 2005).
The asymptotic giant branch stars can serve as a metaltiodya metallicity gradient indicator by
estimating the ratio of the carbon stars to the M—type stard\), where the ratio is decreasing with
increasing metallicity (Brewer, Richer & Crabtree 1995;Woine & Lancon 2003; Gallart, Zoccali &
Aparicio 2005; and references therein). The bolometricitasity of the tip of the asymptotic giant
branch stars can be used to infer the age of the intermediatetars present (Reid & Mould 1984;
Mould & Da Costa 1988; Rejkuba et al. 2006).
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The tip of the red giant branch is an important feature in théDCdue to its application as an
excellent distance indicator for low mass stars (Lee, Fregd& Madore 1993; Madore & Freedman
1995; Sakai, Madore & Freedman 1996; Salaris & Girardi 2@06t references therein). The tip of the
first—ascent red giant branch represents the luminositiietore helium flash, which is constant and
has very little sensitivity to metallicity or age, with theband showing the least sensitivity and thus
preferred (Lee, Freedman & Madore 1993; Madore & Freedm&®b;18akai, Madore & Freedman
1996; and references therein). The absolute I-band malgnitithe tip of the red giant branch is equal
to approximately—4.04+0.1 mag for the metallicity range of2.2< [Fe/H] < —0.7 (dex) (Da Costa
& Armandroff 1990; Lee, Freedman & Madore 1993). The tip af tled giant branch as a distance
indicator has been calibrated on Galactic globular clestgrLee, Freedman & Madore (1993) using a
revised calibration of Da Costa & Armandroff (1990). Beaitforms a discontinuity in the I-band
luminosity function, it can be detected by applying an imggecessing edge—detection algorithm,
with the Sobel filter, i.e. the kernel [-1, -2, 0, +2, +1], theeomost commonly used. The Sobel filter
when convolved with the |-band luminosity function disgay peak value at the magnitude of the
discontinuity, thus allowing to detect the tip of the redrgiaranch.

Depending on the initial mass of a star, it will evolve alongharacteristic path in the Hertzsprung—
Russell diagram, which is the theoretical equivalent ofadhserved CMD, as is shown in Fig. 1.4. In
order to transform the theoretical quantities to the olsermal ones, stellar atmosphere models are
used to compute the necessary bolometric corrections imtigydar photometric band. According to
the initial mass of a star, these are divided in three caiegjorthe low mass stars, the intermediate
mass stars, and the high mass stars (for a review ChioselB&Bressan 1992).

Low mass stars (< 2.3 M) are those stars that develop an electron degenerate aoqgosed of
helium when they leave the main sequence toward the redigianth. The stars evolve along the CMD
going through the phases of the sub—giant branch, the red lgianch, the horizontal branch, and the
asymptotic giant branchntermediate mass stars (2.3 Mo <M <7 M) are those stars that develop an
electron degenerate core of carbon—oxygen, after the iderexhaustion, and that experience helium
shell flashes or thermal pulses while they go though the amtiomiant branch phase. The phases
the intermediate—mass stars go through are essentialgathe as the ones described for the low—mass
stars, apart from the phase that the more massive of theniatiate—mass stars go through, which is
the blue—loop phase instead of the horizontal branch phdigh mass stars (> 7 M) are stars that
ignite the carbon non-violently and they develop an irorcafter the core—He exhaustion. These stars
go through the sub—giant branch phase after leaving the segjnence and then directly move towards
the blue—loop phase.

In early—type dwarf galaxies that contain a mixture of staith a range of ages and chemical
abundances the best way to study their chemical evolutidrstar formation history is through spec-
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Figure 1.4: The Hertzsprung—Russell diagram that showslifferent paths along which a star can
evolve depending on its initial mass. The figure is adoptedhftben (1991). The various features
shown here are the following. MS: main—sequence; RGB: radtdiranch; RC: red clump; AGB:

asymptotic giant branch; PN: planetary nebula.

troscopic observations of their red giant stars. Speadmscanalyses can be done only in nearby
early—type dwarf galaxies, due to the fact that their reatgséars become too faint for spectroscopic
observations. Therefore, in more distant early—type dgaldxies one has to rely on their photometric
properties in order to obtain information about their etiolary histories. One important feature in the
CMD that can be resolved in more distant dwarf galaxies igéldegiant branch. The stars in the red
giant branch phase of early—type dwarf galaxies are asstori@long to an old population. Given this
assumption, one can derive photometric metal abundancésefge stars, and compare their metallicity
properties to the ones of the Local Group dwarf galaxies dteioto explore the impact of the environ-
ment in shaping these properties. This is done in this tiiesike early—type dwarf galaxies of the M 81
group. A comparison of early—type dwarf galaxies’ metélis obtained through spectroscopic and
photometric observations gives important informationtmmeffect of the complex star formation histo-
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ries of early—type dwarf galaxies on their photometricakyived metallicities. The higher the fraction
of the intermediate—age stars present, the more discrepanhe metallicities based on spectroscopy
and photometry. The information on the fraction of the imtediate—age stars is thus important and
can be probed through the fraction of the luminous asynmpuiint branch stars, which belong to
the thermally—pulsating asymptotic giant branch phases 3tudy is performed using Galactic dwarf
galaxies.

1.3 Overview

The structure of this Thesis is the following. In Chapter &, wge the Tully—Fisher relation in order to
search for potential tidal dwarf galaxy candidates in thelMyBoup of galaxies. In Chapter 3, we use
the red giant branch stars of nine early—type dwarf galaxi¢se M 81 group in order to derive their
metallicity distribution functions and examine the praseof metallicity gradients. In Chapter 4, we
examine the effect of the presence of intermediate—aglarspelpulations on deriving the photometric
metallicities in five Galactic dwarf spheroidals that hasenplex star formation histories with different
fractions of intermediate—age populations, thus testiegassumption of a single, old age isochrone in
deriving photometric metallicities. In Chapter 5, we sumisgand present future prospects coming
out of this work.



Chapter 2

Tidal Dwarf Galaxies in the M 81 Group

2.1 Introduction

Tidal dwarf galaxies are defined to be gravitationally boapstems that form during the gravitational
interactions, collisions or mergers of massive spiralxjeR(Bournaud 2010; and references therein).
They are formed out of the material expelled from their padisk galaxies (Bournaud et al. 2007;
and references therein). Within the framework of Cold Darktfer theories, dark matter forms a
spheroidal halo around galaxies and simulations show tlzénmal from the dark matter halo can
not participate to the formation of tidal dwarf galaxiesica during their formation only material from
rotating disks is involved (Bournaud et al. 2007; BournaQ#i® and references therein). These rotating
disks are assumed to be free of dark matter, unless therts exidisk of cold dark matter around
the stellar disk (Bournaud 2010; see also Courteau & Rix L99%erefore, due to their formation
mechanism, tidal dwarf galaxies are expected to be nearkyrdatter free. This property is independent
of their formation epoch and thus kinematic studies offerltest means to identify tidal dwarf galaxy
candidates. Additionally, since tidal dwarf galaxies foftmm the recycled material of their parent
galaxy, their metallicities are expected to be comparalitle tlve one of their parent galaxy. In the case
of a recent interaction, with the interaction signaturdsdsttectable, young tidal dwarf galaxies have
higher metallicities for their luminosity (Duc & Mirabel 98), due to the fact that they form from the
enriched material of their parent galaxy. In the case of antidal dwarf galaxy candidate, it is not
an easy task to associate their metallicities with the oiékedr parent galaxies, since their further
star formation history shapes their chemical evolutionth# old population of a tidal dwarf galaxy
originates from its parent galaxy, then the metallicitylo$told population should be comparable to the
metallicity of the old stellar population of the potentiarpnt galaxy, though it is not straightforward
to identify the parent galaxy once the signatures of theaateon become non-traceable.
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In a recent study, Hunter, Hunsberger & Roye (2000) use tiig—Risher relation, the luminosity—
metallicity relation, the structure, and the stellar papions of a sample of dwarf irregular galaxies,
in order to identify potential tidal dwarf galaxies withindir sample. The Tully—Fisher relation is ex-
amined on the basis that tidal dwarf galaxies are expectbd ttark matter free, therefore they would
deviate from the Tully—Fisher relation in the sense thay tveuld have a too small maximum rota-
tional velocity (or H 1 line width) for their luminosity (ordryonic mass). In the luminosity—metallicity
relation, tidal dwarf galaxies, associated with intei@utsi that have still traceable signs, should devi-
ate from it in the sense that they would have too high metahddces for their luminosity, since
they are formed from the enriched material expelled fronirtharent galaxy. Their distinguishing
properties based on their structure are discussed in Hufitersberger & Roye (2000) based on the
expectation that tidal dwarf galaxies would not necesg#oitm as a disk galaxy, and thus may have
different structure from other dwarf galaxies. Finallgai dwarf galaxies may inherit an old popula-
tion that originates from their parent galaxy and then mageugo a strong burst of star formation at
their formation epoch. This old population can reach up ta@etion of 40% (Elmegreen, Kaufman &
Thomasson 1993). Therefore, studying the resolved stgdlpulations of potential young tidal dwarf
galaxies can provide valuable information on their stamfation history and put constraints on the
epoch of their formation.

Motivated by the study of Hunter, Hunsberger & Roye (200® examine the Tully—Fisher relation
as a way to search for potential tidal dwarf galaxies in theLlNBup. The M 81 group of galaxies is
the nearest interacting group and provides a promising@mvient to search for potential tidal dwarf
galaxies. Two likely tidal dwarf galaxies candidates hagerbpreviously identified in the M 81 group:
Garland and Ho IX. Garland has high oxygen abundance whateplit away from the luminosity—
metallicity relation and which is comparable to the metiétli of the M 81 galaxy (Croxall et al. 2009).
Ho IX has been identified as a potential tidal dwarf galaxyebdasn a study of its stellar populations
by Makarova et al. (2002), and based on its oxygen abundan@rdxall et al. (2009). Other studies
of potential tidal dwarf galaxies include Arp’s Loop (Makaa et al. 2002; De Mello et al. 2008; from
its stellar population analysis), DDO 165 (Hunter, Hungker& Roye 2000; from its deviation from
the Tully—Fisher relation) and KDG 52 (Hunter, HunsbergeR&8ye 2000; Bureau & Carignan 2002;
Bureau et al. 2004; from its deviation from the Tully—Fishelation and its H | morphology).

The Tully—Fisher relation is the correlation between thaihosity and the H 1 line width of spiral
galaxies and has been traditionally used as an extragatdistance indicator independent of redshift
(Tully & Fisher 1977; Sakai et al. 2000; Combes 2009; andresfees therein). It is an empirical cor-
relation whose tightness, slope and zero point have beehtos®mnstrain models of galaxy formation
(e.g. van den Bosch 2000; and references in Combes 2009)sIdje and scatter of the Tully—Fisher
relation depend on the wavelength used, where a bettedatioreis provided by the infrared Tully—
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Figure 2.1: Absolute B—band magnitude gMversus the maximum rotational velocity, Y q. for
the galaxies adopted in our sample. The galaxies of the M@&lpgare indicated with the grey circles.
The asterisks indicate the three interacting M 81 groupxigdawhile the red circles indicate potential
tidal dwarf galaxies in the M 81 group according to the stadieHunter, Hunsberger & Roye (2000),
Makarova et al. (2002), Sabbi et al. (2008), and Bureau €P@02, 2004). The solid line is adopted
from Hunter, Hunsberger & Roye (2000), originally from thietdi the spirals of Broeils (1992), while
the dashed lines are offsets from the solid line enough terapass the bulk of the scatter, again
adopted from Hunter, Hunsberger & Roye (2000).

Fisher relation (Aaronson, Huchra & Mould 1979). There isreak observed in the Tully—Fisher
relation towards fainter magnitudes, where the gas—ricarflgalaxies fall bellow the relation defined
by brighter spirals (Matthews, van Driel & Gallagher 1998is break towards the fainter magnitudes
is reconciled once one uses the total baryonic mass, tHa iotal mass in stars, gas and dust, instead
of the luminosity (McGaugh et al. 2000). Sakai et al. (20068 the Tully—Fisher relation in order to de-
rive the value of the Hubble constant. They discuss the syate uncertainties entering the calibration
of the Tully—Fisher relation.

2.2 Sample

We adopt a sub—sample of galaxies from the Catalogue of Neiging Galaxies (Karachentsev et
al. 2004). The Catalogue of Neighbouring Galaxies incluées nearby galaxies within the Local
Volume that have distances up to approximately 10 Mpc oratadilocities of Vi, <550 km/sec.
This catalogue provides the optical and H1 properties ofd¢hgalaxies. The selected sub—sample
for our study consists of 285 galaxies, which includes thgmeaxies that have their absolute B—band
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magnitudes, rotational velocities, H| masses, and widthheoH | profile measured at the 50% peak
of the H1 flux (Ws) listed in the Catalogue of Neighbouring Galaxies, with &oGroup member
galaxies excluded. In this sub—sample, there are 28 gal#xi belong to the M 81 group of galaxies.
We do not list here the properties of the 285 galaxies, sineset are provided in Table 1 and Table 4
of Karachentsev et al. (2004). We note that uncertaintiege@ to the absolute B—band magnitude
and H | line widths are not listed in the Catalogue of Neighbuy Galaxies. There are not any dwarf
spheroidals galaxies within our sub—sample, since thesmtdoave an H | line width \Aj.

In order to calibrate the B—band and baryonic Tully—Fisledation, we use those galaxies in our
adopted sub—sample that are in common with the calibratatgxges of Sakai et al. (2000; their Ta-
ble 2). The calibrating galaxies of Sakai et al. (2000) csinsf 21 spiral galaxies and were chosen
such that they have distances determined using Cepheidandlgsis of individual uncertainties and
how they affect the calibration of the Tully—Fisher relatis given in Sakai et al. (2000). The common
galaxies between our adopted sub—sample from the Catatddueighbouring Galaxies and the cali-
brating galaxies of Sakai et al. (2000) amounts to 9 galaxibigch now include M 31 and M 33. Given
this small number of galaxies, the calibration will yieldudts with the estimated slopes and zero points
having a large standard deviation, as shown in Sakai et@00(2

2.3 Results and Discussion

We show in Fig. 2.1 the absolute B—band magnitutig;, versus the maximum rotational velocity,
Vrot. maz» fOr our adopted sample of galaxies, shown in grey dots. Treetinteracting core galaxies
M 81, M82 and NGC 3077 are shown in black asterisks, while ire ldircles we indicate tidal dwarf
galaxy candidates in the M 81 group. The tidal dwarf galaxydadates are DDO 165 (Hunter, Huns-
berger & Roye 2000), Holmberg IX (Makarova et al. 2002; Sadilal. 2008), and KDG 52 (Hunter,
Hunsberger & Roye 2000; Bureau et al. 2002, 2004). We notelibae are more potential tidal dwarf
galaxies in the M 81 group. We include only the above mentidhese candidates since the properties
required for this study are included in the Catalogue of Nedgiring Galaxies. We note that KDG 52 is
indicated as a potential tidal dwarf galaxy candidate atiogrto the studies of Hunter, Hunsberger &
Roye (2000) and Bureau et al. (2002, 2004), while Begum €2@06) estimate that its dynamical mass
suggests that this dwarf galaxy is dark—matter dominatedtfaus not a tidal dwarf galaxy candidate.
In Fig. 2.1, as already noted by Hunter, Hunsberger & Roy@@pQthere is a deviation of the galax-
ies with Mg > —15mag from the Tully—Fisher relation, indicating that tagslaxies have rotational
velocities that are too small for their luminosity, whichplies that these galaxies have too little dark
matter, thus making them suitable tidal dwarf candidaté@sces though, their blue luminosity, which is
primarily a tracer of the young and more luminous componeveyestimates their luminous mass and
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Figure 2.2:Left: B—band absolute magnitude versuggWhe width of the logarithm of the H 1 profile
measured at the 50% peak of the H | flux, for the galaxies addpteur sample. The galaxies of the
M 81 group are indicated with the grey circles. The asteriisiiicate the three interacting core galaxies
of the M 81 group. The red circles indicate potential tidalkdingalaxies in the M 81 group. The solid
line is a fit to the sub—sample spirals, as explained in the teait, while the dashed lines indicate the
10 scatter.Right: Baryonic Tully—Fisher relation. The symbols indicate theng objects as in the left
figure. The solid line is a fit to the sample spirals that calasiwith Sakai et al. (2000) calibrating
sample, as explained in the text, while the dashed linesatelithe b scatter.

thus underestimates the total stellar mass, we later omexfiie baryonic Tully—Fisher relation.

In the left panel of Fig. 2.2 we show the B—band Tully—Fishelation for our adopted sample,
shown in grey dots. The grey circled dots indicate the abkdld 81 group galaxies, while the asterisks
denote the three core interacting member galaxies, nam@&ly, M 82 and NGC 3077. The red circles
correspond to the potential tidal dwarf galaxies descriibethe previous paragraph. The solid line
corresponds to the fit of those spiral galaxies in the Catedagf Neighbouring Galaxies which are
in common with the sample of calibrating galaxies in Sakale{2000; their Table 2), as described
earlier. This common sample of galaxies corresponds to & g and yields a slope of -569.34.

In the B—band Tully—Fisher relation we note a break of thatéi galaxies from the relation. This
deviation has been noted by Matthews, van Driel & Gallagh®88) in their data who suggested that
this is due to the fainter galaxies being highly dark—madi@minated. This deviation of the fainter
galaxies from the Tully—Fisher relation should be recattif one uses the baryonic mass instead of
the blue luminosity, since the dynamics of late—type galsxnay be dominated more by the gaseous
component than the stellar components ( Matthews, van Ri@llagher 1998; McGaugh, Schombert,
Bothun & de Blok 2000). Finally we note that the maximum riota&l velocity is computed from the
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W5, through the relation: V¢ mae = Wso/ (2 sini), where i is the inclination angle (Karachentsev et
al. 2004). Therefore, for constantsy/and increasing inclination angles, the, V., will decrease,
which may explain the deviation to the right in Fig. 2.2 ane tieviation to the left in Fig. 2.1.

In the right panel of Fig. 2.2 we show the baryonic Tully—[eishelation for our adopted sample.
The symbols are defined in the same way as in the B—band Tuslyefrelation and are further ex-
plained in the caption of the figure. The baryonic mass isreggd from the stellar and H 1 mass for
each galaxy in the following way. We calculate the mass irsstam the B—band magnitude, assuming
that it is 1.54 times the B—band luminosity in solar units Kitéw, Hunsberger & Roye 2000). The mass
in gas is assumed to be 1.34 times the mass in H I in order toatet@unt for He. The mass in H1l is
computed for each galaxy using their H | gas denXity; and the relatiort;;; = 4My /7 A3, where
Aos is the major axis linear diameter (Karachentsev et al. 200d¢ solid line corresponds to the fit of
those galaxies that are in common between the Catalogueighbiiring Galaxies and the calibrating
galaxies in Sakai et al. (2000; their Table 2). The slope efiaryonic Tully—Fisher relation is equal to
2.28+0.34, while the zero point is equal to 4:86.85. The dashed lines correspond to thestatter
due to the fit.

Even in the baryonic Tully—Fisher, there is a deviation & thinter galaxies below the relation,
indicating that these are dark matter dominated object® stlpe of this study is to identify poten-
tial tidal dwarf galaxies using the Tully—Fisher relatidRotential tidal dwarf galaxies should deviate
from the Tully—Fisher relation in the sense that they shéialdbove it, something that is not observed.
In addition, the potential tidal dwarf galaxies alreadynitiféed in other studies, do not show the ex-
pected deviation above the Tully—Fisher relation, butdadtare shown to be dark—matter dominated.
According to the study of Croxall et al. (2009), DDO 165 hasoagigen abundance that follows the
luminosity—metallicity relation defined by other membefshe M 81 group, consistent with DDO 165
not being a young tidal dwarf galaxy. Ho X lies in the core lo¢ tinteraction, which may cause an
overestimate of its H1 line width. Makarova et al. (2002) &abbi et al. (2008) studied the stellar
populations of Ho IX and found them consistent with Ho IX lgeatidal dwarf galaxy, while Croxall
et al. (2009) show that Ho IX has oxygen abundance compatalte one of the M 81 galaxy. Finally,
KDG 52 has a large dynamical mass as estimated by Begum 20a6Y), which makes it not a suitable
tidal dwarf candidate.

2.4 Conclusions

Tidal dwarf galaxies are expected to be nearly free of darteneontent, due to their formation mech-
anism. This property is used in order to identify potentidalt dwarf galaxies using the B—band and
baryonic Tully—Fisher relations. In the Tully—Fisher t&da, it is expected that potential tidal dwarf
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galaxies would lie above the relation defined by the larg@aky) exactly due to the property of tidal

dwarf galaxies having little, if any, dark matter as complacetheir luminosity or baryonic mass. Based
on the Tully—Fisher relation, we do not identify dwarf gaésxin the M 81 group that lie above the re-
lation defined by the larger spirals. Therefore we do not ssfjthe existence of potential tidal dwarf
galaxy candidates in the M 81 group based on the Tully—FisHation.






Chapter 3

Dwarf Spheroidals in the M81 Group :
Metallicity Distribution Functions and
Population Gradients

3.1 Introduction

The dwarf galaxies within our Local Group have been the silgjeintensive spectroscopic and photo-
metric observations in different wavelength regimes ang tire well studied objects. Their study has
been facilitated by the proximity of these dwarfs so thahiitial stars may even be resolved down to
the main sequence turn-off, depending on their distancas,Téxtending the studies to dwarf galaxies
in nearby groups with different environment and comparhmgjrtproperties are of great importance in
order to understand the main drivers of their evolution. dditon, the derived properties can provide
a way to constrain models of galaxy formation as well as cheha@volutionary models

In this respect, the M 81 group is an interesting target: ileg@veral differences, it bears close
resemblance to our Local Group. The similarity of the M 8lugrdo our Local Group lies in its
binary structure (Karachentsev et al. 2002), while itsedéhce is mainly due to the recent interactions
between its dominant constituents as revealed by the favmaf tidal tails and bridges detected in Hl
observations (Appleton, Davies & Stephenson 1981; Yun, Hoo&994). With a mean distance of
~3.7 Mpc (Karachentsev et al. 2002), the M 81 group is one oh#arest groups to our own Local
Group. It consists of about 40 dwarfs of both early-type ate-type, with the addition of 12 recently
discovered dwarf candidates (Chiboucas, Karachentsevllg Z009).

Here we focus on the dwarf spheroidal galaxies (dSphs) itvtB& group with available Hubble
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Space Telescope (HST)/Advanced Camera for Surveys (ACGH)vat data. The dSphs are objects
with low surface brightness and poor in gas content. For ansany of their properties we refer to

Grebel, Gallagher & Harbeck (2003; and references ther&f@ use their color-magnitude diagrams
(CMDs) to derive the photometric metallicity distributitumctions (MDFs) and search for the potential
presence of population gradients in the M 81 group dSphs.

The use of the CMD to infer the star formation histories andRd0s a very powerful tool. For
nearby groups at distances, where individual red giantbeyend the reach of spectroscopy even with
8-10 m class telescopes, CMDs are the best means to deriligiewary histories. With the use of
HST observations of adequate depth, the upper part of thgieed branch (RGB) can be resolved
into single stars. Many studies have derived the photombtBFs of distant Local Group dSphs (for
example Cetus by Sarajedini et al. 2002; And VI and And VII ekl & Guhathakurta 1999) from
their CMDs.

The search for radial population gradients in Local Groupud\galaxies has been favoured by the
fact that the resolved stellar populations reach the hot@&dranch or extend even below the main-
sequence turn-off depending on the distance of the dwamnfpii;ng one to use a variety of different
stellar tracers. There are several studies for populatradignts in the Local Group dwarfs and as
an example of such studies we refer to the work done by Hueler, Mateo & Grebel (1999),
Harbeck et al. (2001), Battaglia et al. (2006) (photomgaiwd Tolstoy et al. (2004), Koch et al. (2006)
(spectroscopic).

This chapter is structured as follows. & we present the observations,5B®we show our results,
in 84 we discuss our main findings andgh we present our conclusions.

3.2 Observations

We use HST/ACS archival data that were retrieved througMillémission Archive at STScl (MAST).
The details of the datasets used are listed in Table 3.1,enthercolumns show: (1) the galaxy name,
(2) and (3) equatorial coordinates of the field centers (0200 (4) the number of the Program ID and
the PI, (5) the ACS/WEFC filters used, and (6) the total exposione for each filter.

The data reduction was carried out using Dolphot, a modifeadion of the HSTphot photome-
try package (Dolphin 2000) developed specifically for AC$hpsource photometry. The reduction
steps followed are the ones described in the ACS module dddtighot manual. In the Dolphot out-
put photometric catalogue, only objects withiN > 5 and “type” equal to 1, which means “good
stars”, were allowed to enter the final photometric catadogithe “type” is a Dolphot parameter that is

LT

used to distinguish objects that are classified as “good”stalongated objects”, “too sharp objects”



Table 3.1: Log of Observations.

Galaxy RA (J2000.0)

(1) (@)

Dec (32 000.0)

3)

Program ID / PI ACS/WF@Fl Exposure time
(s)
4) ®) (6)

KDG 61 0957 03.10
KDG 64 1007 01.90
DDO 71 1005 06.40
F12D1 09 50 10.50
F6D1 09 45 10.00

+68 35 31.0
+67 49 39.0
+66 33 32.0
+67 30 24.0
+68 45 54.0

GO 9884 / Armandroff F606W /F814W 8600 /9000

HS 117 10 21 25.20

+710651.0

SNAP 9771/ Karachentsev ~ F606W /F814W 1200 /900

IKN 1008 05.90 +682357.0
DDO78 102628.00 +673935.0 GO 10915/ Dalcanton F475W /F814W 227412292
DDO44 07341150 +665247.0 2361/2430

Note.— Units of right ascension are hours, minutes, andnss;@nd units of declination are degrees, arcminutes asd@nds.
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and so on. After this first selection, quality cuts were agplso as to further clean the photometric
catalogue. These cuts were based on the distributions cfhitigoness and crowding parameters, as
suggested in the Dolphot manual and also in Williams et &092. Guided by these distributions,
we use for the sharpness parameter the restrictioglafrpnessfier + sharpnesspsiaw| < o,
where (1.0< a < 1.5) depending on the dSph, and for the crowding paramegraquirement
(Crowdingfier + Crowdingrsiaw) < 1.0, where “filter” corresponds to either the F606W or
the FA75W filter. These selections were made so as to ensirertly stellar objects have entered our
final photometric catalogue. The number of stars recoveited @pplying all the photometric selection
criteria are listed in Table 3.2, column (3).

The photometry obtained with Dolphot provides magnituaeldth the ACS/WFC and the Lan-
dolt UBVRI photometric systems using the transformatiorsvigled by Sirianni et al. (2005) for the
UBVRI system. In the analysis presented throughout thikywee chose to use the ACS/WFC filter
system. Therefore, if we use data from the literature coetpint the UBVRI photometric system, we
transform them to the ACS/WFC system. There are two casesevthis is necessary. The first case
is the extinction. The galactic foreground extinction ie ¥tband and I-band4; and Ay, taken from
Schlegel, Finkbeiner & Davis (1998) through NED, are transfed into the ACS/WFC system. For
the transformation, we use the corresponding extinctitingal(P) / E(B — V') for a G2 star, where
A(P) corresponds to the extinctions in the filters F814W and F6Q6MF475W), which are provided
by Sirianni et al. (2005; their Table 14). We note that theiaggtion of a largely color-independent red-
dening for the RGB is justified since theoretical modelsdati that the expected effect of the change
of color across the RGB amounts to at most 0.0E{i¥ — I) for our data (see Grebel & Roberts 1995).
We multiply these extinction ratios with thig(B — V), in order to finally get the extinctions in the ACS
filters. The transformed valued,rg141 and A pgosi (OF Aparswy), are listed in Table 3.2, columns (6)
and (7) respectively.

The second case is the |-band tip of the RGB (TRGB), which wamasfiorm to the F814W-band
TRGB in the following way. As already mentioned, Dolphot yides the magnitudes both in the
instrumental ACS/WFC system and in the transformed UBVRUS, in the range of magnitudes near
the I-band TRGB, we compute the difference in magnitudesvésen the I-band and F814W-band.
This difference is 0.01 mag for all the dSphs except for DD@#Ad DDO 78, where the difference
is —0.015 mag. The F814W-band TRGB is then equal to the sum ofdifierence and the I-band
TRGB. We confirm further more this approach of estimating FB&4W-band TRGB by applying a
Sobel-filtering technique to the luminosity function of sewf the dSphs (Lee, Freedman & Madore
1993; Sakai, Madore & Freedman 1996) estimating the logaifahe F814W-band TRGB. We find
that these approaches give values that are in good agreenitima mean difference between them of
the order of 0.05 mag.



Table 3.2: Global Properties (see text for references).

Galaxy Type N, My ITraB Apgaw  Aroew®  (m—M)o R repy
(mag) (mag) (mag) (mag) (mag) (kpc) ()
(1) (2) €) (4) (5) (6) (7) (8) (9 (10)
KDG61 dirr/dSph 53543 —13.87 23.86 £0.15 0.131 0.202 27.78 £0.15 44 48
KDG64 dirr/dSph 38012 —13.43 23.90£0.15 0.099 0.152 27.84 £0.15 126 28
DDO71 dirr/dSph 37291 —13.22 23.83 £0.15 0.173 0.267 2772 £0.15 211 59
F12D1 dSph 39519 —12.84 23.95+0.15 0.263 0.404 2771 £0.15 181 31
DDO 78 dSph 21073 —12.83 23.85+0.15 0.040 0.079 27.85+0.15 223 38
DDO 44 dSph 19357 —12.56 23.55 £0.15 0.075 0.149 27.52 £0.15 901 28
IKN dSph 14600 —11.51 23.94 +£0.15 0.111 0.171 27.87£0.18 110
FeD1 dSph 14260 —11.46 23.77+0.14 0.144 0.222 27.66 £0.17 218 32
HS 117 dirr/dSph 4596 —11.31 24.16 £0.15 0.210 0.323 2799 £0.18 204 29

aor Ara7sw in the case of DDO 44 and DDO 78
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We list the global properties of the present dSph sample bieT&.2. The columns contain the
following information: (1) the galaxy name, (2) the galaypé, (3) the number of stars detected after
applying all the photometric selection criteria, (4) theual absolute magnitud&/y, of each galaxy
adopted from Karachentsev et al. (2000, 2001), Alonso-@akéateo & Aparicio (2006), Georgiev et
al. (2009), (5) the I-band TRGB adopted from Karachentseal.g2006, 2001, 2000, 1999), (6) and
(7) the foreground extinction derived by us for the ACS/WHe@is F814W, F606W and F475W, as
described in Sec. 2, (8) the true distance moduli adopted #arachentsev et al. (2006, 2001, 2000,
1999), (9) the deprojected distance of the dSphs from the ib&ixy, R, adopted from Karachentsev
et al. (2002), (10) the effective radius, sy adopted from Sharina et al. (2008) and Karachentseva et
al. (1987). The dSphs in Table 3.2 are sorted according to Mg value.

Finally, the pixel scale of the ACS/WFC is 00%ith a field of view of 202/ x 202/ or 4096x 4 096
pixels. Thus for the mean distance~08.7 Mpc of the M 81 group (Karachentsev et al. 2002) this field
of view corresponds to 3.6 kpc 3.6 kpc, or simply 1 pixel corresponds to roughly 1 pc.

3.3 Results

3.3.1 Color-magnitude diagrams

We show the CMDs of the nine dSphs in Fig. 3.1, where we notdiffierence in the x-axis. The
proximity of the M 81 group and the depth of the observatidimiaus to resolve the upper part of the
RGB into individual stars. The most prominent feature seeaur CMDs is the RGB. We note the
presence of stars above the TRGB, which is indicated in Fligw&h a dashed line. These stars are
most likely luminous AGB stars, which indicate the preseoifcgellar populations in an age range from
1 Gyr up to less than 10 Gyr. In addition, some of the dSphsapoehave bluer stars that probably
belong to a younger main sequence. The dwarfs in our samglelassified as dSphs (Karachentsev
et al. 2004), with the exception of KDG 61, KDG 64, DDO 71, an8 H.7 which are classified as
transition-types (dlrr /dSph) as they have detectable Htexd (Huchtmeier & Skillman 1998; Boyce
et al. 2001) orH « emission (Karachentsev & Kaisin 2007; Karachentsev etGl6p

3.3.2 Photometric metallicity distribution functions

We show the photometric MDFs for the nine dSphs in Fig. 3.2esEhare constructed using linear
interpolation between Dartmouth isochrones (Dotter e2@08) with a fixed age of 12.5 Gyr. We use
Dartmouth isochrones, since they give the best simultan&ow the full stellar distribution of a simple

stellar population within a CMD as demonstrated by e.g. t&gaal. (2008a, 2008b) for star clusters.
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Figure 3.1: Color-magnitude diagrams for the nine dSphse Adrizontal dashed lines show the lo-
cation of the TRGB. The crosses on the left hand side cormespmthe photometric errors as derived
from artificial star tests. The boxes enclose the stars fachwve derive the photometric metallicities.
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Figure 3.2: Metallicity distribution functions for the mriSphs sorted by their absolutf, magnitude,
from top to bottom and from left to right. The solid lines shtive metallicity distribution convolved
with the errors in metallicity. The dashed lines show theditfjaussian distributions. The error bars in
the upper right corner, or upper left in the case of DDO 44wstie 10 spread for the weighted mean
metallicity we derive from our data. Note the different soglof the individual y-axes.

We chose the fixed age of 12.5 Gyr since the RGB in these dSphsermssumed to consist of mainly
old stars in an age range of about 10 Gyr to 13 Gyr. The assamgtian old isochrone is also justified
by the comparatively small number of luminous AGB stars ahitre TRGB.

The choice of 12.5 Gyr is an assumption we are making in omestimate the MDFs for each
dwarf, while the choice of another age in the above range avoat considerably affect our results,
as is shown later on in this section. Indeed, the colors ostaes on the RGB are mostly affected by
metallicity differences rather than age differences (se@xample Caldwell et al. 1998; Harris, Harris
& Poole 1999 (their Fig. 6); Frayn & Gilmore 2002 (their Fig).2Thus the observed spread in the
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RGB color is likely caused by a metallicity spread rathentha age spread, justifying our choice of an
constant age isochrone.

The isochrone metallicities we used range fretd.50 dex to—0.50 dex with a step of 0.05 dex.
The isochrone step we used is chosen such that it is smadlettle photometric errors. Representative
photometric error bars are indicated with crosses in Fify. Bo account for the influence of crowding
and the photometric quality, we conducted artificial statste For that purpose, we used the utilities
provided and as described in Dolphot. More specifically, weegate an artificial star list of approx-
imately 10 stars for each of the two ACS chips. The artificial stars aneloanly distributed across
the field of view. We run the photometry using the same pararsets in the case of the true stellar
photometry. We apply the same photometric quality cutséfitinal artificial stellar catalogue as in the
true photometric catalogue.

Given the lack of any spectroscopic information, this mdtbb deriving the MDFs is in general
fairly accurate as discussed in Frayn & Gilmore (2002). lacfise, we interpolate between the two
closest isochrones bracketing the color of a star, in o@énd the metallicity of that star.

We only select stars within a box plausibly containing stamsthe upper RGB to construct the
galaxies’ MDF. The bright magnitude limit of the box is choge exclude the stars brighter than the
TRGB which belong mainly to the luminous AGB phase. The fair@gnitude limit of the box is
chosen to fulfil the requirement that the formal error in tleeivbd [Fe/H] is less than 0.15 dex, or
0.2 dex in the case of IKN and HS 117 when the photometric & taken into account. We employ
a different selection criterion in the case of IKN and HS 1d0ider to have a significant number of
stars in their sample as compared to the one of the remailpgsl The selection criterion based on
the metallicity formal error depends on the depth of the pla®ns. In our data sample we distinguish
three categories, from now on referred to as depth categortee first depth category contains KDG 61,
KDG 64, DDO 71, F6D1 and F12D1. The second depth categonacenDDO 44 and DDO 78. The
third depth category contains IKN and HS 117. Each depthgoayecontains those dSphs that belong
to the same Program ID and thus have the same filters and yotlghkame exposure times, as listed
in Table 3.1.

In order to estimate the faint magnitude limit for each dSPRGB box as a function of the error
in [Fe/H], we proceed as follows. We extend the faint limittoé bounding box to a magnitude limit
of 26 in F814W for all the dSphs. We compute the [Fe/H] for la# stars within each dSph’s box, as
well as the corresponding errors in metallicity. We showdbdved mean errors in metallicity versus
the F814W-band magnitude in Fig. 3.3 for KDG 61, DDO 44, IKNi&#S 117, which are chosen here
as representative examples of the three depth categanigse tase of IKN and HS 117, which belong
to the third depth category, we show the corresponding fdotisoth since the requirement of 0.20 dex
leads to slightly different faint limits of the RGB box. Baken these plots and on the metallicity
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Figure 3.3: Mean error in metallicity versus the F814W-baranitude. The circles indicate the mean
error in metallicity in each magnitude bin, while the errardindicate the standard deviation of the

errors.

requirements, we choose 25 and 24.5 mag as faint limit fofitsieand second depth category, while
in the case of IKN and HS 117 we choose 24.4 and 24.6 mag, tesgdgcThe choice of these limits
corresponds to an error in color of less than 0.02 mag for teiedepth category and less than 0.07 mag
for the remaining two depth categories. We note that thediffice in the error in color is due to the
different exposure times for each dSph data set, which stedliin the column (6) of Table 3.1. The
RGB boxes used in each dSph are drawn in Fig. 3.1.

The distribution of the photometric errors as a functionhaf F 814 W—band magnitude are shown
in Fig. 3.4. The photometric errors shown for the F 814 W-bawagnitude range are greater than the
ones used to derive the MDFs. Within the ranges defined freniRtBB boxes, the photometric errors
are less than approximately 0.02 mag for KDG 61, and 0.05 wrdg®O 44 and IKN. The photometric
errors depend on the depth of the observations.

The M 81 group lies at a Galactic latitude of approximately 4@here the foreground contamina-
tion is not significant. At the Galactic latitude of the M 8llayey, the expected foreground contamina-
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Figure 3.4: Mean photometric errors as a function of the P8+8and magnitude for the three depth
categories with KDG 61, DDO 44 and IKN as representative gas The circles indicate the mean
error in each magnitude bin, while the error bars indicate dtandard deviation of the errors. The
upper panels show the F 814 W-band errors as a function of 8id W-band magnitude, while the
lower panels show the color errors as a function of the F 81daid magnitude.

tion is less than 20 stars per arciifwilliams et al. 2009). For the studied dSphs here, we estima
later on a very low foreground contamination based on thatioe of the luminous AGB stars in the
CMD, of the order of less than approximately 1%. In the cad&Nf foreground stars make it difficult
to recover the structural properties of this dSph. In the adKDG 64, there is a background galaxy
sitting in the center of the dwarf.

In Fig. 3.5, left panel, we plot the RGB box used in the casenefdwarf KDG 64 as well as a
subset of the isochrones used for the interpolation methe, ranging from-2.50 dex to—0.80 dex.
The step remains 0.05 dex. The grid of the theoretical isy&s we use is fine enough that the spac-
ing between them is kept nearly vertical. We correct the ritades and colors of the theoretical
isochrones for foreground Galactic extinction and for tietashce modulus of each dSph. TAeg 4
and Apgosw (OF Aps7sw in the case of DDO 44 and DDO 78) that we calculate and the tstardte
moduli are listed in Table 3.2, columns (6) and (7) for tharetion and (8) for the distance moduli.
The I-band TRGB values shown in column (5) of the same table wsed to compute the F814W-band
TRGB values, as explained already in Sec. 3. 2.
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Figure 3.5:Left panel: Color-magnitude diagram for KDG 64 zoomed in the RGB pasttow the stars
selected in the box, shown with the black solid line, for vidhiee compute their photometric metallic-
ities. In the same figure we overplot with solid magenta liaesibset of the isochrones used for the
interpolation method, with metallicities ranging fror2.50 dex to—0.80 dex. The black crosses to-
wards the left side correspond to the photometric erroreasgeat! from artificial star test&ight pand!:
The error in metallicity versus the [Fe/H] as derived witle tlise of Monte Carlo simulations. The
circles indicate the mean metallicity in each metallicity, lwhile the error bars indicate the standard
deviation of the mean.

We note in Fig. 3.5 the presence of stars within the RGB borvstuds of the most metal-poor
isochrone available from the Dartmouth set of isochroneses€ stars are not used to construct the
MDF. The existence of such stars may indicate the presenoeoé metal-poor RGB stars or of old
AGB stars, with ages typically greater or equal to 10 Gyr.ISeld AGB stars that have the same lumi-
nosity as RGB stars were also noted, for example, by Haras;i$l& Poole (1999) while constructing
the MDF for stars in a halo field of the giant elliptical NGC 812t is expected that at most 22 % of the
stars in the RGB selection box, and within 1 mag below the TR&&actually old AGB stars (Durrell,
Harris & Pritchet 2001; Martinez-Delgado & Aparicio 199 hdareferences therein). In order to quan-
tify the effect of the presence of such stars, we constriecMBF of KDG 61 using Padova isochrones
(Girardi et al. 2008; Marigo et al. 2008), which also inclutle AGB phase. We run the interpolation
code once using isochrones that only include the RGB phaberare with isochrones that only include
the AGB phase, for a constant age of 12.5 Gyr and a range ifliciges from [Fe/H]= —2.36 dex
(or Z=0.0001) to [Fe/HE —0.54 dex (or Z=0.006), with a step of 0.1 dex in [Fe/H]. The derived
mean values differ only by 0.04 dex in [Fe/H] with a mean([#fe/H]) = —1.24 dex for the MDF
constructed using isochrones that include only the RGBehEse MDF of the stars that were fit using
isochrones that include only the AGB phase becomes mord-nigta Furthermore, the derived d
spreads in [Fe/H] have comparable values of 0.26 dex whemebede only the RGB phase and of
0.27 dex when we include only the AGB phase. In addition, ifraredomly assign 22 % of the stars
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Table 3.3: Derived Properties.
Galaxy ([Fe/H]) +o ([Fe/H]),+to K —S* facn
(dex) (dex) (%)
1) (2) 3) (4) ()
KDG61 —1.65+0.28 —1.49+0.26 16 0.07
KDG64 —-1.72+0.30 —1.57+0.23 12 0.09

DDO71 —-1.64+£0.29 —1.56+0.24 0 0.09
F12D1 —-1.56+£0.27 —-1.43+£0.34 8 0.07
DDO78 —-1.51+£0.35 —1.36=+0.20 0 0.09
DDO44 —-1.77+£0.29 —1.67+£0.19 0 0.11
IKN —-1.38+0.37 —1.08+0.16 0.08
F6D1 —1.63+£030 —-148+0.43 0.036 0.03

HS117 —-1.65+£0.32 —1.41+£0.20 55 0.14

4The probabilities indicate whether the populations undesieration are from the same distribution.

within the RGB box with metallicities as derived using orthe tAGB phase, while the remaining 78 %
of the stars with metallicities as derived using only the R@se, then the resulting MDF has a mean
of ([Fe/H]) = —1.24 dex with 1o spread in [Fe/H] of 0.29 dex. This mean metallicity is conaée

to the one we compute when we use only the RGB phase to deavadiallicities. The shape of the
MDFs in all these cases does not change significantly. Thesan safely conclude that the presence
of these contaminating old AGB stars within the RGB box dagtsaffect the derived MDFs’ properties
significantly.

In Fig. 3.2 we overplot the metallicity distribution convell with the errors in metallicity (solid
line). Also shown in Fig. 3.2 (dashed lines) are fits of Gaarssiistributions with the observed mean and
dispersion. For each dSph we compute the mean metallifig/H]), as well as the error-weighted
mean metallicity,([Fe/H]),,, along with the corresponding intrinsicd dispersions. We show them
in Table 3.3, columns (2) and (3), while the error bars in Big indicate the 1 dispersion of the
error-weighted mean metallicities. The errors in metijliare computed from a set of Monte Carlo
simulations, in which each star is varied by its photomairicertainties (both in color and magnitude,
as given by the Dolphot output) and re-fit using the idenisathrone interpolation as described above.
The 10 scatter of the output random realisations was then adogttteanetallicity error for each star.
In the right panel of Fig. 3.5 we show the errors in metalicbmputed as described above versus the
metallicities derived for all the stars within the RGB bogré for KDG 64 as an example. The error in
metallicity increases towards the metal-poor part, whictue to the spacing between the isochrones
that becomes narrower towards the metal-poor part.

In order to further quantify the effect of the assumptionhef tonstant age on the MDFs, we apply
again the same analysis using two different constant agéisg@asochrones in the interpolation method.
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Figure 3.6: Metallicity distribution functions for the mindSphs computed in the same way using
isochrones with two different ageseft panels for a constant age of 10.5 Gyr amdddle panels for

a constant age of 8.5 Gyr. The solid lines show the metallistribution convolved with the errors
in metallicity. The error bars correspond to the $pread for the weighted mean metallicity we derive
from our data. Right panels: Star-by-star difference of the derived metallicitiesjFe/H], using the
10.5 Gyr isochrones minus the 12.5 Gyr isochrones versus#iel] of the 10.5 Gyr isochrones, indi-
cated with the open circles. The star-by-star differenddbhe8.5 Gyr isochrones minus the 12.5 Gyr
isochrones are indicated with the dots.
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Table 3.4: Error-weighted mean metallicities for the 10y% énd 8.5 Gyr isochrones MDFs.
Galaxy <[FE/H]>U)’10.5 to ([Fe/H]>w78.5 +o

(dex) (dex)

1) 2 3)

KDG 61 —1.374+0.27 —1.32+0.27
KDG 64 —1.454+0.25 —1.39 £0.26
DDO71 —1.41+0.25 —1.34+0.27
F12D1 —1.314+0.35 —1.25+0.36
DDO 78 —1.28 £ 0.21 —1.24 +£0.22
DDO 44 —1.60 4+ 0.20 —1.53 +0.20
IKN —1.03 £0.17 —0.98 £0.17
F6D1 —1.37+0.48 —1.31 £0.50
HS 117 —1.314+0.21 —1.27+0.22

The first constant age for the isochrones is 10.5 Gyr, whédesdtond constant age is 8.5 Gyr. We repeat
the isochrone interpolation with the bounding boxes andrtbtallicity ranges being kept the same in all
cases. We show the results for the MDFs of all the dSphs in3gwhere the MDFs for the 10.5 Gyr
isochrones are shown in the left panels and the ones for W& isochrones in the middle panels.
The derived error-weighted mean metalliciti¢be/H]),, 10.5 and ([Fe/H]),, s 5, for the 10.5 Gyr and
8.5 Gyr isochrones, respectively, are shown in Table 3chgaith their corresponding dispersions.

In addition, the star-by-star difference in [Fe/H] as dedwsing the 10.5 Gyr and 8.5 Gyr isochrones
is shown in Fig. 3.6, right panels. The maximum differencéhim derived [Fe/H] using the 10.5 Gyr
isochrones minus the isochrones with a constant age of 1@.%s@ss than 0.20 dex in all the cases,
while the maximum difference in the derived [Fe/H] using &% Gyr isochrones minus the isochrones
with a constant age of 12.5 Gyr is less than 0.40 dex in all #ses. Finally, the overall shape of the
MDFs as derived for the 10.5 Gyr and the 8.5 Gyr isochrones doechange significantly.

3.3.3 Population gradients

Population or metallicity gradients provide importantarrhation for the chemical enrichment and
star formation history of dwarf galaxies. According to Malici et al. (2008), supernovae of type
II, SNell, and of type I, SNela, can explain the presence ofegalticity gradient in a dSph with an
initial star formation that extends to 3 Gyr. SNe Il are progl from massive stars, therefore the SNell
progenitors explode within approximately ¥ after a burst of star formation. SNe Il drive the metals
outwards and lead to a homogenisation of the metallicithiwia dSph. Therefore, in the case of star
formation that produces SNe Il progenitors, there is mildhat any, metallicity gradient detectable.
SNe la are produced from low or intermediate mass stars,tamndfore their progenitors require more
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time until they explode as SNe la. The effect of SNe la is talpoe iron—rich inhomogeneities (“SNe la

pockets”), which are preferentially concentrated withico2e radii of the dSph (Marcolini et al. 2008).

Therefore, any subsequent star formation occurring in itiaity of the SNe la pockets would produce

iron—rich stars, preferentially concentrated within 2eccadii. This would account for the presence of
a [Fe/H] gradient (Marcolini et al. 2008).

In order to examine the presence or absence of populatiatiegita in our dSph sample, we con-
struct the cumulative histograms of the stars in each dSleletse in two metallicity ranges, defined
as above and below the respectijee/H]),,. Since the dSphs can be considered as being elliptical in
projection to first order, we define in the following the diigal radiusr as

(3.1)

wherexz andy are the distance along the major and minor axis, aisdthe ellipticity. The major and
minor axes are computed by fitting an ellipse to contours efrthmber counts of all stars above the
10 level. This ellipse is shown in white in Fig. 3.7 and reprdsehe elliptical shape that was chosen
for each dSph. In the same Fig. 3.7 we show the contours abev8.5o to 2 o level, which are
overlaid on top of density maps. In the study of populaticadggnts we exclude the IKN dSph since
the field of view does not cover the whole extent of the galaxy furthermore is contaminated by a
bright foreground star. In addition, we do not show the #tigd shape for IKN.

We show the cumulative metallicity distributions in Fig8 &nd Fig. 3.9 (middle panels). We show
in the same figures the radial metallicity distributionsgeppanels) and the mean radial metallicity
profiles (lower panels). Each radial metallicity profile sisathe mean values of metallicity within an
elliptical annulus versus the elliptical annulus in unitstee effective radius.;;. The values for s
are listed in the column (10) of Table 3.2. The error bars arietallicity profile correspond to the
standard deviation of the mean metallicity in each ellgdtiadius annulus.

3.3.4 Density maps of populations of different metallicites

We now examine the spatial distribution of the stellar papahs, separated into a metal-poor and
metal-rich component. For that purpose, we define two stetipulations, the first includes stars hav-
ing a metallicity less than or equal to the value-df.80 dex ("metal-poor”), while the second includes
stars with a metallicity larger than or equal+d..30 dex ("metal-rich”). These metallicity ranges are
chosen as such by definition, while guided by the mean mated of Local Group dwarf galaxies.
Local Group dSphs show a wide range of mean stellar metabcranging from -2 dex for Draco,
an old population dominated dSph, to -1.2 dex for Fornax, phd&ith extended star formation and
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Figure 3.7: Contour plots, shown in red, for the nine dSphikwvhare overlaid on top of density maps.
The elliptical shape chosen for each dSph, with the excemtidKN, is shown with the white ellipse.
The star symbols in some plots correspond to bright foragtatars, while in the case of KDG 64
corresponds to a background galaxy. The diamond symbolearcéise of F6D1 corresponds to an
extended background galaxy. The unit of the colorbars ishauraf stars per (50 pixels)

chemical evolution history (Grebel, Gallagher & Harbeclo20) These ranges of the observed stel
lar metallicities of the Local Group dSphs have influenced defined limits for the metal-poor and
metal-rich populations. All galaxies have peak values libatvell in between those cuts so that the
metal-poor and the metal-rich tails are representativetyed for all dSphs. For these two popula-
tions we construct the gaussian-smoothed density mapansimoFig. 3.10 and Fig. 3.11, upper and
middle panels for each dSph. The spatial distribution dfsstpopulations selected according to their
metallicity provides an additional way to look for variat®of metallicity with spatial location.
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Figure 3.8: In each panel from left to right and from top totbot we show the radial metallicity
distributions (top panels), their cumulative distributsgmiddle panels), and the radial mean metallicity
profile (bottom panels). The cumulative histogram is forstelected in metallicity above and below
the weighted mean valugFe/H]),, listed in Table 3.3.
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Figure 3.9: Same as in Fig. 3.8 for the remaining two dSphste Nmat IKN is excluded from this
analysis.

3.3.5 Luminous AGB stars

As already noted before, all the dSphs in our sample contsignéicant number of luminous AGB star
candidates. These stars are located above the TRGB anddeweamging from 1 Gyr up to less than
10 Gyr. We broadly refer to stellar populations in this agegeaas “intermediate-age” populations.
Assuming that the metallicities of dwarf galaxies increagth time as star formation continues, we
may also assume that these intermediate-age populatiemsae metal-rich than the old populations.
We note, however, that dwarf galaxies do not necessarilgrepce smooth metal enrichment as a
function of time (see, e.g., Koch et al. 2007a, 2007b).

In Fig. 3.10 and Fig. 3.11, the density maps in the lower asiebw the spatial distribution of these
intermediate-age stars for each dSph. We consider as lusidGB stars the stars that are brighter by
0.15 mag than the TRGB (Armandroff et al. 1993) and that ligaivil mag abovel-rg s —0.15) mag.

In addition, we consider stars within the color rangeiok (V — )y < a + 2.50 (mag), where the

left-hand limita is equal to the color of the TRGB of the most metal-poor isonkrwe use, dereddened
for each dSph using the extinction values listed in colun@saqd (7) of Table 3.2. Then, the right-
hand limit is the left-hand limit plus 2.50 mag. This selenticriterion was motivated by the work of
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Figure 3.10: From left to right and from top to bottom we shdwe tensity maps for each dSph,
after smoothing with a Gaussian kernel. In each upper andlenjuanel, the “metal-rich” population
corresponds to stars having [FefH]—1.30 dex while “metal-poor” refers to [Fe/H] —1.80. The

bottom panel corresponds to the density map of the lumindBB Atars, as defined in the text. The
unit of the colorbars is number of stars per (100 pixels)
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Figure 3.11: The same as in Fig. 3.10 but for the remainingetlilSphs. Note that the zero density
region in the center of IKN is an artifact due to a bright stamtaminating the field of view.

Brewer, Richer & Crabtree (1995) and Reid & Mould (1984).

3.4 Discussion

3.4.1 Photometric metallicity distribution functions

The photometric MDFs in Fig. 3.2 indicate that these dSph®ica wide range in metallicity. All of
them seem to have a steeper cut-off in their metal-rich ehis dan be easily seen if we compare the
MDFs to the fitted gaussian distributions, indicated by tashed lines in Fig. 3.2. We do not expect
the MDFs to follow a gaussian distribution since they arepsldaby the star formation histories of
each dSph. For instance, a steep cut-off of the MDF towardantél-rich tail could be indicative of
the occurrence of strong and continuous galactic windsftaanhi & Matteucci 2003, 2007; Koch et
al. 2006) or of the effects of extended star formation and laNjgockets” of localised, inhomogeneous
enrichment (Marcolini et al. 2008).

The low mean metallicitieg[Fe/H]), that are derived from the distribution functions and ax@sh
in Table 3.3, columns (2) and (3), indicate that the M 81 dSphanetal-poor systems, which points to
a low star formation efficiency in analogy with the Local GpadSphs (e.g., Lanfranchi & Matteucci
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2003; Grebel, Gallagher & Harbeck 2003; Koch 2009).

One exception is the dSph IKN, which shows a high mean meitglfor its luminosity. Objects that
have high metallicity for their luminosity and that, mostaartantly, are dark matter free are promising
candidates for tidal dwarf galaxies. Their properties a&teby their formation mechanism. They are
believed to form out of the dark matter free material that egselled during the tidal interaction of
the parent galaxies (Bournaud et al. 2007; and referenegsitf). One possible tidal dwarf galaxy
candidate has been identified in the M 81 group, namely Halgibe(Makarova et al. 2002; Sabbi
et al. 2008) and these are favoured to be detected in suchtlseageracting groups. These systems
contain a young stellar component, while their older stgi@pulations are believed to consist of stars
from their parent galaxies, which is M 81 in the case of HolrghX.

In the case of IKN, we should consider the fact that its stetietallicity bears the imprint of the
medium that formed these old stars, while young stars arelmsgrved in this dwarf. That makes it
distinct from young tidal dwarf candidates like Holmberg EXconnection with the recent interactions
of the M 81 group is not obvious. IKN lies at a deprojectedatise of 110 kpc (or 147 kpc if we use
the updated TRGB distance measurement of Karachentsev2€04)) from the M 81 galaxy.

IKN might be an old tidal dwarf galaxy if such systems exisuniter, Hunsberger & Roye (2000)
studied a sample of dwarf irregular galaxies within the eanof identifying old tidal dwarf galaxies.
In order to identify potential old tidal dwarf galaxies, yhesed the baryonic Tully—Fisher relation, the
luminosity—metallicity relation, the structure and thellstr populations of their dwarf galaxy sample.
In the baryonic Tully—Fisher relation, potential old tidebarf galaxies would have rotational velocities
that would be too small for their luminosity and thus wouldrsficantly deviate from the baryonic
Tully—Fisher relation (Hunter, Hunsberger & Roye 2000). dvfg with the latter property may be old
tidal dwarf galaxies candidates due to their small dark enatbntent as compared to their baryonic
mass. There is no information available about the presenabsence of dark matter in IKN. This sys-
tem is classified as dSph with no H | associated ardittected so far (Karachentsev & Kaisin 2007). In
pressure—supported systems one can estimate their dagk @itent through their velocity dispersion
profiles (e. g. Koch et al. 2007b; Walker et al. 2009b). Duddalistance, velocity measurements for
IKN are not currently possible.

Furthermore, tidal dwarf galaxies are formed from the niatexpelled from their parent galaxies.
In this process, it is expected that tidal dwarf galaxiedaiorup to 40% old stars inherited by its parent
galaxy (Hunter, Hunsberger & Roye 2000; and referenceitmerTherefore, one would expect that
the metallicity of the old stars of a potential tidal dwarfagey would be comparable to the metallicity
of the old stars of their parent galaxy. Interestingly, liKMigh stellar metallicity of-1.38 dex that we
estimate in this study is comparable with the stellar mietgllestimates of the halo of the M 81 galaxy.
The mean metallicity of the halo of the M 81 galaxy-d.25dex, as derived through interpolation



M81 Group dSphs. 43

1
Mﬂ

<[Fe/H]>

-8 -10 -12 -14 -16 -18
M,, [mag]

Figure 3.12: Luminosity-metallicity relation for Local Gup dwarf galaxies, after Grebel, Gallagher
& Harbeck (2003), together with the 13 dSphs of the M 81 grdwgal Group dSphs are plotted with
blue asterisks, Local Group dirrs are shown as green crogsdged dots indicate the available M 81
data. Nine out of the thirteen M 81 group dSphs have beenestuutre, while the remaining four,
marked with a red circled dot, have been adopted from theatitee, as discussed in the text. The
red squared dots and green squared crosses indicate thiéidratypes of the M 81 group and Local
Group, respectively.

between RGB fiducials of GCs (Mouhcine et al. 2005).

Alternatively, IKN may have undergone substantial mass losthe past, leaving it as a low-
luminosity but comparatively high-metallicity dSph, tlgtuwe note that its total luminosity may have
been underestimated due to the foreground star that is obgca part of IKN. Without data on its
detailed structure and kinematics, we cannot distinguétvéen these possibilities.

The metallicity spreads of the studied dSphs are large,néparil o ranges from 0.27 dex to
0.37 dex, or intrinsic, error-weightedd.ranges from 0.16 dex to 0.43 dex. These abundance spreads
are comparable to the ones observed in the Local Group d&pkebdl, Gallagher & Harbeck 2003;
Koch 2009) and may indicate the presence of multiple stpligulations and/or extended star forma-
tion histories. According to the models of Marcolini et &2008) and Ikuta & Arimoto (2002), the
initial star formation in dSphs may have lasted as long as Bdggven longer, which can lead to a
large dispersion in [Fe/H]. For ages older than 10 Gyr, tlaelof the MDF does not depend strongly
on age as described in Sec. 3. 3. 2 and shown in Fig. 3.6.
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3.4.2 Luminosity—metallicity relation

In Fig. 3.12, we show the luminosity-metallicity relatioorapiled for the dwarf galaxies in our Local
Group as studied by Grebel, Gallagher & Harbeck (2003), wighaddition of thirteen dSphs in the
M 81 group. This compilation includes Local Group objectfwmean metallicities derived from either
spectroscopic or photometric studies. The mean metahkcfor the nine M 81 group dSphs listed in
Table 3.3, column (3), are from this work, while the metd#ilés for the remaining four dSphs are
adopted from the literature and are computed using the rfi€an I), color of the RGB stars at the
luminosity of M; = —3.5 mag (from Caldwell et al. (1998) for BK5N and F8D1 and fr8imarina et
al. (2008) for KKH 57 and BK6N).

In order to see how the metallicities of the dSphs adoptenh fitwe literature compare with the
metallicities we derive with the isochrone interpolatiome re—derive the mean metallicities of our
sample using the medi” — I'), color of the RGB at the luminosity df/; = —3.5 mag (Lee, Freedman
& Madore 1993). At this luminosity, the photometric errorfsdwarf galaxies are smaller than the
photometric errors in the luminosity af/; = —3 mag, which was initially chosen by Da Costa &
Armandroff (1990) due to the small contribution of old AGBast in their study of Galactic GCs.
We use the relation of Lee et al. (1993) defined for the V- atud filters, therefore, we use the
magnitudes of the stars of each galaxy in the V- and |-bandvas drom the Dolphot output (see
also Sec. 3.2). The resulting mean metallicities-ale66+0.21 dex for KDG 61-1.75+0.21 dex for
KDG 64, —1.63+0.22 dex for DDO 71—-1.53+0.24 dex for F12D1,-2.83+1.47 dex for DDO 78,
—2.13+1.03 dex for DDO 44;-1.414+-0.85 dex for IKN,—1.62+0.20 dex for F6 D1, and-1.65+0.92
dex for HS 117. In the majority of the cases, the mean meitadkc[Fe/H]) are in excellent agreement
between the two methods. There is a poor agreement betweengan metallicities of DDO 78 and
DDO44. These two dSphs are observed in the F 475 W-band of@&fifter system, and although
we used the transformed V-band filter to compute the meanllioiggathe color transformations are
sensitive to the object’s spectral details (Sirianni e2805). Finally, in the case of the dSphs with
shallower data, the Ispread of the metallicities are substantially high due éophotometric errors.
We can conclude that the metallicities derived from eithethrad compare quite well.

Overall, the M 81 group dwarfs follow the luminosity-meigilly relation quite well, albeit some of
them exhibit a tendency of being slightly more metal-po@nth.ocal Group dSphs of comparable lu-
minosity. Therefore, they mainly populate the region defibg the Local Group dSphs while a few are
located in the border region between the dSph and dirr loefisetl by the Local Group dwarfs. The
M 81 group dSphs that seem to lie in this apparent transitigion are KDG 61, KDG 64, DDO 44 and
DDO 71. Out of these four objects, three are classified asitian-types, namely, KDG 61, KDG 64
and DDO 71 (Karachentsev & Kaisin 2007; Boyce et al. 2001¢bam HI detections anél « emis-
sion. Also among the dwarfs that coincide with the Local @rd&ph locus, one dwarf is classified as
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Figure 3.13:Left: Mean metallicities versus the deprojected distance, &t fthe M 81 galaxy for
the 13 M 81 group dSphs. The circled dots correspond to thed8phs for which the metallicities
were adopted from the literature, as discussed in the tdyd.efror bars indicate the &-spread of the
metallicity. Right: Luminosity—weighted mean metallicities versus the dgmted distance, R, from
the M 81 galaxy for the 13 M 81 group dSphs. The red solid limeesponds to the linear least—squares
fit to the datapoints. The error bars indicate the $pread of the metallicity weighted by the luminosity.
The circled dots correspond to the mean metallicities abpom the literature, as discussed in the
text.

transition-type, namely HS 117, with HI associated wittHu¢htmeier & Skillman 1998; Karachent-
sev et al. 2006). At this point, we note that the mean meitidigcfor the Local Group dwarf galaxies
are derived using their RGB stars either through spectpsa through photometric methods (Grebel,
Gallagher & Harbeck 2003; Grebel 2000). The mean metadiciderived from photometric and spec-
troscopic measurements of red giants are in quite good mgme(as is shown in the next chapter),
with the observed tendency of the dSphs with more extendedasmation history to have photometric
metallicities slightly more metal—poor than the ones dmtifrom spectroscopic measurements. There-
fore, the photometric metallicities derived for the M 81 gpadSphs in this work and the ones derived
for the Local Group dwarfs are on roughly comparable scalelslead to a true observed trend in the
luminosity—metallicity relation. This trend is going to lbahanced in the case of dSphs with an ex-
tended star formation history, since their metallicitieaynie slightly more metal—rich than what we
derived with the photometric method.

Transition-type dwarfs are galaxies that share propeofib®th morphological types. Their stellar
populations and star formation histories resemble thoskSphs and their gas content and present-day
star formation activity is akin to low-mass dlrrs. It has beiggested that transition-type dwarfs are
indeed evolving from dlrrs to gas-deficient dSphs.

The projected spatial distribution of the dSphs within th8 Myroup is shown in Fig. 1 of Karachent-
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sev et al. (2002), while their three-dimensional view isvghn their Fig. 6. In Fig. 3.13, left panel, we
plot the deprojected distances from the M 81 galaxy, R, wetise mean metallicities for the 13 M 81
group dSphs. The deprojected distances from the M 81 galRxgre adopted from Karachentsev et
al. (2002) and are listed in Table 3.2, column (9). The mastiadi dSph is DDO 44 which belongs to
the NGC 2403 subgroup, while KDG 61 is the one closest to thd Mself. Interestingly, the dwarf
KDG 61 which is classified as a transition—type based on Hiai&ins, is the closest to the M 81 itself,
with a deprojected distance of 44 kpc (Karachentsev et 82R0rhe remaining three dwarfs classified
as transition-types, namely KDG 64, DDO 71 and HS 117, lie deprojected distance of more than
100 kpc. As discussed already, the most metal-rich dSphestuny us is IKN, while according to the
value that Caldwell et al. (1998) provide for F8D1, this ie thost metal-rich dSph in this group so far
studied. We see no trend of the mean metallicity with the @jepted distance.

In Fig. 3.13, right panel, we instead plot the luminosityigited mean metallicities as a function
of the deprojected distances from the M 81 galaxy, R. The migigorrespond to the visual absolute
magnitude, M, listed in Table 3.2. The red solid line is an error—weighiadar fit to the data with
a slope of 0.020.13, while the correlation is insignificant within the 90%n&idence level. Given
the luminosity—metallicity relation where the mean métiles are found to correlate with galaxy
luminosity, the latter being a tracer of the potential offegalaxy, the mean metallicities weighted by
luminosity may provide valuable information on the influerat the environment alone on the chemical
evolution of each galaxy.

3.4.3 Population gradients

By examining the cumulative metallicity distributions metmiddle panels in Fig. 3.8 and Fig. 3.9, we
conclude that the metallicity gradients are present in #se= of DDO 71, DDO 78, DDO 44 and F6D1,
while the metallicity gradients are less pronounced or nesgnt in the remaining dSphs. We again sep-
arate the RGB stars in each dSph into two samples, where veseho separate the distributions at the
observed weighted mean metallicity. The probabilitiesfithe two-sided Kolmogorov-Smirnov (K-S)
test that the two components are drawn from the same pasgribdtion are listed in Table 3.3, column
(4). The K-S results are consistent with showing spatialyasated populations in the case of DDO 71,
DDO 78, DDO 44 and F6D1. In the case of the remaining dSphgrémients are less pronounced and
the metal-rich and metal-poor populations have differastridutions at the 84 — 99.7 % confidence
level (>1.50), except for HS 117. In all cases, in which we observe suclaliieity segregation, the
sense is that more metal rich stars are more centrally ctna¢ed, as also found in the majority of the
Local Group dSphs (Harbeck et al. 2001; Tolstoy et al. 2004td et al. 2006). Since the majority of
the dSphs present either a strong or a milder metallicitgigrd, this would imply that they lack of
SNe ll events that would homogenise their metal distriltutioross the galaxy and therefore erase any
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Table 3.5: Metallicity gradients.

Galaxy  [Fe/H]gradient
(dex per kpc)
(1) )
DDO71 —0.23+0.02
F12D1 —-0.12£0.03
HS117 —0.08 £0.03
DDO78 —0.07 £0.02
DDO44 —0.07+0.01
F6D1  —0.03 £0.04
KDG64 —0.02£0.02
KDG61 +0.0840.03

gradient information (Marcolini et al. 2008).

An error—weighted linear least squares fit to the data poifrttse metallicity distributions in Fig. 3.8
and Fig. 3.9 yields a metallicity gradient ©0.23 dex per kpc for DDO 71, which presents the strongest
metallicity gradient, while in the case of KDG 64 a metatiigyradient of—0.02 dex per kpc is present,
thus showing the least significant metallicity gradiente Tinetallicity gradients are listed in Table 3.5,
sorted by decreasing metallicity gradient. Interestingilye of our studied dSphs, namely KDG 61,
presents a positive metallicity gradient, of the order-6f08 dex per kpc, in the sense that there is an
increase of the metallicity with increasing the ellipticatlius. Such positive metallicity gradients can
be explained assuming that the star formation occurs irisstiglt propagate outwards thus leading to
a chemical enrichment of the interstellar medium towardsshme direction (Mori et al. 1997). In
Fig. 3.14 we show the metallicity gradient, listed in Tahl® &s a function of the deprojected distance,
R, from the M81 galaxy. The red solid line shows the errorglvted linear least squares fit to the data
with a slope 0f-0.25+0.11, where there is no correlation within the 98% confiddexeel. Considering
that the deprojected distances show each dSph'’s curréahdésfrom the M 81 galaxy, it is not possible
to draw any conclusion for the effects of any environmentathanisms acting on these dwarfs.

3.4.4 Density maps of populations of different metallicites

The density maps in Fig. 3.10 and Fig. 3.11 are useful to stieyspatial distribution of the metal-
rich (upper panels) and metal-poor (middle panels) pojmaif each dSph. From these density maps
we conclude that each dSph has a different stellar spas#ildition of their metal-rich and metal-
poor stellar component. All of them show either a spatialateom of the centroids of the two stellar
populations, as is the case of F12D1 and KDG 64, or that thalfrieh population is more centrally
concentrated, as is the case of DDO 71, DDO 44 and F6D1. Thediads agree well with the ones
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Figure 3.14: Metallicity gradient as a function of the dgected distance from the M 81 galaxy, for the
nine M 81 group dSphs studied here. The red solid line showveittor—weighted linear least squares
fit to the data.

from the cumulative histograms, though we should keep indntlirat the metal-poor and metal-rich
stellar populations involved are differently selected. @EB and IKN are clearly fairly metal-rich
while KDG 61, KDG 64 and DDO 44 have prominent metal-poor pafions.

3.4.5 Luminous AGB stars

Luminous AGB stars were also detected in two more dSphs ivtB& group, namely BK5N and
F8D1 (Caldwell et al. 1998). These luminous AGB stars majuthe carbon stars and may be long-
period variables (LPVs) as have been found in other eagg-tywvarf galaxies (e.g., Menzies et al. 2002;
Rejkuba et al. 2006; Whitelock et al. 2009), but we can natldisth this for certain based on our current
data. We compute the fraction of the luminous AGB st#g; 5, defined as the number of the luminous
AGB stars,N 4¢ g, counted within the magnitude bin considered in Sec. 3. 8vé&, the number of the
RGB stars within one magnitude below the TRGBgz 5. In order to estimate th& ri 5, we take into
account that approximately 22 % of the stars we count withie magnitude below the TRGB are old
AGB stars (Durrell, Harris & Pritchet 2001). Thus, th&;¢5 is equal to 78 % of the stars we count
within one mag below the TRGB. The fractiofssg we derive in this way are listed in Table 3.3,
column (5).
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Blends, blue straggler progeny and foreground contaminatin

We now discuss the possibility that these luminous AGB steag actually be (1) blends of bright RGB
stars (Renzini 1998), (2) blue straggler progeny (Guairnigenzini & Ortolani 1997; and references
therein), or (3) due to the foreground contamination.

In order to evaluate case (1), we use our artificial star exygsrts in order to quantify the number
of the blends of bright RGB stard/;;.,.4s, that may contribute to the detected number of the observed
luminous AGB stars. We only consider here the case of a blémd@equal-magnitude stars. The
magnitude of the blended star is alwdys5 mag brighter than the initial magnitude of the two super-
imposed stars.

We want to determine the location in the CMD of all the RGBstaat can end up as blends within
the location in the CMD of the luminous AGB stars, as define@ét. 2. 3. 5 and further called as
luminous AGB box. For that purpose, if we assume that thes stéthin the luminous AGB box were
all blends, then they would originate from stars that havgmitades 0.75 mag fainter. Thus, we shift
the luminous AGB box by 0.75 mag towards the fainter mageisuaind furthermore we only consider
the stars with magnitudes fainter than the TRGB. This progedefines the location of the RGB stars
that can end up as blends within the luminous AGB box and wehdalthe “RGB blends box”.

From the stellar catalogue we use as an input for the artitéa experiments, we select the stars
that have such input magnitudes to place them within the “R@Bds box”. From these input stars,
we consider as blends the ones that have output magnituakesath place them above the TRGB. We
normalise the number of these blends to the number of thkingtat stars that are located within the
“RGB blends box”. Finally, the number of the observed bleisdgroportional to the number of the
observed RGB stars located within the same “RGB blends b@kus, theNy.,.qs for all the dSphs
computed this way is equal to 5 blends, 11 blends, 12 blend2ariends in the case of DDO 44,
DDO 78, IKN and HS 117, respectively, while in all the otheses the number of blends is less than
1. Thus, the fraction of the blends defined as the number ofisleivided by the number of the RGB
stars within 1 mag below the TRGB, is less than 0.6 % in all s&s for IKN which is equal to 0.9 %.

In the case (2), Guarnieri, Renzini & Ortolani (1997) point that the number of blue straggler
progeny is of the order of2 % of all stars that reach the luminous AGB phase.

In the case (3), we estimate the foreground contaminatiorguble TRILEGAL code (Vanholle-
beke, Groenewegen & Girardi 2009; Girardi et al. 2005). Wentahe number of foreground stars
that fall within the same location in the CMD as in the lumiscdGB box and these are considered
to be the number of expected foreground contamination. llthalcases, the number of foreground
stars is 4, with the exception of DDO 71 and DDO 44 where thebmmof foreground stars is 3 and
5, respectively. This translates to a fraction of foregubstars, defined as the number of foreground



50 Chapter 3

stars divided by the number of RGB stars within 1 mag belowlRR&B, of less than 0.7 %, with the
exception of F6D1 where this fraction is equal to 2 %.

We do not consider the case of old AGB LPVs, whose large augditvariations may place them
above the TRGB (Caldwell et al. 1998), as an additional soafcontamination in the luminous AGB
box, since the studied dSphs have mean metallicities ofthess—1 dex. Such old AGB LPVs, with
ages greater than or equal to 10 Gyr, have been observed #Hi®VeRGB in metal-rich ([Fe/H}
—1 dex) globular clusters (e.g., Guarnieri, Renzini & Onnlk997; and references therein).

We can now add all the contributions estimated in the abaeetbases, for each dSph. We call the
sum of these three contributions the number of total comtants, V.., ::, and compute their fraction
feonttot = Neonttot / Nrap. The fraction of the total contaminants is less than 1 % icadles apart
from IKN, HS 117 and F6D1, where the fraction of the total emninants is approximately 1.1 %,
1.3 % and 2.1 %, respectively. We note that in all cases, thexsignificant fraction of luminous AGB
stars that can not be accounted for by considering the baotih of blends, binaries and foreground
contamination. The dSph F6D1 is an exception to that, wheee 4., 1o+ IS ~ 2 %, as compared to
the f4ap which is~ 3 %. We note though that in the case of FED1 the number of stansted in the
luminous AGB box is equal to 6 stars. Thus, we conclude thatuminous AGB stars are a genuine
population for the majority of the dSphs studied here.

These small fractions of luminous AGB stars of less than 18b@tthe fraction of the intermediate
age stars present in these dSphs and indicate that this ligibleg Therefore, the bulk of the star
formation in these dSphs occurred at ancient times, juisgifpur assumption of an old age used to
derive their photometric MDFs.

Luminous AGB density maps and fractions

From the density maps of the luminous AGB stars shown in EQ and Fig. 3.11, lower panels, we
see that if we consider the peak densities or the bulk of thenlous AGB stars, then it seems that
these are more confined to the central regions of the dwaltshaviour similar to what is found for the
Fornax dSph (Stetson, Hesser & Smecker-Hane 1998). If weidenthe overall distribution then we
note that for most of the dSphs these stars are rather moetwdistributed, following the distribution
of the metal-poor stars, with the exception of KDG 64 and DQ0@here their AGB stars’ distributions
coincide mostly with the metal-rich population, which iretbase of DDO 71 is centrally concentrated.
We conclude that the intermediate-age stellar componentlismixed with the old stellar component.

This behaviour is similar to the AGB stars’ spatial disttiba of the Local Group dwarfs. Indeed,
Battinelli & Demers (2004a; and references therein) disc¢hat for the Local Group dwarfs, for which
there are carbon star studies, their Carbon-rich starsisigbdted such that they coincide with the
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Figure 3.15: Fraction of AGB stars versus the RGB stars withinag below the TRGBf, 4¢3, versus
the deprojected distance from M 81, R, for the nine M 81 gro8phs studied here. With the circled
dot we show the corresponding fractigng  in the case of F6D1.

spatial distribution of the old stellar component. An ex@ap is the dE NGC 185, where the AGB
stars are concentrated more in the centre than the oldrateltaponent (Battinelli & Demers 2004b), a
similar behaviour as observed in the two M 81 group dSphsudissd above.

We plot thef 45 versus the deprojected distance from M 81, R, in Fig 3.15.Higfeest fraction of
luminous AGB stars is observed in HS 117 and the lowest on®iG K1 and F12D1. We do not see any
trend of thef 1 with increasing deprojected distance from M 81. If we corephie net fraction of
the luminous AGB stars, by subtracting the fracti@p,.: .., due to the contribution of blends, binaries
and foreground contamination, from the fractién;g listed in the column (5) of Table 3.3, none of
the trends and conclusions change.

3.5 Conclusions

We use the CMDs of nine dSphs in the M 81 group to construct gieitometric MDFs. These MDFs
show populations covering a wide range in metallicity watvimean metallicities indicating that these
are metal-poor systems. All MDFs show a steeper fall-offiairthigh-metallicity end than toward their
low-metallicity end indicating that galactic winds may ypkarole in shaping their distribution.

We compute the mean metallicitifFe/H]), and the mean metallicity weighted by the metallicity
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error, ([Fe/H)),,, along with their corresponding standard deviations. Thetrmetal-rich dSph in our
sample is IKN even though it is the least luminous galaxy insample. IKN’s comparatively high
metallicity may indicate that it is a tidal dwarf galaxy oatht suffered substantial mass loss in the past.
We do not see any correlation between {ffee/H]) and the deprojected distance from the M 81 galaxy,
R.

We use the mean metallicity weighted by the metallicity exré[Fe/H]),,, to select two stellar
populations having metallicities above and below that ealdror these two stellar populations we
construct cumulative histograms, as a way to search forlptpn gradients in metallicity. We find
that some dSphs show strong metallicity gradients, whierstdo not. In dSphs with radial metallicity
gradients the more metal-rich populations are more céynrahcentrated.

Furthermore, we study the spatial (i.e., two-dimensiodediribution of our defined metal-rich and
metal-poor stellar populations. This refined look no lorggsumes radial symmetry, and we now find
that in some dwarfs the metal-rich population is more céigtcancentrated, while others show offsets
in the centroid of the two populations. By examining therifsttion of the luminous AGB stars, we
conclude that, for the majority of the dSphs, these stars hanstly extended distributions, indicating
that they have been well-mixed with the metal-poor stellgyydation. We do not find any correlation
between the fraction of luminous AGB stars and the deprejedistance from the M 81 galaxy. While
present-day distances may not be indicative of the dwadsitjen in the past and while their orbits
are unknown, the apparent lack of a correlation betweeamtistand evolutionary history may suggest
that the evolution of the dwarfs was determined to a largerekby their internal properties and not so
much by their environment.

Finally, there are some M 81 dSphs that straddle the transiggion between Local Group dSphs
and dlrrs in the metallicity-luminosity relation. We may bbserving low-luminosity transition-type
dwarfs moving toward the dSph locus. Interestingly, theserts are slightly more luminous than the
bulk of the Local Group transition dwarfs. Perhaps some @81 dwarfs experienced gas stripping
during the recent interactions between the dominant gadarithe M 81 group.
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Spectroscopic versus Photometric
Metallicities : Dwarf Spheroidal Galaxies
as a Test Case

4.1 Introduction

There are several reliable techniques one can use to déevphiotometric metallicities of a stellar
system using its resolved old red giant branches (RGBs)dimelude the use of tH& — I),, color of
the RGB stars at the luminosity correspondinglfp = —3.0mag orM; = —3.5mag in conjunction
with the empirical relations defined in Da Costa & Armandi@®90), in Armandroff et al. (1993) and
in Lee, Freedman & Madore (1993); the use of the fiducial riifges or analytic functions of Galactic
globular clusters (GCs) with known metal abundances; akasdhe use of theoretical stellar tracks or
isochrones (Mould, Kristian & Da Costa 1983; Grebel & Gulaktrta 1999; Harris, Harris & Poole
1999; Harris & Harris 2000, 2002; Saviane et al. 2000; Sdmijet al. 2002; Caldwell 2006; Williams
et al. 2007; Crnojevic, Grebel & Koch 2010; Lianou, Grebel &4k 2010). The latter two techniques
serve to either bracket the range of the metal abundancesioterpolate between them in order to
derive the metallicity distribution function. In the case®@Cs, dwarf spheroidals (dSphs), and the
haloes of galaxies, the assumption under which these mobmiare used is that the red giants represent
populations of an old age>( 10 Gyr). For such old populations, a spread in metallicity s a
broader RGB than would an age spread (Frayn & Gilmore 2002).

The case of the Local Group (LG) dSphs has shown that all of th@ve a population of old stars
(Grebel 2001; Grebel & Gallagher 2004), while a subsamptbedge systems contains an intermediate
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age component (from 1 Gyr up to less than 10 Gyr) in additioeaidy star formation, thus present-
ing a rather complex star formation history (SFH) (Grebed7Z;9Mateo 1998; Tolstoy, Hill & Tosi
2009; Cignoni & Tosi 2010). Although spectroscopic obsgoves of individual stars, ideally in high—
resolution, provide the best means to reveal and break amagellicity degeneracy in systems with
complex SFHSs, as for instance in the case of Carina (Smddkee-et al. 1994; Koch et al. 2006), such
studies are limited to nearby objects within the LG due td#irgness of the stars to be targeted. Based
on the fact that the LG dSphs show complex SFHs, the assumgtia single old age for their stellar
populations does not hold, thus it is worth exploring hove thiésumption affects the photometrically
derived metallicities of composite populations with a rauad ages.

In the present work we perform a comparison of the mean n@talproperties as well as a direct
star—by—star comparison between the spectroscopicathjtrenphotometrically derived metallicities.
In this latter case we use the stars in common to both sampdasy LG dSphs that have been stud-
ied in the literature in great detail using both spectrogcapd photometric observations. In order to
perform such a star-by—star comparison, we use spectiosemtallicity results and available pho-
tometric datasets for five Galactic dSphs, namely Carina,ll.é-ornax, Sextans and Sculptor. The
three dSphs Carina, Leo |l and Fornax have complex star tiwmand chemical enrichment histories,
with a different fraction of their intermediate age steltenpulations, while Sextans and Sculptor are
dominated by old populations.

Carina appears to have episodic star formation with threndt populations and with a pause of
star formation for 4 Gyr (Smecker—Hane et al. 1994; Smetkane et al. 1996; Mighell 1997; Hurley—
Keller, Mateo & Nemec 1998; Monelli et al. 2003) where the oniy of the stars formed arouridGyr
ago (Hurley—Keller et al. 1998; Rizzi et al. 2003). Carinawh a mild radial metallicity gradient in
the sense that the metal-rich population is more centralhcentrated (Koch et al. 2006). The same
trend is observed for the intermediate age population (et let al. 2001; Monelli et al. 2003). Leolll
has both old and intermediate age populations (Aaronson &IdMb985; Lee 1995; Mighell & Rich
1996; Gullieuszik et al. 2008). It appears that there is gmiicant metallicity gradient present in
Leo |l (Koch et al. 2007). In the case of Fornax, the dominamtytation is of an intermediate age (ca.
3—4 Gyr; Coleman & de Jong 2008) and it also contains old anolagy populations (Stetson, Hesser
& Smecker—-Hane 1998; Saviane, Held & Bertelli 2000b), wkit®wing a strong radial metallicity
gradient (Battaglia et al. 2006).

In the case of Sextans and Sculptor, the dominant populetiohan old age (Lee et al. 2003, 2009
for Sextans; Hurley—Keller, Mateo & Grebel 1999 for ScutptdSextans shows a population gradient
based on its horizontal branch morphology (Harbeck et @1p0as well as a metallicity gradient,
where the metal—rich stars are more centrally concentiaatdchave colder kinematics than the metal—
poor ones (Battaglia et al. 2010). Sculptor shows two distiid stellar components (Hurley—Keller,
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Mateo & Grebel 1999; Tolstoy et al. 2004), as well as a meiglligradient (Harbeck et al. 2001).
In addition, neutral hydrogen clouds appear to be assaciatth Sculptor (Bouchard, Carignan &
Mashchenko 2003), and Battaglia et al. (2008) found lik@ynatures of an intrinsic rotation through
detected velocity gradients.

The spectroscopic metallicities [Fe/H] of dSphs can beriete either directly by high resolution
measurements of individual Fe lines, or through low/mediasolution spectroscopic measurements
of red giants. The latter method is the one widely used sinpovides spectra for a large number of
stars within a reasonable integration time and the spexipis [Fe/H] metallicities are inferred from
the strength of the Ca ll triplet (Ca T) lines at 84883542A and 8662A. The measured property is the
sum of the equivalent width&;,W, either of two or of a combination of all three CaT lines. Tun
of the equivalent widthsW is then used to derive the reduced equivalent width, Wfing empirical
calibrations between théW and the (V-\iy ), as defined in Armandroff & Da Costa (1991) who used
the sum of the two strongest CaT lines. The calibratioiC@f as a function of (V=V; ) is chosen
because it provides a calibration independent of the reddexmd distance modulus (Armandroff & Da
Costa 1991). The equivalent width’\i¢ then used to derive the metallicity, based on, for insaac
calibration of Galactic GCs spectroscopic iron abundaasesfunction of their reduced Ca T equivalent
widths W.

The Galactic GC metallicities are derived either using el sensitive spectrophotometric in-
dices of their integrated light or using high resolution&pescopic measurements of their red giants.
Thus, several metallicity scales have been defined so fachvitnclude the Zinn & West (1984; here-
after ZW84), the Carretta & Gratton (1997; hereafter CG#®,Kraft & Ivans 2003; hereafter KI03)
and the Carretta et al. (2009; hereafter CBG09) metallgiles. The first one uses metallicity sensi-
tive spectrophotometric indices of the integrated lighGaflactic GCs, while the latter three use high
resolution spectroscopic measurements of Galactic GC imdsgto infer their iron abundance from
individual Fe lines.

A calibration between Galactic GCs metallicity and the mtliequivalent width Wof their red
giants derived from CaT is given by Armandroff & Da Costa (1p8nd Da Costa & Armandroff
(1995) in the ZW84 metallicity scale, while Rutledge, Hes&&tetson (1997; hereafter R97) provide
a calibration in the ZW84 and CG97 metallicity scales whintiudes a large sample of Galactic GCs.
Among these calibrations, the definition of the CaT sum ofdfeivalent widthsXW, is different.
K103 provide a similar calibration between their definedsad iron abundances and the CaT reduced
equivalent widths Wof GCs, as well as Carretta et al. (2009) for their defined Hieta scale. In
Table 4.1 we show as an example the metallicities of threacBalGCs with metallicities in the ZW84,
CG97, KI03, and CBG09 metallicity scales, as well as the Higtg derived through isochrone fitting
using Dartmouth isochrones (Dotter et al. 2007, 2008, 2010)
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Table 4.1: Galactic GC metallicities in different metatlcscales.

GC [Fe/Hzwss  [FelH]ogor [Fe/H]k 103 [Fe/Hlcpaos  [Fe/H]partmoutn
(dex) (dex) (dex) (dex) (dex)

1) (2 €) (4) (%) (6)

47 Tuc —0.71£0.05 —-0.78+0.02 —-0.70+0.09 —0.743 £0.026 —0.70

NGC 3201 —-1.53+0.03 —-1.24+0.03 —-1.56=+0.10 —1.495+0.073 —1.50

NGC6397 —-1.944+0.02 —-1.76-£0.03 —-2.02+£0.07 —1.993 +0.060 —2.10

The CaT method is calibrated on Galactic GCs, which are gidifadions and to first order, simple
stellar populations, of a single metallicity, and haveeti#nt chemical enrichment history as compared
to the ones of the dSphs (Armandroff & Da Costa 1991; Venn.€2G)4; Koch et al. 2008a, 2008b).
Nevertheless, this method is widely used to derive the hiwtigls of galaxies that have more complex
star formation and chemical enrichment histories thandh#te calibrating Galactic GCs. The impli-
cations of the different chemical enrichment and star faionahistory in the dSphs and the Galactic
GCs for the CaT method have been discussed in Da Costa & liaiizidu (1998), Cole et al. (2000,
2004), Pont et al. (2004), Bosler et al. (2007), Battaglial€2008) and Koch et al. (2008a). Cole et
al. (2004) have shown that the effect is negligible as cosgpt the intrinsic scatter of the Ca T method
for the metallicity ranges in CG97 betweer?2.0 and—0.2 dex in [Fe/H], while at lower metallicities
there is an overestimate of the metallicities as comparddmtallicities derived from high—resolution
measurements (e.g. Battaglia et al. 2008; Koch et al. 2008erefore, the Ca T method can be used to
infer the metallicities of dSphs within the metallicity gas of—2.0 dex to—0.2 dex and the age ranges
of 2.5Gyr to 13 Gyr (Cole et al. 2004), even though dSphs hapergenced extended star formation
and chemical evolution histories as compared to the céililgy&alactic GCs.

This chapter is structured as follows. 48 we present the spectroscopic and photometric datasets
we use. Ing3 we show our results on the comparison of the mean metglfictperties as well as on
the star—by—star comparison. g4 we discuss our main findings andgh we present our conclusions.

4.2 Observations

We use the spectroscopic metallicities and the photomesiolts for the five Galactic dSphs Carina,
Leoll, Fornax, Sextans and Sculptor. For Carina, the spsobipic metallicities are adopted from Koch
et al. (2006), for Leo Il from Koch et al. (200), for FornaxiindBattaglia et al. (2006), for Sextans from
Battaglia et al. (2010; and private communication, 20104, far Sculptor from Battaglia et al. (2008).

We refer to these publications for the description of thecspecopic observations and analysis. In all
cases, the strength of the CaT lines is used as a metallidtgator for the individual red giant stars
from either low or medium resolution spectroscopy. The spscopic metallicities for Carina, Leo I,
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Table 4.2: Global properties.

Galaxy My Ay® AP (m—M)o TRGB
(mag) (mag) (mag) (mag) (mag)
(2) (2) () (4) ) (6)

Carina -94 018 0.11 19.87£0.11 1598 £0.10
Sextans —-9.5 0.03 0.02 19.90+0.06 15.95=+0.04
Sculptor —9.8 0.245 0.117 19.65+0.14 15.70 £0.10
Leoll —10.1 0.070 0.040 21.84 £0.13 18.35

Fornax —13.1 0.067 0.039 20.72+£0.04 16.7540.02

or A, in the case of Leoll
Por A4; in the case of Leoll

Fornax and Sculptor are inferred through the calibratiothim sense of R97, while for Sextans the
calibration defined in Starkenburg et al. (2010) is used. mha difference between the calibration in
Starkenburg et al. (2010) and in the remaining calibratioriee sense of R97 is that the first one is not
a linear relation between the metallicity and the sum of tp@walent widths of the CaT lines, W,
while the second is a linear one. In addition, the first onaalbrated to hold for metallicities from
—4 dex to—0.5 dex, while the second, as already described earliegjitzrated to hold from-2 dex to
—0.2dex. All the spectroscopic metallicities are placechen€G97 metallicity scale.

The photometry of Carina, Fornax and Sculptor was adopted Valker et al. (2009; and private
communication, 2010), of Leo Il from Koch et al. (2007a), aidextans from Lee et al. (2003). We
refer to these works for further details on the photomethisepvations and analysis. Here we briefly
mention that in the case of Carina, Fornax, Sextans and ®cule final photometric datasets were
placed on a common V, | photometry in the UBVRI photometristeyn (Walker et al. 2007 for Carina;
Walker et al. 2006 for Fornax; Lee et al. 2003 for Sextans;Kéfadt al. 2006 and Coleman, Da Costa,
& Bland-Hawthorn 2005 for Sculptor). In the case of Leoll, wse the photometric dataset in the
SDSS filter system, using the transformations in eq. 2 an@ egrived by Koch et al. (2007a) in the
g— and i—band filters. We note that in the case of Carina, ikand Sculptor, there is EIS photometry
available to match exactly the spectroscopic targets f@arkoch et al. 2006; Fornax and Sculptor:
Battaglia et al. 2006, 2008, and private communication) waichoose not to use these datasets since
they are poorly calibrated (Koch et al. 2004a, 2004b).

The global properties of the five dSphs, sorted by decreadisglute V-band magnitude, are listed
in Table 4.2. We show in column (1) the galaxy name; in coluntlie absolute V-band magni-
tude adopted from Grebel, Gallagher & Harbeck (2003); iucois (3) and (4) the V- and I-band
extinctions (or the SDSS g— and i—band extinctions in the adsLeo ll), respectively, taken from
Schlegel, Finkbeiner & Davis (1998) for Leo Il and Fornaxyrfr Mighell (1997) for Carina, from Lee
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Figure 4.1:Left panel: Map of Sculptor, shown in black dots in standard coordingtaad», along
with the central region selected to derive the distance isgdigshown in red dots. The radius of the
central region is approximately 8.5 arcmin, or 1.4Avhere 1. is the core radius of Sculptor, adopted
from Irwin & Hatzidimitriou (1995). Right panel: Color—-magnitude diagram of the central region of
Sculptor, with Dartmouth isochrones of a fixed age of 12.5@aarplotted as solid black lines. From
left to right, the isochrones correspond to metallicitiés2db, -2.0, -1.5 and -1.0 dex in [Fe/H]. The red
line corresponds to the ridgeline, which is a second ordmpmial fit to the stars inside the RGB box
denoted with the black dashed lines. The blue dots corresfmthe Dartmouth synthetic horizontal

branch isochrone, computed for the distance modulus, reolglend the metallicity that best fit the
ridgeline.

et al. (2003) for Sextans, while we derive our own values faul@or, as explained in the following
paragraph; in column (5) the distance modulus, taken froghili (1997) for Carina, from Bellazzini,
Gennari & Ferraro (2005) for Leoll, from Rizzi et al. (2007#a) Fornax, from Lee et al. (2003) for
Sextans, while for Sculptor we derive our own distance magjuin column (6) the tip of the RGB,
taken from Mighell (199) for Carina, from Rizzi et al. (20Q7ar Fornax, from Lee et al. (2003) for
Sextans, from the position of the tip of the RGB in the transied SDSS isochrones for Leo ll, while
for Sculptor we derive our own measurement.

For Sculptor, we derive our own distance modulus and extincsince there is reliable photometry
available down to the horizontal branch level. In order toidvoreground contamination, we select
potential Sculptor member stars by confining the selectistars to the central region of Sculptor, as
shown in the left panel of Fig. 4.1. We derive the distance uhaland the reddening using the method
of the tip of the RGB (TRGB; Lee, Freedman & Madore 1993).

In the TRGB method, a 4—point Sobel filter, [-2 -1 0 1 2], is &@plto the I-band luminosity
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Figure 4.2: I-band luminosity function of the central regiof Sculptor, upper panel, and the Sobel
filter output, lower panel. The TRGB is indicated with the lied line in the lower panel.

function, in order to detect the I-band magnitude of the TR@Bich appears as a discontinuity in
the I-band luminosity function. The Sobel filter responsakgeat the discontinuity and the I-band
magnitude of the peak of the filter response indicates thandtmagnitude of the TRGB, as shown in
Fig. 4.2. The detected TRGB magnitude equalsitgids =15.76£0.10 mag. Assuming an absolute
TRGB magnitude of M7rap = —4.05+0.10 (Da Costa & Armandroff 1990) and using the calibra-
tion provided in Lee, Freedman & Madore (1993) for the mii#yl [Fe/H] versus the color of the
RGB at the level of M = —3.5mag, we derive the distance modulus and the reddeningcidptor.
This step is an iterative procedure and in practice we rechiat the slope of the RGB ridgeline is
fitted by the Dartmouth isochrone of 12.5 Gyr when applyirgderived values of the distance modu-
lus, metallicity and reddening. In addition, we requiretttige Dartmouth horizontal branch isochrone
of 12.5 Gyr fits the observed horizontal branch, when thevddrparameters for the distance modu-
lus, metallicity and reddening are applied to the horizbotanch isochrone. These two requirements
are shown and further explained in the right panel of Fig. & he derived distance modulus is (m—
M)y =19.65+0.14 mag, in agreement with the one derived by Rizzi et aDTB). The derived |- and
V-band extinctions are listed in Table 4.2, for which we assd the reddening law of Cardelli, Clayton
& Mathis (1989).
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4.3 Results

4.3.1 Color—magnitude diagrams

We show the color-magnitude diagrams (CMDs) of the five GiglatSphs Carina, Leoll, Fornax,
Sextans and Sculptor in Fig. 4.3, along with Dartmouth isobs overplotted with a fixed age of
12.5 Gyr and metallicities ranging from2.5 dex to Odex (or te-1.5dex in the case of Leoll) with
a step size of 0.5dex (or 0.2dex in the case of Leoll). Thektbmts represent the stars in common
between the photometric and spectroscopic samples. Thasefeund by matching the spectroscopic
and photometric datasets according to their coordinatdse fumber of stars in common is equal
to 144 for Carina, 47 for Leoll, 288 for Fornax, 60 for Sextaasd 82 for Sculptor. We note that
these numbers are further reduced after applying the phagtamand spectroscopic metallicity cuts, as
explained later on in the analysis.

4.3.2 Photometric metallicities

For the five studied Galactic dSphs, we derive their photdmaetetallicities using linear interpola-
tion between Dartmouth isochrones with a fixed agd 26 Gyr, with a range in metallicities from
—2.50 dex to0 dex and with a step size 6f05 dex (e. g., Lianou, Grebel & Koch 2010). We correct the
magnitudes and colors of the theoretical isochrones fagimund Galactic extinction in the V-band
and I-band (or the SDSS g-band and i—band in the case of Laadljor the distance moduli, listed in
columns (3), (4) and (5) of Table 4.2, respectively. We asalgll bona—fide RGB stars that lie within
3 mag below the TRGB, listed in Table 4.2, regardless of wdrethey were observed spectroscopi-
cally, in order to derive the mean photometric metallicitpgerties and compare them with the mean
spectroscopic properties. We impose a metallicity cut erdigrived photometric metallicities so as to
only include stars that fall within the theoretical isoates’ metallicity range used in the interpolation
method, thus excluding any extrapolated values, and addity we require the photometric metallic-
ity uncertainties to be less than 0.2 dex, in order to be coafyba with the spectroscopic metallicity
uncertainties. The random uncertainties of the photometetallicities are estimated by accounting
for the photometric errors. For that purpose, each starriedidoy its photometric uncertainties (both
in color and magnitude) and re—fit using the same isochraeepiolation code. The & scatter of the
output random realisations is then adopted as the metgaléicior for each star.

We show the derived photometric metallicity distributiamétions (MDFs) with the white his-
tograms in Fig. 4.4 for Carina, Leoll, Fornax and Sculptowl in Fig. 4.5 for Sextans. The derived
mean photometric metallicities [Fe/li]; are listed in Table 4.3.



Testing Photometric Metallicities. 61

155 . . . 17.5
i Leo Il
16/ Carina . ]
= 18
1651
17r 18
- .5
1751
— 18 - 19 x
==
1851
19.5¢
19
= x
1951
20t
20t
20.5 : 20.5 :
0.5 1 15 2 5 2
V-l
155 . . . 155
16 Fornax i 16/ Sextans
16.5F 1 16.51
17¢ 171
17.5¢ 1751
— 18 — 18
185 1851
19 191
19.5F 1951
I :
20t 201 -
20.5 205 :
0.5 2 5 2
15
1551 Sculptor -
161
1651
17r
— 1751
181
185
19
19.5
20
0.5

Figure 4.3: Color-magnitude diagrams of the five Galactigh#$S Dartmouth isochrones are overplot-
ted as solid lines, for a fixed age of 12.5 Gyr, a range in meit#s from —2.5 to 0 dex, or to-1.5 dex

in the case of Leo I, and a step size of 0.5 dex, or 0.2 dex indke of Leo Il. The thick dots correspond
to the stars in common to the photometric and spectroscepipke. The error bars correspond to the
photometric errors.
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Figure 4.4: Left panels: The open histograms show the phetidermetallicity distribution function of

all the stars within 3 mag below the TRGB. The shaded histograhow the photometric metallicity
distribution function of the stars in common to both the $mescopic and photometric sample. Note
that in the case of Leo I, the photometric sample coinciditis thie spectroscopic sample, thus the lack
of the shaded histogram. Middle panels: The open histogstims the spectroscopic metallicity distri-
bution functions in the CG97 scale for the full availabledpescopic sample. The shaded histograms
show the spectroscopic metallicity distribution functionthe CG97 for the stars in common to both
the spectroscopic and photometric samples. Right panbBisppen histograms show the spectroscopic
metallicity distribution functions in the isoscale, whitee shaded histograms show the same but for the
common stars. In all cases, the black dashed line corresporttie mean metallicity value of the full
sample, while the shaded dashed line corresponds to the metaltiicity value of the common stars.
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Figure 4.5: The same as in Fig.4.4 for Sextans. Note thatirstiscale metallicity distribution function
of the common stars (right panel; shaded histogram), tla moimber of stars is three. The number of
stars corresponding to the open histogram in the isosdgl (ranel) is twelve.

Table 4.3: Mean metallicity properties.

Galaxy Carina Leoll Fornax Sextans Sculptor
[Fe/H]phot —147+045 —-2.094+0.20 —-1.44+0.29 —-1.82+040 —1.61+0.31
[Fe/H)caor —-155£0.29 -1.63+023 —-1.084+040 —-2.334+0.46 —1.47+0.26
[Fe/Hlisoscate —1.654+0.30 —1.73+£0.22 —1.154+0.39 —1.81+0.25 —1.57=+0.23

4.3.3 Dartmouth isochrones metallicity scale

In order to perform a direct comparison between the photaenahd the spectroscopic metallicities,
it is important to clarify with which metallicity scale thehptometric metallicities conform. The pho-
tometric metallicities are tied to the isochrone modeld #ra used in the interpolation method. The
Dartmouth isochrones used here are not explicitly tied yocinhe spectroscopic, standard abundance
scales (i.e., ZW84; CG97; KI03; CBG09). Their determinati® rather based on the mass fractions of
the heavy elements and hydrogen in the models along withdibigted solar abundances. In that sense,
the photometric metallicities based on the Dartmouth ismods form a metallicity scale on their own.
However, the Dartmouth models tend to lie much closer taeeithe ZW84 or to the KI03 metallicity
scales (Aaron Dotter, private communication; see alsodDettal. 2010).

In the left panel of Fig. 4.6 we plot the Galactic GC fiducialdvbl5, NGC 6397, M 2 and Tuc47,
adopted from Da Costa & Armandroff (1990), along with Dartitioisochrones for a fixed age of
12.5 Gyr. The [Fe/H] metallicities of the Galactic GC fidusiare—2.17,—1.91,—1.58 and-0.71 dex,
respectively, in the ZW84 scale, and the same metallictieschosen for the Dartmouth isochrones. In
the middle and right panels we plot the analytic fits to thediduoci of GCs adopted from Saviane et
al. (2000a), in the ZW84 and CG97 metallicity scales, retypelg. The correspondence between the
Dartmouth isochrones and the GC fiducials in the ZW84 scdletigr than the one in the CG97 scale,
but in all three cases the match is far from perfect.
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Figure 4.6: Left panel: Galactic GC fiducials from Da Costa &mandroff (1990) shown with the
black dashed lines, along with Dartmouth isochrones shoitmthe red solid lines. From left to right,
the Galactic GC fiducials correspond to M 15, NGC 6397, M 2 amcl4l7, where each GC has [Fe/H]
equal to—2.17,—1.91,—1.58 and—0.71, respectively, in the ZW84 scale. The isochrones spamed

to an age of 12.5 Gyr and have the same metallicities as thec@BalsCs, from left to right. Middle
panel: Analytic functions of Galactic GCs fiducial loci frdBaviane et al. (2000a) in the ZW84, black
dashed lines, along with Dartmouth isochrones of 12.5 @grsplid lines. The metallicities correspond
to —2.11,-1.67,—1.53,—1.33 and—0.71 from left to right, respectively. Right panel: The saase
in the middle panel but for the CG97 metallicity scale. Theatiieities correspond te-1.99,—1.37,
—1.23,—-1.15 and-0.7 from left to right, respectively.

Therefore, based on the fact that the Dartmouth isochraores & metallicity scale of their own,
we transform the spectroscopic metallicities of all five dSpo the metallicity scale defined by the
Dartmouth isochrones. The metallicity scale defined by thet@outh isochrones is further simply
called “isoscale”. In order to define the transformationwestn the CG97 metallicity scale and the
isoscale, we use the metallicities of those Galactic GCsatidD et al. (2010; their Table 2), derived
using isochrone fitting, that also have metallicities in@@97 scale as derived in R97 (their Table 2).
The calibration of the metallicities from the CG97 to thesisale reads as follows:

[Fe/Hliso = 1.35+0.04[Fe/H]cgor + 0.27+0.06, (4.1)

and holds within the metallicity range of2.02 <[Fe/H]ogo7 < —0.5 (dex), as imposed by the avail-
ability of GCs with [Fe/H] in the CG97 scale that also have/Hjebased on the Dartmouth isochrone
fitting. The calibration is plotted in Fig. 4.7. The reversadtallicity calibration from the isoscale to
the CG97 metallicity scale reads as follows:

[Fe/H]cgor = 0.70+0.02[Fe/Hliso — 0.26.10.04, (4.2)

and holds within the metallicity range ef2.40 <[Fe/H];s, < —0.5 (dex), which is defined by the
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Figure 4.7: Calibration from the CG97 scale to the Dartmasbhrone metallicity scale, simply called

“isoscale”. The red solid line corresponds to the errorghtsd linear least squares fit to the data. The
black dashed line corresponds to unity.

available metallicities of the GCs based on the isochrotiagit

4.3.4 Spectroscopic metallicities

We show in Fig. 4.4 with the open histograms the spectrosd@iidFs in the CG97 metallicity scale
and the isoscale, in the middle and right panels, respégtifer Carina, Leoll, Fornax, and Sculp-
tor, and in Fig. 4.5 for Sextans. These were derived usingvti@e available spectroscopic sample
with the requirement that the spectroscopic metallicities within the range of2 <[Fe/H]cqor <
—0.2 (dex) for the CG97 scale (Cole et al. 2004), apart from Sextand—2.02 < [Fe/H]ogor <
—0.5 (dex) for the isoscale. For Sextans in the CG97 metallicibles we adopt the metallicity range
of —4 <[Fel/H]caor < —0.5 (dex) (Battaglia et al. 2010), where a revised calibratibthe Ca T has
been applied between the [Fe/H] and the sum of the Ca T IN®é,in the CG97 scale. Starkenburg et
al. (2010) perform a synthetic spectral analysis of the Gadsldown to-4 dex in [Fe/H] and they find
that a simple linear relation of [Fe/H] as a functionXW does not hold for metallicities lower than
-2.5 dex and therefore they provide a revised calibratiam.tite remaining dSphs except from Sextans,
the linear calibration between [Fe/H] and (& > W) has been applied, which is valid for metallicities
in the range from-2 <[Fe/H]cqor < —0.2(dex) for the CG97 scale (Cole et al. 2004). The mean
spectroscopic metallicities are listed in Table 4.3 fohkbe CG97 scale and the isoscale.
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Figure 4.8: V—band magnitude versus the difference in spembpic minus the photometric metallici-
ties in the isoscale for Carina, Leo I, Fornax and Sculptor.

4.3.5 Photometric and spectroscopic metallicities of theoenmon stars

The photometric and spectroscopic MDFs for those starshwith photometric and spectroscopic mea-
surements are shown as the shaded histograms in Fig. 4.4fmaCLeo Il, Fornax and Sculptor, and
in Fig. 4.5 for Sextans. In order to construct the photorné#DFs of the common stars, only those
stars within the photometric metallicity range-62.5 < [Fe/H],potometric < 0 (dex) and with an error

of less than 0.2 dex are retained, while in the spectrosddpiEs of the common stars in addition to the
photometric metallicity cuts we impose the spectroscopétatticity cuts as described in the previous
paragraph. The number of the common stars in the CG97 scaléhamsoscale are listed in Table 4.4,
except for Sextans. As shown in Fig. 4.5, Sextans only hagtktars in common between the photo-
metric metallicities and the spectroscopic ones trangfdrin the isoscale. Thus we exclude Sextans
from any further analysis regarding the common stars.

The differences of the spectroscopic minus the photometeitallicities versus the V-band magni-
tudes (or g—band magnitude in the case of LeoIl) are showigird8 for Carina, Leo ll, Fornax, and
Sculptor in the isoscale. There is a slight trend of the rieitgl differences to become negative as the
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V-band magnitude becomes fainter, and to become posititeas-band magnitude becomes brighter.
We note that the isochrones tend to cluster towards the Apetal end so that an unambiguous assign-
ment of metallicities becomes difficult. This is due to thetfthat the isochrone resolution towards
bluer colors and fainter magnitudes becomes narrower,dbosonstrating the inability of the photo-
metric metallicities to reproduce the spectroscopic netal tail of the MDF (cf. Koch et al. 2008b).
On the other hand, the Ca T method has its largest sensiivttye metal—-poor end.

4.4 Discussion

In a stellar system with a complex SFH where both old and iméeliate age stellar populations are
present, its RGB contains stars belonging to the full aggeasf approximately 1.5 Gyr and higher
(Salaris, Cassisi & Weiss 2002). Thus the assumption ofgesmld age for the stellar populations and
therefore for the isochrones used in the interpolationsoldy in the case of a negligible intermediate
age population. In dSphs, the initial star formation mayehkasted as long as 3 Gyr or even longer
(Marcolini et al. 2008; Ikuta & Arimoto 2002), thus leading karge metallicity dispersions. In the
case of dSphs dominated by old populations with ages lainger 10 Gyr, this extended star formation
does not substantially affect their photometric metdlési and can lead to individual star photometric
metallicity differences of approximately 0.1 dex, as desimted in Lianou, Grebel & Koch (2010)
using M 81 group dSphs as a test case. Here we explore théseffethe presence of an intermediate
age population on deriving photometric metallicities byngaring to metallicities derived through the
CaT method.

4.4.1 Mean metallicity properties

In Table 4.3 we list the mean photometric and spectroscopieliicities for the five studied dSphs. For

the spectroscopic metallicities we list both the mean rieitids in the CG97 scale and the isoscale.
These mean photometric and spectroscopic metallicities derived using the open histograms shown
in Fig. 4.4 and Fig. 4.5, therefore they do not correspontiéccommon stars.

In the case of Sculptor and Sextans, the difference betvwednmean photometric and mean spec-
troscopic metallicities in the isoscale is 0.04 dex and @€X, respectively. Sculptor and Sextans are
dominated by old populations, with their fraction reachiod®5% for Sculptor and 100% for Sextans
(Dolphin et al. 2005). It is therefore encouraging that thetpmetric and spectroscopic metallici-
ties in the isoscale are in quite good agreement, with théopietric mean metallicity being slightly
metal-rich than the spectroscopic one. The same holdsdantdan photometric metallicity of Sculp-
tor as compared to the spectroscopic metallicity in the C&@ife, with a difference from the mean
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Figure 4.9: Dartmouth isochrones for an age of 12.5 Gyr Wland 7 Gyr (red), and for a range in
metallicities from—2.1 to —0.5dex. The intermediate age isochrone lies bluewardsewmlith age

isochrone, at a fixed metallicity. Note that for a constarg agd varying the [Fe/H] the slope of the
RGB changes, while for a varying age and a constant [Fe/Hjltyee of the RGB remains unchanged.

photometric metallicity of 0.14 dex. This is not the caseS3extans, where the difference of the mean
spectroscopic metallicity in the CG97 scale from the meangrhetric metallicity amounts to 0.51 dex,
based on 173 stars with spectroscopic metallicities in B8 Tscale (Battaglia et al. 2010) and shown
with the open histogram in the middle panel of Fig. 4.5. Thismatch between the two mean metal-
licity values for Sextans can be explained if one consideasthe individual spectroscopic metallicities
in the CG97 scale include metallicity values as metal-pserédex (Battaglia et al. 2010), while the
individual photometric metallicities can reach up to -28%dwhich is the most metal-poor value of
metallicity provided with the Dartmouth isochrones. THere, the different selection criteria in terms
of metallicity ranges used for the metallicities in the CG@ale and the photometric metallicities can
account for this large difference, which further suggdsés such a comparison for Sextans should not
be made.

Carina, Leo Il and Fornax have complex star formation andnite enrichment histories including
substantial intermediate—age populations, thus we doxpetot a priori that there will be an agreement
between the mean photometric and spectroscopic metaliciThe existence of a mixed—age popula-
tion is expected to lead to an overestimate of the photometetallicities towards the metal—poor part.
At fixed metallicities, an intermediate age population violii¢ bluewards to the old population. Thus,
intermediate age populations would be assigned more npet@l-metallicities than their true value,
if they were erroneously assumed to belong to an old populail his photometric metal—poor bias is
demonstrated in Fig. 4.9, where isochrones of two fixed afy#8.6 Gyr and 7 Gyr are overplotted with
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the same ranges in metallicities fronR to —0.5 dex, as detailed in the Figure. Carina, Leo ll, and For-
nax are, in different amounts, intermediate—age dominptgailations. The difference of their mean
photometric from their mean spectroscopic metallicityridéed non—zero, with the tendency of the
mean photometric metallicities to be more metal—poor tha&nspectroscopic ones, apart from Carina
which seems to have a photometric mean metallicity more lsréth than the spectroscopic one. The
maximum difference in the isoscale and the CG97 scale odoutseo Il which amounts to 0.36 dex
and 0.46 dex, respectively.

4.4.2 Star—by—star metallicity differences

For those stars with both spectroscopic and photometrisarements, we show the photometric versus
the spectroscopic metallicities in the upper panels of &ij0, separately in the CG97 scale and the
isoscale for Carina, Leoll, Fornax and Sculptor. The lowangls each show the residuals of the
comparison and in all cases, the[Fe/H] corresponds to the spectroscopic metallicitiesuwmithe
photometric metallicities.

A difference A[Fe/H] with a positive sign means that the spectroscopicathi@ties are more
metal-rich than the photometric metallicities. The phattio systematic uncertainty that can con-
tribute to a positive differencé[Fe/H] is the photometric metal—-poor bias due to the presafian
intermediate age population. This metal-poor bias has bstémated to be up to 0.4 dex, in the case
of deriving photometric metallicities assuming an age obX2yr for the underlying population mi-
nus the photometric metallicities assuming an age of 8.5Egnou, Grebel & Koch 2010), with the
maximum difference occurring in the metal—-poor end.

Possible sources of uncertainties that can contributestphiotometric metallicities are the distance
modulus and reddening. In the case of Sculptor, a variafitimeadistance modulus b0.14 mag leads
to a relative difference of photometric metallicities oRP40where the variation of the distance modu-
lus+0.14 mag leads towards more metal poor metallicities. Aatiam of the reddening by-0.02 mag
leads to a relative difference of the photometric metdiésiof 10%, where an increase in the reddening
of +0.02 mag leads again towards more metal poor metallicities.

Another source of uncertainty comes from the assumption sfaded—solar compaosition of the
[a/Fe] chosen for the Dartmouth isochrones. Again, choosingpfor as a test case, we choose an
[a/Fe] equal to+0.2dex, constant through the whole range of the photomatgtllicities. This
choice leads to more metal poor photometric metallicitig5% for the relative differences, and makes
the mean photometric metallicity metal—-poor by 0.1 dex Far mean metallicity (see also Kalirai et
al. 2006). Individualan—element ratios for Sculptor indicate that thegHe] has an average value of
approximately 0dex (Venn et al. 2004; their Figure 2 and f&dgl), across the range of metallicities
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Figure 4.10: The first two rows show, from left to right, theoptmetric versus the spectroscopic
metallicities (upper panels), as well as the residuals efdbmparison (lower panels), in the CG97
scale and the isoscale for Carina, Leoll and Fornax. Therdastshows the same for Sculptor. The
contours correspond to the photometric and spectroscowiertainties within 0.5 to 2.5.
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we consider here for the isoscale-62.02 <[Fe/H]cqor < —0.5 (dex). For the dSphs that have more
complex SFHSs, the choice of an/Fe] of zero is justified by the range of ages of the stars ptese
where their f/Fe] tends to solar values, as discussed in Koch et al. (30@8bthermore, for Carina
and for the metallicity ranges we consider here, th&¢] has an average value of approximately 0 dex
(Koch et al. 2008a; their Figure 2, left bottom panel), arelghme stands for Fornax (Venn et al. 2004;
their Figure 2).

Sculptor

In the case of a purely old population as is Sculptor, one Ishexpect the photometric metallicities
to match the spectroscopic metallicities once everythamlheen placed on the same metallicity scale.
This is not what is observed in Fig. 4.10 for Sculptor, whérere is an excess of stars with positive
A[Fe/H] which increases towards the spectroscopic metdl-emd. The median value of the difference
A[Fe/H] is equal to 0.08 dex with a full range of 0.82 dex. Thaimium A[Fe/H] is equal to -0.24 dex
and the maximum is equal to 0.58 dex. The slope of the diftaxém metallicitiesA[Fe/H] versus the
spectroscopic metallicity is listed in Table 4.4.

Sculptor is an old—age dominated system, with 95% of itssstawving ages larger than 10 Gyr.
The presence of old AGB stars may contribute to fj&e/H] becoming positive, due to the photo-
metric metal-poor bias, but the overall mean metallicityparties are unaffected. Indeed, the use of
isochrones with a fixed age of 12.5 Gyr that include only theBAthase result in a mean metallicity
of -1.204+0.27 dex that is comparable with the mean metallicity derivsing only the RGB phase of
-1.244+-0.26 dex, while the mixture of populations assuming a 22% @GBAstars and a 78% of RGB
stars result to a mean metallicity of -1:2@.39 dex which is comparable to the mean metallicity derived
when including only the RGB phase (Lianou, Grebel & Koch 20Ithe errors quoted refer to thesl
spread, while these calculations were performed using esta&ase the colors and magnitudes of the
resolved stars of KDG 61 dSph, which belongs to the M 81 group.

Hurley—Keller, Mateo & Grebel (1999) discuss that Sculptaay contain two old stellar popula-
tions, based on its horizontal branch morphology, whileldek et al. (2001) find a population gra-
dient and Tolstoy et al. (2004) two kinematically distinciceent components. Therefore, if we use
an isochrone of 10 Gyr to derive the photometric metalbsitof Sculptor, then the new metallicity
becomes more metal-rich by 0.13 dex. The median of the diffaxs of the photometric metallicities
based on a 12.5 Gyr isochrone minus the ones based on the 18d8lrone is equal te-0.12 dex,
with a full range of 0.16 dex. Thus, the potential existentgvo old populations in Sculptor does not
lead to the observed differences between the spectrosangdiphotometric metallicities.

If we use the high—resolution spectroscopic metallicifiesn Battaglia et al. (2008), instead of the
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Figure 4.11: Left: The calibration from the high—resolatgpectroscopic measurements to the isoscale
for Sculptor. Middle: V-band magnitude as a function of thf~e/H] in the isoscale for Sculptor.
The red dashed line corresponds to the error—weightedrlieaat squares fit to the data. Right: The
A[Fe/H] as a function of the high—resolution spectroscopétaticity placed on the isoscale.

CaT based spectroscopic metallicities, then the metglliifferences become smaller. For that reason,
we place the high—resolution metallicities on the meti#jliscale defined by the Dartmouth isochrones.
To do so, we use the stars in common that have photometridlitiges and high—-resolution spectro-
scopic metallicities, in order to derive their transforimatfrom the high—-resolution metallicity scale
to the Dartmouth isochrone metallicity scale. Given thailftor is an old—age dominated system, we
do not expect to have any age effects on the metallicitiess we can perform this transformation for
individual stars in the same way as in Sec. 4.3.3. The degadildration is shown in the left panel of
Fig. 4.11. In the same Fig. 4.11 we show thf~e/H], in the sense of high—resolution spectroscopic
metallicities minus photometric metallicities, versus ¥-band magnitude, middle panel, and versus
the high—resolution spectroscopic metallicities, rigah@. The agreement in metallicities is better in
this case. The median of the relative differencd&e/H]/[Fe/H];,.. in this case is approximately 7%.
Even though there is a better match between the high—résolspectroscopic metallicities and the
photometric metallicities, the question still remainsaneting the mismatch of the Ca T based spectro-
scopic metallicities and the photometric metallicities.

Carina, Leo Il and Fornax

Carina, Leoll and Fornax have a significant fraction of intediate age stars that lead to an age—
metallicity degeneracy in the RGB, as shown in Fig. 10 of Kethl. (2006) for Carina, in Fig. 8 of
Koch et al. (2007a) for Leo ll, and in Fig. 22 of Battaglia et(@006) for Fornax. This complex SFH
will affect their photometric metallicities in the sensetlb& photometric metal—-poor bias. In all cases,
just as with Sculptor, Fig. 4.10 shows a trend of increasivgjtive A [Fe/H] differences with increasing
[Fe/H]. The positive differences of metallicities are igttited to the presence of intermediate age stars,
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Figure 4.12: Slopes of the error—weighted linear leastrsguiE to the datapoints of the lower panels of
Fig. 4.10 as a function of the mass—weighted mean age fon&dreo Il, Fornax and Sculptor. The red
solid line corresponds to an error-weighted linear leasases fit to the data. The error bars correspond
to the error of the coefficients of the fit to the datapointsigf B.10.

which have bluer colors than old stars at a given metallieisydemonstrated in Fig. 4.9. The negative
differences can be attributed to the poorer resolution@fabchrones towards the metal-poor end. The
median of theA[Fe/H] is —0.17 dex, 0.34 dex and 0.42 dex for Carina, Leo Il and Forrespectively,
while the full range of theA[Fe/H] is 1.5 dex, 1 dex and 2.42 dex respectively. The vatueded refer

to the isoscale.

An error-weighted linear least squares fit to the datapahtke lower panels of Fig. 4.10, which
show theA[Fe/H] as a function of the spectroscopic metallicitiesuts in the slopes listed in Table 4.4.
In the case of a purely old population, one would expect thatsiope would be zero, as a result of
ideally zero differences between the photometric and speabpic metallicities. The non-zero slopes
of the A[Fe/H] as a function of the [Fe/H).. are shown in Fig. 4.12 which are now plotted against the
mass—weighted mean age,of each dSph, adopted from Orban et al. (2008); the valuesaoé listed
in Table 4.4. It seems that increasing the mass—weighted mga leads to an increase of the slope
(of the A[Fe/H] as a function of the [Fe/H]..). This is demonstrated by the red solid line which is an
error—-weighted linear least squares fit to the data poingn4.12. The error bars correspond to the
errors of the coefficients of the fit to the datapoints of thvedopanels of Fig. 4.10.

4.4.3 Application of the photometric method

The presence of an intermediate age population in a dSph teadmetal—poor bias of the photometric
metallicities, in the sense that the photometric metéiltisiare assigned a more metal—poor value than
their true one. In the case of the Galactic dSphs studied drieh all have a pronounced or even
dominant intermediate age population, the individualatalifferences of the spectroscopic minus the
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Table 4.4: Slopes of thA[Fe/H] versus the spectroscopic [Fe/H].

Galaxy Carina Leoll Fornax Sculptor
7 (Gyr) 7.1 8.8 7.4 12.6
N., CG97 57 41 235 59

N, isoscale 43 23 194 47

CG9%0pe 1.25+£0.19 087+£0.14 0.60+£0.04 0.35+£0.08
Isoscalgy,,. 1.07£0.16 0.90£0.16 0.74+0.05 0.5540.09

photometric metallicities can reach up to approximateydax, in the case of Fornax which has the
most extended star formation and chemical evolution histwhile the mean metallicity properties
remain consistent within the uncertainties of the methddspractice, the photometric metallicities
become more metal-poor as compared to the Ca T spectrosnefatlicities. In dSphs where the frac-
tion of the intermediate age population is small, the effecthe photometric metallicities is negligible.
In the case of Sculptor, there is a scatter between the pledtiaally and spectroscopically CaT based
metallicities, that lead to individual star differenceglod metallicities between these two methods that
can reach up to approximately 0.8 dex.

In more distant dSphs where the use of the CaT method to degetroscopic metallicities is not
available due to the faintness of the stars to be targetesl has to rely on the photometric method
in order to have an estimate of their metallicity. The meamattieities derived from the photometric
method in the case of a purely old dSph are biased towards #tal-+poor end by approximately
0.04 dex. Therefore one can safely use the photometric miétharder to derive the mean metallicity
properties of a dSph, especially in the case when no othensredaleriving metallicities is available.

Given the fraction of the intermediate age population in @aldSne can derive an estimate of
how much offset the photometric metallicities may be as caneqgb to the spectroscopic metallicities.
In more distant dSphs, the ability of deriving accurate SEHsampered by the same fact examined
here of the age—metallicity degeneracy (Gallart, Zoccaldgaricio 2005) on the RGB. Therefore,
one has to rely on the presence of luminous AGB stars as a pfdhe presence of intermediate age
populations. In a study of metallicity distribution furmtis of nine dSphs in the M81 group of galaxies
(Lianou, Grebel & Koch 2010), there are luminous AGB starecdked in all of them, but with a small
fraction. If we assume the small fraction of luminous AGBrst® be indicative of a small fraction of
intermediate age stars present in these dwarf galaxiesttibgohotometric metallicities would compare
with the potential spectroscopic metallicities in the samag as in the case of Sculptor. Therefore, the
presence of intermediate age populations as probed byrifiedus AGB stars should have a negligible
effect on the photometrically derived metallicities.
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4.5 Conclusions

We use the resolved RGBs of five Galactic dSphs, namely Cdrawll, Fornax, Sextans and Sculptor
in order to derive their photometric metallicities usingreer interpolation method assuming a constant
old age for the theoretical isochrones and a wide range imltiogties. We compare the photometric
metallicities with the spectroscopic metallicities fronetiterature in several ways in order to examine
the effect of the presence of intermediate age stellar pdipak on the derivation of the photometric
metallicities. The comparison between the photometric spettroscopic metallicities is performed
both in the CG97 metallicity scale and in the metallicitylsadefined by the Dartmouth isochrones.

The comparison of thenean photometric metallicity properties with thieean spectroscopic ones
shows that these are in as much good agreement as permitial thie presence of a significant
intermediate—age component. For those stars that are imoarm the spectroscopic and photometric
samples, the differences between their individual staaltigties derived from both methods show a
large scatter towards the metal—rich spectroscopic end.

Given the fraction of the intermediate—age population gmesthe differences of the metallicities
between the two methods increase as a function of decreasiag—weighted mean age. Thus, one can
estimate the expected differences of metallicities betviee two methods, once there is an estimate of
the intermediate—age population present. The luminous A@B can be used as an indication of the
presence of the intermediate age stars.






Chapter 5

Summary and Outlook

In this Thesis, we focus on the effect of the M 81 group of galsenvironment on the formation and
evolution of its dwarf galaxy population. The highly intetimag environment of the M 81 group offers

a unique opportunity to study dwarf galaxies that may be imédion. Such dwarf galaxies forming in

interactions are called tidal dwarf galaxies. In the M 81lugrpotential young tidal dwarf galaxies were
identified by examining their gas phase metallicities amil thtellar population content in comparison
to the M 81 galaxy. We searched for old tidal dwarf galaxiethanM 81 group using the Tully—Fisher

relation and the distinguishing property of the tidal dwgafaxies to be dark matter free due to their
formation mechanism. No potential old tidal dwarf galaxpdiaates were identified.

Furthermore, we examine the stellar populations of theegbe dwarf galaxies of the M 81 group
using Hubble Space Telescope archival observations. licpkr, we use the stars in the red giant
branch phase in order to derive their photometric metaflidistribution functions and to examine the
potential presence of metallicity gradients. We find thatstudied dwarf spheroidals within the highly
interacting environment of the M 81 group show similar meatatiicity and metallicity gradient prop-
erties as the Local Group dwarf spheroidals. In two veneddht environments, the dwarf spheroidals
show the same diverse properties which indicates that st tease properties are influenced more by
internal processes than by external effects. Furtherntbecintermediate—age stars in the early—type
dwarfs, probed by the luminous asymptotic giant branchsstare not significant in number. Con-
sidering the fraction of the luminous asymptotic giant lotastars as a function of their deprojected
distance from the M81 galaxy, for the sample consideredigwtiork, there is not any trend observed.
This would imply that the ability of the studied dwarfs toriostars in this age range may not be a func-
tion of their environment, although one should keep in mhmat their deprojected distances only show
their current location within the group while their actuabits remain unknown. It would be thus very
interesting to examine the luminous asymptotic giant bhastars of a larger sample of dwarf galaxies
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as a function of their current location within the M 81 grougurthermore, it would be interesting to

consider different environments and in addition to complaedindings with theoretical modelling. Fu-

ture studies concerning the star formation and chemicdiligga histories of galaxies in nearby groups
could lead to an improved understanding of the processeéstbaonnected with the environment a
galaxy lives in and of those processes that are internallexigs.

The method of deriving photometric metallicities may beefféd by the presence of intermediate—
age populations. Therefore, we evaluated this method ffareit cases ranging from dwarf galaxies
dominated by old populations to dwarfs with a significantcfien of intermediate—age populations.
For that purpose, we compare the photometrically derivetlfiwties with the spectroscopically de-
rived ones in five Galactic dwarf spheroidals that show cffé degrees of complexity in their star
formation histories. The mean metallicities derived by tihhe methods are in very good agreement
for those dwarf spheroidals that are dominated by old pdionis, while the agreement is good in the
case of dwarf spheroidals that show a complex star formadtistory. There is the tendency of the
mean photometric metallicity to be lower than the mean spscbpic metallicity, in the case of the
presence of intermediate—age population, and the moradedethe star formation is the larger the
discrepancy becomes. The same stands when comparing ttematioc metallicities of individual
stars with their spectroscopic metallicities. Therefaregestimate of the intermediate—age stars present
is important when one uses the photometric method of derimietallicities. In the case of the M 81
group dwarf spheroidals, the fraction of the intermediatg-stars, probed by the luminous asymptotic
giant branch stars, is small, therefore the photometriglt®are expected to be in quite good agree-
ment with potential future spectroscopic analyses. Toehis, it is important to calibrate the number
of intermediate—age stars, which can in principle be doaghe number of their luminous asymptotic
giant branch stars.
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