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Abstract

This thesis presents observations and analysis relating to the understanding of

processes that govern the formation and evolution of low mass galactic systems. In

particular we have focused on separating out the contribution to the chemical and dy-

namical evolution of dwarf galaxies due to solely secular (internal) processes compared

to external e!ects from the local environment a galaxy resides in. Our observational

data focus on an extremely isolated dwarf galaxy, WLM, which we demonstrate has

had a uniquely quiescent tidal history, thereby making it an excellent test case for

such a study. With spectroscopic and photometric observations of the resolved stars

and neutral gas in WLM we have been able to characterize the chemical, structural

and kinematic properties of this gas rich dwarf galaxy. As WLM has not been subject

to strong tidal or ram-pressure stripping of its stellar and gaseous populations, we
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have been able to compare the dynamical evolution and chemical history of WLM to

theoretical models which are environment independent. A di!erential comparison of

WLM to more environmentally processed dwarf galaxies in the Local Group has re-

vealed that WLM’s structural and dynamical state is far from the idealized picture of

dIrrs as thin gas-rich rotating systems. The stellar component of WLM shows equal

parts rotation and dispersion, and both the gaseous and stellar structural properties

show an intrinsically thick axisymmetric configuration. The time evolution of the

random (dispersion) component of the stellar orbital energy shows an increase with

stellar age, which we show is consistent with secular processes alone - such as disk

heating from giant molecular clouds and dark matter substructure. While the degree

to which the thick structural and dynamically hot configuration for WLM is surpris-

ing, its chemical properties show remarkably consistent values with other galaxies

of the same halo mass. Comparing the spatial chemical trends in WLM with other

dwarf galaxies we identify a correlation between the strength of the radial abundance

gradients and the angular momentum content of dwarf galaxies in the Local Group.

Finally using a large sample of chemical abundance measurements in the literature

for dwarf galaxies and star clusters, we demonstrate that their distributions of chem-

ical elements all exhibit a binomial form, and use the statistical properties of the

distributions to identify a new metric for di!erentiating low luminosity stellar sys-

tems. We further apply a simple binomial chemical evolution model to describe the
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self-enrichment and pre-enrichment in the two classes of objects, and suggest how this

may be used to place constraints on the formation environments of globular clusters

in particular.
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Chapter 1

Introduction

Structure formation and its subsequent evolution in the universe, can be understood

in part through observations of galaxies, and the stars that reside in those galaxies.

Astronomical observations using some of the largest and most sophisticated telescopes

on the planet and in space, have revealed diverse populations of galaxies which can

help describe the overarching principles guiding the assembly of matter. These same

observations o!er a window in time, allowing astronomers to view the distribution

of mass as it changes from near homogeneity after the big bang, to the complex

zoo of galactic structures visible at present times. Still, questions remain as to the

specific physics governing the assembly of matter into galaxies. And once visible

matter is bound within the gravitational potential of galaxies, how does it evolve over

cosmic times? Do solely environmental and gravitational e!ects shape the structure

and dynamics of the stellar and gaseous components of galaxies (e.g., Mayer et al.

2001b)? Or do secular internal processes such as dynamical instabilities and supernova

feedback allow for galaxies to self regulate? Regardless of the mechanism, the goal

of this work is to describe how dark and baryonic matter assemble to form dwarf

galaxies, and in particular look at the observational consequences of internal secular

processes versus external environmental e!ects in determining the final dark and

baryonic configurations of these objects.

1.1 Dwarf Galaxy Evolution in !CDM Cosmology

The commonly accepted cosmological framework for matter assembly in the universe

is known as Lambda Cold Dark Matter ("CDM). As suggested by the name, this the-

ory requires that the universe incorporate a “dark” form of both energy and matter.

In the case of dark energy, the cosmological constant " implies an expansion en-

ergy which is estimated to be about 70% of the mass-energy budget of the universe.

Dark matter (DM) is responsible for another 25%, and is commonly interpreted to
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be a weakly interacting particle with a low cross section for self interaction. The

remaining 5% of the universe consists of the baryonic matter we are familiar with in

our daily existence - protons, neutrons, quarks, electrons etc. While the specifics of

both dark matter and dark energy are not precisely described in it, the "CDM the-

ory has shown remarkable power in describing the early universe (Moore et al. 1999;

Madau et al. 2001) and subsequent structure formation. As a result, it is adopted for

most large scale cosmological n-body simulations that evolve galaxies or larger vol-

umes over the age of the universe (e.g., the Aquarius simulation; Springel et al. 2008).

The most advanced of such simulations analyze the gravitational interactions between

dark and baryonic matter “particles” - with some simulations incorporating hydro-

dynamical e!ects of the baryonic component (e.g., Diemand and Moore 2009). As

the universe evolves from the big bang to present, matter assembly is driven in most

part by the mergers of dark matter halos. At some point the densities of these dark

matter halos are enough to accrete baryons that will go on to form stars and galaxies

(White and Rees, 1978). In this way, the creation of galaxies can be simulated by

watching the gas particles collapse into dense structures, which lie embedded in dark

matter halos, and their subsequent evolution tracked. Typically, structure formation

in these simulations proceeds in a hierarchical fashion with larger structures being

in part created by mergers of progressively more numerous, but smaller, substruc-

tures. This assembly process has large implications for all aspects of observational

astrophysics. For example, in our Milky Way, surveys of stars in the outer halo have

revealed chemically and dynamically distinct streams that are inferred to be rem-

nants of smaller galaxies which have long since merged with our Galaxy (i.e., Ibata

et al. 2001). The structure and kinematics of the gaseous, dark matter, and stellar

components in galaxies, as well as the chemistry of the baryonic matter will to some

degree reflect this bottom-up assembly that is characteristic of a "CDM universe.

While large scale structure is reproduced well in the "CDM simulations, attempts

to individually model galaxies and their surrounding environs produce some discrep-

ancies between the observations and the simulations. One of the most well studied

problems was that in most DM only N-body simulations a Milky Way sized galaxy
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was found to host 103 smaller dark matter halos bound to it (Wadepuhl and Springel

2011). In contrast, astronomical observations of the area around our Milky Way,

termed “The Local Group”, reveals only 10s of smaller satellite galaxies orbiting our

own Milky Way (Tolstoy et al., 2009). This apparent discrepancy has been termed

the “missing satellites” problem, and has attracted much attention as researchers try

to understand why the observed substructure fraction is much smaller than predicted

from theory (e.g., Moore et al. 1999). In addition recent studies have also questioned

whether the functional form of the dark matter density profiles of bright dwarf galax-

ies are consistent with the measured dynamical properties of brightest Local Group

Dwarfs (Boylan-Kolchin et al., 2011).

Both of these problems are related to a fundamental deficit of knowledge in how

baryons populate and evolve in dark matter halos. This question is di#cult to study

as we must use the visible baryons to infer something about the underlying dark

matter framework which sets the distribution of most of the mass in the universe.

To do this requires some information on what processes modulate how e#ciently the

baryons populate those dark matter halos. To put it another way, is the fraction of

baryons the same in a large galaxy like the MW as in a small dwarf galaxy 1/10000th

of the mass? It seems clear that this baryon fraction is not constant, and in fact

decreases with decreasing DM halo mass (Guo et al., 2010), however a detailed de-

scription for why this is and what sets the baryon fraction is still missing. Part of

this is the unknown nature of the initial baryonic growth mechanism for galaxies -

whether the gas accretion is filamentary or spherical, shocked or unshocked gas, and

whether it is proportional to the dark matter accretion rate or decoupled from it (c.f.,

Faucher-Giguère et al. 2011. Alternatively there may be physical processes in the uni-

verse, such as large scale reionization (Ricotti and Gnedin 2005; Gnedin and Kravtsov

2006), or baryonic feedback e!ects (Governato et al., 2012) that are preventing dark

matter halos below some mass threshold from retaining baryons that they do manage

to accrete. Even more problematic is that it is not clear how the e#ciency with which

gas is converted into stars, scales with the total mass of the object. There is mounting

evidence that low mass dwarf galaxies form stars much less e#ciently than MW sized

galaxies. However it is not clear whether this is due to feedback e!ects from SNe and
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high mass stars heating and removing the remaining gas, or whether the gas cooling

and formation e#ciency of molecular clouds is fundamentally lower in dwarf galaxies

- perhaps due to their lower metallicity (Kuhlen et al., 2011)

Given these outstanding questions on galaxy formation, observing the smaller dwarf

satellite galaxies in our Galactic backyard can provide useful information. If our own

galaxy accumulated mass due to mergers of small dwarf galaxies, then observing the

properties of these dwarf galaxies around our Milky Way might o!er detailed infor-

mation on the formation of large galaxies (such as what fraction of their stars were

formed in-situ versus accreted from other galaxies (e.g., Helmi et al. 2006), as well

as describing the satellite populations themselves. For example, were dwarf galax-

ies all formed at the same time, and if so, is reionization responsible for the varied

star formation in dwarf galaxies (Ricotti and Gnedin 2005)? Or are their properties

explained through mergers, and other gravitationally driven evolution (Mayer et al.

2006)? In this project we will investigate these problems by observing the distribution

of chemical abundances and stellar velocities in our Milky Way’s satellite galaxies.

1.2 Using Resolved Stellar Populations to Under-

stand Galaxy Evolution

The stars in any galaxy o!er a robust measure of the chemistry and velocity struc-

ture of their host, due to two e!ects. First, stellar evolutionary theory accurately

describes the physics of the stellar interiors over the star’s lifetime, and production of

heavy elements at their death. These chemical signatures are locked up in subsequent

generations of stars in a galaxy; thus for a given age, a star o!ers a window into the

chemical content at the epoch it formed. Secondly, the stars will act as tracer parti-

cles of the gravitational potential of the host galaxy. Stellar velocities can therefore

reveal the changing dynamical configuration of the host galaxy as a function of time

(probed through stars of di!erent ages), as well as information on the total mass of

a galaxy (e.g., Wolf et al. 2010). Additionally, because we can resolve the individual

stars in dwarf galaxies in our Local Group, we retain spatial information. It is then
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powerful to look for correlations between age, velocity, position, and chemistry, and

compare these to results from simulations. The observed properties of such low mass

dwarf galaxies can then be used to constrain semi-analytic or n-body simulations of

galaxy formation (Bullock et al. 2001; Governato et al. 2010).

Obtaining radial velocities, ages, and chemical abundances for hundreds or thousands

of resolved stars in dwarf galaxies is possible in part due to state of the art multi ob-

ject spectrographs (MOS). A spectrograph takes light collected by the telescope, and

splits the composite spectrum into its component wavelengths. The dispersed light

is then projected onto a charge coupled device (CCD) which records the spectrum

of the star. The excellent multiplexing ability of modern multi-object-spectrographs

allows for many slits or fibers to be placed over the field of view of the telescope and

simultaneously capture spectra for 40-400 stars in one exposure. As the light from

any given star passes through the cooler di!use stellar atmosphere, the particular

chemical composition of the star is imprinted on the spectrum. For most stars, these

chemical markers are left in the form of absorption lines within the spectra. Figure

2.5 shows an example of a continuum normalized stellar spectrum exhibiting several

absorption features.

These absorption features in stellar spectra are primarily used to infer chemical abun-

dances and velocities. For line of sight radial velocities, prominent lines are examined

and the observed wavelength of the line is compared to the known rest frame velocity.

Through this doppler shift, a corresponding velocity of the star can be calculated.

Chemical abundances are likewise inferred based on the width of the absorption fea-

ture. Generally speaking the line profile’s breadth and depth, usually parametrized

as the equivalent width (Eq 1.1), is proportional to the abundance of the element

responsible for the absorption line.

W =

!
Fc " F!

Fc
d" (1.1)

In the case of the Calcium II triplet (CaT) lines used in this work, an empirical re-

lation has been constructed (Armandro! and Da Costa 1991; Rutledge et al. 1997;
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Cole et al. 2004; Battaglia et al. 2008b; Starkenburg et al. 2010) which relates the

summed pseudo equivalent width of the CaT lines to a heavy metal content, [Fe/H].1.

As we wish to describe the environs of a dwarf galaxy over many Gyr of its life-

time, we must target stars which sample old and intermediate age populations. For

this reason, most studies of stellar populations in the Local Group focus on red giant

branch (RGB) stars. These stars, are relatively luminous, sample a range of ages

(2 " 12 Gyr), and have spectra which peak in flux in the near infrared, close to the

strong CaT absorption lines, making them e#cient observing targets for modern de-

tectors. The strong, broad CaT features in RGB stars allow for metallicity and radial

velocity estimates from much lower signal to noise (# 15 " 25Å!1) and resolution

(R# 3000 " 6000) data than is required for classical high dispersion spectroscopic

analysis. These RGB stars sample the evolved population of a galaxy, unlike bright

supergiant stars (which have lifetimes $ 1 Gyr), or the neutral or ionized gaseous

medium. Additionally a red giant’s evolution through the Hertzsprung-Russell dia-

gram is well described in broad terms by stellar theory, allowing for accurate relative

ages to be estimated with isochrones and ancillary two band photometry (c.f., Cole

et al. 2005; §2).

This kind of four dimensional analysis of a galaxy, using positions on the sky, line of

sight radial velocities, chemical abundances and ages of giant branch stars, has been

very successful for studying Local Group dwarf galaxies. Due to the relatively close

distance of some Local Group dwarfs, samples of thousands of stars within a galaxy

have been obtained. The large sample size of these studies has allowed for discovery

of multiple stellar populations (characterized by distinct chemodynamic, and spatial

components), abundance gradients, and estimates of the star formation history of the

galaxy (Tolstoy et al. 2004; Cole et al. 2005; Battaglia et al. 2011). These discoveries

have been able to constrain the chemical properties of Local Group dwarf galaxies and

compare them to the ensemble of Milky Way stars - directly testing the hierarchical

merging predictions of "CDM (Venn et al. 2004; Helmi et al. 2006; Schörck et al.

1The notation [A/B] = log(nA
nB

)! - log(nA
nB

)!, where n are column densities of a given element A
or B
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2009). Additionally, compiling large samples of velocities of stars in dwarf galaxies

has yielded dynamical estimates of the total (baryonic plus dark matter) mass for

Local Group dwarf galaxies (e.g., Walker et al. 2009b). This is the only way to place

constraints on the mass content of the surrounding satellite dwarf galaxies in our

Local Group, and understand how e#cient galaxy formation is at the lowest mass

regimes.

1.3 Local Group Galaxies and the Morphology-

Density Relation

Within our Local Group there exists dwarf galaxies of three main types. The first

are primarily low luminosity (# 103 L"; Mateo 1998), very di!use, and have only

been discovered recently through large photometric surveys such as SDSS (Willman

et al. 2005). These galaxies are referred to as the ultra faint dwarfs (UFDs), and

typically are found at very small distances from the Milky Way (d# 25 " 150kpc;

Wolf et al. 2010), with orbits close enough that they appear in the process of merging

with our Milky Way halo (Ibata et al. 2001). These galaxies have been shown to be

very dark matter dominated ($ # 100"1000; Wolf et al. 2010), and some show signs

of being tidally stripped by the Milky Way (Muñoz et al. 2010). Ascertaining their

true dynamical mass is an active study of research, however it is made di#cult by

the low stellar densities, foreground contamination from Milky Way stars, unknown

binary fraction, and tidal stripping which may force the systems out of dynamical

equilibrium. Interestingly, despite their low current baryonic mass their stellar pop-

ulations show signatures of a large spread in heavy element abundances (Willman

and Strader, 2012), which would suggest that they have experienced extended star

formation histories and chemical self-enrichment.

Unlike UFDs, dwarf spheroidal galaxies (dSphs), typically are more massive (# 107M";

Mateo 1998), contain many hundreds of thousands or millions of stars, and lie at larger

distances in the Local Group. These distances make them optimal targets for large

spectroscopic surveys, as the stars in them are at far enough distances to be con-
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tained within several pointings of most telescope field of views, and their high stellar

densities allow for detailed properties of the dwarf galaxy to be inferred through sta-

tistically significant samples. The distances (typically # 75 " 300kpc; Mateo 1998)

are still close enough to allow high signal to noise (S/N) spectra of their stars to be

taken in short exposure times allowing for radial velocities and chemical abundances

of high accuracy (±2" 5 km s!1; ±0.1" 0.2 dex; Battaglia et al. 2006). This is im-

portant, as modern 8m class telescopes are highly oversubscribed, and so observing

time is at a premium. Like the UFDs, these more massive dSphs are free of neutral

hydrogen (HI), roughly spherical, and show minimal signs of rotation (Tolstoy et al.,

2009). Masses are typically inferred via statistically large samples of stellar velocities,

which are binned spatially to form line of sight velocity dispersion (LOSVD) profiles.

These profiles can be fit using spherical Jean’s modelling, or simpler analytic rela-

tions, to provide mass estimates (Battaglia et al. 2008a; Walker et al. 2009b). Dwarf

Spheroidal galaxies have been found to exhibit multiple populations - usually chem-

ically distinct, with the more metal rich stellar population having a colder velocity

profile (i.e smaller !) (Tolstoy et al. 2004; Battaglia et al. 2006). These composite

populations in dSphs, which have been discovered in the last decade, can help con-

strain the star formation or merger history of such objects, which places bounds on

when and how they were assembled within the Local Group. For example, the ma-

jority of dSphs, seem to show solely old (# 10 Gyr) populations, indicating that star

formation ceased several Gyr ago (Monelli et al. 2010), which is further strengthened

by their lack of HI gas. However exceptions such as Carina clearly show young popu-

lations (Koch et al. 2006), complicating this simple interpretation of their evolution.

Moving further out in the Local Group, we find a less well studied population of

galaxies which di!er from dSphs drastically. These galaxies, known as dwarf irregu-

lar galaxies (dIrrs), are found at large galactocentric distances (250"1100kpc; Mateo

1998) - and as their name implies, show irregular morphologies in their gas content,

in contrast to the mostly symmetric stellar profiles of dSphs. The dIrrs all show sub-

stantial neutral hydrogen, young stellar populations, and those with photometrically

derived star formation histories (SFHs) show that there has been stellar populations

forming periodically, or continuously over 10 Gyr (Monelli et al. 2010). Due to the
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larger distances, studies of dIrrs have been primarily limited to photometric obser-

vations, where images of the dIrr stars are recorded in multiple filters. Di!erences

between the stellar flux recorded through the filters (colours), can provide coarse

estimates of metallicity or temperature, but far below the precision o!ered by spec-

troscopic observations of resolved stars. The lack of spectroscopic data on the distant

dIrrs means that the detailed chemical abundances of their evolved stellar popula-

tions (red giant branch stars) are not known to high precision relative to other Local

Group dwarfs, and no information on the dynamics of the evolved stars exists. Nearly

all the information on the mass and velocity structure of these dwarf galaxies comes

from radio observations of the the HI gas - which traces only the youngest population

of the galaxy. These radio observations of dIrrs have revealed the neutral gas to be

in a rotating disk (e.g., Kepley et al. 2007), however the structure and kinematics of

any stellar component is unknown. Similarly, it is not clear if the radial abundance

gradients found in dSphs also extend to the class of dIrrs.

As shown in Figure 2.1 there exists a correlation between the distance from the Milky

Way of a dwarf galaxy, and its morphological classification. Clearly the UFDs, and

dwarf spheroidals are found preferentially closer to the higher density nearby regions

of the Local Group. While the gas rich dwarf irregular galaxies are typically found

at larger distances from the Milky Way (Grebel et al. 2003). This trend has been

loosely termed the “morphology-density” relationship for the Local Group. The ap-

parent distance dependent morphological segregation has large implications for both

the assembly of the Milky Way, and evolution of dwarf galaxies themselves. As the

outer dwarf irregular galaxies show rotating HI, with significant amounts of ongoing

star formation, it is easy to picture them as isolated, undisturbed systems. Whereas

the inner regions of the Local Group that host the dwarf spheroidals are crowded

enough that tidal e!ects are expected to be important. Explaining the dichotomy

seen in the Local Group dwarf galaxy populations will require characterizing the stel-

lar populations in both dSphs and dIrrs. However, to date the evolved stars in distant

dIrrs have no spectroscopic data. As we will see in the next section, by observing the

stellar components of isolated dIrrs we can examine the stellar abundances, structure,

and kinematics in galaxies where gravitational interactions with the MW or M31 have
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not complicated interpretation of these properties.

1.4 Isolated Dwarf Irregulars as Test Cases for En-

vironmental and Feedback Driven Evolution

One question that has yet to be completely answered is, what connection exists be-

tween dIrrs and dSphs? There is increasing evidence that dSphs show a common mass

scale (Strigari et al. 2008; Wolf et al. 2010), but does this extend to dIrrs? What is

the stellar morphology of dIrrs - are spherical stellar halos ubiquitous among both

classes (Bekki 2008)? Is there an evolutionary sequence whereby dIrrs fall into the

Local Group, and through ram pressure or tidal stripping, are transformed to dSphs

(Mayer et al. 2001b)? Could such environmental transformations be responsible for

the change in HI content and star formation history (SFH) apparent between the

dSphs and dIrrs? Or does gas accretion onto dSphs and internal feedback (SNe, AGB

winds) play a role in producing the young populations seen in dIrrs (i.e., Brooks

et al. 2009; Governato et al. 2010)? As no spectroscopic information is known on the

stellar component of distant dIrrs, it is di#cult to answer these questions at this time.

Clearly the dIrrs in the Local Group o!er an excellent laboratory to investigate the

above mentioned questions and explore how morphological changes in galaxy groups

may proceed. In order to test any theories on the connection between dIrrs and dSphs,

we must accumulate kinematic and chemical data on the evolved stars in isolated dIrrs

- for which little is known. Nearly all the chemical, kinematic, and structural data for

this class of dwarf galaxies currently comes from HI studies. Through radial velocity

and abundance studies of their stars we can examine how their structural and dynam-

ical configuration has evolved. This, along with providing the first characterization

of these objects, will provide constraints for simulations addressing dwarf galaxy evo-

lution. For example in tidally driven evolution scenarios such as Mayer et al. 2001b,

gas rich, rotating, disky dwarf irregulars are transformed into pressure supported

dwarf spheroidals via bar instabilities that arise through tidal torques. However the

e#ciency of (and timescale for) a stellar bar in redistributing angular momentum
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and altering stellar orbits for such a transformation, may depend on the initial stel-

lar configuration of the dIrr (Kazantzidis et al., 2011). In that simulation, dIrrs are

assumed to have rotating stellar disks, as the gas is in that configuration, but there

is no observational evidence of the stars in dIrrs to support that to date - it is not

known to what extent the stellar populations are rotationally or pressure supported in

dIrrs. It will be possible in this work to produce estimates of the stellar distribution

and pressure support intrinsic to isolated dIrrs (vrot
" ), testing the timescale over which

the stellar orbits must transform, and the initial configuration of dIrrs. Alternative

environmental theories predict di!erent characteristics for the stellar populations in

early dwarfs - with the galaxies forming initially as thick pu!y systems (Kaufmann

et al. 2007). This can similarly be tested by examining the vrot
" fraction as a func-

tion of age, a ratio which would decrease with age in this picture. Additionally if

there is a combination of external environmental (tidal, ram pressure) and internal

feedback (SNe, AGB winds) e!ects, can we describe which is more important in dIrrs

of di!erent masses? Comparing the relative rotational and pressure support in the

feedback (in)sensitive (stellar)gaseous components of dIrrs of di!erent masses will be

the first step in examining this; and chemical gradients can also be used to examine

the amount of feedback in such galaxies (i.e., Stinson et al. 2009). Finding observable

signatures of the sort discussed above, that can constrain and provide more realistic

initial conditions for these simulations, form the motivation for this project.

To investigate these questions we must obtain statistically significant samples of

spectra of the stars in dIrr galaxies in order compare and contrast their chemical

and dynamical properties with those of the dSphs. Our sample should ideally cover

a large spatial extent within the dIrr, so as to probe chemical or kinematic gradi-

ents. Also the dIrrs to be observed should lie at large distance (% 500 kpc) from the

massive Milky Way and M31 gravitational potentials, as well as other dwarfs. This

isolation ensures that chemical and velocity signatures of the oldest stars more closely

represent the state of the dIrr when it formed - as it should have had minimal grav-

itational interactions or mergers which smear out interpretation of the observables

discussed in the above paragraph, therefore observations in such a dwarf may place

constraints on what the baseline level of secular internal evolution a low mass dwarf
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may experience. Only through observations of these fragile laboratories in isolation

can we attempt to decouple the environmental processes from the internal process

and answer questions on the initial structure of dIrrs, how similar they are to other

types of dwarfs, if they are survivors of a class of chemically consistent galaxies that

may have merged to build up the Milky Way, and to what degree environmental or

secular e!ects will dominate dwarf galaxy evolution within groups.

1.5 The Wolf-Lundmark-Melotte dIrr

There are only a handful of Local Group dwarf irregular galaxies that meet the iso-

lation criteria discussed above. Problematic with studying any dwarf galaxy at the

outer reaches (# 1Mpc) of the Local Group is the extreme distances involved. In many

cases, even with the largest telescopes in the world, resolved stellar spectroscopy of

the brightest stars at the tip of the RGB, may require coadding upwards of 8 hours

of integration time to get adequate signal-to-noise spectra (S/N # 20Å
!1

). This the-

sis work focuses on observations and comparative analysis of one particular isolated

dwarf galaxy, the Wolf-Lundmark-Melotte (henceforth WLM) dIrr.

The extreme distances involved (dMW & 1000kpc; dM31 % 850kpc) means that WLM

is an excellent test cases to examine old stellar populations in dwarf galaxies which

have had relatively quiescent tidal histories. This allows us to examine the initial dy-

namical and chemical configuration of isolated dIrrs - directly obtaining the amount

of rotational versus pressure support these stellar systems may have (parametrized

as vrot
" ), while also looking for multiple chemical populations or gradients. As WLM

has likely not experienced strong environmental processing, the rotational state of

the evolved stars is crucial in ascertaining to what degree, if any, natural internal

dynamical evolution is responsible for reducing rotation. The chemical populations

on the other hand, can place constraints on the timescale and length of enrichment

in this class of galaxies (Venn et al. 2004; Kirby et al. 2009). The di!erence in iso-

lation between WLM and the nearby dSphs or Magellanic Clouds also o!ers us a

chance to compare internal feedback e!ects (stellar winds, supernovae) between two

gas rich galaxies, which may be more evident in weak tidal fields. Such an isolated
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test case can in principle allow for a detailed look into how the dynamics of the gas

and stars are interrelated and driven by secular processes. We know that the ambient

HI medium in low mass galaxies may be more pressure supported due to feedback,

but is the same true of the stellar populations? Key to this will be comparison of the

(vrot
" )HI versus (vrot

" )#, and comparing the structural (ellipticity and density) profiles

of the gaseous and stellar components.

With WLM we have a chance for the first large spectroscopic sample of RGB stars in

isolated dIrr galaxies. Up to now, the properties of these objects have been derived

solely from the HI, or coarse photometric work. The work presented in this thesis

will for the first time describe the galaxy’s chemistry and kinematics over a significant

fraction of the age of the universe, directly testing galaxy evolution theories. Such

detailed observations using resolved stellar spectroscopy have not been performed on

large samples of stars in distant, isolated dwarf irregular galaxies before, and repre-

sent spectra of some of the faintest stellar targets published to date. The work in

this thesis will first present the observations and analysis of the structural, kinematic

and chemical properties of the stellar and gaseous populations in WLM, followed by a

di!erential comparison between the chemical properties of WLM with respect to the

bright dwarf ellipticals (dEs), Magellanic Clouds, and dSphs of Local Group. Finally

we will present a novel way at describing the relative importance of chemical self and

pre-enrichment in populations of dwarf galaxies and star clusters, and explore what

constraints this may place on cosmological build up of stellar populations in MW

sized galaxies, dwarf galaxies and the formation environs for star clusters.



Chapter 2

The Resolved Structure and

Dynamics of an Isolated Dwarf

Galaxy: A VLT and Keck

Spectroscopic Survey of WLM

We present spectroscopic data for 180 red giant branch stars in the isolated
dwarf irregular galaxy WLM. Observations of the Calcium II triplet lines in
spectra of RGB stars covering the entire galaxy were obtained with FORS2 at
the VLT and DEIMOS on Keck II allowing us to derive velocities, metallicities,
and ages for the stars. With accompanying photometric and radio data we have
measured the structural parameters of the stellar and gaseous populations over
the full galaxy. The stellar populations show an intrinsically thick configuration
with 0.39 $ q0 $ 0.57. The stellar rotation in WLM is measured to be 17±1 km
s!1, however the ratio of rotation to pressure support for the stars is V/! # 1,
in contrast to the gas whose ratio is seven times larger. This, along with the
structural data and alignment of the kinematic and photometric axes, suggests
we are viewing WLM as a highly inclined oblate spheroid. Stellar rotation
curves, corrected for asymmetric drift, are used to compute a dynamical mass of
4.3±0.3'108M" at the half light radius (rh = 1656±49 pc). The stellar velocity
dispersion increases with stellar age in a manner consistent with giant molecular
cloud and substructure interactions producing the heating in WLM. Coupled
with WLM’s isolation, this suggests that the extended vertical structure of its
stellar and gaseous components and increase in stellar velocity dispersion with
age are due to internal feedback, rather than tidally driven evolution. These
represent some of the first observational results from an isolated Local Group
dwarf galaxy which can o!er important constraints on how strongly internal
feedback and secular processes modulate SF and dynamical evolution in low
mass isolated objects.

14
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2.1 Introduction

In models of hierarchical structure formation such as the current "CDM cosmologies,

dwarf galaxies are fundamental components of the mass assembly history of larger

galaxies, such as our own Milky Way (MW). With dynamical masses below 1010 M"

these objects o!er important observational tests for models, as they represent the

smallest groupings of baryons out of which galaxies may be built (e.g., Navarro et al.

1997; Moore et al. 1999; Madau et al. 2001). Analyzing the survival of these low mass

objects, particularly through reionisation, is important to constraining galaxy forma-

tion models (Ricotti and Gnedin, 2005; Gnedin and Kravtsov, 2006). Understanding

the factors that allow low mass dwarf galaxies to survive to the present day may help

explain discrepancies between observed and predicted distribution of subhalos around

the MW. This requires an understanding of how internal and environmental e!ects

are expected to shape the evolution of low mass systems like dwarf galaxies.

With much shallower potential wells and lower metallicities than their higher

mass counterparts, dwarf galaxies o!er crucial laboratories in understanding how

star formation (SF) proceeds throughout the lifetime of low mass objects. With total

masses in the range 107 " 1010 M", dwarf galaxies have been shown to exhibit star

formation e#ciencies much lower than higher mass galaxies (Roychowdhury et al.,

2009).

Environmental feedback o!ers one possibility for influencing the stellar mass as-

sembly rate. For example, is there a minimum halo mass which determines a galaxy’s

likelihood of retaining baryons through reionisation (e.g., Navarro et al. 1997; Madau

et al. 2001; Ricotti and Gnedin 2005; Bovill and Ricotti 2010; Sawala et al. 2011)?

The apparent morphology-density relation in the Local Group, whereby more gas rich

dwarf irregulars (dIrrs) are found at larger distances than the closer gas poor dwarf

spheroidals (dSphs) (Einasto et al., 1974; van den Bergh, 1999), is often invoked as

evidence that environmental feedback has played an active role in low mass dwarfs.

In this case both tidal and ram pressure stripping by the Milky Way could drastically

alter the gas content and structure of dwarf galaxies, certainly playing a role in how

their stellar content evolves over a cosmic time (e.g., Mayer et al. 2001b; Kazantzidis

et al. 2011; %Lokas et al. 2010).
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Internal feedback such as SF and supernova (SN) driven winds may also play a

role in modulating the stellar mass buildup of dwarf galaxies. In that case, due to

the low potential well of the dwarf galaxies, the gas may not be retained during large

episodes of star formation, shortening the SF lifetime in some cases (Dekel and Woo,

2003). This has been shown to have e!ects on not just the chemical enrichment

history, but also the structure of low mass dwarfs (Stinson et al., 2009; Sotnikova and

Rodionov, 2003; Governato et al., 2010). With or without gas loss internal heating

may regulate the SF e#ciency, leading to lower star formation rates (Brooks et al.,

2007) and thicker structure (Kaufmann et al., 2007). Alternatively, low star formation

e#ciencies in dwarf galaxies may be due to the dependency of SF on H2. Recent work

(Bigiel et al., 2008; Leroy et al., 2008; Schruba et al., 2011) indicates that SF density

in a galaxy is most directly correlated with cold molecular hydrogen, H2, rather than

the total gas surface density. Lower mass systems with low gas column densities do

not allow self shielding of the H2, resulting in dissociation by the local radiation field

(Robertson and Kravtsov, 2008; Kuhlen et al., 2011).

Further suppression of H2 formation is expected for low ISM metallicites, where

fewer sites for dust formation and longer cooling times for the gas would be present

(Krumholz and Dekel, 2011). If the SF e#ciencies in dwarf galaxies are lowered due

to their intrinsic low mass and metal content (both of which hinder the gas reaching

the molecular phase), the amount of feedback need not be as large in order to explain

the extended low level of SF (Kuhlen et al., 2011). However the constraints on what

relative contribution feedback still must play is not well known currently. Establishing

whether low star formation rates in dwarf galaxies are due to feedback or H2 regulated

mechanisms can be answered in part through analysis of nearby dwarf galaxies.

Mechanisms that shape the evolution of the dwarf galaxy, whether internal or

external, may impart observational signatures onto the stellar and gaseous popula-

tions in the galaxies. For example, the amount of pressure versus rotational support

is often tracked in simulations of dwarf galaxy evolution (Kazantzidis et al., 2011).

In the simulations of Mayer et al. (2001b); Kazantzidis et al. (2011); %Lokas et al.

(2010), dIrrs with thin cold gas disks (2 $ V/! $ 5) are tidally perturbed upon

pericentre passage of the MW - a process invoked to explain the gas loss and change

in stellar orbits that would be necessary to transform them into dSphs (V/! ! 0.5).
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However alternative theories exist in which the progenitors of dSphs form in hotter,

thicker disks or spheroids (Kaufmann et al., 2007) - this may in turn influence the SF

e#ciency as the molecular gas formation rate would be influenced by the disk mor-

phology (Robertson and Kravtsov, 2008). And recent theoretical (Governato et al.,

2010) and observational work (Sánchez-Janssen et al., 2010; Roychowdhury et al.,

2010), suggest that significant rearrangement and evolution of baryonic structure can

occur through secular evolution - whether via feedback (SF, SNe), stellar migration,

or global disk instabilities (Stinson et al., 2009; Sotnikova and Rodionov, 2003). How-

ever, to connect the enrichment and kinematic history of the galaxy over most of the

age of the Universe (the last # 12 Gyrs), spectroscopic data (of resolved RGB stars) is

required. In particular the relative amount of rotation and velocity dispersion of the

stellar populations will evolve over the lifetime of the dwarf galaxy, and can be traced

as a function of time. These spectroscopic observations characterize the changing

dynamics of the tracer populations over the lifetime of the dwarf (e.g., van der Marel

2006). This can be combined with deep photometric imaging studies, which trace

the current structure of the galaxy (Irwin and Hatzidimitriou, 1995). Additionally

stellar density profiles yield an estimate of the baryonic concentration, crucial for

understanding the mass profiles (van den Bosch, 2001). Finally, coarse metallicity

information on a global scale can reveal chemical gradients across the galaxy.

Therefore with structural analyses from photometric data, and the kinematics

and ages from spectroscopic observations, it is possible to build a picture of how

the mass distribution and dynamics of the galaxy evolved. While both internal and

environmental feedback may have clear signatures on the dynamics of stellar and

gaseous populations in low mass dwarfs, the question remains to what degree one

e!ect dominates for a given dwarf galaxy. In isolated dwarf galaxies any changes

are more likely due to internal e!ects - o!ering a window into how e!ective secular

processes are at transforming a galaxy in the absence of strong tides. Any limits

which can be placed on how feedback operates in these remote dwarf galaxies will o!er

important constraints in simulations of SF in low mass dwarfs - giving an observational

framework that can constrain models of internal feedback mechanisms.

Constraining the relative amount of internal feedback driven evolution requires

studying galaxies that are likely to have been isolated over most of their history,



2.1. INTRODUCTION 18

unlike the nearby dSphs that have been influenced by the MW. While dSph distances

(! 250kpc) put them well within the reach of modern 8m class spectrographs and

imagers, they have most likely been tidally influenced by the MW, complicating

interpretation. To date the large distances (% 500kpc) of isolated dIrrs have prevented

substantive spectroscopic surveys, although these are the prime candidates to unravel

the nature versus nurture question. Stellar structure and dynamics of the populations

in the LMC have been studied in the past (c.f., van der Marel 2006), but due to its

larger mass, close distance to the MW, and interaction with the SMC it is not ideal

for studies of internal feedback driven evolution in a low mass dwarf galaxy. Ideally

we wish to study a dwarf galaxy at large galactocentric distance, in which the evolved

stars will likely have had fewer tidal distortions. With this we can understand for

the first time, the dynamical state of the stellar component in an isolated dIrr. This

can help constrain the initial conditions used for dwarf galaxy tidal transformation

scenarios (i.e., Mayer et al. 2006), which may be important for the relative timescales

of those models (Kazantzidis et al., 2011).

Galaxies such as the Wolf-Lundmark-Melotte dIrr (WLM, DDO 221; Wolf 1910;

Melotte 1926), sit at large galactocentric distances, and their complex stellar and

gaseous populations trace how their structure and dynamics evolve over a cosmic

lifetime, with minimal external environmental influence. Observations of the bright

supergiant population (Venn et al., 2004; Bresolin et al., 2006; Urbaneja et al., 2008)

and ISM (Skillman et al., 1989b; Hodge and Miller, 1995; Lee et al., 2005) sampled

the young populations of WLM, but o!ered little insight into the earlier epochs of

formation and evolution. Similarly the photometric studies (Ables and Ables, 1977;

Minniti and Zijlstra, 1997; Hodge et al., 1999; Battinelli and Demers, 2004; Mc-

Connachie et al., 2005; Jackson et al., 2007) were only able to provide global views of

the evolved population and were subject to degeneracies in age and metallicity. We

seek to answer two main questions on dwarf galaxy evolution: (1) what is the role of

internal vs. external feedback in shaping the structural and dynamical properties of

the dwarf? and (2) what modulates the star formation e#ciencies in low metallicity

low mass systems - SNe feedback or H2 regulated SF modes? To answer these, there

needs to be a spectroscopic survey of RGB stars spanning 10 Gyrs in age, which pro-

duces abundances and velocities in an isolated dwarf galaxy like WLM. In Leaman
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et al. (2009) (hereafter Paper I), we presented spectra for 78 stars from FORS2 on

VLT, which represented the first medium scale resolved spectroscopic study of an

isolated dwarf galaxy in the Local Group. In this paper we more than double our

sample size, allowing for the first time a chance to study these questions in a truly

isolated dwarf galaxy.

2.1.1 Quantifying WLM’s Isolation

It is useful at this point to discuss the environment that WLM occupies within the

Local Group, as the goal of this paper is to minimize the relative importance of

external (tides, ram pressure) e!ects in order to learn more about the possible impact

of internal feedback e!ects.

Derived and adopted properties for WLM are shown in Table 1 for clarity. WLM

lies approximately 1 Mpc (Górski et al., 2011) from both the MW and M31, with

its nearest neighbour being the small dSph Cetus (Mhalf # 9 ' 107M"; Walker

et al. 2009b), at 250 kpc away (Whiting et al., 1999), shown in Figures 2.1 and 2.2.

Karachentsev (2005) calculate a tidal index for WLM of & = 0.3, where they define

& ( max[log(Mk/D3
ik)] + C to be the amount a galaxy is acted on by its largest tidal

disturber1 . With the exception of Tucana (-0.2), Pegasus (-0.1), Aquarius (-0.1),

and Leo A (0.2), WLM is one of the five least tidally disturbed and most isolated

galaxies within a # 1 Mpc sphere of the MW. Projection of WLM’s heliocentric ve-

locity (vsys # "130 km s!1) towards the Local Group centre of mass results in a

velocity with respect to the barycentre of vLG = "32 km s!1, implying that it has

just passed apocentre. With its current distance and that velocity, and an inferred

Local Group mass of 5.6'1012M" (based on M31-MW orbit timing arguments which

assume an age of 13.7 Gyr for the universe; c.f., Lynden-Bell 1981), the maximum

apocentre that WLM could have is approximately 1.3 Mpc. Assuming a completely

radial orbit, the implied orbital period for WLM to reach its pericentre with the Milky

Way is 11 " 17 Gyr. Thus WLM, in addition to being currently quite isolated, has

had at most one pericentre passage in its lifetime (which would have been at least

1As noted in that work, Mk is the kth disturber galaxy at a distance Dik, and " = 0 corresponds
to an object with a Keplerian orbital period about MW/M31 equal to 1/H. For reference, Sgr dSph
has " = 5.6
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11 Gyr ago at z & 2.5), meaning its total evolution has been much less dominated

by tidal and ram pressure e!ects from the Milky Way than other Local Group galaxies.

The paper will be presented as follows: in §2 we will present the data sets with a

focus on the observations and reductions. §3 will discuss the spectral analysis tech-

niques used to reduce and analyze the data in a homogeneous way to extract the

chemodynamical properties for this study. §4 will present results on the structure

and kinematics of the stellar and gaseous populations, §5 a discussion of the mass

estimates, and §6 will focus on the evolution of the stellar dynamics.

2.2 Observations and Data Reduction

The data presented in this paper comes from observational campaigns on several in-

struments and telescopes. 78 stars were observed with the FORS2 (Appenzeller et al.,

1998) spectrograph on VLT and this data was reduced by the author and Dr. Andrew

Cole, and presented in Leaman et al. (2009). These spectroscopic observations are

supplemented here with spectra of 140 new stars observed at higher resolution with

the DEIMOS (Faber et al., 2003) spectrograph on Keck II . V and i band photom-

etry from the INT Wide Field Camera covering a 36
! ' 36

!
field of view was used

for several analysis steps. This photometric data was reduced and presented by the

authors of McConnachie et al. (2005) and has been converted to V and I using the

calibration in that work. Near infrared JHK data from the UKIRT/WFCAM tele-

scope was also used, with the reduction and analysis done by the authors of (Tatton

et al., 2010). In addition we use VLA radio observations of WLM from Kepley et al.

(2007) which the authors kindly made available for use here (A. Kepley, priv. comm.).

Figure 2.3 illustrates the coverage of our slitmasks for both the FORS2 and DEIMOS

observations.

The stars for the FORS2 and DEIMOS observations were selected to be relatively

bright and isolated near the tip of the RGB (TRGB; V # 23), with an approximate

colour range of 1.5 magnitudes, so as to exclude red supergiants and M-stars. In the

case of the DEIMOS observations the V and I photometry was also cross correlated

with the IR JHK photometry so as to exclude obvious second ascent giants from
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Figure 2.1: Distance from M31 and the Milky Way for Local Group dwarf irregulars
(blue), dwarf spheroidals (red), and transition dwarfs (green). Shown are the projected
galactocentric standard of rest (GSR) and Local Group standard of rest velocities for WLM.
Evident is WLM’s large isolation from the two massive spiral galaxies, as well as other
dwarf galaxies. Coordinates are taken from Mateo (1998). Shaded areas correspond to the
approximate virial radii of the Milky Way and M31.



2.2. OBSERVATIONS AND DATA REDUCTION 22

Figure 2.2: Distance of Local Group dwarf galaxies and spirals from WLM, versus dy-
namical mass of the Local Group objects (expressed in units of WLM’s mass). The large
isolation of WLM from the two large spirals in the Local Group is apparent, as well as the
250kpc separation from Cetus, which is only one tenth the mass of WLM.
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Figure 2.3: Portion of an I band image of WLM from the MOSAIC-II camera at the 4m
Blanco Telescope at CTIO (Leaman et al., in prep.). The total image is approximately
36# ' 36#, equal to the coverage from our INT WFC photometry. This Figure shows a
zoomed in region of 22# ' 26#, with North being up and East to the left. The relative
locations of the VLT FORS2 (blue), and Keck II DEIMOS (red) spectroscopic fields are
shown. Magenta ellipse marks the half light radius assuming an ellipticity of e = 0.55 and
photometric position angle of 179$. The two A-type supergiants from Venn et al. (2003) are
located approximately in the centre of our lower FORS2 field, along with the HII regions
from Hodge and Miller (1995), and the B supergiants from Bresolin et al. (2006).
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potential target stars. Our stars were selected to encompass a broad area of the

galaxy’s high-density (gas and stellar) regions, as well as lower density outer areas.

The DEIMOS candidate stars were selected and the mask design accomplished by

using the dsimulator package in order to optimally populate and prioritize our

targets across the field of view. Figure 2.4 shows our spectroscopic member stars

overlaid on the V and I colour magnitude diagram.

The new DEIMOS observations were taken during 3 nights of September of 2009

by Drs. Kim Venn and Alyson Brooks. Two 16
! ' 5

!
slitmasks covering the body of

WLM were observed (see Fig. 2.3) during seeing that ranged between 0.7
!! " 1.2

!!
,

with a median value of 0.8
!!
. The instrument setup used the 1200l/mm grating with

OG550 blocking filter, which yielded a spectral resolution of # 1.4Å through 1.0
!!

slits. The spectral range spanned roughly 7800" 9300Å. Wavelength calibration was

aided with the use of NeArKrXe arc lamp exposures, in addition to the standard,

quartz flat field calibrating exposures. Each mask had 10' 30 minute exposures plus

3' 20 minute exposures, all taken during good seeing and weather conditions, yield-

ing 6 hours integration time per slit.

As the DEEP2 reduction pipeline is not optimized for faint stellar spectra, the

data were pipeline processed by Dr. Rodrigo Ibata using his privately written re-

duction procedure. In brief the pipeline performs the requisite calibration tasks to

characterize the slit position on the CCD and remove any instrumental signatures,

and non-orthogonal projection biases. Details of the reduction procedure used for the

DEIMOS spectra is described in Ibata et al. (2011) and references therein. Extraction

of the spectra in each slit results in a single stellar source which is further subject to

wavelength calibration and continuum normalized, before being radial velocity cor-

rected via cross correlation against a suite of template spectra. Due to the extreme

faintness of the stars, even 10m class telescopes require coaddition of 6-8 hours of in-

tegration time to produce S/N % 10Å!1 data appropriate for resolved chemodynamic

studies such as this. Due to concerns about the poor performance of the flexure

compensation system on DEIMOS at the time of our observations, the spectra were

extracted individually and processed as single data products and coadded later. The

signal to noise per angstrom for the FORS2 spectra ranged from 17 $ S/N $ 30, and
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Figure 2.4: FORS2 and DEIMOS spectroscopic targets (large black dots) shown with
respect to the V and I colour magnitude diagram for all stars in WLM.
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6 $ S/N $ 30 for the DEIMOS data. Figure 2.5 shows three representative spectra

of stars observed with our DEIMOS configuration.

In addition to the two masks on WLM three galactic clusters were observed for

calibration purposes - the old open cluster NGC 6791, and globular clusters Pal 14

and NGC 7078. Single mask setups yielded 5 " 50 stars per cluster, which were

observed 2-3 times per night throughout the observing run. This allowed us to check

the precision of our metallicities and assure that we are bringing the [Fe/H] estimates

onto a common, calibrated scale.

2.3 Spectral Analysis

2.3.1 Radial Velocity Measurements

Radial velocities were measured from the three strong calcium II triplet (CaT) lines

(" # 8498, 8542, 8662Å) which in the case of the DEIMOS data, had a velocity correc-

tion applied from the sky OH lines in order to mitigate errors due to the instrument

rotation. The average rms of the wavelength solution for the blue and red side of

the DEIMOS chips were 0.25 and 0.27 km s!1 respectively. For the FORS2 spec-

tra, the low signal to noise of the individual frames necessitated that we perform

cross correlation radial velocity calculations on the combined spectra, rather than

on each individual image. As such heliocentric velocity corrections were tailored to

the individual exposures and applied prior to combining the spectra, due to the long

temporal baseline (roughly four months) of the FORS2 observations. Once shifted

and combined, the spectra were ready for radial velocity computation with the aid of

template stars and a Fourier cross correlation routine (fxcor). For the FORS2 data,

a total of 23 template radial velocity stars observed with the same instrument setup

were used with the cross correlation routine. In the case of the DEIMOS data, the

stellar spectra were cross correlated against a single synthetic template around the

CaT region. Both computations provided in-line error estimates, with the velocity

errors ranging from 1.0 $ #Vhel $ 8.0 km s!1 with a mean of )#Vhel* = ±2.3 km s!1

for the DEIMOS stars, and a range of 3.0 $ #Vhel $ 10.0 km s!1 with a mean of

)#Vhel* = ±5.0 km s!1 for the FORS2 stars. For the FORS2 reductions systematic
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Figure 2.5: Example DEIMOS co-added spectra for three member stars in our sample
of varying magnitudes, plotted in arbitrary units of flux and continuum normalized and
binned by a factor of 4. Visible are the three strong Ca II triplet lines at " # 8498, 8542,
and 8662Å shown by the red dotted lines, as well as the DEIMOS chip gap (blue regions).
The signal to noise per angstrom for the spectra are # 30, 19, and 15 respectively.
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velocity errors due to a star’s position in the slit were removed by centroiding the

stars relative to the slit centre. The fact that this procedure was done on combined

spectra resulted in small absolute corrections, as the
+

n statistics meant that the

individual slit errors were minimized in the combination and correction steps. The

typical shift for the slit error on an individual exposure is approximately 6-9 km s!1

for the FORS2 stars, and we note that this shift produces negligible uncertainties in

the equivalent width error. The final average absolute corrections to the slit centering

errors on the combined spectra were on the order of $ 1.5 km s!1 for the FORS2

stars.

2.3.2 Membership Determination

Due to its distance o! the plane of the Milky Way (l, b = 75.85,"73.63; Gallouet

et al. 1975), the contaminant fraction is expected to be very low in the direction of

WLM. Nevertheless, the DEIMOS sample of WLM covers a much larger field of view

than the FORS2 sample presented in Paper I, which means the chance of foreground

stars in the outer regions is increased. Additionally, as we are possibly sampling

member stars at larger radii, they stand to be at larger velocities with respect to the

central regions. Removing contaminants in a galaxy that is known to be rotating

is not trivial, and in this case we culled the sample with an iterative maximum

likelihood method. Rather than a global 3"sigma clipping, we adopted a spatially

binned clipping routine which was much more robust, and by binning along the major

axis avoided artificially inflating the !v estimates. This procedure was based on the

joint maximum likelihood method of Walker et al. (2006) (see also Gunn and Gri#n

1979; Hargreaves et al. 1994), which we extended here to spatial bins of 25 stars each,

so as to accurately throw out contaminants when the rotational profile enhances the

spread of velocities at di!erent positions in the galaxy. The algorithm simultaneously

determines the dispersion (!v) and average velocity ()u*) in a given bin by maximizing

the probability:

ln(pb) = "1

2

N"

i=1

ln(!2
i + !2

v)"
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Figure 2.6: Heliocentric velocity as a function of major axis position for the 180 member
RGB stars in WLM, as well as the non-member stars. Extremely large absolute velocities are
typically stars with very low signal to noise which rendered clean sky subtraction and radial
velocity derivation di#cult. The mean random uncertainty on velocity for the member stars
is 4 km s!1 (smaller than the symbols in most cases). Due to the large distance o! the plane
of the galaxy (b = "74$), few Milky Way stars contaminate our spectroscopic catalogue.

With this we culled the sample to 180 total member stars, with only one of the

previous FORS2 stars removed. Figure 2.6 shows the distribution of probable member

and contaminant stars in our catalogue. In Figure 2.7 we plot the 2-D projected map

of WLM with the HI gas contours and stellar sources determined to be members in

our sample, both colour coded by velocity.

2.3.3 Spectroscopic Metallicities

As in Paper I, [Fe/H] derivations were done through the empirically calibrated Cal-

cium II triplet method (Armandro! and Da Costa, 1991) whereby the summed equiv-

alent width of these lines correlates with [Fe/H] on a scale calibrated to galactic glob-
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Figure 2.7: WLM spectroscopic sample in tangent plane coordinates on the sky. HI
velocity data from Kepley et al. (2007) is shown as contours, and the stellar velocities
of RGB members are colour coded to the same velocity scale. Dashed line shows the
photometric minor axis, and the dotted line the kinematic angle of bisection determined as
discussed in text.
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ular clusters (Cole et al., 2004). We here use the recently updated calibration given

in Starkenburg et al. (2010). The details of the equivalent width measurements and

placement onto the metallicity scale will be discussed in Chapter 3, which will deal

with the chemical analysis and interpretation of WLM. Of our 180 radial velocity

members we have derived [Fe/H] measurements for 126 of the stars which had high

enough signal to noise (" 10Å!1). The uncertainties were estimated in the fashion de-

scribed in Paper I, with the average internal error on metallicity being '[Fe/H] = ±0.26

dex.

Repeat Observations

While estimates of our errors exist for both [Fe/H] and velocity measurements, more

information about how precise these measurements are can be gleaned from obser-

vations of stars that are in common between the FORS2 and DEIMOS dataset. We

ended up with 6 stars that overlapped between the sample for which to check ve-

locities - and only 2 stars for which repeated [Fe/H] measurements can be made.

The values for these repeat measurements are shown in Table 2 . The mean o!-

set ()X* = 1
N ((xi " xj)) and scaled median absolute deviation of the o!sets (S =

1.48 ' med(|xi " med(xj)|)) are X[Fe/H] = 0.24; S[Fe/H] = 0.02 dex, and XV el =

"2.5; SV el = 13.9 km s!1 respectively. Given the velocity and metallicity uncertain-

ties discussed in the preceding section, these repeat observations are consistent within

the errors.

2.3.4 Age Derivations

At the distance of WLM, deriving ages for individual stars is not possible with pre-

cision greater than # 50%, and in reality is simply providing a coarse correction to

the assumption that metallicity and colour are perfectly correlated. The reader is

referred to Paper I for the discussion of the age derivations in detail, but relevant

updates are briefly outlined here. The well calibrated homogeneous photometry from

McConnachie et al. (2005) is crucial in deriving accurate ages, but this method still

su!ers from di#culties (c.f., Tolstoy 2003) - namely the possibility of internal di!er-
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ential reddening, and poorly constrained [%/Fe] values for the RGB stars as discussed

in Paper I. Given the extended SFH of WLM (Mateo, 1998; Dolphin, 2000) and the

gas rich nature of dIrr galaxies, we expect a significant range in red giant ages in the

dataset.

With our current spectroscopic sample, [Fe/H] values are now found $ "2.5 dex,

which necessitated using the Yale-Yonsei evolutionary tracks (Demarque et al., 2004),

which sample much lower metallicities. In Paper I we provided age estimates based

on both [%/Fe]= +0.3 and solar. Here we use a compilation of high dispersion spec-

troscopy of various stellar populations in WLM to constrain the mean [%/Fe] as a

function of metallicity. Colucci et al. (2010) observed the lone globular cluster (GC)

of WLM, WLM-1 to have [Ca/Fe] = 0.25 and [Fe/H] = -1.71, which we adopt as the

[%/Fe] values for all our targets with similar or lower metallicities. Of course GCs

may undergo a separate formation and chemical evolution than field stars, however

in the MW, LMC and Fornax the metal poor clusters show similar [%/Fe] as the field

stars (Pritzl et al., 2005; Hill, 1997; Letarte et al., 2006), and Ca is not a!ected by

GC mixing processes (e.g., Gratton et al. 2004). Stars more metal rich than this are

assigned an [%/Fe] based on a third order polynomial, that is fit to the WLM-1 GC

value, as well as the B, and A supergiant studies of Venn et al. (2003) and Bresolin

et al. (2006). The position of each star on the colour magnitude diagram was inter-

polated among a grid of Yale-Yonsei isochrones at appropriate values of [Fe/H] and

[%/Fe] for the star.

The random errors on ages for individual stars are ±50%. Systematic errors are

present in these estimates due to the variable %-enhancement, extinction, and AGB

contamination. We have estimated the magnitude of these systematic uncertainties

in our ages using artificial star tests, which will be described in more detail in Chapter

3. In the relevant figures in this work we have overlaid both the individual random

error in a star’s age, as well as the combined systematic uncertainties.

2.4 Results

In this work we have added DEIMOS spectroscopic observations of 103 member stars

to supplement the 77 member stars from Paper I. We have determined the radial
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velocity values for these 180 individual member RGB stars in WLM, of which 126

also have [Fe/H] and ages derived. These new objects allow us to sample out to a

projected radius of 3.4 kpc (# 3.5 disk scale lengths) in WLM, assuming the adopted

distance of 985 kpc. This spatially extended sample can be used to examine the

structure, kinematics, and chemical evolution history of this galaxy for the first time

in conjunction with derived age estimates. We now present an updated discussion of

the structural and kinematic parameters.

2.4.1 Structural Parameters

To derive the structural parameters of WLM we used the photometric V,I, and JHK

catalogues, as well as the HI data of Kepley et al. (2007). The colour magnitude

diagrams are shown in Figure 2.8, including the INT V, I photometry as well as the

infrared UKIRT/WFCAM photometry of WLM. We have isolated several population

tracers, as shown by the coloured areas in the figures. For the V, I photometry a strict

RGB locus is shown by the red box. The tip of the RGB location was taken from the

analysis of McConnachie et al. (2005) which used the same photometric catalogue as

our present work. This selection represents the least contaminated red giant branch

population in WLM. Outside of this lie primarily excessively young or metal poor

RGB and luminous AGB stars. In the JHK diagram the oxygen rich M-stars (light

blue) and the young (# 1 Gyr) carbon rich C-stars are identified, as those AGB stars

above the TRGB and to the appropriate side of the metallicity dependent colour cut

found for WLM in the work of Tatton et al. (2010). The stellar density profiles for the

full V,I (black), strict RGB (red), and C-star (blue) populations are shown in Figure

2.9, constructed by binning stars in geometrical radii which have been referred to an

average ellipticity of e = 0.55 at a position angle of 179 degrees. The inner regions of

the two INT populations su!er from crowding, and so the subsequent fits of the surface

density profiles exclude these regions. Four profiles fits have been applied; Plummer

(Plummer, 1911), King (King, 1962), de Vaucouleurs and exponential profiles. For

the rest of this paper we adopt the best fitting exponential surface brightness profiles,

((R) = (0e!R/Rd , and convert the exponential scale length, Rd = 3.45
!
(for the full

V,I sample), into the 2D projected half light radius, rh = 5.78
!
, and where necessary
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the 3D deprojected half light radius, rh3 = 7.68
!
, using the relations of Wolf et al.

(2010). For reference the scale at the assumed distance for WLM is 1
!!

= 4.76pc. The

background level in each population was simultaneously fit as a constant, and was

found to be consistent with selecting out by eye isolated regions of our field of view

to estimate the background level.

The 2D projected spatial distributions of these three populations and the HI

surface density are shown in Figure 2.10. The mean and standard deviation of the

background level was determined from regions at the outer limits of our field of view.

Contour levels start at 2! above the background and each subsequent contour level

is n = 1.2 times higher than the last. The HI radial extent is not significantly larger

than the stellar component as reported in Kepley et al. (2007) and the recent single

dish observations of WLM by Hunter et al. (2011). The latter work also noted that the

density profile of the HI shows a smooth drop o! to the detection limit, with no sharp

truncation. The strict RGB population shows a slightly more spherical distribution

than the HI, but otherwise the general shape of the evolved stellar populations are

consistent with the HI population. As expected the young C-star population occupies

the central regions of the galaxy, where the most recent star formation has occurred

(Dolphin, 2000). These centrally concentrated younger populations are similar to

what has been found in other Local Group dwarf galaxies (e.g., Battaglia et al. 2006;

Hidalgo et al. 2009; de Boer et al. 2011). However we note that with characteristic ages

of # 1 Gyr, these stars would still have experienced # 3 rotation periods. Ellipticity

and photometric position angle, (PAphot), are calculated as a function of radius by

fitting ellipses using the task MPFITELLIPSE (Markwardt, 2009), on the contours at

various radii for each population.

The resulting position angles and ellipticities are shown as a function of radius in

Figure 2.11. The larger radial extent for the HI gas in this figure is due to contour

levels being more easily defined out to large radii compared to the stars. There is

excellent agreement between the HI and stellar structural properties with only the

evolved RGB population showing a slightly rounder ellipticity. This is consistent with

literature values of past photometric studies of (Ables and Ables, 1977; Minniti and

Zijlstra, 1997). The close agreement in position angle and ellipticity of the stellar

populations in WLM is in contrast to some lower angular momentum dSphs such as
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Figure 2.8: INT WFC V,I photometry, with strict RGB cut, presented with JHK
UKIRT/WFCAM photometry of WLM (Tatton et al., 2010). The metallicity dependent
cut between C-rich AGB stars (blue box ) and the O-rich AGB stars for WLM (light blue
box ) is taken from Tatton et al. (2010).
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Figure 2.9: Geometrical radial surface density profiles for the full V,I (black), strict RGB
(red), and C-star (blue) stellar populations.
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Figure 2.10: Density contours for the stellar and gaseous populations of WLM in the
tangent plane. Contour levels start at 2! above the background and each subsequent
contour level is n times higher than the last, where n = 1.2.
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Figure 2.11: Derived ellipticity and photometric position angle as a function of major axis
radius for the various populations. Black is the full INT catalogue of stars, red the strict
RGB population, blue the C-rich AGB stars, and magenta the HI gas. Dashed lines show
the measured disk ellipticity from Ables and Ables (1977) in black, and extended RGB halo
ellipticity of Minniti and Zijlstra (1997) (red).

Phoenix and Fornax (Mart́ınez-Delgado et al., 1999; Battaglia et al., 2006). WLM

clearly is flattened more than the nearby dSphs in the Local Group (Mateo, 1998)

- which may be due to the strong rotation as we shall see in the next section The

derived structural parameters for WLM are summarized in Table 2.1 for reference.

2.4.2 Internal Kinematics

With nearly equal rotation and dispersion in the stellar component, care must be

taken in interpreting WLM’s velocity data. In rotating systems, classical mass esti-

mates rely on the HI gas, which has negligible random motion, making for relatively

simple analyses equating the enclosed mass to some circular velocity. The underlying

mass profile can also be ascertained through velocity dispersion profile based methods
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- such as spherical Jeans modelling (e.g., Battaglia et al. 2008b). In each of these cases,

only one type of dominant kinematics is present in the tracer population - rotation

or dispersion. The challenge in our case is to convert WLM’s composite dynamical

configuration into a singular rotating or dispersion dominated dataset. Without these

corrections a number of systematic biases arise when interpreting rotational and pres-

sure supported velocity distributions - such as encountered when analyzing an object

in the configuration of WLM (c.f. %Lokas et al. 2010). Detailed dynamical modelling

will be presented in a forthcoming paper (Leaman & Battaglia, in prep.). However

the analysis of rotation and velocity dispersion profiles used in the remainder of this

work requires accurate removal of the biases that mixed rotation/dispersion systems

show, which we discuss now.

Stellar Velocity Field

As discussed in Paper I, the stellar velocities are markedly di!erent in WLM from

most of the dSph galaxies. The stars in WLM of all ages/metallicities appear to be

rotating, in contrast to the purely random stellar motions in Local Group dSphs.

We begin by looking at the velocity structure of the stellar and gaseous populations

of WLM. As shown in Figure 2.12, WLM’s stellar velocities, while showing rotation

greater than seen in the dSphs of the Local Group, rotate with half the velocity of

the HI gas, and lag behind the HI by # 15 km s!1. Clearly the stellar rotation is

decoupled from that of the HI, with the suppressed rotation velocity of the stars due

to the e!ect of asymmetric drift as we will demonstrate later. In Figure 2.13 we show

the projection of the rotation velocity of the stars as a function of geometric radii

(again referred to an ellipticity of e = 0.55). The binned data points are fit with an

isothermal sphere rotation curve of the form V (r)2 = 4$a0a2
1(1 " a1/r)(atan(r/a1))

(Kepley et al., 2007), which slowly rises to a value of # 17 km s!1 at the last measured

point.

As later we wish to derive a line of sight velocity dispersion profile, it is important

that we accurately characterize the velocity field of WLM. We therefore explored

di!erent models to characterize the rotation of the stars in WLM. A few methods

that were tested were: fitting the stellar velocity field simply along a strip of the

major axis, describing the rotation field by iterating through fits at di!ering position
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Figure 2.12: WLM stellar and HI rotational velocities (Vhel"Vsys) as a function of major
axis o!set. Small black dots represent the individual stellar data points, and the large
circles the binned values with error on the mean shown. Results of the asymmetric drift
correction to the stellar rotation is shown in blue. Also noted are the relative rotation over
pressure support for the raw stellar and gaseous kinematics.
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angles, or treating the stars with the classical “spider diagram” velocity field:

v(x, y) = vsys + vrot(R)cos(&)sin(i) + vrad(R)sin(&)sin(i), (2.2)

where & is the azimuthal angle and i the inclination of the galaxy.

The most consistent determination, as judged by the smallest deviation at all radii

in the rotation-subtracted velocities, was a simple linear fit along the velocity pattern

of the major axis. The rotation subtracted velocities are shown in the second panel of

Figure 2.13, with the mean values of the stars staying close to the systemic velocity

at all radii. The velocity of the stars o! the major axis shows little deviation from

the model, suggesting that the stars are rotating cylindrically (Figure 2.14)- however

due to the uncertainties in the inclination and disk thickness of WLM we can not

examine this in detail.

Velocity Dispersion Profile

Deriving a line of sight velocity dispersion (!v) profile for these stars requires removal

of the rotation signature, so that the !v profile is not artificially enhanced at large

radii. As we showed above, WLM exhibits significant rotation, so correcting for this

magnitude of rotation in a galaxy with this structure is not trivial. Using the best fit

velocity field model described in the previous paragraph, the rotation was removed

and we could proceed to construct a velocity dispersion profile that was unbiased at

large radii. The dispersion was calculated applying the likelihood method of Equation

2.1, using the rotation subtracted velocities. Errors on the dispersion estimates were

taken to be the value at the 1 " ! confidence interval of the likelihood parameter

space. The resulting dispersion profile is shown in the third panel of Figure 2.13 as

solid black dots. The open blue circles in that figure show the resulting !v profile

if we were to compute the dispersion profile on the raw velocities that hadn’t been

rotation subtracted. The artificial enhancement of the dispersion values at large radii

is clearly evident due to the strong streaming motion of the stellar velocity field. The

radial velocity dispersion profile for WLM does not appear to be flat, unlike what is

seen in many dSphs (Walker et al., 2009b), however interestingly the dE NGC 147

which is of similar mass, luminosity, and shape as WLM shows a drop o! in !v at
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Figure 2.13: Raw stellar rotational velocity (top), along with the optimal derotation
achieved through a single fit through the major axis velocity profile of WLM. Third panel
shows velocity dispersion profile before (blue circles) and after rotation is subtracted - with
the artificial enhancement of !v at large radii removed in the latter case. Bottom panel
shows ratio of rotational to pressure support, with dashed line showing the expected value
for an oblate galaxy flattened by isotropic rotation to the ellipticity of WLM.
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Figure 2.14: Major axis rotation curves for the HI and stellar velocities at various impact
parameters o! the main body of WLM. The tight overlap of the rotation curves for all
curves suggest cylindrical rotation may be present, however the large uncertainties in stellar
velocities and inclination for WLM prevent a definitive conclusion.
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larger radii as well (Geha et al., 2010). This and other nuances of the dispersion

profile will be discussed in depth in a forthcoming paper on the detailed mass profile

of WLM (Leaman & Battaglia, in prep.). In the bottom panel of Figure 2.13 we

show the ratio of rotational to dispersion support in WLM as a function of radius,

V/!. The dashed line represents the expected value of V/! for an oblate isotropic

rotator at the eccentricity of WLM. The flattening of WLM then is most likely due

to rotation, rather than anisotropy in the outer regions. The value of V/! # 1 within

one e!ective radius is much less than the HI, which shows V/! # 7. Nearly equal

pressure and rotation support for the stellar component is also much lower than what

simulations typically use for progenitor dIrrs (i.e., Mayer et al. 2001a; Kazantzidis

et al. 2011). The measured V/! may reflect some minor interactions between WLM

and other dwarfs in the Local Group, however as discussed in the next section, the

alignment of the kinematic and photometric axes of WLM rules out significant inter-

actions. Therefore if this value of V/! = 1 for the isolated WLM dIrr is representative

of typical dIrr progenitors, it would have implications for the e#ciencies (and thus

timescales) of dwarf galaxy tidal transformation scenarios in such simulations.

2.4.3 Photometric and Kinematic Axes

Information on the orientation and potential of WLM comes from comparing the

position angle of the kinematic (PAkin) and photometric (PAphot) data. The kinematic

position angle defines the major axis of rotation of a galaxy, and in cases where recent

mergers have occurred or the observer is viewing a triaxial system, may not always

lie along the same axis as the photometric position angle. To compute the PAkin we

proceed as in e.g., Walker et al. (2006). For every star, or interpolated HI velocity

point in the tangent (', () plane, an angle of bisection is calculated based on the data

point’s position o! the above determined photometric minor axis. The galaxy is split

along this bisection line and velocity di!erence is computed by calculating the average

velocities above and below the line and subtracting them. The bisection line is then

rotated by one degree for the HI or to the next star and the procedure is repeated,

building up the curves shown in Figure 2.15. A hyperbolic tangent function was fit
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Figure 2.15: Kinematic position angle diagnostic plots for the HI (top) and stellar data
(bottom). The velocity di!erence (see text) between the stellar sample on either half of
a bisecting axis is plotted as a function of the bisection angle. Here the bisection angle
of zero degrees corresponds to the minor axis of WLM. Overlaid is a function of the form
a0tanh(a1(# " a2)).

to the data and the position angle determined based on the bisection angle where

the velocity di!erence is minimized. With a position angle of zero northwards in the

tangent plane on the sky, the kinematic position angle is defined as 180 degrees + or -

the angle of bisection where the minimum velocity di!erence occurs. The uncertainty

on the angle is determined by calculating the di!erence from the bisection line that

would be produced if the velocity di!erence was changed by the average uncertainty

in a stars velocity. We find consistent values for the kinematic position angle of the

stellar and gaseous components of WLM, with the latter values in excellent agreement

with the HI studies of Jackson et al. (2004) and Kepley et al. (2007), who used other

methodology.

With the photometric and kinematic position angles calculated, it is instructive to
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look at their relative alignment, typically designated as the parameter ) ( |PAkin"
PAphot|. The quantity of ) is sometimes used as a signature of mergers, where the

structural and dynamical misalignment would be high, or to give insight into non-

circular gaseous motions due to infall or outflow (Fraternali et al., 2004). For galaxies

in the ATLAS 3D study # 90% of galaxies were found to have alignments $ 15$

(Krajnovic et al., 2011). For the stellar component of WLM we derive ) = 1±3$, and

) = 2± 2$ for the HI. The fact that the alignment of the kinematic and photometric

position angles is close, also constrains the viewing angle and shape. As discussed

recently by %Lokas et al. (2010), when rotation is significant in a triaxial system viewed

perpendicular to the longest dimension, rotation other than the major axis is usually

evident, as the likelihood of the rotation being aligned with either axis is small in a

potential that permits more irregular orbits. In contrast an axisymmetric system will

show no rotation along the minor or intermediary position angles, thus the kinematic

and photometric position angles will show strong alignment like we observe in WLM.

Additional constraints against WLM being triaxial come from its position on the

V/! vs. e anisotropy diagram. As we shall see in the next section WLM is flattened

mostly by rotation rather than anisotropy, consistent with the interpretation that we

are viewing a highly inclined oblate spheroid.

2.4.4 How Thick is WLM?

From Figure 2.11 the ellipticity and position angle of the gas and stars allow us to

characterize the projected distribution of those populations. To untangle the intrin-

sic shape of WLM is more complicated. If we are observing an oblate spheroid that

is rotationally flattened, it will have an intrinsic thickness, q0 (for this orientation,

q = c/a, with c being the short axis and a being the long axis) - which is di#cult

to disentangle without a constraint on the viewing inclination, i. The relation be-

tween the intrinsic and projected axial ratio is shown in Figure 2.16 for the range

of inclinations determined in the tilted ring analysis of the HI data in Kepley et al.

(2007). We note that because their inclinations were derived assuming a thin disk in

the tilted ring analysis, they therefore provide lower limits on the possible inclination.

Thus given the high inclination for WLM, the range of measured projected axial ra-
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tios (b/a) for the stellar and gaseous components (horizontal lines), suggest that the

intrinsic thickness ranges between 0.38 $ q0 $ 0.57. With the data presented here,

we have evidence that WLM’s vertical structure is quite extended in both its stellar

and gaseous components. This is confirmed using the techniques described in van der

Marel et al. (2002), whereby WLM can be approximated as a flattened spheroid with

axial ratio q(R) = (2 + [2RD
R (Vrot(R)

"(R) )2])!1/2, assuming isotropic velocities for the stars

(which are assumed to lie in a larger isothermal halo). Using the derived exponential

scale length from §2.4.1, the intrinsic axial ratio (q) for WLM calculated using this

method again lies between 0.38 and 0.56 at all radii - in good agreement with Figure

2.16.

This value is consistent with the recent study of Roychowdhury et al. (2010),

who showed that the average intrinsic gas disk thickness of dwarf irregulars is a much

higher )q0* = 0.6, instead of the 0.2 that is canonically assumed for stellar and gaseous

disks in higher mass galaxies. Our values for the stellar thickness are also in line with

studies of distant dwarf galaxies that seem to show thicker stellar structure (Sánchez-

Janssen et al., 2010).

We might ask how does this thick configuration compare to other galaxies where

direct measurements of the vertical height are possible? While we are unable to

determine whether the extended vertical structure in WLM is due to just a single

component flattened spheroid, or multiple disks of varying thickness, we can compare

the vertical extent to studies of edge on galaxies that exhibit thick disks. In Figure

2.17, we plot the radial and vertical scale heights for WLM along with a sample of

edge on spiral galaxies from Yoachim and Dalcanton (2006), and the two large spirals

in the Local Group (c.f. Collins et al. 2011). The values for WLM were derived by

fitting the major axis stellar surface density with an exponential profile, and the mi-

nor axis with a profile of the form ((z) , sech2(z/z0), for which we derive a vertical

scale height of z0 = 705 ± 28 pc. Assuming an inclination of i = 79 we show the

corrected vertical scale height marked on the figure as the open circle. The best fit

lines are taken from Yoachim and Dalcanton (2006) and indicate that WLM has a

similar relative vertical scale height as expected for its radial scale length. Direct

confirmation of a distinct thick disk in WLM would only be possible after identifying
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Figure 2.16: Range of expected intrinsic thickness for an observed projected axial ratio.
Shown are curves for the mean, upper and lower inclinations from the HI tilted ring analysis
of Kepley et al. (2007). Horizontal dotted lines represent the range of axial ratios from the
isopleth analysis presented in Figure 2.11, with the horizontal dashed lines the mean values
for the stellar populations. Vertical dotted lines indicate the corresponding range of q0

values given the inclination limits from the HI analysis. Vertical dashdot line indicates the
intrinsic axial ratio assuming the measured axial ratio from the minor and major axis fits
of Figure 2.17.
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a velocity lag or age di!erence in a statistical sense, which is beyond the scope of our

spectroscopic sample. However the vertical structure of WLM is clearly extended to

an amount consistent with other galaxies that show increased vertical scale heights.

2.5 Mass Estimates

Examination of the velocities shows that WLM is clearly in a di!erent structural and

dynamical state than dSphs, however does that mean their mass estimates also di!er?

Detailed mass modelling can provide answers to both what the stellar velocities tell

us about the past history of WLM, and about the underlying potential. As we have

both stellar and HI velocities there exists the opportunity for much more detailed

modelling than is available from dSph data sets. With this we can compare how

various mass modelling techniques perform on a system where there is strong rotation

and flattening. Various dynamical models to describe the mass profile of WLM will be

presented in a forthcoming paper but for now we can compute simple mass estimates

in two ways.

2.5.1 Rotationally Derived Mass

We can use the inherent rotation of the stars to compute an estimate of the circular

velocity of WLM, provided we remove the component of random motions that are

suppressing the rotation curve. As noted earlier, the stellar rotation curve di!ers

in magnitude to the HI due to the e!ect of asymmetric drift. To directly compare

the rotation curves of the stars and gas, and allow for independent circular velocity

estimates we must correct for this e!ect. To analyze the stellar kinematics in a purely

rotational sense corrections due to asymmetric drift were applied.

v2
c = v2

$ + !2(r)

#
)*

)R
+

) ln !2
R

) ln R
+ (1"

!2
$

!2
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$
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Here v$ is the inclination corrected observed rotation velocity, * is the stellar density,

! the velocity dispersion in a given component, and vc is the drift corrected rotation

velocity. We follow the outline and assumptions of Hinz et al. (2001): namely that
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Figure 2.17: Comparison of major axis radial scale lengths versus vertical thick disk scale
heights. Black dots are data from the work of Yoachim and Dalcanton (2006), and M31 and
MW data taken from Collins et al. (2011) and references therein. Inset shows vertical scale
heights in parsecs as a function of Vcirc for the same data plus 6 resolved stellar population
studies from Seth et al. (2005). Black line is a fit of the form Z0,thick = (1400pc)( Vc

100kms"1 )1.0

adopted by Yoachim and Dalcanton (2006) for their galaxy sample. Open circle for WLM
shows the e!ect of the inclination correction as discussed in the text.
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the last term can be neglected,
"2

!

"2
R

= 0.5, the density profile is of the form * ,
exp("R/Rd), and the slope of the radial component of the velocity dispersion is flat

in the outer regions of the disk. The equation then reduces to v2
c = v2

$+!2
$(2R/Rd"1).

We note that the assumed anisotropy is chosen primarily because it reproduces flat

rotation curves in large galaxies, however we have little in the way of constraints on it

at this time (although see discussion in Appendix 5.1). We use a nominal inclination

of i = 79$ for the inclination corrected values of dispersion and rotation, allowing us

to compute the corrected stellar circular velocity, vc. As noted earlier, the tilted ring

analysis of Kepley et al. (2007) assumed a thin disk, therefore their inclination which

we adopt here should provide a conservative lower limit. The results of this correction

are seen in Figure 2.12. The final inclination and asymmetric drift corrected curve

shown by the blue binned points matches well with the HI gas - giving us confidence

that our dispersion measurements are correct for the stars.

With this corrected stellar rotation curve we have estimates of the circular veloc-

ity at various projected radii in WLM, with which we can compute the associated

rotationally derived mass as M(< r) = V 2
c r
G . In Figure 2.18 we show these dynamical

mass estimates as a function of radius as the black squares. The black solid and

dashed lines show the enclosed mass curves based on the HI rotation analysis from

the study of Kepley et al. (2007), assuming an isothermal sphere model. Agreement

between the HI and stellar derived mass is roughly consistent when considering both

the receding and approaching sides of the HI data. Di!erences most likely result from

the uncertainty in assuming a velocity anisotropy for the stellar circular velocity re-

constructions, and possibly any non-circular motions not taken into account in the HI

analysis. A weighted best fit isothermal sphere model based on the six stellar bins is

shown in magenta and an NFW mass model in green. The rotationally derived mass

at the half light radii (1656 ± 49 pc) from the stellar data is Mhalf = 4.3 ± 0.3' 108

M", and Mlast & 8.5' 108 M" at the last measured stellar bin (2865 pc). Assuming

the best fitting enclosed mass profile from the HI study of Kepley et al. (2007), one

finds masses of Mhalf & 3'108 M", and Mlast & 7'108 M" from the gas rotation at

those same radii - in close agreement with the values from the stellar rotation. The

NFW and isothermal sphere models that are fit to the stellar data imply halo masses

(taken to be the mass interior to a radius where the enclosed density equals 200 times
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the critical density) of 8.9' 109 M" and 2.6' 1010 M" respectively. We show these

values plotted versus the known stellar mass of WLM (1.1 ' 107 M"; Jackson et al.

2007) in the inset of Figure 2.18, along with the M% "Mhalo relation of Guo et al.

(2010). The isothermal sphere model and NFW model are o!set from each other,

but both roughly consistent with the relation from Guo et al. (2010). However the

sensitivity of the derived halo mass to the rotation signature at small radii in WLM

prevents us from discussing the implications of this in any further detail in this work.

With the above values and assuming a V band luminosity of 5.2 ' 107 L" (Mateo,

1998), we find a mass to light ratio of M/L = 8 and 29 M" L!1
" at the half light

radius, and 4.5 kpc (roughly the extent of the stellar and gaseous body of WLM)

respectively.

2.5.2 Dispersion Based Mass

An alternative estimate of the dynamical mass can be taken from simple analytic ex-

pressions relating the mass to the line of sight velocity dispersion at a characteristic

radius, as in the recent works of Walker et al. (2009b), Wolf et al. (2010), and Amor-

isco and Evans (2011). Independently, the studies identified a characteristic radius

where velocity anisotropy e!ects are minimized. With these formulae the enclosed

mass is computed in accordance with simple virial estimates. The Wolf et al. (2010)

relation requires a luminosity weighted velocity dispersion, which may introduce bias

when applied to composite populations which have spatially di!erent luminosity dis-

tributions (c.f., Amorisco and Evans 2011). Therefore we use the relation of Walker

et al. (2009b) who found M(rh) = µrh!2, where µ ( 580M"pc!1km!2s2. Being easily

computed this is used frequently to derive masses in the dSphs and UFDs of the Local

Group, however there are several points of caution to be noted in this formula’s appli-

cation to WLM. Any of these dispersion based mass estimators assume a system that

is spherically symmetric, without rotation, and with a flat radial velocity dispersion

profile - all conditions which are violated to some degree in WLM. Nevertheless it

is instructive for the time being to compare the dispersion based mass to other esti-

mators. We leave discussion of the biases that violation of these assumptions creates

to our forthcoming paper on the dynamical modelling of WLM. With these caveats
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Figure 2.18: Enclosed Mass as a function of geometrical radius. Black squares are ro-
tationally derived mass estimates using the asymmetric drift corrected stellar velocities at
various radii. Black lines show the HI rotation curve isothermal sphere estimates from the
best fit models of Kepley et al. (2007) to the receding and approaching sides of the galaxy.
Cyan curve is the best fitting isothermal sphere model fit to the six stellar data points (see
text). Green curve is NFW mass model fit to the same points. Inset shows stellar mass as
a function of the implied halo mass from both the SIS and NFW models, with comparison
to the relation (black line) from Guo et al. (2010) and references therein.
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we proceed and compute the average velocity dispersion within rh using the rotation

subtracted velocity dispersion profile shown in Figure 2.13. With this the half mass

from the Walker et al. (2009b) relation is Mhalf = 2.1 ± 0.3 ' 108 M". In Table 2.3

we summarize the mass estimates for WLM for ease of comparison.

With the enclosed mass at the half light radius it is now instructive to compare

WLM to the half mass estimates of Local Group dSphs. In Figure 2.19 we show that

WLM lies slightly on the more massive side of the sequence of Mhalf vs. rh shown in

Walker et al. (2009b). The other dSphs of the Local Group that lie o! the relation

in this direction are the isolated Cetus and Tucana dSphs. Tidal evolution tracks

of Peñarrubia et al. (2008) are overlaid, showing the expected evolution in mass and

radius for a galaxy that has lost various percentages of its dark and luminous mass

due to tidal stripping. This may provide an order of magnitude estimate for the

impact of stripping on WLM, but the models assume a dwarf galaxy with a King

profile and minimal rotation, so only a qualitative comparison is possible. While

WLM’s location on this diagram is not evidence itself for an isolated history, we can

say that if it were to go through significant tidal evolution it would likely transition

down into the sequence of the diagram occupied by the majority of the dSphs.

A more appropriate comparison may be to consider WLM with respect to the

dwarf elliptical (dE) satellites of M31. Studies of NGC 147, NGC 185, and NGC 205

have shown them to be of similar total mass and metallicity as WLM (Bender et al.,

1991; De Rijcke et al., 2006; Geha et al., 2010) although with higher luminosities and

gas fractions more than two orders of magnitude smaller (Mateo, 1998). Analyses

of the velocity fields of NGC 147 and NGC 185 at large radii by Geha et al. (2010)

suggest that these objects have similar kinematics as WLM, with all three exhibiting

well defined rotation. However given the larger axial ratios of NGC 147 and NGC

185, their (V/!)% values are 0.95 and 0.91 respectively (Geha et al., 2010) compared

to (V/!)% & 1.1 for WLM. Therefore while the dEs are more similar dynamically to

WLM than the dSphs, the dEs likely have stronger anisotropy amoung their stars

compared to WLM based on this ratio. Additionally the mass to light ratio (M/L)

of WLM is larger than the dEs despite having similar total masses at comparable

radii. Specifically, while the M/L ratios for the three dEs are all consistent with

M/L = 4 in solar units (De Rijcke et al., 2006), WLM’s ranges from 16 $ M/L $ 30
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Figure 2.19: Half mass as a function of half light radius for Local Group dSphs, and
WLM (blue). Overlaid are the expected tidal evolution tracks of Penarrubia et al. 2008 for
various total stripping values of the initial luminous mass. WLM lies on the isolated side
of the relation which is consistent with its implied separation and orbital history (see §1.1).
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over the half light radius to the last measured point. From our circular velocity

curve in Figure 2.18 we estimate WLM’s dynamical mass at two e!ective radii to

be M(2Re) & 1 ' 109M". This is very near to the mass of NGC 147 and NGC

185 at similar radius (5.6' 108, 7.2' 108; Geha et al. 2010), but slightly lower than

NGC 205 (2 ' 109; Geha et al. 2006). While WLM dynamically resembles NGC

147 in particular, it would seem that the relative dark matter content of WLM is

somewhat higher than all of the Local Group dEs. However it is interesting to note

that a conversion of WLM’s remaining gas mass to stellar mass would result in a

(M/L) & 4, consistent with the dEs.

We note that the derived mass for WLM is above the possible threshold for gas

retention found in the dwarf galaxy simulations of Sawala et al. (2011). That paper,

along with recent simulation and observation work in the last two years (Governato

et al., 2010; Sánchez-Janssen et al., 2010), indicate that the global structural and

dynamical properties of dwarf galaxies with gas are more strongly impacted by the

initial halo mass, and their subsequent evolution driven by internal feedback or secular

evolution, rather than tidal e!ects from a larger host galaxy. However environment

likely still plays some role given that WLM and the dEs (which both appear to have

comparable total masses within two e!ective radii) have drastically di!erent gas frac-

tions and e!ective radii - presumably due to the fact that the dEs reside within the

virial radius ($ 200kpc) of M31 where ram pressure and tidal stripping is expected

to be e#cient. Di!erences such as these make it even more important to characterize

the evolution of isolated galaxies, and the analysis in this work suggests that WLM

represents one possible outcome of dwarf galaxy evolution in the absence of strong

environmental forces.

2.6 Discussion

In the last sections we have presented data on the structure and dynamics of WLM,

which shows a thick gaseous and stellar configuration, as well as equal pressure and

rotation support in the stellar kinematics. Constraints based on the current position
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and velocity of WLM with respect to the Local Group barycentre indicate that WLM

could only have had at most one, if any, pericentre passage(s) and spent most of its

history in isolation, with minimal tidal interactions in its lifetime. Thus we might ask

how the extended structure of the gas and stellar disks/spheroids, and relatively high

pressure support in the stars came about? As discussed in Brooks et al. (2007); Op-

penheimer and Davé (2008); Sánchez-Janssen et al. (2010); Governato et al. (2010);

Roychowdhury et al. (2010); Sawala et al. (2011), the e!ect of stellar feedback (SFR,

SNe) is increasingly important in galaxies as their total mass decreases. Other in-

ternal processes that can work to transform the orbits and structure of stellar and

gaseous components include global disk instabilities, bars, and giant molecular cloud

(GMC) heating (Spitzer and Schwarzschild, 1951, 1953; Sotnikova and Rodionov,

2003). These e!ects may also increase with time in a system with ongoing SF like

WLM. We can gain insight into these processes by studying the change in velocity

dispersion over the course of WLM’s history.

2.6.1 Velocity Dispersion Evolution

In Figure 2.20 we show the velocity dispersion in stellar populations of di!erent ages.

There is a trend of increasing velocity dispersion with increasing stellar age, and at

all ages the stellar dispersion is above that of the HI. It is useful now to discuss

how exactly the stellar dispersions may have increased # 10 km s!1 higher than the

neutral gas velocity dispersion. One interpretation of Figure 2.20 is that the stars of

all ages are heated at some rate, and originated with an initial, constant dispersion

- which in our case agrees with the measured HI velocity dispersion from Kepley

et al. (2007) (dotted line)2. Alternatively, stars of di!erent ages could have formed

with di!erent dispersions depending on the ISM kinematics at the time of their birth.

Given that it is possible both interpretations are working in combination, we now

briefly discuss a few processes that might be expected to contribute to heating of the

stellar populations in WLM.

2The dispersion of the gas that stars formed out of may be even colder than the HI dispersion if
one considers the formation occurring in the cold molecular phase
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Figure 2.20: Velocity dispersion as a function of age in the stellar components of WLM.
Random error on the mean and systematic errors for each age bin are shown as the solid
and dash-dot error bars respectively. (Youngest data point (t = 0.01) is calculated from
the supergiant study of Bresolin et al. (2006). Blue dashed line indicates the maximum
expected heating from simulations of giant molecular cloud heating, and red solid and
dashed line represent an upper and lower contribution from DM substructure heating (see
text). Composite curves including both e!ects added in quadrature is shown in magenta.
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Tidal Heating

Mayer et al. (2001b) and Mayer et al. (2006) showed that tidal e!ects of a dwarf

galaxy passing through pericentre on its orbit about the Milky Way may trigger bar

formation, which later undergoes a bending instability and then works to increase

dispersion in the stellar components. However, this bar formation is not expected to

occur (at least to a strong degree) in populations that are already heated, or born

thick (Kazantzidis et al., 2011). Recent simulations that use dIrr progenitors modelled

with more realistic SF and feedback e!ects and inject them into the orbits of Mayer

et al. (2006) seem to show that the structural and dynamical transformation is also

possible through direct tidal interactions between the stars of the dwarf galaxy and

the potential of the MW (Mayer, 2011). This conclusion appears to be at odds with

Peñarrubia et al. (2008), who showed that dispersion decreases at all radii as tidal

stripping progresses - a trend that goes in the opposite direction than what is seen in

Figure 2.20. However, if new stars continue to form as the dwarf is tidally stripped

of mass (a scenario not included in Peñarrubia et al. (2008)), perhaps both models

could lead to lower velocity dispersion at younger ages. We also note that even the

simulations of Mayer (2011) that produce hot spheroids through direct tidal heating

only place their dwarfs on orbits that have apocentres of rapo = 250 kpc. The implied

apocentre of rapo % 1 Mpc for WLM (Figure 2.1) and orbital time of % 11 Gyr, limits

it to having had at most one pericentre passage, and would seem to rule out such a

tidal scenario for WLMs heating curve.

ISM Pressure Floor

Alternatively, Figure 2.20 could be interpreted as showing that the oldest stars formed

from birth in an originally hotter configuration. Simulations by Kaufmann et al.

(2007) found that in lower mass halos, an ISM temperature floor could produce ini-

tially thicker dwarf galaxies, as gas pressure support becomes increasingly dominant

in lower mass halos. If this ISM temperature floor decreased with time, perhaps a

fraction of the evolution of the stellar velocity dispersion could be attributed to the

stars forming out of a hotter ISM at earlier epochs. In the “cold flow” picture (Kereš

et al., 2005; Brooks et al., 2009), this galaxy should at all times have accreted gas
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“cold” (i.e., on the free fall time), but at high redshift it is likely along filaments,

while below z # 1" 2 it would be more spherical accretion. In this case the filamen-

tary accretion perhaps could drive turbulence in the ISM to a strong degree - which

would naturally settle with time as the accretion became more spherical. Explicit

evidence for accretion is di#cult to obtain, but the metallicity distribution function

for the WLM stars does show a deviation from a closed box chemical evolution model,

and in addition the spread in metallicity shows a slight increase as a function of age

(Chapter 3).

Giant Molecular Cloud and Dark Matter Subhalo Heating

The merger history of an object like WLM may also be important in dictating the

evolution of its velocity dispersion and vertical thickness with time. Abadi et al.

(2003) and Robertson et al. (2006) looked at the relative contribution of mergers of

varying masses and gas fractions. The latter study noted the importance of gas rich

merging as a way to maintain rotation support in galaxies, while the work of Abadi

et al. (2003) showed that a hot, thick stellar disk often forms early on, around the time

of the last major merger. However both studies could not include the high resolution

stellar feedback e!ects shown to be important in Governato et al. (2010), and were

simulating galaxies that were several orders of magnitude more massive than WLM.

The case of heating by giant molecular clouds (GMCs) usually assumes that the

clouds are occupying a relatively thin region of a galaxy and the encounter velocity is

dictated by the peculiar velocity of the stars in a rotating frame. Therefore %"2

%t ,
1
"

(c.f., Fuchs et al. 2001), and the heating is not particularly e#cient as the rate drops

as the random velocity component increases. This is due to the reduced encounter

probability, as the stars spend more time outside the GMC “layer” as the dispersion

increases. The blue solid line in Figure 2.20 shows a canonical relation of the form:

!(t) , (t" t0)
&. (2.4)

The maximum heating that is expected analytically and from simulations of giant

molecular cloud collisions alone is %GMC $ 0.25 (Lacey, 1984). While the mass

spectrum of GMCs in WLM is not precisely known, there is observational evidence
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to suggest the properties are not strongly dependent on host galaxy (Bolatto et al.,

2008). This maximum GMC contribution (indicated by the blue line) produces a

curve that comes quite close to reproducing the observed stellar dispersion values.

An additional source of heating may be present due to interactions between dark

matter subhalos and the stellar component of WLM (c.f., Moore et al. 1999). These

perturbations would have higher encounter velocities and expected heating would be

more or less isotropic (Fuchs et al., 2001). A simple calculation for the amount of

heating that a host galaxy of halo mass Mh undergoes from minor mergers with dark

matter subhalos of mass Ms can be derived assuming that the rate of heating for a

subhalo to deposit energy into the disk component of the galaxy is:

)Ed

)t
=

'Ed

tdf
, (2.5)

where, tdf is the dynamical friction timescale.

tdf =
1.17

ln(Mh/Ms)

%Mh

Ms

&rh

Vc
. (2.6)

For a given interaction, the amount of energy deposited into the halo component

relative to the disk component of WLM scales as ( , 2.3Mh/Md & 27 for WLM

(Toth and Ostriker, 1992). Thus the actual energy input into the disk will not be a

particularly large fraction of the satellite kinetic energy. Using the expected unevolved

subhalo mass function which is shown to be robust to halo size and over a range of

redshifts (Giocoli et al., 2008):

)n

)ln(Ms/Mh)
= A

% Ms

fMh

&!p

exp
'
"

% Ms

fMh

&q(
, (2.7)

Mo et al. (2010) show that the total heating rate by dark matter subhalos is:

)Ed

)t
,

! mmax

mmin

n(Ms|Mh)M
2
s dMs, (2.8)

where the expected number of subhalos for a given primary halo can be further sim-

plified to n(Ms|Mh) , M!1.8
s . In order to equate this heating rate by the dark matter

halos to an observable, we make the assumption that the kinetic energy deposited in
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the disk by a single event is:

'Ed = (1/2)Md!
2
z(R). (2.9)

The total heating rate due to dark matter subhalos from masses mmin to mmax can

then be rewritten as:
)!2

)t
,

2
)

(3)M1.2
s

1.2Md

***
Ms=mmax

Ms=mmin

. (2.10)

Therefore the expected total heating rate by dark matter substructure can be

roughly estimated by fitting our velocity dispersion-age data with a function of two

variables; the maximum subhalo mass (mmax) and the WLM disk mass (Md). We

assume equipartition of energy in all velocity directions, which has been shown to be

appropriate for satellites with circular orbits of various inclinations, and an isotropic

Maxwellian distribution of orbits (Toth and Ostriker, 1992). Similarly, assuming an

average dispersion within 1re for an age bin is justified, as the scale a!ected by the

energy injection of satellites has been shown to be at least that large (Sellwood et al.,

1998). Therefore it is a reasonable assumption for this simple model that disk stars at

nearly all radii are heated. In red we overlay two examples for a heating model based

solely on DM interactions. Both curves have a maximum perturber corresponding to

mmax = 5' 108 M", or # 5% of the total halo mass of WLM. The dashed line uses a

disk mass of 1'108 M", close to the present day value, while the solid line assumes a

disk mass of 8' 105 which is approximately the disk mass of WLM 11 Gyr ago using

the scaling relations of Dutton and van den Bosch (2009) (see Appendix §5.2 for more

details). Given the assumptions discussed in this paragraph, both curves are strong

upper limits on the amount of heating substructure would predict. Despite this, the

fact that the energy deposited in the disk scales as the mass ratio of WLM’s disk

to halo, prevents strong contribution from this e!ect. Even computing substructure

models with an unphysical value of ( = 1 does not match the observed dispersion

evolution. This is in good agreement with semi-analytic and n-body simulations

of disk heating such as Benson et al. (2004), which found similar ine#ciencies for

substructure heating.

In that study the authors showed that for lower mass primary galaxies, the con-

tribution of heating from GMC encounters will dominate relative to substructure in-
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teractions. As an additional independent check, we compute the heating/thickening

predicted by Equations 11 and 12 of Benson et al. (2004), expressed as a ratio of ver-

tical to radial scale lengths, h = zx/rd. With modest assumptions for the parameters

of those equations we find the same trend - GMC heating can produce a system with

0.32 $ h $ 0.57, close to the observed inclination corrected axial ratio of WLM (see

§4.4). Using the same range of disk and perturber masses in our Equation 2.10, we

again find that the substructure mechanism is not enough to produce the observed

vertical scale height - with only 0.02 $ h $ 0.09 found at the end of 12 Gyr in those

models (Figure 2.21). However recent simulations have shown that disk heating by

dark subhalos may be more e!ective if higher mass ratio accretion events on plunging

radial orbits are considered, however the probability of such events occurring is still

thought to be low (Tjitske Starkenburg, private communication).

While there are obvious degeneracies that prevent us from accurately knowing the

exact portion of the heating that came from GMC or DM substructure encounters

(especially given the uncertain merger rate as a function of time), combined they are

clearly of the right order of magnitude to explain the increased velocity dispersion

and thickening in WLM. Most importantly these processes can occur in a galaxy in

isolation, and don’t require influence from the MW or M31 to modify a galaxy.

Additional secular processes may work to heat the disk in the vertical direction,

including long scale length global disk instabilities, as well as transient spiral or over-

density features (c.f., Sotnikova and Rodionov 2003). However, as those features may

only last 1 Gyr, we can not comment on their impact directly. Although we have not

ruled out a scenario in which gas dispersion decreases with time (§6.1.2), the disper-

sion evolution presented in Figure 2.20, when coupled with WLM’s isolation, strongly

suggests that the gaseous and stellar populations became heated and thickened through

continual internal e!ects such as GMC and substructure interactions, rather than

tidal transformations triggered by the MW.
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Figure 2.21: Alternative disk heating model using the parameterizations of Benson et al.
(2004). Shaded region indicates the observed intrinsics axial ratio (q = b/a) of WLM.
Curves show the model output as a function of stellar age for GMC heating (blue curves)
for values of the maximum GMC mass of 7.5 ' 104, 1.0 ' 105, and 2.5 ' 105 M", as well
as the e!ect from DM substructure interaction (red curves) for maximum subhalo merger
masses of 1, 2.5, and 5% of WLM’s total halo virial mass (taken to be 1.2 ' 1010M").
As found in Benson et al. (2004), the contribution from DM interactions is not enough to
explain significant disk heating even with such extreme high mass perturbers.
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2.6.2 Comparing WLM to Evolutionary Models

How do these observations fit in with the larger picture of dwarf galaxy formation and

evolution? The structure and dynamical evolution of this isolated dwarf galaxy can

be examined in perhaps one scenario that is consistent with the findings presented in

this paper.

From Sawala et al. (2011) we see that the ability of a dwarf galaxy to retain

gas until the present day may be due in most part to the total halo mass of the

dwarf - with a threshold of approximately 1 ' 109 M" below which the galaxies are

less likely to retain gas. Gas rich galaxies in that simulation also tended to have a

late infall (z $ 0.2) to the group, and pericentre distances that were greater than

300 kpc. Because of this, dIrrs could have gas over a larger percentage of their

history, and experience ongoing SF and SNe - internal feedback that contributes

to heating the dwarf, creating a slightly pu#er system. Additionally, simulations

by Schroyen et al. (2011) show that dwarf galaxies with high angular momentum

tend to have SF continuously over the full radial extent of the galaxy - compared to

non rotating systems in which the gas can e#ciently fall to the center and undergo

extreme centralized SF and blowout events. As discussed in Robertson and Kravtsov

(2008), if SF is regulated by the ability of the gas to settle into the molecular phase,

a thick, hot ISM would naturally result in low e#ciency SF, in line with the high gas

fraction seen for WLM today. Therefore higher mass, rotating dwarf galaxies would

more likely be the type where we would expect to see signatures of extended internal

feedback e!ects - namely a thick stellar configuration. These systems, if isolated, will

be solely subject to internal feedback e!ects such as SF, GMC interactions and secular

global disk instabilities (c.f. Sotnikova and Rodionov 2003), which only produce mild

transformations in their structure and dynamics.

Thus we could have a scenario where the initial mass dictates the probability of

gas retention (i.e., Sawala et al. 2011), which in combination with angular momentum

(Schroyen et al., 2011; Koleva et al., 2009), sets the level of internal feedback driven

heating. In this picture, WLM could be an example of an isolated dwarf irregular

at high enough mass and isolation to allow for ongoing SF driven feedback which

maintains a dynamically hot stellar structure, low SF rate, and high gas content.
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2.7 Summary and Conclusions

We have presented the results of a VLT and Keck II spectroscopic survey of 180 RGB

stars in the isolated dIrr galaxy, WLM. Broadband optical and infrared photometry

and HI radio observations allowed for the study of the structure and dynamics of

stellar and gaseous populations in a galaxy at the outskirts of our Local Group - a

unique oppourtunity in resolved spectroscopic studies of dwarf galaxies.

The main results from our analysis are:

• Given the high inclination, the apparent axial ratios of both the gas and stars

indicate that WLM has a thickened structure )q* = 0.39 " 0.57. However the

data is not detailed enough to distinguish between a thick disk, or flattened

oblate spheroid. This thickened structure is consistent with observations of sta-

tistically large samples of dwarfs (Sánchez-Janssen et al., 2010; Roychowdhury

et al., 2010).

• The ellipticities and position angles of the HI, young C-stars and evolved RGB

stars are nearly identical. The photometric and kinematic position angles of

the gas and stars are also closely aligned ()% = 1$, )gas = 2$).

• We measure a maximum rotation in the stars of Vrot = 17 km/s, which after

correction for asymmetric drift approaches Vrot = 36 km/s - in excellent agree-

ment with the HI. The velocity dispersion profile reaches a maximum of ! # 17

km/s and declines with radius, unlike the flat profiles seen in dSphs. The ratio

of rotation to pressure support, V/!, is of order unity out to 1.5re, where it

slowly rises to 2.5 - in contrast to the HI, which shows V/! # 7.

• The stellar velocities show V/! ratios that decrease with age, and the velocity

dispersion grows with age at a rate that can be explained through primar-

ily GMC heating and substructure interactions - with the former dominating.

The evolution of !(t) is therefore consistent with internal feedback mechanisms,
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rather than external environmental e!ects such as tides.

• Using rotationally derived mass estimates we compute a mass at the half light

radius (rh = 1656 ± 49 pc) of Mhalf # 4' 108 M".

• Put together, the observations paint a picture in which WLM has spent the

majority of its evolution in isolation, with its velocity dispersion and structural

evolution governed primarily by conditions at formation and subsequent internal

feedback e!ects, rather than tidal events.

This departure from dwarf irregulars as thin rotationally supported cold disks

may have implications for the timescales required for tidal transformation scenarios,

and for analysis of the statistical properties of dwarf galaxy populations on the group

scale. WLM represents one look at how only the baseline secular processes in a galaxy

will modify it over # 12 Gyr. Further studies of dIrr galaxies of di!ering masses and

isolation levels will continue to disentangle to what degree internal feedback and

environmental evolution play in forming the distinct classes of Local Group dwarf

galaxies we see today.
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Table 2.1. WLM Properties

Quantity Value Description Reference

($, %) (00 01 58, -15 27 45) J2000 Mateo (1998)
(l, b) (75.85, -73.63) Gallouet et al. (1975)
E(B-V) 0.035 (mag.) Line of Sight Reddening McConnachie et al. (2005)
DMW 985 ± 33 kpc Galactocentric Distance Average
e 0.45 - 0.6 Eccentricity This work
q0 # 0.38" 0.57 Intrinsic Axial Ratio This work
z0 705 ± 28 pc Vertical Scale Length This work
rD 987 ± 30 pc Radial Scale Length This work
rh 1656 ± 49 pc 2D Projected Half Light Radius This work
hMA

0 1209 ± 23 pc Major Axis Disk Scale Length This work
PAkin 178 ± 1" Kinematic Position Angle This work
PAphot 179 ± 2" Photometric Position Angle This work
V HI

hel "130 km s#1 Heliocentric Velocity Jackson et al. (2004)
(Vrot

" )HI # 6 HI Rotational to Pressure Support Kepley et al. (2007)
(Vrot

" )! # 1 Stellar Rotational to Pressure Support This work
Mv -14.1 (mag.) Integrated V Band Absolute Mag. van den Bergh (1994)
MHI (6.3 ± 0.3)' 107 M! HI Mass Kepley et al. (2007)
M! 1.1' 107 M! Stellar Mass Jackson et al. (2007)
Mg

Mb
0.86 Gas Fraction (Mg = MHI/0.733) This work

Mb
Mtot

0.05" 0.10 Baryon Fraction (Mb = M! + Mg) This work
Mtot
LV

17" 30 M! L#1
! Direct Mass to Light Ratio (at rhalf to rlast) This work

$ = #9"2
0

2$GI0rHB
232 ± 31 M! L#1

! Theoretical Mass to Light Ratio This work
[Fe/H]RGB

phot "1.45 ± 0.2 dex Photometric RGB Metallicity Minniti and Zijlstra (1997)
[Fe/H]RGB

spec "1.28 ± 0.02 dex Spectroscopic RGB Metallicity This work
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Table 2.2. Repeated Measurements

Matched Pair ID Vhel [Fe/H]

1 26940 -98.000 -1.66
1 26939 -105.110 –
2 27429 -123.000 -0.79
2 27428 -118.350 -1.03
3 27926 -123.000 -1.11
3 27925 -135.010 -1.37
4 28220 -145.000 -0.97
4 28219 – –
5 28395 -139.000 -1.24
5 28394 -124.940 –
6 28986 -112.000 -0.76
6 28985 -104.620 –

Note. — First entry of each pair is the
FORS2 observation, second the DEIMOS.

Table 2.3. Mass Estimates

Description Value Notes

Mass within rh 2.1 ± 0.3' 108 M! Eqn. 1 of Walker et al. (2009b)
Mass within rh from V !

c 4.3 ± 0.3' 108 M!

Mass within r!
last from V !

c 8.5 ± 0.3' 108 M! Last measured stellar bin = 2.9 kpc
Mass within rHI

last from approaching side HI SIS Model 9.4 ± 0.5' 108 M! Last measured HI point = 4.5 kpc
Mass within rHI

last from receding side HI SIS Model 2.2 ± 0.1' 109 M! Last measured HI point = 4.5 kpc
Mass within rHI

last from stellar SIS Model 1.2 ± 0.1' 109 M! Last measured HI point = 4.5 kpc
Mass within rHI

last from stellar NFW Model 1.6 ± 0.1' 109 M! Last measured HI point = 4.5 kpc
Mass within r200 from stellar SIS model 2.6 ± 0.2' 1010 M! r200(SIS) = 60.5 kpc
Mass within r200 from stellar NFW model 8.9 ± 0.8' 109 M! r200(NFW ) = 42.0 kpc



Chapter 3

The Comparative Chemical

Evolution of an Isolated Dwarf

Galaxy: A VLT and Keck

Spectroscopic Survey of WLM

Building on our previous spectroscopic and photometric analysis of the iso-
lated Local Group dwarf irregular (dIrr) galaxy WLM, we present a compari-
son of the metallicities of its RGB stars with respect to the well studied Local
Group dwarf spheroidal galaxies (dSphs) and Magellanic Clouds. We calculate
a mean metallicity of [Fe/H]= "1.28± 0.02, and intrinsic spread in metallicity
of ! = 0.38±0.04 dex, similar to the mean and spread observed in the brighter
dSph Fornax and the Small Magellanic Cloud. In addition the intrinsic dis-
persion in metallicity is roughly twice as large for the oldest stars relative to
the youngest stars, showing !1!2Gyr = 0.15 ± 0.05 and !10!13Gyr = 0.33 ± 0.09
dex, which is a similar trend as seen in the LMC. The data also show a radial
gradient in [Fe/H] of d[Fe/H]/drc = "0.04± 0.04 dex r!1

c , which is flatter than
that seen in the unbiased and spatially extended surveys of dSphs. Compari-
son of the spatial distribution of [Fe/H] in WLM, the Magellanic Clouds, and
a sample of Local Group dSphs, shows an apparent dichotomy in the sense
that the dIrrs have statistically flatter radial [Fe/H] gradients than the low
angular momentum dSphs. Despite its isolated environment the global metal-
licity still correlates with mass/luminosity, and while the spatial distribution of
abundances may be mediated by angular momentum, there is little di!erence
in the chemical evolution of WLM compared to the nearby dwarfs of similar
luminosity - whether gas rich or gas poor. Taken together these results sup-
port a scenario where environmental processing may more strongly e!ect the
morphology and kinematics of low mass systems, compared to their chemical
evolution.

71
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3.1 Introduction

Dwarf galaxies in the Local Group o!er a strong test for mass assembly theories

in "CDM cosmologies, as hierarchical merging of protogalactic fragments of similar

stellar mass (105 " 109 M") are expected to be the primary channel for formation

of larger disk galaxies like our own Milky Way (MW) or Andromeda (M31) (e.g.,

Navarro et al. 1997; Moore et al. 1999; Madau et al. 2001). Therefore studying the

surviving dwarf galaxies that orbit the two large spirals in the Local Group o!ers a

way of testing galaxy formation theories.

Characterizing the physical properties of the building blocks of larger galaxies is

the next important step in studying galaxy formation models. This task requires an

understanding of the global properties of dwarf galaxies such as mass, size, angular

momentum, chemistry and luminosity, to observe if the merging fragments are con-

sistent with the properties of the disk and halo of the large spirals. Further study

of dwarf galaxies can also shed light on how baryons populate dark matter halos at

the faint end of the galaxy luminosity function, and in turn o!er a chance to study

galaxy assembly at low masses (Bullock and Johnston, 2005). Understanding of the

formation mechanisms can also provide insight towards what produces the range of

morphologies (dwarf spheroidals, dwarf irregulars) seen in the Local Group. Most im-

portantly, quantitative comparisons of the chemical and kinematic signatures of dwarf

galaxies can constrain evolutionary connections (e.g., tidal transformation scenarios;

Mayer et al. 2006) between the two morphological classes of dwarf galaxies.

Important signatures of environmental or internal evolutionary mechanisms can

be traced by the evolved stellar populations (RGB stars) in dwarf galaxies. With

spectroscopic observations of these long lived (" 1 Gyr) stars, questions on whether

star formation and chemical enrichment proceed with the same e#ciency in isolated

galaxies can be addressed through analysis of the stellar age-metallicity and star for-

mation history (SFH). Such analysis places constraints on the timescale for baryonic

assembly and chemical enrichment, and di!erences in timescales between di!erent

morphological classes of dwarf galaxies may provide information on the role of mass

or environment in dictating the evolution of such systems. For example, in a sample of

distant dwarf galaxies the recent study of Weisz et al. (2011) showed that the SFH of
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dIrrs and dSphs are nearly identical over the first 12 Gyr and only di!er markedly in

the most recent 1 Gyr. However deeper photometric views of lower luminosity Local

Group dwarf galaxies find more distinct di!erences between the morphological classes

(Hidalgo, 2011). The contrasting star formation histories between dIrrs and dSphs in

that study may be due to di!erences in internal processes or environment dependent

feedback, however disentangling the two and understanding why dIrrs retain more

gas to power current SF is di#cult. If low star formation e#ciency is due to internal

feedback e!ects (Brooks et al., 2007), or H2 regulated star formation (i.e., Krumholz

and Dekel 2011) will the age and metallicity of a galaxy’s stellar population change

substantially? To fully understand if the global chemical enrichment of a system is

dependent solely on its halo mass, or if there is a fundamental di!erence expected

for an isolated dwarf galaxy (which has not been tidally perturbed or subject to ram

pressure) requires samples of hundreds of evolved stars (ideally of di!erent ages) over

the full spatial extent of the dwarf galaxy.

The latter point is particularly crucial, as the presence of radial abundance gradi-

ents and their ubiquity within di!erent classes of dwarf galaxies is one of the primary

testing points to infer whether internal or external processes are responsible for the

current abundance properties in dwarf galaxies. Depending on the mechanism for

creating, sustaining, and erasing such chemical gradients, their presence and strength

may correlate with physical properties or environment of the host system (c.f., Kol-

eva et al. 2011). At present it is unclear if radial metallicity gradients are ubiqui-

tous in low mass dwarf galaxies of all types, as seen in some dSphs (Tolstoy et al.,

2004; Battaglia et al., 2006; Kirby et al., 2010; Battaglia et al., 2011). Therefore

it is also unclear if angular momentum and/or radial migration mechanisms mediate

these gradients with di!erent e#ciencies in galaxies with di!erent dynamical histories

(Schroyen et al., 2011; Roškar et al., 2008). Additionally supernovae may redistribute

enriched material more e#ciently in low mass galaxies (De Young and Heckman, 1994)

to produce steep abundance gradients, or self shielding may be less e#cient in these

low density systems, prohibiting SF at larger radii (Sawala et al., 2010). To date,

surveys attempting to address the presence of abundance gradients in larger samples

of dwarf galaxies outside the Local Group have produced uncertain correlations be-

tween galaxy properties and abundance strength (Koleva et al., 2011), due in part
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to di#culties in ascertaining gradients in integrated light spectra, and sampling out

to large spatial extents in distant low surface brightness objects. Similarly unbiased

metallicity estimates, and large spatially complete samples of resolved stars in Local

Group dwarfs are just now being amassed in large number to answer such questions

on abundance gradients.

There have been several large scale spectroscopic surveys of the RGB stars in

the nearby ($ 250 kpc) dSphs of the Local Group (e.g., Battaglia et al. 2006; Walker

et al. 2009b; Kirby et al. 2010). However the gas rich dIrrs, lie at distances 500"1100

kpc away from the MW, which renders analogous surveys observationally expensive.

Studying these isolated dIrrs is crucial however, as they 1) provide important initial

structural and kinematic conditions for tidal transformation scenarios which evolve

dIrrs into dSphs (c.f., Kazantzidis et al. 2011), and 2) being isolated o!er a unique

oppourtunity to study internal secular evolution in low mass halos that haven’t been

strongly perturbed by the tidal forces of the Milky Way. Spectroscopic velocities

and metallicities for stars in both classes (irregulars and spheroidals) can be used

to directly compare the chemodynamic trends in each case. Evolution of intrinsic

chemical or dynamical properties with age, signatures of radial metallicity gradients,

and comparison of the shapes and potential depth are all possible to understand how

the observed morphologies of dwarfs were created and are connected in the Local

Group and beyond. However these questions may not be answered precisely without

unbiased estimators of metallicity for stars over the full spatial extent of isolated and

nearby dwarf galaxies.

In the earlier papers in this series (Leaman et al. 2009; Paper I) and Chapter

2 we presented some of the first kinematic analyses of the stellar populations in an

extremely isolated dIrr, WLM. This dwarf galaxy sits 1 Mpc from both the MW and

M31, and 250 kpc from the nearest neighbour, the low mass dSph, Cetus. From its

Local Group position and velocity it is inferred that WLM’s last pericentre passage

was 11-17 Gyr ago, which means it has had at most one close interaction with a large

spiral. The low mass and metallicity of WLM also make it an excellent laboratory for

probing chemical evolution in regimes where the SF e#ciency is expected to be low

(Krumholz and Dekel, 2011; Kuhlen et al., 2011). WLM clearly has spent the majority

of its lifetime in isolation, and therefore is ideal for disentangling environmental and
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internal evolutionary processes.

Metallicities for many individual RGB stars in WLM allow us to address questions

about the global chemical properties of this isolated dwarf galaxy with a di!erential

comparison to other Local Group dwarf galaxies. While many dwarf galaxies have

detailed chemical studies of their evolved populations, there is now the oppourtunity

to test if the chemical yields, metallicity gradients, or dispersions are significantly

di!erent in an isolated system. If so this could o!er further clues as to which internal

or external processes dominate the evolution of dwarf galaxies in our Local Group.

In this work we present the spectroscopic analysis of the Calcium II triplet (CaT)

based [Fe/H] measurements in a sample of 126 red giant branch (RGB) stars in the

dIrr galaxy WLM. As this represents the first isolated Local Group dIrr with a sizable

spectroscopic survey of its evolved stellar populations, we proceed with comparing the

dynamical, chemical, and structural properties to the less isolated dSphs and Mag-

ellanic Clouds. These comparisons are used to examine the interplay between envi-

ronmental and internal feedback in an observational sense, and by selecting datasets

that have substantially larger spatial extents and unbiased metallicity estimators than

past studies, o!er a significant improvement in the ability to accurately di!erentiate

the chemical properties of Local Group dwarf galaxies.

In the following sections, we review the observations of WLM presented in Papers

I and II and extend the analysis to compare this isolated dIrr to Local Group dwarf

galaxies from the literature. §2 will present the VLT and Keck data for WLM and

other Local Group dwarf galaxies. §3 will outline the spectral analysis steps, and

derivation of age and chemical abundance estimates and uncertainties for our stars.

Finally in §4 and §5 we compare and discuss the chemical properties of the evolved

stellar populations in WLM, the Magellanic Clouds, and several dSphs.

3.2 Observations and Data Sources

Resolved stellar spectroscopic data for this paper is from the following sources: spectra

of 180 RGB stars were observed with Focal Reducer and low dispersion Spectrograph

(FORS2, Appenzeller et al. 1998) at the VLT (Paper I) and the Deep Imaging Multi-

Object Spectrograph (DEIMOS, Faber et al. 2003) at Keck II (Paper II) for WLM.
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These spectra were analyzed in Papers I and II, where the details of instrument con-

figuration and observations are presented. The dSph RGB spectroscopic data comes

from the following sources: the Sculptor, Fornax, Sextans, and Carina, data are taken

from the original surveys of Tolstoy et al. (2004); Battaglia et al. (2006, 2011); Koch

et al. (2006) respectively. These samples have since been updated by the Dwarf

Abundances and Radial velocity Team (DART). The updates include: observations

of additional stars with the same instrument setup and reduction as described in the

original papers1, applying the new CaT-[Fe/H] calibration from Starkenburg et al.

(2010) to all stars, visual inspection of low metallicity candidates, and quality control

cuts (S/N> 10, #V hel < 5 km s!1). Throughout this paper spectra from these four

galaxies will be referred to as the “DART sample”, meaning these updated catalogues

which are based on the original papers. The full sample of eight dSphs from Kirby

et al. (2010) (hereafter K10) were also considered, however as the goal was to charac-

terize the chemical properties of the complete spatial extent in these dwarf galaxies,

only Leo I and Leo II are used from that work, as they both show spatial coverage

out to at least three core radii (and past the tidal radii). The large samples of Walker

et al. (2009a) are not used because, as noted by the authors, the [Fe/H] estimates

taken from their Mg line indices show saturation at low metallicities, which will yield

systematically higher and biased [Fe/H] distributions.

The WLM and dSph data is supplemented with observations of RGB field stars

in the Magellanic Clouds. For the LMC we draw from the work of Cole et al. (2005);

Pompéia et al. (2008); Carrera et al. (2008b) and the studies of Carrera et al. (2008a);

Parisi et al. (2010) for the SMC. We have restricted the Magellanic Cloud data to be

only spectroscopic studies of RGB field stars, not studies of clusters. The data taken

from literature represent spectroscopic surveys of at least 100 stars per galaxy where

[Fe/H] estimates are available for each star, and the sample extends to at least 75%

of the tidal radius, rt, of the galaxy. The data sources and references for the nine

Local Group dwarf galaxies used in this paper are summarized in Table 3.1, which

also shows the number of stars in each survey and the fraction of the tidal radius that

the outer most spectroscopic member reaches, rmax/rt. We refer the reader to the

1The exception is Carina, whose stars from Koch et al. (2006) were taken from the ESO archive
and reprocessed using the DART pipeline procedures.
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individual studies for more detailed information on the reductions, but throughout

this paper di!erences in methodology will be discussed when relevant to comparisons

we draw.

3.2.1 Auxiliary Measurements

For several of the comparisons in this work we require additional parameters for the

stars aside from the published, directly measured velocities or metallicities. These

are core radii of the dwarf galaxy (rc), elliptical radii and ages of the stars. With

these it is possible to explore the spatial and temporal variations that may illuminate

di!erences or connections between the evolutionary history of dIrrs and dSphs. For

the elliptical radii measurements, a galaxy centre, mean ellipticity (e) and position

angle (PA) are required. In the case of WLM the field center from Mateo (1998), and

the ellipticity, position angle, and rc from Paper II were adopted. For Leo I and Leo

II dSphs we adopt the field centre from K10 and position angle, rc and e from Irwin

and Hatzidimitriou (1995).Values for the field centre for the DART dSphs were taken

from the original papers listed in Table 3.1 and references therein, and core radii, e,

and PA from Irwin and Hatzidimitriou (1995). The field centres, e and PA for the

SMC were taken from Harris and Zaritsky (2006), and from van der Marel (2001)

for the LMC. The rc for the LMC and SMC were computed as a weighted mean of

the values in the recent study of Belcheva et al. (2011). The geometrical radii for all

samples have been derived, and in each case these have been referred to the global

ellipticities and position angles listed above.

3.3 WLM Spectral Analysis

For the observations of WLM we now discuss the derivation of the [Fe/H] and age

estimates, with focus on the nature of various calibrations. As in Paper I, [Fe/H]

values were derived based on the empirically calibrated Calcium II triplet method.

As shown by Armandro! and Da Costa (1991) and Rutledge et al. (1997) the summed

equivalent width of these lines correlates with [Fe/H] on a scale calibrated to galactic

globular clusters (GCs). Additional work has been done extending the calibration
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to younger ages (Cole et al., 2004), which is crucial given that the RGB populations

in WLM are expected to span 10 Gyrs. However due to the fact that the empirical

calibrators (Galactic globular clusters) only are found as metal poor as [Fe/H]# "2.5,

the method has some intrinsic limitations. In recent years work by Kirby et al. (2008)

has shown the advantage of using synthetic spectral techniques that can derive [Fe/H]

in a way that is not limited by the properties of the calibrators - thus pushing down

to lower metallicities. However applying these synthesis techniques requires moderate

to high resolution and signal to noise spectra, which is observationally expensive for

galaxies at the distance of WLM.

In order to address this limitation, the empirical linear calibration of the CaT

method has been revised by Starkenburg et al. (2010). They found that at low

equivalent widths and magnitudes, the CaT calibration becomes non-linear, resulting

in an overestimate of the [Fe/H] at low metallicities. The higher order correction

terms presented in that work are used here to avoid this pitfall.

3.3.1 Equivalent Width Measurements

As in Paper I equivalent width measurements of the Calcium II triplet lines were

done with pixel-pixel integration methods. The region of integration for each line

was taken to be where the line wings intersect the normalized continuum (unity). For

comparison, equivalent width measurements were also produced using integration over

the line and continuum bandpasses of Cenarro et al. (2001). Functional fits to each

of the three lines were also computed, and equivalent widths derived using Gaussian,

Lorenztian, Mo!at and Voigt functions. In those cases the fits were done using the

MPFIT Levenberg-Marquardt routine in IDL (Markwardt, 2009). A comparison of

the pixel integration versus several fitted equivalent width estimates for stars in the

calibration clusters shows excellent consistency, however the integration bandpasses

of Cenarro et al. (2001) tends to produce larger values for the EW relative to other

methods, as shown in Figure 3.1. For this data which has relatively low spectral

resolutions the direct pixel integration shows the best agreement with Gaussian fits

for the calibration stars. However as in Paper I, the resolution and signal-to-noise

of the WLM stars necessitate using the integrated equivalent widths rather than
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functional fits.

3.3.2 Placement onto the Metallicity Scale

To use any of the calibrations requires a summed equivalent width determination for

each star. In the calibration of Cole et al. (2004), each of the three calcium triplet line

measurements were combined in an unweighted fashion to yield a summed equivalent

width per star

(W = W8498 + W8542 + W8662. (3.1)

With this relation it is possible to form the calcium index, W # defined as

W # = (W + +(V " VHB). (3.2)

The term in the parentheses provides a correction for the changes in Teff and log(g)

for stars in di!erent phases on the red giant branch. A cooler temperature and lower

surface gravity play non-trivial roles in the formation of the CaT line profiles and the

continuum in these evolutionary stages. Theoretical and empirical work (Jorgensen

et al., 1992; Cenarro et al., 2002) has confirmed this complicated interplay of the

calcium line strengths with stellar parameters such as temperature and gravity. Thus,

this term is important in removing the gravity dependence of the lines with respect to

the continuum in the CaT analysis. Our V magnitudes are taken from the INT WFC

catalogue presented in McConnachie et al. (2005) and the calibrations in that paper.

We adopted the horizontal branch at VHB = 25.71±0.09 mag (Rejkuba et al., 2000),

and take + = 0.73 ± 0.04Å mag!1 from Cole et al. (2004). Using the Carretta and

Gratton (1997) scale, the calcium index is converted to a metallicity ([Fe/H]CG97) as

follows:

[Fe/H]CG97 = (0.362 ± 0.014)W# " (2.966 ± 0.032). (3.3)
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Figure 3.1: Comparison of equivalent widths measured for the three Calcium lines
(colours), and the sum (black), using pixel integration (x-axis) vs. various fitted profiles
(y-axis) for NGC 7078 spectra. The agreement between the pixel integration and Gaussian
fit is the most accurate, with the bandpasses of Cenarro et al. (2001) largely overestimating
the EWs relative to the pixel integration in such low S/N spectra.
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The summed equivalent widths were also converted to an [Fe/H] scale using the

calibration of Battaglia et al. (2008b), as well as two non-linear calibrations laid out

in (Starkenburg et al., 2010). In these three cases the summed equivalent width was

computed using the last two calcium triplet lines. Finally we also created a linear

calibration based on our stellar cluster (GC) calibrators (NGC 6791, Pal 14, NGC

7078) to check that there were no strong dependencies on instrument resolution.

Figure 3.2 shows the summed equivalent width as a function of V magnitude relative

to the Horizontal Branch for the calibration based on Equation 5 from Starkenburg

et al. (2010). The non-linearity in the low metallicity and faint end of the parameter

space is evident in this diagram. However while the calibrating Globular Cluster stars

shown in that figure extend to low magnitudes below the horizontal branch, we note

that most of our WLM member stars are in the region of the parameter space, where

large di!erences between the linear and non-linear calibrations are not expected.

Metallicity distribution functions (MDFs) for 126 stars of the 180 member stars

which had su#ciently high signal-to-noise (" 10Å!1) are shown for each of the five

calibrations in Figure 3.3. Uncertainties were propagated from the initial line width

measurements to the calibrated [Fe/H] values, as in Paper I. The mean uncertainty of

the FORS2 stars is 0.25 dex, while for the DEIMOS stars it is 0.26 dex. While higher

resolution, some of the DEIMOS data is much lower signal to noise, which allowed us

to derive reliable metallicity estimates for only 50% of that sample.

Qualitatively the MDFs presented in Figure 3.3 show good agreement have sim-

ilar dispersions and mean values within the uncertainties ($ ±0.25 dex). Thus, the

calibrations are in good agreement with one another for the relatively bright and

metal rich stars of WLM, however di!erences on fainter stars are still able to in-

fluence quantities such as the determination of [Fe/H] gradients which could change

when using non-linear CaT-[Fe/H] calibrations. This becomes particularly important

when pushing the CaT method to fainter magnitudes and lower metallicity systems.

In Figure 3.4 we show the e!ect on spatial variations in [Fe/H] for two di!erent

CaT based [Fe/H] calibrations for WLM. There are visible di!erences even for the

relatively bright and metal rich stars in our sample. And while the linear fits are

consistent within the larger errors for this distant dwarf galaxy, the change in the

Kolmogorov-Smirnov probability that the metal poor and metal rich populations are
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Figure 3.2: Equivalent width as a function of magnitude relative to the horizontal branch
for stars in the calibrating clusters NGC 6791 (red), Pal 14 (magenta), NGC 7078 (blue).
Shown as the solid black lines is the [Fe/H] calibration of Starkenburg et al. (2010), illus-
trating the non-linearity clearly. Calibration lines proceed in constant [Fe/H] values from
solar to "2.5 dex in 0.5 dex steps, according to the given calibration. Dashed red, magenta
and blue lines are [Fe/H] values corresponding to the calibrating cluster’s mean metallicity
as taken from Harris (1996) and Dotter et al. (2008) (Pal 14).
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Figure 3.3: Full metallicity distribution functions for 126 stars out of 180 stars in our
WLM dataset in which the spectra had S/N " 10Å!1. Each panel shows the distribution
derived from a di!erent empirical Calcium Triplet calibration. Full distribution is shown in
black, original 78 stars from the FORS2 dataset of Paper I are shown in blue, and DEIMOS
spectra of the highest S/N quality in green. Within a given calibration, samples show good
agreement, providing confidence in even the lowest S/N DEIMOS stars
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drawn from the same parent population is significant. As gradients have such large

implications for dwarf galaxy formation and evolution, care must be taken during in-

terpretation, and this starts with an accurate understanding of the calibration biases.

Unless otherwise stated, the non-linear calibration of Starkenburg et al. (2010) based

on the horizontal branch magnitude was used for the analysis in the remainder of this

paper for all stars in order to minimize biases among all metallicity measurements in

the samples.

3.3.3 Age Derivations

Age derivations were discussed in Paper I and Paper II for the WLM sample, which we

summarize with a focus on understanding systematic biases in age derivations of RGB

stars in dwarf galaxies with ongoing star formation, such as WLM. We have derived

ages using the published photometry and a grid of isochrones from the Demarque

et al. (2004) stellar evolution models. The V and I photometry, reddening, [%/Fe],

and distance moduli were taken from Papers I and II on WLM, and discussed therein.

With dereddened photometry, and spectroscopic [Fe/H] and [%/Fe] estimates, the

ages could be interpolated from the grid of isochrones. Errors were assigned by

propagating the photometric, reddening and distance modulus uncertainties, as well

as the spectroscopic abundance uncertainties into the position of the star on the

colour magnitude diagram. It is important to keep in mind that ages derived using

this method will be most valid in a di!erential sense within a given sample, as there

are strong systematics between the stellar evolution libraries used in various studies.

The relative random uncertainty on age for an individual WLM star is # 50%.

Quantifying Systematic Age Errors

While the random error quoted above captures the worst case uncertainty in derived

age due to errors in colour, magnitude and [Fe/H], there are three additional system-

atic errors we wish to quantify - AGB contamination, di!erential (internal) reddening,

and variations in [%/Fe]. In WLM, there is evidence for an extended SFH over its

lifetime (Dolphin, 2000), therefore it is highly probable to sample stars on the giant
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Figure 3.4: Impact of [Fe/H] CaT calibration on the presence of spatially segregated
subpopulations and gradients. Left and right panels show the linear calibration of Cole
et al. (2004) adopted in Paper I, compared to the non-linear calibration of Starkenburg
et al. (2010) in the right panel adopted for this work. Probability shown in the lower panels
are computed from a two dimensional, two-sided Kolmogorov-Smirnov test, and represents
likelihood that the metal poor and metal rich populations are drawn from the same parent
distribution in each calibration case.
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branch of ages 1.6 " 12 Gyr. In addition the distance of WLM makes it di#cult to

accurately di!erentiate second ascent giant branch stars with much confidence from

photometry. This means that within the sample there may be AGB stars, which while

not changing the derived [Fe/H] or velocities, will produce a bias in the inferred age.

Using the SFH of Dolphin (2000), it is possible to roughly estimate the AGB contami-

nation rate within the colour and magnitude range of the WLM spectroscopic targets.

A conservative upper limit on the contamination fraction is # 40%, with about 1/3

of those AGB stars being younger than 2.5 Gyr, and a third older than 9 Gyr. Using

a grid of isochrones, it is possible to work out for a given colour and magnitude the

di!erence in age between an RGB and AGB star. The systematic age error due to

AGB contamination is found to be strongest at young ages. Specifically, an AGB star

of 1.6 Gyr would have its age underestimated by 20% if it were considered an RGB

star in the sample. This percentage drops to 10% for a 2 Gyr star, and 5% for a 10

Gyr star. While very coarse, these numbers to first order help estimate the expected

systematic uncertainty in ages due to AGB contamination.

The unknown nature of di!erential internal reddening, and %"element abundances

of WLM stars will contribute additional systematic errors. To numerically estimate

the combined systematic uncertainty due to these two factors and the above mentioned

AGB contamination, we proceeded as follows. For a test star of a given true age and

[Fe/H], and fixed evolutionary position # 0.5 magnitude below the tip of the RGB,

we drew randomly a possible variation in (V-I) (due to reddening), and [%/Fe], as

well as gave it a 50% chance at being an AGB star. The distribution of internal

reddenings was drawn from a Gaussian of !V !I = 0.03 mag (for comparison, the line

of sight reddening in the direction of WLM is E(V-I)= 0.037 Schlegel et al. 1998).

The distribution of di!erential [%/Fe] was taken from a Gaussian of !& = 0.05 dex -

which was chosen primarily to keep [%/Fe] within the range of the isochrone grid. In a

given iteration, the test star had its age rederived using the new colour and magnitude

on a grid of isochrones reflecting its new [%/Fe]. If the star was also drawn to be an

AGB star, the new age was modified by the systematic age o!sets discussed in the

above paragraph.

In Figure 3.5 we show the systematic errors due to these combined e!ects for

10000 iterations on each input star of a given canonical age and [Fe/H]. The standard
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deviation of Monte Carlo trials are indicated as ellipses, with the mean movement

indicated by the black arrows. Where appropriate in this work and in Paper II,

we adopt the semi-major axis of the ellipses as an estimate of the total systematic

uncertainty for stars of various ages and metallicities, and incorporate that along with

the individual random uncertainty on age for a star. It should be noted, that while

AGB contamination most strongly impacts the age systematics at young ages, the

e!ect of di!erential reddening and %"element variation dominates for low metallicity

stars. While the distance of WLM makes deriving ages di#cult, we are aided by

the relatively metal rich and young populations of stars in this sample, which lie in

regions of parameter space where the isochrones are relatively spread out, minimizing

large systematics for the bulk of the sample.

3.4 Results

With a spatially extended sample of metallicities for hundreds of stars in each of

WLM, LMC, SMC, Fornax, Leo I, Sculptor, Leo II, Sextans, and Carina it is now

instructive to compare the distribution of metallicities, both spatially and with age

(where possible). The key goal of this exercise is to understand if an isolated galaxy

such as WLM, with its relatively quiescent tidal evolution and gas content history,

shows di!erences in chemical evolution compared to the gas poor-tidally disturbed

dSphs or gas rich tidally disturbed Magellanic Clouds.

3.4.1 Metallicity Distribution Functions

Before comparing the metallicity distribution functions (MDFs) between the dwarf

galaxies, it is crucial to be aware of the sample sizes and spatial extents of the data

sets for comparison galaxies, and where [Fe/H] has been calculated using di!ering

methods. Both the K10 and the DART sample have [Fe/H] estimates that should be

largely free of calibration biases. The synthesis based method of K10 avoids intrinsic

limitations of the linear CaT calibrations that may arise through the metallicity

range of calibration clusters, while the DART data have been updated here using

the theoretical CaT calibration of Starkenburg et al. (2010) to remove biases in the
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Figure 3.5: Representation of systematic age errors on artificial input stars of various
[Fe/H] and true age. Each oval shows an estimate of the combined systematic uncertainty
in recovered age due to the e!ects of di!erential reddening, [$/Fe] variations, and AGB
contamination for 10000 artificial star tests. Arrows show movement in the mean recovered
age from the combined e!ects.
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metallicity distributions. There remains however systematic di!erences due to the

varying spatial coverage and number of stars in each study. In the case of the former,

the global metallicity distribution may di!er in studies where only central regions of a

galaxy are sampled, especially in the case where there is a radial metallicity gradient.

Similarly when the sample size is small, the metallicity may be biased as a minority

metal poor population is more di#cult to sample as e#ciently due to a population

bias resulting from mass dependent stellar evolutionary timescales (c.f. Cole et al.

2008). For a given time interval, more young, high mass, high metallicity stars will

evolve to the TRGB than older, low mass, metal poor stars in the same time interval.

The dominant fraction of young stars at the TRGB is large enough to outnumber the

metal poor old stars, despite the contradictory initial relative numbers of the IMF.

This e!ect will be enhanced in the presence of any age-metallicity relationship and is

still present for populations with extended SFHs like WLM.

To ascertain the impact of these biases MDFs were computed for the galaxies

using an equal spatial range, and with equal numbers of stars. The samples were

restricted in these test cases to stars within 1.5rc of the dwarf galaxy center (roughly

the smallest radial extent of dSph samples in the K10 catalogue). While any one

galaxy that has a strong metallicity gradient will be biased in this case, the MDFs

of the inner regions will be much more appropriate to compare to each other in a

di!erential sense. Additionally to study the bias in sample size, the datasets were

resampled from the inner 1.5rc so that they have equal numbers of stars. In this case

the sample sizes have been constructed to have 31 stars, equal to the smallest sample

of stars within 1.5rc in any of the galaxies. Each of the galaxies were resampled from

the larger population 10000 times, computing a cumulative metallicity distribution

function (CDF) each time. From these resamplings an average CDF was constructed

based on 31 stars in each galaxy. Figure 3.6 shows an example of the mean (solid

blue) and dispersion (dotted blue line) of resampled CDFs for several of the galaxies

in this study, as well as the impact of the radial cuto!. It is clear from this exercise

that the primary bias a!ecting comparison of di!erent studies is their spatial extent,

rather than any sampling bias from di!ering numbers of stars. As shown in Table

3.1, we have therefore selected surveys which have resolved spectroscopic data out to

at least 75% of the galaxy’s tidal radius in hopes of minimizing any spatial bias when
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comparing the dwarf galaxies.

Figure 3.7 shows the MDF of WLM, the Magellanic Clouds and the six dSphs,

ordered by luminosity. Both the full sample for each galaxy, and the central stars are

shown for comparison. In each panel the 10th, 50th, and 90th percentile metallicities

of the MDFs are also shown (as dotted lines). The mean (median) metallicity of

WLM is [Fe/H]= "1.28("1.24) ± 0.02 dex, in good agreement with the trend shown

by the Local Group luminosity-metallicity relation (c.f., Skillman et al. 1989b; Woo

et al. 2008). The uncertainty on the value for WLM represents the error on the

mean, however typical systematic uncertainties for both synthesis and equivalent

width based measurements are # 0.1 dex. The median value of WLM lies within

the range of [Fe/H] distributions shown by the dSphs, and is in close agreement to

the more luminous members, Fornax and Leo I as well as the SMC. The metal poor

population below [Fe/H]= "1.74 forms a # 10% minority population in WLM, and

stars are found as metal poor as [Fe/H]= "2.85 dex. RGB stars with metallicities

as enriched as [Fe/H]= "0.35 dex are found, consistent with the results from Venn

et al. (2003) for two supergiants in WLM. Table 3.2 tabulates the percentiles of the

MDF, and it is clear that the mean and extrema metallicities of the isolated, gas

rich WLM dIrr show little di!erences from the luminous dSphs, nor the gas rich but

tidally perturbed SMC.

While WLM shows a similar median metallicity to some classical dSphs and the

SMC, there appears to be a slight preference for the lower mass dSphs to show more

asymmetric, extended metal poor tails relative to their mean metallicity. In particular

Fornax, Leo II, Sextans, and Carina all show a significant asymmetry to their MDF

compared to the dIrrs - however it may be that the metal poor stars in the gas rich

dwarfs are simply more di#cult to sample e#ciently in such cases with ongoing star

formation (see §4.1). The di!erence in metal poor tails can be seen qualitatively in

the right panels of Figure 3.7, where leaky box and pre-enriched chemical evolution

models have been overlaid. The formalism of Prantzos (2008) for the two models has

been used, and the the best fitting models determined through a maximum likelihood

approach. The estimated yields and initial metallicity for both chemical evolution

models are listed for each galaxy in Table 3.2. Qualitatively the simple leaky box

models provide reasonable fits to many of the dSphs, but the dIrrs and Leo I are
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Figure 3.6: Panels show example of spatial and number biases in metallicity distributions
of four dwarf galaxies in the sample. In addition to the full CDFs, the CDF within the inner
1.5rc is shown (dashed line), along with the mean and dispersion from 10000 iterations of
random sampling of 31 stars from that inner region in each galaxy (blue solid and dashed).
The small di!erence between the solid blue and black dashed lines indicates that the pri-
mary bias in comparing samples is consistent spatial coverage, especially when dealing with
galaxies that show strong metallicity gradients.
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Figure 3.7: Di!erential MDFs for the Local Group dSphs and dIrrs considered in this
paper, ordered by decreasing luminosity from top to bottom. Galaxy names are colour
coded by the first author of the samples: red (Kirby), magenta (DART survey), orange
(Magellanic Cloud surveys) (see Table 3.1). Left panel shows metallicity distributions in
each galaxy where only stars within 1.5rc have been considered, right panels show full
sample of stars for a given galaxy. Dotted blue, magenta, and red lines indicate the 10th,
50th, and 90th percentile [Fe/H] values for each sample. Simple leaky box and pre-enriched
chemical evolution models (Prantzos, 2008) are overlaid on the full samples in green and
cyan.
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more closely fit by the pre-enriched solutions. In the case of Leo I this could be due

to the low metallicity stars lying at large radii (see §4.2) which are outside the spatial

coverage of the K10 survey - as the DART sample of Fornax (which is nearly the

same luminosity as Leo I) samples out twice as far in radius and shows a significant

metal poor tail.

The spread in [Fe/H] of a dwarf galaxy has been found to anticorrelate with mean

metallicity in the recent study of Kirby et al. (2011). They had the advantage of using

a homogeneous methodology for a sample of eight dSphs, however with limited spatial

coverage in some cases their results will be biased, as discussed above. As the sample

in this paper explores both higher luminosity galaxies (some of which are gas rich,

and one of which is isolated), and typically have datasets with larger spatial coverage,

we have examined this relation further to see how the dispersion in metal abundance

compares for the galaxies in this work. The intrinsic dispersions have been calculated

by subtracting in quadrature the mean error in metallicity for a sample from the

total measured dispersion. The Figure 3.8 shows the intrinsic spread in metallicity,

![Fe/H], for the data in this paper as well as those derived in Kirby et al. (2011) and

the linear correlation those authors found. The uncertainty on the dispersions are

calculated by using the intrinsic and raw dispersions from this work and K10, and the

relations from §3.1 of Hargreaves et al. (1994). From Figure 3.8 it appears that the

K10 relation still provides a good description of the large spread seen in [Fe/H] for

the Ultra Faint Dwarfs (although Bootes I was recently found to lie o! this relation;

Lai et al. 2011), however at high luminosities (" 105L") the dispersion in metallicity

may saturate, as hinted at in Norris et al. (2010), as it shows little change even up to

the brighter dIrrs such as WLM and the Magellanic Clouds. As will be discussed in

§5.1 this may be due to the high luminosity systems having an enrichment timescale

that is similar, or above some threshold duration in order to produce a well mixed

ISM.

3.4.2 Spatial Variations in Chemistry

In Paper I, we showed that the metal rich and metal poor stars in WLM are very

similar in their spatial distributions, although there were slightly more metal rich



3.4. RESULTS 94

Figure 3.8: Intrinsic dispersion in [Fe/H] as a function of host galaxy luminosity for
the sample of Kirby et al. (2010) (red circles) and other dwarf galaxies considered in this
paper (filled black dots). Solid lines connect values where the intrinsic dispersion has been
measured on the same data in this work, and in Kirby et al. (2010) as a check on consistent
methodology for removing the contribution of measurement uncertainty to the dispersion.
Dotted lines connect the derived dispersion between the di!erent DART and Kirby et al.
samples for Fornax, Sculptor and Sextans. Red dashed line shows the best fitting relation
found by Kirby et al. (2010) including the ultra faint dSphs.
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Figure 3.9: Plot of [Fe/H] vs. geometrical radii in units of core radii for WLM and the
Local Group dwarfs from literature. Galaxy names are colour coded by the first author of
the samples: red (Kirby), magenta (DART survey), orange (Magellanic Cloud surveys) (see
Table 3.1). The rotating dIrrs appear to show statistically flatter abundance gradients than
the dispersion dominated dSphs.

stars in the inner regions. With only 78 stars in the original WLM sample it was

di#cult to interpret the change as due to a superposition of two populations, or a

smooth gradient. With the new DEIMOS data presented here and new CaT-[Fe/H]

calibration available, we re-examine the spatial distribution of the stellar population in

WLM to search for gradients that could be similar to what is seen in some dSphs (i.e.,

Tolstoy et al. 2004; Battaglia et al. 2006). With the new calibration by Starkenburg

et al. (2010), the metallicity distribution has changed, and this has altered the spatial

signatures from Paper I. Some stars that were previously at higher [Fe/H], have been

moved into lower metallicity bins. As is seen in Figure 3.4, the new calibration

clearly indicates a mild gradient more than the previous linear calibrations, in which

the stellar populations o!ered a more marked separation.
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Metallicity gradients in dSphs are still common to varying degrees as shown in

Kirby et al. (2011). However the spatial coverage in that work is relatively limited

compared to the samples from Walker et al. (2009a), or the DART survey. As this

work focuses on a sample of galaxies with spatial coverage out to at least 75% of their

tidal radii and uses unbiased metallicity estimators, we can explore comparisons of

[Fe/H] gradients in a rigorous manner for the Local Group sample. In the case of the

LMC and SMC, only the linear CaT based [Fe/H] calibrations were available, but due

to the extremely metal rich nature of these dwarf galaxies, any bias is small. Figure

3.9 shows [Fe/H] as a function of elliptical radius (in units of core radii) for Local

Group dwarf galaxies with spatially extended samples. The dashed lines are linear

least squares weighted fits to the data.

In Figure 3.9, WLM shows a mild gradient with d[Fe/H]/drc = "0.04 ± 0.04

dex r!1
c , similar to the Magellanic Clouds. It should be noted that the field RGB

metallicities of Carrera et al. (2008b) for the LMC show a correlation with magnitude,

which manifests itself as a systematic steepening of the gradient. Correction of this

reduces the measured gradient by half, consistent with an extended sample of RGB

stars from a forthcoming study (d[Fe/H]/drc = "0.008±0.004 dex r!1
c ; Cole et al., in

prep.). Therefore it should be kept in mind that the LMC gradient shown here is a

lower limit, and most likely flatter for the RGB field stars. In contrast the dSphs show

radial metallicity profiles that are much steeper, even considering the errors in the

fits. Many of the individual galaxies in Figure 3.9 show complex trends of [Fe/H] with

radius, and as noted in Battaglia et al. (2011) some galaxies show steep profiles in the

inner few core radii, which then flatten to a low metallicity plateau. To demonstrate

this more clearly, we have computed running boxcar averages of [Fe/H] versus radius

in Figure 3.10 to track the mean metallicity more robustly. The dIrrs still show

statistically flatter radial [Fe/H] gradients relative to the dSphs (especially keeping in

mind the uncorrected systematic with the LMC profile). The low metallicity plateau

in Sculptor is quite evident at large radii, and while there is scatter between any

given dSph, overall they show much steeper metallicity drop o!s in the inner three

core radii. Figure 3.10 clearly shows the need for very spatially extended spectroscopic

surveys as discussed in §4.1 in order to calculate the complete abundance gradient

and global metallicity distribution, as within the inner 1.5rc there is a stochastic
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Figure 3.10: Running boxcar averages of [Fe/H] as a function of radius in dIrrs (blue), and
dSphs (red). Radial profiles have been smoothed by a factor of 2 for clarity, and normalized
by the metallicity of the central regions of each dwarf galaxy. The blue and red shaded
bands represent the associated 1" ! uncertainties on the running averages.

behaviour before the abundances coherently fall at larger radii.

3.4.3 Age Metallicity Relations

Photometric SF histories already suggest that WLM experienced extended star forma-

tion over its lifetime (Dolphin, 2000), and with spectroscopic [Fe/H] and age estimates

in WLM, we can compare the age metallicity relation to several other Local Group

dwarfs in a di!erential sense. Using WLM as a probe of chemical evolution in an

isolated regime in this way allows for study of how dwarf galaxy chemical evolution

proceeds in the absence of strong ram pressure and tidal e!ects.

Figure 3.11 plots the age metallicity relations (AMRs) for the three dwarf ir-
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regulars as well as Fornax. For the LMC and SMC we have used the published

age-metallicity relations in Cole et al. (2004) and Carrera et al. (2008a) respectively.

Similarly with Fornax we have adopted the published mean age-metallicity relation

from Battaglia et al. (2006). In those three studies, stars with ages older than 10 Gyrs

have been scaled as tnew = 10 + 0.41(t" 10), in order to homogenize the oldest stars

to a consistent maximum age, as the studies di!er in the uppermost age the stellar

evolution libraries consider. For WLM five bins have been computed for the AMR,

and the error on the mean for the metallicity, and combined random and systematic

age errors computed for each bin (§3.3.1). Where applicable the field RGB star data

is supplemented with the [Fe/H] values from supergiant studies by Bresolin et al.

(2006), Venn et al. (2003) and Levesque et al. (2006). Similarly the oldest globular

clusters in the LMC (Colucci et al., 2011), Fornax (Strader et al., 2003) and the one

GC in WLM (Colucci et al., 2010) were added and metallicities taken from those

spectroscopic studies. These anchor the age metallicity relations of the field stars at

the old and young ends. There appears to be good agreement between these anchor

points and the youngest and oldest field RGB star age-metallicity data. While direct

stellar ages are di#cult to compare between studies due to intrinsic uncertainties and

di!erence in adopted stellar evolution models, the age metallicity relations o!er a

more robust way to di!erentially compare the chemical evolution history.

The SMC, Fornax, and WLM all qualitatively appear similar in shape, with rel-

atively shallow metallicity enrichment over intermediate ages, and only an o!set in

metallicity at each age. WLM shows slightly more rapid metal enrichment in the last

3 Gyr compared to any of the other galaxies, consistent with the burst of central SF

found by Dolphin (2000). The nearly flat [Fe/H] values from 3" 9 Gyrs in WLM are

quite similar to the SMC for that time frame, but Fornax shows a stronger increase

in metallicity over the same timescale. This is likely due to the strong burst of SF

estimated to have occurred between 3-8 Gyr ago in Fornax based on its CMD anal-

ysis (Tolstoy et al., 2001; Coleman and de Jong, 2008). For the first two Gyr of it’s

lifetime, WLM does not appear to have undergone as rapid enrichment as the LMC.

The mean metallicity of WLM changes by ! 0.5 dex in this period, similar to the

SMC and Fornax, while the LMC changes its mean metallicity by nearly 1 dex.

The AMR of the LMC and SMC has been carefully examined by Pagel and Taut-
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Figure 3.11: Age-metallicity relations for the LMC (Cole et al., 2004), SMC (Carrera
et al., 2008a), Fornax (Battaglia et al., 2006), and WLM. Binned RGB field stars are shown
as large black circles for all galaxies, and in WLM the individual stars are shown as the
small black dots. The oldest cluster in the LMC and WLM Hodge et al. (1999) are shown
as the red triangles, and the A or B supergiant values as the blue squares. The HST SFH
history solutions from the work of Dolphin (2000) are overlaid as the magenta line for WLM.



3.4. RESULTS 100

vaisiene (1998), where the primary di!erence in their AMR shapes was attributed

to the relative strength of the SF burst(s) in the LMC. WLM’s SFH has been inter-

preted from HST colour magnitude analysis by Dolphin (2000), and the computed

AMR from that work is also shown overlaid on the WLM data in Figure 3.11. There

is remarkable agreement between the shape of the AMR derived from our spectro-

scopic sample, and that inferred from the photometric study of Dolphin (2000). The

similarities in the AMR of WLM to that of the dSph Fornax again illustrate that

an isolated dIrr like WLM (which has experienced much less tidal perturbations over

its lifetime, and exhibits di!erent kinematics) has had chemical enrichment proceed

nearly identically to both gas rich but tidally perturbed (SMC), and gas poor, low

angular momentum (Fornax) systems of similar luminosity. Higher order (such as

[%/Fe] or neutron capture) elemental abundance ratios will have to be accumulated

for WLM in order to study this in more depth, but Figure 3.11 would suggest that

the AMR can be quite similar in dwarfs with substantially di!erent environments or

angular momentum. The interested reader is referred to Appendix 5.2 for a discussion

on application of a numerical chemical evolution model to gas rich galaxies such as

WLM.

It is also instructive to consider the dispersion in metallicity for stars of di!ering

ages, as this can provide insight into such processes as radial migration. For the

youngest stars in WLM ($ 2 Gyr) the intrinsic dispersion in [Fe/H] is found to be

!1!2 = 0.15 ± 0.04 dex. This increases to !3!9 = 0.32 ± 0.07 dex for stars 3" 9 Gyr,

and !10!13 = 0.33±0.09 dex for stars % 10 Gyr. Using the sample of Cole et al. (2005)

and identical age cuts for the LMC, the intrinsic dispersion in [Fe/H] is found to be

!1!2 = 0.13±0.01, !3!9 = 0.25±0.02, and !10!13 = 0.60±0.10 - which shows a larger

increase in the oldest populations dispersion in [Fe/H] compared to the dispersion in

[Fe/H] for WLM which is mostly flat after 3 Gyr. While for both the LMC and WLM

there appears to be an increase in the metallicity spread for older ages, as pointed

out by Cole et al. (2005) this can be due to systematic age e!ects blurring the age-

metallicity relation. In the case of the LMC the rapidly rising [Fe/H] enrichment

in the first few Gyrs also adds to the high intrinsic spread in [Fe/H] at large ages.

However the AMR is relatively flat in early times for WLM, so the increased [Fe/H]

dispersion at large ages could be more closely linked to a radial mixing signature. It
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is interesting to note that that both the LMC and WLM also show an increase in

velocity dispersion with age, as well as increase in metallicity dispersion with age,

however interpretation of such joint chemodynamic signatures is out of the scope of

this paper.

3.5 Discussion

In the following section we consider in more depth intrinsic or environmental factors

that could produce the particular similarities and di!erences that we see between the

metallicities, structure, and dynamics of WLM, the Magellanic Clouds, and the dSph

sample.

3.5.1 Global Metallicity Properties in the Sample

From Figures 3.7 and 3.8 it is evident that despite WLM’s isolation there is little

in its bulk chemical properties to separate it from the more luminous of the tidally

disturbed dSphs and the Magellanic Clouds. In fact, approximately the same mean

metallicity is found in WLM, Fornax, Leo I and the SMC, while their tidal indices2

range from & = 0.2 to & = 3.53 (Karachentsev, 2005). Stars are found down to

[Fe/H]& "2.9 in WLM, the same lower limit as Fornax, suggesting that both dSphs

and dIrrs of the same luminosity have stars of low metallicity present. Together with

the similar AMR shown for these galaxies in Figure 3.11, the comparative metallicity

properties would suggest that the metal enrichment proceeds largely independent of

environment and is primarily dictated by the mass of the galaxy, consistent with the

simulations of Sawala et al. (2011). Similarities in the AMR and chemical enrichment

timescales of the SMC, WLM and Fornax are also indicative of a common initial

mass, with subsequent di!erences in the present day masses plausibly attributed to

tidal stripping by the Milky Way. Using estimates for the half light masses from

2Karachentsev (2005) define " ( max[log(Mk/D3
ik)] + C to be the amount a galaxy is acted

on by its largest tidal disturber. As noted in that work, " = 0 corresponds to an object with a
Keplerian orbital period about MW/M31 equal to 1/H. For reference, Sgr dSph has " = 5.6.

3If Fornax became a satellite of the MW relatively recently, or as is suggested by proper motion
measurements, has a circular orbit about the MW similarities in chemical evolution may be expected
despite the current present day environmental di!erences.
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Wolf et al. (2010) and Paper II, in conjunction with the tidal evolutionary tracks of

Peñarrubia et al. (2008), it can be shown that if the SMC were to have lost # 40%

and # 98% of its total mass, it would have a similar half light mass as WLM and

Fornax respectively. Similarly were WLM to undergo stripping of # 90% of its total

mass it would have a similar present day mass as Fornax as well. While very rough

estimates, it is certainly plausible then that the comparable enrichment history of

those three galaxies is in some way linked to their similar initial masses.

The measured global metallicity properties of WLM are in good agreement with

the expectations for its luminosity, regardless of environment. Indeed WLM, shows no

discernible o!set or trend with respect to the luminosity metallicity relation of Kirby

et al. (2008). In particular the o!set between dIrrs and dSphs reported by (Grebel

et al., 2003; Woo et al., 2008) does not appear as strongly if at all when plotting

the updated values for the galaxies we consider. While the number of objects is

small in this study, the change in mean metallicity for WLM and some of the DART

dSphs illustrates how the sensitivity of that indicator to measurement methods and

spatial sample size requires a large and uniform sample to investigate such o!sets in

the presence of systematic scatter. Studies looking at large samples of more distant

galaxies from the SDSS survey for such deviations have found only minor o!sets

(! 0.05 dex) for galaxies of di!erent morphological classes or environment (Ellison

et al., 2008, 2009). While environmental processing such as ram pressure stripping

may not necessarily produce o!sets in any one particular direction from the mass

metallicity relation, there is still likely a complex interplay between gas stripping,

triggered star formation and dilution of the ISM during infall of a dwarf galaxy to a

larger spiral which may add to the observed scatter (Skillman et al., 1996; Boselli et al.,

2008; Koleva et al., 2011). In addition if there are varying levels of angular momentum

in the dwarfs, it is likely they will exhibit variations in SF e#ciency (Schroyen et al.,

2011), with the low angular momentum galaxies having more centrally concentrated

gas which may be more e#cient at cooling into the molecular phase (Kuhlen et al.,

2011).

The spread in metallicity, ![Fe/H], for the dwarf galaxies studied here is nearly

constant over 4 orders of magnitude in luminosity, with a mean of )![Fe/H]* = 0.38.

As shown in Figure 3.8, the anticorrelation with luminosity found for the ultra faint
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dwarfs seems to saturate at this value for galaxies with luminosity L " 5' 105 L". If

the spread in [Fe/H] reflects the stochastic nature of enrichment events, then perhaps

higher luminosity systems (where SF proceeds over several Gyr and many supernovae

occur) end up with a similar value of ![Fe/H] which reflects the mixing e#ciency in

the ISM. Lower luminosity systems which have truncated SFHs and therefore fewer

enrichment events will unevenly distribute metals through the galaxy in the short

time they are forming stars leading to the higher dispersion [Fe/H]. As noted by

Kirby et al. (2010) however, the dispersion in linear metal fraction !Z , is perhaps

more instructive to compare between the dwarfs, and shows a tighter correlation.

Determining a robust estimator for dispersion of [Fe/H] or Z is not trivial however,

but both may provide insight into the chemical evolution history when the quantity is

compared di!erentially. We leave further detailed discussion on the systematic biases

in ascertaining the intrinsic spread of dwarf galaxy [Fe/H] and linear metal fraction

to Chapter 4.

3.5.2 Spatial Abundance Signatures of the Sample

Various other studies (Winnick, 2003; Koch et al., 2007; Kirby et al., 2011) have

found both flat and statistically significant negative radial [Fe/H] profiles for dSphs.

However, due to gradient estimates computed using linear CaT calibrations it is

di#cult to ascertain the true nature of the abundance gradient. Even in the case

of unbiased metallicity indicators, small spatial coverage may miss such a gradient.

As pointed out by Kirby et al. (2011), their sample of stars in Fornax showed a

significantly di!erent gradient from the DART sample simply due to the small region

of the galaxy sampled - which is reinforced when looking at the inner regions of our

Figure 3.10. Due to the strong RGB metallicity gradients shown by the dSphs, it

is necessary to sample out to large radii in order to detect the low metallicity stars

and build up a representative MDF. In this work we have selected literature data

that shows the least bias in terms of spatial coverage and [Fe/H] calibration to allow

for a consistent di!erential comparison of the chemical trends with radius as traced

by RGB stars. With these carefully selected galaxies and datasets there appears to

be a slight dichotomy in the abundance gradients seen in RGB stars between dIrrs
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and dSphs, with the gas rich rotating dIrrs showing significantly shallower radial

gradients.

Other population tracers (HII regions, PNe, variable stars) often show gradients to

varying degrees, and indeed the change in abundance gradient as a function of tracer

age o!ers a strong tool to study the chemical evolution in more detail as shown by

Cioni (2009) and Vlajić et al. (2009). However here we seek to di!erentially compare

the spatial abundance of a single tracer population, and while the dSphs may show

on average older RGB stars, we note that WLM and Fornax have nearly identical

age metallicity relations (Fig. 3.11), yet show the most disparate radial abundance

gradients.

The Role of Environment

The flatter metallicity gradients found in WLM and the Magellanic Clouds, shown

in Figure 3.10, suggest that the RGB stars in gas rich, rotating dwarf galaxies are

shallower than the low angular momentum gas poor dSphs. However, there are not as

large di!erences between the metallicity gradient of the isolated WLM galaxy and the

tidally disturbed Magellanic Clouds - suggesting that at first glance, rotation or gas

content/SF duration may be the likely mediators of the gradient, not environment.

While the isolation of WLM and the Magellanic clouds are currently much di!erent

however, there is a growing body of observational and theoretical work suggesting

that the Magellanic Clouds may be on their first passage into the MW virial radius

(Besla et al., 2007; Boylan-Kolchin et al., 2011).

In this scenario, despite their close present day distance to the MW, their gas

content and spatially extended SF may have been preserved in a sense, allowing

chemical enrichment to proceed over the full extent of the LMC and SMC for 10+ Gyr.

Dwarf spheroidals in this picture would have had early infall times and could have seen

their gas content and chemical enrichment quenched as they were accreted by the MW,

leading to a radially shrinking SF region (and steeper metallicity gradient) within

those galaxies. The contrast in gradients of the dIrrs (when taking the Magellanic

Clouds to be on their first pericentre passage) and dSphs is naturally explained in this

picture, where the environment of the MW regulates the SF history of the satellites.

However as discussed in §4.2, the details of a ram pressure e!ect in quenching SF in
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dwarf galaxies is poorly constrained to date.

In addition to environment mediating the gradients through ram pressure, it is

not clear what factor tidal stripping of the stellar populations will play in preserving

or erasing a gradient. As shown by Sales et al. (2010) the kinematic and metallicity

gradients in dSphs near the MW may be subject to tidally induced modifications

depending on their initial strength and the orbital properties of the dSph - yet in

most cases the metallicity gradient would remain, as the outer most metal poor stars

would be unbound first. Therefore in situ formation of gradients for dSphs could still

be preserved (but made milder) in the presence of environmental processing from the

MW.

Internal Processes

Schroyen et al. (2011) showed through SPH simulations of dwarf galaxies, that angular

momentum plays a strong secondary role in determining the chemical profile of a

dwarf galaxy. In their simulations rotation produced a centrifugal barrier which in

turn prevented gas from settling in the centre of galaxies. This led to SF that occurred

over the full extent of the dwarf at lower levels. Such a scenario naturally produced

smoother radial metallicity profiles, and extended star formation histories. These

results were in qualitative agreement with the observations of dwarf ellipticals by

Koleva et al. (2009), but a larger sample by Koleva et al. (2011) from the literature

has found weaker correlations with host galaxy properties.

Alternatively, in simulations (Sellwood and Binney, 2002; Roškar et al., 2008; Stin-

son et al., 2009; Loebman et al., 2011) of dwarf and spiral galaxies, radial migration of

stars over several Gyr can often flatten an initially steep abundance gradient. In most

cases the mechanisms for producing the movement of the stellar populations rely on a

global disk instability or transient spiral structure. While found in MW sized galax-

ies, it is unclear how common such dynamical instabilities are in low mass, thickened

dwarf galaxies (Sotnikova and Rodionov, 2003; Sánchez-Janssen et al., 2010; Mayer,

2011). Redistribution of locally enriched material within a galaxy is also possible due

to the SF driven fountain mechanism as shown by De Young and Heckman (1994), but

again this may not be dominant in low mass, thick dwarfs as discussed by Schroyen

et al. (2011).
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Thus, there could be several mechanisms at work to produce the observed radial

[Fe/H] gradients, however given the large variation in environmental processing that

dwarf galaxies are subject to in the Local Group, more data is needed to completely

separate out the possible mechanisms.

3.6 Summary

In this paper we have presented [Fe/H] and age estimates for 126 RGB stars in

the WLM dIrr galaxy. These complement the kinematic and structural study of

WLM presented in our earlier papers, and represent some of the first spectroscopic

abundances and velocities of individual evolved stars in a truly isolated Local Group

dwarf galaxy. For WLM and the literature data we have computed the metallicity

distribution functions and characterized the bulk chemical abundance properties, as

well as calculated the radial metallicity gradients, and age-metallicity relation for

each galaxy as traced by the RGB stars in the samples.

The key points from our study are:

• The global metal abundances (mean, median) and MDF for the isolated dwarf

galaxy WLM are similar to the SMC and the more luminous dSph Fornax in

expectation with the luminosity-metallicity relation for the Local Group.

• WLM shows stars at as low metallicity as Fornax, however the dSphs on average

show more extended metal poor tails, and are better fit by simple leaky box

chemical evolution models than the dIrrs we consider.

• The dispersion/width of the MDFs is constant over 4 orders of magnitude in

luminosity, suggesting that the dispersion in [Fe/H] may saturate for dwarf

galaxies with luminosities L" 5' 105 L".

• The dispersion in metallicity increases with age in WLM as is found in the

LMC - with both galaxies also showing an increase in velocity dispersion in age

(Paper II).

• WLM, along with the SMC and LMC show radial [Fe/H] profiles that are sta-

tistically flatter than the dSphs.
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The strength of this study relies on the fact that we draw upon very spatially

extended samples, which have unbiased [Fe/H] indicators. Additionally by including

WLM, and the Magellanic clouds there is a chance to explore how chemical enrich-

ment varies for an isolated system relative to other rotating gas rich dIrrs, and relative

to gas poor dSphs which have been subject to strong environmental processing. The

existence of a flat metallicity gradient in both the isolated dIrr WLM and the Mag-

ellanic Clouds suggests that rotation or gas content (the two quantities the dSphs

lack) could control the steepness of the abundance gradient to a stronger degree than

environmental interactions.

While large di!erences in morphology, gas fraction, and kinematics are seen be-

tween WLM and the nearby dSphs, the global [Fe/H] properties are nearly the same

suggesting that halo mass is the strongest driver of chemical evolution, and that while

possibly altering the morphology and kinematics, tidal or ram pressure processes

do not strongly modify the [Fe/H] distribution. More spatially complete surveys of

the chemistry in isolated dIrrs as well as dSphs will undoubtedly shed light on the

magnitude of internal and environmental e!ects that shape the morphologies and

chemistries of the Local Group dwarf populations.

This Chapter is based on work presented in the paper “ The Comparative Chem-

ical Evolution of an Isolated Dwarf Galaxy: A VLT and Keck Spectroscopic Survey

of WLM”, by Ryan Leaman, Kim Venn, Alyson Brooks, Giuseppina Battaglia, An-

drew Cole, Rodrigo Ibata, Mike Irwin, Alan McConnachie, J. Trevor Mendel, Else

Starkenburg, and Eline Tolstoy, submitted in 2012 to the Astrophysical Journal. RL

acknowledges support from NSERC Discovery Grants to Don VandenBerg and KV.

The authors acknowledge the International Space Science Institute (ISSI) at Bern

for their funding of the team “Defining the full life-cycle of dwarf galaxy evolution:

the Local Universe as a template”, as well as useful discussions with associated team

members. The research leading to these results has received funding from the Eu-

ropean Union Seventh Framework Programme (FP7/2007-2013) under grant agree-

ment number PIEF-GA-2010-274151. AB acknowledges support from the Sherman

Fairchild Foundation. RI gratefully acknowledges support from the Agence Nationale

de la Recherche though the grant POMMME (ANR 09-BLAN-0228). ES and ET

gratefully acknowledge Netherlands Foundation for Scientific Research (NWO) for



3.6. SUMMARY 108

Table 3.1. Local Group Dwarf Galaxy Sample

Galaxy Nstars rmax/rt
a Reference

WLM 180 0.79 Leaman et al. (2009, 2012)
LMC 373, 59, 383 0.78 Cole et al. (2005); Pompéia et al. (2008); Carrera et al. (2008b)
SMC 349, 364 1.14 Carrera et al. (2008a); Parisi et al. (2010)

Fornax 870 1.20 Battaglia et al. (2006)b

Sculptor 629 1.34 Tolstoy et al. (2004)b

Sextans 180 0.75 Battaglia et al. (2011)b

Leo I 825 1.18 Kirby et al. (2010)
Leo II 256 1.10 Kirby et al. (2010)
Carina 327 1.06 Koch et al. (2006)b

aColumn shows what fraction of the tidal radius the outer most star in the spectroscopic sample
extends to.

b“DART sample” - original data from these papers updated with additional observations and the
[Fe/H] calibration from Starkenburg et al. (2010).
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Table 3.2. MDF Properties

Galaxy 10th % 50th % 90th % p [Z"] [Fe/H]0

LMC "1.06 "0.45 "0.18 0.430 "-
0.363 "1.30

SMC "1.53 "1.05 "0.64 0.100 "-
0.085 "1.91

WLM "1.74 "1.24 "0.75 0.070 "-
0.064 "2.34

Fornax "2.04 "1.17 "0.74 0.093 "-
0.090 "2.66

Leo I "1.84 "1.42 "1.11 0.090 "-
0.037 "2.18

Sculptor "2.45 "1.96 "1.41 0.014 "-
0.013 "3.14

Leo II "2.29 "1.59 "1.28 0.036 "-
0.033 "2.68

Sextans "2.89 "2.26 "1.66 0.007 "-
0.007 < "5.0

Carina "2.47 "1.87 "1.51 0.019 "-
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Table 3.2 (cont’d)

Galaxy 10th % 50th % 90th % p [Z"] [Fe/H]0

0.017 "3.02

Note. — E!ective yields in the first row for each
galaxy represent the best fitting value from a Leaky
box model, second row the e!ective yield in the pre-
enriched model and initial [Fe/H].



Chapter 4

Insights into Pre-Enrichment and

Self-Enrichment of Star

Clusters and Dwarf Galaxies

from their Intrinsic Metallicity

Dispersions

Star clusters are known to have smaller intrinsic metallicity spreads than dwarf
galaxies due to their shorter star formation timescales. Here we use individual
spectroscopic [Fe/H] measurements of stars in 19 Local Group dwarf galaxies,
13 Galactic and Magellanic open clusters, and 49 globular clusters to show
that star cluster and dwarf galaxy linear metallicity distributions are binomial
in form, with all objects showing strong correlations between their mean linear
metallicity Z̄ and intrinsic spread in metallicity !(Z)2. A plot of !(Z)2 versus
Z̄ shows that the correlated relationships are o!set for the dwarf galaxies from
the star clusters. The common binomial nature of these linear metallicity dis-
tributions can be explained with a simple inhomogeneous chemical evolution
model from Oey (2000), which reproduces the star cluster and dwarf galaxy
behaviour in the !(Z)2 " Z̄ diagram well in terms of number of enrichment
events, covering fraction, and intrinsic size of the enrichment regions. Within
this model framework the inhomogeneity of the self-enrichment sets the slope
for the dwarf galaxy !(Z)2 " Z̄ correlation. The o!set of the star cluster se-
quence reflects their pre-enriched nature, and their slope represents a remnant
signature of the self-enriched history of the galaxies they formed out of. This
o!set can be used as a diagnostic to separate these systems without a pri-
ori knowledge of their luminosity or dynamical mass. While confirming the
canonical assumptions about the magnitude of the metallicity spreads in both

111
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populations, the application of this model can produce a numerical formalism to
connect the self-enrichment and pre-enrichment modes between the two classes
of objects in terms of physically motivated chemical enrichment parameters.
Therefore we suggest the !(Z)2 " Z̄ relationship can provide insight into what
drives the e#ciency of star formation and chemical evolution in galaxies, and
is an important prediction for galaxy simulation models to reproduce.

4.1 Introduction

Correlations between the average metallicity and the mass or luminosity of a galaxy

(e.g., Lequeux et al. 1979; Skillman et al. 1989a), the mass-metallicity relation (MZR),

o!ers a window into how chemical evolution in galaxies proceeded over cosmic times.

Numerous studies have explored the interplay between chemical enrichment produced

via SNe versus the e#ciency of outflows - and in recent years gas inflows (Kereš et al.,

2005; Brooks et al., 2007, 2009). However a complete picture for how the MZR came

to be at redshift zero, and evolved before that is not well understood at this time.

Understanding the SF and metal retention e#ciencies as a function of galaxy mass

is crucial then in order to understand the physics that may govern the distribution

of baryons in dark matter halos. To what degree SF is modulated by metallicity

dependent H2 formation (Kuhlen et al., 2011), heating from stellar and SN feedback

(Governato et al., 2010), or environment (Mayer et al., 2006) is currently poorly

constrained. This is particularly important in order to explain how baryons populate

dark matter halos, and why those with masses less than # 1010M" have such low

baryon fractions relative to Milky Way (MW) sized galaxies (e.g., Guo et al. 2010).

Along with the mean metallicity of a host system, comparison of the intrin-

sic spread in metallicity for di!erent objects may be helpful in understanding the

timescale over which the galaxy in question was enriched. Additionally, there is

increasing observational evidence for inhomogeneous mixing in dwarf galaxies (e.g.,

Venn et al. 2012; Koch et al. 2008), or alternatively hierarchical merging of minihalos

(Salvadori and Ferrara, 2009, 2012), both of which can be traced by the dispersion

in elemental abundances. These di!erences in the intrinsic spreads may speak to a

variety of physical mechanisms, which in turn may be disentangled by comparing the
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spread to some property of the host object. Kirby et al. (2011) and Norris et al.

(2010) both looked at the spread in [Fe/H] versus host galaxy luminosity amoung

Local Group dwarf spheroidals (dSphs) and ultra faint dwarfs (UFDs), with both

studies finding a clear anticorrelation. Leaman et al. (2012b) included higher lumi-

nosity dwarf irregular (dIrr) systems and found that the spread in [Fe/H] tended to

plateau above L = 105L". Alternatively, Kirby et al. (2011) showed that a strong

correlation between spread in linear metal fraction, !Z and luminosity exists, with

much tighter scatter than in the ![Fe/H] " L plane. Whether or not these trends in

metallicity spread are due to SF duration or enrichment e#ciencies is currently un-

clear, but it would be of great use to infer something about the relative formation and

enrichment timescales for the UFDs and dSphs based on their spread in metallicity

(i.e.,Willman et al. 2011). Indeed finding the UFDs with similar metallicity spreads

as the more luminous dSphs is increasingly being used as one piece of evidence for

di!erentiating the UFDs from other low luminosity systems (Willman and Strader,

2012).

Both star clusters and dwarf galaxies have resolved spectroscopic observations of

their stars in great numbers, however they have often been treated independently in

chemical evolution studies, due to the formation details of star clusters being poorly

understood. While specialized n-body+SPH simulations exist for both dwarf galaxies

and star clusters (e.g., Governato et al. 2010; Nakasato et al. 2000), they are typically

not general enough, or high enough resolution, to analyze the evolution of both ob-

jects in a single simulation (although see Gri!en et al. 2010). Therefore comparative

analysis of the chemistry of star clusters and dwarf galaxies is best done through

analytic descriptions. In recent years, general chemical evolution models that relax

some of the homogeneity and mixing assumptions from the simple one-zone closed

box models have been presented. These models o!er the ability to simultaneously

describe low mass systems (where the resultant MDF after a short burst of SF may

be dominated by the stochastic nature of a small number of enrichment events), while

still parameterizing physical processes such as stellar feedback and outflow which will

produce large cumulative e!ects on the enrichment history of dwarf galaxies with

extended SF. Examples of these include van den Hoek and de Jong (1997); Argast

et al. (2000) and Karlsson (2005), all of whom incorporated stochastic sampling ef-
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fects into their chemical evolution model in some way, and allow detailed predictions

for elemental abundance distributions.

While applying these inhomogeneous mixing models in order to reproduce a metal-

licity distribution function (MDF) is possible, variations due to sampling, radial cov-

erage, and measurement method can introduce biases into the detailed shape of the

observed MDF. This makes comparing the fits of chemical evolution models to MDFs

of a heterogeneous sample of dwarf galaxies and star clusters inherently di#cult, as

the number and quality of spectroscopically observed stars may vary widely. There-

fore an alternative link between the chemical evolution properties of dwarf galaxies

and star clusters which is more robust to small number statistics is desirable. In

this paper we attempt to bridge this problem by using an inhomogeneous stochastic

chemical evolution model to describe the intrinsic spread and mean metallicity of star

clusters and dwarf galaxies - or more precisely the statistical form of the MDF, not

the exact shape. In this way the moment analysis of the metallicity distributions will

utilize the power of applying a single model to joint samples of dwarf galaxies and

star clusters, where only two numbers need be computed from the data (µ, !2) - and

knowledge of the host object luminosity is not required. Past studies have looked at a

di!erential comparison of the dynamical properties of star clusters and dwarf galaxies

(c.f., Gilmore et al. 2007), whereas here we focus on scaling relations that use the

specific statistical form of the metallicity distributions to leverage additional infor-

mation on the physical processes that link the dispersion and mean metallicity. In

particular we demonstrate that the linear metallicity distributions of dwarf galaxies

and star clusters all show statistical properties consistent with Binomial distributions

which allows for a self-consistent stochastic chemical evolution model to be applied.

The benefit of this analysis is that the well known di!erences in metallicity disper-

sion between globular clusters and dwarf galaxies can be modelled consistently in the

context of self-enrichment and pre-enrichment. This furthers our understanding of

the link between the evolution and formation of both objects.
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4.2 Data Sources

Data for this paper come from literature studies of Local Group dwarf galaxies and

open and globular clusters in the Milky Way and Magellanic Clouds. Objects were

chosen from publicly available literature studies which had spectroscopically measured

[Fe/H] values and errors for individual stars, so as to compute distributions or intrinsic

dispersions in a uniform way. The metallicity distributions of the clusters are known

to exhibit small spreads in [Fe/H] (Carretta et al., 2009) and so were included to

o!er an interesting benchmark to compare to the dwarf galaxy distributions and

dispersions.

E!orts were made in assembling the composite data to use homogeneous studies

which looked at several objects with a single instrument setup and analysis technique

where possible. However in cases where a choice of literature studies on a single object

was available, datasets were selected so as to use the studies where: 1) spectral resolv-

ing power was the greatest, 2) the number of stars in the study was largest, 3) in the

case of CaT based [Fe/H] measurements, the equivalent width data of individual stars

was available allowing their transform to [Fe/H] scales using the improved non-linear

calibrations of Starkenburg et al. (2010), and 4) the spatial completeness was high.

Despite every attempt there of course exists some inhomogeneities in assembling such

composite datasets for this study. For some systems the small number of stars is due

to the intrinsic low luminosity of the system (in the case of the UFDs), or due to ob-

servational expense in obtaining individual spectra for many stars at high resolutions.

These small number statistics must be kept in mind as the sample distributions may

deviate from the true system distributions, especially in the case of spatial incom-

pleteness and radial population gradients (c.f., Leaman et al., 2011b). Nevertheless

simple quantities such as the mean metallicity, and global spread in metallicity should

be more robust to those sampling e!ects, compared to computation of radial abun-

dance gradients, or age-metallicity relations. Table 4.1 lists the objects considered,

along with the original literature study, number of stars with spectroscopic metallicity

measurements in the object, resolving power of the spectrograph used, and [Fe/H]

measuring method (Calcium Triplet, or MRS/HRS synthesis).

The individual [Fe/H] measurements are taken directly as listed in each of the
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literature studies, with a few exceptions. In the case of high resolution abundances,

the [Fe/H] measurements were taken as the weighted average of the [FeI/H] and

[FeII/H] values, however their variation was typically less than 5%, and in several

studies the average [Fe/H] values were computed by the authors already. In surveys

using the CaT based measurements, the [Fe/H] values were recomputed using the

two strongest CaT lines and the non-linear relations of Starkenburg et al. (2010).

The CaT-[Fe/H] calibration in that work ensures that the non-linear bias at faint

magnitudes and low metallicities is removed so that [Fe/H] values are robustly traced

by the CaT EWs over the full range of magnitudes and line strengths probed in

spectroscopic studies in literature. The exception to this is the open cluster work of

Warren and Cole (2009) and Cole et al. (2004) where the V, or K band magnitude

calibrations created in those papers were used. In those cases however the near solar

metallicity of the open clusters means that [Fe/H] biases will not be present like in the

lower metallicity globular clusters or dwarf galaxies. We also note that while some

of the high resolution studies may have used di!erent solar abundances for their zero

points, the conclusions of this work are not a!ected by such di!erences.

4.3 Metallicity Distributions

With a relatively homogeneous set of [Fe/H] values for the dwarf galaxies, open

clusters, and globular clusters, metallicity distribution functions can be computed for

all objects. This was first done in [Fe/H] space, and subsequently, each individual

stellar [Fe/H] measurement was transformed into a linear metal fraction Z, assuming

Z = Z"10[Fe/H]. This conversion has two sources of uncertainty; the first due to the

exclusion of contribution from %-elements to the total metal fraction, and the second

the uncertainty in the solar value of Z" which may be as high as 50% (VandenBerg

et al., 2007). As we shall see however, the interest in Z will be to explore the metal

dispersions of the systems on a linear scale. So while a true estimate of the linear

metal fraction is not encompassed in the Z value we use due to the above mentioned

caveats, it is useful to think of it as simply a “linear [Fe/H]” or “linear metallicity”.

The metallicity distribution functions in [Fe/H] and Z space are shown in the left

and middle panels of Figure 4.1 for four representative dwarf galaxies considered in
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this study. While the [Fe/H] distributions are relatively Gaussian, the linear metallic-

ity distributions are more Poisson or binomial-like (especially noticeable in the lower

metallicity systems such as Sextans). Computing the spread or dispersion in Z using

Gaussian statistics must be done with care if the distributions are Poisson or bino-

mial as the variance of such distributions is proportional to the mean metallicity of

the object, and physical comparisons between objects may be di#cult to disentangle

from the statistical properties of the distribution.

4.3.1 Quantifying the Statistical Form of the Z Distributions

There is a strong correlation between mean metallicity and intrinsic metallicity spread

amoung the objects, as seen in the right hand panels of Figure 4.1. This correlation

can be quantified by looking at the relative dispersion index (defined as D = !(Z)2/Z̄)

for each of the galaxies and star clusters. This measure can be used to infer the level

of correlation between the variance and mean of any Z distribution, and for a Poisson

distribution, D = 1, while distributions with D > 1 and D < 1 are described by

negative binomial, and binomial distributions respectively. The dwarf galaxies and

star clusters all show dispersion indices less than 1, and are therefore described by

binomial distributions. This observational result is interesting because these objects

all share the same functional distribution for their linear metal distributions, despite

the range in masses and environments.

The globular clusters typically show the lowest values of D, ranging from 10!7 $
D $ 10!2, while the more luminous dwarf galaxies show distributions which are closer

to Poisson-like, with the dispersion indices ranging from 10!3 $ D $ 10!1. Generally

a binomial distribution can be thought of as a set of n successes that may occur with

some probability of success q. This is a specific case of the more general Poisson-

binomial distribution, which is a sequence of n trials which each have an individual

probability of success of qi. In the limit that all the probabilities are equal, then

the Poisson-binomial reduces to the standard binomial distribution. The interesting

question of why the distributions of linear metallicity all exhibit binomial forms in

particular will be discussed in §4.4.1.
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Figure 4.1: Example metallicity distributions for four of the dwarf galaxies within the
literature sample considered. Left panels show raw [Fe/H] distribution, while the right
panels shows the distribution of linear metallicities, Z. The binomial nature of the Z dis-
tribution is evident with the spread (width) of the distribution correlating with the mean
linear metallicity.
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4.4 Intrinsic Metallicity Spreads

To analyze the intrinsic spread in metallicity for the objects in Table 4.1, we must ac-

count for, and remove, the contribution to the metallicity spread due to observational

measurement uncertainties. To calculate the intrinsic metallicity spreads !([Fe/H])

and !(Z) used throughout this paper we follow Kirby et al. (2011) and solve the

following equation for !([Fe/H]):

1

N

N"

i=1

([Fe/H]i " )[Fe/H]*)
(#[Fe/H]2i ) + !([Fe/H])2

= 1. (4.1)

Where [Fe/H]i are the individual spectroscopic measurements from each star, and

#[Fe/H]i are the individual measurement errors on each star. An analogous equation

is used to solve for the intrinsic linear metallicity spread !(Z), with the the error in

linear metal fraction computed from the [Fe/H] measurements and errors as:

#Zi = (Zi/Z")ln(10)#[Fe/H]i, (4.2)

Errors on the intrinsic spreads are computed by numerical jackknife estimates. In

all cases, an upper limit to the intrinsic metallicity spread has been assigned to the

distribution when the raw spread has a smaller value than the smallest measurement

error of an individual star in the galaxy. In that case, when the raw spread is smaller

than the uncertainty for a single star in the object, the upper limit value for the

intrinsic spread for the cluster/galaxy has been taken as the smallest measurement

error of any star in that system - as precision in estimating an intrinsic spread is

fundamentally limited in that situation.

4.4.1 Consequences of the Binomial Nature of the Z Distri-

butions for Interpreting Intrinsic Metallicity Spreads

To visualize the binomial nature of the linear Z distributions in the dwarf galaxies

and clusters, Figure 4.2 plots the intrinsic variance, !(Z)2, versus the mean linear

metallicity, Z̄. Clearly there is a correlation between the mean metallicity and in-
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trinsic spread in metallicity for both the dwarf galaxies and star clusters, which is

characteristic of binomial distributions as discussed in §4.3.1. A clear separation in

the sequences is evident with the dwarf galaxies showing that their intrinsic metal-

licity spread is larger than the clusters at a given Z̄, which holds at all metallicities.

The RMS scatter about the dwarf galaxy line is only 0.10 dex, while it is more than

7 times larger about the cluster sequence (0.71 dex). Interestingly however, the star

clusters do not scatter up and overlap with the galaxy population at any point. This

discrete o!set is related to the fact that the star clusters have been pre-enriched from

systems which lie on the galaxy sequence. It is then important to stress that the

slope of the star cluster sequence, having the observational errors accounted for, rep-

resents a remnant signature of the chemical enrichment history that their formation

environment (galaxies) underwent (see §4.5.3).

The split in the dwarf galaxy and star cluster sequences is robust to both sampling

errors, and internal biases that may arise if the estimates of the uncertainty in metal-

licity #[Fe/H] are under or overestimated by the authors of the original studies. To

illustrate this point, in the right panel of Figure 4.2 the !(Z)2 " Z̄ diagram is shown

with two types of errors. The solid black lines show the error on each object from the

jackknife estimates. Objects with very few stars in them such as Willman I and Segue

I show larger errors, but still remain o!set from the star cluster sequence. We stress

that this is not su#cient evidence in and of itself that they are dwarf galaxies - since

incorporation of one or two Milky Way foreground stars would enlarge the spread in

metallicity so that they lay in line with the DG sequence. Proper foreground removal

using statistical photometric and kinematic techniques is still crucial to understand-

ing their nature (e.g., Adén et al. 2009; McConnachie and Côté 2010; Koposov et al.

2011; Muñoz et al. 2012).

A second type of error is shown in Figure 4.2 as open circles, which represent the

change in the intrinsic dispersion if the reported uncertainties on the [Fe/H] values,

#[Fe/H] were under or over estimated by 50"150% in 10% increments. The sequences

still show no overlap and there are no apparent correlations between the number of

observed stars or quality of the observations, and any of the objects position in the

figure. This suggests that !(Z)2" Z̄ is a robust way to di!erentiate the galaxies and

star clusters, and we present this as a new and direct method for distinguishing these
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Figure 4.2: Intrinsic variance in Z (!(Z)2) vs. mean Z (Z̄) for the dwarf galaxies and star
clusters considered. Dashed lines represent a linear least squares fit to the dwarf galaxies
(black) and cluster (magenta) sequences respectively. Arrows indicate upper limits to the
intrinsic dispersions. A clear separation is evident between the dwarf galaxies and clusters,
with the marked o!set in the sequences a result of the clusters being pre-enriched from
objects on the self-enriched galaxy sequence. The small scatter about the dwarf galaxy
sequence is noteworthy considering the range in luminosities (102 " 109L"), and SFHs of
the galaxies. Right panel shows the same points but with sampling and measurement error
estimates overlaid. Solid horizontal and vertical error bars show the sampling errors as
estimated by jackknife techniques. Open circles show what the intrinsic variances would be
if the errors reported in the literature studies for each object were under/over- estimated
by 50" 150% in 10% increments.
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stellar populations.

It is important to note that the reason behind the correlation of intrinsic linear

metallicity spread !(Z)2 with average metallicity Z̄ is more nuanced than just assum-

ing this is the natural result of how the metallicity increases with age of a system.

While systems with longer epochs of star formation will have larger spreads in metal-

licity, the dwarf galaxy sequence in Figure 4.2 is not a sequence in SFH (e.g., the

positioning of Willman I is close to Fornax). Similarly, if the expression of SFH and

spread in metallicity were the dominant factor determining the correlations in Figure

4.2 than one might expect such a correlation between metallicity spread and mean

metallicity to hold in the [Fe/H] measurements. However, as we show in Figure 4.3,

the intrinsic spread in [Fe/H] (!([Fe/H])) is completely independent of the average

[Fe/H] of the dwarf galaxies. Thus the usefulness of the !(Z)2 " Z̄ diagram can be

seen - it is due the discrete binomial form of the chemical evolution and linear metal-

licity distributions, not an explicit property of general chemical evolution in these

systems.

4.4.2 Revisiting Metrics for Separating Star Clusters and

Dwarf Galaxies

With the intrinsic value of the metallicity spread, !([Fe/H]) or !(Z) and the as-

sociated errors, we compare the behaviour of the metallicity dispersions of the star

clusters, and dwarf galaxies in the !([Fe/H])"L and !(Z)"L planes in Figure 4.4.

As expected, the well known fact that the clusters show very low spreads in metal-

licity relative to the dwarf galaxies can be seen (e.g., discussed by Carretta et al.

2009; Willman and Strader 2012). However in the top panel of Figure 4.4 the high

luminosity systems show a flat trend in !([Fe/H]) " L, and as expected the cluster

M54 (the nucleus of the Sgr dSph) and ,Cen are the only star clusters that show a

large spread in heavy metals - consistent with the theory that both likely originated

from progenitor dwarf galaxy systems (e.g., Bekki and Freeman 2003; Carretta et al.

2010).

In the bottom panel of Figure 4.4, the !(Z)"L plane shows a tight linear correla-

tion for the dwarf galaxies as first reported by Kirby et al. (2011). Interestingly, the
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Figure 4.3: Intrinsic spread in [Fe/H] versus average metallicity for the sample of dwarf
galaxies, and star clusters. Unlike the strong correlation in the linear metallicity (!(Z)2"Z̄)
diagram, the average spread in metallicity for the dwarf galaxies shows no trend with
metallicity here, further emphasizing that the correlation in Figure 4.2 is uniquely a product
of the binomial, statistical nature of the chemical evolution in self-enriching galactic systems.
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globular clusters and open clusters show no similar trend, and yet the former overlap

in the parameter space of the dwarf galaxies with luminosities of 105 " 106L". This

is important because the metallicity spread of an object in this luminosity range is

then not necessarily indicative of it being a galaxy.

Given the well known luminosity-metallicty relation exhibited by Local Group

dwarfs (Dekel and Woo, 2003; Kirby et al., 2011), plotting !(Z) versus L is equiva-

lent to !(Z) versus average metallicity, Z̄. As discussed in §4.3 the Z distributions are

clearly non-Gaussian, and in fact are all binomial in nature. Therefore it is not sur-

prising that a tight sequence is recovered, as the variance and mean are proportional

in a binomial distribution - and the !(Z) " L plot is simply recovering the autocor-

relation between the mean and the variance of the dwarf galaxy Z distributions. This

tight sequence in the dwarf galaxies is contrasted by the behaviour of the star clusters

which scatter broadly over a range of metallicity spreads. The star clusters do not

show a sequence in !(Z)"L since there is no metallicity-luminosity relation for GCs

in the Milky Way (c.f., Bailin and Harris 2009). The GC positioning is contrasted by

the dwarfs, whose luminosity metallicity relation maps the mean-variance correlation

of their binomial Z distributions onto the !(Z)" L plane.

Clearly !(Z)" L is not an ideal metric for di!erentiating star clusters and dwarf

galaxies, as each class of objects has a di!erent dependence between metallicity and

luminosity or mass. Figure 4.2 o!ers a robust alternative, as we have demonstrated

that while all objects show binomial distributions and a correlation between the vari-

ance and mean, the star clusters and dwarf galaxies separate out cleanly in !(Z)2" Z̄

space. This metric does not require knowledge of the host objects luminosity, or mass,

but simply a distribution of metallicities. While useful in classifying low luminosity

objects, the binomial nature of the metallicity distributions and the Z̄ " !(Z)2 cor-

relations may also allow for information on chemical enrichment processes in both

objects to be obtained when compared to suitable models.

4.5 Discussion

We have demonstrated that due to the binomial nature of the linear metallicity dis-

tributions for star clusters and dwarf galaxies, separating them in the !(Z)"L plane
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Figure 4.4: Dispersion in [Fe/H] and Z versus host object luminosity. Dwarf galaxies
(black) show a linear relation in !(Z) vs L plane due to linear metal fraction being binomially
distributed and the well known luminosity-metallicity relation. The 5 UFDs from the sample
of Kirby et al. (2008) (black squares) have been added to show the linear anticorrelation
exhibited below luminosities of L = 105L". Red points with black circles are M54 (Sgr
dSph nucleus) and &Cen, which are both likely nuclei of former dwarf galaxies. Open black
circle represents recent estimates of the initial luminosity of the Sgr dSph from the study
of Niederste-Ostholt et al. (2012). Small arrows indicate upper limits.
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is di#cult when each class of objects has a di!erent luminosity-metallicity depen-

dence. A much cleaner distinction between star clusters and dwarf galaxies is found

when plotting the intrinsic spread in linear metallicity (characterized by the intrinsic

variance) of an object as a function of its mean metallicity. In this parameter space

(!(Z)2"Z̄) the dwarf galaxies form a tight sequence over nearly 7 orders of magnitude

in luminosity, and separate out cleanly from both open clusters and globular clusters.

Furthermore, the correlation between Z̄ " !(Z)2 is natural and physically expected

when one considers that the sequential buildup to present day metallicities in galaxies

is achieved through discrete enrichment events that are small in magnitude relative

to the total metallicity evolution. Understanding the relative scatter and o!set in

these two sequences o!ers information on the di!erent modes of chemical enrichment

expected to dominate in the two classes of objects.

4.5.1 Linking Binomial Parameters to Physical Processes in

SF

Having shown that the linear metal distributions are described by binomial distribu-

tions, it is important to associate the binomial distribution parameters to physical

processes in the chemical enrichment of a galaxy. As discussed in §4.3.1, the number

of successes n and probability of each success q which characterize a binomial distri-

bution could perhaps be thought of having some link to the number of star formation

or enrichment “successses” in a galaxy or star cluster, which occur with a character-

istic probability. Given the clean separation when looking at the dispersion indices,

it would be useful to apply analytic chemical evolution models to the data that in-

corporate the binomial form of the Z distributions, while providing a link between

the statistical properties of the distributions and physical processes related to en-

richment. There are literature studies that have described galaxy chemical evolution

using stochastic and inhomogeneous chemical enrichment models (e.g., van den Hoek

and de Jong 1997; Argast et al. 2000; Karlsson 2005; Salvadori and Ferrara 2009)

which could allow for comparison to discrete statistical distributions. In particular

Oey (2000) described a modified simple one-zone chemical evolution model based

on binomial parameters which physically corresponded to the number of enrichment
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generations, n, and the filling factor of chemical enrichment within the galactic ISM,

q. In that picture the binomial “successes” are physically realized as the successive

enrichment of a particular volume of gas, which provides an excellent physical link

between chemical evolutionary processes and the binomial Z distributions found here.

Oey (2000) Inhomogeneous Chemical Evolution Model

In the simple closed system that Oey (2000) considered, the inhomogeneous enrich-

ment of a galaxy or star cluster proceeds through sequential pollution of regions or

(super)bubbles produced by SNe. For n generations of star formation and subsequent

enrichment, the galaxy is polluted by bubbles that have some covering fraction q of

the whole galaxy. Within a given bubble the yield of metals from SNe is assumed to

be constant, and therefore the metallicity within a given volume is determined only

by the size that the bubble sweeps out - as the region’s metallicity is the result of

diluting the pristine ISM with the SN ejecta.

For a single generation of star formation, the distribution of bubble sizes (and

thus metallicity of the regions) is well described by a power law, Ns , R1!2' with

slope + = "2 (Oey and Clarke, 1997). The distribution of metals then follows from

this distribution of bubble sizes:

f(z) , 4

3
$R3Ns(z) , z!2dz; zmin $ z $ zmax, (4.3)

up to some minimum and maximum metallicity. These limits on the Z value of the

regions in a given generation can alternatively be thought of as corresponding limits

on the region size, rmin and rmax. Oey (2000) bounded the minimum bubble size to be

that of observed supernovae remnants # 25pc in the Milky Way - however in §4.5.2
we will relax this constraint in order to fully describe the binomial self enrichment in

terms of the physical properties of a galaxy’s ISM.

At any given location in the galaxy, the instantaneous metallicity depends on the

number of SF generations n and the covering fraction q of the polluting bubbles.

This point within the galaxy may be polluted by one metallicity region, or the point

may be overlapped by a second generation, or overlapped by up to j regions. Oey

(2000) adopted the likelihood that any point is overlapped by j regions is given by
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the binomial probability:

Pj =

+
n

j

,
qj(1" q)n!j; 1 $ j $ n. (4.4)

In Figure 4.5 we show a schematic representation of how the number of generations,

amount of overlap and range of bubble sizes can be visualized in this framework

(taken after Oey 2003).

With the binomial probability for overlapping enrichment regions, the total metal-

licity distribution function of a host system after n generations is then:

Ntot(z) =
1

n

n"

j=1

n"

k=j

Dk!1Pj,kNj(z) (4.5)

where Dk is a factor to account for depletion of gas during the SF of a subsequent

generation. Oey (2000) assumed a constant depletion rate:

Dk = 1" k
1" µ

n
, (4.6)

up to the current gas fraction of the host system, µ. Nj(z) can simply be computed by

summing Monte Carlo distributions of j regions that are drawn from the power law

given by Equation 4.5 and the appropriate normalization. With this framework for

describing chemical evolution it is possible to create simulated populations of a given

n and q using these Monte Carlo methods, which has the binomial nature of the Z

distributions encoded and directly linked to physical processes in chemical evolution.

4.5.2 Application of the Oey (2000) Model to the !(Z)2 " Z̄

Diagram

It is now possible to use the Oey (2000) binomial chemical evolution model to describe

the physical processes that control the placement and evolution of star clusters and

dwarf galaxies in the !(Z)2"Z̄ plane. The specific definition of the model parameters

could be refined in more complex chemical evolution models, (e.g., low q could be

analogous to describing the fraction of ejected/outflowing metals), however here we
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Figure 4.5: Illustration of the Oey (2000) binomial chemical evolution model, (figure
adapted after Fig. 1 of Oey (2003)). In this example, there have been three generations of
enrichment (n = 3; green, red, and blue), which each have a covering fraction of q. The
range in bubble sizes, from rmin to rmax correspond to a range in metallicities (Zmin, Zmax)
within each bubble assuming the constant yield of metals within a region is diluted in the
corresponding volume. The probability that any point is enriched by j overlapping regions
is given by the binomial probability P =

-n
j

.
qj(1" q)n!j .
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consider only a general model for our simple applications. In addition to the number

of SF generations, n and covering fraction q, the final metallicity distribution in

the model depends on the lowest metallicity of any region, Zmin, and the range of

metallicities 'Z ( Zmax " Zmin. Thus 'Z is analogous to describing the range of

characteristic region sizes, rmin to rmax found in a galaxy, such that small 'Z would

require a system to have a limited range of bubble sizes (which may be the case when

the object is intrinsically small as in the case of a star cluster).

With a choice of initial limits for these bubble sizes/metallicities, the prescriptions

in the Oey (2000) equations permit one to take an object from a starting point on

the !(Z)2" Z̄ diagram, and chemically evolve it an arbitrary amount. The resultant

time-integrated MDF of the object can be computed through Monte Carlo simulations

of mock populations. We have computed a grid of simulated MDFs that chemically

evolve a host from various starting points in order to quantify the behaviour of objects

within this model framework. At each end point of a simulated system, the final

time-integrated MDF was output, and the intrinsic variance and mean of the MDF

measured in order to compare to our observed data. The 4-dimensional grid of models

has a variance and mean of the time integrated MDF computed at every point, with

the grid points as follows: n = [1, 2, 5, 10, 25, 55] generations; covering fractions of

q = [0.1, 0.25, 0.5, 0.75, 0.9, 1.0]; Zmin = [10!3.7, 10!3.0, 10!2.3], and 'Z = [0.3, 0.8, 1.6]

dex. We present subsets of the model tracks in Figure 4.6 with two parameters fixed,

and two varying in each of the panels.

As noted by Oey (2000) the model is partially degenerate between n and q, such

that it is the product of those two parameters that describes how chemically evolved

a system is. This degeneracy manifests itself when looking at the metallicity spreads

and means in the top two panels of Figure 4.6. In both cases as the product nq

increases, the final object moves to a region of higher mean metallicity and metallicity

spread, with the binomial model doing an excellent job of naturally reproducing the

slope of the DG sequence. The lower left panel shows that the e!ect of changing Zmin

predictably shifts any starting point along the x-axis. The lower right panel illustrates

nicely that increasing 'Z moves the start point to higher metallicity spreads. It can

be seen that in order for the DGs to have started on the sequence they currently

lay on, they would have had to have had a larger range of metallicities within the
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Figure 4.6: Change in variance and mean for di!erent combinations of n number of
generations, q covering fraction, minimum bubble metallicity Zmin, and range of region
metallicities %Z taken from the binomial chemical evolution model of Oey (2000). Lines
show the computed variance and mean of simulated linear metallicity distributions com-
puted through 5000 Monte Carlo realizations of each combination of parameters (see §4.5).
Black, red and blue points show the same dwarf galaxy, globular cluster, and open cluster
data from Figure 4.2. While the inhomogeneous self-enrichment of the model tracks repro-
duce the dwarf galaxy sequences well (top panels), it is clear in the lower panels that the
clusters cannot have been strongly self-enriched and their properties are instead consistent
with stochastic pre-enrichment from the dwarf sequence.
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enrichment regions, or equivalently would need a range of bubble sizes larger than

what is needed for starting on the globular cluster sequence. This is consistent with

naive expectations for dwarf galaxies, as their intrinsic sizes are all larger (25 pc;

Gilmore et al. 2007; Tolstoy et al. 2009) than the minimum bubble size corresponding

to the smallest region in the canonical model of Oey (2000) - therefore they should

be able to produce regions of that size and larger.

The variation in starting points as a function of 'Z is an important to consider,

as it explains how dIrrs with # 12 Gyr of continual SF (such as the LMC), can lie on

the same sequence as dSphs like Segue 1 or Tucana which had all of their stars form

in $ 1 Gyr (Tolstoy et al., 2009). If the number of enrichment events (or equivalently

SF duration) were the only parameter determining a galaxy’s positioning on Figure

4.6 it would be di#cult to reconcile how such diverse galaxies could lay on a similar

sequence. However, the lower right panel illustrates that for specific ranges of 'Z a

galaxy could start and end on the present day DG sequence even with a brief SFH.

On the other hand, the absolute value of 'Z, and therefore the physical range

of initial DG sizes, will depend somewhat on the yield assumed from SNe - however

Figure 4.6 is useful in a di!erential sense. For example, in Figure 4.6 it can be

seen that no matter the starting parameters, the model tracks indicate that objects

may never move horizontal. More precisely, the models restrict the movement to be

never less than the slope of the current DG sequence. The restricted changes in the

metallicity spread of a system as shown in Figure 4.6 places a fundamental limit on

the homogeneity of the chemical enrichment in dwarf galaxies. The predictions from

the model match the observed DGs, and are consistent with the canonical theory of

self-enrichment dominating in dwarf galaxies. The fact that this holds over 8 orders

of magnitude in dynamical mass suggests that while the enrichment details di!er,

the dwarf galaxies themselves undergo similar inhomogeneous chemical evolution (or

merging; c.f. Salvadori and Ferrara 2009) processes throughout their lifetime - with

their end states well described by a simple binomial model.

The importance of 'Z can also be appreciated when asking if GCs can move diag-

onally along their sequence. It can be seen that the only way to start an object on the

GC sequence is to change 'Z. However this not only starts the evolutionary model

at a lower metallicity spread, but simultaneously restricts the subsequent generations
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to increase in dispersion faster than mean metallicity. This prevents the GCs from

evolving along the cluster sequence diagonally.

4.5.3 Star Cluster Pre-Enrichment and Dwarf Galaxy Self-

Enrichment in the Z̄ " !(Z)2 Diagram

If the chemical evolution in the dwarf galaxies was dominated by self-enrichment,

whereas the star clusters are pre-enriched, then it is possible to describe both the

split in the sequences in Figure 4.2 and the larger scatter in the star cluster sequence

in the framework of the inhomogeneous mixing model. In this picture the proto-

GCs would have had their ISM enriched by the larger environment (a galaxy) out

of which they formed, with subsequent SF being too brief, too energetic, or the gas

content simply too small to allow for continued enrichment within the cluster. The

smaller values for !(Z)2 at all metallicities for the star clusters would be expected

then, as they would form stochastically from portions of a galaxy’s ISM that has

been inhomogeneously enriched. On the other hand, dwarf galaxies would start their

chemical evolution from a relatively un-enriched ISM and can undergo a larger change

in mean metallicity (increasing !(Z)2) due to more e#cient retention of metals and

gas in their larger potential wells. An increase in !(Z)2 for the dwarf galaxies would

also be produced if they are fed with un-enriched gas via cold flows (Kereš et al.,

2005; Brooks et al., 2009). It is important to note that the duration of star formation

is likely not the driving parameter between the two sequences as the SF epoch in

the clusters is thought to be nearly instantaneous, but the SFHs amoung the dwarf

galaxies range from less than a Gyr to a Hubble time and yet they still lay on the

same sequence. This is most apparent in considering the location of Willman I, one

of the least luminous systems, which occupies a region very near to the SMC and

Fornax.

As discussed in the preceding section, the slope of the DG !(Z)2 " Z̄ sequence

is naturally reproduced as the product of nq increases in the inhomogeneous model

of Oey (2000). It can be seen that the limiting slope that the models can reproduce

requires either the DGs to have been born on the sequence with a larger 'Z value,

or start o! it but self enrich significantly (panel d, Figure 4.6). In principle, this can
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set complementary constraints on the initial sizes of DGs early in their history, or

on the number of stellar generations. If all DGs started at a value of 'Z = 0.8 as

shown in panel d of Figure 4.6, this may be informing us about the characteristic

clustering size of the central regions of their DM halos. As discussed in Gilmore et al.

(2007), if the baryons of DGs were initially distributed such that their characteristic

scale length is set by the minimum dark matter clustering length or core size, this

would then also fix q and 'Z. Therefore it would be expected that their chemical

evolution would proceed in similar directions due to the initial conditions being set by

the DM halo properties - resulting in the slope and narrow scatter seen in Figure 4.2.

This low scatter strongly suggests that dwarf galaxies have all been dominated by

self enrichment, consistent with canonical expectations for their chemical evolution.

By contrast, self-enrichment amoung the star clusters is inconsistent with the

larger scatter in their !(Z)2" Z̄ sequence. Panel c of Figure 4.6 illustrates the e!ect

of a second generation of SF on the GCs. The increased spread in metallicity is far

less than the scatter shown by the cluster points, suggesting that even with a second

generation self-enrichment must not be the full picture for star clusters. In addition

the direction of evolution after one generation at such low chemically evolved states

is nearly vertical. Therefore the range of mean metallicities found in the cluster

sequence supports pre-enrichment as the mechanism for reproducing the slope of the

dwarf galaxy sequence on the cluster population.

A further elegant constraint on the amount of self-enrichment in GCs was demon-

strated by Bailin and Harris (2009), who showed that the relative spread in cluster

metallicity could be expressed independent of star formation or metal retention e"-

ciency and only as a function of cluster mass:

!Z

Zc
= 0.059

+
MGC

105M"

,!1/2

. (4.7)

This maximum amount of self-enrichment (!(Z)/Zc) a globular cluster of a given

mass could undergo, provides a strict upper limit to the cluster’s ability to enrich,

and can be easily compared to the observed ratio of !(Z)/Z̄. In Figure 4.7 we show

the relative metallicity spread !(Z)/Z̄ for the globular cluster points as a function

of cluster mass, where masses have been computed assuming the luminosity is con-
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verted with a constant mass-to-light ratio of 2 for simplicity (i.e., McConnachie et al.

2012). The solid curve shows the maximum metallicity evolution (!(Z)/Z) able to be

produced via self-enrichment, as a function of star cluster mass from Equation 4.7.

Except for five of the clusters, all GCs in the sample show relative metallicity spreads

that are too large to be produced by self enrichment. This provides a completely inde-

pendent constraint on the ability of GCs to self enrich - confirming the results from

the application of the Oey (2000) model to the o!set sequences in Figure 4.6.

The inability of self-enrichment to dictate a star cluster’s evolution is even more

striking when one accounts for the fact that most if not all clusters have had two gen-

erations of SF1, e.g., Conroy (2011) showed that ejecta from the primordial generation

of stars could only be produced and retained if the globular clusters were many times

more massive than their present day stellar mass. Using a di!usive model Conroy

(2011) computed the mass enhancement factor (ft = N'Mpresent) for the clusters

based solely on the strength of their observed Na-O anticorrelations. We have colour

coded the globular clusters in Figure 4.7 with the mass enhancement values from Con-

roy (2011), and it is clear that four of the five clusters in Figure 4.7 which currently

lay below the solid self-enrichment limit would have had original masses that place

them above that curve. This further suggests that globular clusters are inconsistent

with having been strongly self-enriched.

If globular clusters are unable to e#ciently self-enrich in order to explain their

!(Z)/Z values, the alternative is that their positioning and scatter on the !(Z)2" Z̄

plane is set by pre-enrichment. This requires a galaxy to self-enrich inhomogeneously,

such that the location or time of formation of a GC from that galaxy sets the GC mean

metallicity and intrinsic spread. In this picture of pre-enriched cluster formation, a

parcel of gas within a self-enriched galaxy could form a GC at any point during

the galaxy’s chemical evolution. Due to the inhomogeneous mixing implicit in the

binomial model, the stochastic sampling of the host galaxy’s ISM would invariably

lead to smaller !(Z)2 values for the GC. This process results in the o!set for the star

cluster sequence in the !(Z)2"Z̄ diagram. The slope of the cluster sequence is then a

1This second generation is required in some part to explain the elemental anticorrelations, as well
as morphological features in the colour magnitude diagrams of MW GCs, which require the second
generation of stars to be polluted by ejecta from AGB stars in the first generation (c.f., Gratton
et al. 2012).



4.5. DISCUSSION 136

Figure 4.7: Relative spread in Z as a function of globular cluster mass. Solid line shows
theoretical upper limit to globular cluster self enrichment as a function of proto-cluster
cloud mass from Bailin and Harris (2009). Shading corresponds to total cluster mass en-
hancement at formation relative to present time, as formulated independently from the
Na-O anticorrelations in the work of Conroy (2011). Incorporating the mass enhancement
multipliers, all clusters but NGC 6739 show metal spreads larger than can be accounted for
by self-enrichment.
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remnant signature of the self-enriched history of the galaxy’s gas parcel out of which

the GC formed. This picture of GC pre-enrichment is also consistent with the lack

of strong correlation between deviations from the best fit cluster sequence in Figure

4.2 and current host properties of GCs - as their pre-enrichment levels were dictated

by the host galaxy.

4.5.4 Future Uses for the !(Z)2 " Z̄ Relationship

Analysis of the star cluster and dwarf galaxies jointly in the !(Z)2" Z̄ diagram in the

context of binomial self-enrichent and pre-enrichment may be used to constrain the

early evolutionary history of the dwarf galaxies and star clusters, but also to study

how the system of Milky Way star clusters were accreted and/or formed in situ. Under

the assumption that all GCs originated in galaxies that were self-enriched, then the

Oey (2000) model in conjunction with !(Z)2 " Z̄ values places constraints on the

possible physical sizes or chemically evolved states of the progenitor galaxies. This

ability to track the stochastic buildup of metallicity over time with the Oey (2000)

model, allows one to quantitatively describe the formation regions for star clusters

- something not possible with usual analytic chemical evolution models. This could

be particularly powerful when used in conjunction with studies that place simulated

dwarf galaxies on the !(Z)2" Z̄ plane. Fine tuning of feedback or gas inflow/outflow

e#ciencies in those simulations in order to reproduce the dwarf galaxy sequence could

result in further insights into the physical processes which dictate the slope and scatter

in that parameter space.

4.6 Conclusions

We have analyzed the metallicity distributions of a sample of open and globular

clusters together with dwarf galaxies in the Local Group, focusing on the statistical

nature of their linear metallicity (Z) distributions. Below is brief summary of the

main findings from the analysis:

• The star clusters and dwarf galaxies all show strong correlations between their

mean linear metallicity (Z̄) and intrinsic spread in linear metallicity (!(Z)2).
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These correlations are consistent with a binomial distribution in linear metal-

licity for all of the objects, (i.e., where !(Z)2/Z̄ < 1), unlike !([Fe/H])2 which

has no correlation with average [Fe/H]

• Plotting !(Z)2 against Z̄ for all the objects shows two distinct sequences for

the star clusters and dwarf galaxies, which are o!set from one another. We

show that the !(Z)2 " Z̄ parameter space is particularly useful at separating

low luminosity dwarf galaxies from star clusters, as the objects separate strictly

due to the proportionality of their mean and spread in linear metallicity, and

knowledge of any host properties (L, Mdyn) is not required.

• By applying a binomial chemical evolution model to objects in the !(Z)2 " Z̄

parameter space, we reproduce, the slope and o!sets of the dwarf galaxy and

star cluster sequences in terms of the number of star formation generations, the

covering fraction, and characteristic size of enrichment events.

• Within this model framework we illustrate how the inhomogeneity of the self-

enrichment process for galaxies dictates the slope of their sequence in the

!(Z)2" Z̄ plane. While the o!set of the star cluster sequence reflects their for-

mation by stochastic pre-enrichment from a parcel of inhomogeneously mixed

gas within a galaxy. The star cluster slope then, represents a remnant signature

of the self-enriched chemical history of the galaxies they formed out of.

• This model not only confirms expectations that star clusters can not have been

strongly self-enriched like the dwarf galaxies, and that pre-enrichment must

have been the dominant mechanism for dictating star cluster’s heavy element

properties - but also allows for an explicit numerical connection between the

two enrichment modes of galaxies and star clusters in a self consistent physically

motivated framework.

Future applications of the Oey (2000) model in this parameter space may be able

to provide constraints (size, ISM density, potential well depth) on the physical en-

vironment of the high redshift enriching environments that star clusters may have

been sampled from. While the model is simplistic, additional insight into variations

in the enrichment and SF physics may be gained from comparing outputs from high
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resolution SPH galaxy simulations in the Z̄ " !(Z)2 parameter space - as variations

produced by changing SF or feedback prescriptions in the simulations could be di-

rectly related to movement in that diagram.

This Chapter is based on work presented in the paper “Insights into Pre-Enrichment

and Self-Enrichment of Star Clusters and Dwarf Galaxies from their Intrinsic Metallic-

ity Distributions” by Ryan Leaman, submitted in 2012 to the Astronomical Journal.
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Else Starkenburg, Giuseppina Battaglia, Alyson Brooks and Julio Navarro for useful

discussions, as well as the members of the UVic Stellar Astrophysics group for helpful

suggestions in preparation of this manuscript. The author acknowledges support from

NSERC Discovery Grants to Kim Venn. The author would like to thank all authors

for making their data public, and Ivo Saviane for providing additional data prior to

publication.
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Table 4.1. Spectroscopic [Fe/H] Data for the Literature Sample

Name Study Nstars R# %
!% [Fe/H] Method

NGC 104 Lane et al. (2011) 2241 10000 MRS
NGC 6218 Lane et al. (2011) 242 10000 MRS
NGC 6656 Lane et al. (2011) 345 10000 MRS
NGC 5024 Lane et al. (2011) 180 10000 MRS
NGC 288 Lane et al. (2011) 133 10000 MRS
NGC 6752 Lane et al. (2011) 437 10000 MRS
NGC 1904 Carretta et al. (2009) 58 40000 HRS
NGC 3201 Carretta et al. (2009) 149 40000 HRS
NGC 4590 Carretta et al. (2009) 122 40000 HRS
NGC 5904 Carretta et al. (2009) 136 40000 HRS
NGC 6121 Carretta et al. (2009) 103 40000 HRS
NGC 6171 Carretta et al. (2009) 33 40000 HRS
NGC 6254 Carretta et al. (2009) 147 40000 HRS
NGC 6388 Carretta et al. (2009) 36 40000 HRS
NGC 6397 Carretta et al. (2009) 144 40000 HRS
NGC 6809 Carretta et al. (2009) 157 40000 HRS
NGC 6838 Carretta et al. (2009) 39 40000 HRS
NGC 7078 Carretta et al. (2009) 85 40000 HRS
NGC 7099 Carretta et al. (2009) 65 40000 HRS
M 54/Sgr Carretta et al. (2010) 103 40000 HRS
NGC 1851 Carretta et al. (2011) 124 40000 HRS
IC 4499 Hankey and Cole (2011) 43 10000 CaT
Trumpler 5 Cole et al. (2004) 15 3400 CaT
NGC 6791 Warren and Cole (2009) 23 10000 CaT
NGC 6819 Warren and Cole (2009) 9 10000 CaT
NGC 6939 Warren and Cole (2009) 13 10000 CaT
NGC 7142 Warren and Cole (2009) 6 10000 CaT
NGC 7789 Warren and Cole (2009) 20 10000 CaT
Berkeley 99 Warren and Cole (2009) 9 10000 CaT
King 2 Warren and Cole (2009) 7 10000 CaT
NGC 7044 Warren and Cole (2009) 10 10000 CaT
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Table 4.1 (cont’d)

Name Study Nstars R# %
!% [Fe/H] Method

Berkeley 39 Warren and Cole (2009) 10 10000 CaT
M 67 Warren and Cole (2009) 7 10000 CaT
Melotte 66 Warren and Cole (2009) 13 10000 CaT
NGC 2141 Warren and Cole (2009) 14 10000 CaT
NGC 2419 Cohen et al. (2011) 7 34000 HRS
NGC6205 Kraft and Ivans (2003) 27 45000 HRS
NGC 5272 Sneden et al. (2004) 23 45000 HRS
NGC 6341 Sneden et al. (2000) 33 20000 HRS
NGC 362 Shetrone and Keane (2000) 12 30000 HRS
Terzan 5 Origlia and Rich (2004) 6 25000 HRS
Pyxis Saviane et al. (2012) 5 3400 CaT
NGC 2808 Saviane et al. (2012) 17 3400 CaT
Rup 106 Saviane et al. (2012) 9 3400 CaT
NGC 5824 Saviane et al. (2012) 17 3400 CaT
Lynga 7 Saviane et al. (2012) 8 3400 CaT
NGC 6139 Saviane et al. (2012) 15 3400 CaT
Terzan 3 Saviane et al. (2012) 13 3400 CaT
NGC 6325 Saviane et al. (2012) 10 3400 CaT
NGC 6356 Saviane et al. (2012) 11 3400 CaT
HP 1 Saviane et al. (2012) 8 3400 CaT
NGC 6380 Saviane et al. (2012) 8 3400 CaT
NGC 6440 Saviane et al. (2012) 8 3400 CaT
NGC 6558 Saviane et al. (2012) 4 3400 CaT
Pal 7 Saviane et al. (2012) 14 3400 CaT
NGC 6569 Saviane et al. (2012) 7 3400 CaT
Terzan 7 Saviane et al. (2012) 12 3400 CaT
NGC 7006 Saviane et al. (2012) 20 3400 CaT
NGC 6441 Saviane et al. (2012) 7 3400 CaT
NGC 6528 Saviane et al. (2012) 4 3400 CaT
NGC 6553 Saviane et al. (2012) 13 3400 CaT
WLM Leaman et al. (2009, 2012) 126 3400,7000 CaT



4.6. CONCLUSIONS 142

Table 4.1 (cont’d)

Name Study Nstars R# %
!% [Fe/H] Method

LMC Cole et al. (2005); Carrera et al. (2008b) 815 3400 CaT
SMC Carrera et al. (2008a); Parisi et al. (2010) 729 3400 CaT
Fornax Battaglia et al. (2006) 870 6500 CaT
Sculptor Tolstoy et al. (2004) 629 6500 CaT
Sextans Battaglia et al. (2011) 180 6500 CaT
Carina Koch et al. (2006) 327 6500 CaT
Leo I Kirby et al. (2010) 827 7000 MRS
Leo II Kirby et al. (2010) 258 7000 MRS
Canes Venitci I Kirby et al. (2010) 170 7000 MRS
Draco Kirby et al. (2010) 298 7000 MRS
Ursa Minor Kirby et al. (2010) 212 7000 MRS
Hercules Adén et al. (2011) 11 20000 HRS
&Cen Stanford et al. (2006); Johnson et al. (2008, 2009) 602 2000,13000,18000 MRS/HRS
Willman I Martin et al. (2007) 8 7000 CaT
Ursa Major I Martin et al. (2007) 10 7000 CaT
Tucana Fraternali et al. (2009) 14 3400 CaT
NGC 6822 Tolstoy et al. (2001) 26 3400 CaT
Segue I Norris et al. (2010); Geha et al. (2009) 4 5000,7000 MRS
Bootes I Lai et al. (2011) 25 2000 MRS

Note. — Method which the the original study used to compute [Fe/H] estimates: Spectrum synthesis based
techniques on medium (MRS) or high resolution spectra (HRS); empirical calibration based on the Calcium II Triplet
(CaT) features.
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Chapter 5

Appendix

5.1 Velocity Anisotropy Estimates for WLM

In strictly pressure supported systems there exists a degeneracy between the en-

closed mass and orbital anisotropy of the tracer particles bound within the potential.

Formally, breaking this mass-anisotropy degeneracy requires a measure of all three

components of the velocity ellipsoid for the stars (r, &,.; or x, y, z), or estimates of all

three from numerical orbital superposition models (e.g., Schwarzschild method Cap-

pellari et al. 2007). However when spatially resolved velocity moment maps from IFU

instruments are not available for the stellar light, a constraint on the anisotropy pro-

file may still be achieved if an independent tracer of the circular velocity is available.

For WLM, such observations exist, and the well measured circular velocity rotation

curve from the HI gas (Kepley et al., 2007) allows us to place constraints on the

anisotropy of the stellar orbits using the asymmetric drift equation and the tensor

virial equations (Binney and Tremaine, 1987).

We begin by computing the anisotropy parameter # = 1 " (!z/!x)2 by equating

the intrinsic ellipticity and angular momentum (V/!) to # using the formalism of

Cappellari et al. (2007) which assumes for WLM to be an oblate spheroid:

# = 1" 1 + (V/!)2

[1" %(V/!)2]*(w)
. (5.1)

Where w is related to the intrinsic ellipticity eintr by:

w =
)

1" (1" eintr)2, (5.2)

and * is:

*(w) =
0.5(arcsinw " w

+
1 " w2 )

w
+

1" w2 " (1" w2)arcsinw
(5.3)

Typically these equations must be solved through an iterative procedure as the in-
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clination and velocity anisotropy have a slight degeneracy on one another in this

formalism. However as discussed in §2.4.4 the HI rotation analysis from Kepley et al.

(2007) has allowed us to bound the intrinsic thickness of WLM independently. We

therefore use the intrinsic thickness of WLM as a function of radius, as well as the

V/! profile as a function of radius from that section to compute #.

The most informative measure of anisotropy however is the projection / = 1 "
(!$/!R)2 as it gives an estimate of how radially plunging the stellar orbits are - which

has consequences for the behaviour of the line of sight velocity dispersion profile of a

galaxy in the outer regions. To compute this anisotropy parameter we have followed

Sil’Chenko et al. (2011) who used a parameterization of the asymmetric drift equation

and an independent estimate of the circular velocity derivative to solve:

!2
$

!2
R

=
1

2

+
1 +

)lnvc

)lnR

,
, (5.4)

which is trivially related to /. With two (#, /) of the anisotropy parameters we can

use the relation:

# =
2+ " /

2" /
, (5.5)

to recover the complete velocity ellipsoid as a function of radius.

All three velocity anisotropy projections are shown in Figure 5.1, along with the

circular velocity and derivative of the circular velocity curve. The anisotropy param-

eter / reveals that the WLM stars are nearly isotropic in the inner regions before

gradually increasing to become radially anisotropic in the outer regions. This is

consistent with expectations for dissipationless gravitational collapse in which a rel-

atively isotropic core is surrounded by an envelope of radially anisotropic orbits (van

Albada, 1982). A common parameterization of the radial variation in anisotropy is to

use the formalism of Osipkov & Merritt or Mamon and %Lokas (2005) - both of which

describe the variation from an isotropic core to anisotropic envelope with a single

scale length parameter, ra. In Figure 5.2 we show the #(R) profile for WLM, along

with the two best fitting analytic Osipkov-Merritt, and Mamon and %Lokas (2005)

functions. Merritt (1985) and Carollo et al. (1995) showed that for such radially

anisotropic envelopes, the line of sight velocity dispersion (LOSVD) profile falls o! at
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larger radii - however both assumed spherical non-rotating models. WLM shows such

a decrease in !v at large projected radius (Fig. 2.12), however to what degree the

!(R) behaviour is driven by radially varying anisotropy, or rotation will require more

detailed dynamical modelling. This would be important to ascertain precisely, as in

bar driven morphological transformations (i.e.,Mayer 2010), the bar bending instabil-

ities are typically triggered when the radial anisotropy increases above some threshold

(Raha et al., 1991; Debattista et al., 2006); with the subsequent conversion of the disk

to a spheroid via m = 1 bending modes resulting in a final isotropic configuration

in the core. Likewise, tidally stripped dwarf galaxies are thought to have strongly

tangential anisotropy in their outer regions (Klimentowski et al., 2009). Therefore

WLM’s anisotropy profile could yield further information on its dynamical history,

perhaps ruling out recent tidal interactions, or providing insight into the timescale or

likelihood of past disk instabilities.
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Figure 5.1: Circular velocity, radial derivative in circular velocity, and anisotropy parame-
ters as a function of radius for WLM. Axial symmetry in the % and ' profiles is evident, while
the ( profile shows the characteristic increase in radial anisotropy at large radius - consis-
tent with the decrease in the LOSVD seen in Figure 2.12. Radial extent of recovered % and
' profiles is truncated when the stellar surface density, ellipticity and V/! measurements
become poorly recovered. In contrast, the ( profile requires only knowledge of the circular
velocity derivative, which is measured clearly to larger radii from the HI observations.
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Figure 5.2: Anisotropy parameter ( = ' = 1"( "!

"R
)2 as a function of radius. Shown in red

and blue are Osipkov-Meritt parameterization and function from Mamon & Lokas (2005),
with best fitting anisotropy radius shown in arcminutes and kpc.
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5.2 Numerical Chemical Evolution Model for WLM

This appendix will discuss attempts to jointly constrain the chemical evolution of

WLM by using not only the spectroscopic abundances and derived ages, but also

the photometric colour magnitude diagram (CMD) and stellar and gaseous surface

densities. It is a goal of future work, that a numerical chemical evolution model that

simultaneously reproduces a simulated CMD, age metallicity relation, and surface

density profiles of stars and gas will help break the degeneracy in estimating a solu-

tion for the chemical evolution from solely the MDF, or AMR of gas rich systems.

We briefly outline the basics of the numerical chemical evolution model first, and

then discuss how to incorporate the stellar and gaseous surface densities as well as

cosmological halo growth and constraints on the SFH from the observed CMD.

The chemical evolution model involves tracking several variables over the spatial

extent of a galaxy, as well as over its lifetime. The spatial grid for the models was

chosen to cover out to a radius of 5kpc, with 100 radial grid points (assuming an

axisymmetric system), and the model runs encompass 13 Gyr with 13,000 output

timesteps of 1Myr each. The equations of chemical evolution throughout the model

keep track of the mass in gas, stars, remnants, and metals as a function of time, as

well as the star formation rate. The basic formalism has followed a numerical model

outlined by Søren Larsen (priv. comm.), namely that the quantities tracked are done

with respect to a 1 pc2 disk area, so that the quantities are all surface densities. The

chemical elements tracked are Fe, and O only. We will describe two main variants

to this model: 1) the simplest idealized case where the galaxy’s physical size and

gas mass does not grow over time, and 2) one where the cosmological growth of the

galaxy halo (and therefore its disk) are accounted for.

In either case, at a given timestep the computations are roughly outlined as follows

(all quantities are as a function of radius). The star formation rate (SFR) as a function

of radius is computed from the gas density following the Schmidt-Kennicutt law:

(SFR = 2.5' 10!10(!1.4
gas . (5.6)

Which allows the total amount of stars per unit area formed in the timestep to be
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computed as:

'(# = flock(SFR't, (5.7)

where 't is the timestep that stars form over at that rate, and flock accounts for a

lockup fraction of stars that become remnants. The gas evolution incorporates this

mass density lost from the galaxy, as well as any blown out through SF and SNe

feedback, and any added through inflow:

'(gas = "'(# + '(outflow
gas + '(inflow

gas . (5.8)

The inflow rate may be taken to be exponentially declining with time, or follow some

more complex specification as we shall see later. The gas lost to outflow is taken

to be proportional to the amount of stars formed (i.e. '(outflow
gas = "coutflow'(#).

Finally the evolution of the surface mass density in chemical elements are computed

by assuming that some fraction of stellar mass from new stars (the nucleosynthetic

yield of that chemical element, yCE) is returned to the ISM immediately in the case

of type II SNe, and after a delay in the case of type Ia SNe:

'(CE(t) = yII
CE'(#(t) + yI

CE'(#(t" tdelay)"
(CE(t)

(gas(t)
'(#(t)"

(CE(t)

(gas(t)
'(outflow

gas (t).

(5.9)

With these equations (all as a function of radius; units of M" pc!2) the chemical

evolution of the galaxy at any radius and point in time can be specified. For the

simple static galaxy halo in case 1, the initial conditions for the density distribution

of the gas must be specified and are taken to reproduce the exponential disk profile of

WLM’s HI measurements at present day ((gas = 25.7exp("R/1471)). In such a case

the SFH can no longer be specified by the Schmidt-Kennicutt formulation as the initial

condition of WLM is unknown. To solve this for the static halo case we have required

the SFH to follow the measured SFH from the CMD analysis of Dolphin (2000). The

SFR at a function of time is interpolated across the timesteps that the model covers,

and at any given timestep the SFR from the Dolphin (2000) measurements of WLM

is used. In order to allow this to be self-consistent with the model, the amount of

inflow at any timestep ti is arbitrarily set so that at the following timestep, ti+1, the

fresh gas will produce the necessary amount of SF to reproduce the Dolphin (2000)
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SFH solutions.

The free parameters in that model which may be changed, or minimized over are:

the outflow e#ciency (coutflow), the entrainment fraction of metals within SNe winds

(Xentr), the yields from type Ia and type II supernovae for Fe and O (yI
Fe, y

I
O, yII

Fe, y
II
O),

the initial ISM metallicity ([Fe/H]0), the lockup fraction (flock), and a SF e#ciency

parameter (-SF ) which modulates Equation 5.6.

The outputs from the numerical chemical evolution model are shown in Figure 5.3

for an arbitrary set of parameters. The left column shows the integrated quantities

as a function of radius within the model galaxy for 6 di!erent timesteps; while the

right column shows the time evolution of the quantities at 5 di!erent radii within the

galaxy. The observed data for WLM are shown as the points with error bars. The

SFH in the second right panel follows the Dolphin (2000) solutions, and sets the inflow

rate at each timestep as discussed previously. While this particular output example

is not the result of a minimization routine finding the best matching parameters to

the data, the model shows relatively good agreement with some aspects of the data.

In particular it should be stressed that requiring the model galaxy to have the same

stellar and gas surface density as WLM at the last timestep helps reduce the possible

parameters which result in a particular age-metallicity relation. In such a galaxy as

WLM where structural and gaseous data are available this information should be used

to refine the constraints on the best fitting elemental yields or SFHs. Similarly both

age-metallicity and radius-metallicity trends should be reproduced simultaneously if

possible.

5.2.1 Incorporating Halo Growth

The more complicated baseline model we used involved setting the model grid in

a cosmological framework for galaxy (structural) evolution. Rather than use any

explicit outputs from n-body simulations of DM mergers, we have adopted the analytic

scaling relations for galaxy mass and size evolution from the work of Mo et al. (1998)

and Dutton and van den Bosch (2009). These studies produced analytic expressions

for how halo growth evolves over a Hubble time, with scalings for the mass regime of

interest. The evolution of the DM halo as a function of redshift during accretion and
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merger of subhalos is given by:

Mvir(z) = Mvir(z = 0)e!&z. (5.10)

Thus, for a fixed angular momentum the size of a galaxy depends only on this mass

evolution, as well as the cosmological evolution of Hubble parameter:

H2(z) = H2
0 [* + (1" *! " *m,0)(1 + z)2 + *m,0(1 + z)3].

Therefore the equations governing the cosmological evolution of the virial radius,

disk scale length, and disk concentration depends only on the mass accretion history,

angular momentum, and the cosmology of choice (by specifying *!, *m,0). The disk

scale length evolution is given in Mo et al. (1998) as:

Rd(z) & 8.8h!1

+
"

0.05

, +
Vc

250 km s!1

, #
H(z)

H0

$!1 +
jd

md

,
, (5.12)

where md and jd are the fraction of the halo mass, and angular momentum respectively

tied up in the disk, and " is the spin parameter of the DM halo. The disk mass growth

is similarly given by:

Md(z) & 1.7'10!11h!1
"

% md

0.05

& +
Vc

250 km s!1

,3 #
H(z)

H0

$!1

, (5.13)

and the central surface density normalization of the disk:

(0(z) & 4.8'1022cm!2mH

% md

0.05

& +
"

0.05

,!2 +
Vc

250 km s!1

, #
H(z)

H0

$ +
md

jd

,
. (5.14)

The values of jd, md and " were solved for iteratively using these equations such that

the disk surface density profile and virial mass of WLM were matched at redshift

zero. Table 5.1 shows the adopted parameters used in this model as well as the free

parameters in the full numerical chemical evolution model. The halo and disk growth

evolution is shown in Figure 5.4 as a function of redshift, and elapsed time. The

baryonic growth is truncated prior to reionization, which is taken to be at z = 11
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here. Incorporating the cosmological evolution of the halo into the chemical evolution

model is completed by replacing the static exponential radial density profile with one

that evolves the scale length and concentration parameters rd, and (0. This primarily

a!ects the SF surface density and gas consumption timescales across the galaxy, which

has implications for how easily the model reproduces the WLM final HI surface density

profiles.

5.2.2 Incorporating SFH Constraints

In some iterations of our model we have allowed for the ability to modulate the

cosmological accretion from the simple exponential decay in Equation 5.10 in order

allow the live halo to accrete gas at an amount necessary to reproduce the WLM SFH

from Dolphin (2000). In cases where the SFH history is not measured but a CMD is

available we have tried to incorporate these extra data into constraining the chemical

evolution further in WLM or any galaxy. To this end we have used the publicly

available Artificial CMD Algorithm IAC-Star1. This code produces a mock colour

magnitude diagram for a stellar population whose SFH and AMR is specified by the

user explicitly or in an analytic form (i.e. accreting/leaky box). The algorithm uses a

choice of stellar evolution libraries and prescriptions from the user for the initial mass

function, binary fraction, and mass loss and computes the final colour magnitude

diagram at present time for the system.

With any output from IAC-Star, we have first applied di!erential extinction to the

synthetic CMD by randomly associating an extinction value to each star by sampling

from a Gaussian distribution with a floor of 0.0015 magnitudes, and ! = 0.25 mag-

nitudes. The latter value is close to the variation in extinction seen in HII regions in

WLM from Lee et al. (2005). Secondly we randomly modulate the magnitude of the

simulated stars by the photometric error - using the error function from the measured

WLM photometry to specify how the magnitude of the error increases as a function of

faintness. These two corrections result in a simulated CMD which has a very similar

qualitative agreement with the observed CMD, as shown in Figures 5.5 and 5.6. The

density di!erences near the RGB tip still di!er which may be due to the particular

1http://iac-star.iac.es/cmd/index.htm
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error or di!erential reddening convolutions we have applied, or may indicate that this

particular SFH we chose is not correct.

From the synthetic CMD we then randomly select 126 stars (the number of stars

in our WLM spectroscopic sample) by selecting the simulated star that has the colour

and magnitude closest to the observed star. We repeat this 1000 times, each time

allowing a new set of extinction and photometric errors to be applied to the mock

CMD. As the simulated CMD algorithm has the metallicity of all the stars it produces

stored, we can then take compute an average MDF from the 1000 simulated spec-

troscopic samples. This is shown in Figure 5.7 where on top of the observed WLM

spectroscopic MDF we have overlaid the average and standard deviation of the 1000

simulated samples. The particular SFH input to make this particular artificial CMD

has done an excellent job of reproducing the WLM spectroscopic MDF, however the

stellar evolution libraries used by the IAC-Star code have a lower metallicity cuto!

of [Fe/H]= "2.3, which accounts for the incomplete low metallicity tail.

Reproducing the WLM MDF through this artificial CMD process is yet another

constraint that can be used, and one could imagine that it could be very powerful when

used in conjunction with the numerical chemical evolution model. Future work will

focus on incorporating this MDF constraint in an iterative fashion to the chemical

evolution model: the initial model SFH and AMR output would be fed into the

IAC-Star algorithm and the mock MDF compared against the observed one, with

parameters being changed so that the SFH driven MDF was reproduced in a self

consistent manner from the numerical galaxy evolution model, along with the radial

gas and stellar surface density profiles.
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Figure 5.3: Outputs of gas, SF, stellar surface density, as well as [O/H] and [Fe/H] as a
function of radius (left column) and elapsed time (right column)
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Figure 5.4: Halo evolution which forms the backbone for the numerical chemical evolution.
Shown are the evolution of the dark and baryonic mass, scale factor, scale length, disk
surface density and disk mass as a function of redshift (left column) and elapsed time (right
column).
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Figure 5.5: Synthetic CMD output from IAC star (top left), with di!erential extinction
applied (bottom left), with di!erential extinction and photometric errors (top right), and
observed WLM photometry (bottom right).
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Figure 5.6: Comparison of observed WLM CMD with output from synthetic CMD gen-
erated using IAC-STAR, with the inputs for SFH, AMR taken from the spectroscopic con-
straints from the numerical chemical evolution model.



5.2. NUMERICAL CHEMICAL EVOLUTION MODEL FOR WLM 188

Figure 5.7: MDF output through 1000 Monte Carlo realizations of artificial CMD model
outputs (blue lines) overlaid on the observed WLM MDF.
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Table 5.1. Numerical Chemical Evolution Model Parameters

Parameter Value Limits

flock Lockup Fraction [0,1]
)SF SF E#ciency [0,1]
tIadelay SNe Ia Delay Time 1Gyr
cout Outflow E#ciency [0,1]
Xentr SNe Wind Entrainment Parameter [0,1]
[Fe/H]0 Initial Galaxy Metallicity [--, 0]
ZIGM Infalling Gas Metallicity 0.001Z!
zreion Reionization Redshift 11.0
H0 Present Day Hubble Parameter 72
&m,0 Present Day Matter Density 0.3
&" Cosmological Constant Energy Density 0.7
Mvir(z = 0) Present Day WLM Dynamical Mass 109

" Spin Parameter 0.0387
jd/md Ratio of Specific Angular Momenta of Halo to Disk 0.861
pI
Fe Iron Yield from SNe Ia [0,1]

pII
Fe Iron Yield from SNe II [0,1]

pI
O Oxygen Yield from SNe Ia [0,1]

pII
O Oxygen Yield from SNe II [0,1]
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5.3 Application of Variance Stabilizing Transfor-

mations to MDFs

We here briefly discuss various measures to reduce systematic biases when comparing

metallicity distributions between various objects. In particular, if the spread in linear

metal fraction is the desired quantity to compare among dwarf galaxies as discussed in

Kirby et al. (2011); Willman and Strader (2012), then it is perhaps useful to decouple

the mean and the variance in the Z distributions when comparing dwarf galaxies of

a wide range of luminosities. One method of removing the correlation between mean

and variance of a Poisson distribution, are the class of functions known as variance

stabilizing transformations. Among these the Anscombe, Freeman-Tukey, and Box-

Cox are frequently used, but all involve mapping the input distribution to a final

variable where the correlation with the mean is minimized. There is a large body of

statistical work devoted to comparing the performance of the various transforms and

their numerical restrictions. Here we have considered the three above transforms, but

use the flexible Box-Cox transform for the rest of this work. A comparison of the

di!erent transforms as applied to the dwarf galaxy data is discussed further however.

The Box-Cox transform maps an input value Zi to Z(!)
BC using:

y(!)
i =

y!
i " 1

"
; if" .= 0, (5.15)

and a natural log transform if " = 0. The ability to have a free parameter is powerful

as the Box-Cox transform can recover a high level of normality over a large range of

distribution input parameters. For the distributions considered here, the best fitting

" value was recovered as follows. For each trial " value the output Box-Cox distribu-

tion, F (ZBC) was rank sorted and plotted versus the quartile distribution of a normal

distribution. In such a comparison (Q-Q plot) the output distribution should map

along the one to one line if the distribution is close to normality. The RMS scatter of

the points relative to the one to one line can be used as a metric of how well the par-

ticular " value has transformed the input distribution to a Gaussian distribution. The

" value which produced the maximum RMS on the Q-Q diagnostic was used as that

object’s value for the Box-Cox transformation. The variance stabilized linear metal
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fraction distributions (ZBC) are shown in the right hand panel of Figure 5.10. The

distributions map well back to a normal distribution, which in essence has decoupled

the value of the variance from the absolute value of the host galaxy metallicity.
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Figure 5.8: Best fitting " values for the Box-Cox transformations of various Local Group
Dwarf Metallicity distributions functions. Abscissa values show the RMS value of a given
Box-Cox transformed value in a Q-Q plot with a normal distributions. Values close to one,
indicate that the Box-Cox transform has achieved a high level of normality for that value
of "
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Figure 5.9: Recovered normality indicator as measured by RMS of the Q-Q plot for three
variance stabilizing transforms (Anscombe, Freeman-Tukey, Box-Cox) as well as the original
linear, and logarithmic metallicities.
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Figure 5.10: Logarithmic, Linear and Variance stabilized MDFs for four sample Dwarf
Galaxies in the Local Group. The Poisson behaviour of the linear distributions is cor-
rected by use of the Box-Cox transforms, as the level in normality in the right hand panels
approaches that of the [Fe/H] distribution, or higher.
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5.4 Estimating Constraints on the Environments

which Pre-Enriched GCs

In §4.6 we demonstrated that by applying a simple Binomial model to the linear

metallicity distributions of dwarf galaxies, it was possible to describe their chemical

evolution in terms of only two primary parameters - the number of star forming

generations n, and the covering fraction of enrichment regions, q. In this picture,

as a galaxy self enriches the sequential build up of the cumulative MDF may at any

point in time be represented as a superposition of overlapping enrichment regions as

shown in Figure 5.11. The likelihood of selecting a region of pristine, or minimally

enriched gas is lower for high n or high q, and given numerically through a binomial

probability.

Additionally, we placed constraints on the amount of self enrichment that star

clusters must have been subject too, and suggested that their mean metallicity and

metallicity spreads predominantly reflect the enrichment history of their birth environ-

ments. The extension of the binomial formalism to a picture of star cluster formation

is then a powerful tool to examine the formation sites for various classes of star clus-

ters. We briefly describe the process for numerically sampling star cluster MDFs from

self enriched regions of dwarf galaxies now.

As shown in Figure 5.11, the cumulative MDF of a self enriching system in the

Oey (2000) model is a superposition of enriching regions. If the formation site for

an arbitrary open or globular cluster was within a self enriching dwarf galaxy, the

probability that the GC forms from gas that is enriched by j overlapping chemically

polluted regions is also given by a binomial probability. Therefore for any “parent”

galaxy with a given n and q, its cumulative probability distribution of j regions can

be Monte Carlo sampled to show what the likely “child” star cluster MDFs will look

like. Both the form of any individual star cluster MDF, and the relative number

of clusters expected to form out of regions of various j are able to be computed

numerically. Formally, the cumulative j distribution function of the parent galaxy

is inverted and the normalized probability distributions are sampled uniformly. The

likelihood that a galaxy with a specific n, and q enrichment history gives rise to a

particular number of star clusters from various regions is then directly encoded via
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Figure 5.11: Example build of self-enriched dwarf galaxy MDF through overlap of suc-
cessive generations of SF within the galaxy. Chemical enrichment in higher j states comes
through simple superposition of regions of enrichment. Weighting for final MDF is naturally
incorporated in the binomial probability distribution which incorporates the likelihood that
a given region in the galaxy is overlapped by j regions.
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Monte Carlo sampling as shown in Figure 5.12

With this method it is possible to produce mock star cluster MDFs from any

arbitrary galaxy that has self enriched a specific amount. This o!ers an indirect

method to constrain not only the enrichment history of the dwarf galaxies, but also

place bounds on what environments globular and open clusters may have formed out

of. A visual representation of this procedure may be computed by taking the output

MDF for the sampled cluster and computing the mean and variance of its MDF,

identical to the observed sample of objects in Chapter 4. Figure 5.13 shows one such

example for a parent dwarf galaxy with n = 20 and q = 0.5.

By varying the n, q, zmin, and zmax parameters for the parent galaxy the location

on the !(Z)2 " Z̄ for the child star clusters can be compared to the observations

of globular and open clusters in this parameter space. Figures 5.14, 5.15, and 5.16

show examples of how changing just one parameter produces changes in where the

subsampled star clusters fall in the !(Z)2 " Z̄ diagram. A full study of the most

likely enrichment histories that particular globular clusters were subsampled from

will take a more indepth parameter space exploration, but from Figure 5.17 it is

possible to see how this might be applied to the Milky Way. Shown in that figure

are the mean and variance values for the MW thick disk and thin disk (Bensby

et al., 2007), solar neighbourhood (Casagrande et al., 2011), bulge (Gonzalez et al.,

2011; Ibata and Gilmore, 1995), and Halo (Reddy et al., 2003; Morrison et al., 2003,

2009; Venn et al., 2004; Xue et al., 2008; Frebel, 2010). The task in future work

will be to first associate a most likely n and q to each component, and then using

the method presented in this appendix, ascertain whether the subsampled clusters

produced from the model for each MW component are compatible with the known

Halo or Bulge clusters. In principle this type of analysis could be extended to clusters

of the Magellanic clouds as well, or star clusters in any dwarf galaxy where individual

spectroscopic measurements of the stars are possible.
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Figure 5.12: Example of probabilities for sampling child MDFs out of composite par-
ent MDFs. Top panel shows cumulative j distribution functions for galaxies with various
covering fractions q. Bottom panel shows inversion of those cumulative distributions into
probability functions that are sampled on the uniform interval [0, 1] to produce the appro-
priate number distribution of child star cluster MDFs.
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Figure 5.13: Example of Binomial sampling of “parent” dwarf galaxy, and resultant
“child” star clusters in the !(Z)2 " Z̄ plane. Coloured scale indicates the amount of SF
generations (n) a region of the dwarf galaxy had experienced, out of which the GC points
were sampled from. Histogram shows the distribution of n produced through Monte Carlo
sampling of the parent galaxy produces. The distribution of n values is given by the
particular binomial probability for a galaxy based on the n, and q values of the parent
population.
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Figure 5.14: Example child cluster distributions for fixed n = 20 and q = 0.1.
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Figure 5.15: Example child cluster distributions for fixed n = 20 and q = 0.5.
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Figure 5.16: Example child cluster distributions for fixed n = 20 and q = 0.9.
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Figure 5.17: MW Thick Disk, Thin Disk, Bulge, Solar Neighbourhood and Halo popula-
tions in the variance-mean plane. Where multiple studies exist, data are plotted as small
dots, with the weighted mean of studies for that component given by the large boxes.
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